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ABSTRACT

Mosquitoes transmit a wide range of pathogens that cause diseases in human and other 
animals. Midgut symbiotic bacteria are known to play fundamental roles in the biology of 
mosquitoes, however knowledge of midgut bacterial communities associated with 
mosquitoes is scanty due to limitation of the isolation techniques based on culturing. The 
available culture techniques reduce the chances in determination of the microbial 
diversity, since they sometimes miss out on non-culturable microbes. High throughput 
methods that involve direct isolation and analyses of nucleic acids from samples have 
been found more feasible in microbial diversity studies. The main objective of this study, 
was the application of metagenomics to study the composition and diversity of midgut 
bacteria in field collected and laboratory reared adult female Anopheles gambiae and 
Culex quinquefasciatus mosquitoes. Female adult mosquitoes were dissected and their 
total microbial deoxyribonucleic acid (DNA) isolated from the pooled midgut extracts by 
using Purelink genomic DNA mini kit (Invitrogen). The 16S rRNA gene variable regions 
V4 of the extracted DNA were amplified. Library construction was performed following 
Illumina sequencing protocol. Sequences were analyzed using QIIME pipeline, taxonomy 
was assigned using BLASTn against SILVA 119. The R programming language and 
Vegan package were used to calculate Bray-Curtis dissimilarities between datasets, 
hierarchical clustering and   diversity indices. Phylogenetic analysis was done using 
MEGA 6.0 software. Results showed that 145 operational taxonomic units (OTUs) were 
realized at 3% genetic distance based on 16S rRNA gene sequence. The 145 OTUs 
spanned 12 phyla; Proteobacteria, Firmicutes, Bacteriodetes, Actinobacteria, Eukaryota, 
Gemmatimonadetes, Spirochaetae, Verrucomicrobia, Chloroflexi, Acidobacteria, 
Archeabacteria, Cyanobacteria and the no blast hits. Microbial community composition 
based on OTUs showed significant difference between field collected and laboratory

reared mosquitoes (ᵪ2=45.0799, p=3.2 x 10-5). Similarly, there was a significant difference 
in community composition at OTU level between Anopheles gambiae and Culex 

quinquefasciatus (ᵪ2=31.2257,p=7.7 x 10-4). This study demonstrates a high microbial 
composition and diversity among field collected Anopheles gambiae and Culex 
quinquefasciatus than the laboratory reared mosquitoes. The bacterial composition and 
diversity appeared to be influenced by the environment and the species of the mosquitoes.
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CHAPTER ONE

GENERAL INTRODUCTION

1.1 Background of the study

Mosquitoes are primary transmission hosts for diseases like malaria, dengue, lymphatic 

filariasis and yellow fever in the tropics. These diseases cause millions of deaths every 

year (Chandel et al., 2013). Among the diseases, malaria is the most important vector born 

disease globally with an estimated 3.3 billion people at risk of being infected as reported 

by World Health Organization WHO, (2015). According to WHO, there were 214 million 

cases of malaria in 2015. The African region accounted for most of the global cases of 

malaria (88%) followed by South-East Asia region (10%) and Eastern Mediterranean 

region (2%) (WHO, 2015). Further, in 2015 there were an estimated 430,000 malaria 

death worldwide. Most of these deaths occurred in African region (90%) followed by 

South-East Asia region (7%) and Eastern Mediterranean region (2%). Majority of these 

deaths are caused by the parasite Plasmodium falciparum whose major vector in Africa is 

the mosquito species Anopheles gambiae. The Anopheles gambiae is widely distributed 

throughout the Afro-tropical belt (Boissière et al., 2012).

Culex quinquefasciatus is a mosquito vector for Wuchereria bancrofti, the filarial worm 

that causes filariasis and Japanese encephalitis virus (Pidiyar et al., 2004). Lymphatic 

filariasis is a major public health problem worldwide, it is estimated that 1.3 billion people 

from 83 countries are living with the disease or are at risk of infection (Chandel et al., 

2013). On the East African coast including Kenya, the urban mosquito Culex
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quinquefasciatus, is an important vector for Wuchereria bancrofti that causes lymphatic 

filariasis  (Njenga et al., 2011). 

Effective mosquito vector control strategies currently include insecticide treatment 

delivered through spraying houses or insecticide-impregnated mosquito nets. While these 

methods are effective at decreasing mosquito numbers, they as well contribute to an 

increase in resistance of the insect vector species (Bando et al., 2013). 

Few studies have been conducted to identify bacterial species in field-collected Anopheles

mosquitoes, using microbe culturing techniques. These studies have highlighted the 

breadth of bacterial flora associated with mosquitoes. Bacteria, like Pseudomonas 

cepacia, Enterobacter agglomerans and Flavobacteria sp. were found in higher 

abundance in laboratory-reared A. stephensi, A. gambiae and A. albimanus mosquitoes

(Rani et al., 2009). Jadin et al. (1966) identified Pseudomonas sp. in the midgut of 

Anopheles mosquitoes from Democratic republic of Congo. Gonzalez-Ceron et al.(2003)

isolated various Enterobacter and Serratia sp. from Anopheles albimanus mosquitoes 

captured in southern Mexico. Field-captured A. gambiae mosquitoes in Mwea in Kenya 

were reported to consistently associate with a Thorsellia anophelis lineage that was also 

detected in the surface microlayer of rice paddies (Briones et al., 2008). Enterococcus 

faecalis, Acinetobacter soli and Enterobacter cloacae were some of the bacterial species 

frequently isolated from midgut of Culex quinquefasciatus mosquitoes (Chandel et al., 

2013). The mosquito midgut poses a critical challenge to the survival and development of 

the parasites and is therefore, the most attractive site to target malaria parasites (Whitten 
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et al., 2006). The symbiotic bacteria in the midgut of a mosquito can be genetically 

modified to express effector molecules then reintroduced into the mosquito for control of 

the disease carrying parasites (Chavshin et al., 2012).

The available conventional culture techniques limit the scope in determination of the 

diversity of microbes since it sometimes misses out on non-culturable microbes (Pidiyar 

et al., 2004). Amplicon sequencing, in particular that of the small subunit rRNA gene (16S 

rRNA gene in Bacteria and Archaea or 18S rRNA gene in Eukarya), is a widely applied 

approach to study the composition, organization and spatiotemporal patterns of microbial 

communities, due to its ubiquity across all domains of life (Head et al., 1998). In the last 

decades, 16S rRNA gene amplicons were analyzed using fingerprinting techniques such 

as (terminal restriction fragment length polymorphisms) TRFLP (Liu et al., 1997) and 

(automated method of ribosomal intergenic spacer analysis) ARISA (Fisher & Triplett, 

1999) in combination with clone library construction and Sanger sequencing. However, 

this method often provided insufficient coverage to describe and compare microbial 

communities (Curtis et al., 2006). 

High-throughput sequencing (HTS) technology and the application of barcode indexing 

are allowing the collection of thousands of sequences from a large number of samples 

simultaneously (Hamady et al., 2008). These approaches have revealed deeper insights 

into the diversity of microbial communities (Herlemann et al., 2011; Sogin et al., 2006)

and by increasing sample numbers, have expanded the possibilities to study community 

and population dynamics over much finer temporal (Eiler et al., 2012) and spatial scales

(Herlemann et al., 2011). New technology, such as pyrosequencing of hypervariable 
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regions of the 16S rRNA gene, is a cost-effective and a better alternative to examine the 

phylogenetic diversity of microbial populations in different ecosystems. 

This study involved the use of Illumina Sequencing of PCR products of 16S rRNA gene

to obtain a less biased estimation of the microbial community in the midgut of laboratory

reared and field collected Anopheles gambiae and Culex quinquefasciatus mosquitoes.

1.2 Statement of the problem

Mosquito control still remains the primary strategy for controlling mosquito-borne 

diseases like malaria and filariasis/elephantiasis. However, insecticide resistance by

mosquitoes, cost of new drug development, drug resistance of some parasites, 

environmental hazard of pesticide application and limitation of vaccines are factors that

necessitate the need for the development of novel disease control strategies. Furthermore, 

global warming is anticipated to affect abundance and distribution of the Anopheles 

gambiae and Culex quinquefasciatus mosquito vectors. The mosquito midgut poses a 

critical challenge to the survival and development of the parasites and is therefore, the 

most attractive site to target malaria/filariasis parasites. The symbiotic bacteria in the 

midgut of a mosquito can be genetically modified to express effector molecules then 

reintroduced into the mosquito for control of the disease carrying parasites. Therefore, 

there is a need to explore the midgut microflora and develop novel control measures for

mosquito borne diseases.
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1.3 Justification

The knowledge on Anopheles gambiae and Culex quinquefasciatus midgut bacterial 

communities remains largely scanty, due to limitations of isolating techniques which are 

based on culturing. The available conventional culture techniques limit the scope in 

determination of the diversity of microbes since they sometimes miss out on non-

culturable microbes. Further, culture dependent approach cannot be used for analysis of 

populations within natural communities because, less than 1% of the observed diversity 

can be cultured in the laboratory. It is therefore doubtful that such culture dependent 

approaches would help in the accurate description of microorganisms as they occur within 

natural environment. 

This study involved application of metagenomic (DNA) analysis to determine the 

bacterial diversity in the midgut of laboratory reared and wild Anopheles gambiae and 

Culex quinquefasciatus mosquitoes to identify potential candidate bacteria that can be 

used in the control of mosquito borne diseases.

1.4 Null hypotheses

There is no difference in midgut bacterial diversity of field collected adult female 

Anopheles gambiae and Culex quinquefasciatus mosquito vectors from Ahero.

There is no difference in midgut bacterial diversity of the laboratory reared adult 

female Anopheles gambiae and Culex quinquefasciatus mosquito vectors.
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1.5 General objective

To determine midgut bacterial diversity of adult female laboratory reared and wild 

Anopheles gambiae and Culex quinquefasciatus mosquito vectors.

1.6 Specific objectives

To determine midgut bacterial diversity of field collected adult female Anopheles

gambiae and Culex quinquefasciatus mosquito vectors from Ahero.

To determine midgut bacterial diversity of laboratory reared adult female

Anopheles gambiae and Culex quinquefasciatus mosquito vectors.

1.7 Research output

1. An analysis of midgut bacterial diversity of field collected adult female Anopheles 

gambiae and Culex quinquefasciatus mosquito vectors from Ahero.

2. An analysis of midgut bacterial diversity of laboratory reared adult female 

Anopheles gambiae and Culex quinquefasciatus mosquito vectors.

3. A comparison of midgut bacterial diversity of field collected verses laboratory

reared mosquito vectors.
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CHAPTER TWO

2 LITERATURE REVIEW

2.1 Malaria prevalence in Kenya

For over the last 10 years, Kenya has made progress in controlling malaria. However, the 

country is still far from combating the disease. The prevalence of malaria in Kenya is 

shown on figure 2.1. Compromising the fight against malaria are factors such as poor 

knowledge of the disease and the lack of effective diagnostic equipment in many health 

facilities around the country. Furthermore, people do not take preventative measures 

seriously such as sleeping under insecticide treated nets.

Figure 2.1: Map showing the malaria prevalence in Kenya. Source: Internews Data 

Dredger (2016)
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A review of data reveals that there is currently less investment in malaria than in the past. 

Additionally, there is a plateau in the number of houses who own insecticide treated nets. 

In 2016 alone, Kenya lost more than 30,000 people due to malaria. To roll back malaria, 

the government must invest more in new initiatives and tools for fighting it even as it 

makes use of emerging epidemiological knowledge of the disease (Internews Data 

Dredger,2016).

2.2 Anopheles gambiae mosquito vectors

Anopheles gambiae Giles is the most efficient vector of human malaria in the Afrotropical 

region. Thus, it is commonly called the African malaria mosquito. The Anopheles

gambiae complex sibling species (Fanello et al., 2002; Coetzee et al., 2013) comprises 

of eight reproductively isolated species that are almostly indistinguishable 

morphologically: Anopheles ampharicus Hunt et al.(2013), Anopheles arabiensis Patton 

1905, Anopheles bwambae White 1985, Anopheles gambiae Giles 1902, Anopheles

coluzii coetzee and wikerson 2013, Anopheles melas Theobald 1903, and Anopheles

mems Donitz 1902. Collectively they are sometimes called Anopheles sensu lato, 

meaning ‘in the wider sense’. Female Anopheles gambiae is shown on plate 2.1.

Adult female Anopheles can be differentiated from other mosquito genera because the 

palps (appendages found near the mouth) are as long as their proboscis (Coetzee et al., 

2013). Adult Anopheles also have distinguishable resting position where their abdomen 

is raised into the air (Fanello et al., 2002). Anopheles gambiae have a variable body color, 

but it typically ranges from light brown to grey with pale spots of yellow, white or cream 

scales and dark areas on their wings (Gillies & De Meillon, 1968). In comparison to other 
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species, adults are considered small to medium sized mosquitoes with average wing 

length varying from 2.8 to 4.4 mm (Gillies & De Meillon, 1968).

Plate 2.1: Female Anopheles gambiae Giles taking a blood meal (Source: CDC, 2010) 

In Africa Anopheles gambiae sensu lato, is anthropophilic, endophagic and endophilic 

(prefer to feed on humans, and to feed and rest indoors) (Takken & Knols, 1999). These 

behavioural preferences together with its high susceptibility to Plasmodium infection 

provides a probable explanation why the African continent is more stricken by malaria 

than other continents (Besansky et al., 2004). Anopheles funestus is also anthropophilic, 

endophagic and endophilic. However this species is less susceptible to Plasmodium 

infection than Anopheles gambiae (Takken & Knols, 1999). Anopheles arabiensis varies 

from being anthropophilic to zoophilic in different studies from different areas (Takken 

& Knols, 1999). Both Anopheles funestus and Anopheles arabiensis are important vectors 

of malaria in some areas of the African continent (Fontenille & Simard, 2004).
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2.3 Life Cycle of Plasmodium falciparum

The malaria parasites are host-specific, meaning that the four different species that can 

infect humans, P. falciparum, P. vivax, P. ovale and P. malariae, do not live outside a 

human or an Anopheles mosquito host. Infections with P. falciparum, and to a much less 

extent P. vivax, cause severe disease and death from malaria in humans (Miller et al., 

2002). The parasites have a complex lifecycle with several asexual stages in humans and 

sexual stages in mosquitoes (Miller et al., 2002). 

The haploid sporozoites are the final stage in the mosquito and the infectious stage for 

humans. The sporozoites enter a human via the mosquito saliva during the bloodmeal and 

pass into the bloodstream. The sporozoites travel to the liver where they invade 

hepatocytes and start to divide mitotically. 

Eventually the hepatocytes rupture and thousands of haploid merozoites are released into 

the bloodstream where they invade red blood cells and start the asexual erythrocytic 

lifecycle. Inside the erythrocytes, the parasites develop from merozoites to trophozoites 

and schizonts over a 48 h cycle. The schizonts divide into several merozoites and when 

the red blood cells rupture, the merozoites are released into the bloodstream and the cycle 

starts again. It is when the red blood cells rupture, that symptoms of malaria appear in the 

infected person, the most characteristic being fever (Miller et al., 2002). During the 

erythrocytic cycle, some of the parasites evolve into male and female gametocytes. When

Anopheles mosquito takes up these gametocytes during a bloodmeal, they mate in the 

midgut of the mosquito to form a zygote. The zygote develops into an ookinete, which 

passes through the midgut epithelium and develops into an oocyst under the basal 
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membrane. Subsequently, the oocyst bursts and releases sporozoites into the hemolymph. 

The sporozoites travel to the salivary glands from where they can infect other humans 

during the next bloodmeal taken by the mosquito (Miller et al., 2002).The lifecycle of 

Plasmodium species lifecycle is illustrated on figure 2.2. The infection of the host 

erythrocytes by the parasites is responsible for the mortality and morbidity caused by this 

disease.

Figure 2.2: Plasmodium species lifecycle (Source: CDC, 2010)

2.4 Culex quinquefasciatus mosquito vectors

Adult Culex quinquefasciatus is a medium sized mosquito and is brown in colour. The 

body is about 3.96 to 4.25 mm long, while the main body is brown, the proboscis, thorax 

wings and tarsi are darker, than the rest of the body. The head is light brown with the 
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lightest portion in the centre. The antennae and the proboscis are about the same length 

but in the same cases, the antennae are slightly shorter than proboscis. The flagellum has 

13 segments that may have few or no bands on the basal side of each targite. The female 

Culex quinquefasciatus is shown on plate 2.2. Males can be differentiated from female in 

having large palps and feathery antennae (www.ozanimals.com).

Plate 2.2: Female Culex quinquefasciatus mosquito (Source: CDC, 2011)

2.5 Life Cycle of Wuchereria bancrofti

During a blood meal, an infected mosquito introduces third-stage filarial larvae onto the 

skin of the human host, where they penetrate into the bite wound. They develop into adults 

that commonly reside in the lymphatics. The female worms measure 80 to 100 mm in 

length and 0.24 to 0.30 mm in diameter, while the males measure about 40 mm by 1 mm. 

Adults produce microfilariae measuring 244 to 296 µm by 7.5 to 10 µm, which are 
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sheathed and have nocturnal periodicity, except the South Pacific microfilariae which

have no marked periodicity. The lifecycle of Wuchereria bancrofti is illustrated on figure 

2.3.

The microfilariae migrate into lymph and blood channels moving actively through lymph 

and blood. A mosquito ingests the microfilariae during a blood meal. After ingestion, the 

microfilariae lose their sheaths and some of them work their way through the wall of the 

proventricus and cardiac portion of the mosquito’s midgut and reach the thoracic muscles. 

There, the microfilariae develop into first-stage larvae and subsequently into third-stage 

infective larvae. The third-stage infective larvae migrate through the hemocoel to the 

mosquito’s proboscis and can infect another human when the mosquito takes a blood meal.
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Figure 2.3: Wuchereria bancrofti lifecycle (Source: CDC, 2010)

2.6 Stages of mosquito development and microbial acquisition

Mosquitoes are holometabola that undergo four gradual stages of metamorphosis that is: 

egg, larvae, nymph, and adult that are intimately connected to their respective biotypes. 

Eggs, larvae and nymph stages are aquatic, whereas adult stage of mosquitoes live in 

terrestrial environments. The fraction of mosquito-associated microflora that is acquired 

from the surrounding environment is most likely to differ during the mosquito life cycle. 

At the larval stage, individuals consume bacteria and planktons as their sources of food. 

This allows a first stage bacterial colonization that adds to any inherited bacterial flora. 
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Some of these bacteria are members of genus Wolbachia and are vertically acquired 

transovarially in Culex Pipiens, Culex quinquefasciatus or Ae. Albopictus. Venereal 

transmission of the bacterium Asia was reported in Anopheles gambiae and Anopheles

stephensi (Damiani et al., 2010; Cook & McGraw, 2010). 

The midgut of mosquito larvae also contains many photosynthetic cyanobacteria acquired

from breeding site (Wang et al., 2011). The mosquito gut represents an ecosystem that 

accommodates a complex, intimately associated microbiome. It is increasingly clear that 

the gut microbiome influences a wide variety of host traits, such as fitness and immunity. 

Understanding the microbial community structure and its dynamics across mosquito life 

is a prerequisite for comprehending the symbiotic relationship between the mosquito and 

its gut microbial residents. Wang et al.(2011) showed that in the larval and pupal stages,

cyanobacteria were very abundant accounting for 40% of an entire microbial community 

in Anopheles gambiae. 

During metamorphosis, the mosquito anatomy is radically modified. In particular, a first 

meconial peritrophic matrix or membrane (MPM1) is found early in the pupal stadium

and the second (MPM2) emerges sometimes around the time of adult emergence 

(Moncayo et al., 2005). A recent study suggests that the MPMs contribute to the 

sterilization of the adult midgut by sequestering microorganisms ingested during the larval 

stage, which, along with remaining meconial material, are egested after adult emergence

(Moll et al., 2001; Moncayo et al., 2005).

This phenomenon could explain why the proportions of different bacterial classes or phyla 

alter drastically between immature and adult stages. For example, it was shown that the 
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number of bacterial operational taxonomic units (OTU) was 3 fold higher in larvae and 

pupae than in imagos of Anopheles gambiae (Wang et al., 2011). To date, comparative

studies of bacterial composition between stages have only been done in Anopheles 

mosquitoes, in which transtidial maintenance of some bacterial genera such as 

Acinetobacter, Bacillus, Enterobacter, Staphylococcus, Pseudomonas, Chryseobacterium 

and Serratia spp. has been observed (Rani et al., 2009). 

2.7 Sex of mosquito and microbial diversity

The sex of the mosquito is also an important factor that affects bacterial composition. 

Male and female mosquitoes exhibit different ecological behaviors in terms of nutritional 

and dispersal capabilities. Both sexes feed on nectar and plant saps and are able to 

hydrolyze sucrose, but females are also hematophagous. Indeed, female mosquitoes are 

anautogenous as they require blood from vertebrates for the completion of their 

reproductive cycles (Foster, 1995). Blood digestion in females is also favoured by the 

selection of bacteria for their hemolytic ability (Gusmão et al., 2010). Moreover, after a 

mosquito ingests a blood meal a temperature burst occurs and oxidative stress and immune 

responses are down regulated, which leads to an increase in the bacterial load (Oliveira et 

al., 2011).

A mosquito-associated bacteria rely on some of the nutrients brought in the meal for 

growth, the nutrient composition of food sources may directly impact the diversity of 

bacteria present (Rani et al., 2009). Zouache et al. (2011) showed that around half of the 

bacterial diversity in field populations of Ae. albopictus was explained by the sex of the 
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mosquito with greater diversity observed in females (Zouache et al., 2011). The effect of 

the sex of the mosquito on bacterial diversity was reported in field populations of the 

malaria vector Anopheles stephensi; bacteria from genera Bacillus and Staphylococcus

were detected in males, whereas bacteria from genera Chryseobacterium, Pseudomonas

and Serratia were present exclusively in females (Rani et al., 2009). Published data on 

mosquito–associated bacteria, shows that the midgut of females is mostly colonized by 

members of Gammaproteobacteria, as is found in other blood feeding insects. 

Interestingly, the genera Pseudomonas, Serratia and Enterobacter are frequently 

associated with females of several mosquito species (Gusmão et al., 2007). In contrast, 

the midgut of males is dominated by bacteria from the phylum Firmicutes including those 

from Staphylococcus, Bacillus, Paenibacillus and Micrococcus genera (Rani et al., 2009). 

It was also shown that diet, whether sugar or blood meals, significantly affects the 

bacterial population structure. Wang et al. (2011) demonstrated that blood meals 

drastically reduced the community diversity in favor of enteric bacteria in the Anopheles

gambiae, while few changes were observed following sugar meals. However, irrespective 

of the type of meal after 4 days the bacterial microflora reestablishes itself as demonstrated 

by the genus Elizabethkingia. Male mosquitoes disperse less than females and tend to 

remain close to breeding sites which could be an additional factor constraining bacterial 

diversity in them (Foster, 1995).

2.8 Midgut microbiome of mosquitoes

Complex microbiotae have been described in mosquito midgut, these include Gram-
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negative rods, including Serratia marcescens, Klebsiella ozaenae, Pseudomonas 

aeruginosa, Escherichia coli and Enterobacter sp. (Azambuja et al., 2005).Three

metagenomic studies provided a more comprehensive picture of the diversity of midgut 

microbiota in Anopheles gambiae, the main malaria vector in Africa (Boissière et al., 

2012; Osei-Poku et al., 2012; Wang et al., 2011). In wild caught adults of Anopheles 

species, the microbiota revealed the presence of Pseudomonas and Aeromonas species. 

The five genera, Asaia, Bacillus, Chryseobacterium, Klebsiella, and Pantoea have been 

reported from four field collected Anopheles species, while Serratia and 

Stenotrophomonas were identified in three mosquito species. Three mosquito-specific 

bacterial species, isolated from the midgut of main malaria vectors of the Gambiae

Complex, have been described, such as Thorsellia anopheles (Kampfer, 2006),

Janibacter anophelis (Kampfer, 2006) and Elizabethkingia anopheles (Kämpfer et al., 

2011).

Bacteria of the genus Asaia have also been associated with Anopheles species, in 

particular field-collected Anopheles gambiae, Anopheles funestus, Anopheles coustani 

and Anopheles maculipennis, as well as a colony of Anopheles stephensi in which Asaia 

bacteria was dominant and stably associated (Favia et al., 2007). 

The presence of Asaia species in Anopheles could serve as candidate for malaria control 

based on the production of antiparasite molecules in mosquitoes for use in paratransgenic 

control of malaria (Damiani et al., 2010; Favia et al., 2007). Other bacterial species have 

been defined as antimalarial agents, especially those producing prodigiosin, a pigment 

produced by various bacteria, including S. marcescens (Azambuja et al., 2005). The 
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normal midgut microbiota of Anopheles mosquitoes need to be further identified as only 

few studies have reported the microbiota of wild caught malaria vectors (Chavshin et al., 

2014). Further investigations of gut microbiota, especially of wild-caught insect vectors, 

might contribute to understanding the annual and regional variations recorded for vector 

transmitted diseases and yield novel vector-control strategies (Manguin et al., 2013).

2.9 Interactions between microbial communities

Bacterial interactions are important regulators of ecosystem characteristics and species 

density. The gut is naturally protected by a heterogeneous bacterial biofilm, a community 

of microorganisms living inside an adhesive matrix that forms a mutual structure. 

Pathogen colonization directly alters (dysbiosis) the biofilm structure (Reid et al., 2011).

Some recent studies have focused on the positive and negative interactions between 

bacteria inside insect hosts. Terenius et al.(2012) tested bacterial interspecies competition 

with isolates from Ae. Aegypti and showed that Serratia marcescens could create an 

inhibition zone area on Sphingomonas and members of the family Burholderriaceae. It is

suggested that a potential link exist between the presence of S. marcescens and the low 

bacterial diversity observed in the mosquito midgut. Competitive colonization was 

previously reported in the desert locust Schistocerca gregaria where bacterial diversity 

was shown to increase in the absence of S. marcescens (Dillon, 2002). Recent statistics 

show convincing association between the bacteria Asia and Acinectobacter in Ae. 

Albopictus (Minard et al., 2013). Even though additional analysis are still needed to better 

understand the degree of interactions between the two genera, bacterial interactions seem
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to be synergistic because more Asia-Acinectobacter double-infections were observed than  

would be expected if bacteria acted independently.

Bacterial symbionts associated with mosquito vectors have recently been found to interact 

with pathogens they transmit, modifying the outcome of the multiple interactions. For 

instance, it was shown that removing bacterial communities from Anopheles gambiae

increased its susceptibility to Plasmodium falciparum infection (Dong et al., 2009). On 

the contrary, Boissière et al.(2012) demonstrated that the presence of some bacteria could 

favor parasite infection, as they found a positive correlation between the abundance of 

members of the Enterobacteriaceae family in the mosquito midgut and the Plasmodium

infection status. Conversely, Zouache et al. (2012) demonstrated that Chikungunya virus 

infection could modify the diversity of symbiotic bacteria in Ae.albopictus. Indeed, 

taxonomic microarray and quantitative PCR analyses showed that the abundance of 

Enterobacteriaceae increased with Chikungunya virus infection, whereas the abundance 

of some other bacterial genera such as Wolbchia and Blattabacterium decreased

Chikungunya virus (Zouache et al., 2012). All these results suggest that complex 

microbial interactions (direct or indirect, co-operation or competition) occur between 

pathogens and microbiota that may affect mosquito traits such as vector competence.

2.10 Mosquito bacterial symbionts with potential in vector borne disease control

The mosquito-microbiota interaction has raised more interest in the possibility of 

genetically transforming mosquito symbionts to express anti-parasite effector molecules 
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to develop effective diseases-control strategies. One example of strategy involves the 

symbiont bacterium Rhodococcus rhodnii, which is naturally resident in the gut lumen of 

the triatomine vector Rhodnius prolixus contributing to vector nutrition. These symbionts 

have been transformed with some antiparasite effector genes. Increasingly, laboratory

paratransgenic populations of triatomide unable to transmit the diseases have been 

generated for some years (Beard et al., 2001).

An approach aimed at introducing the genetically modified bacterial symbionts into 

natural populations of Chagas disease vectors has already been developed by the 

coprophagic behaviour (Beard et al., 2001). A number of relevant interactions between 

symbionts and mosquito have already been described and a few symbionts have been 

identified as potentially effective for Symbiotic Control Strategies to combat mosquito-

borne diseases. In this context Asia and Pantoea bacteria are potentially very useful (Beard 

et al., 2001).

Recent Pantoea agglomerans, another bacterial symbiont of Anopheles mosquitoes has 

been engineered to express and secret anti-plasmodium effector proteins, such as pectate 

lyase B (pelB) from Erwinia carotovora or hemolysin A (hlyA) secretion signals from the 

genes of related species and from Escherichia coli (Bisi & Lampe, 2011). These strains 

are now under evaluation for plasmodium activity in infected mosquitoes.

2.11 Paratransgenics in control of mosquito borne diseases

One approach in the fight against vector borne diseases is paratransgenics. In this 

approach bacteria are used to produce a molecule that kills, or stops the development of, 
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the causative agent of the disease (Beard et al., 2002) . For a paratransgenic approach on 

mosquitoes, there are two main options for reaching mosquitoes in the field with 

transgenic bacteria in the gut. One of the options is mass rearing of mosquitoes that are 

fed on the transgenic bacterium and then releasing them in the field; the other option is 

mass cultivation of bacteria that are introduced to the mosquito in the field. Apart from 

the obvious controversy with releasing high numbers of female mosquitoes in the field, 

the insectary-reared mosquitoes may have a lower fitness than the mosquitoes present in 

the environment, leading to the extinction of the paratransgenic mosquitoes. In addition, 

it is much easier to cultivate bacteria than to rear mosquitoes. Therefore, the second

option, introduction of transformed bacteria to mosquitoes in the field seems more likely 

to be successful (Minard et al., 2013).

Studies have shown that the paratransgenic technique is feasible in Anopheles mosquitoes 

(Riehle et al., 2007). Yoshidaet al.(2001) transformed Escherichia coli with a plasmid 

expressing a Cecropin A fusion protein. Cecropin A are antimicrobial peptides active 

against both Gram-positive and Gram-negative bacteria. The bacteria were fed to 

Anopheles stephensi and almost completely inhibited the development of Plasmodium 

berghei in the mosquito. Riehle et al.(2007) modified E. coli to display two different anti-

Plasmodium molecules on the cell surface. These modified E. coli were fed to Anopheles

stephensi mosquitoes and following an infected blood meal a clear reduction of P. 

berghei development was observed compared to mosquitoes fed on bacteria without the 

effector molecules. In the same study, an increase of the number of midgut bacteria post 

bloodmeal was observed. Similar bacterial growth after an ingested bloodmeal has 
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previously been observed in the same and other mosquito species. Pumpuni et al. (1996)

showed an 11-fold to 40-fold increase 24 h after a bloodmeal for Anopheles gambiae and 

Anopheles stephensi, respectively. This is important since an increase in the number of 

bacteria leads to an increase of effector molecules at the same time when the parasite is 

present in the gut. Paratransgenic Anopheles mosquitoes can be developed in a relatively 

short time frame, although several significant hurdles still need to be overcome. Two of 

them are identifying a bacterium that is sustainable in the midgut of the mosquito (that 

can be genetically modified) and the delivery of the transformed bacteria into mosquito 

populations in the field.

2.12 Methods of investigating microbiota in mosquitoes

Complementary approaches are needed for in-depth analyses of microbial communities in 

complex ecosystems. Both culture-dependent and culture-independent techniques have 

been used to explore mosquito microbiota. Some microflora can be cultured by using 

various isolation procedures and media so that bacterial taxa can be identified (Apte-

Deshpande et al., 2012). The main difficulty of the culture dependent approach is in the 

recreating the complex physiological environment of the insect body (Dillon & Dillon, 

2004). To overcome this limitation and more thoroughly identify bacteria hosted by 

mosquito populations, culture-independent methods such as Denaturating Gradient Gel 

Electrophoeresis fingerprints, taxonomic microarrays, and meta-taxogenomics can be 

used. 

The use of 16S rRNA gene sequence to study bacterial phylogeny and taxonomy has been 
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by far the most common housekeeping genetic marker used for a number of reasons: its 

presence in almost all bacteria, often existing as a multigene family or operon, the 

functions of the 16S rRNA gene over time has not changed, suggesting that random 

sequence changes are more accurate measure of time evolution and the 16S rRNA gene 

is large enough for informatics purposes (Patel, 2001). The 16S rRNA gene is a 

component of the 30S subunit of prokaryotic ribosomes. It is 1,542 bp in length. Its acts 

as a scaffold defining the positions of the ribosomal protein. The 3’ end contains the anti-

Shine-Dalgarno sequence which binds upstream to the AUG start codon on the mRNA. 

The gene interacts with 23S, aiding in the binding of the two ribosomal subunits 

(50S+30S). It stabilizes the correct codon-anticodon pairing in the A site, via a hydrogen 

bond formation between the Nitrogen 1 atom of Adenine residues 1492 and 1493 and the 

2’OH group of the mRNA backbone. The 16S rRNA gene is used for phylogenetic studies 

Weisburget al.( 1991),since it is highly conserved between different species of bacteria 

and archea (Coenye & Vandamme, 2003). In addition to highly conserved primer binding 

sites, 16S rRNA gene sequences contain hypervariable regions which can provide 

species-specific signature sequences useful for bacterial identification. As a result, 16S 

rRNA gene sequencing has become prevalent in medical microbiology as a rapid, 

accurate alternative to phenotypic methods of bacterial identification (Clarridge, 2004). 

2.13 Next generation sequencing technology

Molecular based methods involving direct isolation and analysis of nucleic acids from 

samples have been revealed to help overcome some of the biased experiment in culture 
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dependent studies. These include metagenomics and Metatranscriptomic (Handelsman, 

2004) and they assist in exploration of mixed microbial communities existing in various 

natural environments (Gifford et al., 2011). These approaches involve sequencing of 

random DNA profiles, determining taxonomic diversity and prospective genes related to 

environmental responses (Handelsman, 2004). Metagenomics enables discovery of 

interaction between microorganism and the environment and assignment of ecosystem 

functions to various communities (Handelsman, 2004; Frias-Lopez et al., 2008). 

Functional genes of uncultured organisms can be linked to phylogenetic groups by cloning 

and sequencing of large genomic DNA fragments (Simon & Daniel, 2009). This enables 

assessment of dominant biosynthetic pathways and primary energy sources  (Frias-Lopez 

et al., 2008). A research on microbial assemblages from surface water at the Hawaiian 

Ocean Times-Series revealed community-wide metabolic activities and day-night patterns 

of differential gene expression (Poretsky et al., 2005). The transcript pools composition 

was found to be various models of prokaryotic gene expression (Poretsky et al., 2005).

These novel methods have been invigorated by the introduction of next generation 

sequencing technologies whereby more data can be practically generated in reasonably 

short time and in a cost effective way (Elahi & Ronaghi, 2004). They allow direct 

sequencing of DNA or cDNA, hence avoid possible cloning bias leading to large-scale 

studies (Adams et al., 2009). Advances in throughput and cost-reduction of sequencing 

technologies have also increased the number and size of metagenomic sequence projects. 

The data obtained helps in the exploration of diversity and performance of various 

organisms in diverse ecosystems (Simon & Daniel, 2009).
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2.14 Recent advances in mosquito midgut bacteria diversity studies

Initially, molecular approaches for microbial diversity studies relied on cloning of target 

genes isolated from environmental samples (DeSantis et al., 2007).  PCR-based 16S rRNA 

profile provides information about prokaryote diversity and allows identification of 

prokaryotes as well as the prediction of phylogenetic relationships (Pace, 1999). 

Therefore, 16S rRNA  gene based PCR techniques such as denaturing gradient gel 

electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), single-strand 

conformation polymorphisms (SSCPs), amplified ribosomal DNA restriction analysis 

(ARDRA), terminal restriction fragment length polymorphisms (T-RFLPs) and ribosomal 

intergenic spacer analysis (RISA), can provide detailed information about community 

structure of an ecosystem in terms of richness, evenness and composition and can be used 

to compare different species present in a sample such as compost (Rawat and Johri, 2014).

Nucleic acid sequencing provides larger discrimination than other methods and better 

characterization of a particular member of microbial community (McCaig et al., 2001). 

The 16S rRNA gene sequences have been used most extensively to classify the 

biodiversity. The difference in sequences can be used to construct a phylogenetic tree 

(Swofford et al., 1996). The phylogenetic approach for the systematic assessment of 

culturable microbial diversity up to the taxonomic level using nucleic acid hybridization 

and 16S rRNA gene sequences analysis has been of immense utility in the phylogenetic 

reformation of the classification of prokaryotic organisms (Woese, 1987). Currently, one 

of the easiest and more cost effective tools available for characterizing the microbial 

communities associated with mosquito midguts is sequencing the diversity of the 16S 
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rRNA gene using Next Generation Sequencing technology (NGS). NGS surveys have 

provided insights into the composition of mosquito midgut-associated bacterial 

communities, symbiont host-specificity and conditions conducive to the co-evolutionary 

dynamics of mosquitoes and their associated microbes (Martinson et al., 2012).
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CHAPTER THREE

3 MATERIALS AND METHODS

3.1 Study area

The study area was Ahero, Kisumu County, it is located at latitude0º 11’Sand longitude 

34º 55’E), is approximately 1153 metres above sea level (a.s.l). The area has a tropical 

climate with a significant rainfall throughout the year and an average temperature of 23.0 

ºC. Ahero is a malaria endemic zone (Figure 3.1).

Figure 3.1: Map showing study area Ahero, Kisumu county.
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3.2 Sample collection

Sample size determination

Fisher’s exact formula was used to determine the minimum number of wild caught and 

laboratory reared mosquitoes. One hundred and thirty eight mosquitoes were included in 

this study as determined using fisher’s exact formula.

Sample size; n>=Z2
α/2 (p (1-p))/d2 = 138

 Where Zα/2 is the corresponding value to the 95% confidence interval  (1.96)

 p=10% estimated malaria prevalence among highly risk group Kenya. 

(Malaria survey indicator 2010. Children <5 prevalence =8% and >5=<14 

=13%)

 confidence interval=95% and 

 absolute precision  d=0.05

Therefore n ≥ 1.962 (0.1(1-0.1)/0.052 =138

One hundred and thirty eight adult female Anopheles gambiae and Culex quinquefasciatus

mosquitoes from Ahero, Kisumu county and were sampled. A Similar number of 

laboratory reared adult female Anopheles gambiae and Culex quinquefasciatus

mosquitoes from ICIPE-Malaria Vector Control Insectary were sampled.

Acquisition of lab reared Anopheles gambiae and Culex quinquefasciatus

One hundred and thirty eight laboratory reared adult female Anopheles gambiae and Culex

quinquefasciatus mosquitoes were purchased from International Centre for Insect 

Physiology and Ecology (ICIPE) Kasarani, Nairobi. They were transferred live to the 



30

laboratory at the Institute for Biotechnology Research, Jomo Kenyatta University of 

Agriculture and Technology (JKUAT) and maintained in a hood at 28 ºC and 70-80% 

humidity until dissection. The mosquitoes were offered resins and 1% glucose solution 

only as a source of energy as and they were not blood fed.

Sampling of wild Anopheles gambiae and Culex quinquefasciatus mosquitoes

Adult Anopheles gambiae and Culex quinquefasciatus mosquitoes were captured from pit 

shelters by use of CDC light traps. The CDC light traps were hung at least one meter above 

the ground on a tree or pole between 6:00 pm and 7:00 pm in the evening and left 

overnight. The collection bags containing the mosquitoes were picked between 6.00 am 

and 6.30 am in the morning. The mosquitoes were then put into vial/jars from the 

collection bags using mouth aspirators and stored at 4 °C. One hundred and thirty eight 

adult female Anopheles gambiae and Culex quinquefasciatus mosquitoes were identified 

to species level using a standard morphological key according to Gillies and De Meillon.

(1968). The specimens were transferred to the laboratory at the Institute for Biotechnology 

Research, JKUAT.

3.3 Laboratory procedures

Dissection of the mosquitoes

Dissection of mosquitoes was done according to Rani et al. (2009). Before dissecting the

mosquitoes were chilled to death and surface sterilized with 70% ethanol, after which they 

were transferred into sterile distilled water in a sterile hood. The mosquitoes were

dissected individually under sterile condition and the midguts were mashed and suspended
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in100µl of sterile phosphate buffered solution (PBS).  The mashed midguts were ground

to homogeneity. Each midgut extracts consisted of approximately a pool of 20midguts of

adult female mosquitoes. Each group of mosquitoes had seven of the pooled midgut 

extracts. The midgut extracts were stored at -80 ºC until further analysis.

DNA isolation

Total microbial DNA was extracted by using Purelink genomic DNA mini kit 

(Invitrogen), following the manufacturer’s instruction manual (CAT number, K1820-02 

Life technologies, California, USA). Genomic DNA concentration was quantified by 

using nano drop spectrophotometer by absorbance ratio at 260/280 nm, and the DNA 

suspension was stored at -20ºC until further analysis.

Polymerase chain reaction amplification

Polymerase chain reaction (PCR) amplification of the 16S rRNA gene V4 variable region 

was carried out on the extracted DNA using primers 515F 

(GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) that 

had a barcode (Caporaso et al., 2010). PCR amplification was carried out in 30 cycles 

using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following conditions: 

94°C for 3 minutes of initial heating, followed by 30 cycles of 94°C for 30 seconds, 53°C 

for 40 seconds and 72°C for 1 minute, followed by a final elongation step at 72°C for 5 

minutes. PCR products were visualized on 2% agarose gel to determine the success of 

amplification and the relative intensity of bands. Multiple samples were pooled together 
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in equal proportions based on their DNA concentrations from the gel images. Pooled 

samples were purified using calibrated Ampure XP beads (Agencort Bioscience 

Corporation, MA, USA).

Amplicon Library Preparation

The pooled and purified PCR products were used to prepare DNA library by following 

Illumina TruSeq DNA library protocol (Yu and Zhang, 2012). Sequencing was performed 

at Molecular Research DNA (www.mrdnalab.com, Shallowater, TX, USA) on a MiSeq 

platform following the manufacturer’s guidelines. The resulting raw sequences were 

submitted to NCBI (Sequence Read Archive) with the following study accession numbers; 

sequences for field collected Anopheles gambiae SAMN04386463; field collected Culex 

quinquefasciatus SAMN04386464; lab reared Anopheles gambiae SAMN04386465 and 

lab reared Culex quinquefasciatus SAMN04386466.

Sequence analysis and taxonomic classification

Sequences obtained from the Illumina sequencing platform were depleted of barcodes and 

primers using a proprietary pipeline (www.mrdnalab.com, MR DNA, Shallowater, TX) 

developed at the service provider’s laboratory. Short sequences < 200bp, sequences with 

ambiguous base calls, and those with homopolymer runs exceeding 6bp were removed. 

The sequences were denoised, chimeras and singleton sequences removed (Caponeet al.,  

2011; Dowd et al., 2011; Eren et al., 2011). De novo OTU clustering was done with 

standard UCLUST method using the default settings as implemented in QIIME Version 

1.8.0 at 97% similarity level (Caporaso et al., 2010). Taxonomy was assigned to each 
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OTU using BLASTn against SILVA SSU Reference 119 database at default e-value 

threshold of 0.001 in QIIME (Quast et al., 2013). 

Diversity indices

Diversity indices (Shannon, Inverse Simpson, Evenness), Rarefaction, Venn diagram (to

compare the shared OTUs between the samples of mosquitoes) and Hierarchical clustering 

were computed, using Vegan package version 1.16-32 in R software (Ihaka & Gentleman, 

1996). Kruskal-Wallis rank sum test was used to compare the relative abundance of gut 

microflora among Anopheles gambiae and Culex quinquefasciatus from lab reared and 

field collected samples using R programming language (R development Core Team, 

2012). Significance was tested at 95%confidence interval (p = 0.05). To support OTU-

based analysis, taxonomic groups were derived from the number of reads assigned to each 

taxon at all ranks from domain to species using the taxa_summary.txt output from QIIME 

pipeline Version 1.8.0.

Phylogenetic tree construction

Sequences were compared with 16S rRNA gene sequence available in Gen Bank database 

by BLASTn search. Multiple sequence alignments of 16S rRNA gene sequences were 

aligned using MUSCLE   (Edgar, 2004). The phylogenetic trees were constructed with 

Maximum Composite Likelihood (ML) and Neighbor Joining (NJ) methods using 

software MEGA 6.0 (Tamura et al., 2013).  The robustness of the phylogeny was tested 
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by bootstrap analysis using 1000 iterations. Trees generated were analyzed with FIGTREE 

program version 1.4.2.
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CHAPTER FOUR

4 RESULTS

4.1 Molecular characterization

Amplification of 16S rRNA gene from laboratory reared Anopheles gambiae

Amplification of 16S rRNA gene with bacterial universal primers bac 8F and 1492R 

(Brazelton et al., 2006) yielded amplification product of approximately 1500 bp (Plate 

4.1). Amplicons were then stained with gel Reddy and visualized under UV on 1.5% 

agarose.

Plate 4.1: Gel picture showing PCR amplified 16S rRNA gene products from midguts

of laboratory reared Anopheles gambiae using universal primers bac 8F and 1492R

.
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500
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Amplification of 16S rRNA gene for laboratory reared Culex quinquefasciatus

Amplification of 16S rRNA with bacterial universal primers bac 8F and 1492R (Brazelton 

et al., 2006) yielded amplification product of approximately 1500 bp (Plate 4.2).

Amplicons were then stained with gel Reddy and visualized under UV on 1.5% agarose.

Plate 4.2: Gel picture showing PCR amplified 16S rRNA gene products from midguts

of laboratory reared Culex quinquefansciatus using universal primers bac 8F and 

1492R.

Amplification of 16S rRNA gene field collected Anopheles gambiae and Culex 

quinquefansciatus

Amplification of 16S rRNA with bacterial universal primers bac 8F and 1492R (Brazelton 

et al., 2006) yielded amplification product of approximately 1500 bp (Plate 4.3).

Amplicons were then stained with gel Reddy and visualized under UV on 1.5% agarose.
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   500
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Plate 4.3: Gel picture showing PCR amplified 16S rRNA gene products from midguts

of field collected Anopheles gambiae (FC a) and Culex quinquefansciatus (FC Cx.)

using universal primers bac 8F and 1492R.

4.2 Assemblage and diversity of the microbial communities

Sequence reads and operational taxonomic units

After removing chimeras, denoising and demutiplexing, a total of 24,025 sequence reads 

greater than 200 bp were attained, from the 16S rRNA gene. Total OTU richness at 3% 

distance amounted to 145. The OTUs per data set ranged between 26 and 102. OTUs 

comprised 87% bacteria, 0.7% Archaea, 2% Fungi, 1.4% Eukarya and 8% no blast hit 
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(sequences reads that were not assigned). Rarefaction curve was plotted in order to 

evaluate if all the diversity within the samples have been exhaustively recovered (Figure 

4.1).

Figure 4.1: Rarefaction curve analysis in field collected (FC) and laboratory reared 

(LR) samples.

The slope of the lines flattens out in cases where full diversity has been detected. This 

indicates that even if more sequences were obtained, the number of OTUs detected in the 

samples would not increase. However, more sequences would be required to exhaust the 

full diversity within the samples if the slope does not flatten out (Chao et al., 2014). The 

sequencing depth as shown by the rarefaction curve was exhaustive enough to ensure the 

inclusion of the entire diversity of the microbes in the midgut of the two species of 

mosquitoes collected from field and laboratory reared.
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The distribution of shared OTUs across the two species of mosquitoes and the sample 

source (laboratory reared and field collected) is shown in figure 4.2. Seven OTUs were 

common in all the datasets, fifty four OTUs were only found in field collected Anopheles 

gambiae while 18 OTUs were detected only from the field collected Culex

quinquefasciatus samples. Laboratory reared Culex quinquefasciatus and Anopheles 

gambiae samples had one and 10 unshared OTU’s respectively.

Figure 4.2: Venn diagram showing the distribution of shared OTUs across the 4 

samples. Numbers indicate OTU’s enumerated in field collected (FC) and laboratory

reared (LR).

Bacterial diversity indices

A diversity index is a quantitative measure that reflects how many different types of 

species there are in a community and simultaneously takes into account how evenly the 

individuals are distributed among them.The estimated Shannon diversity index varied 

between (3.54) for field collected Anopheles gambiae and (1.93) for laboratory reared Culex

quinquefasciatus (Table 4.1). The Shannon diversity index for field collected Culex
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quinquefasciatus (2.73) was higher than laboratory reared Anopheles gambiae (2.52) and 

laboratory reared Culex quinquefasciatus (1.93) even though the number of sequence reads, 

after filtering of the laboratory reared samples (6669 and 6375, respectively) was 

approximately two folds higher than field collected Culex quinquefasciatus (3465). The 

Shannon index is a representation of both species abundance and evenness, when either 

of these two factors increase, the diversity index increase. Evenness was used to estimate

how well the species are evenly distributed in a community. The highest evenness was 

recorded from field collected Anopheles gambiae (0.767) indicating that OTUs were 

evenly distributed as compared to other samples. The lowest evenness was recorded from 

lab reared Culex quinquefasciatus (0.593) indicating that bacterial species are less evenly 

distributed and some species are more dominant than the others. The value of 

InverseSimpson index ranged from 4.65 for lab reared Culex quinquefasciatus to 19.98 for 

field collected Anopheles gambiae. The value of Inverse Simpson index was observed to 

increase with increase in diversity.

Table 4.1 Diversity indices computed on all OTU-based microbial taxonomic units 

obtained from field collected (FC) and laboratory reared (LR) datasets.

Sample ID No. of 
Sequences 

Richness
(OTUs)

Shannon
(H)

Inverse 
Simpson

Evenness
(J)

Effective 
No. of sp.

FC Anopheles 
gambiae

7516 102 3.54 19.98 0.767 34.47

FC Culex 
quinquefasciatus

3465 59 2.73 8.72 0.67 15.33

LR Anopheles 
gambiae

6669 45 2.52 5.98 0.661 12.43

LR Culex 
quinquefasciatus

6375 26 1.93 4.65 0.593 6.89

Total 24,505 145
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The microbial community composition, based on Kruskal-Wallis test, at OTU level

showed significant difference between field collected and laboratory reared mosquitoes

(ᵪ2=45.0799, p=3.2 x 10-5). Similarly, there was significant difference in microbial 

community composition at OTU level between Anopheles gambiae and Culex 

quinquefasciatus (ᵪ 2=31.2257,p=7.7 x 10-4). 

4.3 Microbial taxonomic community composition analysis

Relative abundance at phylum level

The SILVA SSU Reference 119 database (Quast et al., 2013) was used to assign reads to 

appropriate taxonomic ranks. The OTUs spanned 12 phyla (Figure 4.3). Proteobacteria 

(62.04–95.11 %), Firmicutes (0.00–6.13 %), Bacteriodetes (0.42–4.89 %), Actinobacteria 

(0.00–4.97 %), Eukaryota (0.00–3.46 %), Gemmatimonadetes (0.00–0.86 %), 

Spirochaetae (0.00–0.21 %), Verrucomicrobia (0.00–0.76 %), Chloroflexi (0.00–0.80 %), 

Acidobacteria (0.00–0.68 %), Archeabacteria (0.00–0.39 %) and Cyanobacteria (0.00–

0.10 %). The no blast hits had relative abundance ranging from 0.00 to 16.58%. 
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Figure 4.3: Relative abundance at phylum level from the field collected (FC) and 

laboratory reared (LR) samples.

Relative abundance at species level

OTUs belonging to the Phylum Proteobacteria were the most abundant and were 

represented by most genera as shown in figure 4.4. In lab reared Culex quinquefasciatus

sample the OTUs comprised of 15 bacteria species which were affiliated to the following 

genera; Aeromonas, Asaia, Elizabethkingia, Enterobacter, Pseudomonas, Rahnella, 

Serratia and Wolbachia. Serratia marcescens was the most abundant species in this 

sample with a relative abundance of 64.29 %. Other species present in higher abundance 

were Rahnella uncultured bacterium 18.13%, Serratia uncultured bacterium 5.08%, 

Wolbachia Embioptera sp. 4.37% and Elizabethkingia meningoseptica 4.88% (Figure 

4.4). However, in field collected Culex quinquefasciatus sample it consisted of 39 

bacterial species, belonging to the following genera; Wolbachia, Sphingomonas, 
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Streptococcus, Serratia, Rhizobium, Rahnella, Pseudomonas, Methylobacterium, Ixodes, 

Helicobacter, Gamma proteobacterium, Enterobacter, Corynebacterium, Bartonella, 

Bacteroidetes, Bacillus, Asaia, Arcobacter, Akkermansia, Agrobacterium,  and 

Aeromonas. The most abundant species in field collected Culex quinquefasciatus sample 

were Arcobacter uncultured bacterium with relative abundance of 34.83%, while 

Bartonella grahamii as4aup had 24.45 % (Figure 4.4). Arcobacter uncultured bacterium, 

Bacteroidetes uncultured bacterium, Bartonella grahamii as4up, Gamma Proteobacteria

uncultured bacterium, Helicobacter sp. B52Seymour and Ixodes scapularis are unique 

species to the field collected Culex quinquefasciatus sample. 

Lab reared Anopheles gambiae sample comprised of 21 bacterial species. Asaia

uncultured bacterium was the most abundant species with 39.30% relative abundance.  

Other taxa represented in the sample include Aeromonas sp. DMA1, Rahnella uncultured 

bacterium and Serratia marcescens each scoring a relative abundance of 10%. The genera 

found in lab reared Anopheles gambiae sample include; Aeromonas, Serratia, Bacillus, 

Asaia, Chryseobacterium, Gluconacetobacter, Delftia, Pseudomonas, Rahnella, 

Thorsellia, Enterobacter and Stenotrophomonas. Thorsellia anophelis was unique to lab 

reared Anopheles gambiae sample (Figure 4.4). The field collected Anopheles gambiae

sample was found to harbor a higher diversity of consisting 64 bacterial species. The most 

abundant species were Agrobacterium sp. 12.63% and Methylobacterium uncultured 

bacterium at 11.14% relative abundance.  The most predominant genera found in field 

collected include; Serratia, Bacillus, Agrobacterium Stenotrophomonas, 

Gluconacetobacter, Methylobacterium. Rahnella (Figure 4.4). The unique species in field 
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collected Anopheles gambiae sample include Agrobacterium tumefaciens, 

Gemmatimonadetes uncultured bacterium, Micrococcus uncultured bacterium and 

Rhizobium sp. M51 (Figure 4.4).

Bacterial species which were recovered from all the four samples include, Serratia 

marcescens, Asaia uncultured bacterium, Enterobacter uncultured bacterium, 

Pseudomonas uncultured bacterium and Rahnella uncultured bacterium. Parathelohania 

divulgata and Takaokaspora nipponicus are fungal species recovered from the field 

collected Anopheles gambiae and Culex quinquefasciatus respectively (Figure 4.4). A 

detailed information on all the bacterial species recovered in this study is on appendix 1.
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Figure 4.4: Relative abundance of the most predominant bacterial species from the 

four samples.
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4.4 Hierarchical clustering

Hierarchical clustering, based on Bray-Curtis dissimilarity, showed two clusters (Figure 

4.5). The dendogram shown on the top signify the relationship between the four samples. 

The bacteria composition of lab reared Anopheles gambiae, field collected Anopheles 

gambiae and field collected Culex quinquefasciatus samples were clustered together. 

Within this cluster the field collected Anopheles gambiae and field collected Culex 

quinquefasciatus samples were more closely related to each other. The bacterial 

community recovered from the lab reared Culex quinquefasciatus samples was observed 

to form a distinct cluster. 

Figure 4.5: Hierarchical clustering of most abundant midgut bacterial species of the 

field collected and laboratory reared mosquitoes. Species level was chosen to be used 

in hierarchical clustering to assess the relationship between sample and taxa.
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4.5 Phylogenetic analysis of 16S rRNA gene sequence of bacteria communities

The phylogenetic analysis was done using partial 16S rRNA gene sequence aligned 

homologus nucleotide sequences. On the basis of sequence similarities to the existing 

GenBank database entries, the bacteria species recovered from field collected Anopheles 

gambiae were more diverse, the major classes were, Gammaprotobacteria, 

Alphaproteobacteria and Actinobacteria, others include Acidobacteria, Bacteroidetes, 

Bacilli, Betaproteobacteria, Verrucomicrobia, Flavobacteria, Methanobacteria and 

uncultured bacteria (Figure 4.6).

In laboratory reared Anopheles gambiae sample the phylogenetic analysis revealed that 

the  bacterial species were clustered in three major classes; Gammaprotobacteria, 

Betaproteobacteria, Alphaproteobacteria, with Anoxybacillus uncultured species that 

belong to class Bacillus, Incertae sedis uncultured bacterium species belong to Gram 

positive Firmicutes and Chryseobacterium belong to Flavobacteria (Figure 4.7). The 

Gammaprotobacteria had the dominant bacterial species, the representative species were; 

Serratia marcescens, Rahnella uncultured bacteria. Aeromonas sp, Thorsellia anophelis, 

Enterobacter uncultured bacterium, Pseudomonas uncultured bacterium.
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Figure 4.6: Phylogenetic tree constructed from 16S rRNA gene isolate from field 
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collected Anopheles gambiae. Entries with RF_S are from public database. Entries 

from this work are represented as FC Anopheles gambiae, OTU number, generic 

name, and accession number in (parenthesis).

Figure 4.7: Phylogenetic tree constructed from 16S rRNA gene isolate from 

laboratory reared Anopheles gambiae. Entries with RF_S are from public database. 

Entries from this work are represented as LR, Anopheles gambiae, OTU number, 

generic name, and accession number in (parenthesis).
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The phylogenetic analysis of the field collected Culex quinquefansciatus, the bacterial 

species were clustered in three major classes; Gammaprotobacteria, Alphaproteobacteria

and Actinobacteria, with few other bacterial species affiliated to Firmicutes, 

Epsilonprotobacteria, Bacilli, spirochetes and Verrucomicrobia (Figure 4.8).

Figure 4.8: Phylogenetic tree constructed from 16S rRNA gene isolate from field

collected Culex quinquefansciatus. Entries with RF_S are from public database. 
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Entries from this work are represented as FC Culex quinquefansciatus, OTU

number, generic name, and accession number in (parenthesis).

Laboratory reared Culex quinquefansciatus clustered in two major classes; 

Gammaprotobacteria and Alphaproteobacteria while Elizabethkingia meningoseptica

which belong to gram positive Flavobacteria (Figure 4.9). The dominant species in 

Gammaproteobacteria include Serratia, Rahnella, Aeromonas, Pseudomonas and 

Enterobacter, while Wolbachia and Asaia belong to Alphaproteobacteria. Serratia 

marscences was the dominant species in all the samples.

Figure 4.9: Phylogenetic tree constructed from 16S rRNA gene isolate from 

laboratory reared Culex quinquefansciatus. Entries with RF_S are from public 

database. Entries from this work are represented as LR Culex quinquefansciatus.

OTU number, generic name, and accession number in (parenthesis).
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CHAPTER FIVE

DISCUSSION

4.1 Discussion

The aim of this study was to identify microbes from midgut of laboratory reared and field 

collected Anopheles gambiae and Culex quinquefasciatus mosquitoes. The study 

contributes to the understanding of bacterial diversity in midgut of laboratory reared and 

field collected Anopheles gambiae and Culex quinquefasciatus mosquitoes. Identification 

was based on DNA isolation and 16S rRNA gene sequencing on Illumina platform. The 

high sensitivity of Illumina sequencing enables the detection of rare species, thus 

providing more detailed information on bacterial diversity in these mosquitoes.

Diversity indices analysis at OTU level from field collected and laboratory reared 

mosquitoes revealed a significant difference in microbial community composition. Field 

collected Anopheles gambiae had the highest value of Inverse Simpson index while

laboratory reared Culex quinquefasciatus sample had the lowest. The value of Inverse 

Simpson increases with diversity, therefore bacteria in the field collected Anopheles

gambiae were more diverse than in the other samples. The Shannon index is another 

widely used index for comparing diversity between various habitats (Chandel et al., 2013). 

The Shannon index is a representation of both species abundance and evenness, when 

either of these two factors increase, the diversity index increases. Evenness was used for 

the estimating how well the species were evenly distributed among the samples. The 

lowest evenness was recorded from laboratory reared Culex quinquefasciatus samples 
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indicating that the bacterial species in this sample were less evenly distributed i.e. some 

species are more dominant than others. Based on Kruskal-Wallis test Anopheles gambiae

species revealed higher diversity indices than the Culex quinquefansciatus mosquito 

species. Interms of sample source field collected samples showed higher diversity indices 

than the laboratory reared samples. Therefore the bacterial diversity in all the four samples 

were influenced by the environment they inhabit and the type of species of the mosquito 

vector.

The field collected mosquitoes showed a higher midgut bacterial diversity than the 

laboratory reared mosquitoes. A similar observation was reported by Rani et al. (2009) 

when he studied bacterial diversity analysis of larvae and adult midgut microflora in 

laboratory reared and field collected Anopheles stephensi mosquito vectors. The higher 

bacterial diversity in field collected mosquitoes could be probably due to the fact that, the 

wild mosquitoes are exposed to the natural environment and fed on various natural foods 

whereas the laboratory reared mosquitoes are feed on artificial diet of glucose and resins. 

Furthermore, adult female mosquitoes require a bloodmeal for their egg development and 

the blood acquired in the field could also be a source of various bacterial flora, while on 

the other hand, the blood given to the adult female laboratory reared mosquitoes is from 

infection-free rabbits or rats. 

The midgut bacterial community complexity was demonstrated in rarefaction curves. 

Field collected Anopheles gambiae had the highest numbers of species with the highest 

number of phylotypes, followed by field collected Culex quinquefasciatus, lab reared 
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Anopheles gambiae and Culex quinquefasciatus. The rarefaction curve leveled off in all 

the samples, indicating that adequate sampling had been achieved and most of the 

phylotypes had been retrieved. Phylotypes are environmental DNA sequence or group of 

sequences sharing more than an arbitrarily chosen level of similarity of particular gene 

marker. Rarefaction curves compare species richness among imperical samples that differ 

in number of individuals (Colwell et al., 2012) . 

Venn diagram analysis indicates the OTUs shared among the four sample datasets. The 

field collected   Anopheles gambiae samples had more unshared OTUs while lab reared 

Culex quinquefasciatus had only one unshared OTU. Field collected   Anopheles gambiae 

and field collected Culex quinquefasciatus samples had the highest number of shared 

OTUs than the rest of samples, this could be due to their exposure in the same natural 

environment.

Comparative diversity was visualized using heatmap based on Bray-Curtis dissimilarities 

at species level. The microbial composition of the field collected samples at species level

were more similar compared to the laboratory reared samples. However for the laboratory

reared samples, the bacterial composition seemed to differ between Anopheles gambiae

and Culex quinquefasciatus. 

The relative abundance at phylum level comprised of twelve phyla; Proteobacteria, 

Firmicutes, Cyanobacteria, Euryarchaeota, Gemmatimonadetes, Spirochaetae, 

Verrucomicrobia, Chloroflexi, Bacteriodetes, Acidobacteria and Actinobacteria. These 
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phyla have also been identified in Anopheles gambiae mosquitoes in Kenya (Wang et al., 

2011; Favia et al., 2007; Boissière et al., 2012). It appears that members of 

Proteobacteria, were predominantly recovered from the field collected and laboratory

reared than those of Firmicutes, Actinobacteria and Bacteriodetes. Proteobacteria were 

also shown to be dominant in a previous study conducted in Kenya in Anopheles gambiae 

mosquitoes (Wang et al., 2011). The relative abundance of Proteobacteria based on 

Kruskal-Wallis test, was significantly higher in Anopheles gambiae than Culex 

quinquefasciatus. Proteobacteria was the largest phylum represented by 43 species 

belonging to 26 genera. Some of the groups of bacteria recovered in the present study are 

similar to those recovered from previous culture dependent and culture-independent 

studies (Rani et al., 2009). Firmicutes consisted of ten species which were affiliated to 

nine genera. Actinobacteria represented fifteen species belonging to thirteen genera 

whereas Bacteriodetes consisted of five species belonging to five genera. Members of 

Cyanobacteria, Gemmatimonadetes, Spirochaetae, Verrucomicrobia, Chloroflexi, 

Archeabacteria and Acidobacteria represented only a small portion of the mosquito 

midgut communities.

Among the dominant genera recovered belong to Serratia, Asaia, Arcobacter, Rahnella, 

Bartonella, Aeromonas, Agrobacterium, Methylobacterium and Wolbachia. These genera 

have also been frequently reported from mosquito gut in previous studies and the results 

are consistent with those of earlier reports (Pidiyar et al., 2004; Demaio et al., 1996 ; Favia 

et al., 2007; Dong et al., 2009). This suggests that at least a fraction of the mosquito 

midgut inhabitants could be common for different mosquito species inhabiting similar 
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environments and may represent evolutionary conservation of association between 

bacteria and mosquito gut. Members of the genera Acinetobacter, Aeromonas, Bacillus, 

Enterobacter, Pseudomonas, Serratia, Asaia, Rahnella, and Stenotrophomonas have been 

frequently reported in mosquito gut in previous studies (Pidiyar et al., 2004; Boissière et 

al., 2012; Chandel et al., 2013). Sequences belonging to genera Asaia, Enterobacter, 

Pseudomonas, Rahnella and Serratia were recovered from all the samples and comprise 

of a major part of microbiota of Anopheles gambiae and Culex quinquefasciatus

mosquitoes in the present study. 

Serratia marcescens appeared to be the core species (23.6%) in the present study, as it 

was observed in both laboratory reared and field collected mosquitoes, suggesting that it 

possesses a competitive advantage over other bacterial species. Serratia marcescens is 

abundant in nature, more so in the artificial foods given to the laboratory reared 

mosquitoes. Similar results were reported in five generations of Anopheles gambiae (Dong 

et al., 2009). 

The genus Asaia, recovered at (11.6%), was more abundant in laboratory reared 

Anopheles gambiae. Asaia has been associated with Anopheles species, in particular field 

collected Anopheles funestus, Anopheles Maculipennis, Anopheles gambiae and

Anopheles coustani and Anopheles stephensi (Favia et al., 2007). The presence of Asaia 

species in Anopheles mosquito could be useful in  malaria control given that this bacteria 

genus produces antiparasite molecules in mosquitoes that could be exploited in 

paratransgenic control of malaria (Damiani et al., 2010; Favia et al., 2007). 
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Elizabethkingia meningoseptica and Wolbachia sp. have been detected repeatedly in both 

laboratory reared and wild caught mosquitoes (Pumpuniet al., 1996) indicating their

prevalent symbiotic association with mosquitoes. Wolbacha was detected in field 

collected and laboratory reared Culex quinquefasciatus in the present study, but previously 

it has been reported in  several other mosquito vectors including, Aedes, Coquillettida, 

and Masonia (Ricci et al., 2012). 

Bacillus sp., Stenotrophomonas, Micrococcus Acinetobacter and Rhizobium were 

recovered at significantly greater numbers from the field collected mosquitoes. These 

species have been frequently isolated from soil and environmental samples, suggesting

that the local soil and water environment plays an important role in colonization of the 

mosquito midgut at breeding sites or during nectar/blood feeding (Chandel et al., 2013). 

Parathelohania divulgata, Parathelohania obesa and Takaokaspora nipponicus are 

fungal species recovered in the field collected Anopheles gambiae and Culex 

quinquefasciatus but not in laboratory reared mosquitoes. Aspergillus spp. has been 

isolated from Anopheles stephensi larval gut, but not in adult mosquitoes (Tajedin et al., 

2009). The presence of fungi in adult mosquito gut is in contradiction to the previous 

studies conducted using isolation methods (Chandel et al., 2013).

Phylogenetic analysis of bacteria from field collected Anopheles gambiae were the most 

diverse and the bacterial species were clustered in three major classes; 

Gammaprotobacteria, Alphaproteobacteria and Actinobacteria, others species were 
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clustered in Acidobacteria, Bacteroidetes, Bacilli, Betaproteobacteria, Verrucomicrobia, 

Flavobacteria, Methanobacteria and uncultured bacteria. While in the lab reared

Anopheles gambiae samples, the bacterial species were clustered in Gammaprotobacteria, 

Betaproteobacteria, Alphaproteobacteria, Bacillus, Firmicutes and Flavobacteria.

In field collected Culex quinquefansciatus, phylogenetic analysis revealed that bacterial 

species were clustered in classes; Gammaprotobacteria, Alphaproteobacteria and 

Actinobacteria, with few bacterial species clustered in Firmicutes, Epsilonprotobacteria, 

Bacilli, spirochetes and Verrucomicrobia. The laboratory reared Culex quinquefansciatus

clustered in two major classes; Gammaprotobacteria and Alphaproteobacteria with

Elizabethkingia meningoseptica affiliated to class Flavobacteria.

Parasite-mosquito relationship is believed to have existed for many decades. It is likely 

that acquired microflora permits the maintance of parasites in mosquitoes. The microbes 

could be benefiting the mosquito by protecting it against harmful bacteria or benefiting 

the parasites by lowering the immunity of the mosquito against parasite. It has been 

reported that reduction in bacterial flora in the mosquito midgut increases plasmodium 

falciparum infection rates in experimentally infected Anopheles mosquitoes (Beier et al., 

1994). Interactions between midgut bacteria and malaria parasites could explain how the 

vector potential for malaria parasite transmission is modulated by environmental factors 

such as acquisition of different types of bacteria.
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Midgut bacterial infection in wild mosquito populations may influence parasitic infection 

and transmission and this could contribute to understanding the vectorial capacity of the 

various species because naturally existing microorganisms in mosquito midgut have 

important roles to determine parasite development and its survival in the natural 

environment (Chandel et al., 2013). Mosquitoes are known to respond to infection by 

disease causing pathogens, they elicit a specific immune response against them 

(Dimopoulos et al., 1997). Some immune response genes that are expressed in response 

to specific bacteria in the mosquito midgut may alter the vectorial capacity at which a 

pathogen is transmitted by the mosquito (Pumpuni et al., 1996). This shows that the 

midgut bacterial composition has a considerable effect on the survival of pathogens in the 

midgut environment. 

Previous studies indicate that the susceptibility of Culex quinquefansciatus to Japanese 

Encephalitis virus increases when Pseudomonas sp. and Acinetobacter sp. were 

incorporated in the mosquito blood meal (Mourya et al., 2002). Similarly, a study on 

occurrence of Klebsiella sp. and Pseudomonas sp. in mosquito midguts reported that 

mosquitoes with Pseudomonas in their midguts showed a higher prevalence of malaria 

sporozoites, whereas females infected with Klebsiella sp. could not support parasite 

development (Chandel et al., 2013). The large number of bacteria present in the vector 

midguts are capable of producing factors that kill parasites. Haemolysin produced by 

Enterobacter cloacae, Serratia marcescens, Escherichia coli, Enterococcus faecalis exert

activity against both prokaryotic and eukaryotic cells (Azambuja et al., 2005). The present 

study revealed that a relatively high number of Serratia marcescens were identified from 
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laboratory reared and field-populations of Anopheles gambiae and Culex

quinquefansciatus which is known to produce haemolysin. The results of this study 

confirms earlier reports that indicate that the midgut of mosquito vectors harbors 

numerous microbial communities some of which could have originated from the terrestrial 

environments as well as the feeds given to the laboratory reared mosquitoes.

4.2 Conclusion

This study demonstrates a high bacterial composition and diversity in the field collected 

Anopheles gambiae samples than the Culex quinquefasciatus.

Among the laboratory reared samples the Anopheles gambiae revealed a high bacterial

composition and diversity than the Culex quinquefasciatus. 

The field collected Anopheles gambiae samples revealed a high bacterial composition and 

diversity than the laboratory reared. The field collected Culex quinquefasciatus samples 

demonstrated a high bacterial composition and diversity than the laboratory reared Culex 

quinquefasciatus.

Moreover, the field collected Anopheles gambiae and Culex quinquefasciatus samples had 

a high microbial composition and diversity than their laboratory reared counterparts.

The bacterial flora of both Anopheles gambiae and Culex quinquefasciatus midgut is 

diverse and dominated by Serratia marcescens. The results provide basic information 

about bacterial diversity in midgut of adult female laboratory reared and field collected 

Anopheles gambiae and Culex quinquefasciatus.
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4.3 Recommendations

1. Since the most abundant bacterial species was Serratia marcescens, it should be 

further evaluated for its suitability in parasite control strategies.

2. Future study should include identification of midgut microbial flora from different 

areas that are filariasis and malaria endemic.
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[bookmark: _Toc505244399]ABSTRACT

Mosquitoes transmit a wide range of pathogens that cause diseases in human and other animals. Midgut symbiotic bacteria are known to play fundamental roles in the biology of mosquitoes, however knowledge of midgut bacterial communities associated with mosquitoes is scanty due to limitation of the isolation techniques based on culturing. The available culture techniques reduce the chances in determination of the microbial diversity, since they sometimes miss out on non-culturable microbes. High throughput methods that involve direct isolation and analyses of nucleic acids from samples have been found more feasible in microbial diversity studies. The main objective of this study, was the application of metagenomics to study the composition and diversity of midgut bacteria in field collected and laboratory reared adult female Anopheles gambiae and Culex quinquefasciatus mosquitoes. Female adult mosquitoes were dissected and their total microbial deoxyribonucleic acid (DNA) isolated from the pooled midgut extracts by using Purelink genomic DNA mini kit (Invitrogen).  The 16S rRNA gene variable regions V4 of the extracted DNA were amplified. Library construction was performed following Illumina sequencing protocol. Sequences were analyzed using QIIME pipeline, taxonomy was assigned using BLASTn against SILVA 119. The R programming language and Vegan package were used to calculate Bray-Curtis dissimilarities between datasets, hierarchical clustering and   diversity indices. Phylogenetic analysis was done using MEGA 6.0 software. Results showed that 145 operational taxonomic units (OTUs) were realized at 3% genetic distance based on 16S rRNA gene sequence. The 145 OTUs spanned 12 phyla; Proteobacteria, Firmicutes, Bacteriodetes, Actinobacteria, Eukaryota, Gemmatimonadetes, Spirochaetae, Verrucomicrobia, Chloroflexi, Acidobacteria, Archeabacteria, Cyanobacteria and the no blast hits. Microbial community composition based on OTUs showed significant difference between field collected and laboratory reared mosquitoes (ᵪ2=45.0799, p=3.2 x 10-5). Similarly, there was a significant difference in community composition at OTU level between Anopheles gambiae and Culex quinquefasciatus (ᵪ2=31.2257,p=7.7 x 10-4). This study demonstrates a high microbial composition and diversity among field collected Anopheles gambiae and Culex quinquefasciatus than the laboratory reared mosquitoes. The bacterial composition and diversity appeared to be influenced by the environment and the species of the mosquitoes.



[bookmark: _Toc505244400]CHAPTER ONE

[bookmark: _Toc505244401]GENERAL INTRODUCTION

[bookmark: _Toc505244402]Background of the study

Mosquitoes are primary transmission hosts for diseases like malaria, dengue, lymphatic filariasis and yellow fever in the tropics. These diseases cause millions of deaths every year (Chandel et al., 2013). Among the diseases, malaria is the most important vector born disease globally with an estimated 3.3 billion people at risk of being infected as reported by World Health Organization WHO, (2015). According to WHO, there were 214 million cases of malaria in 2015. The African region accounted for most of the global cases of malaria (88%) followed by South-East Asia region (10%) and Eastern Mediterranean region (2%) (WHO, 2015). Further, in 2015 there were an estimated 430,000 malaria death worldwide. Most of these deaths occurred in African region (90%) followed by South-East Asia region (7%) and Eastern Mediterranean region (2%). Majority of these deaths are caused by the parasite Plasmodium falciparum whose major vector in Africa is the mosquito species Anopheles gambiae. The Anopheles gambiae is widely distributed throughout the Afro-tropical belt (Boissière et al., 2012).



Culex quinquefasciatus is a mosquito vector for Wuchereria bancrofti, the filarial worm that causes filariasis and Japanese encephalitis virus (Pidiyar et al., 2004). Lymphatic filariasis is a major public health problem worldwide, it is estimated that 1.3 billion people from 83 countries are living with the disease or are at risk of infection (Chandel et al., 2013). On the East African coast including Kenya, the urban mosquito Culex quinquefasciatus, is an important vector for Wuchereria bancrofti that causes lymphatic filariasis  (Njenga et al., 2011). 



Effective mosquito vector control strategies currently include insecticide treatment delivered through spraying houses or insecticide-impregnated mosquito nets. While these methods are effective at decreasing mosquito numbers, they as well contribute to an increase in resistance of the insect vector species (Bando et al., 2013). 



Few studies have been conducted to identify bacterial species in field-collected Anopheles mosquitoes, using microbe culturing techniques. These studies have highlighted the breadth of bacterial flora associated with mosquitoes. Bacteria, like Pseudomonas cepacia, Enterobacter agglomerans and Flavobacteria sp. were found in higher abundance in laboratory-reared A. stephensi, A. gambiae and A. albimanus mosquitoes (Rani et al., 2009). Jadin et al. (1966) identified Pseudomonas sp. in the midgut of Anopheles mosquitoes from Democratic republic of Congo. Gonzalez-Ceron et al.(2003) isolated various Enterobacter and Serratia sp. from Anopheles albimanus mosquitoes captured in southern Mexico. Field-captured A. gambiae mosquitoes in Mwea in Kenya were reported to consistently associate with a Thorsellia anophelis lineage that was also detected in the surface microlayer of rice paddies (Briones et al., 2008). Enterococcus faecalis, Acinetobacter soli and Enterobacter cloacae were some of the bacterial species frequently isolated from midgut of Culex quinquefasciatus mosquitoes (Chandel et al., 2013). The mosquito midgut poses a critical challenge to the survival and development of the parasites and is therefore, the most attractive site to target malaria parasites (Whitten et al., 2006). The symbiotic bacteria in the midgut of a mosquito can be genetically modified to express effector molecules then reintroduced into the mosquito for control of the disease carrying parasites (Chavshin et al., 2012).

The available conventional culture techniques limit the scope in determination of the diversity of microbes since it sometimes misses out on non-culturable microbes (Pidiyar et al., 2004). Amplicon sequencing, in particular that of the small subunit rRNA gene (16S rRNA gene in Bacteria and Archaea or 18S rRNA gene in Eukarya), is a widely applied approach to study the composition, organization and spatiotemporal patterns of microbial communities, due to its ubiquity across all domains of life (Head et al., 1998). In the last decades, 16S rRNA gene amplicons were analyzed using fingerprinting techniques such as (terminal restriction fragment length polymorphisms) TRFLP (Liu et al., 1997) and (automated method of ribosomal intergenic spacer analysis) ARISA (Fisher & Triplett, 1999) in combination with clone library construction and Sanger sequencing. However, this method often provided insufficient coverage to describe and compare microbial communities (Curtis et al., 2006). 



High-throughput sequencing (HTS) technology and the application of barcode indexing are allowing the collection of thousands of sequences from a large number of samples simultaneously (Hamady et al., 2008). These approaches have revealed deeper insights into the diversity of microbial communities (Herlemann et al., 2011; Sogin et al., 2006) and by increasing sample numbers, have expanded the possibilities to study community and population dynamics over much finer temporal (Eiler et al., 2012) and spatial scales (Herlemann et al., 2011). New technology, such as pyrosequencing of hypervariable regions of the 16S rRNA gene, is a cost-effective and a better alternative to examine the phylogenetic diversity of microbial populations in different ecosystems. 



This study involved the use of Illumina Sequencing of PCR products of 16S rRNA gene to obtain a less biased estimation of the microbial community in the midgut of laboratory reared and field collected Anopheles gambiae and Culex quinquefasciatus mosquitoes.



[bookmark: _Toc505244403]Statement of the problem

Mosquito control still remains the primary strategy for controlling mosquito-borne diseases like malaria and filariasis/elephantiasis. However, insecticide resistance by mosquitoes, cost of new drug development, drug resistance of some parasites, environmental hazard of pesticide application and limitation of vaccines are factors that necessitate the need for the development of novel disease control strategies. Furthermore, global warming is anticipated to affect abundance and distribution of the Anopheles gambiae and Culex quinquefasciatus mosquito vectors.  The mosquito midgut poses a critical challenge to the survival and development of the parasites and is therefore, the most attractive site to target malaria/filariasis parasites. The symbiotic bacteria in the midgut of a mosquito can be genetically modified to express effector molecules then reintroduced into the mosquito for control of the disease carrying parasites. Therefore, there is a need to explore the midgut microflora and develop novel control measures for mosquito borne diseases.



[bookmark: _Toc505244404]Justification

The knowledge on Anopheles gambiae and Culex quinquefasciatus midgut bacterial communities remains largely scanty, due to limitations of isolating techniques which are based on culturing. The available conventional culture techniques limit the scope in determination of the diversity of microbes since they sometimes miss out on non-culturable microbes. Further, culture dependent approach cannot be used for analysis of populations within natural communities because, less than 1% of the observed diversity can be cultured in the laboratory. It is therefore doubtful that such culture dependent approaches would help in the accurate description of microorganisms as they occur within natural environment. 

This study involved application of metagenomic (DNA) analysis to determine the bacterial diversity in the midgut of laboratory reared and wild Anopheles gambiae and Culex quinquefasciatus mosquitoes to identify potential candidate bacteria that can be used in the control of mosquito borne diseases.



[bookmark: _Toc505244405]Null hypotheses

There is no difference in midgut bacterial diversity of field collected adult female Anopheles gambiae and Culex quinquefasciatus mosquito vectors from Ahero.

There is no difference in midgut bacterial diversity of the laboratory reared adult female Anopheles gambiae and Culex quinquefasciatus mosquito vectors.



 General objective

To determine midgut bacterial diversity of adult female laboratory reared and wild Anopheles gambiae and Culex quinquefasciatus mosquito vectors.



[bookmark: _Toc505244406]Specific objectives

To determine midgut bacterial diversity of field collected adult female Anopheles gambiae and Culex quinquefasciatus mosquito vectors from Ahero.

To determine midgut bacterial diversity of laboratory reared adult female Anopheles gambiae and Culex quinquefasciatus mosquito vectors.



[bookmark: _Toc505244407] Research output

1. An analysis of midgut bacterial diversity of field collected adult female Anopheles gambiae and Culex quinquefasciatus mosquito vectors from Ahero.

2. An analysis of midgut bacterial diversity of laboratory reared adult female Anopheles gambiae and Culex quinquefasciatus mosquito vectors.

3. A comparison of midgut bacterial diversity of field collected verses laboratory reared mosquito vectors.




[bookmark: _Toc505244408]CHAPTER TWO

[bookmark: _Toc505244409]LITERATURE REVIEW

0. [bookmark: _Toc505244410]Malaria prevalence in Kenya

For over the last 10 years, Kenya has made progress in controlling malaria. However, the country is still far from combating the disease. The prevalence of malaria in Kenya is shown on figure 2.1. Compromising the fight against malaria are factors such as poor knowledge of the disease and the lack of effective diagnostic equipment in many health facilities around the country. Furthermore, people do not take preventative measures seriously such as sleeping under insecticide treated nets.

[image: Description: It is only in Central Kenya where there is little or no transmission of malaria.]

[bookmark: _Toc505341332][bookmark: _Toc505341789][bookmark: _Toc505597078]Figure 2.1: Map showing the malaria prevalence in Kenya. Source: Internews Data Dredger (2016)

A review of data reveals that there is currently less investment in malaria than in the past. Additionally, there is a plateau in the number of houses who own insecticide treated nets. In 2016 alone, Kenya lost more than 30,000 people due to malaria. To roll back malaria, the government must invest more in new initiatives and tools for fighting it even as it makes use of emerging epidemiological knowledge of the disease (Internews Data Dredger,2016).



[bookmark: _Toc505244411] Anopheles gambiae mosquito vectors

Anopheles gambiae Giles is the most efficient vector of human malaria in the Afrotropical region. Thus, it is commonly called the African malaria mosquito. The Anopheles gambiae complex sibling species (Fanello et al., 2002; Coetzee et al., 2013) comprises of eight reproductively isolated species that are almostly indistinguishable morphologically: Anopheles ampharicus Hunt et al.(2013), Anopheles arabiensis Patton 1905, Anopheles bwambae White 1985, Anopheles gambiae Giles 1902, Anopheles coluzii coetzee and wikerson 2013, Anopheles melas Theobald 1903, and Anopheles mems Donitz 1902. Collectively they are sometimes called Anopheles sensu lato, meaning ‘in the wider sense’. Female Anopheles gambiae is shown on plate 2.1.

Adult female Anopheles can be differentiated from other mosquito genera because the palps (appendages found near the mouth) are as long as their proboscis (Coetzee et al., 2013). Adult Anopheles also have distinguishable resting position where their abdomen is raised into the air (Fanello et al., 2002). Anopheles gambiae have a variable body color, but it typically ranges from light brown to grey with pale spots of yellow, white or cream scales and dark areas on their wings (Gillies & De Meillon, 1968). In comparison to other species, adults are considered small to medium sized mosquitoes with average wing length varying from 2.8 to 4.4 mm (Gillies & De Meillon, 1968).

[image: Female Anopheles gambiae Giles taking a blood meal.]

[bookmark: _Toc505354280]Plate 2.1: Female Anopheles gambiae Giles taking a blood meal (Source: CDC, 2010) 

In Africa Anopheles gambiae sensu lato, is anthropophilic, endophagic and endophilic (prefer to feed on humans, and to feed and rest indoors) (Takken & Knols, 1999). These behavioural preferences together with its high susceptibility to Plasmodium infection provides a probable explanation why the African continent is more stricken by malaria than other continents (Besansky et al., 2004). Anopheles funestus is also anthropophilic, endophagic and endophilic. However this species is less susceptible to Plasmodium infection than Anopheles gambiae (Takken & Knols, 1999). Anopheles arabiensis varies from being anthropophilic to zoophilic in different studies from different areas (Takken & Knols, 1999). Both Anopheles funestus and Anopheles arabiensis are important vectors of malaria in some areas of the African continent (Fontenille & Simard, 2004).



[bookmark: _Toc505244412]Life Cycle of Plasmodium falciparum

The malaria parasites are host-specific, meaning that the four different species that can infect humans, P. falciparum, P. vivax, P. ovale and P. malariae, do not live outside a human or an Anopheles mosquito host. Infections with P. falciparum, and to a much less extent P. vivax, cause severe disease and death from malaria in humans (Miller et al., 2002). The parasites have a complex lifecycle with several asexual stages in humans and sexual stages in mosquitoes (Miller et al., 2002). 



The haploid sporozoites are the final stage in the mosquito and the infectious stage for humans. The sporozoites enter a human via the mosquito saliva during the bloodmeal and pass into the bloodstream. The sporozoites travel to the liver where they invade hepatocytes and start to divide mitotically. 

Eventually the hepatocytes rupture and thousands of haploid merozoites are released into the bloodstream where they invade red blood cells and start the asexual erythrocytic lifecycle. Inside the erythrocytes, the parasites develop from merozoites to trophozoites and schizonts over a 48 h cycle. The schizonts divide into several merozoites and when the red blood cells rupture, the merozoites are released into the bloodstream and the cycle starts again. It is when the red blood cells rupture, that symptoms of malaria appear in the infected person, the most characteristic being fever (Miller et al., 2002). During the erythrocytic cycle, some of the parasites evolve into male and female gametocytes. When Anopheles mosquito takes up these gametocytes during a bloodmeal, they mate in the midgut of the mosquito to form a zygote. The zygote develops into an ookinete, which passes through the midgut epithelium and develops into an oocyst under the basal membrane. Subsequently, the oocyst bursts and releases sporozoites into the hemolymph. The sporozoites travel to the salivary glands from where they can infect other humans during the next bloodmeal taken by the mosquito (Miller et al., 2002).The lifecycle of Plasmodium species lifecycle is illustrated on figure 2.2. The infection of the host erythrocytes by the parasites is responsible for the mortality and morbidity caused by this disease.

[image: ]

[bookmark: _Toc505597079]Figure 2.2: Plasmodium species lifecycle (Source: CDC, 2010)



[bookmark: _Toc505244413]Culex quinquefasciatus mosquito vectors

Adult Culex quinquefasciatus is a medium sized mosquito and is brown in colour. The body is about 3.96 to 4.25 mm long, while the main body is brown, the proboscis, thorax wings and tarsi are darker, than the rest of the body. The head is light brown with the lightest portion in the centre. The antennae and the proboscis are about the same length but in the same cases, the antennae are slightly shorter than proboscis. The flagellum has 13 segments that may have few or no bands on the basal side of each targite. The female Culex quinquefasciatus is shown on plate 2.2. Males can be differentiated from female in having large palps and feathery antennae (www.ozanimals.com).



[image: ]

[bookmark: _Toc505354281][bookmark: _Toc505244414]Plate 2.3: Female Culex quinquefasciatus mosquito (Source: CDC, 2011) 



Life Cycle of Wuchereria bancrofti

During a blood meal, an infected mosquito introduces third-stage filarial larvae onto the skin of the human host, where they penetrate into the bite wound. They develop into adults that commonly reside in the lymphatics. The female worms measure 80 to 100 mm in length and 0.24 to 0.30 mm in diameter, while the males measure about 40 mm by 1 mm. Adults produce microfilariae measuring 244 to 296 µm by 7.5 to 10 µm, which are sheathed and have nocturnal periodicity, except the South Pacific microfilariae which have no marked periodicity. The lifecycle of Wuchereria bancrofti is illustrated on figure 2.3.



The microfilariae migrate into lymph and blood channels moving actively through lymph and blood. A mosquito ingests the microfilariae during a blood meal. After ingestion, the microfilariae lose their sheaths and some of them work their way through the wall of the proventricus and cardiac portion of the mosquito’s midgut and reach the thoracic muscles. There, the microfilariae develop into first-stage larvae and subsequently into third-stage infective larvae. The third-stage infective larvae migrate through the hemocoel to the mosquito’s proboscis and can infect another human when the mosquito takes a blood meal.

[image: Life cycle of Wuchereria bancrofti]

[bookmark: _Toc505352855][bookmark: _Toc505597080]Figure 2.4: Wuchereria bancrofti lifecycle (Source: CDC, 2010)



[bookmark: _Toc505244415]Stages of mosquito development and microbial acquisition

Mosquitoes are holometabola that undergo four gradual stages of metamorphosis that is: egg, larvae, nymph, and adult that are intimately connected to their respective biotypes. Eggs, larvae and nymph stages are aquatic, whereas adult stage of mosquitoes live in terrestrial environments. The fraction of mosquito-associated microflora that is acquired from the surrounding environment is most likely to differ during the mosquito life cycle. At the larval stage, individuals consume bacteria and planktons as their sources of food. This allows a first stage bacterial colonization that adds to any inherited bacterial flora. Some of these bacteria are members of genus Wolbachia and are vertically acquired transovarially in Culex Pipiens, Culex quinquefasciatus or Ae. Albopictus. Venereal transmission of the bacterium Asia was reported in Anopheles gambiae and Anopheles stephensi (Damiani et al., 2010; Cook & McGraw, 2010). 

The midgut of mosquito larvae also contains many photosynthetic cyanobacteria acquired from breeding site (Wang et al., 2011). The mosquito gut represents an ecosystem that accommodates a complex, intimately associated microbiome. It is increasingly clear that the gut microbiome influences a wide variety of host traits, such as fitness and immunity. Understanding the microbial community structure and its dynamics across mosquito life is a prerequisite for comprehending the symbiotic relationship between the mosquito and its gut microbial residents. Wang et al.(2011) showed that in the larval and pupal stages, cyanobacteria were very abundant accounting for 40% of an entire microbial community in Anopheles gambiae. 



During metamorphosis, the mosquito anatomy is radically modified. In particular, a first meconial peritrophic matrix or membrane (MPM1) is found early in the pupal stadium and the second (MPM2) emerges sometimes around the time of adult emergence (Moncayo et al., 2005). A recent study suggests that the MPMs contribute to the sterilization of the adult midgut by sequestering microorganisms ingested during the larval stage, which, along with remaining meconial material, are egested after adult emergence (Moll et al., 2001; Moncayo et al., 2005).

This phenomenon could explain why the proportions of different bacterial classes or phyla alter drastically between immature and adult stages. For example, it was shown that the number of bacterial operational taxonomic units (OTU) was 3 fold higher in larvae and pupae than in imagos of Anopheles gambiae (Wang et al., 2011). To date, comparative studies of bacterial composition between stages have only been done in Anopheles mosquitoes, in which transtidial maintenance of some bacterial genera such as Acinetobacter, Bacillus, Enterobacter, Staphylococcus, Pseudomonas, Chryseobacterium and Serratia spp. has been observed (Rani et al., 2009). 



[bookmark: _Toc505244416]Sex of mosquito and microbial diversity

The sex of the mosquito is also an important factor that affects bacterial composition. Male and female mosquitoes exhibit different ecological behaviors in terms of nutritional and dispersal capabilities. Both sexes feed on nectar and plant saps and are able to hydrolyze sucrose, but females are also hematophagous. Indeed, female mosquitoes are anautogenous as they require blood from vertebrates for the completion of their reproductive cycles (Foster, 1995). Blood digestion in females is also favoured by the selection of bacteria for their hemolytic ability (Gusmão et al., 2010). Moreover, after a mosquito ingests a blood meal a temperature burst occurs and oxidative stress and immune responses are down regulated, which leads to an increase in the bacterial load (Oliveira et al., 2011).

A mosquito-associated bacteria rely on some of the nutrients brought in the meal for growth, the nutrient composition of food sources may directly impact the diversity of bacteria present (Rani et al., 2009). Zouache et al. (2011) showed that around half of the bacterial diversity in field populations of Ae. albopictus was explained by the sex of the mosquito with greater diversity observed in females (Zouache et al., 2011). The effect of the sex of the mosquito on bacterial diversity was reported in field populations of the malaria vector Anopheles stephensi; bacteria from genera Bacillus and Staphylococcus were detected in males, whereas bacteria from genera Chryseobacterium, Pseudomonas and Serratia were present exclusively in females (Rani et al., 2009). Published data on mosquito–associated bacteria, shows that the midgut of females is mostly colonized by members of Gammaproteobacteria, as is found in other blood feeding insects. Interestingly, the genera Pseudomonas, Serratia and Enterobacter are frequently associated with females of several mosquito species (Gusmão et al., 2007). In contrast, the midgut of males is dominated by bacteria from the phylum Firmicutes including those from Staphylococcus, Bacillus, Paenibacillus and Micrococcus genera (Rani et al., 2009). It was also shown that diet, whether sugar or blood meals, significantly affects the bacterial population structure. Wang et al. (2011) demonstrated that blood meals drastically reduced the community diversity in favor of enteric bacteria in the Anopheles gambiae, while few changes were observed following sugar meals. However, irrespective of the type of meal after 4 days the bacterial microflora reestablishes itself as demonstrated by the genus Elizabethkingia. Male mosquitoes disperse less than females and tend to remain close to breeding sites which could be an additional factor constraining bacterial diversity in them (Foster, 1995).



[bookmark: _Toc505244417]Midgut microbiome of mosquitoes

Complex microbiotae have been described in mosquito midgut, these include Gram-negative rods, including Serratia marcescens, Klebsiella ozaenae, Pseudomonas aeruginosa, Escherichia coli and Enterobacter sp. (Azambuja et al., 2005).Three metagenomic studies provided a more comprehensive picture of the diversity of midgut microbiota in Anopheles gambiae, the main malaria vector in Africa (Boissière et al., 2012; Osei-Poku et al., 2012; Wang et al., 2011). In wild caught adults of Anopheles species, the microbiota revealed the presence of Pseudomonas and Aeromonas species. The five genera, Asaia, Bacillus, Chryseobacterium, Klebsiella, and Pantoea have been reported from four field collected Anopheles species, while Serratia and Stenotrophomonas were identified in three mosquito species. Three mosquito-specific bacterial species, isolated from the midgut of main malaria vectors of the Gambiae Complex, have been described, such as Thorsellia anopheles (Kampfer, 2006), Janibacter anophelis (Kampfer, 2006) and Elizabethkingia anopheles (Kämpfer et al., 2011).



Bacteria of the genus Asaia have also been associated with Anopheles species, in particular field-collected Anopheles gambiae, Anopheles funestus, Anopheles coustani and Anopheles maculipennis, as well as a colony of Anopheles stephensi in which Asaia bacteria was dominant and stably associated (Favia et al., 2007). 

The presence of Asaia species in Anopheles could serve as candidate for malaria control based on the production of antiparasite molecules in mosquitoes for use in paratransgenic control of malaria (Damiani et al., 2010; Favia et al., 2007). Other bacterial species have been defined as antimalarial agents, especially those producing prodigiosin, a pigment produced by various bacteria, including S. marcescens (Azambuja et al.,  2005). The normal midgut microbiota of Anopheles mosquitoes need to be further identified as only few studies have reported the microbiota of wild caught malaria vectors (Chavshin et al., 2014). Further investigations of gut microbiota, especially of wild-caught insect vectors, might contribute to understanding the annual and regional variations recorded for vector transmitted diseases and yield novel vector-control strategies (Manguin et al., 2013).



[bookmark: _Toc505244418]Interactions between microbial communities

Bacterial interactions are important regulators of ecosystem characteristics and species density. The gut is naturally protected by a heterogeneous bacterial biofilm, a community of microorganisms living inside an adhesive matrix that forms a mutual structure. Pathogen colonization directly alters (dysbiosis) the biofilm structure (Reid et al., 2011). Some recent studies have focused on the positive and negative interactions between bacteria inside insect hosts. Terenius et al.(2012) tested bacterial interspecies competition with isolates from Ae. Aegypti and showed that Serratia marcescens could create an inhibition zone area on Sphingomonas and members of the family Burholderriaceae. It is suggested that a potential link exist between the presence of S. marcescens and the low bacterial diversity observed in the mosquito midgut. Competitive colonization was previously reported in the desert locust Schistocerca gregaria where bacterial diversity was shown to increase in the absence of S. marcescens (Dillon, 2002). Recent statistics show convincing association between the bacteria Asia and Acinectobacter in Ae. Albopictus (Minard et al., 2013). Even though additional analysis are still needed to better understand the degree of interactions between the two genera, bacterial interactions seem to be synergistic because more Asia-Acinectobacter double-infections were observed than  would be expected if bacteria acted independently.



Bacterial symbionts associated with mosquito vectors have recently been found to interact with pathogens they transmit, modifying the outcome of the multiple interactions. For instance, it was shown that removing bacterial communities from Anopheles gambiae increased its susceptibility to Plasmodium falciparum infection (Dong et al., 2009). On the contrary, Boissière et al.(2012) demonstrated that the presence of some bacteria could favor parasite infection, as they found a positive correlation between the abundance of members of the Enterobacteriaceae family in the mosquito midgut and the Plasmodium infection status. Conversely, Zouache et al. (2012) demonstrated that Chikungunya virus infection could modify the diversity of symbiotic bacteria in Ae.albopictus. Indeed, taxonomic microarray and quantitative PCR analyses showed that the abundance of Enterobacteriaceae increased with Chikungunya virus infection, whereas the abundance of some other bacterial genera such as Wolbchia and Blattabacterium decreased Chikungunya virus (Zouache et al., 2012). All these results suggest that complex microbial interactions (direct or indirect, co-operation or competition) occur between pathogens and microbiota that may affect mosquito traits such as vector competence.



[bookmark: _Toc505244419]Mosquito bacterial symbionts with potential in vector borne disease control

The mosquito-microbiota interaction has raised more interest in the possibility of genetically transforming mosquito symbionts to express anti-parasite effector molecules to develop effective diseases-control strategies. One example of strategy involves the symbiont bacterium Rhodococcus rhodnii, which is naturally resident in the gut lumen of the triatomine vector Rhodnius prolixus contributing to vector nutrition. These symbionts have been transformed with some antiparasite effector genes. Increasingly, laboratory paratransgenic populations of triatomide unable to transmit the diseases have been generated for some years (Beard et al., 2001).

An approach aimed at introducing the genetically modified bacterial symbionts into natural populations of  Chagas disease vectors has already been developed by the coprophagic behaviour (Beard et al., 2001). A number of relevant interactions between symbionts and mosquito have already been described and a few symbionts have been identified as potentially effective for Symbiotic Control Strategies to combat mosquito-borne diseases. In this context Asia and Pantoea bacteria are potentially very useful (Beard et al., 2001).

Recent Pantoea agglomerans, another bacterial symbiont of Anopheles mosquitoes has been engineered to express and secret anti-plasmodium effector proteins, such as pectate lyase B (pelB) from Erwinia carotovora or hemolysin A (hlyA) secretion signals from the genes of related species and from Escherichia coli (Bisi & Lampe, 2011). These strains are now under evaluation for plasmodium activity in infected mosquitoes.



[bookmark: _Toc505244420]Paratransgenics in control of mosquito borne diseases

One approach in the fight against vector borne diseases is paratransgenics. In this approach bacteria are used to produce a molecule that kills, or stops the development of, the causative agent of the disease (Beard et al., 2002) . For a paratransgenic approach on mosquitoes, there are two main options for reaching mosquitoes in the field with transgenic bacteria in the gut. One of the options is mass rearing of mosquitoes that are fed on the transgenic bacterium and then releasing them in the field; the other option is mass cultivation of bacteria that are introduced to the mosquito in the field. Apart from the obvious controversy with releasing high numbers of female mosquitoes in the field, the insectary-reared mosquitoes may have a lower fitness than the mosquitoes present in the environment, leading to the extinction of the paratransgenic mosquitoes. In addition, it is much easier to cultivate bacteria than to rear mosquitoes. Therefore, the second option, introduction of transformed bacteria to mosquitoes in the field seems more likely to be successful (Minard et al., 2013).



Studies have shown that the paratransgenic technique is feasible in Anopheles mosquitoes (Riehle et al., 2007). Yoshidaet al.(2001) transformed Escherichia coli with a plasmid expressing a Cecropin A fusion protein. Cecropin A are antimicrobial peptides active against both Gram-positive and Gram-negative bacteria. The bacteria were fed to Anopheles stephensi and almost completely inhibited the development of Plasmodium berghei in the mosquito. Riehle et al.(2007) modified E. coli to display two different anti-Plasmodium molecules on the cell surface. These modified E. coli were fed to Anopheles stephensi mosquitoes and following an infected blood meal a clear reduction of P. berghei development was observed compared to mosquitoes fed on bacteria without the effector molecules. In the same study, an increase of the number of midgut bacteria post bloodmeal was observed. Similar bacterial growth after an ingested bloodmeal has previously been observed in the same and other mosquito species. Pumpuni et al. (1996) showed an 11-fold to 40-fold increase 24 h after a bloodmeal for Anopheles gambiae and Anopheles stephensi, respectively. This is important since an increase in the number of bacteria leads to an increase of effector molecules at the same time when the parasite is present in the gut. Paratransgenic Anopheles mosquitoes can be developed in a relatively short time frame, although several significant hurdles still need to be overcome. Two of them are identifying a bacterium that is sustainable in the midgut of the mosquito (that can be genetically modified) and the delivery of the transformed bacteria into mosquito populations in the field.



[bookmark: _Toc505244421][bookmark: _Toc272264281]Methods of investigating microbiota in mosquitoes

Complementary approaches are needed for in-depth analyses of microbial communities in complex ecosystems. Both culture-dependent and culture-independent techniques have been used to explore mosquito microbiota. Some microflora can be cultured by using various isolation procedures and media so that bacterial taxa can be identified (Apte-Deshpande et al., 2012). The main difficulty of the culture dependent approach is in the recreating the complex physiological environment of the insect body (Dillon & Dillon, 2004). To overcome this limitation and more thoroughly identify bacteria hosted by mosquito populations, culture-independent methods such as Denaturating Gradient Gel Electrophoeresis fingerprints, taxonomic microarrays, and meta-taxogenomics can be used. 

The use of 16S rRNA gene sequence to study bacterial phylogeny and taxonomy has been by far the most common housekeeping genetic marker used for a number of reasons: its presence in almost all bacteria, often existing as a multigene family or operon, the functions of the 16S rRNA gene over time has not changed, suggesting that random sequence changes are more accurate measure of time evolution and the 16S rRNA gene is large enough for informatics purposes (Patel, 2001). The 16S rRNA gene is a component of the 30S subunit of prokaryotic ribosomes. It is 1,542 bp in length. Its acts as a scaffold defining the positions of the ribosomal protein. The 3’ end contains the anti-Shine-Dalgarno sequence which binds upstream to the AUG start codon on the mRNA. The gene interacts with 23S, aiding in the binding of the two ribosomal subunits (50S+30S). It stabilizes the correct codon-anticodon pairing in the A site, via a hydrogen bond formation between the Nitrogen 1 atom of Adenine residues 1492 and 1493 and the 2’OH group of the mRNA backbone. The 16S rRNA gene is used for phylogenetic studies Weisburget al.( 1991),since it is highly conserved between different species of bacteria and archea (Coenye & Vandamme, 2003). In addition to highly conserved primer binding sites, 16S rRNA gene sequences contain hypervariable regions which can provide species-specific signature sequences useful for bacterial identification. As a result, 16S rRNA gene sequencing has become prevalent in medical microbiology as a rapid, accurate alternative to phenotypic methods of bacterial identification (Clarridge, 2004). 



[bookmark: _Toc505244422]Next generation sequencing technology

Molecular based methods involving direct isolation and analysis of nucleic acids from samples have been revealed to help overcome some of the biased experiment in culture dependent studies. These include metagenomics and Metatranscriptomic (Handelsman, 2004) and they assist in exploration of mixed microbial communities existing in various natural environments (Gifford et al., 2011). These approaches involve sequencing of random DNA profiles, determining taxonomic diversity and prospective genes related to environmental responses (Handelsman, 2004). Metagenomics enables discovery of interaction between microorganism and the environment and assignment of ecosystem functions to various communities (Handelsman, 2004; Frias-Lopez et al., 2008). Functional genes of uncultured organisms can be linked to phylogenetic groups by cloning and sequencing of large genomic DNA fragments (Simon & Daniel, 2009). This enables assessment of dominant biosynthetic pathways and primary energy sources  (Frias-Lopez et al., 2008). A research on microbial assemblages from surface water at the Hawaiian Ocean Times-Series revealed community-wide metabolic activities and day-night patterns of differential gene expression (Poretsky et al., 2005). The transcript pools composition was found to be various models of prokaryotic gene expression (Poretsky et al., 2005).

These novel methods have been invigorated by the introduction of next generation sequencing technologies whereby more data can be practically generated in reasonably short time and in a cost effective way (Elahi & Ronaghi, 2004). They allow direct sequencing of DNA or cDNA, hence avoid possible cloning bias leading to large-scale studies (Adams et al., 2009). Advances in throughput and cost-reduction of sequencing technologies have also increased the number and size of metagenomic sequence projects. The data obtained helps in the exploration of diversity and performance of various organisms in diverse ecosystems (Simon & Daniel, 2009).



[bookmark: _Toc505244423]Recent advances in mosquito midgut bacteria diversity studies

Initially, molecular approaches for microbial diversity studies relied on cloning of target genes isolated from environmental samples (DeSantis et al., 2007).  PCR-based 16S rRNA profile provides information about prokaryote diversity and allows identification of prokaryotes as well as the prediction of phylogenetic relationships (Pace, 1999). Therefore, 16S rRNA  gene based PCR techniques such as denaturing gradient gel electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE), single-strand conformation polymorphisms (SSCPs), amplified ribosomal DNA restriction analysis (ARDRA), terminal restriction fragment length polymorphisms (T-RFLPs) and ribosomal intergenic spacer analysis (RISA), can provide detailed information about community structure of an ecosystem in terms of richness, evenness and composition and can be used to compare different species present in a sample such as compost (Rawat and Johri, 2014).



Nucleic acid sequencing provides larger discrimination than other methods and better characterization of a particular member of microbial community (McCaig et al., 2001). The 16S rRNA gene sequences have been used most extensively to classify the biodiversity. The difference in sequences can be used to construct a phylogenetic tree (Swofford et al., 1996). The phylogenetic approach for the systematic assessment of culturable microbial diversity up to the taxonomic level using nucleic acid hybridization and 16S rRNA gene sequences analysis has been of immense utility in the phylogenetic reformation of the classification of prokaryotic organisms (Woese, 1987). Currently, one of the easiest and more cost effective tools available for characterizing the microbial communities associated with mosquito midguts is sequencing the diversity of the 16S rRNA gene using Next Generation Sequencing technology (NGS). NGS surveys have provided insights into the composition of mosquito midgut-associated bacterial communities, symbiont host-specificity and conditions conducive to the co-evolutionary dynamics of mosquitoes and their associated microbes (Martinson et al., 2012).

[bookmark: _Toc505244424]CHAPTER THREE

[bookmark: _Toc505244425]MATERIALS AND METHODS

0. [bookmark: _Toc505244426]Study area

The study area was Ahero, Kisumu County, it is located at latitude0º 11’Sand longitude 34º 55’E), is approximately 1153 metres above sea level (a.s.l). The area has a tropical climate with a significant rainfall throughout the year and an average temperature of 23.0 ºC. Ahero is a malaria endemic zone (Figure 3.1).
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[bookmark: _Toc505597081]Figure 3.1: Map showing study area Ahero, Kisumu county.

[bookmark: _Toc505244427]Sample collection

[bookmark: _Toc505244428]Sample size determination

Fisher’s exact formula was used to determine the minimum number of wild caught and laboratory reared mosquitoes. One hundred and thirty eight mosquitoes were included in this study as determined using fisher’s exact formula.

Sample size; n>=Z2α/2 (p (1-p))/d2 = 138

· Where Zα/2 is the corresponding value to the 95% confidence interval  (1.96)

· p=10% estimated malaria prevalence among highly risk group Kenya. (Malaria survey indicator 2010. Children <5 prevalence =8% and >5=<14 =13%)

· confidence interval=95% and 

· absolute precision  d=0.05

Therefore n ≥ 1.962 (0.1(1-0.1)/0.052 =138

One hundred and thirty eight adult female Anopheles gambiae and Culex quinquefasciatus mosquitoes from Ahero, Kisumu county and were sampled. A Similar number of laboratory reared adult female Anopheles gambiae and Culex quinquefasciatus mosquitoes from ICIPE-Malaria Vector Control Insectary were sampled.



[bookmark: _Toc505244429]Acquisition of lab reared Anopheles gambiae and Culex quinquefasciatus

One hundred and thirty eight laboratory reared adult female Anopheles gambiae and Culex quinquefasciatus mosquitoes were purchased from International Centre for Insect Physiology and Ecology (ICIPE) Kasarani, Nairobi. They were transferred live to the laboratory at the Institute for Biotechnology Research, Jomo Kenyatta University of Agriculture and Technology (JKUAT) and maintained in a hood at 28 ºC and 70-80% humidity until dissection. The mosquitoes were offered resins and 1% glucose solution only as a source of energy as and they were not blood fed.



[bookmark: _Toc505244430]Sampling of wild Anopheles gambiae and Culex quinquefasciatus mosquitoes

Adult Anopheles gambiae and Culex quinquefasciatus mosquitoes were captured from pit shelters by use of CDC light traps. The CDC light traps were hung at least one meter above the ground on a tree or pole between 6:00 pm and 7:00 pm in the evening and left overnight. The collection bags containing the mosquitoes were picked between 6.00 am and 6.30 am in the morning. The mosquitoes were then put into vial/jars from the collection bags using mouth aspirators and stored at 4 °C. One hundred and thirty eight adult female Anopheles gambiae and Culex quinquefasciatus mosquitoes were identified to species level using a standard morphological key according to Gillies and De Meillon. (1968). The specimens were transferred to the laboratory at the Institute for Biotechnology Research, JKUAT.

Laboratory procedures

[bookmark: _Toc505244431]Dissection of the mosquitoes

Dissection of mosquitoes was done according to Rani et al. (2009). Before dissecting the mosquitoes were chilled to death and surface sterilized with 70% ethanol, after which they were transferred into sterile distilled water in a sterile hood. The mosquitoes were dissected individually under sterile condition and the midguts were mashed and suspended in100µl of sterile phosphate buffered solution (PBS). The mashed midguts were ground to homogeneity. Each midgut extracts consisted of approximately a pool of 20midguts of adult female mosquitoes. Each group of mosquitoes had seven of the pooled midgut extracts. The midgut extracts were stored at -80 ºC until further analysis.



[bookmark: _Toc505244432] DNA isolation

Total microbial DNA was extracted by using Purelink genomic DNA mini kit (Invitrogen), following the manufacturer’s instruction manual (CAT number, K1820-02 Life technologies, California, USA). Genomic DNA concentration was quantified by using nano drop spectrophotometer by absorbance ratio at 260/280 nm, and the DNA suspension was stored at -20ºC until further analysis.



[bookmark: _Toc505244433]Polymerase chain reaction amplification

Polymerase chain reaction (PCR) amplification of the 16S rRNA gene V4 variable region was carried out on the extracted DNA using primers 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) that had a barcode (Caporaso et al., 2010). PCR amplification was carried out in 30 cycles using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following conditions: 94°C for 3 minutes of initial heating, followed by 30 cycles of 94°C for 30 seconds, 53°C for 40 seconds and 72°C for 1 minute, followed by a final elongation step at 72°C for 5 minutes. PCR products were visualized on 2% agarose gel to determine the success of amplification and the relative intensity of bands. Multiple samples were pooled together in equal proportions based on their DNA concentrations from the gel images. Pooled samples were purified using calibrated Ampure XP beads (Agencort Bioscience Corporation, MA, USA).



[bookmark: _Toc505244434]Amplicon Library Preparation

The pooled and purified PCR products were used to prepare DNA library by following Illumina TruSeq DNA library protocol (Yu and Zhang, 2012). Sequencing was performed at Molecular Research DNA (www.mrdnalab.com, Shallowater, TX, USA) on a MiSeq platform following the manufacturer’s guidelines. The resulting raw sequences were submitted to NCBI (Sequence Read Archive) with the following study accession numbers; sequences for field collected Anopheles gambiae SAMN04386463; field collected Culex quinquefasciatus SAMN04386464; lab reared Anopheles gambiae SAMN04386465 and lab reared Culex quinquefasciatus SAMN04386466.



[bookmark: _Toc505244435]Sequence analysis and taxonomic classification

Sequences obtained from the Illumina sequencing platform were depleted of barcodes and primers using a proprietary pipeline (www.mrdnalab.com, MR DNA, Shallowater, TX) developed at the service provider’s laboratory. Short sequences < 200bp, sequences with ambiguous base calls, and those with homopolymer runs exceeding 6bp were removed. The sequences were denoised, chimeras and singleton sequences removed (Caponeet al.,  2011; Dowd et al., 2011; Eren et al., 2011). De novo OTU clustering was done with standard UCLUST method using the default settings as implemented in QIIME Version 1.8.0 at 97% similarity level (Caporaso et al., 2010). Taxonomy was assigned to each OTU using BLASTn against SILVA SSU Reference 119 database at default e-value threshold of 0.001 in QIIME (Quast et al., 2013). 



[bookmark: _Toc505244436]Diversity indices

Diversity indices (Shannon, Inverse Simpson, Evenness), Rarefaction, Venn diagram (to compare the shared OTUs between the samples of mosquitoes) and Hierarchical clustering were computed, using Vegan package version 1.16-32 in R software (Ihaka & Gentleman, 1996). Kruskal-Wallis rank sum test was used to compare the relative abundance of gut microflora among Anopheles gambiae and Culex quinquefasciatus from lab reared and field collected samples using R programming language (R development Core Team, 2012). Significance was tested at 95%confidence interval (p = 0.05). To support OTU-based analysis, taxonomic groups were derived from the number of reads assigned to each taxon at all ranks from domain to species using the taxa_summary.txt output from QIIME pipeline Version 1.8.0.



[bookmark: _Toc505244437]Phylogenetic tree construction

Sequences were compared with 16S rRNA gene sequence available in Gen Bank database by BLASTn search. Multiple sequence alignments of 16S rRNA gene sequences were aligned using MUSCLE   (Edgar, 2004). The phylogenetic trees were constructed with Maximum Composite Likelihood (ML) and Neighbor Joining (NJ) methods using software MEGA 6.0 (Tamura et al., 2013).  The robustness of the phylogeny was tested by bootstrap analysis using 1000 iterations. Trees generated were analyzed with FIGTREE program version 1.4.2.

[bookmark: _Toc505244438]CHAPTER FOUR

[bookmark: _Toc505244439]RESULTS

0. [bookmark: _Toc505244440]Molecular characterization

[bookmark: _Toc505244441]Amplification of 16S rRNA gene from laboratory reared Anopheles gambiae

Amplification of 16S rRNA gene with bacterial universal primers bac 8F and 1492R (Brazelton et al., 2006) yielded amplification product of approximately 1500 bp (Plate 4.1). Amplicons were then stained with gel Reddy and visualized under UV on 1.5% agarose.
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[bookmark: _Toc505354282]Plate 4.1: Gel picture showing PCR amplified 16S rRNA gene products from midguts of laboratory reared Anopheles gambiae using universal primers bac 8F and 1492R

	.	

[bookmark: _Toc505244442]Amplification of 16S rRNA gene for laboratory reared Culex quinquefasciatus

Amplification of 16S rRNA with bacterial universal primers bac 8F and 1492R (Brazelton et al., 2006) yielded amplification product of approximately 1500 bp (Plate 4.2). Amplicons were then stained with gel Reddy and visualized under UV on 1.5% agarose.
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[bookmark: _Toc505354283]Plate 4.2: Gel picture showing PCR amplified 16S rRNA gene products from midguts of laboratory reared Culex quinquefansciatus using universal primers bac 8F and 1492R.



[bookmark: _Toc505244443]Amplification of 16S rRNA gene field collected Anopheles gambiae and Culex quinquefansciatus

Amplification of 16S rRNA with bacterial universal primers bac 8F and 1492R (Brazelton et al., 2006) yielded amplification product of approximately 1500 bp (Plate 4.3). Amplicons were then stained with gel Reddy and visualized under UV on 1.5% agarose.
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[bookmark: _Toc505354284]Plate 4.3: Gel picture showing PCR amplified 16S rRNA gene products from midguts of field collected Anopheles gambiae (FC a) and Culex quinquefansciatus (FC Cx.) using universal primers bac 8F and 1492R.



[bookmark: _Toc505244444]Assemblage and diversity of the microbial communities

[bookmark: _Toc505244445]Sequence reads and operational taxonomic units

After removing chimeras, denoising and demutiplexing, a total of 24,025 sequence reads greater than 200 bp were attained, from the 16S rRNA gene. Total OTU richness at 3% distance amounted to 145. The OTUs per data set ranged between 26 and 102. OTUs comprised 87% bacteria, 0.7% Archaea, 2% Fungi, 1.4% Eukarya and 8% no blast hit (sequences reads that were not assigned). Rarefaction curve was plotted in order to evaluate if all the diversity within the samples have been exhaustively recovered (Figure 4.1).
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[bookmark: _Toc505352856][bookmark: _Toc505597082]Figure 4.1: Rarefaction curve analysis in field collected (FC) and laboratory reared (LR) samples.



The slope of the lines flattens out in cases where full diversity has been detected. This indicates that even if more sequences were obtained, the number of OTUs detected in the samples would not increase. However, more sequences would be required to exhaust the full diversity within the samples if the slope does not flatten out (Chao et al., 2014). The sequencing depth as shown by the rarefaction curve was exhaustive enough to ensure the inclusion of the entire diversity of the microbes in the midgut of the two species of mosquitoes collected from field and laboratory reared.

The distribution of shared OTUs across the two species of mosquitoes and the sample source (laboratory reared and field collected) is shown in figure 4.2. Seven OTUs were common in all the datasets, fifty four OTUs were only found in field collected Anopheles gambiae while 18 OTUs were detected only from the field collected Culex quinquefasciatus samples. Laboratory reared Culex quinquefasciatus and Anopheles gambiae samples had one and 10 unshared OTU’s respectively.
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[bookmark: _Toc505352857][bookmark: _Toc505597083]Figure 4.2: Venn diagram showing the distribution of shared OTUs across the 4 samples. Numbers indicate OTU’s enumerated in field collected (FC) and laboratory reared (LR).



[bookmark: _Toc505244446]Bacterial diversity indices

A diversity index is a quantitative measure that reflects how many different types of species there are in a community and simultaneously takes into account how evenly the individuals are distributed among them.The estimated Shannon diversity index varied between (3.54) for field collected Anopheles gambiae and (1.93) for laboratory reared Culex quinquefasciatus (Table 4.1). The Shannon diversity index for field collected Culex quinquefasciatus (2.73) was higher than laboratory reared Anopheles gambiae (2.52) and laboratory reared Culex quinquefasciatus (1.93) even though the number of sequence reads, after filtering of the laboratory reared samples (6669 and 6375, respectively) was approximately two folds higher than field collected Culex quinquefasciatus (3465). The Shannon index is a representation of both species abundance and evenness, when either of these two factors increase, the diversity index increase. Evenness was used to estimate how well the species are evenly distributed in a community. The highest evenness was recorded from field collected Anopheles gambiae (0.767) indicating that OTUs were evenly distributed as compared to other samples. The lowest evenness was recorded from lab reared Culex quinquefasciatus (0.593) indicating that bacterial species are less evenly distributed and some species are more dominant than the others. The value of InverseSimpson index ranged from 4.65 for lab reared Culex quinquefasciatus to 19.98 for field collected Anopheles gambiae. The value of Inverse Simpson index was observed to increase with increase in diversity.

Table 4.1 Diversity indices computed on all OTU-based microbial taxonomic units obtained from field collected (FC) and laboratory reared (LR) datasets.

		[bookmark: OLE_LINK2][bookmark: OLE_LINK1]Sample ID

		No. of Sequences 

		Richness

(OTUs)

		Shannon

(H)

		Inverse Simpson

		Evenness

(J)

		Effective No. of sp.



		FC Anopheles 

gambiae

		7516

		102

		3.54

		19.98

		0.767

		34.47



		FC Culex 

quinquefasciatus

		3465

		59

		2.73

		8.72

		0.67

		15.33



		LR Anopheles 

gambiae

		6669

		45

		2.52

		5.98

		0.661

		12.43



		LR Culex 

quinquefasciatus

		6375

		26

		1.93

		4.65

		0.593

		6.89



		Total

		24,505

		145

		

		

		

		







The microbial community composition, based on Kruskal-Wallis test, at OTU level showed significant difference between field collected and laboratory reared mosquitoes (ᵪ2=45.0799, p=3.2 x 10-5). Similarly, there was significant difference in microbial community composition at OTU level between Anopheles gambiae and Culex quinquefasciatus (ᵪ 2=31.2257,p=7.7 x 10-4). 



[bookmark: _Toc505244447]Microbial taxonomic community composition analysis

[bookmark: _Toc505244448]Relative abundance at phylum level

The SILVA SSU Reference 119 database (Quast et al., 2013) was used to assign reads to appropriate taxonomic ranks. The OTUs spanned 12 phyla (Figure 4.3). Proteobacteria (62.04–95.11 %), Firmicutes (0.00–6.13 %), Bacteriodetes (0.42–4.89 %), Actinobacteria (0.00–4.97 %), Eukaryota (0.00–3.46 %), Gemmatimonadetes (0.00–0.86 %), Spirochaetae (0.00–0.21 %), Verrucomicrobia (0.00–0.76 %), Chloroflexi (0.00–0.80 %), Acidobacteria (0.00–0.68 %), Archeabacteria (0.00–0.39 %) and Cyanobacteria (0.00–0.10 %). The no blast hits had relative abundance ranging from 0.00 to 16.58%. 
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[bookmark: _Toc505352858][bookmark: _Toc505597084]Figure 4.3: Relative abundance at phylum level from the field collected (FC) and laboratory reared (LR) samples.



[bookmark: _Toc505244449]Relative abundance at species level

OTUs belonging to the Phylum Proteobacteria were the most abundant and were represented by most genera as shown in figure 4.4. In lab reared Culex quinquefasciatus sample the OTUs  comprised of 15 bacteria species which were affiliated to the following genera; Aeromonas, Asaia, Elizabethkingia, Enterobacter, Pseudomonas, Rahnella, Serratia and Wolbachia. Serratia marcescens was the most abundant species in this sample with a relative abundance of 64.29 %. Other species present in higher abundance were Rahnella uncultured bacterium 18.13%, Serratia uncultured bacterium 5.08%, Wolbachia Embioptera sp. 4.37% and Elizabethkingia meningoseptica 4.88% (Figure 4.4). However, in field collected Culex quinquefasciatus sample it consisted of 39 bacterial species, belonging to the following genera; Wolbachia, Sphingomonas, Streptococcus, Serratia, Rhizobium, Rahnella, Pseudomonas, Methylobacterium, Ixodes, Helicobacter, Gamma proteobacterium, Enterobacter, Corynebacterium, Bartonella, Bacteroidetes, Bacillus, Asaia, Arcobacter, Akkermansia, Agrobacterium,  and Aeromonas. The most abundant species in field collected Culex quinquefasciatus sample were Arcobacter uncultured bacterium with relative abundance of 34.83%, while Bartonella grahamii as4aup had 24.45 % (Figure 4.4). Arcobacter uncultured bacterium, Bacteroidetes uncultured bacterium, Bartonella grahamii as4up, Gamma Proteobacteria uncultured bacterium, Helicobacter sp. B52Seymour and Ixodes scapularis are unique species to the field collected Culex quinquefasciatus sample. 



Lab reared Anopheles gambiae sample comprised of 21 bacterial species. Asaia uncultured bacterium was the most abundant species with 39.30% relative abundance.  Other taxa represented in the sample include Aeromonas sp. DMA1, Rahnella uncultured bacterium and Serratia marcescens each scoring a relative abundance of 10%. The genera found in lab reared Anopheles gambiae sample include; Aeromonas, Serratia, Bacillus, Asaia, Chryseobacterium, Gluconacetobacter, Delftia, Pseudomonas, Rahnella, Thorsellia, Enterobacter and Stenotrophomonas. Thorsellia anophelis was unique to lab reared Anopheles gambiae sample (Figure 4.4). The field collected Anopheles gambiae sample was found to harbor a higher diversity of consisting 64 bacterial species. The most abundant species were Agrobacterium sp. 12.63% and Methylobacterium uncultured bacterium at 11.14% relative abundance.  The most predominant genera found in field collected include; Serratia, Bacillus, Agrobacterium Stenotrophomonas, Gluconacetobacter, Methylobacterium. Rahnella (Figure 4.4). The unique species in field collected Anopheles gambiae sample include Agrobacterium tumefaciens, Gemmatimonadetes uncultured bacterium, Micrococcus uncultured bacterium and Rhizobium sp. M51 (Figure 4.4). 



Bacterial species which were recovered from all the four samples include, Serratia marcescens, Asaia uncultured bacterium, Enterobacter uncultured bacterium, Pseudomonas uncultured bacterium and Rahnella uncultured bacterium. Parathelohania divulgata and Takaokaspora nipponicus are fungal species recovered from the field collected Anopheles gambiae and Culex quinquefasciatus respectively (Figure 4.4).  A detailed information on all the bacterial species recovered in this study is on appendix 1.
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[bookmark: _Toc505352859][bookmark: _Toc505597085]Figure 4.4: Relative abundance of the most predominant bacterial species from the four samples.



[bookmark: _Toc505244450]Hierarchical clustering

Hierarchical clustering, based on Bray-Curtis dissimilarity, showed two clusters (Figure 4.5). The dendogram shown on the top signify the relationship between the four samples. The bacteria composition of lab reared Anopheles gambiae, field collected Anopheles gambiae and field collected Culex quinquefasciatus samples were clustered together. Within this cluster the field collected Anopheles gambiae and field collected Culex quinquefasciatus samples were more closely related to each other. The bacterial community recovered from the lab reared Culex quinquefasciatus samples was observed to form a distinct cluster. 

[image: C:\Users\mwaringa\Desktop\SILVA TAXA\modified heatmap.tiff]

[bookmark: _Toc505352860][bookmark: _Toc505597086]Figure 4.5: Hierarchical clustering of most abundant midgut bacterial species of the field collected and laboratory reared mosquitoes. Species level was chosen to be used in hierarchical clustering to assess the relationship between sample and taxa.

[bookmark: _Toc505244451] Phylogenetic analysis of 16S rRNA gene sequence of bacteria communities

The phylogenetic analysis was done using partial 16S rRNA gene sequence aligned homologus nucleotide sequences. On the basis of sequence similarities to the existing GenBank database entries, the bacteria species recovered from field collected Anopheles gambiae were more diverse, the major classes were, Gammaprotobacteria, Alphaproteobacteria and Actinobacteria, others include Acidobacteria, Bacteroidetes, Bacilli, Betaproteobacteria, Verrucomicrobia, Flavobacteria, Methanobacteria and uncultured bacteria (Figure 4.6).



In laboratory reared Anopheles gambiae sample the phylogenetic analysis revealed that the  bacterial species were clustered in three major classes; Gammaprotobacteria, Betaproteobacteria, Alphaproteobacteria, with Anoxybacillus uncultured species that belong to class Bacillus, Incertae sedis uncultured bacterium species belong to Gram positive Firmicutes and Chryseobacterium belong to Flavobacteria (Figure 4.7). The Gammaprotobacteria had the dominant bacterial species, the representative species were; Serratia marcescens, Rahnella uncultured bacteria. Aeromonas sp, Thorsellia anophelis, Enterobacter uncultured bacterium, Pseudomonas uncultured bacterium.



[bookmark: _Toc505597087][bookmark: _Toc505352861][image: E:\Project folder\DATA ANALYSIS (AMA)\MWARINGA\FC_An. Phylogenetic tree\FC_An. New tree\FC_An_tree.jpeg]
Figure 4.6: Phylogenetic tree constructed from 16S rRNA gene isolate from field collected Anopheles gambiae. Entries with RF_S are from public database. Entries from this work are represented as FC Anopheles gambiae, OTU number, generic name, and accession number in (parenthesis).
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[bookmark: _Toc505352862][bookmark: _Toc505597088]Figure 4.7: Phylogenetic tree constructed from 16S rRNA gene isolate from laboratory reared Anopheles gambiae. Entries with RF_S are from public database. Entries from this work are represented as LR, Anopheles gambiae, OTU number, generic name, and accession number in (parenthesis).

The phylogenetic analysis of the field collected Culex quinquefansciatus, the bacterial species were clustered in three major classes; Gammaprotobacteria, Alphaproteobacteria and Actinobacteria, with few other bacterial species affiliated to Firmicutes, Epsilonprotobacteria, Bacilli, spirochetes and Verrucomicrobia (Figure 4.8).
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[bookmark: _Toc505352863][bookmark: _Toc505597089]Figure 4.8: Phylogenetic tree constructed from 16S rRNA gene isolate from field collected Culex quinquefansciatus. Entries with RF_S are from public database. Entries from this work are represented as FC Culex quinquefansciatus, OTU number, generic name, and accession number in (parenthesis).



Laboratory reared Culex quinquefansciatus clustered in two major classes; Gammaprotobacteria and Alphaproteobacteria while Elizabethkingia meningoseptica which belong to gram positive Flavobacteria (Figure 4.9). The dominant species in Gammaproteobacteria include Serratia, Rahnella, Aeromonas, Pseudomonas and Enterobacter, while Wolbachia and Asaia belong to Alphaproteobacteria. Serratia marscences was the dominant species in all the samples.
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[bookmark: _Toc505352864][bookmark: _Toc505597090]Figure 4.9: Phylogenetic tree constructed from 16S rRNA gene isolate from laboratory reared Culex quinquefansciatus. Entries with RF_S are from public database. Entries from this work are represented as LR Culex quinquefansciatus. OTU number, generic name, and accession number in (parenthesis).
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The aim of this study was to identify microbes from midgut of laboratory reared and field collected Anopheles gambiae and Culex quinquefasciatus mosquitoes. The study contributes to the understanding of bacterial diversity in midgut of laboratory reared and field collected Anopheles gambiae and Culex quinquefasciatus mosquitoes. Identification was based on DNA isolation and 16S rRNA gene sequencing on Illumina platform. The high sensitivity of Illumina sequencing enables the detection of rare species, thus providing more detailed information on bacterial diversity in these mosquitoes.



Diversity indices analysis at OTU level from field collected and laboratory reared mosquitoes revealed a significant difference in microbial community composition. Field collected Anopheles gambiae had the highest value of Inverse Simpson index while laboratory reared Culex quinquefasciatus sample had the lowest. The value of Inverse Simpson increases with diversity, therefore bacteria in the field collected Anopheles gambiae were more diverse than in the other samples. The Shannon index is another widely used index for comparing diversity between various habitats (Chandel et al., 2013). The Shannon index is a representation of both species abundance and evenness, when either of these two factors increase, the diversity index increases. Evenness was used for the estimating how well the species were evenly distributed among the samples. The lowest evenness was recorded from laboratory reared Culex quinquefasciatus samples indicating that the bacterial species in this sample were less evenly distributed i.e. some species are more dominant than others. Based on Kruskal-Wallis test Anopheles gambiae species revealed higher diversity indices than the Culex quinquefansciatus mosquito species. Interms of sample source field collected samples showed higher diversity indices than the laboratory reared samples. Therefore the bacterial diversity in all the four samples were influenced by the environment they inhabit and the type of species of the mosquito vector.



The field collected mosquitoes showed a higher midgut bacterial diversity than the laboratory reared mosquitoes. A similar observation was reported by Rani et al. (2009) when he studied bacterial diversity analysis of larvae and adult midgut microflora in laboratory reared and field collected Anopheles stephensi mosquito vectors. The higher bacterial diversity in field collected mosquitoes could be probably due to the fact that, the wild mosquitoes are exposed to the natural environment and fed on various natural foods whereas the laboratory reared mosquitoes are feed on artificial diet of glucose and resins. Furthermore, adult female mosquitoes require a bloodmeal for their egg development and the blood acquired in the field could also be a source of various bacterial flora, while on the other hand, the blood given to the adult female laboratory reared mosquitoes is from infection-free rabbits or rats. 



The midgut bacterial community complexity was demonstrated in rarefaction curves. Field collected Anopheles gambiae had the highest numbers of species with the highest number of phylotypes, followed by field collected Culex quinquefasciatus, lab reared Anopheles gambiae and Culex quinquefasciatus. The rarefaction curve leveled off in all the samples, indicating that adequate sampling had been achieved and most of the phylotypes had been retrieved. Phylotypes are environmental DNA sequence or group of sequences sharing more than an arbitrarily chosen level of similarity of particular gene marker. Rarefaction curves compare species richness among imperical samples that differ in number of individuals (Colwell et al., 2012) . 



Venn diagram analysis indicates the OTUs shared among the four sample datasets. The field collected   Anopheles gambiae samples had more unshared OTUs while lab reared Culex quinquefasciatus had only one unshared OTU. Field collected   Anopheles gambiae and field collected Culex quinquefasciatus samples had the highest number of shared OTUs than the rest of samples, this could be due to their exposure in the same natural environment.



Comparative diversity was visualized using heatmap based on Bray-Curtis dissimilarities at species level. The microbial composition of the field collected samples at species level were more similar compared to the laboratory reared samples. However for the laboratory reared samples, the bacterial composition seemed to differ between Anopheles gambiae and Culex quinquefasciatus. 



The relative abundance at phylum level comprised of twelve phyla; Proteobacteria, Firmicutes, Cyanobacteria, Euryarchaeota, Gemmatimonadetes, Spirochaetae, Verrucomicrobia, Chloroflexi, Bacteriodetes, Acidobacteria and Actinobacteria. These phyla have also been identified in Anopheles gambiae mosquitoes in Kenya (Wang et al., 2011; Favia et al., 2007; Boissière et al., 2012). It appears that members of Proteobacteria, were predominantly recovered from the field collected and laboratory reared than those of Firmicutes, Actinobacteria and Bacteriodetes. Proteobacteria were also shown to be dominant in a previous study conducted in Kenya in Anopheles gambiae mosquitoes (Wang et al., 2011). The relative abundance of Proteobacteria based on Kruskal-Wallis test, was significantly higher in Anopheles gambiae than Culex quinquefasciatus. Proteobacteria was the largest phylum represented by 43 species belonging to 26 genera. Some of the groups of bacteria recovered in the present study are similar to those recovered from previous culture dependent and culture-independent studies (Rani et al., 2009). Firmicutes consisted of ten species which were affiliated to nine genera. Actinobacteria represented fifteen species belonging to thirteen genera whereas Bacteriodetes consisted of five species belonging to five genera. Members of Cyanobacteria, Gemmatimonadetes, Spirochaetae, Verrucomicrobia, Chloroflexi, Archeabacteria and Acidobacteria represented only a small portion of the mosquito midgut communities.



Among the dominant genera recovered belong to Serratia, Asaia, Arcobacter, Rahnella, Bartonella, Aeromonas, Agrobacterium, Methylobacterium and Wolbachia. These genera have also been frequently reported from mosquito gut in previous studies and the results are consistent with those of earlier reports (Pidiyar et al., 2004; Demaio et al., 1996 ; Favia et al., 2007; Dong et al., 2009). This suggests that at least a fraction of the mosquito midgut inhabitants could be common for different mosquito species inhabiting similar environments and may represent evolutionary conservation of association between bacteria and mosquito gut. Members of the genera Acinetobacter, Aeromonas, Bacillus, Enterobacter, Pseudomonas, Serratia, Asaia, Rahnella, and Stenotrophomonas have been frequently reported in mosquito gut in previous studies (Pidiyar et al., 2004; Boissière et al., 2012; Chandel et al., 2013). Sequences belonging to genera Asaia, Enterobacter, Pseudomonas, Rahnella and Serratia were recovered from all the samples and comprise of a major part of microbiota of Anopheles gambiae and Culex quinquefasciatus mosquitoes in the present study. 



Serratia marcescens appeared to be the core species (23.6%) in the present study, as it was observed in both laboratory reared and field collected mosquitoes, suggesting that it possesses a competitive advantage over other bacterial species. Serratia marcescens is abundant in nature, more so in the artificial foods given to the laboratory reared mosquitoes. Similar results were reported in five generations of Anopheles gambiae (Dong et al., 2009). 



The genus Asaia, recovered at (11.6%), was more abundant in laboratory reared Anopheles gambiae. Asaia has been associated with Anopheles species, in particular field collected Anopheles funestus, Anopheles Maculipennis, Anopheles gambiae and Anopheles coustani and Anopheles stephensi (Favia et al., 2007). The presence of Asaia species in Anopheles mosquito could be useful in  malaria control given that this bacteria genus produces antiparasite molecules in mosquitoes that could be exploited in paratransgenic control of malaria (Damiani et al., 2010; Favia et al., 2007). 

Elizabethkingia meningoseptica and Wolbachia sp. have been detected repeatedly in both laboratory reared and wild caught mosquitoes (Pumpuniet al., 1996) indicating their prevalent symbiotic association with mosquitoes. Wolbacha was detected in field collected and laboratory reared Culex quinquefasciatus in the present study, but previously it has been reported in  several other mosquito vectors including, Aedes, Coquillettida, and Masonia (Ricci et al., 2012). 



Bacillus sp., Stenotrophomonas, Micrococcus Acinetobacter and Rhizobium were recovered at significantly greater numbers from the field collected mosquitoes. These species have been frequently isolated from soil and environmental samples, suggesting that the local soil and water environment plays an important role in colonization of the mosquito midgut at breeding sites or during nectar/blood feeding (Chandel et al., 2013). 



Parathelohania divulgata, Parathelohania obesa and Takaokaspora nipponicus are fungal species recovered in the field collected Anopheles gambiae and Culex quinquefasciatus but not in laboratory reared mosquitoes. Aspergillus spp. has been isolated from Anopheles stephensi larval gut, but not in adult mosquitoes (Tajedin et al., 2009). The presence of fungi in adult mosquito gut is in contradiction to the previous studies conducted using isolation methods (Chandel et al., 2013).



Phylogenetic analysis of bacteria from field collected Anopheles gambiae were the most diverse and the bacterial species were clustered in three major classes; Gammaprotobacteria, Alphaproteobacteria and Actinobacteria, others species were clustered in Acidobacteria, Bacteroidetes, Bacilli, Betaproteobacteria, Verrucomicrobia, Flavobacteria, Methanobacteria and uncultured bacteria. While in the lab reared Anopheles gambiae samples, the bacterial species were clustered in Gammaprotobacteria, Betaproteobacteria, Alphaproteobacteria, Bacillus, Firmicutes and Flavobacteria.



In field collected Culex quinquefansciatus, phylogenetic analysis revealed that bacterial species were clustered in classes; Gammaprotobacteria, Alphaproteobacteria and Actinobacteria, with few bacterial species clustered in Firmicutes, Epsilonprotobacteria, Bacilli, spirochetes and Verrucomicrobia. The laboratory reared Culex quinquefansciatus clustered in two major classes; Gammaprotobacteria and Alphaproteobacteria with Elizabethkingia meningoseptica affiliated to class Flavobacteria.



Parasite-mosquito relationship is believed to have existed for many decades. It is likely that acquired microflora permits the maintance of parasites in mosquitoes. The microbes could be benefiting the mosquito by protecting it against harmful bacteria or benefiting the parasites by lowering the immunity of the mosquito against parasite. It has been reported that reduction in bacterial flora in the mosquito midgut increases plasmodium falciparum infection rates in experimentally infected Anopheles mosquitoes (Beier et al., 1994). Interactions between midgut bacteria and malaria parasites could explain how the vector potential for malaria parasite transmission is modulated by environmental factors such as acquisition of different types of bacteria.



Midgut bacterial infection in wild mosquito populations may influence parasitic infection and transmission and this could contribute to understanding the vectorial capacity of the various species because naturally existing microorganisms in mosquito midgut have important roles to determine parasite development and its survival in the natural environment (Chandel et al., 2013). Mosquitoes are known to respond to infection by disease causing pathogens, they elicit a specific immune response against them (Dimopoulos et al., 1997). Some immune response genes that are expressed in response to specific bacteria in the mosquito midgut may alter the vectorial capacity at which a pathogen is transmitted by the mosquito (Pumpuni et al., 1996). This shows that the midgut bacterial composition has a considerable effect on the survival of pathogens in the midgut environment. 



Previous studies indicate that the susceptibility of Culex quinquefansciatus to Japanese Encephalitis virus increases when Pseudomonas sp. and Acinetobacter sp. were incorporated in the mosquito blood meal (Mourya et al., 2002). Similarly, a study on occurrence of Klebsiella sp. and Pseudomonas sp. in mosquito midguts reported that mosquitoes with Pseudomonas in their midguts showed a higher prevalence of malaria sporozoites, whereas females infected with Klebsiella sp. could not support parasite development (Chandel et al., 2013). The large number of bacteria present in the vector midguts are capable of producing factors that kill parasites. Haemolysin produced by Enterobacter cloacae, Serratia marcescens, Escherichia coli, Enterococcus faecalis exert activity against both prokaryotic and eukaryotic cells (Azambuja et al., 2005). The present study revealed that a relatively high number of Serratia marcescens were identified from laboratory reared and field-populations of Anopheles gambiae and Culex quinquefansciatus which is known to produce haemolysin. The results of this study confirms earlier reports that indicate that the midgut of mosquito vectors harbors numerous microbial communities some of which could have originated from the terrestrial environments as well as the feeds given to the laboratory reared mosquitoes.



[bookmark: _Toc505244455] Conclusion

This study demonstrates a high bacterial composition and diversity in the field collected Anopheles gambiae samples than the Culex quinquefasciatus.

Among the laboratory reared samples the Anopheles gambiae revealed a high bacterial composition and diversity than the Culex quinquefasciatus. 

The field collected Anopheles gambiae samples revealed a high bacterial composition and diversity than the laboratory reared. The field collected Culex quinquefasciatus samples demonstrated a high bacterial composition and diversity than the laboratory reared Culex quinquefasciatus.

Moreover, the field collected Anopheles gambiae and Culex quinquefasciatus samples had a high microbial composition and diversity than their laboratory reared counterparts.

The bacterial flora of both Anopheles gambiae and Culex quinquefasciatus midgut is diverse and dominated by Serratia marcescens. The results provide basic information about bacterial diversity in midgut of adult female laboratory reared and field collected Anopheles gambiae and Culex quinquefasciatus.



[bookmark: _Toc505244456]Recommendations

1. Since the most abundant bacterial species was Serratia marcescens, it should be further evaluated for its suitability in parasite control strategies.

2. Future study should include identification of midgut microbial flora from different areas that are filariasis and malaria endemic.
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