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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
[llumina 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 (X2=45.0799, p=3.2x 107). Similarly, there was a significant difference
in community composition at OTU level between Anopheles gambiae and Culex

quinquefasciatus (X2=31.2257,p=7.7 x 10#). 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.



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 (Boissicre ef 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, 1s 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 ef 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 4. 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 ef 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.



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

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

Anopheles gambiae and Culex quinquefasciatus mosquito vectors from Ahero.

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

female Anopheles gambiae and Culex quinquefasciatus mosquito vectors.



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

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

1.6.2 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.



CHAPTER TWO
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.

Mapping malaria

The prevalence of malaria varies
from region to region.

©Internews

Highland - endemic

Seasonal malaria transmission.
Prevalence 1-20%
1)

Semi-arid - seasonal risk

Short periods of malaria
transmission during the

; ; .. rainfall seasons.
High malaria transmission

all year long. Prevalence less than 5%

Prevalence 20-40%

[1)
Central highlands - low risk Malaria transmission all year long.

Little or no malaria transmission. Prevalence less than 5%

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).

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).



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.
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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 pm by 7.5 to 10 pm, 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

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.

that are intimately connected to their respective biotypes.
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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 ef 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 (Gusmao 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 (Gusmao 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 (Boissicre 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 (Kampfer 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. 1t 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, Boissiére 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 ef 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 ef 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
etal., 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 ef 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 ef 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
2’0OH 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 ez 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
MATERIALS AND METHODS

3.1 Study area

The study area was Ahero, Kisumu County, it is located at latitude0° 11’Sand longitude
34° 55’E), is approximately 1153 metres above sea level (a.s.]). The area has a tropical
climate with a significant rainfall throughout the year and an average temperature of 23.0

°C. Ahero is a malaria endemic zone (Figure 3.1).
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Figure 3.1: Map showing study area Ahero, Kisumu county.
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3.2 Sample collection

3.2.1 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>=Z2y (p (1-p))/d> = 138
o  Where Zy» is the corresponding value to the 95% confidence interval (1.96)
e p=10% estimated malaria prevalence among highly risk group Kenya.
(Malaria survey indicator 2010. Children <5 prevalence =8% and >5=<14
=13%)
e confidence interval=95% and
e absolute precision d=0.05
Therefore n > 1.96 (0.1(1-0.1)/0.05% =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.

3.2.2 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
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laboratory at the Institute for Biotechnology Research, Jomo Kenyatta University of
Agriculture and Technology (JKUAT) and maintained in a hood at 28 °C 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.

3.2.3 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

3.3.1 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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in100ul 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 °C until further analysis.

3.3.2 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 -20°C until further analysis.

3.3.3 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 S515F
(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

31



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).

3.3.4 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 SAMNO04386463; field collected Culex
quinquefasciatus SAMNO04386464; lab reared Anopheles gambiae SAMNO04386465 and

lab reared Culex quinquefasciatus SAMNO04386466.

3.3.5 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).

3.3.6 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.

3.3.7 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
RESULTS
4.1 Molecular characterization
4.1.1 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.

TkbLladder LR.1 LR2 LR3 LR4 LR5 LR6 LR7 LRS ILRIControl

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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4.1.2 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.

1kbPlus LR cx LRZ2cx LR3cx LR4cx LR5cx  LRGBcx Neg

]

-——""'—_.-"'-"FP

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.

4.1.3 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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1kbPlus FCla FC2a FC3a FCicx FC2cx FC3cx FC4cx FCSex  FCBex

1kbPlus FCF7cx FCBcx FCHcx Meg

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

4.2.1 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
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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.

38



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.

quinquefasciatus LR-Anophele\gambiae

FC-Culex quinquefasciatus
FC-Anophdles gambiae

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).

4.2.2 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 Richness Shannon Inverse Evenness Effective
Sequences (OTUs) (H) Simpson J) No. of sp.

FC Anopheles 7516 102 3.54 19.98 0.767 34.47

gambiae

FC Culex 3465 59 2.73 8.72 0.67 15.33

quinquefasciatus

LR Anopheles 6669 45 2.52 5.98 0.661 12.43

gambiae

LR Culex 6375 26 1.93 4.65 0.593 6.89

quinquefasciatus

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

(X2=45.O799, p=3.2 x 107). Similarly, there was significant difference in microbial

community composition at OTU level between Anopheles gambiae and Culex

quinquefasciatus (y 2-31 2257,p=7.7 x 10%).

4.3 Microbial taxonomic community composition analysis

4.3.1 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
(0.004.97 %), 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.

4.3.2 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 asdup, 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, FEnterobacter 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.
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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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FC_An34 Unidentified marne bacterioplankton (I’CDUI"4S 1.1349)
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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).
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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).
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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.

— RF_55_Uncultwed Ralnella_sp.(GQ464374.1)

LR C:07 Seu‘ana 11.11::1111111&(1 bacterium_(JF144582.1.1363)
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LR CxlE Ralm.e]h uncultured_bacterimm_(GO102053.1.1363)

LR C'x55 Rahnella_mmcultured bacterium  (DQ321562.1 1511)

—— LR Tx55 Sermatia unculfured bacteriwm (JF118431 1.1366)

LR Cx114 Sermatia _Sp._. DRYS (DOE]&’D& 1.1282)

RF ‘:l ‘:enatm marcescens_strain (EF194094.1)

LR 31 Seu‘ana TAICESCELS (GU?995481 1535)
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LR._Cxl2_Serratia_marcescens_(GUT99548.1.1535)
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LE Cxl44 Sematia_marcescens (JN020963.1.1364)
LR _Cx42_Aeromonas_uneultured bacterium (DOS14400.1.1454)
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LR _Cx32_Pseudomonas_uncultured bacteriu (HOQ143280.1.1500)
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RF 54 Asaia bogorensis (HQ28D303.1)

LR [02'3] _Again_uncultured_bacterium (HIVS57052.1.1322
L— LB Cx27 Enterobacter uncultured ] bacterium (I’CS?3149 1.13009

—_hPt Cx10_Elizabethkingia_meningoseptica_(AF207074.1.1392)
LE._Cx120 Ehzabethkingia memngpseptica (AF207074.1.1392)
FF_53_Uncultwed Aeromonas_sp._(ABG65T34.1)

006
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 ez 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 ef 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; Boissiere 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; Boissicre 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 ef 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 ef 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 ef 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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APPENDICES

Appendix 1: Midgut bacterial composition at species level and their abundance

Species level

Phylum Archeabacteria

Phylum Acidobacteria

Bacteria, Acidobacteria, Acidobacteria, Subgroup 4, Uninown Family, Blastocatella, uncultured Acidobacteria bacterium
Bacteria, Acidobacteria, Acidobacteria, Subgroup 6, uncultured Acidobactenia bacterium

Phylum Actinobacteria

Bacleria, Actinobacteria, Actinobacteria, Corynebacleriales, Corynebacteriaceas, Corynebacterium, uncultured Conmebacierium sp.
Bacteria, Actinobacteria, Actinobacteria, Frankiales, Geodermalophilaceae, Blastococcus uncullured bacterum

Bacteria, Actinobacteria, Actinobacteria, Micrococcales, Intrasporangiaceae, Terrabacter uncultured bacterium

Bacteria, Actinobacteria, Actinobacteria, Micrococcales, Microbacteriaceae, Curiobacterium uncultured bacterum
Bacteria, Actinobacteria, Actinobacteria, Micrococcales, Micrococcaceae, Arthrobacter, Arthrobacter sp. TSBY-23
Bacteria, Actinobacteria, Actinobacteria, Micrococcales, Micrococcaceae, Enteractinococcus, Yaniella sp. YUAB-SO-24
Bacteria, Actinobacteria, Actinobacteria, Micrococcales, Micrococcaceae, Kocuria, Kocuria sp. oral done AW006
Bacteria, Actinobacteria, Actinobacteria, Micrococcales, Micrococcaceae, Micrococcus unculiured bacterium

Phylum Bacteroidetes

Bacteria, Bactercidetes, Flavobacteriia, Flavobacteriales, Flavobacteriaceae, Chryseobacterium, Chryseobacterium sp. M13
Phylum Chioroflexi

Phylum Cyanobacteria

Bacteria, Cyanobacteria, Chioroplast uncultured bacterium

Phylum Firmicutes

Bacteria, Firmicutes, Bacilli, Bacllales, Bacillaceae, Bacillus, uncultured Bacillus sp.
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Appendix 1: Contd

Bacteria, Firmicutes, Bacilli, Bacilales, Bacllaceae, Bacillus uncultured bacterium

Bacteria, Firmicutes, Bacilli, Bacilales, Planococcaceae, Lysinbacilus unculiured bacterium

Bacteria, Firmicutes, Bacilli, Bacilales, Staphylococcaceae, Safinicoccus uncultured bacterium

Bacteria, Firmicutes, Badilli, Lactobacillales, Carnobacteriaceae, Alopostipes uncultured bacterium

Bacteria, Firmicutes, Badilli, Lactobacillales, Carncbacteriaceae, uncultured, uncultured bacterium

Bacteria, Firmicutes, Badilli, Lactobacillales, Streplococcaceae, Streplococcus uncultured bacterium

Bacteria, Firmicutes, Clostridia, Clostridiales, Peplostreplococcaceae, Incertae Sedis uncultured bacterium

Bacteria, Firmicutes, Clostridia, Clostridiales, Ruminococcaceae, uncultured, uncultured bacterium

Phylum Gemmatimonadetes

Bacteria, Gemmatimonadetes, Gemmatimonadetes, AT425-EubC11 terres¥rial group, uncultured bacterium

Phylum Proteobacteria

Bacteria, Proteobacteria, Alphaproteobacteria, Caulobacterales, Caulobacteraceae, Srevundimonas uncultured bacterium
Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, Bradyrhizobiaceae, Bosea, uncultured Bosea sp.
Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, Rhizobiaceae, Rhizobium, Rhizobium sp. JC140

Bacteria, Proteobacteria, Alphaproteobacteria, Rhizobiales, Rhizobiaceae, Rhizobium, Rhizobium sp. M51

Bacteria, Prolecbacteria, Alphaprotecbacteria, Rhizobiales, Rhizobiaceae, Rhizobium, uncultured Agrobactenum sp.
Bacteria, Protecbacteria, Alphaproteobacteria, Rhizobiales, Rhizobiaceae, Rhizobium, uncultured Paracoccus sp.
Bacteria, Proteobacteria, Alphaprotecbacteria, Rhodobacterales, Rhodobacteraceae, Paracoccus uncultured bacterium
Bacteria, Prolecbacteria, Alphaproteobacteria, Rhodospirilales, Acetobacteraceae, Acetobacter, uncultured Acefobacler sp.
Bacteria, Proteobacteria, Alphaproteobacteria, Rhodospirilales, Acetobacteraceae, Asaia, Asaia bogorensis
Bacteria, Proteobacteria, Alphaprotecbacteria, Rhodospirilales, Acelobacteraceae, Asaia uncultured bacterium
Bacteria, Protecbacteria, Alphaproteobacteria, Rhodospirilales, Acetobacteraceae, Asaia uncultured bacterium
Bacteria, Proleobacteria, Alphaproteobacteria, Rhodospiriliales, Acetobacteraceae, Asaia uncultured bacterium

Bacteria, Proteobacteria, Alphaproteobacteria, Rickettsiales, Anaplasmataceae, Wolbachia Embioptera sp. UVienna-2012
Bacteria, Proteobacteria, Alphaproteobacteria, Rickettsiales, Anaplasmataceae, Wolbachia uncultured bactedum

Bacteria, Proteobacteria, Alphaproteobacteria, Rickettsiales, mitochondria, Triicum aestivum

Bacteria, Protecbacteria, Alphaproteobacteria, Rickettsiales, Rickettsiaceae, Rickettsia, uncultured Ricketisia sp.

Bacteria, Protecbacteria, Alphaproteobacteria, Sphingomonadales, Sphingomonadaceae, Sphingomonas uncultured bacterium

Bacteria, Protecbacteria, Alphaproteobacteria, Sphingomonadales, Sphingomonadaceae, Sphingomonas, uncultured Firmicutes bacterium

Bacteria, Protecbacteria, Betaproteobacteria, Burkholderiales, Comamonadaceae, Delftia uncultured bacterdum
Bacteria, Protecbacteria, Betaproleobacteria, Burkholderiales, Comamonadaceae, Delftia, uncultured Deiftia sp.
Bacteria, Protecbacteria, Betaproleobacteria, Burkholderiales, Oxalobacteraceae, Oxalicibacterium, Oxalicibacterium flavum
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Appendix 1: Contd

Bacteria, Protecbacteria, Epsilonprotecbacteria, Campylobacterales, Helicobacteraceae, Helicobacter, Heficobacter sp. ‘B520 Seymour
Bacteria, Prolecbacteria, Gammaproleobacieria, Aeromonadales, Aeromonadaceae, Aeromonas, Aeromonas sp. DMA1

Bacteria, Protecbactena, Gammaproleobacieria, Aeromonadales, Aeromonadaceae, Aeromonas, uncultured Aeromonas p.

Bacteria, Prolecbacteria, Gammaproleobacieria, Enterobacteriales, Enterobacleniaceae, Rahnefla uncullured bacterum

Bacteria, Prolecbacteria, Gammaproleobacieria, Enterobacieriales, Enlerobaclendaceae, Serratia, Serratia sp. DR.YS

Bacteria, Prolecbacleria, Gammaproleobacieria, Pseudomonadales, Moraxellaceae. Acinelobacter, Acinefobacier sp. BT _2TCO2
Bacteria, Protecbacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, Acinelobacter uncultured baclerium

Bacteria, Prolecbacleria, Gammaproleobacleria, Pseudomonadales, Moraxellaceae, Enhydrobacter uncultured profecbacierium
Bacteria, Proleobacleria, Gammaproleobacleria, Pseudomonadales, Pseudomonadaceae, Pseudomonas uncultured Pseudomonas p.
Bacteria, Prolecbacteria, Gammaproleobacieria, Xanthomonadales, Xanthomonadales Incertae Sedis, Steroidobacter uncultured bacterium
Phylum Spirochastae

Phylum Verrucomicrobia

Bacteria.Verrucomicrobia. Verrucomicrobiae, Verrucomicrobiales. Verrucomicrobiaceae Akkermansiauncultured bacterium
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Appendix 1: Contd

Batleria Verrucomicrabia Verucomicrobiae, Verrucomicrabiales Verucamicrobiacaas Akkemmansiauncultured bacterium ] 7 ] 0

Phylum Eukaryota

Eukaryata, Opisthokenta, Nucketmysea, Funsi, Micrasparidia, Incertae Sedis, Amblyosporidae, Parathelsharia, Parathelobania divulgata 51 0 ] 0

Eukaryata, Opisthokonta, Muckelmycea, Fungi. Microsparidia, Inceriae Sedis, Amblyosparidas, Parathelshania Paralhefohania obesa 3 ] ] 0

Eukaryota, Opisthokenta, Nuckstmysea, Fungi, Micrasporidia, Incertas Sedis, Amblyosparidas, Takaokaspars Takaokaspera nippanicus ] 100 ] 0

Mo blast hit 1030 k"] 757 0 1T
Total abundance fi214 2880 5960 5348 21666
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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. In this study, the composition and diversity of midgut
bacteria in field collected and lab reared adult female Anopheles gambiae and Culex quinquefasciatus
mosquitoes was explored using the lllumina sequencing. Deoxyribonucleic acid was isolated from the
pooled midgut extracts and their 165 rRNA gene sequenced using lllumina sequencing platform.
Operational taxonomic units (OTUs) were analyzed using QIIME 1.8.0; taxonomy was assigned using
BLASTn against SILVA 119 and hierarchical clustering was done using R program software. Out of the
total number of sequence reads obtained, 145 OTUs were realized at 3% genetic distance. The 145
OTUs spanned 12 phyla; Proteobacteria, Firmicutes, Cyanobacteria, Euryarchaeota,
Gemmatimonadetes, Spirochaetae, Archeabacteria Verrucomicrobia, Chloroflexi, Bacteriodetes,
Acidobacteria and Actinobacteria. Microbial community composition based on OTUs showed
significant difference between field collected and lab reared mosquitoes (:2 =450799, p=32x 10"'}.
Similarly, there was a significant difference in community compesition at OTU level between Anopheles
gambiae and Culex quinquefasciatus (' = 31.2257, p = 7.7 x 10”). The bacterial composition and
diversity appeared to be influenced by the environment and the species of the mosquitoes.

Key words: Anopheles gambiae, Culex quinguefasciatus, midgut, DNA, diversity.

INTRODUCTION

Mosquitoes transmit diseases like malaria, dengue,
lymphatic filariasis, yellow fever among others. Among
these diseases, malaria is the most important mosquito
borme disease with an estimated 214 million new cases of
malaria worldwide (World Health Organization (WHO),
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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
(29%) (WHO, 2015). In Kenya, there were an estimated 6.7
million new clinical cases and 4,000 deaths each year



and those living in Western Kenya have an especially
high risk of malaria (Centers for Disease Control and
Prevention (CDC), 2015). Most of the deaths are caused
by the parasite Plasmodium falciparum whose major
vector in Africa is the mosquite species Anopheles
gambiae that is widely distributed throughout the Afro-
tropical belt (Boissiére et al., 2012).

Another mosquito species Culex quinguefasciatus is
the principal vector for Wucherera bancrofti, the filarial
worm that causes filariasis and Japanese encephalitis
{Agrawal and Sashindran, 2008). 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 rsk of infection (Agrawal and
Sashindran, 2006). Lymphatic filariasis is present on the
East African coast especially in Kenya (Njenga et al.,
2011).

Current mosquito vector control strategies include
insecticide treatment delivered through spraying houses
and insecticide-impregnated mosquito nets. While these
methods are effective at decreasing mosquito vector
numbers, they have also contributed to the rise in
insecticide resistant mosquitoes (Bando et al., 2013).

Various altemative approaches are being fried to
reduce malaria cases in the word, and one such
approach is paratransgenesis. Paratransgenesis is a
method where by a symbiotic bacteria is used to express
effector molecules inside a targeted vector. The symbiotic
bacteria are genetically modified to produce effector
molecules and then reintroduced into the mosquito to
produce the required effect (Chavshin et al, 2012).
Understanding the microbial community structure of the
mosquito midgut is therefore necessary in order to
identify possible bacterial candidates for
paratransgenesis. The mosquito midgut plays a critical
role to the survival and development of the parasites and
is therefore, the most attractive site to target malaria
parasites (Whitten et al., 2006). The midgut microbiota of
mosquitoes is still not well investigated and a few studies
have been caried out on microflora of wild caught
malaria vectors (Wang et al, 2011). The available
conventional culture techniques limit the scope in
determination of the microbial diversity since it
sometimes misses out on non-culturable microbes
(Pidiyar et al., 2004).

In laboratory-raised mosquitoes, the midgut bacteria
can be acquired through contaminated sugar solutions,
blood meals and transmitted transstadially. However, in
wild mosquitoes, the origin of the midgut bactera, is still
unknown (Riehle and Jacobs-Lorena, 2005). In the
current study the bacterial composition and diversity in
the midgut of lab reared and field collected A. gambiae
and C. quinguefasciatus mosquitoes were determined

using the illumina sequencing.

MATERIALS AND METHODS
Study site

The study area for field collected mosquitoes was Ahero, Kenya,
which is a malaria endemic region. It is located at latitude 0® 11°S
and longitude 34° 55°E and is approximataly 1153 m above sea
level. The area has a tropical climate with significant rainfall
throughout the year and with an average temperature of 23.0°C.

Collection of field A. gambiae and C. gquinquefasciatus
mosquitoes

Adult A, gambize and C quinquefascialus mosquiloes were
captured from pit shellers by usa of Centre for Disease Control and
Prevention (CDC) light traps. The CDC light traps wera hung at
least one maler above the ground on a tree or pole bebween 5:00
and 7:00 pm in the evening and laft overnight. The collection bags
containing the mosquiloes were picked between 600 and 6.30
am in the moming. The mosquitoes were then put into vialfjars
from the collection bags using mouth aspirators and stored at 4°C.
One hundred and thirty eight adult female Anopheles gambiag
and Culex quinquefasciatus mosquitoes were identified lo species
level using a standard morphological key according to Gillies
and De Meillon, (1968). The specimens were then transferred to
the laboratory at the Institute for Biotechnology Research, Jomo
Kenyatta University of Agriculture and Technology (JKUAT).

Acquisition of
quinquefasciatus

One hundred and thity eight laboratory reared adult female A
gambiae and C. quinquelasciatus mosquitces wera acquired from
the International Centre of Insect Physiology and Ecology (ICIPE)
Kasarani, Nairobi. They were transfermed live to the laboratory at
the Institute for Biotechnology Research, (JKUAT) and maintained
in a mosquitafium at 28*°C and 70 to 80% humidity until
dissection. The mosquitces were offered resins and 1%
glucose solution as a source of energy and were not fed on blood.

laboratory-reared A. gambiae and C.

Dissection of mosquitoes and isolation of DNA

Dissection of mosquitoes was done according to Rani et al. (2009).
Bafore dissecling, the mosquitoes were chilled to death and
sterilized with 70% ethanol then transferred into sterle distiled
water in a sterle hood. The mosquitoes were dissecled
individually under starile conditions. The midguls were mashed and
suspended in 100 pl of sterile phosphate buffered solution (PBS).
The mashed midguts were ground to homogeneity. Each midgut
extract consisted of 20 pooled midguts of adull female
mosquitoes. Field collected and lab reared mosquitoes had seven
pooled midgut extracts each. The midgut extracts were stared at -
B0°C until further analysis.

The total microbial genomic DMA was exiracted separately
from each group of mosquitc midgut extracts using purelink
genomic DNA mini kit (lnvilrogen), following the manufacturer's

*Comesponding author: E-mail: rkasili@gmail.com. Tel: 254713800972,

Author(s) ogree that this arficle remains permanently open access under the terms of the Creafive Commons Affribution

Licernse 4.0 International License:
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instructions (CAT number, K1820-02 Life technologies, California,
USA). Genomic DMNA concentration was quantified using a nano
drop spectrophotometar and the DNA stored at -20°C until further

analysis.

Polymerase chain reaction amplification

Polymerase chain reaction (PCR) amplification of tha 165 rRNA
gene V4 variable region was camied out on the extracled DNA
using primers 515F (GTGCCAGCMGCOCGCGGTAA) and B0SR
(GGACTACHVGGGTWTCTAAT) that had a barcode (Caporaso et
al., 2010). PCR amplification was carried out in 30 cydles using the
HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following
conditions: 94°C for 3 min of intitial heating, followed by 30 cydes
of 84°C for 30 5, 53°C for 40 s and T2°C for 1 min, foliowed by a
final elongation step at 72°C for 5 min. PCR producls were
visualizead on 2% agarose gel to delermine the success of
amplification and the relative intensity of bands. Multiple samples
were pooled ftogether in equal proporions based on their DMNA
concantrations from the gel images. Pooled samples were purifiad
using calibrated Ampure XP beads (Agencort Bioscience
Corporation, MA, USA).

Amplicon library preparation

The pooled and purified PCR products were used lo prepara DNA
library by following lllumina TruSeq DNA library protocol (Yu and
Zhang, 2012). Sequencing was performed at Molecular Research
DA (www.mrdnalab.com, Shallowater, TX, USA) on a MiSeg
platform following the manufacturer's guidelines. The resulting raw
sequencas were submitted o NCBI (Sequence Read Archive) with
the following sludy accession numbers; sequences for field
collected A gambize SAMMO4386463; field collectad C
guinguefascialus  SAMNO43BE6464; lab reared A gambiae
SAMMO4386465 and lab  reared C. gquinquefascialus
SAMMD4386466.

Sequence analysis and taxonomic classification

Sequences oblained from the lllumina sequencing platform weare
depleted of barcodes and primers using a proprietary pipeline
{www.mrdnalab.com, MR DMA, Shallowater, TX) developed at the
sarvice provider's laboratory. Short sequences < 200 bp,
sequences with ambiguous base calls, and those with
homopolymer runs exceeding 6 bp were removed. The sequences
weare denoised, chimeras and singleton sequences removed
{Capona et al., 2011; Dowd et al., 2011; Eren et al., 2011). De novo
OTU clustering was done with standard UCLUST method using the
default setlings as implemented in CIIME Vearsion 1.8.0 al 97%
similarity level (Caporaso et al., 2010). Taxonomy was assigned to
each OTU using BLASTn against SILVA SSU Reference 119
database at defaull e-value threshald of 0.001 in QIME (Quast et
al., 2013).

Diversity indices

Diversity indices (Shannon, Inverse Simpson, Evenness),
rarefaction, Venn diagram (lo compare the shared OTUs betwesan
the samples of mosquitoes) and hierarchical dustering were
computed, using Vegan package version 1.16 o 32 in R software
(R development Core Team (2012). Kruskal-Wallis rank sum fest
was used to compare the relative abundance of gutl microflora
among A gambise and C. guinguefascialus from lab reared and

field collected samples using R proagramming language (R

&3

devalopment Core Team (2012). Significance was tested at 95%
confidence interval (p = 0.05). To supporl OTU-based analysis,
taxonomic groups were derived from the number of reads assigned
to sach laxen al all ranks from demain lo species using the
taxa_summary.ixt output from QIIME pipeline Version 1.8.0.

RESULTS

Assemblage of the microbial

communities

and diversity

After removing chimeras, denoising and demutiplexing, a
total of 24 025 sequence reads greater than 200 bp were
attained from the 165 rRMA data. 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 had been
exhaustively recovered (Figure 1).

The slopes of the curves flatten 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 slopes did 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 lab reared.

The distribution of shared OTUs across the two species
of mosquitoes and the sample source (lab reared and
field collected) is shown in (Figure 2). Seven OTUs were
commaon in all the samples, fifty four (54) OTUs were only
found in field collected A. gambiae while 18 OTUs were
detected only from the field collected C. guinguefasciatus
samples. Lab reared C. quinquefasciatus and A. gambiae
samples had one and 10 unshared OTUs respectively.

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 A. gambiae and (1.93) for lab reared C.
guinguefasciatus (Table 1). The Shannon diversity index for
field collected C. quinguefasciatus (2.73) was higher than lab
reared A. gambize (2.52) and lab reared C
quinguefasciatus  {1.93). The Shannon index s a
representation of species abundance and evenness,
when either of these two factors increases, the diversity
index also increases. Evenness index was used to
estimate how well the species are evenly distributed in a
community. The highest evenness was recorded from
field collected A. gambiae (0.767) indicating that OTUs
were evenly distributed as compared to other samples.
The lowest evenness was recorded from lab reared C.
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Figure 2. Venn diagram showing the distribution of shared OTUs across the 4 samples.
Numbers indicale OTUs enumerated in field collected (FC) and lab reared (LR) samples.

Table 1. Diversity indices computed al OTU-based bacterial taxonomic units oblained from samplas of the Field collected (FC) and

Lab reared (LR) mosquitoas.

Sample Mo. of saquences Richness  Shannon Inverse Evenness  Effective no.
after filtering {OTUs) {H) Simpson {J) of sp.

FC Anopheles gambilae 7516 102 354 19.98 0.767 3447

FC Culex guinguefasciatus 3465 59 273 a8.72 0.67 15.33

LR Anopheles gambiae 6669 45 252 5.98 0.661 12.43

LR Culex quinguefascialus 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
lab reared mosquitoes (= 45.0799, p=32 = 10"]_ Similardy, there was significant difference in microbial community composition at OTU
level between Anopheles gambias and Culex quinguefasciatus [x'= 312257, p= 7.7 = 10°)
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Figure 3. Relative abundance at phylum level from the field collectad (FC) and lab

reared (LR) samples.

quinguefasciatus (0.593) indicating that bacterial species
are less evenly distributed and some species are more
dominant than the others. The value of Inverse Simpson
index ranged from 4.65 for lab reared C. quinquefasciatus
to 19.98 for field collected A. gambize. The value of
Inverse Simpson index was observed to increase with
increase in diversity.

Microbial taxonomic community composition

The SILVA SSU Reference 119 database (Quast et al.,
2013) was used to assign reads to appropriate taxonomic
rarks. The OTUs spanned 12 phyla (Figure 3);
Froteobacteria (62.04-95.11 %), Firmicutes (0.00-6.13
%), Bacteriodetes (0.42-4.89 %), Actinobacteria (0.00-
497%), Eukaryota (0.00-3.46%), Gemmatimonadefes
(0.00-0.86%), Spirochaetae (0.00-0.21%),
Verrucomicrobia (0.00-0.76%), Chioroflexi (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%.

OTUs belonging to the Phylum Proteobacteria were the
most abundant and were represented by the most genera
as shown in Figure 4. In lab reared C. quinquefasciafus
sample the OTUs were affiliated to following genera;
Aeromonas, Asaia, Elizabethkingia, Enterobacter,
FPseudomonas, Rahnella, Seratia 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).
However, in field collected Culex quinguefasciatus
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sample genera represented were, Wolbachia,
Sphingomonas, Streptococcus, Serrafia, Rhizobium,
Rahnella, Pseudomonas, Methylobacterium, [xodes,
Helicobacter, Gamma proteobacterium, Enterobacter,
Corynebacterium, Bartonella, Bacteroidetes, Bacillus,
Asaia, Arcobacter, Akkermansia, Agrobacterium, and
Aeromonas. The most abundant species in field collected
C. guinguefasciatus sample were Arcobacter uncultured
bacterium with relative abundance of 34.83%, while
Bartonella grahamii asdaup had 24.45% (Figure 4).
Arcobacter  uncultured  bacterium, Bacleroidetes
uncultured bacterium, B. grahamii asd4up, Gamma
Proteobacteria uncultured bacterium, Heficobacter sp.
BS52Seymour and [xodes scapularis were unique species
in the field collected C. quinguefasciatus sample.

In lab reared A. gambiae sample, 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 Sematia marcescens each
scoring a relative abundance of 10%. The genera found
in lab reared Anopheles gambise sample include;
Aeromonas, Serratia, Bacillus, Asaia, Chryseobacterium,
Gluconacelobacter, Delftia, Pseudomonas, Rahnella,
Thorsellia, Enterobacter and  Stenotrophomonas.
Thorsellia anophelis was unigue to lab reared A. gambiae
sample (Figure 5). The field collected A. gambiae sample
was found to harbor a higher diversity of 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 5). The unigue
species in field collected A. gambize sample include
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Agrobacterium tumefaciens, Gemmatimonadetes
uncultured bacterium, Micrococcus uncultured bacterium
and Rhizobium sp. M51 (Figure 5).

Bacterial species which were recovered from all the
four samples include, Serratia marcescens, Asaia
uncultured bacterium, Enterobacter uncultured bacterium,
Pseudomonas uncultured bacterium and Rahnella
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uncultured bacterium. Parathelohania divulgata and
Takaokaspora nipponicus are fungal species recovered
from the field collected A gambise and
C.quinguefasciatus respectively (Figure 5). Detailed
information on all the bacterial species recovered in this
study is given in additional file 1 Table 51.

Hierarchical clustering, based on Bray-Curtis
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dissimilarity, showed two clusters (Figure 5). The
dendogram shown on the top signify the relationship
between the four samples. The bacteria composition of
lab reared A.gambize, field collected A. gambize and
field collected C. quinguefasciatus samples were
clustered together. Within this cluster the field collected
A gambiae and field collected C. quinguefasciatus
samples were more closely related to each other. The
bacterial community recovered from the lab reared C.
guinquefasciatus samples was observed to form a
distinct cluster.

DISCUSSION

The microbes inhabiting mosquite midgut have drawn
special attention in the recent past due to their
interactions with both the mosguito host as well as
disease causing parasites. The present study sought to
investigate the composition and diversity of microbes in
midguts of lab reared and field collected A. gambiae and
C. guinguefasciafus mosqguitoes. The field collected
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mosquitoes showed more midgut bacterial composition
and diversity than the lab reared mosquitoes. A similar
observation was reported by Rani et al. (2009) in their
study involving the analysis of bacterial diversity in
larvae and adult midgut microflora in lab reared and field
collected Anopheles stephensi mosguito vectors. The
higher bacterial diversity in field collected mosquitoes
could probably be due to the fact that wild mosquitoes
are exposed to the natural environment where they feed
on various natural foods that could be the source of the
diverse microbes, whereas the lab reared mosquitoes are
fed on artificial diet of glucose and resins. Furthermore,
adult female mosquitoes require a blood meal for their
egg development and the blood acquired in the field
could also be a source of various bacterial flora. On the
other hand, the blood given to the adult female lab reared
mosquitoes is from infection-free rabbits/mice (Rani et al.,
2009). In the present study, the highest number of
bacterial species was detected from field collected A.
gambize mosquitoes followed by field collected C.
guinquefasciatus and lab reared A. gambize. The least
number of bacterial species were detected from lab



reared C. guinguefasciatus.

Diversity indices analysis at OTU level from field
collected and laboratory reared mosquitoes revealed a
significant difference in microbial community composition.
Field collected A. gambise had the highest value of
Inverse Simpson index and while the lowest was lab
reared C. quinquefasciatus samples. The value of Inverse
Simpson increases with diversity (Chandel et al., 2013).
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 are evenly distributed among the samples. The
lowest evenness was recorded from laboratory reared C.
quinquefasciatus sample indicating that the bacterial
species in this sample are less evenly distributed, that is,
some species are more dominant than others.
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. However, the laboratory reared
samples the bacterial composition seemed to differ
between A. gambiae and C. quinguefasciatus.

Members of the phylum Proteobacteria, were
predominantly recovered from both the field collected and
lab reared samples than those of phylum Firmicutes,
Actinobacteria and Bacteriodetes. Proteobacteria were
also shown to be dominant in a previous study conducted
in Kenya on A. gambiae mosquitoes (Wang et al., 2011).
Protecbacteria 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). Phylum
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.
Phylum Cyanobacteria, Gemmatimonadetes,
Spirochastae, Verrucomicrobia, Chioroflexi,
Archeabacteria and Acidobacteria represented only a
small portion of the mosquito midgut communities.

The dominant genera recovered in the present study
belong to Serratia, Asafs, Arcobacter, Rahnella,
Bartonella, Aeromonas, Agrobacterium, Methylobacterium
and Wolbachia. The results of the study are consistent
with earlier reports which have shown that that above
genera are dominant (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
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genera Acinetobacter, Aeromonas, Bacillus, Enterobacter,
Pseudomonas, Seralia, Asaia, Rahnella, and
Stenotrophomonas have been frequently reported in
mosquite gut in previous studies (Pidiyar et al., 2004;
Boissiére 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 a major part of microbiota of A.
gambise and C. quinguefasciafus 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
lab reared and field collected samples, suggesting that it
possesses a competitive advantage over other bacterial
species. 5. marcescens is abundant in nature, and
especially in the artificial foods given to the lab reared
mosquitoes. Similar results were reported in five
generations of lab reared A. gambiae (Dong et al., 2008).

Asais uncultured bacterium species was recovered at
39.30% was more abundant in lab reared A.gambize.
Asaia has been associated with Anopheles species, in
particular field collected Anopheles funestus, Anopheles
Maculipennis, Anopheles gambige and Anopheles
coustani, and Anopheles stephensi in which Asaia
bacteria was dominant and stably associated (Favia et
al., 2007). The presence of Asaia species in Anopheles
mosquito could be a target for malaria control it 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 repeatedly been detected in both lab reared and
wild caught mosquitoes (Pumpuni et al., 1996) indicating
their prevalent symbiotic association with mosquitoes. In
the present study, Wolbacha was detected in both field
collected and lab reared C. quinguefasciatus, previously
it has been reported in several other mosquito vectors
including, Aedes, Coquillettida and Masonia (Ricci et al.,
2012).

Baciflus  sp.,  Stenotrophomonas,  Micrococcus
Acinetobacter, and Rhizobium frequently isolated from
soil and environmental samples were recovered at
significantly greater numbers from the field collected
mosquitoes. This suggests 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 Takackaspora nipponicus
fungal species were recovered from the field collected A.
gambise and C. guinguefasciatus but were absent in lab
reared mosqguitoes.

From the foregoing, the mosquito midgut has a rich
diversity of symbiotic bacteria. The parasite mosquito
relationship is believed to have been in existence for
many years and it is likely that the acquired microflora
permit the maintenance of pathogenic parasites in
mosquitoes. The microbes could be benefiting the



mosquitoes by protecting them against harmful bacteria
and the mosquitoes could be benefiting the parasites by
lowering the mosquito immunity against the parasites.

Conclusion

The results obtained present an analysis of the
composition and bacterial diversity of lab reared and wild
mosquitoes using lllumina sequencing technology. The
bacterial flora of adult female A. gambiae and C.
guinguefansciatus midgut is diverse and is dominated by
bacterial species S. marcescens. In future, understanding
the tripartite mosquito-microbes-parasite interaction will
enable us gain more insight that may be useful in the
development of novel approaches for the control of
malaria and other mosquito borne diseases like filariasis,
dengue, Zika and Chikungunya.
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Additional file 1

Table S1. Midgut bacterial composition al spacies level and their abundance.

Species level

FC.Anopheles  FC.Cufex

LRAnopheles _ LR.Culex

Total

Phylum Archeabacteria

Archaea, Euryarchaecta, Methanobacleria, Methanohacleriales, Methanobacteriaceae, Melhanobrevibacter, uncultured archason
Phylum Acidobacteria

Baclaria, Acidobacheria, Acidobacteria, Subgroup 4, Unknown Family, Blastocalslla, uncullured Acidobactenia baclerium
Baclaria, Acidobacheria, Acidobacteria, Subgroup 6, unculiured Acidobacienia bacerium

Phylum Actinobacteria

Bactaria, Acfinobarteria, Actinobaciena, Corynebactariales, Corynebacteraceas, Conmebactarium uncultured bacterium
Baelaria, Actinobacteria, Actinobactania, Carynebacteriales, Corynebacianacaas, Corynebactsrium, unculturad Conmabacienim sp.
Baclaria, Actinobacheria, Actinobaclera, Carynebacteriales, Corynebactedaceas, Conmebactarium unidentified marine baclerioplankion
Baclaria, Aclinobacteria, Aclinobaclania, Corynebacheriales, Corynebaclenacess, uncullured, unculbured baclarium

Bacleria, Actinobacteria, Aclinobacleria, Corynebacheriales, Dislziaceas, Distzia uncullured bacterium

Baclaria, Actinobacteria, Acinobaclera, Frankiales, Geodermatophilaceas, Blastococcus uncultured bacterium

Baclaria, Actinobacteria, Actinobactaria, Micrococcales, Cellulomanadaceas, Actinofalea uncultured bacterium

Bacleria, Actinobacteria, Actinobaciera, Micrococcales, Infrasparangiacese, Tarabacier uncultured bacterium

Baclaria, Actinobacteria, Aclinobactana, Micrococcales, Microbacteriacaas, Curobactanium uncultured baclerum

Baclaria, Actinobacteria, Aclinobactana, Micrococcales, Microcoocaceae, Arthrabacter, Arthrobacter sp. TSBY-23

Bacleria, Actinobacteria, Aclinobactena, Micrococcales, Microcoocaceae, Enteractinococcus, Yanialla sp. YUAB-S0-24
Bacleria, Actinobacteria, Aclinobaclana, Micrococcales, Microcootaceae, Kocuria, Kocunia 5p. oral clone AW00G

Bacleria, Actinobacteria, Actinobaclana, Propionibacieriales, Nocardioidaceas, Nocardioides uncultured bacterium

Bacleria, Actinobacteria, Actinobaclera, Streplomycetales, Streplomycetaceae, Sreptomycss, Streplomyoes ferraiifis
Bacleria, Actinobacteria, Thermaleaphilia, Gaiellales, uncultured, uncullured bacterium

Phylum Bacteroidetes

Bacleria, Bactercideles, Bacleroidia, Bacteroidales, Rikenallaceas, RC9 gut groug, uncultured bacterium

Baclaria, Bacteroidetes, Flavobacteriia, Flavobactenales, Cryomorphacass, Fluvicols uncultured bacterium

Bactaria, Bacteroidetes, Flavobarteriia, Flavobactanales, Flavobactariacass, Chryseobacterum, Chryseobactanium sp. M13
Batlaria, Bactercidedes, Flavobacheriia, Flavobaclanales, Flavobacteriacaae, uncullured, uncultured Bacheroidedes baclerium
Phylum Chioroflexi

Bacleria, Chioroflex, Thermomicrobia, JG30-KF-CM45, uncultured soi bacterium

Bacleria, Chioroflex, Thermomicrobia, Sphaensbacierales, Sphasrobacteraceae, Nitrolancea, uncultured Chioroflexi backerium
Phylum Cyanobacteria

Baclaria, Cyanobacteria, Chicrapkast unculiured backerium

Phylum Firmicutes

Baclaria, Firnicutes, Bacill, Bacllales, Bacilaceas, Ancxybacillvs uncultured bacerium

Bacleria, Firnicutes, Bacill, Bacllales, Bacillaceas, Bacilus, unculured Bacilus sp.
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Table $1. Contd.

Bacteria, Firmicutes, Bacilli, Bacilales, Badillaceas, Bacillus uncultured bacterium
Bacteria, Firmicutes, Bacilli, Bacilales, Planococcacaae, Lysinbacillus uncullured bacterium
Bacteria, Firmicutes, Bacilli, Bacilales, Staphylococcaceas, Safimnicoccus uncullured bacledum

Bacteria, Firmicubes, Bacilli, Laciobacillales, Carncbaclanaceas, Aloposhipss unculiured backarium
Bacteria, Firnicutes, Bacilli, Laclobacillales. Carnobaclanaceas, incultured, unculbured baclarum
Bacteria, Firmi Bagilli, Lactobaci Strap aae, Sreplococtus unculbured baclanum

Bacteria, Firmicutes, Clostidia, Closiridiales, Peplostreplococcaceae, Incardas Sedis uncullured bacterium
Bacteria, Firmicutes, Clostridia, Clostridiales, Ruminococcaceas, uncultured, uncultured bacterium

Phylum Gemmatimonadetes

Bacteria, Gemmatimonadetes, Gemmatimonadetes, AT425-EubC11 terresial group, uncultured bactenum
thlurlﬁntmbmﬁn’a

Bacteria, Prot Alphaproleobactaria, Caulobacterales, Caulobact Bravundi uncultured b

Bacteria, Prolechactsna, Alphaprotechacteria, Rhizobiales, Bardonellacess Barionella, Bartonalls gratami asdaup
Bactaria, Pre Alphap i, Rhizobiales, Bradyrhizobiaceas, Bosea, uncullured Bosea sp.

Bacteria, Prolechactsna, Alphaprotechacteria, Rhizobiakes, Methylobacleriacaae, Mattylobactarumn, Methylobacerium lusdanum
Bactaria, Pre Alphap ia, Rhizobiales, Methylobacieriacaae, Mathydc L

Bacteria, Prolsobact Alphapraleobacteria, Rhizobiales, Rhimbiaceas, Rhizabium, Agrobactanium tumefaciens
Bacteria, Prolecbacteria, Alphaprolecbacteria, Rhizobiales, Rhimbiaceas, Rhizobium, fhizohivm sp. JC140

Bacteria, Pre Alphap i3, Rhizabiales, Rhizobiacaas, Rhizobium, Ahizobium sp. M51

Bacteria, Proleohactsna, Alphaprotechacteria, Rhizobiales, Fhimbiacaae, Rhizobium, unculiured Agrobactanum sp.
Bacteria, Pm‘lmbadnrh Alphaprotecbacteria, Rhizobiales, Rhimbiaceas, Rfizebivm uncultured bacterium

Bacteria, Prolech Alphaprolecbacteria, Rhirobiales, Rhizobiacaas, Rhizobium, unculiured Paracoccus sp.
Bacteria, Prolecbaclera, Alphaprolecbacteria, Rhodobaclerales, Rhodobacleracaas, Paracoccus uncullured bacterium
Bacteria, Pm‘lmbadnrh Alphapratecbacteria, Rhodospirilales, Acelobacteracaae, Acelobacter, uncultured Acefobacier sp.
Bacteria, Prol Alphaprotechacteria, Rhodospirillales, Acelobacteraceae, Asaia, Asaia bogoransis

Bacteria, Prolecbaclera, Alphaprolecbacteria, Rhodospirilales, Acelobacteracaae, Asaia uncullured bacterium

Bacteria, Pre Alphap ia, Rhodospirilales, Acetobacteracase, Asaia uncultured bacterium

Bacteria, Prolsobact Alphapraleobacteria, Rhodospirilales, Acelobacteracaae, Asaia uncultured bactarium

Bacteria, Prolecbacteria, Alphaprotecbacteria, Rhodospirilales, Acelobacteracaae, Gluconacetobacier, Gluconacelobactar fquefacians

Bacteria, Pre Alphap i, Rickeltsiales, Anaplasmatacaas, Wolbachia Embioptara sp. UVienna-2012
Bacteria, Prolecbaclera, Alphaprolecbacteria, Rickettsiales, Anaplasmatacaas, Wolbachia uncultured bacledum

Bacteria, Pre Alphap i, Rickettsiales, mitochondria, Trilicum esthum

Bacteria, Prolechaclera, Alphaprotechacteria, Rickeltsiales, Ricketisiaceas, Rickefisia, uncultured Rickettsia sp.

Bacteria, Prolecbacteria, Alphaprolecbacteria, Sphingomonadales, Sphingomonadaceas, Sphingomonas unculbured baclerium

Bacteria, Prolecbaclena, Alphaproscbactania, Sphingomanadales, Sphingomonadaceas, Sphingomonas, unculiured Firmicutes bactarium

Bacteria, Prolechacleria, Betaprolecbactera, Burkholderiabes, Comameonadaceas, Delifia uncultured bacledum

Bacteria, Prolechactera, Betaproleobactana, Burkholderiales, Comamonadaceas, Delftia, uncultured Daiftia sp.

Bacteria, Proteobaclera, Belaproleobactena, Burkholdariales, Owalobacteracese, Onalicihacterium, Oxslicibacanium favum
Bacteria, Prolechaclera, Betaprolechactera, Neisseriales, Neisseriaceas, uncultured, unculired bacterium
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Table S1. Contd.

Bacteria, Prolecbacteria, Epsilonprotecbacteria, Campylobacterales, Helicobacieraceae, Helicobacter, Helicobacter sp. 'B52D Seymour’
Bacteria, Proleobacteria, Gammaproleobacieria, Aeromonadales, Aeromonadaceae, Aeromonas, Asromonas sp. DMA1

Bacteria, Prolecbacleria, Gammaproleobacieria, Aeromonadales, Aeromonadaceae, Aeromonas, uncultured Aeromonas sp.

Bacteria, Proleobacieria, Gammaproteobacieria, Enterobacteriales, Enlerobacteriaceae, Rahnefla uncultured bacledum

Bacteria, Protecbacteria, Gammaproleobacieria, Enterobacteriales, Enterobacteriaceae, Serratia, Serratia sp. DRYS

Bacteria, Proleobacteria, Gammaproleobacieria, Enterobacteriales, Enterobacteriaceae, Serratia uncultured bacterium
Bacteria, Proleobacleria, Gammaproteobacieria, Enlerobacteriales, Enterobacleriaceae, Sematia uncultured bacterium
Bacteria, Proleobacteria, Gammaproleobacieria, Enterobacteriales, Enlerobacteriaceae, Serratia uncultured bacterium
Bacteria, Proleobacteria, Gammaproteobacieria, Enlerobacteriales, Enferobacleriaceae, Serratia uncultured bacterium

Bacteria, Prolecbacleria, Gammaproleobacieria, Pseudomonadales, Moraxellaceae, Acinetobacter, Acinefobacter sp. BT_2TCO2
Bacteria, Prolecbacleria, Gammaproleobacieria, Pseudomonadales, Pseudomonadaceae, Pseudomanas uncultured bacterium

Bacteria, Proleobacteria, Gammprm MMX&MW% Steroidobacter uncultured baclerium
Phylum Spirochastae

Bacteria, Sprochaetae, Spirochaeles, Spirochaetales, Spirochaetaceae, uncultured, Spironema cullics

Phylum Verrucomicrobia

Bacteria.Verrucomicrobia, Vermrucomicrobiae, Verrucomicrobiales. Vermucomicrobiaceae Akkermansiauncultured bacternum
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Table 51. Contd.

Bactaria, Vermcomicrobia,Verucomicrabiae, Verucomicrobiales Vernucomicrobiacaae Akkermansisuncultured baclarium i} T 1] 0

Phylum Eukaryota

Eukaryota, Opisthokonta, Nuclstmyeea, Fungi, Microsporidia, Incertae Sedis, Amblyosparidas, Parathelohania, Parathefohania divulgata 51 ] 0 0

Eukaryota, Opisthokonta, Nuclstmycea, Fungi, Microsporidia, Incertae Sedis, Amblyosporidas, Parathelohania Parathelobania obesa k] ] 0 0

Eukaryata, Opisthoxonta, Nucketmycea, Fungl, Microspanidia, Incertae Sedis, Amblyosparidas, Takaokaspara Takaokaspora nippanicus 1] 100 0 0

Mo blast hit 1030 M 75T 0 1T
Total abundance G214 2890 5960 545 21666
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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.
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[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.

[image: E:\Project folder\Project results\Lab reared & field mosq gel\Lab reared and Field Mosquitoes1- 12 PCR-1.jpg]







1500





  500























1500



   500



















[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).

[image: ]


[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. 
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[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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0. [bookmark: _Toc505244454] 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 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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bacioria in fold collected and lab reared
Tcaopiaes was saplored
pooied
Oporational taxonormic units (TUs) wero analyzed using GIME 1.8.0; taxonomy was assigned using
BLASTn against SILVA 113 and hiararchica chutering was done using R program software. Out of the
fotal number of sequence foads. obtainod, 145 OTUS were roalized a 3% genetc distanco. The 143
orUs"spanned
Ganmaimacadeias
Ackdobactaia and. Actmopacteis. Wictonal communiy. composiion hased on OTUS showed
ifcant iferenco betwoen flld colected and lab reared mosauoos (s = 45,0790, p = 3.2 % 10°).
ity compostion at 01U level betwien Anopheles
“The bacterial composiion and
veraty spmoars o b iancad iy tha eeosumeet and e apeci of he moscultoss

Key words: Anopheles gambiae, Culex quinguefasciatus, midgut, DNA, diversity.

INTRODUCTION

Mosquitoes transmit _diseases lie malaria, dengue,  2015). The African region accounted for most of the
lymphatic flariasis, yellow fever among others. Among  global cases of malaria (88%), followed by South-East
these diseases, malaria is the most important mosquito  Asia region (10%) and Eastem Mediterranean region
bome disease with an estimated 214 millon new cases of  (2%) (WHO, 2015). In Kenya, there were an estimated 6.7
malaria workdwide (Word Health Organization (WHO),  millon new clinical cases and 4,000 deaths each year
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and those living in Wester Kenya have an especially
high risk of malaria (Centers for Disease Control and
Prevention (CDC), 2015). Most of the deaths are caused
by the parasite Plasmodium falciparum whose major
vector in Africa is the mosquito species Anopheles
gambiae that s widely distibuted throughout the Afro-
ropical belt (Boissire et al, 2012).

Another mosquito species Culex quinguefasciatus is
the principal vector for Wuchereria bancroft, the flarial
worm that causes fiariasis and Japanese encephaliis
(Agrawal and Sashindran, 2006). Lymphatic filariasis is a
major public. health problem workdwide. It is_estimated
that 1.3 billion people from 83 countries are fiving with the
disease or are at risk of infection (Agrawal and
Sashindran, 2006). Lymphaic filriasis is present on the
East African coast especially in Kenya (Njenga et al.,
2011).

Curtent mosquito vector control strategies include
insecicide treatment delivered through spraying houses
and insecticide-impregnated mosquito nets. While these
methods are effective at decreasing mosquito vector
numbers, they have also contributed to the rise in
insecticide resistant mosauitoes (Bando et al. 2013).

Various_altemative approaches are being tried to
reduce malaria_cases in the word, and one such
approach s paratransgenesis. Paratransgenesis is a
method where by a symbiotic bacteria is used to express
effector molecules inside a targeted vector. The symbiotic
bacteria are_genetically modified to produce effector
molecules and then reintroduced into the mosquito to
produce the required eflect (Chavshin et al, 2012)
Understanding the microbial community structure of the
mosauito midgut is therefore necessary in_order to
identiy possible  bacteriel candidates for
paratransgenesis. The mosauito midgut plays a criical
Tole to the survival and development of the parasites and
is therefore, the most attractive ste to targel malaria
parasites (Whitten et al., 2006). The midgut microbiota of
mosauitoes is still not well investigated and a few studies
have been caried out on microflora of wild caught
malaria_vectors (Wang et al, 2011). The available
conventional _cullure techniques limit the scope in
determination of the microbial diversity since it
sometimes misses out on  non-culturable - microbes
(Pidiyar et al., 2004).

In laboratory-raised mosaitoes, the midgut bacteria
can be acquired through contaminated sugar solutions,
blood meals and transmitted transstadially. However, in
wid mosaquitoes, the origin of the midgut bacleria, is St
unknown (Riehie and Jacobs-Lorena, 2005). In_the
current study the bacterial composition and diversity in
the midgut of lab reared and field collected A. gambiae
and C. quinquefasciatus mosaquitoes were determined

g the lumina sequencing.

MATERIALS AND METHODS
Study site

The study area for fild collecied mosqutoes was Ahero, Kenya,
‘which s a malara endomic region. It s located at atiudo 0° 11'S
and longltude 34° S5E and s approximately 1153 m above sea
lovel The area has a tiopical cimate with signfcant rainfall
throughout the year and with an average temparature of 23.0°C

Collection of fisld A gambias and C. quinquefasciatus
mosauitoes.

Adut A gambias and C. quinquefascialus mosqutoes were
aptured from pt shltrs by use of Cenirfor Dissaso Conirl and
Proveniion (COC) ligh raps. The CDC lght s wero hung at
loast one maler above the ground on a 0@ or pole betwesn 600
and 700 pm in the evening and le avernight. The collecion bags
containing the mosauiloes were picked between 6,00 and 630
am in the moming. The mosquioes were then put nto viallars
rom the collcton 5ags using moulh aspialors and stored at 4-C.
One hundred and tiny oight adut female Ancpheles gambias
‘and Culex quinquefasciatus mosquitoes wer idenifd 1o species
lovel using @ standard morphological ke accordng to Gllies
and Do Meilon, (1968). The specimens were then transfored 1o
he laboraiory 3t the Institf for Biolechnoogy Research. Joma
Kenyatia University of Agricuture and Tochnology (JKUAT).

Acquisition of
‘quinquefasciatus

laboratory-roared A gambise and C.

One hundred and thinty eight aboraory reared adull female A.
gambias and C. quinquefasciatus mosquioes were acqured from
he Intornatonal Cent of Insect Physiclogy and Ecology (CIPE)
Kasarani, Naiobi. They were transterod Iive 10 the laboratory al
the Intite for Biotechnology Research, (JKUAT) and mainiained
in 2 mosquitarium at 26°C and 70 o 80% humidity untl
dissocton. The' mosquitoes were offered rosins and 1%
glucose soluton as 2 source of eneray and were o ed on blood.

Dissoction of mosaquitoos and isolation of DNA

Dissection of mosquioes was done according to Rani t . (2009)
Bolore dissacting. the mosquioes woro chiled 10 deaih and
steiized vith 70% ethanol hen ansfered ino slerie disled
waler in 'a_siorio hood. The mosquitoes wore dissacted
indvidually under sterle condilons. The midguts were mashed and
suspended in 100 i of sterle phosphate buffered soluton (PBS).
The mashed midguts were ground 1o homogonely. Each midgut
oxract consisied of 20 pooled midguts of adult fomale
moscuitoes. Fikd collected and Iab reared moscuioes had seven
pooled midgut extacts each. The midgul extracs were siored at -
B0°C unt frthe anaiyse.

The tolal microbal genomic DNA was _exracled separately
from- sach group of mosquio midgut exiacs using purelk
‘genomic DNA mini ki (invirogen), following the manufaciurer’s
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instructions (CAT number, K1820.02 Life technologies, Calfornia,
USA). Genomic DNA concenlraton was quantiied sing 2 nano
drop spectrophotometer and the DNA stored at -20°C. untl futher
analysic.

Polymerase chain reaction amplification

Polymerase chain reaction (PCR) ampificaion of the 16 RNA
gene V4 variable region was caried oul on the extracied DNA
using primers 515 (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWICTAAT) ihat had a barcode (Caporaso et
al, 2010). PCR ampificaion was carried out in 30 cyces using the
HotStarTaq Plus Masler Mix Kit(Qlagen, USA) under the following
condions: 94-C for 3 min of il heaiing, followed by 30 cyces
01 34°C for 30 5, 53°C for 40 s and 72°C for 1 min, folowed by a
final clongation step at 72°C for 5 min. PCR producis were
visusized on 2% agarose gel o determine the Success of
amplifction and the reative intensiy of bands. Muliplo samplos.
were pooied together in equal proportons based on their DNA
conconiratons fom the gol mages. Pocled samplos wero purifed
using calirated Ampuro X beads (Agencort Biosdience
Corporation, MA, USA).

‘Amplicon library preparation

The pocled and purified PCR products were used o propare DNA
orary by following llumina TruSeq DNA fibary protocol (Yu and
Zhang, 2012). Sequencing was performed at Molocular Research
DNA (s mrdnalab.com, Shallowater, TX, USA) on @ MiSeq
plationn following the manufacture’s uidelios. The rosullng raw
Ssaquences were submited to NCBI (Sequence Read Archive) with
the following  study acoossion numbers: soquences for field
collciod A gambiso SAMNO4386463; feld coleced C.
quinquefasciatus  SAVINOA306464, lab reared A gambiao
SAMNOA3B6485 and lab reaed C.  quinquefasciatus
‘SAMNO4388465.

‘Sequence analysis and taxonomic classification

‘Soquences abtained ffom the llurin sequencing platform were.
doplled of barcodes and primers using 3 propritary ppeline
(o mrdnala com, MR DNA, Shallowater, TX) developed at the
service_provider's laboratory. Short Sequences. < 200 bp.
Soquences wih  ambiguous base calls, and thoso witi
homopolymer runs excaeding 6 bp were removed. The sequences.
were doncised, chimeras and singilon sequencesfemoved
(Capone ot al 2011; Dowd otal 2011; Exen et al 2011). Do nowo.
(OTU clustarng was cone wil standard UCLUST mthod using the
dofault setings as implemerid in QIME Version 180 al 7%
Similarty level (Caporaso et al 2010). Taxonomy was assigned to
ach OTU using BLAST against SILVA SSU Reference 110
database at default e-vak hreshold o 0.001 in QIIME (Quast et
al,2013).

Diversity indices

Diversiy_indices _(Shannon, Inverse _Simpson, _Evenness),
raretacton, Venn iaggam (o compare the shared OTUs between
the samplos of mosquioes) and hierarchical dustering wero
computed, using Vegan package version 1.1610 32 n R sofvare
(R developmant Core Team (2012). Kruskal-Walks rank sum test
was used 1o compare he ralative abundance of qut micofora
among A. gambise and C. quinquefasciatus from b reared and
ild colleted sampies using R programming language (R

evelopment Core Team (2012). Significanca was tested at 55%
confidence interval (5 = 0.05). To upport OTU-based analysis,
taxonomic groups were derive from the number of eads assigned
o each taxon at al ranks from domain 1o species using the
taxa_summary it output from QIIME pipeline Versin 18,0

RESULTS

of the microbial

After removing chimeras, denoising and demutiplexing, a
total of 24,025 sequence reads greater than 200 bp were
attained from the 16S rRNA data. 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, 14% Eukarya and
8% no bast hit (sequences reads that were not
assigned). Rarefaction curve was plotted in order to
evaluate if all the diversity within the samples had been
exhaustively recovered (Figure 1).

“The slopes of the curves flatten 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 1o exhaust the ful
diversity within the samples if the siopes did not flaten
out (Chao et al, 2014). The sequencing depth as shown
by the rarefaction curve was exhaustive enough to
ensure the inclusion o the entire diversity of the microbes
in the midgut of the two species of mosquitoes collected
from field and lab reared

“The distribution of shared OTUs across the two species
of mosquitoes and the sample source (lab reared and
feld collected) is shown in (Figure 2). Seven OTUs were
‘common in al the samples, fity four (54) OTUs were only
found in field collected A. gambie while 18 OTUs were
detected only from the field collected C. quinquefasciatus
‘samples. Lab reared C. quinquefasciatus and A. gambiae
‘samples had one and 10 unshared OTUs respeciively.

‘A diversity index is a quantiative 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 A. gambiae and (1.93) for lab reared C.
quinquefasctus (Table 1). The Shannon diversity index for
field colleted C. quinquefasciatus (2.73) was higher than lab
reared A gambioe (252) and lab reared C.
quinquefasciatus (193, The Shannon index is @
representation of species abundance and evemess,
when either of these two factors increases, the diversity
index also increases. Evenness index was used to
estimate how well the species are evenly distibuted in a
community. The highest evenness was recorded from
feld collected A. gambie (0.767) indicating that OTUs
were evenly distrbuted as compared o other samples.
‘The lowest evenness was recorded from lab reared C.
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Figure 2. Venn diagram showing the distibuton of shared OTUs across the 4 samplos.
Numbers ndicate OTUs enumerated in field collscted (FC) and lab reared (LR) samples.

“Table 1. Diversit ndices computed at OTU-based bactarial taxanomic unis oblained rom samples o e Fild colcted (FC) and.
Lab reared (LK) mosaitoes.

No.of sequences _ Richnoss  Shannon Inverse  Evonnoss _ Effective no.

Sample aforfitering ___(oTUs) () Simpsn () ‘of sp.
FC Anophelos gambiae 7516 350 3 0767 EX
FC Culox quinquefasciatus 3465 273 872 067 1538
LR Anopheles gambias 6669 252 598 0881 1243
LR Culex quinquefasciatus 193 485 0503 689

Total
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quinquefasciatus (0.593) indicating that bacterial species
are less evenly distribuled and some species are more
dominant than the others. The value of Inverse Simpson
index ranged from 4.65 for lab reared C. quinquefascialus
to 18.98 for field collected A. gambiae. The value of
Inverse Simpson index was observed 10 increase with
increase in diversity.

i community composition

The SILVA SSU Reference 119 database (Quast et al.
2013) was used to assign reads to appropriate taxonomic
farks. The OTUs spanned 12 phyla (Figure 3)
Proteobacteria (62.04-95.11 %), Firmicutes (0.00-6.13
%), Bacteriodetes (0.424.89 %), Actinobacteria (0.00-
497%). Eukaryota (0.00-3.46%),  Gemmatimonadetos
(0.00-0.86%), Spirochaetae  (0.00:0.21%),
Verucomicrobia (0.00-0.76%). Chloroflexi (0.00-0.80%).
Acidobacteria (0.00-0.68%). Archeabacteria (0.00-0.30%)
and Cyanobacteria (0.00-0.10%). The no biast hits had
relative abundance ranging from 0.00 o 16.58%.

OTUs belonging to the Phylum Proteobacteria were the
most abundant and were represented by the most genera
as shown in Figure 4. In lab reared C. quinquefascialus
sample the OTUs were affiated 1o following genera;
Aeromonas, _ Asala, _ Eizabelkingia, Enterobocler,
Pseudomonas, _Ransll, Semratia and_ Wolbachio
Serratia marcescens was the most abundant species in
this sample with a relaive abundance of 64.29%. Other
species present in higher abundance were Rahnella
uncultured_bacterium ~ 18.13%, Seratia  unculured
bacterium 5.08%, Wolbachia Embioptera sp. 4.37% and
Elzabethkingia  meningoseptica 4.38% (Figure 4).
However, in field collected Culex quinquefasciatus

sample genera _ represented _were,  Wolbachia,
Sphingomonas, ~Streptococcus, Serratia, Rhizobium,
Rahnella, Pseudomonas, _Methylobacterium, _Ixodes,
Helicobacter, Gamma_proteobacterium,  Enterobacter,
Corynebacterium, Bartonela, Bacteroidetes, Bacills,
Asaia, Arcobacter, Akkermansia, Agrobacterium, and
‘Aeromonas. The most abundant species i field collected
€. quinquefasciatus sample were Arcobacter uncultured
bacterium with relative abundance of 34.83%, while
Bartonella_grahamii astaup had 2445% (Figure 4).
Arcobacter _uncultured  bacterium, _ Bacteroidetes
uncultured_bacterium, B. grahamii  astup, Gamma
Proteobacteria uncultured bacterium, Helicobacter sp.
B52Seymour and Ixodes scapularis were unique species
inthe field colected C. quinquefasciatus sample.

In lab reared A. gambiae sample, Asaia uncultured
bacterium was the most abundant species with 39.30%
relative. abundance. Other taxa represented in the
sample include Aeromonas sp. DMA1, Rahnella
unculured_ bacterium and Serratia marcescens each
scoring a relative abundance of 10%. The genera found
in lab reared Anopheles gambiae sample include;
Aeromonas, Serratia, Bacills, Asaia, Chryseobacterium,
Gluconacetobacter, Delftia, Pseudomonas, Rahnells,
Thorsella,  Enterobacter and _ Stenoirophomonas.
Thorsellia anophelis was unique to ab reared A. gambiae
‘sample (Figure 5). The field collected A. gambiae sample
was found to harbor a higher diversity of bacterial
species. The most abundant species were Agrobacterium
p. 12.63% and Methylobacterium uncultured bacterium
at 11.14% relative abundance. The most predominant
genera found in feld collected include; Seratia, Bacills,
Agrobacterium _Stenotrophomonas, Gluconacstobacter,
Methylobacterium. Rahnella (Figure 5). The unique
species in field collected A. gambiac sample include:
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Agrobacterium tumefaciens,  Gemmatimonadetes
uncultured bacterium, Micrococcus uncultured bacterium
and Rhizobium sp. M51 (Figure 5).

Bacterial species which were recovered from all the
four samples include, Seratia marcescens, Asaia
uncultured bacterium, Enterobacter uncultured bacterium,
Pseudomonas uncultured bacterium and  Rahnella

uncultured _bacterium. Parathelohania _divulgata and
Takaokaspora nipponicus are fungal species recovered
fom the field colecled A.  gambiae and
C.quinquefasciatus respectively (Figure 5). Detailed
information on all the bacterial species recovered in this
study is given in additional file 1 Table S1.

Hierarchical clustering, based on Bray-Curtis
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Figure 5. Hirarchical clustering of most abundant midgut baciaral species of the fiold
collected (FC) and lab rearec (LR) mosquitoss. Species level was chosen o be used i
rarchicalcusterng to assess the rlatonship betwean sampla and taxa

dissimilarity, showed two clusters (Figure 5). The
dendogram shown on the top signify the relationship
between the four samples. The bacteria composition of
ab reared A.gambiae, field collected A. gambiae and
field collected C. quinquefasciatus samples were
clustered together. Within this cluster the field collected
A gambiae and field collected C. quinquefasciatus
samples were more closely related o each other. The
bacterial community recovered from the lab reared C.
quinquefasciatus samples was observed fo form
distinct cluster.

DISCUSSION

The microbes inhabiting mosquito midgut have drawn
special attention in the recent past due fo their
interactions with both the mosquito host as well as
disease causing parasites. The present study sought to
investigate the composition and diversity of microbes in
midguis of lab reared and field collected A. gambiae and
C. quinquefasciatus mosquices. The field collected

mosquitoes showed more midgut bacterial compositon
and diversity than the lab reared mosquitoes. A similar
observation was reported by Rani et al. (2009) in their
study involving the analysis of bacterial diversity in
larvae and adult midgut microflra in lab reared and field
collected Anopheles stephensi mosquito. veclors. The
higher bacerial diversity in field collected mosquitoes
could probably be due 10 the fact that wid mosquiloes
are exposed 1o the natural environment where they fed
on various natural foods that could be the source of the
diverse microbes, whereas the lab reared mosaquitoes are
fed on artificial diet of glucose and resins. Furthermore,
adult female mosquitoes require a biood meal for their
egg development and the blood acquired in the field
could also be a source of various bacterial flora. On the
other hand, the blood given to the adut female Iab reared
‘mosquitoes is from infection-free rabbils/mice (Rani et al,
2009). In the present study, the highest number of
bacterial species was delecisd from fied collected A
gambiae mosquitoes followed by field_colected C.
Quinquefasciatus and lab reared A. gambiae. The least
number of bacterial species were detected from lab
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reared C. quinguefasciatus.

Diversity indices analysis at OTU level from field
collected and laboratory reared mosauitoes revealed a
significant difference in microbial community composition
Field collected A._gambiae had the highest value of
Inverse Simpson index and while the lowest was lab
reared C. quinquefasciatus samples. The value of Inverse
Simpson increases with diversity (Chandel et al., 2013)
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 are evenly distributed among the samples. The
lowest evenness was recorded from laboratory reared C.
quinquefasciatus sample indicating that the bacterial
species in this sample are less evenly distributed, that i,
some species are more dominant than others.
Comparative diversity was visualized using heatmap
based on Bray-Curts dissimilariies at species level. The
microbial composition of the field collected samples at
species level, were more_similar compared to_the
laboratory reared. However, the laboratory _reared
samples  the bacterial compositon seemed to differ
between A. gambiae and C. quinquefasciatus

Members of the phylum _Proteobacteria, were
predominantly recovered from both the fied collected and
lab reared samples than those of phylum Firmicutes,
Actinobacteria and Bacteriodetes. Proteobacteria were
also shown to be dominant in a previous study conducted
in Kenya on A. gambiae mosauitoes (Wang et al, 2011)
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 simibr to
those recovered from previous culture dependent and
culure-independent studies (Rani et al, 2009). Phylum
Firmicutes consisted of ten species which were affiated
1o nine genera. Actinobacteria represented fiteen species
belonging 1o thirteen genera whereas Bacteriodetes
consisted of five species belonging to five genera.
Phyum  Cyanobacteria, Gemmatimonadetes,
Spirochactae,  Verucomicrobia,  Chioroflexi,
Archeabacteria and Acidobacteria. répresented only 4
small portion of the mosquito midgut communities.

The dominant genera recovered in the present study
belong to Sematia, Asaia, Arcobacter, Rahnella,
Bartonella, Aeromonas, Agrobecterium, Methylobacterium
and Wolbachia. The results of the study are consistent
with earler reports which have shown that that above
genera are dominant (Pidiyar et a., 2004; Demaio et a.
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, Bacills, Enterobacter,
Pseudomonas,  Sermatia, Asaia, Rahnella,  and
Stenoirophomonashave been frequently reported in
mosquito gut in previous studies (Pidiyar et al., 2004;
Boissiére 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 a major part of microbiota of A
gambiae and C. quinquefasciatus mosquitces in the
present study.

Seratia marcescens appeared to be the core species
(23.6%) in the present study, as it was observed in both
1ab reared and field collected samples, suggesting that it
possesses a compeliive advantage over other bacterial
species. S. marcescens is abundant in nature, and
especially in the artfcial foods given to the lab reared
mosquitoes. Similar results were reported in_five
generations of lab reared A. gambiae (Dong et ., 2009)

Asaia uncultured bacterium species was recovered at
39.30% was more abundant in lab reared A gambiae.
Asaia has been associated with Anopheles species, in
particular fied collected Anopheles funestus, Anopheles
Maculipennis, - Anopheles —gambiae and  Anopheles
coustani, and_Anopheles stephensi in which Asaia
bacteria was dominant and stably associated (Favia et
al, 2007). The presence of Asaia species in Anopheles
mosquito could be a target for malaria control it produces
antiparasite molecules in mosauitoes that could_be
exploited in paratransgenic control of malaria (Damiani et
al, 2010; Favia et al., 2007).

Elizabethkingia_meningoseptica and Wolbachia sp
have repeatedly been detected in both lab reared and
wild caught mosauitoes (Pumpuni et al, 1996) indicating
their prevalent symbiotic association with mosquitoes. In
the present study, Wolbacha was detected in both field
collected and lab reared C. quinquefasciatus, previously
it has been reported in several other mosquilo veciors
including, Aedes, Coquillttida and Masonia (Ricci et al.,
2012)

Bacilus sp.  Stenotrophomonas, Micrococcus
Acinetobacter, and Rhizobium frequently isolated from
Sol_and envionmental_samples were recovered_at
significantly greater numbers from the field collected
mosquitoes. This suggests 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 divuigata,
Paratheloharia obesa and Takaokaspora nipponicus
fungal species were recovered from the feld collected A
gambiae and C. quinquefasciatus but were absent in lab
reared mosquitoes.

From the foregoing, the mosquito midgut has a rich
diversity of symbiotic bacteria. The parasite mosquito
relationship is believed to have been in existence for
many years and it s likely that the acquired microfiora
permi the maintenance of pathogenic parasites in
mosquitoes. The microbes could be benefiting the.







image33.png

mosaquitoes by protecting them against harmful bacleria
and the mosquitoes could be benefiting the parasites by
lowering the mosaquito immunity against the parasites.

Conclusion

The reslts obtained present an analysis of the
composition and bacterial diversity of lab reared and wild
mosaquitoes using lumina sequencing technology. The
bacterial flora of adult female A. gambiae and C.
quinquefansciatus midgut is diverse and is dominated by
bacterial species S. marcescens. In future, understanding
the tripartte mosquito-microbes-parasite interaction wil
enable us gain more insight that may be useful in the
development of novel approaches for the control of
malaria and other mosquito bore diseases like filariasis,
dengue, Zika and Chikungunya.
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Additional file 1

‘Table S1. Midgut bacerial composiion at species evel an their abundance.

Specios vl

FC Anopheles PG Cler

LRAropheles LR Culer

Toal

Phylum Archeabacters
Achao,Euyarchacoa, Nahanobactra,Methnchacirales,Nehanacieiacsae, Mebanchowbact, hulred rchasen
Phylum Acidobacteria

Sactr, skkeacre, Ackobacets, Subroup 4 Uninoun Faiy,Blstocaels,nclred Acdoact tace
Bacr, Ackkvacrs, Aciobacea, Subgrou 6 uncuhured Accetscie bacerien

Phylum Actinobactera

Bactr,Actotacara, Acieosace,Coryresacorls,Correbacetacess, Conpebactorm unleed tacean
Bactra, Actotactara, Acinoace,Coresacrles,Conrabaceiaces,Conrbacerum, unculred Copabaciem 9
Bactra, Actotacara, Acinoacie,Corresacrls,Conrebacetacese,Conpebaclorm undertfed are bacriopankton
Bacir, Acirotaca, Acinceactes,Conesacrales,Canrecacteraese, e, urcubrsd Sacrum

Bactra, Actotacara, Acieoaclea,Corresacrils, Ditaceae, Dita unulrod bacirum

Bactra, Actotactara, Acinoaced, Frankides, Goodomaiophlacese, Basioeoecus e bacedum

Bactr, Actotacaria, Acinoace, Vicrococcals,Colomonadacea, Ao nculed baceum

Bactr, Actotacaria, Acinoace, Wicrococcals, iasporangacea, Tratactr eed tacerm

Bactra, Actotacaa, Acinoalea,Mirococals icobacleacese, Cuobacak unulrd bacerum

Bactr, Actotactaria, Acinoace, Wicrococcals, Merococaceae, AProbactr, Atobacr . TS8Y-23

Bactra, Actotactaria, Acinoace,Microcoecals Merococcacsae, Entractnacoccus, Yanlasp. YUAB S0.24
Bactra, Actotactara, Acinoacte, Micrococcals, Merococcacsae, Koasa Koot . oal con ANGDS

Bactra, Actotacara, Acinoacea,Mirocoecals Mirococacsae, Microeocus s baceien

Bactr, Actotacara, Acinoacer,Poponbacieres, Nocrddacee,Nocarddes unculred bacerm

Bactra, Actotacara, Acinoacie,Svepomycetas, Steplomycsacsa, Steplomycs, Seplomys ol

Bactra, Actotacaa, Thermoecphla,Gleae,uncrd,uculsed acrum

Phylum Bacteroidtes

Bacter,Bactoroidls, Bactroisa, Bclrsdle, Rienalacese, RC9 ul group, nculeedsacer

Bactra, Bactoroidoles, Faobactoda, Fawchacals,Cromerphacea, inicos wnulred aceum

Bactra, Bactoroidls, Favobactod, Favchacals,Flahacarcese,Crysetacieum, Chyseobactom 9. M13
Bactr, Bactoroidls, Favcbacoa, Favchacalos,Favohacaracee,Elzaboing,Eizabothinga moriogosopica
Bactr, Bactoroidls, Faiobactoda, Favchacals,Favohacaacese,unculod, uncued Bacierades bacedum
Phylum Chiorofler

Bactr,Chorols,Thmomsicota, JG30KF-CIS o stk

Baciria,Crorols,Thmonicota, Sphasroaceaes, Sphasroaceracese, ilances, ncured Chioofsbacerm
Phylum Cyancbactera

Bacter,Cyanbacir, Chropstnculeedtacran

Phylum Fimicutes

Bactr, Fimiie, Bail, Balals, Bacllacea, Aronybails culeedtacera

Bactr, Fimie,Bail Balals, Ballaces, Bailus,unulrodBacls s
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Table S1. Contd

Bacior, Fmiaes, Sacl Bacils Baclaces, Boclus unored baceen
Sactre, Fimioes, Gach, Bacills, Planocaczace, ysibacils unbredSacarum

Bactr, Fimies, Bacl, Baciles, Saptybcoccacese,Safcocos ncursd st

Bactre, Fimioes, Bach Lacobscllles,Camotacieracea, Abpesies unculieed g

Bactor, e, Bal Lacobacildes,Cachaceiaceas,nculred,wcubredtacarum

Bactor, e, Bacll Lacobacils,Svepococaceae, Seplococus unculred bacerum

Bactor, Fimides, lsidi,Closials, Peplostoploooacese,ncata S uculeedtacran

Bactor, Fimise, lsiia,Closiils, Ruminococzaceae, unuiod, e bacem

Phylum Gemmatimonadetes

Bactor,Garaironadele, Gomatirradeie, AT4ZS £46C11 laresta grup, wnred bt

Phylum Protobacteia

Bactor, Prfacsacie, Aphaproisobacios, Calobaciocls, Cabacteracess, owndimonas urculred bacoum
Bactor, Priacsacte, Apaprisobaces, Rizobiaes, Baronelacsa, Barorela, Barnel ratariastap

Bactor, Priacsacte, Apaprisobaces, Rizobies, Bradyhizsiacea,Bose, s 50503 .

Bactr, Prteobactera, Aphaeisobacies, Rizobias, ethbaciricese, ethjcoacun, lethyoosctran Listanum
Bactor, Prfacsaie, Apapeisobacioa, Rizobides, ahybacieiacsa, Nlhyloactrum urcubd baceum
Bactor, Priacsacie, Apaprisobaces, Rizobiaes, Rzniacea, Rizobum, Agrobacerianmefaciens

Bactor, Priecsace, Appaprisobaces, Rizobias Rzntiacsa, Rizobum, Rzobium 9. JCHO.

Bactor, Priacsacto, Appaprisobactos, Rizobiaes, Rzniacea, Rizobum, Rhzobism 9 M

Bactor, Priacsace, Apaprisobaces, Rizobides, Rzniacea, Rizobum, unculed Agobactom p.
Bactor, Prfecsacio, Apaprisobactor, Rizobides, Rizchiaces, Rizobsm unlied tacrmn

Bactor, Priecsacie, Apaprisobacios, Rizobides, Rzciaces,Rizobum, unculsed Paracocs .

Bactor, Priecsaio, Apaprisobactos,Rrdotactarlo,Rrochacracee,Parcorcs uneedtace
Bactor, Prfacsacte, Apapeisobacto, Rrospilaes,Acslobacoacese, Aceobacks,cubred Aclobackr .
Bactor, Priecsace, Apaprisobaco,Rrudospilaes, Acsobacoacese, Asa, Asaiabogrnsis

Bactor, Priecsacie, Apaprisobacio,Rrudospilaes, Acsobacocese, Asia e sacarkm

Bactor, Priecsacie, Apaprisobacio,Rrudospilaes, Acsobacocese, Asia e sacatm

Bactor, Priecsacie, Apaprisobacio,Rrudospilaes,Acsobacocese, Asia e sacakm

Bactor, Priacsacie, Apaprisobacio,Rrudospilaes, Acsobacoacese,Ghcacelobacts, Glronacelobactr kusiacens
Bactor, Priacsaio, Appaprisobacerd, Reketsales, Arapasmatacss Holbacha Eniciea sp. Wienna 012
Bactor, Priacsacie, Apaprisobaces, Reketsales, Arapasmataceae, Wolbacha eculurd bacem

Bactor, Prfecsacie, Apaproisobaciora, Reketsls,mixhonda, ik astiurm

Bactor, Priacsace, Appaprisobaces, Reketsales, cketisacsa, Rickes,cubred ik .

Sacra, Pricceactea, Aphartacsacea,Sgringoronsks, SphngoTonadacese, Snguonas e baderm
Bactr, Prteobace, Aphapetsobacie,Spingononadales, Sphingoronadaces, Shingurons,unculied Fmites bacieium
Bactor, Prfecsaie,Belapiecacto,Bukdrls,Comamonadaceas,Dets unculed bacerum

Bactor, Prlacsate,Belapieckactar,Bsdrls,Comamoacacese,Dalfia,culrd Dot

Bactor, Priacsate,Belapiectacta,Bldrls,Oxaloactoracese, Onalbacoum, Oalcibctra fovum
Bactor, Prleotarots, Belapiooata, Nessorlos Nosaiacea,uulred. o tacedum
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Table $1. Contd.

Bacteria, Protecbaceria, Epsionprotecbacera, Campylobacterales, Heicobacieraceae, Helicobacter, Heficobacter sp. 852D Seymou’
Bacteria, Protecbacteria, Gammaproteobacieria, Aeromonadales, Aeromonadaceae, Aeromonas, Aeromonas sp. DMA1
Bactera, Protecbaceria, Gammaproleobacteria, Aeromonadales, Aeromonadaceae, Aefomonas, uncultured AGromanas sp.

Bacteri, Proleobaciera, Gammapeoteobacie, Xanthomonadales, Xanhormonadales Inertas Seds, Sterdobacter unculured baclerum
Phykum Spiochaetae

Bacteria Sprochaetae Spirochastes Spirochaetales, Sprochaetaceae uncultured, Spironema culicis

Phylum Verrucomicrobia

Bacteria Vemycomicrobia,Vermucomicrobiae.Vemucomicrobiales Vermucomicrobiaceae Akkermansiauncultured bacterium
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