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Abstract
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Every year, hundreds of thousands of people die from malaria. Malaria is a disease caused
by parasites, which are spread by female vector mosquitoes of the genus Anopheles. Current
control measures against malaria are based on drugs against the parasites and vector control
using insecticides. A problem with these measures is the development of resistance, both in the
parasites against the drugs and the mosquitoes against the insecticides. Therefore, additional
areas of malaria control must be explored. One such area involves the bacteria associated
with the vector mosquitoes. Bacteria have been shown to affect mosquitoes at all life stages,
e.g. by affecting choice of oviposition site by female mosquitoes, development of larvae and
susceptibility to parasite infection in adults. Furthermore, genetic modification of symbiotic
bacteria has been suggested as a mean of killing the parasites in the mosquitoes. This thesis
is based on four field studies and one laboratory study and aims to investigate the naturally
occurring bacteria associated with different life stages of malaria mosquitoes and how they
are acquired. All studies are based on amplicon sequencing of the 16S rRNA gene. We found
that overall mosquitoes contain different bacterial communities. However, bacteria associated
with adults reflect their life history and can predict the origin of mosquitoes. Bacteria in larvae
are similar during the developmental stages but vary with breeding site. Also in larvae, the
bacteria could be used to predict the origin of breeding site. Some bacteria could be related to
the presence or absence of Anopheles around human habitations and the diversity of aquatic
bacteria in breeding sites is large, though some taxa are common. Overall, both environmental
and host-genetic factors affect the gut bacterial composition in adult females. In conclusion, this
thesis contributes to increasing the knowledge of bacterial diversity associated with Anopheles
mosquitoes and to provide insight into how the bacteria are acquired, which can be useful in
malaria control.
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 “If you think you are too small to make a difference, you haven’t 
spent a night with a mosquito.” 

- African proverb

Till min familj 
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Introduction 

Bacteria are a diverse group of organisms, present everywhere on Earth. 
They were first discovered and observed in 1676 by Antonie van Leeuwen-
hoek (Smit and Heniger 1975). Since then we have learnt that they are found 
all around us, on the ground, in the water, in the air, in extreme environ-
ments as well as in and on plants, animals and humans. It has been estimated 
to exist 1x1030 microbial cells on earth (Gilbert et al. 2010) and in and on our 
bodies at least as many bacterial cells as human cells (Sender et al. 2016) 
with the intestine alone containing approximately 500-1000 species of bacte-
ria (Sommer and Backhed 2013). Of the total global environmental DNA 
only a small fraction has been sequenced (Gilbert et al. 2010). However, 
with advances in high-throughput sequencing methods in the last decades, 
much attention has been given to investigations of bacteria associated with 
different environments. For example two large-scale projects, the Human 
Microbiome Project initiated in 2007 (NIH HMP Working Group et al. 
2009) and the Earth Microbiome Project founded in 2010 (Gilbert et al. 
2010; Thompson et al. 2017) with the aim of characterizing microbial com-
munities in the human body and in different environments around the world.  

Bacteria affect the environment in many ways by contributing to biogeo-
chemical cycles, degrading and recycling essential elements like nitrogen, 
carbon, and phosphorus (Alongi 1994). Bacteria have also been utilized by 
humans for our benefit, for example in the production of food where bacteria 
are used in fermentation to produce cheese, yoghurt, and bread (Caplice and 
Fitzgerald 1999). Another area in which bacteria are used for human purpos-
es is disease control, bacteria have for example been used in the production 
of pharmaceuticals for many years (Neumann and Neumann-Staubitz 2010). 

Some diseases are spread by vectors, organisms that transport and spread 
pathogens from one host to another. As no exception these vectors are also 
associated with bacteria. The effect of bacteria on vectors of disease and the 
pathogens they carry might therefore be exploited to control disease trans-
mission. The most recognized disease vector is probably the mosquito, 
which is the vector of many human diseases. This thesis includes studies of 
mosquitoes of the genera Anopheles and Aedes. However, the main focus is 
on the genus that transmits the most deadly vector borne disease, namely 
malaria.  
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Malaria 
Evidence of possible cases of human malaria exists from as early as 2700 
BC in a Chinese document. Several other references from other places BC 
also exist, including clay tablets from Mesopotamia, papyri from Egypt, and 
Hindu texts. The early Greeks like Hippocrates were also aware of the ma-
laria symptoms seen in people living in marshy areas (Cox 2010). Today the 
disease is responsible for around 216 million cases and 445 000 deaths per 
year, with most cases and deaths occurring in Africa with the most vulnera-
ble group being children under 5 years old (WHO 2017). However, malaria 
also occurs in many other regions of the world (Fig. 1).  

 
Figure 1. Malaria-endemic areas in 2015. Based on a figure (Phillips et al. 2017) and 
a map by FreeVectorMaps.com (http://freevectormaps.com). 

The symptoms of malaria include, fever, anaemia, renal failure, acidosis, and 
cerebral and placental malaria (Tilley et al. 2011). Malaria is usually classi-
fied as asymptomatic, uncomplicated or severe with severe malaria often 
being fatal. Complications are due to severe anaemia and obstruction of 
blood vessels by the presence of infected red blood cells in capillaries (Phil-
lips et al. 2017). Diagnosis is based on fever and presence of parasites in the 
blood. The detection of parasites can be done by light microscopy of blood 
smears or by a rapid diagnostic test (RDT) based on detection of parasite 
antigens in the blood, PCR or loop-mediated isothermal amplification 
(LAMP), which is a type of PCR but does not require thermal cycling and 
electricity (Phillips et al. 2017).   
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Anopheles 
The vectors of malaria are mosquito species of the genus Anopheles. How-
ever, not all Anopheles mosquitoes are able to spread human malaria. Of the 
over 450 species of Anopheles, around 70 can transmit human malaria para-
sites. These species are found in different areas of the world with some areas 
having more than one malaria-vector species present (Sinka et al. 2012). 
Anopheles mosquitoes able to transmit malaria are found all over the world, 
not just in the endemic areas shown in Fig. 1. However, transmission effi-
ciency depends on the vector species and therefore varies worldwide. For 
example in sub-Saharan Africa An. gambiae is a dominant and highly effec-
tive vector (Phillips et al. 2017). Anopheles, like other genera of mosquitoes, 
has one aquatic life stage and one terrestrial. 

Plasmodium 
The causative agent of malaria is a parasitic protozoan of the genus Plasmo-
dium. There are five species of Plasmodium that spread human malaria, fal-
ciparum, vivax, ovale, malariae, and knowlesi. P. falciparum and P. vivax 
are the most common ones and the cause of the largest public health burden. 
For these two parasites, humans are the only mammalian hosts (Phillips et al. 
2017). The first person to observe these parasites in the blood of malaria 
patients was Alphonse Laveran in 1880. Later, in 1897, Ronald Ross discov-
ered that the malaria parasites were transmitted by infected mosquitoes in 
avian malaria. A year later, Grassi, Bignami, and Bastienelli showed that 
human malaria parasites were transmitted in the same way by mosquitoes 
(Cox 2010). 

Life cycle 
The malaria parasite life cycle requires both a vector in the form of a mos-
quito and a vertebrate host. When the mosquito takes a blood meal from an 
infected person, parasites are also ingested. Plasmodium gametocytes travel 
with the rest of the bloodmeal to the posterior midgut lumen of the mosquito. 
Gametogenesis is initiated by the mosquito environment and extracellular 
macro- and microgametes are produced rapidly. These gametes quickly ferti-
lize in the bloodmeal and form diploid zygotes that undergo meiosis. The 
zygote transforms into a motile ookinete with the shape of a banana. The 
ookinetes can resist the proteases from the midgut epithelium that digest the 
bloodmeal and can pass through the peritrophic membrane formed around 
the bloodmeal by chitinase secretion. Then they cross the midgut epithelium 
and stop beneath the basal lamina and transform into oocysts (Baton and 
Ranford-Cartwright 2005). Between entering the mosquito midgut until oo-
cyst formation the parasites are at a vulnerable stage; there is a bottleneck for 
the parasites to cross the midgut epithelium. From 10,000 gametocytes, only 
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0-5 oocysts form (Ghosh et al. 2000; Wang and Jacobs-Lorena 2013). Oo-
cyst formation starts around 24-48h after the bloodmeal. Within each oocyst 
sporogony occurs where mitotic replication produces thousands of genomes. 
A sporoblast is formed and from this sporozoites are produced and released 
into the haemocoelic cavity. From there, some sporozoites end up invading 
the salivary glands and persist there. When the infected mosquito bites a 
human, some of the sporozoites are injected during the salivation part of 
bloodfeeding (Baton and Ranford-Cartwright 2005). The parasites then trav-
el in the blood to the liver. Here they invade hepatocytes and within these 
multiply and differentiates into merozoites (Tilley et al. 2011). The thou-
sands of merozoites are released into the bloodstream and invade red blood 
cells. Within the red blood cells, the parasites develop through three stages. 
The first stage is the ring stage, then the trophozoite stage where growth 
occurs, and lastly the schizont stage where division occurs. At the end of this 
asexual cycle that takes around 48h, the erythrocyte ruptures releasing about 
20 merozoites. Some of the intraerythrocytic parasites differentiate into male 
and female gametocytes, which when taken up in a bloodmeal by a mosquito 
starts a new transmission cycle (Tilley et al. 2011).     

Control methods 
Methods for malaria control can be divided into two approaches, prevention 
including vector control, prophylaxis and vaccines, and treatment including 
e.g. drugs and blood transfusions (Enayati and Hemingway 2010). Preven-
tion methods in Africa almost completely rely on insecticides in the form of 
longlasting insecticide-treated bednets and indoor residual spraying (Enayati 
and Hemingway 2010). The use of these preventive methods has proven to 
be very successful with the number of deaths due to malaria halving in the 
period 2000-2015 (Cibulskis et al. 2016). However, both longlasting insecti-
cide-treated bednets and indoor residual spraying used mostly insecticides of 
the class pyrethroids. This has lead to the selection of resistance in the mos-
quito vectors with the result of pyrethroids no longer killing mosquitoes in 
some parts of Africa (Hemingway et al. 2016a). The decrease in the number 
of deaths can also be attributed to the use of effective drugs against P. falci-
parum in the form of mainly artemisinin-based combination therapies 
(ACTs). However, also here resistance is developing as a problem, this time 
in the parasites against the drugs. In Southeast Asia, ACTs are now failing 
against P. falciparum (Haldar et al. 2018). Furthermore, Anopheles are 
changing their feeding behavior to bypass the bednets (Ojuka et al. 2015). 
This, together with the development of resistance against the existing inter-
ventions, might increase the burden of malaria again. Actually, the number 
of malaria cases increased by 5 million in 2016 compared to 2015 (WHO 
2017). Therefore, novel methods to control malaria are needed. At the mo-
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ment new tools for detection, treatment, and prevention of malaria are under 
development (Hemingway et al. 2016b). 

One area of intervention methods being investigated is non-insecticidal 
vector control methods. The aim of these methods is to reduce transmission 
by reducing population size, shorten lifespan, or inhibit ability to transmit 
malaria parasites by elimination of the parasites in the vectors (Hemingway 
et al. 2016b). It has been shown that bacteria naturally can shorten the 
lifespan of Anopheles mosquitoes (Bahia et al. 2014; Ramirez et al. 2014) 
and inhibit Plasmodium infection in mosquitoes. For example, bacteria have 
been shown to have both direct inhibitory effects on the parasites by produc-
tion of reactive oxygen species (Cirimotich et al. 2011) and other metabo-
lites (Bahia et al. 2014; Ramirez et al. 2014), and indirect inhibitory effects 
by activating the mosquito immune system, which in turn inhibits the para-
sites (Meister et al. 2009). Genetic approaches have also been suggested for 
this purpose, both involving the vector mosquitoes themselves (transgenesis) 
and the bacteria associated with the mosquitoes (paratransgenesis) (Hem-
ingway et al. 2016b). Transgenesis is the genetic transformation of the vec-
tors to produce anti-Plasmodium effector molecules while paratransgenesis 
is the genetic transformation of mosquito-symbiotic bacteria or other micro-
organisms to produce anti-Plasmodium effector molecules (Wang and Ja-
cobs-Lorena 2013). For the development of these methods involving bacte-
ria, it is necessary to understand their role in mosquito physiology, effects on 
development and immunity, and also direct interactions with transmitted 
pathogens like malaria parasites. A first step is to investigate which bacteria 
are naturally present in Anopheles mosquitoes and where they come from, to 
further down the line be able to manipulate their functions or community 
composition for the purpose of malaria control.   

Bacteria associated with Anopheles 
Bacteria associated with Anopheles mosquitoes have been studied at both the 
larval stage and the adult stage, as well as in the larval breeding water. Stud-
ies have investigated both field collected and laboratory reared Anopheles. 
Furthermore, the mosquitoes have been investigated by different methods 
due to technical advances in the field of DNA sequencing. This section will 
focus on studies investigating bacteria associated with vector mosquitoes, 
mainly Anopheles. 

Adult midgut bacteria 
Several studies have been performed with the aim of investigating the effect 
of bacteria on Plasmodium parasites in adult malaria-mosquito midguts. To 
investigate this, relevant bacteria present naturally in mosquito guts also 
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needed to be identified. In early studies, mosquitoes or dissected midguts 
were homogenized and cultured on agar plates and identified by biochemical 
analyses. For example, laboratory-reared An. stephensi were studied and 
three different isolates were identified. In the same study, Gram-negative but 
not Gram-positive bacteria were found to inhibit P. falciparum sporogonic 
development (Pumpuni et al. 1993). In laboratory-reared An. stephensi, An. 
gambiae and An. albimanus, 17-90% of the mosquito guts were found to 
contain bacteria and higher bacterial counts were associated with reduced 
oocyst densities in P. falciparum infected mosquitoes (Pumpuni et al. 1996). 
In field collected An. funestus from Kenya and An. gambiae s.l. from Kenya 
and Mali, 73 bacterial isolates from midguts corresponded to 20 genera iden-
tified by gas chromatography. Here, no correlation between gram-negative 
bacteria and P. falciparum sporozoites were observed. However, female An. 
funestus were more likely to be infected if they contained gram-positive 
bacteria. Only 8-29% of the mosquitoes were found to contain bacteria 
(Straif et al. 1998). Another study investigated field-caught An. albimanus 
from Mexico and found that P. vivax development could be inhibited by 
some bacteria, though high concentrations were needed, which also caused 
mosquito mortality (Gonzalez-Ceron et al. 2003). 

With the development of DNA methods, An. gambiae  s.l. and An. funes-
tus from Kenya were investigated by both culture-dependent- and culture-
independent methods based on sequence analysis of the 16S rRNA genes. 
This resulted in identification of seven genera by each method, e.g. three 
genera of intracellular bacteria were identified the by culture-independent 
method (Lindh et al. 2005). In another study utilizing 16S rRNA gene librar-
ies from three An. stephensi from an insectary in Italy, one genus was found 
to dominate, Asaia. Asaia was also found in field collected An. maculipennis 
from Italy and An. gambiae from Burkina Faso and on eggs, larvae, pupae 
and different tissues in adults. Furthermore, it was shown to be maternally 
transferred. These characteristics suggested it could be a candidate for para-
transgenesis (Favia et al. 2007). On the same theme of paratransgenesis, 
another bacteria was identified by 16S rRNA sequences as dominant in field 
collected An. gambiae s.l. in Kenya, Thorsellia anophelis. T. anophelis was 
also found in the breeding water and shown to tolerate an alkaline environ-
ment, which is found in mosquito guts,  and be able to utilize blood for 
growth. These characteristics suggested it could be a suitable bacterium for 
paratransgenesis to control malaria (Briones et al. 2008). Other studies in-
vestigating Anopheles midguts for paratransgenesis candidates include three 
studies from Iran (Chavshin et al. 2012; Chavshin et al. 2014; Dinparast 
Djadid et al. 2011). All studies used culture-based methods and PCR of the 
16S rRNA gene. Dinparast Djadid et al. investigated An. stephensi and An. 
maculipennis adult females and larvae from the laboratory and field, and 
breeding site water and found the majority of sequences belonged to Gam-
maproteobacteria. Chavshin et al. (2012) investigated 96 wild female adult 
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An. stephensi from two locations in Iran. Five of twelve genera were found 
in both regions, coastal and hilly. Chavshin et al. (2014) investigated wild 
An. culicifacies, 34 females and 68 larvae in three biotopes in Iran. They 
found diversity varying with mosquito stage and area. 

Further developments in DNA sequencing methods lead to the use of py-
rosequencing of the 16S rRNA gene. This resulted in a number of studies 
about bacteria in malaria mosquitoes (Akorli et al. 2016; Boissière et al. 
2012; Coon et al. 2014; Gimonneau et al. 2014; Onchuru et al. 2016; Osei-
Poku et al. 2012; Sharma et al. 2014; Tchioffo et al. 2015; Wang et al. 
2011). For example, Wang et al. investigated the bacteria associated with the 
life history of An. gambiae in semi-natural habitats in Kenya. They found 
that OTU diversity was highest in the breeding water and then decreased in 
the order larvae, pupae, sugar-fed females and blood-fed females. Osei-Poku 
et al. looked at eight different mosquito species of non-bloodfed females in 
Kenya including Anopheles, Aedes, Culex and Mansonia. Different mosquito 
species had similar gut bacteria but individuals in a population had very var-
iable bacteria. The sampling location showed no significant correlation with 
gut composition. However, in the study by Boissière et al., An. gambiae 
larvae collected in two locations in Cameroon and reared to adults in an in-
sectary differed according to breeding site suggesting that the native aquatic 
breeding source determines the composition. 

Larval bacteria 
Anopheles larvae from different parts of the world have also been studied for 
bacterial composition. In Iran, 100 wild An. stephensi larvae from two loca-
tions were found to contain almost twice the number of species as adults, 40 
species/strains in larvae compared to 25 in adults (Chavshin et al. 2012). In 
Kenya, An. gambiae larvae were also found to contain more bacteria than 
adults but it was also shown that they contain fewer bacterial OTUs than the 
breeding water (Wang et al. 2011). The finding that larvae contain fewer 
bacterial species than their breeding water has also been shown in other stud-
ies (Coon et al. 2014; Gimonneau et al. 2014). This suggests that the larval 
gut is selective. Also the observation that larvae contain more bacterial spe-
cies than adults was shown in the study by Gimonneau et al. The reduction 
in gut bacteria from the aquatic life stages to terrestrial life stages has been 
suggested, for example by complete gut sterilization (Moll Coon et al. 2014 
2001). However evidence for transstadial transfer of bacteria from larvae to 
adult mosquitoes has been presented at least in Aedes mosquitoes (Coon et 
al. 2014). 
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Breeding-water bacteria 
The bacterial communities found in Anopheles breeding water have been 
reported a couple of times. Overall there is a large diversity found. Investi-
gated sites include breeding water in Iran (Dinparast Djadid et al. 2011), 
field sites in Camerooon (Gimonneau et al. 2014), rearing pans in the labora-
tory (Coon et al. 2014) and several sites in Kenya; rice paddies (Briones et 
al. 2008), semi-natural habitats (Wang et al. 2011) and field sites (Onchuru 
et al. 2016). In Cameroon, water samples from different depth were ana-
lyzed. This showed that the bacterial composition differs between the upper 
surface microlayer, where Anopheles feed, and the subsurface layer (Gimon-
neau et al. 2014). 

Field vs laboratory 
Several studies have investigated the bacterial composition in field-collected 
mosquitoes and compared it to that in laboratory-reared mosquitoes. Most 
studies have found a difference with lower diversity in laboratory-reared 
mosquitoes. Gonzalez-Ceron et al. found no bacteria in insectary An. albi-
manus while some were found in field-caught An. albimanus from Mexico. 
In India, it was also found that laboratory and field-collected An. stephensi 
differed in diversity with a higher diversity in field-collected mosquitoes 
(Rani et al. 2009). In Kenya, laboratory and field-collected adult mosquitoes 
showed some similarities in gut communities at family level. However, also 
in this study diversity was lower in laboratory-reared mosquitoes (Wang et 
al. 2011). In a following study, field and laboratory mosquitoes in Cameroon 
differed drastically, with a loss of diversity in the laboratory mosquitoes. The 
composition changed from 94% Proteobacteria in field collected An. gambi-
ae to 96% Flavobacteria in laboratory-reared An. gambiae (Boissière et al. 
2012). 

Identification method of bacteria 
The methods used for identifying bacteria in and associated with malaria 
mosquitoes have changed with time. In the beginning of the development of 
the field, culturing of bacteria and identification based on biochemical test 
was used. With the development of DNA techniques, culture-independent 
studies became the standard as it has long been recognized that not all bacte-
ria can be cultured (Staley and Konopka 1985). The 16S rRNA gene is now 
used as a phylogenetic marker and sequenced using high throughput se-
quencing technologies, which generates millions of reads per sample. Based 
on this it is easy to understand that the number of bacteria identified in mos-
quitoes has changed. From first believing that not all mosquitoes carry gut 
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bacteria, it is now known that they contain diverse bacterial communities 
and several bacterial species are identified in each sample.  
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Aims of the thesis 

The overall aim of this thesis was to explore which bacteria are associated in 
different ways with Anopheles mosquitoes around the world and how these 
bacteria are acquired. The purpose of this was to contribute to knowledge 
useful for new effective interventions against malaria. The specific aims 
were to: 

Paper I 
• Characterize bacterial community composition in domestic water-

storage containers and correlate this habitat characteristic to the 
absence or presence of vector mosquitoes. 

Paper II 
• Characterize and compare the bacterial community composition in 

An. darlingi breeding waters. 

Paper III 
• Investigate bacterial community composition associated with 

Anopheles larvae and the effect of breeding site and larval devel-
opmental stage. 

Paper IV 
• Investigate if bacteria associated with adult Anopheles mosquitoes 

reflect acquisition of bacteria in different environments. 

Paper V 
• Investigate the effect of environment and genetics on the bacterial 

gut composition in vector mosquitoes. 
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Materials and methods 

Sample collection 
Collections of samples were made in the field for studies I-IV in order to 
investigate populations of bacteria associated, in different ways, with malaria 
mosquitoes (and Aedes mosquitoes for study I) in their natural environments. 
For studies I and II, surface water of Anopheles and Aedes breeding sites 
were sampled. In study I, this was done by placing a steal mesh on the sur-
face to collect the top layer of the water (Briones et al. 2008). In study II, 
this was done by using a hand dipper to scrape up the water along the sur-
face. For study III, Anopheles larvae were collected from their breeding wa-
ters. This was performed by the use of a hand dipper technique. Examples of 
the collection sites are shown in Fig. 2. 

 
Figure 2. Examples of field collection sites. Upper left: Domestic water-storage 
container, India (Nilsson et al. 2018). Upper right: Lake, Amazon region of Brazil. 
Personal photograph. Lower middle: River fringe, Ethiopia. Illustration from paper 
III. 
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For study IV, adult Anopheles mosquitoes were collected. This was done 
inside houses by mouth aspiration. Individual mosquitoes were collected and 
stored separately. Collections of samples for study V were performed in the 
laboratory where the experiment was carried out.  

DNA extraction, PCR, and MiSeq sequencing 
All samples (water, larvae, adult mosquitoes, guts of adult mosquitoes, and 
sugar pads) were DNA extracted, except for the water samples in study I. 
Different kits were used in different studies depending on availability. Ex-
tracted environmental DNA was subjected to PCR amplification targeting 
the 16S rRNA gene of the bacteria in the samples. The 16S rRNA gene is 
around 1600 nucleotides long and the molecule is one of three rRNAs in 
bacteria. Together they form parts of the ribosomes that are essential for 
protein synthesis (Olsen et al. 1986). All bacteria have this gene, which al-
lows analysis of phylogenetic relationships. It is made up of highly con-
served sequences as well as more variable ones. The conserved regions pro-
vide sequences to which PCR primers can be designed that will amplify 
most bacteria while the interspersed variable regions provide information for 
classification of the bacteria (Vetrovsky and Baldrian 2013). The PCR am-
plifications in all studies included in this thesis were performed by a two-
step method using the primers 341F (5’-CCT ACG GGN GGC WGC AG-
3’) and 805R (5’-GAC TAC HVG GGT ATC TAA TCC-3’) (Sinclair et al. 
2015). These primers amplify the variable regions V3-V4 of the 16S rRNA 
gene, Escherichia coli position 341-805. In the first step of the PCR method, 
amplification was performed with these primers together with the extracted 
DNA or water from the samples as templates. In the second step of the PCR 
method, the PCR products from the first step were provided as the templates. 
These were amplified by 10 additional cycles of PCR with the same primers 
(341F and 805R) except for the addition of seven nucleotide-barcodes at the 
ends. In order to run 50 different samples as one sample on the sequencer, 
one of 50 unique combinations of forward and reverse primers were used per 
sample. These pools of 50 different samples were then purified and submit-
ted to a sequencing facility, SNP/SEQ Technology platform in Uppsala, 
Sweden, where both library preparation and paired-end sequencing with 300 
bp read length was performed on the Illumina MiSeq system (Illumina, San 
Diego, CA, USA). The raw MiSeq sequences for all studies included in this 
thesis are or will be deposited in the European Nucleotide Archive (ENA) 
database hosted by the European Bioinformatics Institute (EBI). 
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Bioinformatics 
From the fastq files produced by the sequencing facility, different bioinfor-
matic tools were utilized in order to produce an Operational Taxonomic Unit 
(OTU) table and corresponding taxonomy file. The OTU table is a table 
showing the number of reads of each OTU there is in each sample. All fol-
lowing analyses are based on this information. In order to go from fastq files 
to an OTU table there are a number of steps that need to be taken. In sum-
mary, first the paired end reads need to be merged to create longer sequences 
based on both the forward and the reverse reads. Then the samples need to 
be demultiplexed, which means the reads are separated into the sample they 
came from. The primers and barcodes are removed from the reads. The reads 
are quality filtered to remove reads with a low quality that might be wrong. 
Then the reads that are left in the analysis are clustered into OTUs based on 
similarity of the reads. Often 97% sequence similarity is used as a threshold 
and singletons, OTUs with a single read, removed. Chimeras, which are 
artifacts produced during PCR are also removed. They are formed when an 
extension of a sequence is terminated too early and the resultant product 
anneals to another parent sequence and initiates synthesis, creating a hybrid 
of multiple parent sequences. This can lead to falsely high diversity and the 
interpretation of novel bacteria (Haas et al. 2011). From each OTU, one rep-
resentative sequence is picked as the reference sequence for that OTU. Final-
ly, taxonomy is assigned to the OTUs using a reference database with 16S 
rRNA gene sequences. Characterization of unknown bacteria using 16S 
rRNA gene sequences requires a reference database of sequences from 
known bacteria to compare to (Olsen et al. 1986).  
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Present investigations 

Paper I | Aquatic bacteria and the presence of larvae 
Bacteria have been shown to both attract and repel ovipositing mosquitoes 
(Huang et al. 2006; Ponnusamy et al. 2008; Sumba et al. 2004). Therefore, 
bacteria associated with breeding waters of vector mosquitoes could repre-
sent those that attract ovipositing mosquitoes, while bacteria associated with 
waters without mosquito larvae could represent those that repel them. 
Knowledge of this could potentially be utilized in vector control strategies, 
e.g. to direct mosquitoes to traps or repel them from breeding sites near hu-
man habitations. Our goal was therefore to investigate potential breeding 
sites for bacteria that differ between the presence and absence of Anopheles 
larvae. We hypothesized that the bacterial composition in sites with mosqui-
to larvae present would represent suitable environmental conditions for the 
larvae while the opposite would be true for sites without larvae present. 

To investigate this, we sampled water from domestic water-storage con-
tainers in a village in India both when larvae were present and when they 
were absent. The bacterial communities in the water samples were identified 
and analyzed by 16S rRNA gene sequencing. In our study sites, we found 
not only Anopheles larvae but also Aedes larvae. Therefore, we included 
them also in the analysis to see if there was any difference in bacteria associ-
ated with another genera of vector mosquitoes and if some bacteria might 
attract or repel both types of vector larvae. Aedes are vectors of human dis-
ease like dengue, yellow fever, chikungunya and Zika. The overall distribu-
tion of the identified OTUs was shown in a Venn diagram (Fig. 3). 
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Figure 3. Distribution of all OTUs identified in the water containers. Each OTU is 
represented once in the Venn diagram. In areas of overlap, the OTUs were found in 
water containers in both/all three categories. The area of overlap between Ae-
des present and Anopheles present contains OTUs found in either water with 
both Aedes and Anopheles, in water with Aedes only and Anopheles only, or a com-
bination of these. n = number of water samples in each category (Nilsson et al. 
2018). 

We found that Anopheles and Aedes were more common when Lachnospi-
raceae, Synechococcaceae, Alcaligenaceae and Cryomorphaceae were pre-
sent in the water. While Xanthomonadaceae, Comamonadaceae and 
Burkholderiaceae were more common when Anopheles and Aedes were ab-
sent from the water. When separating the mosquito genera, it was shown by 
indicator species analysis (Dufrene and Legendre 1997) that different OTUs 
were indicating the presence and absence of the different genera. However, a 
couple of OTUs were found to indicate both Anopheles and Aedes presence 
(assigned as FukuN101 in the family Microbacteriaceae and as GKS98 
freshwater group in the family Alcaligenaceae) and one OTU was found to 
indicate both Anopheles and Aedes absence (assigned as CL500-29 marine 
group in the family Acidimicrobiaceae). We also found that the bacterial 
community composition in the water was similar in the water-storage con-
tainers based on date, more so than based on site across the sampling period. 
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Paper II | Bacteria associated with Anopheles breeding 
waters 
While the breeding water of Anopheles has been investigated for the bacteri-
al community composition in several studies of the Old World (Briones et al. 
2008; Dinparast Djadid et al. 2011; Gimonneau et al. 2014; Nilsson et al. 
2018; Onchuru et al. 2016; Wang et al. 2011), very little information exist 
about bacteria in Anopheles breeding waters in the New World. Therefore, 
we aimed to explore the bacterial community composition of An. darlingi 
breeding sites in the Amazon region of Brazil. An. darlingi is the principal 
malaria vector in the Amazon basin (Hiwat and Bretas 2011) where most 
cases of malaria on the American continent occur (Recht et al. 2017). We 
hypothesized that bacteria and the conditions they indicate would be similar 
in all locations as they all were characterized by large abundance of An. dar-
lingi larvae. 

To investigate this, we sampled four breeding sites and analyzed the bac-
terial composition within them. Analysis was based on 16S rRNA gene se-
quencing. We found that the sites were similar in bacterial composition to 
each other and to breeding sites of Old World Anopheles mosquitoes at high 
taxonomic levels. Of the total number of reads, 94% belonged to one of 36 
OTUs identified in all sites. However, the bacterial composition diverged 
between sites at lower taxonomic levels. Furthermore, one of the sites (site 
1) differed significantly in bacterial community composition from the rest 
(Fig. 4). This site also had a higher alpha diversity than the other sites.  

To find out which OTUs were separating the sites, an indicator species 
analysis was performed (Dufrene and Legendre 1997). This identified some 
OTUs that differed between the sites. These belonged to the orders 
Burkholderiales for site 1, Actinomycetales for sites 2 and 3, and Clostrid-
iales for site 4. The overall most common OTUs in all breeding sites were 
assigned to Escherichia/Shigella, Staphylococcus, and Pseudomonas.  
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Figure 4. Bacterial community composition in different An. darlingi breeding sites 
at different taxonomic levels. Upper panel: Phylum level, “Other”=unknown phy-
lum. Middle panel: Class level. Only classes making up >0.1% in any sample are 
named, other classes present are clustered as “Other” together with unknown classes. 
Lower panel: Family level. Only families making up >1% in any sample are named, 
other families present are clustered as “Other” together with unknown families. 
Illustration adapted from paper II.  
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Paper III | Bacteria associated with Anopheles larvae 
During the larval stages, Anopheles feed on microorganisms like bacteria 
and detritus in the air-water interface in the surface microlayer of their 
breeding water (Merritt et al. 1992; Wotton et al. 1997). It has been seen that 
adult mosquitoes collected from different breeding sites as larvae contain 
different bacteria according to which breeding site they were collected from 
(Boissière et al. 2012; Gimonneau et al. 2014; Tchioffo et al. 2015). This 
implies that the environment of their breeding sites is important for the bac-
terial composition in the mosquitoes. Furthermore, this transfer of bacteria 
from larvae to adult mosquitoes has also been shown directly (Chavshin et 
al. 2015; Coon et al. 2014).  

In this study we aimed to investigate the bacterial composition in An. 
arabiensis larvae and to investigate if the composition differs according to 
breeding site (both classified as individual sites and according to the aquatic 
type of the site) and according to larval developmental stage. We hypothe-
sized that the individual breeding sites would have an effect on the bacteria 
associated with the mosquito larvae as it has been shown that adult mosqui-
toes have a distinct microbiota depending on what geographical area they 
originate from (Akorli et al. 2016; Buck et al. 2016). Furthermore, we also 
hypothesized that the aquatic type of the breeding site would have an effect 
on the bacteria associated with the mosquito larvae as it has been shown that 
adult mosquitoes have a distinct microbiota depending on if the breeding site 
is a temporary or semi-permanent site (Tchioffo et al. 2015). Our hypothesis 
regarding the effect of developmental stage was that early and late instar 
larvae would differ in their bacterial composition as this has been shown in 
Culex mosquitoes (Duguma et al. 2015). Besides analyzing these effects on 
bacterial community composition in larvae, we also investigated if sequenc-
ing a pool of individual larvae would be representative of all the individuals 
in the pool. Often samples contain more than one individual to provide 
enough DNA for analysis. Therefore, our aim was to see if pooled samples 
of individuals reflect the individuals within. 

To do this, bacterial composition associated with individual An. ara-
biensis larvae as well as pools of individual larvae from Ethiopia were ana-
lyzed using 16S rRNA gene sequencing by MiSeq. In total, larvae from nine 
different breeding sites were analyzed. We found that mosquito larvae from 
the same breeding site contained similar bacteria, which differed from the 
bacteria associated with larvae from the other sites. Furthermore, we classi-
fied the breeding sites according to our interpretation of the type of aquatic 
habitat and found that larvae from the same type of aquatic habitat contained 
similar bacteria. Of the total variance, 45% could be explained by breeding 
site and 36% by aquatic-habitat type. We also analyzed if the bacterial com-
position could be used to predict the breeding site and aquatic habitat type 
the larvae were collected from. Random forest modeling showed that both 
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types of classification could be accurately predicted (Fig. 5). However, clas-
sification of mosquitoes according to breeding site was slightly better than 
classification according to aquatic-habitat type, with a misclassification rate 
of 9% compared to 11%. 

 
Figure 5. Random forest models predicting breeding site of An. arabiensis larvae 
based on their associated bacterial community composition. Upper panel: Prediction 
of breeding site, named B, D, I, K, N, Q, T, W, Z. Lower panel: Prediction of aquat-
ic type of breeding site. Illustrations from paper III.    

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

C
la

ss
 p

re
di

ct
io

n 
pr

ob
ab

ilit
y

R
ive

r f
rin

ge
_B

1
R

ive
r f

rin
ge

_B
2

R
ive

r f
rin

ge
_B

3
R

ive
r f

rin
ge

_B
4

R
ive

r f
rin

ge
_B

5
R

ive
r f

rin
ge

_B
6

M
ar

sh
_D

1
M

ar
sh

_D
2

M
ar

sh
_D

3
M

ar
sh

_D
4

M
ar

sh
_D

5
M

ar
sh

_D
6

C
on

st
ru

ct
io

n 
si

te
_I

1
C

on
st

ru
ct

io
n 

si
te

_I
2

C
on

st
ru

ct
io

n 
si

te
_I

3
C

on
st

ru
ct

io
n 

si
te

_I
4

C
on

st
ru

ct
io

n 
si

te
_I

5
C

on
st

ru
ct

io
n 

si
te

_I
6

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

K1
M

ar
sh

 w
ith

 h
ol

es
 b

y 
an

im
al

s_
K2

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

K3
M

ar
sh

 w
ith

 h
ol

es
 b

y 
an

im
al

s_
K4

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

K5
M

ar
sh

 w
ith

 h
ol

es
 b

y 
an

im
al

s_
K6

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

N
1

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

N
2

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

N
3

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

N
4

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

N
5

M
ar

sh
 w

ith
 h

ol
es

 b
y 

an
im

al
s_

N
6

Fl
oo

d 
po

ol
_Q

1
Fl

oo
d 

po
ol

_Q
2

Fl
oo

d 
po

ol
_Q

3
Fl

oo
d 

po
ol

_Q
4

Fl
oo

d 
po

ol
_Q

5
Fl

oo
d 

po
ol

_Q
6

Fl
oo

d 
po

ol
_T

1
Fl

oo
d 

po
ol

_T
2

Fl
oo

d 
po

ol
_T

3
Fl

oo
d 

po
ol

_T
4

Fl
oo

d 
po

ol
_T

5
Fl

oo
d 

po
ol

_T
6

R
ive

r f
rin

ge
_W

1
R

ive
r f

rin
ge

_W
2

R
ive

r f
rin

ge
_W

3
R

ive
r f

rin
ge

_W
4

R
ive

r f
rin

ge
_W

5
R

ive
r f

rin
ge

_W
6

G
ro

un
d 

wa
te

r p
oo

l_
Z1

G
ro

un
d 

wa
te

r p
oo

l_
Z2

G
ro

un
d 

wa
te

r p
oo

l_
Z3

G
ro

un
d 

wa
te

r p
oo

l_
Z4

G
ro

un
d 

wa
te

r p
oo

l_
Z5

G
ro

un
d 

wa
te

r p
oo

l_
Z6

Construction site
Flood pool
Ground water pool
Marsh
Marsh with holes by animals
River fringe
misclassified

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

C
la

ss
 p

re
di

ct
io

n 
pr

ob
ab

ilit
y

B1 B2 B3 B4 B5 B6 D
1

D
2

D
3

D
4

D
5

D
6 I1 I2 I3 I4 I5 I6 K1 K2 K3 K4 K5 K6 N
1

N
2

N
3

N
4

N
5

N
6

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6 T1 T2 T3 T4 T5 T6 W
1

W
2

W
3

W
4

W
5

W
6 Z1 Z2 Z3 Z4 Z5 Z6

B
D
I
K
N
Q
T
W
Z
misclassified



 30 

The developmental stage of the larvae could on the other hand not explain 
the bacterial composition. It was found that the larvae were associated with 
similar bacterial communities as first and second instars compared to third 
and fourth instars (Fig. 6).  

 

 
Figure 6. Pie charts of bacterial families in early and late developmental stages of 
An. arabiensis larvae show very similar composition. Early larvae refer to 1st and 2nd 
instar larvae. Late larvae refer to 3rd and 4th instar larvae. Only families represented 
by >1% of all reads are represented by name. Illustration adapted from paper III. 

Of all the OTUs identified, only one, classified as Thorsellia, was common 
to all larvae. Regarding the representativeness of pooled samples, we found 
that if larvae are pooled and sequenced together, the result represents all the 
individual larvae in the pool. 

Early larvae 

Late larvae 
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Paper IV | Bacteria associated with Anopheles adults  
Adult mosquitoes are associated with a large variety of bacteria. However, 
fundamental knowledge of where malaria mosquitoes acquire their bacteria 
is lacking. We hypothesized that the microbiota associated with adult mos-
quitoes would reflect the different environments encountered by each mos-
quito. Each encounter leaving its mark by contributing to the bacteria associ-
ated with the mosquito.  

To investigate this, we collected An. coluzzii (An. gambiae M form) adult 
mosquitoes from three villages in Burkina Faso. We analyzed the whole-
body bacterial composition of the mosquitoes using amplicon sequencing of 
the 16S rRNA gene. The mosquito samples harbored a wide range of bacte-
rial taxa and displayed clear individual differences. However, it was also 
seen that the mosquitoes clustered according to village with very few excep-
tions (Fig.7).  

 
Figure 7. NMDS plot showing distinct clustering of mosquitoes according to where 
An. coluzzii were captured. Analysis was based on all bacterial OTUs in the samples. 
M – male, FBF – female blood-fed, FNBF – female non-blood-fed. (Buck et al. 
2016). 

The sub-populations in the different villages were clearly separated despite 
being within flight distance from each other, however, a couple of samples 
from the village VK3 had a bacterial flora more similar to the bacteria asso-
ciated with mosquitoes of villages VK5 and VK7. Our hypothesis is that this 
indicates that there is some interaction between the villages and therefore 
suggests the existence of local populations within a meta-population net-
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work. This separation of mosquitoes based on their associated bacteria was 
further confirmed by a random forest model. The model showed that based 
on the bacterial composition, the village a mosquito was captured in could in 
90% of the cases be correctly predicted. The most important determinants of 
the random forest classification were OTUs assigned to the genera Massilia, 
Wolbachia, Shewanella and Acinetobacter. These four genera were likely 
acquired at different time points during the mosquito life history. Wolbachia 
is maternally transmitted via the egg and was mainly found in one village 
(VK5). This also confirmed the presence of Wolbachia in wild Anopheles 
mosquitoes, which was reported for the first time in 2014 (Baldini et al. 
2014). Massilia and Shewanella were probably taken up from the breeding 
water. Both bacteria genera have been found to form biofilms in fresh water 
(Cheng et al. 2014; Liu et al. 2012), which is a common source of food for 
mosquito larvae (Merritt et al. 1992). Acinetobacter is common in nectar 
(Fridman et al. 2012) on which both male and female adults feed. The mos-
quitoes from one village (VK5) harbored a different set of Acinetobacter 
OTUs than the mosquitoes from the other villages. Since Acinetobacter spe-
cies often are plant-specific (Alvarez-Perez et al. 2013; Fridman et al. 2012) 
it may imply different nectar sources in the different villages and that the 
mosquitoes have fed near where they were captured. We also found that 
gravid and non-gravid females contained similar bacteria, which indicates 
that host seeking and blood feeding does not have a major effect on the gen-
eral bacterial composition. It is known that the blood meal leads to rapid 
proliferation of mosquito-gut bacteria and favors some species that tolerate 
the new conditions (Tchioffo et al. 2015). However, our result suggests the 
overall bacterial composition returns to pre-blood meal composition after 
digestion of the blood meal. This was also seen by Tchioffo et al. for some 
bacterial genera in An. coluzzii and An. gambiae that decreased after blood 
feeding but at eight days post-blood-feeding had returned to the levels found 
before. We also investigated if three genera of human skin bacteria (Bacillus, 
Brevibacterium, and Corynebacterium) that have been shown to strongly 
attract female An. gambiae (Verhulst et al. 2010) were differentially found in 
the mosquitoes based on sex and diet. However, no correlation was found. 
On a genus level, we found that the most abundant genera, making up more 
than 40% of all sequences identified to genus level, were Thorsellia, 
Wolbachia, Massilia, and Acinetobacter. Of these, the most abundant was 
Thorsellia. 



 33 

Paper V | Effect of genetics and environment on 
mosquito gut bacteria 
The question of how the gut bacteria in adult mosquitoes are determined is 
not fully understood. Effects of both the environment, which the mosquitoes 
encounter during their lifetime (Buck et al. 2016), and of vertical transfer 
from parent to offspring (Baldini et al. 2014; Damiani et al. 2008) have been 
shown. The effect of mosquito species has also been investigated and most 
often no difference between species has been observed (Akorli et al. 2016; 
Coon et al. 2016; Gimonneau et al. 2014; Tchioffo et al. 2015). However, a 
difference was for example shown between Anopheles and Aedes compared 
to Georgecraigius mosquitoes (Coon et al. 2014) and between two Culex 
species, however, at different collection dates (Duguma et al. 2017). In this 
study, we therefore aimed to investigate the effects of genetics and environ-
ment on the gut bacteria in adult vector mosquitoes.  

To investigate the effect of genetics, we included two vector mosquitoes, 
An. gambiae and Ae. albopictus, for comparisons between species. Then we 
designed a laboratory study that allowed us to compare the two mosquito 
species reared in the same environment (either shared larval media or a 
shared sugar source) with the same two mosquito species reared in separate 
environments (separate larval media or sugar sources). Adult mosquitoes 
were dissected and the midguts were analyzed by 16S rRNA gene sequenc-
ing to determine the bacterial composition. In addition, the larval media and 
sugar sources were also analyzed by 16S rRNA gene sequencing. The study 
was repeated over seven generations of mosquitoes in an insectary in Leba-
non. 

We found that by comparing the gut bacterial compositions of all Anophe-
les mosquitoes to all Aedes mosquitoes across all generations there was a 
significant difference in gut-bacteria composition between species. Further-
more, we also found a significant effect of both larval media and sugar 
source on the gut bacterial compositions when comparing all mosquitoes. 
This indicates that both genetics and environment has an effect on the adult 
mosquito-midgut bacterial composition. Additional analysis showed that two 
OTUs were significantly different between the midguts of the two mosquito 
species, identified as Elizabethkingia and Wolbachia. Elizabethikingia was 
more common in Anopheles guts while Wolbachia was more common in 
Aedes guts. Furthermore, results from the parts of the study where Anopheles 
and Aedes shared larval medium or sugar source highlighted the importance 
of the genetic component in determining the gut bacterial composition. 
When the two species shared medium, Elizabethkingia was one of the most 
common bacteria in the medium and also found as one of the most abundant 
OTUs in Anopheles. This is in agreement with previous studies of laboratory 
reared An. gambiae where Elizabethkingia has been found abundantly (Bois-
sière et al. 2012; Chouaia et al. 2010; Dong et al. 2009). However, in Aedes 
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it was almost absent in the midguts. This is in line with the above identifica-
tion of differential abundance of Elizabethkingia in the two species. Similar-
ly, when Anopheles and Aedes adults were fed on the same sugar source, 
Burkholderia was identified to form a major part of the reads in the sugar. 
However, it was much more common in Anopheles than in Aedes midguts. 
On the other hand, when Anopheles and Aedes shared the same larval medi-
um, they showed a more similar bacterial gut composition to each other as 
adults in comparison to adults of their own species reared in a different lar-
val medium. Similarly, when adults of the two species shared the same sugar 
source, they showed a more similar bacterial gut composition to each other 
than to individuals of their own species feeding on a different sugar source. 
This highlights the effect of food source (environment) on the adult gut bac-
teria over the effect of mosquito species (genetics). Therefore, both host 
genetics (different species) and environment (different food sources), act to 
shape the composition of the midgut bacteria in mosquitoes. To investigate if 
one of the two components has a stronger effect, we compared dissimilarities 
in bacterial gut communities between mosquitoes of the same species but 
feeding on independent food sources to mosquitoes of different species feed-
ing on the same food source. The result showed no significant differences. 
Hence, the midgut bacteria in adult mosquitoes appear to be as strongly af-
fected by species as by food source. Another result from this study was that 
even though the environment was controlled in the form of the same insec-
tary with the same temperature and humidity, and the same food source 
throughout the experiment, significant changes in the bacterial composition 
of larval media and sugar pads as well as mosquito midgut bacteria occurred 
across the seven generations.  
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Meta-analysis 

This thesis includes work on identification of bacteria associated with 
Anopheles mosquitoes around the world (Fig. 8). In this section, I will pre-
sent some results from meta-analysis of the most abundant and frequently 
present OTUs in the papers included in the thesis. 

 
Figure 8. Map showing the locations of sample-collection sites for the studies in-
cluded in this thesis. Created using Office templates. 

Most abundant OTUs 
In all papers (I-V), we have investigated the bacterial communities associat-
ed in some way with mosquitoes, mainly of the genus Anopheles. In papers 
I-IV, we investigated bacterial communities associated with samples collect-
ed in the field to investigate the naturally occurring bacteria. Paper V on the 
other hand, was a laboratory study where we tried to control the conditions 
to analyze the effect of environment and genetics on the mosquito-gut bacte-
ria. The studies span different life stages of mosquitoes, from the breeding 
water to larvae to adults from different continents in the world. Nevertheless, 
investigating if there are any similarities seen in bacterial composition might 
reveal some general patterns. Summarizing the most abundant OTUs in each 
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paper and parts of each paper (Table 1), it can be seen that the same genus of 
bacteria (Thorsellia) is found most abundant in both Anopheles larvae and 
adults from the field. However, in the laboratory Elizabethkingia is the most 
abundant OTU. The Most abundant OTUs with origin in water differ in as-
signed taxonomy between the study sites. The abundance of the most abun-
dant OTUs in the studies from India is much lower than in the other studies 
suggesting a higher diversity of bacteria in those sites. However this might 
be explained by the methods used. In the study from India the OTUs were 
classified into OTUs at a level of 99% similarity while in the other studies 
the classification was at a level of 97% similarity. 

Table 1. Most abundant OTUs in papers I-V 

Paper Study site Origin Most abundant 
OTUa 

Abundance 
(%)b 

I India Water-all containers Acinetobacter 3.7 
 Water-without larvae Gammaproeobacteria 4.6 
 Water-with larvae wr0007 3.0 
II Brazil Water (field sites) Escherichia/Shigella 22.0 
III Ethiopia Larvae Thorsellia 10.9 
IV Burkina Faso Adults Thorsellia anophelis 10.2 
V Lebanon (laboratory) Adult guts (Anopheles) Elizabethkingia 35.0 
 Adult guts (Aedes) Wolbachia 43.9 
 Water (rearing pans) Microbacterium 31.0 
 Sugar (cotton pads) Pantoea 32.1 
a The taxonomic classification of the most abundant OTUs are given. 
b Percentage of the total number of reads in the study that is assigned to each OTU. 

Besides comparing the most abundant OTUs in the datasets, it is interesting 
to compare the most frequent OTUs in the datasets as these might differ. The 
most frequent OTUs might represent bacteria that are strongly associated 
with a particular type of samples, forming the core bacteria. 

Most frequently present OTUs in Anopheles 
In papers III-V, we investigated bacteria associated with Anopheles larvae or 
adult mosquitoes. An interesting question is if there are any bacterial species 
that are always present in Anopheles mosquitoes. These might for example 
be targeted for paratransgenesis. Bacteria associated with both larvae, field 
collected adults and laboratory reared adults are compared here (Table 2).  
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Table 2. Top five most frequently present OTUs in Anopheles mosquito samples 

Paper Study site Origin Most frequent OTUsa Frequencyb Abun-
dance 
(%)c 

III Ethiopia Larvae Proteobacteria; Gammaproteo-
bacteria; Enterobacteriales; Thor-
selliaceae; Thorsellia 

54/54 10.9 

   Proteobacteria; Betaproteo-
bacteria; Burkholderiales; Burk-
holderiaceae; Ralstonia 

53/54 10.3 

   Actinobacteria; Actinobacteria 
(class); Micrococcales; 
Micrococcaceae; Arthrobacter 

53/54 0.7 

   Proteobacteria; Alphaproteo-
bacteria; Rhodobacterales; 
Rhodobacteraceae 

51/54 2.1 

   Proteobacteria; Betaproteo-
bacteria; Burkholderiales; 
Comamonadaceae 

51/54 2.6 

IV Burkina 
Faso 

Adults Proteobacteria; Gammaproteo-
bacteria 

29/29 8.3 

   Firmicutes; Bacilli; Bacillales; 
Staphylococcaceae; 
Staphylococcus 

29/29 1.9 

   Actinobacteria; Actinobacteria 
(class); Propionibacteriales; 
Propionibacteriaceae; 
Propionibacterium 

29/29 1.8 

   Proteobacteria; Gammaproteo-
bacteria; Alteromonadales; Al-
teromonadaceae; Marinobacter 

29/29 0.6 

   Firmicutes; Bacilli; Bacillales; 
Staphylococcaceae; 
Staphylococcus 

29/29 0.5 

V Lebanon Adults  
(laboratory) 

Bacteroidetes; Flavobacteriia; 
Flavobacteriales; Flavobacteria-
ceae; Elizabethkingia 

93/96 35.0 

   Firmicutes; Bacilli; Bacillales; 
Staphylococcaceae; 
Staphylococcus 

92/96 1.9 

   Proteobacteria; Gammaproteo-
bacteria; Enterobacteriales; En-
terobacteriaceae; Enterobacter; 
Enterobacter aerogenes 

90/96 7.1 

   Actinobacteria; Actinobacteria; 
Propionibacteriales; Propionibac-
teriaceae; Propionibacterium 

90/96 0.7 

   Proteobacteria; Betaproteo-
bacteria; Burkholderiales; Burk-
holderiaceae; Burkholderia-
Paraburkholderia 

89/96 3.8 

a The taxonomic classification of the most frequent OTUs are given. The lowest taxonomic 
classifications are highlighted in bold. 
b The number of samples in which the OTU is found/the total number of samples in the study.  
c Percentage of the total number of reads in the study that is assigned to each OTU. 
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Two of the most frequently present OTUs (Table 2) were found to be the 
same as the most abundant OTUs (Table 1) in the same studies, identified as 
Thorsellia and Elizabethkingia. In the study from Burkina Faso, Thorsellia 
that was found as most abundant was not present in all samples. Instead, 
several other OTUs were identified in those samples. A couple of OTUs 
from adult field-collected mosquitoes and laboratory-reared mosquitoes were 
identified as belonging to the same genera, Staphylococcus and Propionibac-
terium. The finding of these could indicate a close relationship between them 
and Anopheles mosquitoes. 

Most frequently present OTUs in Anopheles breeding 
water 
In papers I, II, and V, we investigated bacteria associated with Anopheles 
breeding water. These studies represent very different environments, domes-
tic water-storage containers, lakes and laboratory rearing pans. Common 
bacteria might indicate an association with Anopheles mosquitoes, and in the 
case of the field studies could indicate bacteria beneficial for Anopheles lar-
vae. The similarities found include the presence of Acinetobacter and Sphin-
gomonadaceae in both field sites and Microbacteriaceae in domestic water-
storage containers and the laboratory (Table 3). 

Table 3. Top five most frequently present OTUs in Anopheles breeding water samples 

Paper Study site Most frequent OTUsa Frequencyb Abun-
dance (%)c 

I India Proteobacteria; Gammaproteobacteria 22/24 1.3 
  Proteobacteria; Gammaproteobacteria 17/24 0.5 
  Proteobacteria; Gammaproteobacteria; 

Pseudomonadales; Moraxellaceae; Acineto-
bacter 

16/24 3.0 

  Proteobacteria; Alphaproteobacteria; 
Sphingomonadales; Sphingomonadaceae; 
Novosphingobium 

15/24 0.8 

  Actinobacteria; Actinobacteria (class); 
Micrococcales; Microbacteriaceae 

15/24 0.3 

II Brazil Proteobacteria; Gammaproteobacteria; En-
terobacteriales; Enterobacteriaceae; Esche-
richia/Shigella 

16/16 22.0 

  Firmicutes; Bacilli; Bacillales; 
Staphylococcaceae; Staphylococcus 

16/16 19.6 

  Proteobacteria; Gammaproteobacteria; 
Pseudomonadales; Pseudomonadaceae; 
Pseudomonas 

16/16 12.0 

  Proteobacteria; Gammaproteobacteria; 
Pseudomonadales; Moraxellaceae; Acineto-
bacter 

16/16 2.5 

  Proteobacteria; Alphaproteobacteria; 16/16 2.2 
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Sphingomonadales; Sphingomonadaceae 
V Lebanon 

(laboratory) 
Bacteroidetes; Flavobacteriia; Flavobacteri-
ales; Flavobacteriaceae; Elizabethkingia 

21/21 18.3 

  Proteobacteria; Betaproteobacteria; Burkhol-
deriales; Comamonadaceae; Comamonas 

21/21 12.3 

  Actinobacteria; Actinobacteria; 
Micrococcales; Microbacteriaceae; Micro-
bacterium 

21/21 11.9 

  Bacteroidetes; Sphingobacteriia; 
Sphingobacteriales; Sphingobacteriaceae; 
Sphingobacterium 

21/21 9.9 

  Proteobacteria; Betaproteobacteria; Burkhol-
deriales; Oxalobacteraceae 

21/21 3.8 

a The taxonomic classification of the most frequent OTUs are given. The lowest taxonomic 
classifications are highlighted in bold. 
b The number of samples in which the OTU is found/the total number of samples in the study.  
c Percentage of the total number of reads in the study that is assigned to each OTU. 
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General discussion 

We investigated breeding waters of Anopheles (mainly An. stephensi) and 
Aedes (mainly Ae. aegypti) in domestic water-storage containers in India and 
of natural breeding sites of An. darlingi in the Amazon region of Brazil. 
Bacteria associated with breeding waters of vector mosquitoes could repre-
sent those that attract ovipositing mosquitoes, opposite to bacteria that might 
repel them. Knowledge of this could be applied to direct mosquitoes to traps 
or repel them from breeding sites near human habitations.  

The families of bacteria found to be associated with vector larvae in do-
mestic water-storage containers in India were however not found (except 
four reads) in the An. darlingi breeding sites in Brazil. Of the bacterial OTUs 
identified as indicators of breeding water with An. stephensi and An. subpic-
tus in India, mainly one of the families those indicator OTUs were assigned 
to (Pseudomonadaceae) was found in Brazil. The others were either not 
found or only found by a few reads. Furthermore, two families identified in 
India as more common in the absence of larvae (Comamonadaceae and 
Burkholderiaceae) were found in the breeding waters with Anopheles in Bra-
zil, though mainly in site 1. These differences in bacterial composition in 
water with Anopheles larvae in the two studies are probably due to the dif-
ferent types of water in the studies. In India, chlorinated tap water in domes-
tic water-storage containers compared to in Brazil, lakes/dams. The differ-
ences might also be linked to different Anopheles species being investigated. 
Also, the overall composition of the bacterial communities might be more 
important than individual bacterial species, which might provide the same 
functions for the larvae. Other factors besides bacteria are also important for 
mosquito larvae and may differ between species, e.g. higher temperature for 
An. gambiae and higher ammonium and phosphate for Ae. aegypti (Onchuru 
et al. 2016). Furthermore, we found that bacterial composition changed with 
date in India, suggesting a dynamic bacterial composition. Related to this, 
the one site in Brazil that differed most from the rest was sampled at a dif-
ferent time (3 months earlier), though no difference in temperature and rain-
fall was seen between the dates.   

In laboratory mosquito-rearing pans, the water contained bacteria, which 
was shown to affect the composition in the mosquito guts. However, it was 
also found that the mosquito species affected the bacterial composition in the 
rearing pans, suggesting there is a bidirectional effect. This correlation of 
bacteria found in the breeding water and in the mosquitoes is seen clearly as 
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the most frequent OTU in Anopheles rearing pans was also the most frequent 
and abundant OTU in Anopheles guts (Tables 1-3). 

Similar to bacterial composition in different field sites in Brazil, the bac-
terial composition in larvae from different sites differed between breeding 
site of origin. Three sites in Brazil contained similar bacteria while the third 
differed significantly. From the finding in Ethiopia that larvae from similar 
types of aquatic habitats also contain similar bacteria perhaps the sites in 
Brazil could be classified according to some aquatic feature that would sepa-
rate site 1 from the rest of the sites. It would be interesting to also study the 
larvae from these sites to see if they would separate in the same way as the 
water samples did, based on bacterial composition.  

Bacteria associated with adult Anopheles mosquitoes were investigated 
both in the field in Burkina Faso and in the laboratory in Lebanon. From the 
meta-analysis, it was found that in Burkina Faso, Thorsellia was the most 
abundant OTU while in the laboratory Elizabethkingia was the most abun-
dant and frequent (Tables 1 and 2). Interestingly, Thorsellia was also found 
to be the most abundant and most frequent genus identified in Ethiopian 
field collected larvae making up >10% of the total number of reads in both 
larvae and adults. This suggests a strong association between Anopheles and 
Thorsellia.  In addition, Thorsellia was found in the breeding sites in Brazil, 
though only with a few reads. Thorsellia is a genus of bacteria that previous-
ly has been identified only in vector mosquitoes (mainly in Anopheles) and 
their breeding waters (Akorli et al. 2016; Briones et al. 2008; Buck et al. 
2016; Chavshin et al. 2014; Duguma et al. 2013; Kampfer et al. 2006; 
Kampfer et al. 2015; Lindh et al. 2005; Ngo et al. 2015; Rani et al. 2009; 
Segata et al. 2016; Wang et al. 2011). Besides being present in the guts of 
mosquitoes, Thorsellia has also been found in the reproductive tissues of 
Anopheles suggesting the possibility of vertical transmission (Segata et al. 
2016). Based on this, Thorsellia could be a candidate for paratransgenesis 
for control of malaria.    

On the other hand, Elizabethkingia has often been found to be associated 
with laboratory reared Anopheles (Boissière et al. 2012; Chouaia et al. 2010; 
Dong et al. 2009). The bacteria associated with laboratory-reared mosquitoes 
have been found to be less diverse than in the field (Boissière et al. 2012). 
Therefore, one should be careful when investigating bacterial communities 
associated with laboratory-reared mosquitoes as they might differ from wild 
mosquito populations.   

Another mosquito life event that might affect the gut-bacterial composi-
tion is the adult feeding. Both males and females feed on sugar sources while 
females also feed on blood. Gut-bacterial composition might reflect feeding 
on different nectar sources. In the laboratory study we found that the bacteri-
al composition in the sugar pads had a greater effect on the adult gut micro-
biota than the water in the rearing pans. This might have been observed in 
the study of adult mosquitoes from Burkina Faso. There we found Acineto-
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bacter, which has been found in nectar, more abundant in males than in fe-
males overall which could reflect their different food sources. Furthermore, 
different OTUs of Acinetobacter were identified in mosquitoes from one of 
the villages, which could reflect acquisition from a different plant. The effect 
of blood feeding has been shown to be a decrease in the number of OTUs 
(Coon et al. 2014; Tchioffo et al. 2015) while certain bacteria proliferate 
greatly (Wang et al. 2011), increasing the overall number of bacteria 
(Pumpuni et al. 1996). However, we found no difference in bacterial com-
munity composition in bloodfed and non-bloodfed female mosquitoes, sug-
gesting no major impact of host seeking and blood feeding on the overall 
bacterial composition.  



 43 

Conclusions and future perspectives 

In order to eradicate malaria, several strategies will most likely be needed. In 
addition to insecticides, drugs and vaccines, bacteria might be useful. Bacte-
ria can have many effects on vector mosquitoes, from directing ovipositing 
mosquitoes to development of larvae to affecting human pathogens in the 
adult mosquitoes. The study of bacteria associated with vector mosquitoes at 
all these stages can therefore be useful for development of new intervention 
methods to prevent transmission of malaria, as well as other diseases, spread 
by mosquitoes. From this thesis, we conclude that: 

 
I Correlations between certain bacteria and presence, as well as absence, 

of Anopheles and Aedes larvae in domestic water-storage containers can 
be found. However, future studies are needed to investigate these bacte-
ria in more detail to confirm if they have any functions in attracting or 
repelling vector mosquitoes.  

II An. darlingi larvae can develop in surface water with different bacteria, 
based on our findings of diverging bacterial communities in their breed-
ing sites. However, the bacteria common to all sites might contribute to 
the suitability of the habitats. Further studies on bacterial communities in 
An. darlingi breeding waters are needed to conclude if there are any 
connections between breeding site bacteria and the presence of An. dar-
lingi.  

III Bacteria associated with An. arabiensis larvae can be explained to a 
large extent by the mosquito-breeding site. Both in terms of individual 
sites but also in terms of classification according to the type of site. For 
future studies, it would be interesting to investigate mosquito larvae 
from more breeding sites of similar aquatic types and even further apart 
to see if this pattern can be seen on a larger scale. If so, this might make 
it possible to determine from what type of breeding site a mosquito orig-
inates from based on its gut bacteria. Then vector control measures could 
be directed towards those sites. 

IV Bacteria can reflect the village mosquitoes are collected from and can be 
used to assign the mosquitoes to different populations. This finding that 
bacteria can be used to gain information on population structures could 
be useful in aiding vector interventions, as information about the spatial 
structure of vector populations is important for choosing effective inter-
vention methods. The data suggest that the mosquitoes form local meta-
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populations in neighboring villages with restricted overlap. If this is true 
for other regions as well, intensified village-by-village malaria interven-
tion could be more applicable than was considered previously. Future 
studies are however needed to support the generality of this finding. As 
well as studies on environmental microbiota for more environment-
specific information. This type of method determining where an insect is 
coming from could be extended into other areas of research as well.    

V By controlling the environmental conditions in a laboratory setting, we 
could attribute differences in bacterial community composition in adult 
female-mosquito guts to both the environment in the form of food source 
and host genetics in the form of mosquito genus. When comparing the 
relative influence of each, no significant difference was found suggest-
ing equal contribution of genetics and environment on the midgut mi-
crobiota.  
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Svensk sammanfattning 

Varje år drabbas miljontals människor av malaria och hundratusentals dör 
till följd. Malaria är en sjukdom som orsakas av parasiter som sprids med 
myggor av släktet Anopheles. Myggorna är så kallade vektorer för malaria 
vilket betyder att de för sjukdomen vidare. Parasiterna sprids bara av hon-
myggor eftersom det bara är honmyggor som suger blod. De behöver blodet 
för att producera ägg. Parasiterna tas alltså upp av en mygga när den suger 
blod från en infekterad person. Parasiterna genomgår olika utvecklingssta-
dier inuti myggan när de passerar genom tarmen och sedan till salivkörtlarna 
där de väntar på att myggan ska suga blod igen och då transporteras ut med 
saliven in i nästa person. Nuvarande metoder för att kontrollera malaria är 
baserade på mediciner mot parasiterna och kontroll av myggorna genom 
insektsmedel. Ett problem med dessa metoder är utvecklingen av resistens. 
Resistens i både parasiterna mot medicinerna och i myggorna mot insekts-
medlen har påträffats. På grund av detta är det viktigt att utforska nya områ-
den av malariakontroll. Ett sådant område handlar om bakterier som är asso-
cierade med myggorna som sprider malaria.  

Bakterier finns överallt runt omkring oss på jorden. De finns även inuti 
och på oss, andra djur och växter. Det har visats i flera studier att bakterier 
kan påverka myggor på många olika sätt genom livet. Från att i vatten pro-
ducera doftämnen som attraherar myggor som ska lägga ägg, till att påverka 
utvecklingen av larver, till matspjälkning i vuxna myggor och reglering av 
immunitet och påverkan på andra patogener i myggan, varav malariaparasi-
ter är en. Ett användningsområde av bakterier är i myggans mage där de 
finns i stora mängder och vid vissa tidpunkter tillsammans med malariapara-
siter. Detta skulle kunna utnyttjas genom att låta bakterierna producera ett 
ämne som dödar eller stoppar utvecklingen av parasiterna. Bakterierna skulle 
då genetiskt modifieras till att producera en molekyl i myggans mage som 
stoppar utvecklingen av parasiterna i magen. Detta är en metod som kallas 
paratransgenes och skulle leda till att parasiterna inte kan spridas vidare. För 
utvecklingen av en sådan metod behöver man förutom att hitta en lämplig 
bakterie som finns naturligt i myggorna, veta mer generellt om vilka bakte-
rier som myggorna bär på och hur de har hamnat där.  

I denna avhandling undersöker vi bakteriesamhällen i vektormyggor, i 
huvudsak malariamyggor, och i vattnet där äggen kläcks och larverna och 
pupporna utvecklas innan de är färdigutvecklade vuxna myggor. Vårt mål 
var att lära oss mer om vilka bakterier som finns naturligt inuti myggorna 
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och i deras omgivning och vad som påverkar vilka bakterier som utgör myg-
gornas tarmflora. För att undersöka hela bakteriesamhällen i myggorna och 
deras vatten använde vi oss av en molekylärbiologisk teknik där vi amplifie-
rade en gen som finns hos alla bakterier. Sedan sekvenserade vi alla DNA 
sekvenserna och använde oss av bioinformatiska metoder för att sortera och 
klassificera alla våra miljoner sekvenser som vi efteråt kunde analysera med 
hjälp av bl.a. multivariata metoder.  

I artikel I undersökte vi bakteriesamhällen i vattentankar i hushåll i Indien 
som ibland innehöll malariamyggor och myggor av ett annat vektormygg-
släkte kallat Aedes som sprider sjukdomar som dengue och Zika. Här fann vi 
att förekomsten av vissa bakterietyper korrelerade med förekomsten av 
vektormyggor medan andra korrelerade med frånvaron av myggorna. Möj-
ligtvis skulle det kunna tyda på någon repellerande eller attraherande effekt 
av bakterierna på myggorna som lägger ägg, vilket skulle kunna utnyttjas för 
att minska kontakten med människor.  

I artikel II undersökte vi bakteriesamhällen i vatten i Brasilien, Amazo-
nas, kända för förekomst av malariamygglarver. Här fann vi att tre av fyra 
sjöar innehöll liknande bakterier medan den fjärde skilde sig åt. Detta kan 
tyda på att Anopheles darlingi, malariamyggarten vi undersökte, kan utveck-
las i vatten med olika typer av bakterier. 

I artikel III undersökte vi bakteriesamhällen i malariamygglarver i Etio-
pien från olika platser. Här fann vi att larver från samma plats innehöll lik-
nande bakterier som skiljde sig från larver från andra platser. Dessutom fann 
vi att om vi klassificerade platserna i kategorier enligt typ av plats så inne-
höll larverna också liknande bakterier som skiljde sig från bakterierna i lar-
verna från de annorlunda klassificerade platserna. Vi kunde även visa att det 
var möjligt att förutsäga vilken plats en mygga kom ifrån baserat på dess 
bakterier.  

I artikel IV undersökte vi vuxna myggor fångade i Burkina Faso i tre 
olika byar. Här fann vi också att myggor från samma plats, by, innehöll lik-
nande bakterier som skiljde sig åt från bakterierna i myggor från de andra 
byarna. Också här gick det att förutsäga från vilken by en mygga kom base-
rat på dess bakterier. Dessutom såg vi att det verkade som myggorna bildade 
lokala populationer i en metapopulation med begränsad rörelse mellan popu-
lationerna, byarna. Om detta stämmer skulle det kanske vara möjligt att fo-
kusera på malariakontroll i ett område i taget.  

I artikel V undersökte vi på laboratorium effekten av arv och miljö på 
bakterierna i malariamyggor och Aedes myggor. Vi fann att både arv (i form 
av myggart) och miljö (i form av diet) påverkade vilka bakterier som fanns i 
magen hos vuxna honor. Det gick inte att säga vilken effekt som var starkast. 
Bakterier i sockerlösning hade också en större påverkan på bakterierna i 
myggorna än bakterier i larvernas vatten.  

En intressant upptäckt var att den bakterie som återkom som vanligast i 
både larver och vuxna myggor var av samma släkt, Thorsellia. Detta är en 
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släkt av bakterier som enbart hittats i vektormyggor och deras vatten vilket 
skulle göra den till en kandidat för paratransgenes. 

Sammanfattningsvis bidrar denna avhandling till en utökad kunskap om 
mångfalden av bakterier associerade med malariamyggor och en bättre för-
ståelse för hur bakteriessamhällen i myggor bestäms, och på detta sätt bidra 
till utvecklingen av nya metoder för bekämpning av malaria. 
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