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Abstract 

The use of transformed bacteria to stop or kill disease-causing agents in the 
gut of vector insects is called paratransgenics. Two of the major steps in 
creating a paratransgenic Anopheles mosquito, unable to spread the Plasmo-
dium parasites that cause malaria, are to find a bacterium suitable for the 
purpose and a way to introduce the transformed bacterium into mosquitoes 
in the field. In this project, bacteria associated with malaria mosquitoes have 
been identified by phylogenetic analysis of their 16S rRNA genes. First, the 
midgut flora of field-caught Anopheles mosquitoes was examined using two 
pathways, one culture dependent and one culture independent. Second, six 
bacterial species from an An. gambiae laboratory colony, and third, ten iso-
lates from Anopheles oviposition sites have been identified. Altogether, 32 
bacterial species, representing 16 families, seven classes and four phyla were 
identified. Interestingly, several of them are related to bacteria known to be 
symbionts in other insects. 

Two possible ways of introducing bacteria into mosquitoes in the field in 
a paratransgenic approach were investigated in a laboratory setting. It was 
shown that sugar solutions with or without bacteria are equally attractive to 
An. gambiae mosquitoes and that the mosquitoes were able to take up bacte-
ria from the water they emerged from. These results show that it may be 
possible to use sugar-baits and oviposition sites for distribution of geneti-
cally modified bacteria in the field. 

To facilitate the distribution of the modified bacteria mosquito attractants 
should be used. We investigated whether the bacterial isolates identified in 
this project produce attractants affecting mosquito sugar-feeding or oviposi-
tion site selection. To examine the sugar-feeding responses a dual-choice 
method based on coloured sugar solutions were developed. While no re-
sponses were observed from the mosquitoes towards bacteria-containing 
sugar solutions, seven of the 19 isolates examined mediated positive oviposi-
tion responses. The volatiles emitted from the bacterial isolates were sam-
pled by Solid-Phase Microextraction (SPME) and identified by Gas-
Chromatography coupled to Mass-Spectrometry (GC-MS). In total, 13 puta-
tive oviposition attractants were identified among the volatiles emitted by 
the attractive bacteria 
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Introduction 

Malaria  

The disease 
Malaria is by far the most significant parasitic disease that causes morbidity 
and mortality in humans. It was estimated that 300-500 million clinical cases 
and more than 1 million deaths due to malaria occur annually (WHO 2005). 
The majority of the fatal cases are in children under five years of age 
(Breman 2001). Malaria is endemic in over 100 countries (Fig.1). However, 
most of the deths (more than 80%) occur in sub Saharan Africa (Snow et al. 
2005, WHO 2005). The problems with malaria are getting worse despite 
many campaigns against the disease, mostly due to resistance of parasites 
against drugs, mosquitoes against insecticides, the weak health systems and 
widespread poverty in Africa (Hargreaves et al. 2000, Hargreaves et al. 
2003, White 2004, WHO 2005). Furthermore, global warming is anticipated 
to affect abundance and distribution of the malaria vectors (Khasnis and 
Nettleman 2005). Henceforth, there is a need to further develop and explore 
novel control methods for malaria. 

 
Figure 1 Distribution of malaria in the world. (Source: 

http://www.wpro.who.int/sites/rdt/what_is_rdt.htm) 
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Plasmodium parasites -The causative agent 
The malaria parasites belong to the genus Plasmodium. The 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 hu-
man or an Anopheles mosquito host. Other Plasmodium species infect other 
animals, for instance monkeys, rodents, birds and reptiles (Qari et al. 1996). 
Infections with P. falciparum, and to a much less extent P. vivax, cause se-
vere 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 (Fig. 2, Beier 1998, Ghosh et al. 2000, Miller et 
al. 2002). The sporozoite is 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 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 cell ruptures, the 
merozoites are the released into the bloodstream and the cycle starts again. It 
is when the red blood cells rupture, the symptoms of malaria appear in the 
infected person, the most characteristic being fever (Miller et al. 2002). Dur-
ing the erythrocytic cycle some of the parasites evolve into male and female 
gametocytes. When an Anopheles mosquito has taken up these gametocytes 
during a bloodmeal they mate in the midgut of the mosquito to form a zy-
gote. The zygote develops into an ookinete, which passes through the midgut 
epithelium and develops into an oocyst under the basal membrane. Subse-
quently, 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. 



 
Figure 2 Lifecycle of Plasmodium parasites in mosquito and human.                     

(modified from http://www.life.umd.edu/classroom/biol106h/L15/fig526.jpg) 

Anopheles mosquitoes -The vectors  
Female mosquitoes of the genus Anopheles are vectors for the Plasmodium 
parasites that cause malaria in humans. There are approximately 380 
Anopheles species and about 60 of these can spread malaria parasites be-
tween humans. Male Anopheles mosquitoes feed exclusively on sugar 
sources and therefore do not transmit the disease. Female mosquitoes also 
feed on sugar from different sources but need blood for the development of 
their eggs. The eggs are laid on water and develop into larvae within 48 
hours. Anopheles larvae go through four instars before they develop into 
pupae. The larvae feed on organic matter and microorganisms at the surface 
layer of the water puddles they live in (Merritt et al. 1992, Wotton et al. 
1997, Briegel 2003). The pupa does not have a mouth and hence do not feed. 
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From the pupal stage the mosquito transforms through complete metamor-
phosis into an adult mosquito.  

The main vectors of malaria in Africa are Anopheles gambiae s.s. (Giles), 
Anopheles arabiensis (Patton) and Anopheles funestus (Giles). An. gambiae 
s.s. is anthropophilic, endophagic and endophilic (prefer to feed on humans, 
and to feed and rest indoors (Takken and Knols 1999). These behavioural 
preferences together with its high susceptibility to Plasmodium infection 
provides a probable explanation why Africa is more stricken by malaria than 
other continents (Besansky et al. 2004). An. funestus is also anthropophilic, 
endophagic and endophilic. However this species is less susceptible to Plas-
modium infection than An. gambiae (Takken and Knols 1999). An. arabien-
sis varies from being antropophilic to zoophilic in different studies from 
different areas (Takken and Knols 1999). Both An. funestus and An. arabien-
sis are important vectors of malaria in some areas of Africa (Fontenille and 
Simard 2004). 

Paratransgenics 
One approach in the fight against vector borne diseases is paratransgenics. In 
this approach bacteria are utilised to produce a molecule that kills, or stops 
the development of, the causative agent of the disease (Beard et al. 1998, 
Beard et al. 2001, Beard et al. 2002). The technique was first developed, and 
proved successful in a laboratory setting for Chagas disease (Beard et al. 
1992, Durvasula et al. 1997). A symbiotic bacterium (Rhodococcus rhodnii) 
isolated from the midgut of the vector Rhodnius prolixus (Hemiptera: Redu-
viidae) was utilised. R. prolixus bugs lacking the symbiont fail to become 
sexually mature adults. The symbiont is spread between the bugs by copro-
phagy (probing of fecal droplets). R. rhodnii, transformed with a shuttle 
plasmid expressing a cecropin A fusion protein, was reintroduced into the 
vector making it refractory to the parasite (Trypanosoma cruzi, Durvasula et 
al. 1997). In addition, the coprophagy in R. prolixus was utilised in an ap-
proach based on an artificial faeces preparation (CRUZIGARD), to spread 
the transformed bacteria (Durvasula et al. 1997). A paratransgenic approach 
has also been examined for tsetse flies, the vectors of sleeping sickness. 
Cheng and Aksoy (Cheng and Aksoy 1999) transformed the S-symbiont 
from tsetse flies to express green fluorescent protein (GFP). These GFP-
marked bacteria were injected into females and later found in the progeny, 
indicating transstadial transfer of the symbiont. In addition, paratransgenic 
approaches have been considered for two insect species that are pests on 
crops. The Mexican fruit fly Anastrepha ludens (Diptera: Tephritidae), 
which is a threat to the citrus industry (Kuzina et al. 2001), and the glassy-
winged sharpshooter Homalodisca coagulate (Hemiptera: Cicadellidae), 
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which is a vector for Xylella fastidosa, the bacteria causing Pierce disease of 
grapes (Bextine et al. 2004, Bextine et al. 2005). 

Paratransgenics in mosquitoes 
For a paratransgenic approach on mosquitoes there are two main options for 
reaching the goal: mosquitoes in the field with transgenic bacteria in the gut. 
One of the options is mass rearing of mosquitoes that are fed the transgenic 
bacterium and then released 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 para-
transgenic mosquitoes. In addition, it is much easier to cultivate bacteria than 
to rear mosquitoes. Therefore, the second option, introduction of trans-
formed bacteria to mosquitoes in the field seems more likely to be success-
ful. 

Two studies have shown that the paratransgenic technique is feasible in 
Anopheles mosquitoes (Yoshida et al. 2001, Riehle et al. 2007). Yoshida et 
al. (2001) transformed Escherichia coli with a plasmid expressing a Ce-
cropin A fusion protein. The bacteria were fed to An. stephensi and shown to 
almost completely inhibit the development of Plasmodium berghei in the 
mosquito. More recently, 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 An. stephensi mosquitoes and following an infected blood-
meal a clear reduction of P. berghei development was observed compared to 
mosquitoes fed 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 An. gam-
biae and An. stephensi, respectively. Demaio et al. (1996) noted similar re-
sults for Aedes triseriatus (Say), Culex pipiens (L) and Psorophora colum-
biae mosquitoes and we have observed the same for Ae. aegypti mosquitoes 
(O. Terenius, J.M. Lindh, K. Eriksson-Gonzales and I. Faye, unpublished 
data). This is important since an increase in the number of bacteria leads to 
an increase of effector molecules at the same time as the parasite is present 
in the gut. Moreover, several studies on midgut flora of mosquitoes have 
identified bacterial species that can easily be modified genetically (Demaio 
et al. 1996, Pumpuni et al. 1996, Straif et al. 1998). The current and future 
strategies for paratransgenics in mosquitoes have been reviewed (Riehle and 
Jacobs-Lorena 2005). The authors conclude that paratransgenic Anopheles 
mosquitoes can be developed in a relatively short time frame, although, sev-
eral significant hurdles still need to be overcome. Two of them are identify-
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ing a bacterium that is sustainable in the midgut of the mosquito (that can be 
genetically modified) and the delivery of the transformed bacteria into mos-
quito populations in the field.  

Bacteria and mosquitoes 

Bacteria as larval food 
Bacteria are important food sources for mosquito larvae (Merritt et al. 1992). 
Rozeboom (1935) demonstrated that it is not possible to rear Aedes aegypti 
(L) larvae in sterile media. These results were later confirmed in our lab; 
after addition of antibiotics to the rearing water of Ae. aegypti larvae, their 
development stopped. However, the larvae survived on the sterile fish food 
added for several weeks (J.M. Lindh, and I. Faye, unpublished data). In 
agreement, An. gambiae larval development was hampered in rearing water 
containing Gentamycin and Penicillin-Streptomycin; a majority of the larvae 
died before pupation (Touré et al. 2000). In addition, An. gambiae and 
Anopheles quadrimaculatus (Theobald) larvae, when reared in the presence 
of Gentamycin, were significantly smaller than larvae reared without Gen-
tamycin (Wotton et al. 1997). There was no report on hatching proportion in 
that study (Wotton et al. 1997). In contrast, Mourya et al. (2002) report on 
successful rearing of Cx. quinquefasciatus larvae in water containing Tetra-
cycline, however, no report on the developmental time of the larvae or the 
body-size of the adult mosquitoes was given. Although the presence of algae 
in the water is also important for some mosquito species (Merritt et al. 
1992), taken together, these studies show that bacteria are important, if not 
essential, for the development of the larvae of several species of mosquitoes.  

Transstadial transfer of bacteria  
Two studies suggest that transstadial transfer of bacteria from larvae to 
adults occurs in Anopheles mosquitoes (Jadin et al. 1966, Pumpuni et al. 
1996). First, Jadin et al. (1966) fed An. quadrimaculatus larvae with a Pseu-
domonas sp., and later isolated the same bacterial species from adult guts, 
suggesting that transstadial transmission had occurred. Later, Pumpuni et al. 
(1996) fed An. gambiae larvae with Escherichia coli HS5 and later recov-
ered this species from one adult in an open system. Successful passage was 
also reported in a more controlled closed system, although the extent of 
transfer was not described. These results were questioned by Moll et al. 
(2001) who describe an effective gut sterilisation mechanism operating dur-
ing mosquito metamorphosis and adult emergence. No studies have been 
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performed on the origin of the mosquito midgut bacteria in nature and hence, 
it is not clear where the adult mosquitoes obtain their bacteria.  

Bacteria in adult midguts 
The midgut flora of field caught (Abalain-Colloc et al. 1987, Hung et al. 
1987, Williamson et al. 1996, Straif et al. 1998, Gonzalez-Ceron et al. 2003, 
Pidiyar et al. 2004) and laboratory reared (Chao and Wistreich 1959, Fergu-
son and Micks 1961, Pumpuni et al. 1996, Fouda et al. 2001, Gonzalez-
Ceron et al. 2003) mosquitoes has been screened. The results from these 
studies are summarised in Table 1. Many and diverse bacterial species were 
identified in the studies. However, bacterial species from the Gamma-
proteobacteria class were most frequently identified, in addition, the majority 
of these belong to the Enterobacteriaceae family (Table 1). Bacterial species 
from this class and family have frequently been found, and classified as 
symbionts in insects (Zientz et al. 2001, Wernegreen 2002, Pontes and Dale 
2006). The prevalence of bacteria in the midgut screens is not always re-
ported, in most cases because the midguts have been pooled prior to analy-
sis. Large variations were evident from the studies where it has been re-
ported (Table 1).  

Pidiyar et al. (2004) performed the first study describing uncultured mi-
crobiota in mosquito midguts, investigating Cx. quinquefasciatus (Table 1). 
All previous studies have been performed with culture dependent isolation 
techniques. However, the majority of bacteria in nature do not grow in stan-
dard culturing media (Amann et al. 1995, Rappe and Giovannoni 2003). 
Molecular techniques have made it possible to identify bacteria without the 
need to cultivate them (Ward et al. 1990, Weisburg et al. 1991, Drancourt et 
al. 2000). Although these techniques have been very useful for investigation 
of environmental bacteria, they have limitations (von Wintzingerode et al. 
1997, Forney et al. 2004). In 1997 von Wintzingerode et al. reviewed the 
possible limits in all steps from sample collection to data analysis (von 
Wintzingerode et al. 1997). Since then, the existing techniques have been 
improved and novel techniques developed, such as the application of mi-
croarray technology (Bodrossy and Sessitsch 2004, Gentry et al. 2006, Gil-
bride et al. 2006). 

A bacterium often isolated from mosquitoes would be suitable for para-
transgenics since such a bacterium may be adapted to the environment in the 
midgut. Although bacterial species belonging to the Enterobacteriaceae fam-
ily have often been isolated from mosquitoes, no dominant species or genus 
can be identified from the midgut screens (Table1).  
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Table 1 Bacterial species identified in studies investigating mosquito midgut floraa. 

Mosquito species Bacterial species -  

(other than Gamma-
proteobacteria) 

-belonging to the 
Gamma-proteobacteria 
phylum- 

- and the Enterobacteriaceae 
class 

Field/ 
Labb

Preva-
lencec  

Reference 

Culex tarsalis (Coquillett) Achromobacter guttatus, Achro-
mobacter sp. Flavobacterium sp., 
Micrococcus sp., Micrococcus 
varians  

Proteus sp., 
Pseudomonas sp. 

Enterobacter cloacaed, Es-
cherichia intermedia 

Lab 85% Chao and Wistreich 1959  

Culex  quinquefasciatus 
(Say) 

Achromobacter sp., Flavobacte-
rium sp., Micrococcus caseolyti-
cus, Micrococcus ureae 

Pseudomonas sp. Hafnia group, Klebsiella sp. Lab 86% Chao and Wistreich 1960  

Culex fatigans (Coquillet) Lactobacillus sp., Alcaligenes sp. Pseudomonas sp.  Lab 45% Ferguson and Micks 1961  

Aedes vexans (Meigen) Spiroplasma saubadiensea   Field - Abalain-Colloc et al. 1987  

Aedes sollicitans (Walker) Spiroplasma culicicolaa   Field - Hung et al. 1987  

Culex tritaeniorhynchus 
(Giles) 

 

Spiroplasma taiwanensea   Field - Abalain-Colloc et al. 1988  
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Anopheles stephensi 
(Liston) 

Staphylococcus spp.  Ewingella americana, Serratia 
marcescens 

Lab Pools Pumpuni et al. 1993  

Anopheles albimanus 
(Wiedemann) 

Flavobacterium spp.  Acinetobacter spp., 
Pseudomonas cepacia, 

Pantoea agglomeranse,, Serratia 
spp. 

Lab 17% Pumpuni et al. 1996  

An. gambiae (Giles) Flavobacterium spp.  Ps. cepacia, 
Pseudomonas gladioli, 

Aeromonas hydrophila, Cedecea 
lapagei, Klyvera cryocrescens, 
P. agglomeranse, Serratia spp., 

Lab 73% Pumpuni et al. 1996 

An. stephensi Flavobacterium spp. Ps. cepacia, A. hydrophila, C. lapagei, P. 
agglomeranse

Lab 90% Pumpuni et al. 1996  

Culex annulus (Theobald) Spiroplasma diminutuma   Field - Williamson et al. 1996  

Cx. pipiens  Comamonas spp., Flavobacterium 
spp., Sphingobacterium spp.,  

Acinetobacter spp., 
Pseudomonas sp. 

Aeromonas spp, Klebsiella spp. Field pools Demaio et al. 1996  

Ps. columbiae Flavobacterium spp., Sphingobac-
terium spp.,  

Acinetobacter spp., Ps. 
aeruginosa, Pseudomo-
nas sp., Stenotrophomo-
nas maltophiliaf

Cedecea spp., E. cloacae, En-
terobacter sp. 

Field g Demaio et al. 1996 

Ae. triseriatus Bacillus spp., Brevibacterium spp., 
Comamonas spp., Enterococcus 
faecalis, Flavobacterium spp.,  

Acinetobacter lwoffii, 
Pseudomonas aerugi-
nosa, , St. maltophiliaf

E. cloacae, P. agglomeranse, 
Enterobacter sp., Erwinia spp., 
Providencia spp., Serratia 
marcescens, Serratia sp. 

Field pools Demaio et al. 1996  
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An. gambiae Achromobacter xylosoiydansh, 
Bacillus cereus, Bacillus coagu-
lans, Bacillus mucoides, Bacillus 
thuringensis, Hydrogenophaga 
pseudoflava 

Pseudomonas putida, 
Pseudomonas stutzeri 

Cedecea davisae, Escherichia 
coli, Klebsiella pneumoniae, 
Morganella morgani, P. 
agglomeranse, Pantoea ananas, 
Salmonella choleraesuis, 
Salmonella enteritidis 

Field 14.4/ 
17.9%i

Straif et al. 1998  

An. funestus Bacillus megaterium, Brevundiu-
monas diminuta, Comamonas 
testeronij, Flavobacterium resino-
vorum, Gluconobacter cerinus  

Pseudomonas 
mendocina, Ps. stutzeri, 
St. maltophiliaf

C. davisae, E. coli, Erwinia 
chrysanthenum, K. pneumoniae, 
Klyvera cryosceens, P. 
agglomeranse, P. ananas, S. 
choleraesuis 

Field 28.5/ 
21.2%i

Straif et al. 1998  

Cx. pipiens Bacillus sp., Streptococcus sp., 
Staphylococcus sp., Shigella sp. 

  Labk - Fouda et al. 2001 

An. albimanus   Enterobacter amnigenus, E. 
cloacae, Enterobacter sp., S. 
marcescens, Serratia sp. 

Field 60%l Gonzalez-Ceron et al. 2003  

Cx. quinquefasciatus B. thuringensis, Enterococcus 
seriolicida, Microbacterium 
oxydans, Staphylococcus epider-
midis, Lactococcus spp., unidenti-
fied spp.  

 

Acinetobacter calcoace-
ticus, Acinetobacter junii, 
Acinetobacter spp., Ps. 
aeruginosa, St. malto-
philiaf

Aeromonas veronim, P. agglom-
eranse

Field pools Pidiyar et al. 2004 
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Ae. aegypti Elizabethkingia meningoseptican, 
Sphingomonas paucimobilis, 
Ralstonia paucula, Bacillus sp. 

 K. pneumoniae, Pantoea stewar-
tii, S. marcescens 

Lab - Terenius et al., unpub-
lished data 

An. gambiae Acidovorax sp., Anaplasma ovis, 
Anaplasma sp., Bacillus sp., 
Bacillales sp., Mycoplasma sp., 
Paenibacillus sp., Rhodococcus 
cornyebacterioides 

Thorsellia anophelis, 
Pseudomonas sp., St. 
maltophiliae, Vibrio 
metschnikovii 

Aeromonas sp., Enterobacteri-
aceae sp. 

Field 16% Lindh et al. 2005, Paper I 

An. funestus Janibacter anophelis, Spiroplasma 
sp. 

  Field 8% Lindh et al. 2005, Paper I 

aAll studies examined midgut bacteria apart from the four studies that identified Spiroplasma sp., the tissue origin of these bacterial species is not 
clear. bField = field caught mosquitoes, Lab = insectary reared mosquitoes. cPrevalence = The percent of mosq. with bacteria in the midgut out of the 
total number investigated. dSynonym: (among others) Aerobacter cloacae. eSynonym: (among others) Enterobacter agglomerans (Gavini et al. 1989). 
fSynonyms: (amongst others) Xanthomonas maltophilia (Palleroni and Bradbury 1993), Stenotrophomonas africana (Coenye et al. 2004). gOnly re-
ported for different bacteria sp. not overall prevalence. hSynonym Alcaligenes xylosoxydans (Yabuuchi et al. 1998) iFor Gram-negative/Gram-positive 
bacteria respectively. jSynonym: (among others) Pseudomonas testosteroni. kNot clear if the bacteria are isolated from the laboratory colony used in 
the study. l0% in the lab colony of the same species. mSynonyms Aeromonas culicicola (Huys et al. 2005). nSynonyms Flavobacteria meningosepti-
cum (Vandamme et al. 1994) and Chryseobacteria menigosepticum (Kim et al. 2005). 
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Midgut bacteria and the effect on Plasmodium parasites and 
the mosquito host 
There are several somewhat conflicting results concerning the role of the 
midgut flora in adult mosquitoes. One study described the bacteria identi-
fied as symbionts and concluded that Bacillus and Staphylococcus species 
in the midgut of Cx. pipiens were essential for high and normal fecundity 
(Fouda et al. 2001). We have observed that Ae. aegypti mosquitoes that 
had been fed antibiotics survived a shorter time at -20 ºC than mosquitoes 
without antibiotics in the food, suggesting that the midgut flora may have 
an effect on survival all low temperatures. The reason for the results is 
not clear, however, the same effect was observed with several different 
antibiotics (O. Terenius and J.M. Lindh, unpublished results). Other stud-
ies have described a negative effect of midgut bacteria on mosquitoes. 
For example, a Klebsiella sp. isolated from An. gambiae was pathogenic 
to An. gambiae and An. stephensi mosquitoes and (Jadin et al. 1966) Spi-
roplasma taiwanense has been reported as a pathogen for Ae. aegypti and 
An. stephensi mosquitoes (Humphery-Smith et al. 1991a, Humphery-
Smith et al. 1991b). In addition, Serratia marcescens together with Plas-
modium berghei have an additive negative effect on the mosquitoes in-
fected by both (Seitz et al. 1987). 

Some of the studies have investigated the correlation between presence 
of midgut bacteria and the development of Plasmodium in mosquitoes. 
High concentration of (mainly Gram-negative) bacteria in the midgut was 
reported to either completely or partly inhibit parasite development 
(Pumpuni et al. 1993, Pumpuni et al. 1996, Gonzalez-Ceron et al. 2003). 
The mechanism by which midgut bacteria inhibit development of Plas-
modium is unknown. Inhibition of ookinete penetration of the peritrophic 
matrix or midgut epithelium, and cytoadherence of the bacteria to the 
parasite or the epithelial cells, were initially suggested (Pumpuni et al. 
1993). However, a cytoadherence mechanism was later disregarded by 
the same group, and instead it was suggested that the immune response 
elicited by the mosquitoes as a response toward the bacteria may also 
effected parasite development (Pumpuni et al. 1996). Gram-negative 
bacteria seem to have a stronger effect on Plasmodium development than 
Gram-positive, possibly due to the different immune responses they elicit 
from the mosquito (Aguilar et al. 2005). In agreement, several of the im-
mune responses affecting Plasmodium development also control bacterial 
infection in mosquitoes and it was suggested that ookinete invasion of the 
midgut epithelium facilitates exposure to bacteria and hence increase the 
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immune response mediated by bacteria (Dong et al. 2006). In contrast to 
the studies on inhibition of parasite development by presence of bacteria, 
one study reported a correlation between the presence of a Gram-negative 
midgut bacteria (Pseudomonas sp.) and enhanced development of Plas-
modium (Jadin et al. 1966). 

An ideal bacterium for a paratransgenic approach should (in this con-
text) have a positive effect on the mosquito host and at the same time a 
negative effect on parasite development. Based on the studies above, a 
non-pathogenic Gram-negative bacterium seems most suitable. 

Bacteria as a source of mosquito semiochemicals  
Insects use chemical signals to orient, survive and reproduce in their spe-
cific environments. Natural chemicals that transfer information between 
organisms are generally classified as semiochemicals (Regnier 1971). 
These chemicals are called pheromones when utilised for intraspecific 
communication and allelochemicals when used at interspecific level. It is 
known that female mosquitoes depend on olfactory cues for sugar feed-
ing, host seeking and oviposition while male mosquitoes mostly respond 
to odours utilised for sugar feeding (Bentley and Day 1989, Takken and 
Knols 1999, Luntz 2003). One possible source of Anopheles semiochemi-
cals is bacteria that exist in their environment. Bacteria and volatiles from 
bacteria have been shown to affect mosquito behaviour in a number of 
studies. For example, human skin microflora is believed to be one of the 
underlying causes of the observed differences in human attractiveness to 
mosquitoes (Braks et al. 1999, Takken and Knols 1999). An. gambiae 
mosquitoes prefer to bite on the foot region of humans (De Jong and 
Knols 1995) and have been shown to respond positively to Limburger 
cheese (Knols and De Jong 1996). The cheese gets its flavour from mi-
crobial action of Brevibacterium linens which is closely related to Brevi-
bacterium epidermis, a dermal bacterium responsible for production of 
chemicals that are part of human foot odour (Braks et al. 1999). In addi-
tion, it has been shown that incubated human sweat but not fresh sweat 
attracts An. gambiae, indicating that the growth of bacteria in sweat is 
important for this response (Braks and Takken 1999, Braks et al. 2000). 
Apart from host-seeking responses, several studies have shown that bac-
terial-produced volatiles may function as oviposition attrac-
tants/stimulants for different mosquito species. Hay infusion mediated a 
positive oviposition response from Cx. quinquefasciatus and Ae. aegypti 
mosquitoes (Hazard et al. 1967). The Culex mosquitoes were later tested 
in an olfactometer and showed a response to bacteria isolated from the 
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hay infusion (Hazard et al. 1967). Maw (1970) found that the addition of 
capric-acid made water attractive for a number of ovipositing Culex spe-
cies and Ae. aegypti. Bacteria of the Pseudomonadaceae family were 
suggested to mediate the response by metabolising the capric acid to the 
active attractants. Later, Ikeshoji et al. (1975) confirmed the results by 
showing that a Pseudomonas sp. produced ovipositon attractants for Ae. 
aegypti and Culex molestus (Forskal) mosquitoes after the addition of 
capric and pelargonic acid to the water. A number of studies have ob-
served responses from gravid females to odours from bacterial cultures or 
filtrates. For instance, Pseudomonas aeruginosa and Bacillus cereus pro-
duced effective attractants for gravid Ae. aegypti females (Hasselschwert 
and Rockett 1988). In agreement, bacterial culture filtrates of Pseudomo-
nas fluorescens and several different Bacillus species contained oviposi-
tion attractants for Cx. quinquefasciatus (Poonam et al. 2002). Further-
more, oviposition responses from Ae. aegypti and Aedes albopictus 
(Skuse) mosquitoes towards bacterial washes (Pavlovich and Rockett 
2000) and from Ae. albopictus mosquitoes towards bacteria-containing 
solutions have been observed (Trexler et al. 2003). Moreover, Huang et 
al. (2006) observed oviposition responses by An. gambiae to bacterial 
derived odours. However, only repellent effects were observed in that 
study (Huang et al. 2006). In addition to the oviposition responses ob-
served by mosquitoes toward bacterial cultures or bacterial culture fil-
trates, indirect evidence for microbial involvement in production of ovi-
position attractants has been observed by reduction or elimination of the 
bacteria from test solutions. Benzon and Apperson (1988) suggested that 
bacterial contaminants were responsible for the positive oviposition re-
sponse previously attributed to a larvae-produced oviposition pheromone 
for Ae. aegypti. In line with this finding, a reduced oviposition response 
from Cx. quinquefasciatus mosquitoes was observed after the addition of 
antibiotics to the solution assayed (Beehler et al. 1994). In addition, a 
reduced oviposition response was observed from Ae. aegypti mosquitoes 
towards wastewater after the addition of antibiotics (Navarro et al. 2003). 
For An. gambiae, Sumba et al. (2004) determined that gravid females laid 
more eggs on wet papers above soil and water from natural habitats (con-
taining bacteria) than on wet paper above the same substrate that had 
been heat sterilised. 

Taken together, these studies support the theory that volatiles emitted 
by bacteria are utilised as semiochemicals by mosquitoes in host-seeking 
and oviposition behaviour. The specific volatiles that mediate the re-
sponses have, in most studies, not been determined. Semiochemicals have 
the potential to be used in trapping devices to monitor, or possibly in 
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larger scale to control, mosquito populations (Agelopoulos et al. 1999, 
Luntz 2003, Besansky et al. 2004, Njiru et al. 2006). Furthermore, attrac-
tants may be utilised in a paratransgenic approach to facilitate the deliv-
ery of the transformed bacteria to mosquito populations in the field. Ide-
ally, the bacteria selected for the paratransgenic approach will itself pro-
duce the attractants. 
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Present investigation 

Aims of this thesis 
The aims of this thesis were to obtain a more detailed profile of the mid-
gut flora of Anopheles mosquitoes in the field, evaluate (in a laboratory 
setting) possible ways of re-introducing bacteria to mosquitoes in a para-
transgenic approach. and to identify putative semiochemicals for Anophe-
les mosquitoes with bacterial origin.  

Identification of bacteria associated with Anopheles 
mosquitoes 

Methods 
All bacteria were identified by phylogenetic analysis of their 16S rRNA 
genes (Paper I, III and IV). In addition, the isolates obtained in Paper I 
were phenotyped at Culture Collection University of Gothenburg 
(CCUG). 

The 16S rRNA gene 
The small subunit ribosomal RNA gene (16S rDNA) was first introduced 
in phylogenetic analysis by Woese (1987). This gene is now the most 
frequently used in molecular identification of bacteria. The gene contains 
conserved regions as well as variable and highly variable regions. The 
conserved regions can be used to infer relationship between distantly 
related species and the variable and highly variable regions between 
closely related species (Pettersson 1997). The conserved regions are also 
good sites for primer binding in PCR and sequencing reactions. 
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Phylogenetic analysis 
For preliminary identifications, the 16S rDNA sequences were analysed 
in BLASTn (http://www.ncbi.nlm.nih.gov/blast/) and/or the Ribosomal 
Database Project II (RDP II, http://rdp.cme.msu.edu, (Cole et al. 2005). 
The ARB system was used for phylogenetic analysis with the ssujun02 
database (http://www.arb-home.de Ludwig et al. 2004). The 16S rRNA 
gene sequences were imported into the database and aligned using the 
ARB tool Fast Aligner. Thereafter the alignment was checked manually. 
The aligned sequences were inserted into the main tree using the parsi-
mony insertion tool of ARB to show their approximate positions. These 
positions were verified using distance (Neighbour joining) and parsimony 
analysis (100 bootstrap replicates) with default settings in ARB and the 
ARB-filter corresponding to respective class or phylum of bacteria. For 
the bacterial identifications in Paper III and IV additional 16S rDNA 
sequences were imported into the database. The imported sequences were 
from bacteria closely related to the bacteria subjected for identification 
that had been submitted to RDP II after the construction of the ARB da-
tabase (June 2002).  

Temporal Temperature Gradient gel Electrophoresis (TTGE) 
The usefulness of TTGE as a means to study microbial ecology has been 
reviewed (Muyzer and Smalla 1998). The technique is based on de-
creased electrophoretic mobility of partially melted double stranded DNA 
molecules (Muyzer 1999). This allows for separation of DNA fragments 
according to sequence instead of size since different sequences will have 
different melting temperatures. A GC-clamp attached to one of the spe-
cific primers used in the PCR hinders the DNA fragment to melt com-
pletely and become single-stranded (Sheffield et al. 1989). This is crucial 
since single-stranded DNA would migrate according to size and not ac-
cording to sequence. The TTGE technique was utilised in Paper III to 
group the bacterial isolates. All PCR amplicons migrating the same dis-
tance in the gel were assumed to be 16S gene fragments from the same 
bacterial species. This was later confirmed by sequencing several 16S 
rRNA genes (two-ten) from each group. 
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Results 

Midgut bacteria of field caught An. gambiae and An. funestus 
mosquitoes - Paper I  
In this study, the midgut flora of field caught An. gambiae s.l. and An. 
funestus midguts were investigated utilising a culture dependent and a 
culture independent pathway. Each midgut of the blood-fed females in-
cluded in the study was screened with both pathways. In total, 116 mos-
quitoes were screened, 91 An. gambiae s.l and 25 An. funestus. Bacteria 
were detected in 16% of An. gambiae s.l. and in 8% of An. funestus mos-
quitoes. In most of the mosquitoes only one species of bacteria was 
found, but two of the mosquitoes (H2.26 and B2.3) had two different 
species in the gut. Only one species (Stenotrophomonas maltophilia) was 
found in more than one mosquito. The five mosquitoes where it was iden-
tified were caught at the same occasion. Furthermore, bacteria were de-
tected in 9% of the mosquitoes by the culture independent method and in 
7% of the mosquitoes by the culture dependent. In total, 16 different spe-
cies of bacteria from 14 genera were identified, seven genera with the 
culture dependent and seven other with the culture independent pathway 
(Table 2). More than half of the bacteria identified belong to the Proteo-
bacteria phylum, four of the eight isolates and four of the seven bacterial 
genera identified from DNA samples (Fig. 3, Table 2). One of the iso-
lates, H2.1, could not be further identified than to the Gamma-
proteobacteria class by the phylogenetic analysis. This isolate was later 
characterised and named Thorselia anophelis (Kämpfer et al. 2006b). The 
other three isolates in the Proteobacteria phylum, H2.14, E2.5 and H2.26, 
belong to the Enterobacteriaceae family and the Vibrio and Pseudomonas 
genera, respectively (Table 2). From the DNA samples bacteria belonging 
to the Alpha-, Beta- and Gamma-proteobacteria classes were identified 
(Fig. 3, Table 2). Two isolates, and three bacterial genera identified from 
the DNA samples belong to the Firmicutes phylum (Fig. 4), the second 
largest phylum in this study. The isolates were identified as a Bacillus sp. 
(B2.1B) and a Bacillales sp. (H2.5) and the DNA clones as a Spiroplasma 
sp., a Mycoplasma sp. and a Paenibacillus sp. The isolates H2.3 and 
H2.16B represent the third phylum of bacteria, the Actinobacteria (Fig. 
5). Isolate H2.3 was identified as a Rhodococcus corynebacterioides and 
isolate H2.16B as a Janibacter sp. This isolate (H2.16B) was later further 
characterised as a novel species and named Janibacter anophelis 
(Kämpfer et al. 2006a). Three of the genera identified by the culture in-
dependent method in this study consist of intracellular bacteria (the Spi-
roplasma sp. the Mycoplasma sp. and the two Anaplasma spp.). This was 
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the fifth Spiroplasma sp. identified in mosquitoes and the first two 
Anaplasma spp.  

Gut bacteria of An. gambiae adults, pupae and larvae from a lab-
colony - Paper III 
During the study investigating horizontal and transstadial transfer of Pan-
toea stewartii in an An. gambiae colony several other bacterial species 
belonging to the Proteobacteria and Bacteroidetes phyla were isolated 
(Table 2, Fig. 3 and 6). For instance, a Pseudomonas sp. was isolated 
from all pupae examined. This species was most closely related to Pseu-
domonas otitidis. Three additional species were isolated from pupae clos-
est related to Comamonas testosteroni, Delftia tsuruhatensis and Sphin-
gobacterium multivorum, respectively (Fig. 3 and 6). The Sphingobacte-
rium sp. was isolated also from adult mosquitoes. In addition, an isolate 
identified as Elizabethkingia meningoseptica was frequently and, less 
frequently, a Stenotrophomonas maltophilia isolate found in the adults.  

Bacterial isolates from Anopheles oviposition sites - Paper IV 
Ten bacterial species previously isolated from oviposition sites by Sumba 
et al. (2004) were phylogenetically identified during this project (Table 
2). Eight of the isolates were Gram-positive bacteria out of which six 
belonged to the Firmicutes phylum. Three of these belong to the Bacillus, 
two to Exiguobacterium and one to Paenibacillus genera. The remaining 
two Gram-positive isolates were identified as a Rhodococcus sp. and a 
Micrococcus sp. of the Actinobacteria phylum. The two Gram-negative 
isolates belonged to the Proteobacteria phylum and the genera Proteus 
(Gamma-proteobacteria) and Comamonas (Beta-proteobacteria), respec-
tively. 

Complementary discussion 
Taken together, 32 bacterial species associated with Anopheles mosqui-
toes were identified during this project. They represent four phyla out of 
which the Proteobacteria phylum was the largest with 16 species. Ten of 
these belong to the Gamma-proteobacteria class followed by the Beta- 
and Alpha-proteobacteria classes, with four and two species, respectively 
(Fig. 3, Table 2). The second largest phylum, Firmicutes, contain 11 spe-
cies out of which more than half (six) belong to the Bacillaceae family 
(Fig. 4, Table 2). The remaining two phyla were the Actinobacteria and 
the Bacteroidetes phyla with four and two species, respectively. Bacteria 
from the Proteobacteria, Firmicutes and Actinobacteria phyla were identi-
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fied from the midgut samples and among the oviposition site isolates 
(Fig. 3-5, Table 2). The bacteroidetes phylum was only represented 
among the isolates from laboratory reared mosquitoes (Fig. 6).  

The majority of the identified species from midgut samples belongs to 
the Proteobacteria phylum (Fig. 3, Table 2) while Firmicutes was the 
largest phylum among the isolates from oviposition sites (Fig. 4, Table 
2). Eighteen of the bacterial species identified in this project belong to 
genera previously represented in mosquito midgut screens (compare Ta-
ble 1 and 2). Few studies have been performed on bacterial species in 
Anopheles oviposition sites. A study investigating the bacterial flora from 
an oviposition sites in Kisian, Western Kenya, identified 97% (in total 61 
sequences) of the 16S rDNA sequences obtained as species belonging to 
the Gamma-proteobacteria class and the remaining 3% as Bacillus sp. 
(Huang et al. 2006). The differences in bacterial species composition 
observed in the oviposition sites examined in this study and in Paper IV, 
both located in Western Kenya, may reflect natural variation of the bacte-
rial flora in Anopheles oviposition sites. However, it can also be a conse-
quence of differences in bacterial isolation and identification techniques. 
A study investigating bacteria in an An. quadrimaculatus habitat in 
Michigan, USA, identified 53% of the cultivable bacteria as Gram-
positive, 41% as Gram-negative and the remaining as Gram-variable 
(Smith et al. 1998). Several of the numerous genera identified in that 
study also had representatives among the isolates identified in Paper IV, 
(Comamonas, Bacillus, Micrococcus and Rhodococcus). Further research 
is needed to draw clear conclusions about similarities and differences in 
the bacterial flora of mosquito oviposition sites. 

Although there are several correlations on genus level between the 
bacteria identified from different sources in this project, only one bacte-
rial species (S. maltophilia) was identified in more than one of the studies 
(Fig. 3-6, Table 2). This species was identified from DNA samples from 
five mosquitoes caught in Kenya and was later isolated from laboratory 
reared mosquitoes. The 16S rRNA genes from the different S. maltophilia 
clones and isolates group to different nodes in the phylogenetic tree (Fig. 
3). This may reflect that the species classified as S. maltophilia in fact 
consists of multiple species. However, many bacteria have multiple 16S 
rRNA genes (so called cistrones) that may vary slightly in sequence 
(Nubel et al. 1996) and it is possible that different cistrones were se-
quenced for the different S. maltophilia isolates/clones. In addition, a 
correlation on species level was observed for two bacterial species util-
ised in this project that were isolated from mosquitoes in previous studies 
performed in our group. A P. stewartii strain was isolated from field 
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caught Anopheles and a laboratory strain of Ae. aegypti mosquitoes and 
the Bacillus isolate JL6 isolated from the Ae. aegypti colony is the same 
species as Bacillus isolate B2.1B according to the phylogenetic analysis 
(Fig. 3 and 4).  

Since streaks on LA-plates and DNA isolation were performed on 
each midgut in Paper I, it was surprising that the PCR based method did 
not give the same results the culture dependent method. Two possible 
explanations are interference by remnants from the midgut cells or human 
blood with the PCR or competition between the DNA from different bac-
teria favouring the ones of higher abundance in the PCR. However, it is 
also possible that the primers utilized are not as universal as previously 
expected. Baker et al. (2003) evaluated primers described as universal in 
the literature (including the forward primer used in this project) and con-
clude that no primer pairs for the 16S rRNA gene exist that will amplify 
all bacteria present in the databases. 

Importantly for a paratransgenic approach, there are available methods 
for genetic manipulation of numerous bacterial species. Among them 
species belonging to the Gamma-proteobacteria class and the Bacillaceae, 
Flavobacteriaceae and Nocardiaceae families (Macaluso and Mettus 
1991, Beard et al. 1992, Cutrin et al. 1995, Peloquin et al. 2000, Su et al. 
2001, Choi et al. 2006, Pontes and Dale 2006). Hence, the majority of the 
isolates obtained during this study may be possible to manipulate to ex-
press anti-parasitic factors. Furthermore, there are different methods 
available for stable transformation of bacteria (Dotson et al. 2003, Hägg 
et al. 2004). For example, a bacteriaphage was utilised to introduce a 
gene into the genome of the symbiont, Rhodococcus rhodnii, utilised in 
paratransgenic studies against Chagas disease (Dotson et al. 2003). 
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Table 2 Bacterial species identified in this project isolated from mosquito midguts or oviposition sites. 

Isolation 
source 

Label GeneBank 
accession no. 

Phylum/Class Order Family Genus (and species) 

B2.1B AY837746 Firmicutes/Bacilli Bacillales Bacillaceae Bacillus sp. 

E2.5 AY837747 Proteobacteria/Gamma Vibrionales Vibrionaceae Vibrio          
metschnikovii 

H2.1 AY837748 Proteobacteria/Gamma   Thorsellia anophelis

H2.3 AY837749 Actinobacteria/     
Actinobacteria 

Actinomycetales Nocardiaceae Rhodococcus    
corynebacteroides 

H2.5 AY837750 Firmicutes/Bacilli Bacillales  Bacillales sp. 

H2.14 AY837751 Proteobacteria/Gamma Enterobacteriales Enterobacteriaceae Enterobacteriaceae 
sp.  

H2.16B  AY837752 Actinobacteria/     
Actinobacteria 

Actinomycetales Intrasporangiaceae Janibacter 
anophelis 

H2.26 AY837753 Proteobacteria/Gamma Pseudomonadales Pseudomonadaaceae Pseudomonas sp. 

Isolates from 
midguts 
from field 
caught 
Anopheles, 
Paper I 

40G RT2A EF189919 Proteobacteria/Gamma Enterobacteriales Enterobacteriaceae Pantoea stewartii 
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B2.3.17  AY837725 Proteobacteria/Beta Burkholderiales Comamonadaceae Acidovorax sp. 

B2.5.31  AY837724 Firmicutes/Mollicutes Mycoplasmatales Mycoplasmataceae Mycoplasma sp. 

B2.3.14, 
B2.13.13, 
B2.15.35, 
B2..8.27, 
B2.18.23  

AY837726-30 Proteobacteria/Gamma Xanthomonadales  Xanthomonadaceae Stenotrophomonas 
maltophilia 

G2.9.23  AY837734 Firmicutes/Bacilli Bacillales Paenibacillaceae Paenibacillus sp. 

G2.12.2, 
G2.12.25, 
G2.12.46  

AY837735-37 Proteobacteria/Alpha Rickettsiales Anaplasmataceae Anaplasma ovis 

G2.12.7B, 
G2.12.13, 
G2.12.35  

AY837738-40 Proteobacteria/Alpha Rickettsiales Anaplasmataceae Anaplasma sp. 

H2.26.2, 
H2.26.11, 
H2.26.29  

AY837741-43 Proteobacteria/Gamma Aeromonadales Aeromonadaceae Aeromonas sp. 

DNA sam-
ples from 
midguts 
from field 
caught 
Anopheles, 
Paper I  

 

D2.2.2-3, 
D2.2.12-14 

AY837731-33 
AY837745-46

Firmicutes/Mollicutes Entomoplas-
matales 

Spiroplasmataceae Spiroplasma sp. 
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L1 EF426445 Firmicutes/Bacilli Bacillales Bacillaceae Bacillus sp. 

L2 EF426446 Proteobacteria/Gamma Enterobacteriales Enterobacteriaceae Proteus sp. 

L3 EF426447 Actinobacteria/      
Actinobacteria 

Actinomycetales Nocardiaceae Rhodococcus sp. 

L4 EF426448 Actinobacteria/      
Actinobacteria  

Actinomycetales Micrococcaceae Micrococcus sp. 

L5 EF426449 Firmicutes/Bacilli Bacillales Paenibacillaceae Paenibacillus sp. 

L6 EF426450 Firmicutes/Bacilli Bacillales Bacillaceae Bacillus sp. 

L8 EF426451 Firmicutes/Bacilli Bacillales Bacillaceae Exiguobacterium sp.

L9 EF426452 Firmicutes/Bacilli Bacillales Bacillaceae Exiguobacterium sp.

L11 EF426453 Proteobacteria/Beta Burkholderiales Comamonadaceae Comamonas sp.  

Isolates from 
Anopheles 
oviposition 
sites, Paper 
IV 

L12 
 

EF426454 Firmicutes/Bacilli Bacillales Bacillaceae Bacillus sp. 
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2.5, 2.13, 
5.20, 5.23, 
5.30, 5.33, 
7.22, 7.28 

EF426425-34 Bacteroidetes/        
Flavobacteria 

Flavobacteriales Flavobacteriaceae Elizabethkingia 
meningoseptica 

1.22  EF426435 Proteobacteria/Gamma Xanthomonadales  Xanthomonadaceae Stenotrophomonas 
maltophilia 

1.18, 1.3  EF426436-7 Bacteroidetes/        
Flavobacteria 

Sphingobacteriales Sphingobacteriaceae Sphingobacterium 
sp. 

6.13, 5.7 EF426438-9 Proteobacteria/Beta Burkholderiales Comamonadaceae Delftia sp. 

6.1, 6.6  EF426440-1 Proteobacteria/Beta Burkholderiales Comamonadaceae Commamonas sp. 

Isolates from 
an An. gam-
biae lab-
colony, 
Paper III 

6.14, 7.5, 8.2 EF426442-44 Proteobacteria/Gamma Pseudomonadales Pseudomonadaaceae Pseudomonas sp. 

JL2 EF189920 Proteobacteria/Gamma Enterobacteriales Enterobacteriaceae Pantoea stewartii 

JL6 - Firmicutes/Bacilli Bacillales Bacillaceae Bacillus sp. 

Isolates from 
Ae. aegypti 
midguts 
from a lab-
colony, 
Paper IIa Kiii - Proteobacteria/Gamma Enterobacteriales Enterobacteriaceae Klebsiella sp. 

aPhylogenetic identification of the Aedes isolates: O. Terenius, J.M. Lindh, K. Eriksson-Gonzales  and I. Faye, unpublished data. 
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Figure 3 Dendrogram showing phylogenetic affiliation of bacterial species belong to the 
Proteobacteria phylum. The dendrogram was constructed in ARB and is based on 16S 
rDNA sequences. The bacteria identified within this project is marked in bold, the letters 
following the bacteria label explains: identification pathway (C = clone , I = isolate), isolation 
source (M =midgut, O =oviposition site, P = pupae, O-H2O = oviposition water, P-H2O = 
pupal water, s-s = sugar solution), mosquito species (An. =An. gambiae s.l, Ae. = Ae. aegypti) 
and where the mosquito were obtained (F =field-caught, L =laboratory reared). The numbers 
at the nodes represent bootstrap values from 100 replicates (Bootstrap values below 50 were 
excluded). 

 
Figure 4 Dendrogram showing phylogenetic affiliation of bacterial species belong to the 
Firmicutes phylum. See legend of Fig. 3 
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Figure 5 Dendrogram showing phylogenetic affiliation of bacterial species belong to the 
Actinobacteria phyla. See legend of Fig. 3 

 
Figure 6 Dendrogram showing phylogenetic affiliation of bacterial species belong to the 
Bacteriodetes phyla. See legend of Fig. 3 
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Laboratory investigations of two possible ways of 
introducing bacteria to mosquitoes in the field in a 
paratransgenic approach 

Results 

Introducing bacteria to mosquitoes via sugar baits – Paper II 
One possible way to introduce transgenic bacteria to mosquitoes in the field 
is via sugar-meals. To determine if mosquitoes discriminate between sterile 
sugar solutions and sugar solutions with bacteria a method for screening 
mosquito-feeding preferences was developed. This method is based on a 
dual-choice test of solutions labelled with food-colourings. Three tests (col-
our detection, sugar detection and sugar concentration detection) were per-
formed to evaluate the method on Ae. aegypti, An. arabiensis and An. gam-
biae mosquitoes. These tests showed the essential features of the method, no 
significant preference for red or green colour and a clear preference for 10% 
sugar solution over both water and 1% sugar solution were detected. Hence, 
the mosquitoes did make a choice and the choice was not dependent on the 
colours. Bacteria previously isolated from respective mosquito species were 
used in experiments with Ae. aegypti and An. gambiae. The bacterial isolates 
tested on Ae. aegypti mosquitoes were a Bacillus isolate (JL6), a Klebsiella 
isolate (Kiii) and a P. stewartii isolate (JL2). Furthermore, a Pseudomonas 
isolate (H2.26) and a P. stewartii isolate (40G RT2A) were tested on An. 
gambiae mosquitoes. It was shown that mosquitoes do not discriminate be-
tween sugar solutions with or without these bacteria. Since mosquitoes read-
ily feed from bacteria-containing sugar sources, we conclude that this may 
be a possible method for introducing transgenic bacteria to a mosquito popu-
lation in the field.  

Introducing bacteria to mosquitoes via oviposition sites – Paper III 
Another possible way of introducing bacteria to mosquitoes in the field is via 
oviposition-sites. However, oviposition sites can only be used for delivery of 
bacteria to mosquitoes if transstadial transmission occurs from larvae to 
adult or if the mosquitoes take up bacteria from the water the emerged in, in 
the adult stage. To investigate if this occurs in a laboratory-setting we util-
ised the P. stewartii strain, previously isolated from an An. gambiae mos-
quito. The bacterium was transformed with a GFP-expressing plasmid. In 
addition, an Elizabethkingia meningoseptica strain, isolated during the study, 
was utilised. First, we investigated if bacteria are transstadially transferred 
from larvae to pupae and from pupae to adults. The GFP-marked P. stewartii 
added to the larval water could be detected in the larvae one day later and 
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also in the pupae after pupation (Table 3). The pupae were (surface-) washed 
and transferred to sterile water containing antibiotics before the adults 
emerged. The adult abdomens were consistently free from bacteria (Table 3). 
Hence, the results from this study indicate that bacteria are transferred from 
larvae to pupae but not from pupae to adults (Fig. 7A). We then investigated 
whether adult mosquitoes can take up bacteria from the water they emerge 
in. After introducing GFP-marked P. stewartii to sterile water with pupae, 
this bacterial species was isolated from the abdomen of two out of 133 adults 
(1.5 %) in one out of six experiments. In addition, E. meningoseptica was 
isolated from 28 adults (21%) in three different experiments (Table 3). No-
tably, in these three experiments the same bacterial species were also iso-
lated from the water they emerged in, whereas, it was not found in the re-
maining three experiments. If we consider only the experiments where E. 
meningoseptica was present in the pupal-water, 42% (28/67) of the newly 
emerged adults harboured the bacterium in their abdomens (Table 3). The 
take-up of water by newly emerged adults was confirmed by utilising col-
oured pupal-water. These results indicate that it may be possible to introduce 
bacteria to mosquitoes in the field via oviposition sites.  

Horizontal transfer of bacteria within an Anopheles mosquito colony – 
Paper III 
We investigated if mosquitoes can transfer bacteria to sugar solutions and 
oviposition water. The mosquitoes were offered sugar solution containing P. 
stewartii- GFP on day 1 and were blood fed on day 2. The sugar solution in 
the cage was then changed daily and an oviposition cup was introduced on 
day 5. The presence of bacteria in all sugar solutions and the oviposition 
water were examined. Sterile sugar solution introduced into a cage with 
mosquitoes was 24h later infected with GFP-marked P. stewartii in three of 
the four experiments. The same was true for E. meningoseptica in all four 
experiments. The number of days any of the bacterial species was detected in 
the sugar solution ranged from one to four, four being all days screened (Ta-
ble 3). Furthermore, P. stewartii-GFP was isolated from oviposition water 
and the abdomens of females that previously laid eggs there, in one out of 
four experiments. In addition, E. meningoseptica was isolated from the same 
sources in two of the four experiments. Notably, in the remaining two ex-
periments (without these bacteria in the oviposition water) neither P. stewar-
tii nor E. meningoseptica were isolated from female abdomens after oviposi-
tion (Table 3).  

Taken together, these results show that mosquitoes can transfer bacteria 
horizontally via sugar- solutions and/or oviposition water (Fig. 7B).  
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Table 3 Transstadial and horizontal transfer of P. stewartii and E. meningoseptica 

Transfer from- -larvae 
to 
pupaea

-pupae 
to 
adults a

pupal-
water  to 
adultsa

adults to 
oviposition 
H2Ob

adult to 
sugar 
solutionb

P. stewartii 19/20 0/25 2/133 1/4 

(1/1)d

7/19 

E. meningoseptica ND ND 28/133 

(28/67)c

2/4 

(2/2) d

9/19 

aNumber of mosquitoes with bacterial species in the gut/total number of mosquitoes investi-
gated, all experiments combined. bNumber of solutions (water and sugar) with bacterial spe-
cies/total number of solutions examined, all experiments combined. cNumber of mosquitoes 
with E. meningoseptica in the gut/total number of mosquitoes investigated, only including 
experiments with E. meningoseptica present in the pupal water. d Number of  oviposition 
waters with bacterial species/total number of solutions examined, only including experiments 
with the bacterial species present in the females after oviposition. 

Complementary discussion 
In conclusion, the first steps (investigations in a laboratory setting) towards 
two possible approaches for introduction of transgenic bacteria into mos-
quito populations were successful. For the first approach, introduction of 
bacteria via sugar baits, we have shown that Anopheles mosquitoes equally 
well feed on sugar solutions with and without bacteria. In addition to the two 
bacterial species tested in Paper II, six more isolates were later investigated 
with the same result (see below). For the second approach, introduction of 
bacteria via oviposition sites, we have shown that adult mosquitoes can take 
up bacteria from the water they emerge in. Hence, it may be possible to util-
ise both sugar sources and oviposition sites for delivery of transgenic bacte-
ria into mosquitoes in the field. In addition, we have shown that mosquitoes 
can transfer bacteria horizontally via sugar solutions and oviposition water in 
a laboratory setting (Fig. 7B). A rearing cage is very different from the natu-
ral situation and further research (in semi-field and field settings) is needed 
to confirm these results and to determine the best approach for delivery of 
transgenic bacteria. Regardless of how the transgenic bacteria are introduced 
to a mosquito population in the field, it will be an advantage if the mosqui-
toes can keep the bacteria in the population by horizontal transfer.  

In this project, E. meningoseptica was more often isolated from adults 
than P. stewartii although the later species was introduced into the mosqui-
toes in high numbers. Furthermore, E. meningoseptica had a longer genera-
tion time than the P. stewartii strain in all media tested, and no bactericins or 
growth inhibitors were produced by E. meningoseptica that had an effect on 



the growth of P. stewartii. These results indicate that E. meningoseptica are 
more adapted to the midgut environment than P. stewartii and may therefore 
be a better candidate for paratransgenics. The difference in adaptation be-
tween the two species (P. stewartii and E. meningoseptica) implies that it 
may be possible to identify bacterial species that are even more suited for a 
paratransgenic approach. As an alternative, recent findings suggest that it is 
possible to select for bacteria that are adapted to the midgut environment by 
serial passage through the mosquito (Riehle et al. 2007). 

 
Figure 7A Schematic scheme of transstadial transfer of bacteria, Bacteria were 

transferred from larvae to pupae but not from pupae to adults. It is not known if 
bacteria can be transferred from females to the eggs (a preliminary study indicated 
that no trasfer occurs of P. stewartii) and then from the eggs to the larvae. B Sche-

matic scheme of horizontal transfer of bacteria via oviposition water and sugar 
solutions. Mosquitoes transferred bacteria to sugar solutions and oviposition water, 
the bacteria may then be ingested by another previously uninfected mosquitoes, in 

addition, the infected mosquitoes may be re-infected. 
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Identification of putative semiochemicals for 
Anopheles mosquitoes with bacterial origin 

Methods 

Bioassays 
Two bioassays were utilised to investigate mosquito responses to solu-

tions containing bacteria, one to screen sugar-feeding responses (Paper II) 
and the other to screen oviposition responses (Paper III and IV). Both bioas-
says were based on a dual-choice between a sterile solution (control solu-
tion) and a bacteria-containing solution (test solution). The number of mos-
quitoes fed on each sugar solution or the number of eggs laid in each solu-
tion were counted and compared by statistical analysis. Neither of these bio-
assays allows for separation of olfactory and contact stimuli responses. 
However, with slight modifications of the setup the mosquitoes can be omit-
ted from coming into contact with the bacteria-containing solution and 
hence, only olfactory cues would be examined. For the bioassay with sugar 
solutions both setups were utilised. However, since it is necessary for the 
mosquitoes to be in contact with the bacteria-containing solutions in a para-
transgenic approach, we chose to utilise the bioassay where a combination of 
olfactory and contact-stimuli responses are examined for all experiments 
performed with bacteria. 

Solid Phase Microextraction (SPME) 
Solid Phase Microextraction was invented by Pawliszyn and co-workers in 
1989 (Arthur and Pawliszyn 1990). Later, a variation of SPME, sampling 
gaseous phases (headspace-SPME) was described by the same group (Zhang 
and Pawliszyn 1993). SPME is a simple efficient solvent-less sample prepa-
ration method (Vas and Vekey 2004). The application of this sampling tech-
nique for analysis of biological samples has been reviewed (Theodoridis et 
al. 2000, Augusto and Valente 2002). Among the applications described was 
sampling of volatiles produced by microbes (Augusto and Valente 2002). 
SPME fibres with different properties are commercially available (Augusto 
and Valente 2002). The SPME sampling technique has been used in various 
applicationas in the group of Ecological Chemistry, KTH. For example to 
monitoring biodegradation of polutatnts in soil (Eriksson et al. 1998, Eriks-
son et al. 2000), to sample plant and fungi volatiles (Fäldt et al. 1999, Jaen-
son et al. 2006), and to sample insect pheromones (Borg-Karlson and Mo-
zuraitis 1996). In this project a polydimethylsiloxane/divinylbenzene-coated 
fibre was used to sample volatiles emitted into the headspace above bacteria-
containing solutions (Paper III and IV).  
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Principal Component Analysis (PCA) 
Principal component analysis is seen as the basis of multivariate data analy-
sis (Wold 1987, Eriksson et al. 2001). The method is designed to extract and 
display the systematic variation in data matrixes. In PCA a multivariate data 
table is represented as a low dimensional plane, thus making it easier to ob-
tain an overview of the data and detect groups, trends and outliers (Eriksson 
et al. 2001). In this project PCA was utilised to analyse relative amounts of 
compounds emitted by bacteria using Canoco 4.5 software (Paper IV). The 
PCA plots were focused on the inter-species (chemical compounds) correla-
tion.  

Results 

Semiochemicals for sugar sources selection – Paper II 
As mentioned above, the mosquitoes did not show any responses, positive or 
negative, to any of the bacterial species included in the dual-choice test with 
sugar solutions. An. gambiae mosquito responses were later tested towards 
six additional bacterial isolates. Four of the isolates were from the midgut 
study (Paper I), the Bacillus isolate B2.1B, the V. metschnikovii isolate E2.5, 
the Bacillales isolate H2.5 and the Enterobacteriaceae isolate H2.14 and two 
of the isolates from the ovipositions sites (Paper IV), the Proteus isolate L2 
and the Exiguobacterium isolate L8. In agreement with the previous results, 
the mosquitoes did not show any preference for or against the bacteria-
containing sugar solutions containing any of these bacterial isolates (Fig. 8). 
Due to the lack of response to the isolates that were tested, the remaining 
isolates were not examined with this bioassay. Although no odour responses 
were detected in Paper II, a taste response was observed, An. gambiae mos-
quitoes rejected to feed on solutions containing LB.  



 
Figure 8 An. gambiae mosquitoes did not respond to any of the bacterial species included 

in the dual-choice test based on coloured sugar solutions 

Semiochemicals for oviposition site selection – Paper III and IV 
The eight isolates obtained from field caught Anopheles mosquito midguts 
(Paper I) and nine of the ten isolates obtained from Anopheles ovipositions 
sites (Sumba et al. 2004) were screened with the oviposition bioassay (Paper 
IV). One of the isolates from a midgut and five of the isolates from oviposi-
tion sites mediated a positive oviposition response (Paper IV). In addition, 
two of the isolates utilised in the study on transstadial and horizontal transfer 
of bacteria were screened with the same bioassay (Paper III). One isolate, P. 
stewartii, mediated a positive oviposition response whereas the other, E. 
meningoseptica did not. Only one concentration of bacteria was analysed in 
the bioassays and it is possible that more bacteria would mediate responses if 
they were tested at other concentrations. The volatiles emitted by the bacte-
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ria were sampled by headspace-SPME and identified by GC-MS analysis. 
For the SPME sampling, the bacteria were prepared the same way as in the 
bioassays, cultivated in LB and then suspended in saline. The bacteria emit-
ted numerous different volatile compounds, including aliphatic and aromatic 
alcohols, esters, ketones, dimethyl oligosulfides and pyrazines. The volatiles 
emitted by the bacteria were subjected to principal component analysis (Fig. 
9). By the aid of the PCA plots and previously published papers on electro-
physiological responses from mosquitoes (Du and Millar 1999, Blackwell 
and Johnson 2000, Meijerink et al. 2000, Costantini et al. 2001, Meijerink et 
al. 2001, Qiu et al. 2004, Kwon et al. 2006, Puri et al. 2006, Qiu et al. 2006), 
13 putative oviposition attractants were identified (Table 4). 

 
Figure 9 Principal Component Analysis plot. Relative amounts of the compounds 
released by different bacteria were analysed. The bacteria are represenated by filled 
circles and chemical compounds by arrows. The direction and the length of the ar-
row is related to the relative amounts emitted by the bacteria (if only one bacteria 
emit the compound it will point towards this bacterium, if several bacteria emit the 
same compound it will point towards the bacteria emitting the highest relative 
amount). A total of 53% of the variance in the data is explained by the first and 
second principal components (PC 1: 35%, PC 2: 17%). 
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Table 4 Volatile compounds identified as putative ovipositon attractants  

Bacterial isolate Putative oviposition attractants emitteda

E2.5 2-Methyl-3-decanol (5), Unknown compound 1 and 2 (45, 46) 

L2 and P. stewartii 3-Methyl-1-butanol (1), 2-Phenylethanol (8), 2-Tridecanone (26), 
Indole (40) 

L4   3-Methyl-1-butanol (1) 

L9 3-Methyl-1-butanol (1), 3-Methylbutanoic acid (10) 

L6 4 Alkyl-pyrazines (33-36) 

L11 Phenylmethanol (7), 2-Phenylethanol (8) 
aNumbers in brackets corresponds to numbers in the PCA-plot (Fig. 9). 

Complementary discussion 
Previous studies indicate that there is an overlap between semiochemiclas 
mediating different responses in mosquitoes. For example, indole has been 
suggested to be involved in host-seeking and oviposition-site selection 
(Blackwell and Johnson 2000, Meijerink et al. 2000, Takken et al. 2001). In 
addition, some of the compounds emitted by the bacterial isolates (i.e. 
phenylmethanol and 2-phenylethanol) are known floral volatiles (Mauer and 
Rowley 1999). Furthermore, the bacterial isolates have a similar volatile-
profile when suspended in sugar solution and saline (Lindh J.M. and Borg-
Karlson A.-K. unpublished results). Hence, we speculated that the mosqui-
toes might respond to the same bacterial species in the oviposition and 
sugar-feeding bioassays. Three of the bacterial isolates (E2.5, L2 and P. 
stewartii) mediating a response in the oviposition bioassay were included in 
the sugar-feeding bioassay. However, we have not been able to detect any 
microbial sugar-feeding attractants or repellents. Although it is possible that 
no sugar-feeding attractants were produced by any of the bacterial isolates 
tested, it is also possible that the contact-stimuli responses for sugar are 
stronger than the olfactory cues, at least within a small cage. However, it 
might be possible to detect olfactory responses with the bioassay developed 
if the experiments are performed in a larger cage. 

If the function of any of the 13 putative oviposition attractants can be con-
firmed they may be used to facilitate the distribution of bacteria into mosqui-
toes via ovipostion sites. Furthermore, they can be utilised in oviposition 
traps to control mosquito populations. In addition, it is possible that oviposi-
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tion attractants can make larval control programs more efficient. Larval con-
trol, using microbial larvicides, has been suggested to be a promising control 
strategy for malaria in Africa (Killeen et al. 2002b, Killeen et al. 2002a, 
Fillinger et al. 2003). One of the obstacles with this approach is all the po-
tential oviposition sites that need to be treated. If the formulations with lar-
vicides can be combined with oviposition attractants it is possible that the 
number of sites that need to be treated within a certain area can be decreased 



 47 

Conclusions  
 

• In total 32 bacterial species from field caught and laboratory reared 
An. gambiae mosquitoes or Anopheles oviposition sites were identi-
fied during this thesis project. They belong to 23 genera representing 
seven classes and four phyla. Taken together with previous publica-
tions, these results show that no dominant bacterial species or genera 
(that can be detected with the methods utilised) are present in An. 
gambiae mosquito midguts. Further research on bacterial flora of 
oviposition sites is needed to draw any conclusions about frequency 
of bacterial species there. In the midgut screen presented here (Paper 
I), a culture dependent and a culture independent identification 
pathway were utilised. Since both pathways were used on each mid-
gut it was surprising that there was no overlap between the bacterial 
species identified. Instead, we can conclude that the two pathways 
complement each other. 

 
• Mosquitoes feed from sugar solutions containing bacteria and they 

can take up bacteria from the water they emerge from. Although the 
relevance of these findings for the field situation remains to be in-
vestigated, the results presented indicate that it may be possible to 
use spiked sugar solutions and oviposition sites for the distribution 
of genetically modified bacteria in a paratransgenic approach against 
malaria. 

 
• A dual-choice bioassay based on coloured sugar-solutions was de-

veloped. This bioassay was, together with an ovipositon bioassay, 
utilised to search for bacterial volatiles functioning as Anopheles 
semiochemicals. While no response toward bacteria-containing 
sugar solutions could be detected seven of the isolates mediated a 
positive oviposition response. In total, 13 putative oviposition attrac-
tants were identified among the volatiles emitted by these seven iso-
lates. 



 48 

Acknowledgement 

Many people have given essential and useful help during my PhD project, 
a BIG THANKS to all of you!  

 
Especially I would like to thank: 
 
My supervisor Ingrid Faye, for encouragement, supervision, discussions, 

for accepting me as a PhD-student, and giving me the opportunity to develop 
my own ideas, I have learned a lot!  

 
Anna-Karin Borg-Karlsson, co-supervisor during the last two years of my 

PhD project, for encouragement and your enthusiasm for this project and for 
giving me the opportunity to search for semiochemicals for mosquitoes. 

 
Bart Knols, co-supervisor during the last two years of my PhD project, for 

encouragement, discussions and your enthusiasm. And for sharing all the 
knowledge you have about mosquito ecology.  

 
Members of Ingrid Fayes research group: Olle for introducing me to the 

project, many and long discussions, encouragement , help with writing and 
comments of this thesis. Karolina for discussions, essential help in rearing 
mosquitoes and development of the preference method. Rom for answering 
all my “English-questions”, for discussions and all the help with comments 
and corrections on the manuscripts and the thesis. Lotta for taking such good 
care of the mosquitoes the last months. Makoto for sharing all the knowledge 
you have on pretty much every lab-technique I ever asked about. All other 
present and former members of the group: Haleh, Helen, Katarina, 
Katarzyna, Kehmia, Lee, Linda, Lotta, Magnus, Yohannes and Zongpei for 
useful discussions and all the help along the way. 

 
People at the former Genetics Department: Anders for advice on statisti-

cal and phylogenetic analysis. Björn for fixing all computer problems espe-
cially the ones the day before this thesis was sent for printing, and for setting 
up the ARB program. Elisabeth for sharing all your knowledge, Petri for the 
help with the “bacteria-sustainability” project and for all the times we went 
jogging. Clara for being a good friend and for your positive attitude that you 



 49 

always share so generously. Alex, Mina, Lina, Carlos and Joakim for discus-
sions, help with teaching and sharing knowledge and lab-eqiupment.  

 
GMT members: Niklas for the microscope study of Thorsellia anophelis. 

Siamak for GC-analysis of the same bacteria. Görel for all your essential 
help, everything is so much easier when you are around. All other friends 
and colleagues at the GMT department who helped in any and many ways, 
Thank you for the nice atmosphare you creat at our department!  

 
Members of Anna-Karins group at Ecological Chemistry, KTH: Katinka, 

for teaching me the techniques used at KTH, for reading my papers and giv-
ing useful comments and for being a great friend in Kenya and Sweden. As-
trid for the help with the PCA analysis. All other members of Anna-Karins 
group at KTH, for always helping me with the GC-MS, for discussions and 
encouragment, and for taking the time to answer all my questions. 

 
People at ICIPE Kenya: John Githure, Ahmed Hassanali and Louis 

Gouagna for the possibility to conduct the field work at ICIPE-Thomas 
Odhiambo Campus (Mbita Point Research and Training centre). Ulrike Fill-
inger, Hassan Akelo, Stephen Aluoch, Michael Kephers, George Sonje and 
the rest of the “mosquito catching group” and all other members of the re-
search group in Mbita for essential help during the field work.  

 
All Innate Immunity group members, for all the knowledge your share at 

the meetings.   
 
All Swedish Malaria Network friends for discussions on various aspects 

of malaria and the nice times at the workshops and conferences, especially to 
the first j-SMN board members, Olle, Karin, Jaran, Mita and Niloo. 

 
Petri, Olle, Ingrid, Per and Johan for feeding the mosquitoes when I 

couldn’t do it myself, you have given part of yourself to science! -Hopefully 
I did something useful with the mosquitoes that were produced from your 
blood… 

 
The “bure sisters”, Aruna, Hannah, Heather, Katinka and Ulrike for mak-

ing the time spent in Kenya so pleasant, for all discussion and for showing 
me that insects and especially mosquitoes are very interesting creatures. I 
hope we will soon meet again in Mbita for a sunset beer. 

 
Mari, for reading this thesis and giving comments, for all your encour-

agement and for our long discussion about the important and unimportant 
matters in life, I hope they will never end.  

 



Malin for all the peptalks and all the walks around the lakes.  
 
All my great friends for providing fun and exiting distractions outside of 

the lab and for putting up with my presence (and endless discussions about 
this thesis) or absence during the last six months…I will improve, I promise! 

 
Christer, tack för allt! Du har varit ett enormt stöd de senaste sex 

månaderna. Förhoppningsvis blir det mindre jobb o mer av annat som 
skidåkning och kajakpaddlande framöver.  

 
Hela min stora familj (Fagergårds inräknade)- för att ni alltid finns där o 

stöttar mej! Och för att ni då och då frågar vad det egentligen är jag håller på 
med… Och om jag någonsin kommer att plugga klart. -Det ger mej lite 
perspektiv på saker o ting. 

 
-o min närmsta familj! Speciallt till Mamma o Anna för att ni alltid finns 

där o alltid tror på mej. Och sist men inte minst ett stort tack till Emil o 
Viktor för de fina myggbilderna. 

 

 
Ritad av Viktor 2 år 

 

 50 



 51 

References 

Abalain-Colloc, M. L., L. Rosen, J. G. Tully, J. M. Bove, C. 
Chastel, and D. L. Williamson. 1988. Spiroplasma tai-
wanense sp. nov. from Culex tritaeniorhynchus mosquitos col-
lected in Taiwan. Int. J. Syst. Bacteriol. 38: 103-107. 

Abalain-Colloc, M. L., C. Chastel, J. G. Tully, J. M. Bove, R. F. 
Whitcomb, B. Gilot, and D. L. Williamson. 1987. Spiro-
plasma sabaudiense sp. nov. from mosquitos collected in 
France. Int. J. Syst. Bacteriol. 37: 260-265. 

Agelopoulos, N., M. A. Birkett, A. J. Hick, A. M. Hooper, J. A. 
Pickett, E. M. Pow, L. E. Smart, D. W. M. Smiley, L. J. 
Wadhams, and C. M. Woodcock. 1999. Exploiting semio-
chemicals in insect control. Pestic. Sci. 55: 225-235. 

Aguilar, R., A. E. Jedlicka, M. Mintz, V. Mahairaki, A. L. Scott, 
and G. Dimopoulos. 2005. Global gene expression analysis of 
Anopheles gambiae responses to microbial challenge. Insect 
Biochem. Mol. Biol. 35: 709-19. 

Amann, R. I., W. Ludwig, and K. H. Schleifer. 1995. Phylogenetic 
identification and in-situ detection of individual microbial-
cells without cultivation. Microbiol. Rev. 59: 143-169. 

Arthur, C. L., and J. Pawliszyn. 1990. Solid-Phase Microextraction 
with thermal-desorption using fused-silica optical fibers. Anal. 
Chem. 62: 2145-2148. 

Augusto, F., and A. L. P. Valente. 2002. Applications of solid-phase 
microextraction to chemical analysis of live biological sam-
ples. Trac-Trends Analyt. Chem. 21: 428-438. 

Baker, G. C., J. J. Smith, and D. A. Cowan. 2003. Review and re-
analysis of domain-specific 16S primers. J Microbiol Methods 
55: 541-55. 

Beard, C., C. Cordon-Rosales, and R. V. Durvasula. 2002. Bacte-
rial symbionts of the triatominae and their potential use in con-
trol of Chagas disease transmission. Annu. Rev. Entomol. 47: 
123-141. 



 52 

Beard, C. B., R. V. Durvasula, and F. F. Richards. 1998. Bacterial 
symbiosis in arthropods and the control of disease transmis-
sion. Emerging Infect. Dis. 4: 581-591. 

Beard, C. B., P. W. Mason, S. Aksoy, R. B. Tesh, and F. F. Rich-
ards. 1992. Transformation of an insect symbiont and expres-
sion of a foreign gene in the Chagas' disease vector Rhodnius 
prolixus. Am. J. Trop. Med. Hyg. 46: 195-200. 

Beard, C. B., E. M. Dotson, P. M. Pennington, S. Eichler, C. Cor-
don-Rosales, and R. V. Durvasula. 2001. Bacterial symbiosis 
and paratransgenic control of vector-borne Chagas disease. Int. 
J. Parasitol. 31: 621-627. 

Beehler, J. W., J. G. Millar, and M. S. Mulla. 1994. Protein hydro-
lysates and associated bacterial contaminants as oviposition at-
tractants for the mosquito Culex quinquefasciatus. Med. Vet. 
Entomol. 8: 381-5. 

Beier, J. C. 1998. Malaria parasite development in mosquitoes. Annu. 
Rev. Entomol. 43: 519-543. 

Bentley, M. D., and J. F. Day. 1989. Chemical ecology and behav-
ioral aspects of mosquito oviposition. Annu. Rev. Entomol. 34: 
401-21. 

Benzon, G. L., and C. S. Apperson. 1988. Reexamination of chemi-
cally mediated oviposition behavior in Aedes aegypti (L.) 
(Diptera: Culicidae). J. Med. Entomol. 25: 158-164. 

Besansky, N. J., C. A. Hill, and C. Costantini. 2004. No accounting 
for taste: host preference in malaria vectors. Trends Parasitol. 
20: 249-251. 

Bextine, B., C. Lauzon, S. Potter, D. Lampe, and T. A. Miller. 
2004. Delivery of a genetically marked Alcaligenes sp. to the 
glassy-winged sharpshooter for use in a paratransgenic control 
strategy. Curr. Microbiol. 48: 327-331. 

Bextine, B., D. Lampe, C. Lauzon, B. Jackson, and T. A. Miller. 
2005. Establishment of a genetically marked insect-derived 
symbiont in multiple host plants. Curr. Microbiol. 50: 1-7. 

Blackwell, A., and S. N. Johnson. 2000. Electrophysiological inves-
tigation of larval water and potential oviposition chemo-
attractants for Anopheles gambiae s.s. Ann. Trop. Med. 
Parasitol. 94: 389-98. 

Bodrossy, L., and A. Sessitsch. 2004. Oligonucleotide microarrays in 
microbial diagnostics. Curr. Opin. Microbiol. 7: 245-254. 

Borg-Karlson, A. K., and R. Mozuraitis. 1996. Solid phase micro-
extraction technique used for collecting semiochemicals. Iden-



 53 

tification of volatiles released by individual signalling Phyl-
lonorycter sylvella moths. Z. Naturforsch. C. 51: 599-602. 

Braks, M., and W. Takken. 1999. Incubated human sweat but not 
fresh sweat attracts the malaria mosquito Anopheles gambiae 
sensu stricto. J. Chem. Ecol. 25: 663-671. 

Braks, M. A., R. A. Anderson, and B. G. J. Knols. 1999. In-
fochemicals in mosquito host selection: human skin microflora 
and Plasmodium parasites. Parasitol. Today 15: 409-413. 

Braks, M. A. H., E. J. Scholte, W. Takken, and T. Dekker. 2000. 
Microbial growth enhances the attractiveness of human sweat 
for the malaria mosquito, Anopheles gambiae sensu stricto 
(Diptera: Culicidae). Chemoecology 10: 129-134. 

Breman, J. G. 2001. The intolerable burden of malaria: A new look at 
the numbers. Am. J. Trop. Med. Hyg. 64: I. 

Briegel, H. 2003. Physiological bases of mosquito ecology. J. Vector 
Ecol. 28: 1-11. 

Chao, J., and G. Wistreich. 1959. Microbial isolation from the mid-
gut of Culex tarsalis Coquillett. J. Insect Pathol. 1: 311-318. 

Chao, J., and G. Wistreich. 1960. Microorganisms from the midgut 
of larval and adult Culex quinquefasciatus Say. J. Insect 
Pathol. 2: 220-224. 

Cheng, Q., and S. Aksoy. 1999. Tissue tropism, transmission and 
expression of foreign genes in vivo in midgut symbionts of 
tsetse flies. Insect Mol. Biol. 8: 125-132. 

Choi, K. H., A. Kumar, and H. P. Schweizer. 2006. A 10-min 
method for preparation of highly electrocompetent Pseudomo-
nas aeruginosa cells: application for DNA fragment transfer 
between chromosomes and plasmid transformation. J. Micro-
biol. Methods 64: 391-7. 

Coenye, T., E. Vanlaere, E. Falsen, and P. Vandamme. 2004. 
Stenotrophomonas africana Drancourt et al. 1997 is a later 
synonym of Stenotrophomonas maltophilia (Hugh 1981) 
Palleroni and Bradbury 1993. Int. J. Syst. Evol. Microbiol. 54: 
1235-1237. 

Cole, J. R., B. Chai, R. J. Farris, Q. Wang, S. A. Kulam, D. M. 
McGarrell, G. M. Garrity, and J. M. Tiedje. 2005. The Ri-
bosomal Database Project (RDP-II): sequences and tools for 
high-throughput rRNA analysis. Nucleic Acids Res. 33: D294-
6. 

Costantini, C., M. A. Birkett, G. Gibson, J. Ziesmann, N. F. Sa-
gnon, H. A. Mohammed, M. Coluzzi, and J. A. Pickett. 



 54 

2001. Electroantennogram and behavioural responses of the 
malaria vector Anopheles gambiae to human-specific sweat 
components. Med. Vet. Entomol. 15: 259-66. 

Cutrin, J. M., A. E. Toranzo, and J. L. Barja. 1995. Genetic trans-
formation of Vibrio anguillarum and Pasteurella piscicida by 
electroporation. FEMS Microbiol. Lett. 128: 75-80. 

De Jong, R., and B. G. Knols. 1995. Selection of biting sites on man 
by two malaria mosquito species. Experientia 51: 80-84. 

Demaio, J., C. B. Pumpuni, M. Kent, and J. C. Beier. 1996. The 
midgut bacterial flora of wild Aedes triseriatus, Culex pipiens 
and Psorophora columbiae mosquitoes. Am. J. Trop. Med. 
Hyg. 54: 219-223. 

Dong, Y., R. Aguilar, Z. Xi, E. Warr, E. Mongin, and G. Di-
mopoulos. 2006. Anopheles gambiae immune responses to 
human and rodent Plasmodium parasite species. PLoS Pathog. 
2: e52. 

Dotson, E. M., B. Plikaytis, T. M. Shinnick, R. V. Durvasula, and 
C. B. Beard. 2003. Transformation of Rhodococcus rhodnii, a 
symbiont of the Chagas disease vector Rhodnius prolixus, with 
integrative elements of the L1 mycobacteriophage. Infect. 
Genet. Evol. 3: 103-9. 

Drancourt, M., C. Bollet, A. Carlioz, R. Martelin, J. P. Gayral, 
and D. Raoult. 2000. 16S ribosomal DNA sequence analysis 
of a large collection of environmental and clinical unidentifi-
able bacterial isolates. J. Clin. Microbiol. 38: 3623-30. 

Du, Y. J., and J. G. Millar. 1999. Electroantennogram and oviposi-
tion bioassay responses of Culex quinquefasciatus and Culex 
tarsalis (Diptera : Culicidae) to chemicals in odors from Ber-
muda grass infusions. J. Med. Entomol. 36: 158-166. 

Durvasula, R. V., A. Gumbs, A. Panackal, O. Kruglov, S. Aksoy, 
R. B. Merrifield, F. F. Richards, and C. B. Beard. 1997. 
Prevention of insect-borne disease: an approach using trans-
genic symbiotic bacteria. PNAS 94: 3274-3278. 

Eriksson, I., E. Johansson, N. Kettaneh-Wold, and S. Wold. 2001. 
PCA, pp. 533, Multi and megavariate data analysis. Principles 
and applications. Umetrics Academy, Umeå. 

Eriksson, M., G. Dalhammar, and A. K. Borg-Karlson. 2000. Bio-
logical degradation of selected hydrocarbons in an old 
PAH/creosote contaminated soil from a gas work site. Appl. 
Microbiol. Biot. 53: 619-626. 



 55 

Eriksson, M., A. Swartling, G. Dalhammar, J. Faldt, and A. K. 
Borg-Karlson. 1998. Biological degradation of diesel fuel in 
water and soil monitored with solid-phase microextraction and 
GC-MS. Appl. Microbiol. Biot. 50: 288-288. 

Ferguson, M. J., and D. W. Micks. 1961. Microorganisms associated 
with mosquitoes: I. Bacteria isolated from the midgut of adult 
Culex fatigans Wiedemann. J. Insect Pathol. 3: 112-119. 

Fillinger, U., B. G. Knols, and N. Becker. 2003. Efficacy and effi-
ciency of new Bacillus thuringiensis var israelensis and Bacil-
lus sphaericus formulations against Afrotropical anophelines 
in Western Kenya. Trop. Med. Int. Health. 8: 37-47. 

Fontenille, D., and F. Simard. 2004. Unravelling complexities in 
human malaria transmission dynamics in Africa through a 
comprehensive knowledge of vector populations. Comp. Im-
munol. Microb. 27: 357-375. 

Forney, L. J., X. Zhou, and C. J. Brown. 2004. Molecular microbial 
ecology: land of the one-eyed king. Curr. Opin. Microbiol. 7: 
210-220. 

Fouda, M. A., M. I. Hassan, A. G. Al-Daly, and K. M. Hammad. 
2001. Effect of midgut bacteria of Culex pipiens L. on diges-
tion and reproduction. J. Egypt. Soc. Parasitol. 31: 767-780. 

Fäldt, J., M. Jonsell, G. Nordlander, and A. K. Borg-Karlson. 
1999. Volatiles of bracket fungi Fomitopsis pinicola and Fo-
mes fomentarius and their functions as insect attractants. J. 
Chem. Ecol. 25: 567-590. 

Gavini, F., J. Mergaert, A. Beji, C. Mielcarek, D. Izard, K. Ker-
sters, and J. Deley. 1989. Transfer of Enterobacter agglomer-
ans (Beijerinck 1888) Ewing and Fife 1972 to Pantoea gen. 
nov. as Pantoea agglomerans comb. nov. and description of 
Pantoea dispersa sp. Nov. Int. J. Syst. Bacteriol. 39: 337-345. 

Gentry, T. J., G. S. Wickham, C. W. Schadt, Z. He, and J. Zhou. 
2006. Microarray applications in microbial ecology research. 
Microbial Ecol. 52: 159-175. 

Ghosh, A., M. J. Edwards, and M. Jacobs-Lorena. 2000. The jour-
ney of the malaria parasite in the mosquito: hopes for the new 
century. Parasitol. Today 16: 196-201. 

Gilbride, K. A., D. Y. Lee, and L. A. Beaudette. 2006. Molecular 
techniques in wastewater: Understanding microbial communi-
ties, detecting pathogens, and real-time process control. J. Mi-
crobiol. Methods 66: 1-20. 



 56 

Gonzalez-Ceron, L., F. Santillan, M. H. Rodriguez, D. Mendez, 
and J. E. Hernandez-Avila. 2003. Bacteria in midguts of 
field-collected Anopheles albimanus block Plasmodium vivax 
sporogonic development. J. Med. Entomol. 40: 371-374. 

Hargreaves, K., L. L. Koekemoer, B. D. Brooke, R. H. Hunt, J. 
Mthembu, and M. Coetzee. 2000. Anopheles funestus resis-
tant to pyrethroid insecticides in South Africa. Med. Vet. 
Entomol. 14: 181-9. 

Hargreaves, K., R. H. Hunt, B. D. Brooke, J. Mthembu, M. M. 
Weeto, T. S. Awolola, and M. Coetzee. 2003. Anopheles 
arabiensis and An. quadriannulatus resistance to DDT in 
South Africa. Med. Vet. Entomol. 17: 417-22. 

Hasselschwert, D., and C. L. Rockett. 1988. Bacteria as oviposi-
tional attractants for Aedes aegypti (Diptera: Culicidae). Great 
Lake Entomologist 21: 163-168. 

Hazard, E. I., M. S. Mayer, and K. E. Savage. 1967. Attraction and 
oviposition stimulation of gravid female mosquitoes by bacte-
ria isolated from hay infusions. Mosq. News 27: 133-136. 

Huang, J., J. R. Miller, S. C. Chen, J. M. Vulule, and E. D. 
Walker. 2006. Anopheles gambiae (Diptera: Culicidae) ovi-
position in response to agarose media and cultured bacterial 
volatiles. J. Med. Entomol. 43: 498-504. 

Humphery-Smith, I., O. Grulet, and C. Chastel. 1991a. Patho-
genicity of Spiroplasma taiwanense for larval Aedes aegypti 
mosquitos. Med. Vet. Entomol. 5: 229-232. 

Humphery-Smith, I., O. Grulet, F. Le Goff, and C. Chastel. 1991b. 
Spiroplasma (Mollicutes: Spiroplasmataceae) pathogenic for 
Aedes aegypti and Anopheles stephensi (Diptera: Culicidae). J. 
Med. Entomol. 28: 219-222. 

Hung, S. H. Y., T. A. Chen, R. F. Whitcomb, J. G. Tully, and Y. X. 
Chen. 1987. Spiroplasma culicicola sp. nov. from the salt 
marsh mosquito Aedes sollicitans. Int. J. Syst. Bacteriol. 37: 
365-370. 

Huys, G., M. Cnockaert, and J. Swings. 2005. Aeromonas culicicola 
Pidiyar et al. 2002 is a later subjective synonym of Aeromonas 
veronii Hickman-Brenner et al. 1987. Syst. Appl. Microbiol. 
28: 604-609. 

Hägg, P., J. W. de Pohl, F. Abdulkarim, and L. A. Isaksson. 2004. 
A host/plasmid system that is not dependent on antibiotics and 
antibiotic resistance genes for stable plasmid maintenance in 
Escherichia coli. J. Biotechnol. 111: 17-30. 



 57 

Ikeshoji, T., K. Saito, and A. Yano. 1975. Bacterial production of 
the ovipositional attractants for mosquitoes on fatty acid sub-
strates. Appl. Ent. Zool. 10: 239-242. 

Jadin, J., I. H. Vincke, A. Dunjic, J. P. Delville, M. Wery, J. Ba-
fort, and M. Scheepers-Biva. 1966. [Role of Pseudomonas in 
the sporogenesis of the hematozoon of malaria in the mos-
quito] In French. Bull. Soc. Pathol. Exot. Filiales 59: 514-525. 

Jaenson, T. G. T., K. Palsson, and A. K. Borg-Karlson. 2006. 
Evaluation of extracts and oils of mosquito (Diptera : Culici-
dae) repellent plants from Sweden and Guinea-Bissau. J. Med. 
Entomol. 43: 113-119. 

Khasnis, A. A., and M. D. Nettleman. 2005. Global warming and 
infectious disease. Arch. Med. Res. 36: 689-96. 

Killeen, G. F., U. Fillinger, and B. G. Knols. 2002a. Advantages of 
larval control for African malaria vectors: low mobility and 
behavioural responsiveness of immature mosquito stages allow 
high effective coverage. Malaria J. 1: 8. 

Killeen, G. F., U. Fillinger, I. Kiche, L. C. Gouagna, and B. G. J. 
Knols. 2002b. Eradication of Anopheles gambiae from Brazil: 
lessons for malaria control in Africa? Lancet Infect. Dis. 2: 
618-627. 

Kim, K. K., M. K. Kim, J. H. Lim, H. Y. Park, and S. T. Lee. 
2005. Transfer of Chryseobacterium meningosepticum and 
Chryseobacterium miricola to Elizabethkingia gen. nov. as 
Elizabethkingia meningoseptica comb. nov. and Elizabethkin-
gia miricola comb. nov. Int. J Syst. Evol. Microbiol. 55: 1287-
93. 

Knols, B. G., and R. De Jong. 1996. Limburger cheese as an attrac-
tant for the malaria mosquito Anopheles gambiae s.s. Parasitol. 
Today 12: 159-161. 

Kuzina, L. V., J. J. Peloquin, D. C. Vacek, and T. A. Miller. 2001. 
Isolation and identification of bacteria associated with adult 
laboratory Mexican fruit flies, Anastrepha ludens (Diptera: 
Tephritidae). Curr. Microbiol. 42: 290-4. 

Kwon, H. W., T. Lu, M. Rutzler, and L. J. Zwiebel. 2006. Olfac-
tory responses in a gustatory organ of the malaria vector mos-
quito Anopheles gambiae. PNAS 103: 13526-31. 

Kämpfer, P., O. Terenius, J. M. Lindh, and I. Faye. 2006a. Jani-
bacter anophelis sp. nov., isolated from the midgut of Anophe-
les arabiensis. Int. J. Syst. Evol. Microbiol. 56: 389-92. 



 58 

Kämpfer, P., J. M. Lindh, O. Terenius, S. Haghdoost, E. Falsen, 
H. J. Busse, and I. Faye. 2006b. Thorsellia anophelis gen. 
nov., sp. nov., a new member of the Gammaproteobacteria. Int. 
J. Syst. Evol. Microbiol. 56: 335-8. 

Ludwig, W., O. Strunk, R. Westram, L. Richter, H. Meier, 
Yadhukumar, A. Buchner, T. Lai, S. Steppi, G. Jobb, W. 
Forster, I. Brettske, S. Gerber, A. W. Ginhart, O. Gross, S. 
Grumann, S. Hermann, R. Jost, A. Konig, T. Liss, R. 
Lussmann, M. May, B. Nonhoff, B. Reichel, R. Strehlow, 
A. Stamatakis, N. Stuckmann, A. Vilbig, M. Lenke, T. 
Ludwig, A. Bode, and K. H. Schleifer. 2004. ARB: a soft-
ware environment for sequence data. Nucleic Acids Res. 32: 
1363-1371. 

Luntz, A. J. M. 2003. Arthropod semiochemicals: mosquitoes, 
midges and sealice. Biochem. Soc. Trans. 31: 128-133. 

Macaluso, A., and A. M. Mettus. 1991. Efficient transformation of 
Bacillus thuringiensis requires nonmethylated plasmid DNA. 
J. Bacteriol. 173: 1353-6. 

Mauer, D. J., and W. A. Rowley. 1999. Attraction of Culex pipiens 
pipiens (Diptera : Culicidae) to flower volatiles. J. Med. 
Entomol. 36: 503-507. 

Maw, M. G. 1970. Capric acid as a larvicide and an oviposition 
stimulant for mosquitoes. Nature 227: 1154-5. 

Meijerink, J., M. A. H. Braks, and J. J. A. Van Loon. 2001. Olfac-
tory receptors on the antennae of the malaria mosquito 
Anopheles gambiae are sensitive to ammonia and other sweat-
borne components. J. Insect. Physiol. 47: 455-464. 

Meijerink, J., M. A. H. Braks, A. A. Brack, W. Adam, T. Dekker, 
M. A. Posthumus, T. A. Van Beek, and J. J. A. Van Loon. 
2000. Identification of olfactory stimulants for Anopheles 
gambiae from human sweat samples. J. Chem. Ecol. 26: 1367-
1382. 

Merritt, R. W., R. H. Dadd, and E. D. Walker. 1992. Feeding-
behavior, natural food, and nutritional relationships of larval 
mosquitos. Annu. Rev. Entomol. 37: 349-376. 

Miller, L. H., D. I. Baruch, K. Marsh, and O. K. Doumbo. 2002. 
The pathogenic basis of malaria. Nature 415: 673-679. 

Moll, R. M., W. S. Romoser, M. C. Modrzakowski, A. C. Mon-
cayo, and K. Lerdthusnee. 2001. Meconial peritrophic mem-
branes and the fate of midgut bacteria during mosquito (Dip-
tera : Culicidae) metamorphosis. J. Med. Entomol. 38: 29-32. 



 59 

Mourya, D. T., M. D. Gokhale, V. Pidiyar, P. V. Barde, M. Patole, 
A. C. Mishra, and Y. Shouche. 2002. Study of the effect of 
the midgut bacterial flora of Culex quinquefasciatus on the 
susceptibility of mosquitoes to Japanese encephalitis virus. 
Acta Virol. 46: 257-260. 

Muyzer, G. 1999. DGGE/TGGE a method for identifying genes from 
natural ecosystems. Curr. Opin. Microbiol. 2: 317-322. 

Muyzer, G., and K. Smalla. 1998. Application of denaturing gradient 
gel electrophoresis (DGGE) and temperature gradient gel elec-
trophoresis (TGGE) in microbial ecology. Anton Leeuw Int. J. 
G. 73: 127-141. 

Navarro, D. M. A. F., P. E. S. de Oliveira, R. P. J. Potting, A. C. 
Brito, S. J. F. Fital, and A. E. G. Sant'Ana. 2003. The poten-
tial attractant or repellent effects of different water types on 
oviposition in Aedes aegypti L. (Diptera, Culicidae). J. Appl. 
Entomol. 127: 46-50. 

Njiru, B. N., W. R. Mukabana, W. Takken, and B. G. J. Knols. 
2006. Trapping of the malaria vector Anopheles gambiae with 
odour-baited MM-X traps in semi-field conditions in western 
Kenya. Malaria J. 5: 39. 

Nubel, U., B. Engelen, A. Felske, J. Snaidr, A. Wieshuber, R. I. 
Amann, W. Ludwig, and H. Backhaus. 1996. Sequence het-
erogeneities of genes encoding 16S rRNAs in Paenibacillus 
polymyxa detected by temperature gradient gel electrophoresis. 
J. Bacteriol. 178: 5636-5643. 

Palleroni, N. J., and J. F. Bradbury. 1993. Stenotrophomonas, a 
new bacterial genus for Xanthomonas maltophilia (Hugh 
1980) Swings et al. 1983. Int. J. Syst. Bacteriol. 43: 606-609. 

Pavlovich, S. G., and C. L. Rockett. 2000. Color, bacteria, and mos-
quito eggs as ovipositional attractants for Aedes aegypti and 
Aedes albopictus (Diptera: Culicidae). Great Lake Entomolo-
gist 33: 141-153. 

Peloquin, J. J., L. Kuzina, C. R. Lauzon, and T. A. Miller. 2000. 
Transformation of internal extracellular bacteria isolated from 
Rhagoletis completa cresson gut with enhanced green fluores-
cent protein. Curr. Microbiol. 40: 367-71. 

Pettersson, B. 1997. Direct solid-phase 16S rDNA sequencing: a tool 
in bacterial phylogeny, Dept of Biochemistry and Biotechnol-
ogy. KTH, Stockholm. 

Pidiyar, V. J., K. Jangid, M. S. Patole, and Y. S. Shouche. 2004. 
Studies on cultured and uncultured microbiota of wild Culex 



 60 

quinquefasciatus mosquito midgut based on 16S ribosomal 
RNA gene analysis. Am. J. Trop. Med. Hyg. 70: 597-603. 

Pontes, M. H., and C. Dale. 2006. Culture and manipulation of insect 
facultative symbionts. Trends Microbiol. 14: 406-12. 

Poonam, S., K. P. Paily, and K. Balaraman. 2002. Oviposition at-
tractancy of bacterial culture filtrates response of Culex quin-
quefasciatus. Mem. I. Oswaldo Cruz 97: 359-362. 

Pumpuni, C. B., M. S. Beier, J. P. Nataro, L. D. Guers, and J. R. 
Davis. 1993. Plasmodium falciparum - Inhibition of 
sporogonic development in Anopheles stephensi by Gram-
negative bacteria. Exp. Parasitol. 77: 195-199. 

Pumpuni, C. B., J. Demaio, M. Kent, J. R. Davis, and J. C. Beier. 
1996. Bacterial population dynamics in three anopheline spe-
cies: the impact on Plasmodium sporogonic development. Am. 
J. Trop. Med. Hyg. 54: 214-218. 

Puri, S. N., M. J. Mendki, D. Sukumaran, K. Ganesan, S. Prakash, 
and K. Sekhar. 2006. Electroantennogram and behavioral re-
sponses of Culex quinquefasciatus (Diptera : Culicidae) fe-
males to chemicals found in human skin emanations. J. Med. 
Entomol. 43: 207-213. 

Qari, S. H., Y. P. Shi, N. J. Pieniazek, W. E. Collins, and A. A. Lal. 
1996. Phylogenetic relationship among the malaria parasites 
based on small subunit rRNA gene sequences: Monophyletic 
nature of the human malaria parasite, Plasmodium falciparum. 
Mol. Phylogen. Evol. 6: 157-165. 

Qiu, Y. T., J. J. van Loon, W. Takken, J. Meijerink, and H. M. 
Smid. 2006. Olfactory coding in antennal neurons of the ma-
laria mosquito, Anopheles gambiae. Chem. Senses 31: 845-63. 

Qiu, Y. T., R. C. Smallegange, S. Hoppe, J. J. A. Van Loon, E. J. 
Bakker, and W. Takken. 2004. Behavioural and electro-
physiological responses of the malaria mosquito Anopheles 
gambiae Giles sensu stricto (Diptera : Culicidae) to human 
skin emanations. Med. Vet. Entomol. 18: 429-438. 

Rappe, M. S., and S. J. Giovannoni. 2003. The uncultured microbial 
majority. Annu. Rev. Microbiol. 57: 369-394. 

Regnier, F. E. 1971. Semiochemicals-structure and function. Biol. 
Reprod. 4: 309-26. 

Riehle, M. A., and M. Jacobs-Lorena. 2005. Using bacteria to ex-
press and display anti-parasite molecules in mosquitoes: cur-
rent and future strategies. Insect Biochem. Mol. Biol. 35: 699-
707. 



 61 

Riehle, M. A., C. K. Moreira, D. Lampe, C. Lauzon, and M. Ja-
cobs-Lorena. 2007. Using bacteria to express and display anti-
Plasmodium molecules in the mosquito midgut. Int. J. 
Parasitol. 

Rozeboom, L. E. 1935. The relation of bacteria and bacterial filtrates 
to the development of mosquito larvae. Am. J. Hyg. 21: 167-
179. 

Seitz, H. M., W. A. Maier, M. Rottok, and H. Becker-Feldmann. 
1987. Concomitant infections of Anopheles stephensi with 
Plasmodium berghei and Serratia marcescens: additive detri-
mental effects. Zentralbl. Bakteriol. Mikrobiol. Hyg. [A] 266: 
155-166. 

Sheffield, V. C., D. R. Cox, L. S. Lerman, and R. M. Myers. 1989. 
Attachment of a 40-base-pair G+C-rich sequence (GC-Clamp) 
to genomic DNA fragments by the polymerase chain-reaction 
results in improved detection of single-base changes. PNAS 
86: 232-236. 

Smith, T. W., E. D. Walker, and M. G. Kaufman. 1998. Bacterial 
density and survey of cultivable heterotrophs in the surface 
water of a freshwater marsh habitat of Anopheles quadrimacu-
latus larvae (Diptera: Culicidae). J. Am. Mosq. Control. Assoc. 
14: 72-7. 

Snow, R. W., C. A. Guerra, A. M. Noor, H. Y. Myint, and S. I. 
Hay. 2005. The global distribution of clinical episodes of 
Plasmodium falciparum malaria. Nature 434: 214-7. 

Straif, S. C., C. N. Mbogo, A. M. Toure, E. D. Walker, M. Kauf-
man, Y. T. Touré, and J. C. Beier. 1998. Midgut bacteria in 
Anopheles gambiae and An. funestus (Diptera: Culicidae) from 
Kenya and Mali. J. Med. Entomol. 35: 222-226. 

Su, H. S., Z. Q. Shao, L. Tkalec, F. Blain, and J. Zimmermann. 
2001. Development of a genetic system for the transfer of 
DNA into Flavobacterium heparinum. Microbiol. Sgm 147: 
581-589. 

Sumba, L. A., T. O. Guda, A. L. Deng, A. Hassanali, J. C. Beier, 
and B. G. J. Knols. 2004. Mediation of oviposition site selec-
tion in the African malaria mosquito Anopheles gambiae (Dip-
tera: Culicidae) by semiochemicals of microbial origin. Int. J. 
Trop. Insect Sci. 24: 260-265. 

Takken, W., and B. G. Knols. 1999. Odor-mediated behavior of 
Afrotropical malaria mosquitoes. Annu. Rev. Entomol. 44: 
131-157. 



 62 

Takken, W., J. J. van Loon, and W. Adam. 2001. Inhibition of host-
seeking response and olfactory responsiveness in Anopheles 
gambiae following blood feeding. J. Insect Physiol. 47: 303-
310. 

Theodoridis, G., E. H. M. Koster, and G. J. de Jong. 2000. Solid-
phase microextraction for the analysis of biological samples. J. 
Chromatogr. B 745: 49-82. 

Touré, A. M., A. J. Mackey, Z. X. Wang, and J. C. Beier. 2000. 
Bactericidal effects of sugar-fed antibiotics on resident midgut 
bacteria of newly emerged anopheline mosquitoes (Diptera: 
Culicidae). J. Med. Entomol. 37: 246-249. 

Trexler, J. D., C. S. Apperson, L. Zurek, C. Gemeno, C. Schal, M. 
Kaufman, E. Walker, D. W. Watson, and L. Wallace. 2003. 
Role of bacteria in mediating the oviposition responses of 
Aedes albopictus (Diptera: Culicidae). J. Med. Entomol. 40: 
841-848. 

Vandamme, P., J. F. Bernardet, P. Segers, K. Kersters, and B. 
Holmes. 1994. New perspectives in the classification of the 
Flavobacteria - description of Chryseobacterium gen. nov., 
Bergeyella gen. nov., and Empedobacter nom. rev. Int. J. Syst. 
Bacteriol. 44: 827-831. 

Ward, D. M., R. Weller, and M. M. Bateson. 1990. 16s Ribosomal-
RNA sequences reveal numerous uncultured microorganisms 
in a natural community. Nature 345: 63-65. 

Vas, G., and K. Vekey. 2004. Solid-phase microextraction: a power-
ful sample preparation tool prior to mass spectrometric analy-
sis. J. Mass. Spectrom. 39: 233-254. 

Weisburg, W. G., S. M. Barns, D. A. Pelletier, and D. J. Lane. 
1991. 16S ribosomal DNA amplification for phylogenetic 
study. J. Bacteriol. 173: 697-703. 

Wernegreen, J. J. 2002. Genome evolution in bacterial endosymbi-
onts of insects. Nat. Rev. Genet. 3: 850-61. 

White, N. J. 2004. Antimalarial drug resistance. J. Clin. Invest. 113: 
1084-92. 

WHO. 2005. 
Williamson, D. L., J. G. Tully, L. Rosen, D. L. Rose, R. F. 

Whitcomb, M. L. AbalainColloc, P. Carle, J. M. Bove, and 
H. Smyth. 1996. Spiroplasma diminutum sp. nov., from Culex 
annulus mosquitoes collected in Taiwan. Int. J. Syst. Bacteriol. 
46: 229-233. 

Woese, C. R. 1987. Bacterial Evolution. Microbiol. Rev. 51: 221-271. 



 63 

Wold, S. 1987. Principal Component Analysis. Chemometrics and 
Intelligent Laboratory Systems 2: 37-52. 

von Wintzingerode, F., U. B. Gobel, and E. Stackebrandt. 1997. 
Determination of microbial diversity in environmental sam-
ples: pitfalls of PCR-based rRNA analysis. FEMS Microbiol. 
Rev. 21: 213-229. 

Wotton, R. S., D. T. Chaloner, C. A. Yardley, and R. W. Merritt. 
1997. Growth of Anopheles mosquito larvae on dietary micro-
biota in aquatic surface microlayers. Med. Vet. Entomol. 11: 
65-70. 

Yabuuchi, E., Y. Kawamura, Y. Kosako, and T. Ezaki. 1998. 
Emendation of genus Achromobacter and Achromobacter 
xylosoxidans (Yabuuchi and Yano) and proposal of 
Achromobacter ruhlandii (Packer and Vishniac) comb. nov., 
Achromobacter piechaudii (Kiredjian at al.) comb. nov., and 
Achromobacter xylosoxidans subsp. denitrificans (Ruger and 
Tan) comb. nov. Microbiol. Immunol. 42: 429-438. 

Yoshida, S., D. Ioka, H. Matsuoka, H. Endo, and A. Ishii. 2001. 
Bacteria expressing single-chain immunotoxin inhibit malaria 
parasite development in mosquitoes. Mol. Biochem. Parasitol. 
113: 89-96. 

Zhang, Z. Y., and J. Pawliszyn. 1993. Headspace Solid-Phase Mi-
croextraction. Anal. Chem. 65: 1843-1852. 

Zientz, E., F. J. Silva, and R. Gross. 2001. Genome interdependence 
in insect-bacterium symbioses. Genome Biol. 2: 1032. 

 


	Introduction
	Malaria 
	The disease
	Plasmodium parasites -The causative agent
	Anopheles mosquitoes -The vectors 

	Paratransgenics
	Paratransgenics in mosquitoes

	Bacteria and mosquitoes
	Bacteria as larval food
	Transstadial transfer of bacteria 
	Bacteria in adult midguts
	Midgut bacteria and the effect on Plasmodium parasites and the mosquito host
	Bacteria as a source of mosquito semiochemicals 


	Present investigation
	Aims of this thesis
	Identification of bacteria associated with Anopheles mosquitoes
	Methods
	The 16S rRNA gene
	Phylogenetic analysis
	Temporal Temperature Gradient gel Electrophoresis (TTGE)

	Results
	Midgut bacteria of field caught An. gambiae and An. funestus mosquitoes - Paper I 
	Gut bacteria of An. gambiae adults, pupae and larvae from a lab-colony - Paper III
	Bacterial isolates from Anopheles oviposition sites - Paper IV

	Complementary discussion

	Laboratory investigations of two possible ways of introducing bacteria to mosquitoes in the field in a paratransgenic approach
	Results
	Introducing bacteria to mosquitoes via sugar baits – Paper II
	Introducing bacteria to mosquitoes via oviposition sites – Paper III
	Horizontal transfer of bacteria within an Anopheles mosquito colony – Paper III

	Complementary discussion

	Identification of putative semiochemicals for Anopheles mosquitoes with bacterial origin
	Methods
	Bioassays
	Solid Phase Microextraction (SPME)
	Principal Component Analysis (PCA)

	Results
	Semiochemicals for sugar sources selection – Paper II
	Semiochemicals for oviposition site selection – Paper III and IV

	Complementary discussion

	 Conclusions 

	Acknowledgement
	References

