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ABSTRACT 

Every year over two hundred million cases of malaria occur worldwide causing human death and 

suffering often in the poorest countries. Most people who die from malaria are children under 

five years of age. Malaria is caused by parasites spread by mosquitoes when they feed on human 

blood. Currently prevention methods include insecticides and anti-malarial drugs. The problem 

with both is the increasing resistance towards them by mosquitoes and parasites, respectively. 

Therefore other approaches need to be investigated to find new solutions to this problem. One 

such research area is paratransgenesis, the genetic modification of symbiotic microorganisms in 

the mosquitoes to produce anti-malaria parasite molecules. One bacterium identified as a 

potential candidate for paratransgenesis is Thorsellia anophelis.  

When this study started, only one Thorsellia isolate existed in the world. The aim of this 

study was therefore to retrieve more Thorsellia isolates from Kenyan mosquito and water 

samples. The samples were screened by PCR followed by bacterial culturing of positive samples, 

which resulted in 38 new Thorsellia isolates confirmed by DNA sequencing. The isolation of 

new Thorsellia species enables further investigation of the potential for their use in 

paratransgenesis with the aim of contributing to the prevention of malaria transmission.              
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SAMMANFATTNING 

Varje år drabbas hundratals miljoner människor runt om i världen av malaria. Malaria är en 

sjukdom orsakad av parasiter som sprids med myggor när de suger blod från människor. De som 

drabbas är ofta människor i fattiga länder och de flesta som dör är barn under fem år. För att 

förhindra spridningen av malaria används för tillfället insektsmedel och olika mediciner mot 

malaria. Tyvärr ökar resistens mot båda dessa. Därför behöver nya metoder utvecklas för att 

förhindra spridningen. Ett möjligt alternativ kallas paratransgenes. Detta innebär att man 

identifierar en mikroorganism som lever i myggorna och sedan ändrar dess gener så att den 

producerar ett ämne som förhindrar utvecklingen av malariaparasiterna i myggan. En bakterie 

som har potential att kunna användas på detta sätt heter Thorsellia anophelis. Dock fanns det 

bara ett exemplar i världen att basera forskningen på innan denna studie.  

 Syftet med denna studie var därför att hitta fler Thorsellia-bakterier i mygg- och 

vattenprover från Kenya. Detta gjordes med molekylärbiologiska tekniker och bakterieodlingar. 

Resultatet blev 38 nya isolat av Thorsellia, verifierat med hjälp av DNA-analys. Betydelsen av 

det här är att användningen av Thorsellia för paratransgenes kan utvärderas för att se om det kan 

bidra till att förhindra malariaspridning.      
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INTRODUCTION 

Malaria is a big health problem in many parts of the world. According to the latest WHO report, 

World Malaria Report 2011
1
, approximately 216 million cases of malaria occurred worldwide in 

2010 with 81% in Africa. 655,000 people died from it and most of them were children under five 

years of age. The estimated number at risk 2010 was 3.3 billion people. 

Malaria is a disease caused by parasites of the genus Plasmodium. There are five species, 

P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi, which cause malaria in humans. 

Plasmodium parasites have a complex life cycle with developmental stages both in humans and 

in mosquitoes. These parasites are spread by female Anopheles mosquitoes. The mosquitoes 

spread the disease when they feed on human blood as the parasites are passed between the 

mosquitoes and the humans when they feed. When an infected mosquito bites a human the 

parasites, at this stage called sporozoites, enter the blood stream. From this site of injection the 

sporozoites travel in the blood to the liver where they invade hepatocytes. Within the hepatocytes 

they develop, multiply and differentiate, into thousands of merozoites (Tilley et al., 2011). The 

merozoites are released back into the blood and invade erythrocytes. Within the erythrocytes the 

parasites develop through a number of stages. First the ring stage, then the trophozoite stage 

where they grow, and then the schizont stage where they divide until the erythrocyte ruptures and 

about 20 daughter merozoites are released. This intraerythrocytic cycle takes about 48h (Tilley et 

al., 2011). Some of the intraerythrocytic parasites, which are haploid and asexual, commit to 

sexual differentiation to produce gametocytes, gametocytogenesis, instead of continuing the 

asexual cycling. Gametocytogenesis produces micro- and macrogametocytes, male and female  

gametocytes respectively. When mature, these gametocytes will die unless they are taken up by a 

                                                 
1
 http://www.who.int/malaria/world_malaria_report_2011/9789241564403_eng.pdf 120517 



5 

 mosquito vector where they have the ability to continue their development (Baton et al., 2005). 

When taken up by a mosquito in a blood meal the gametocytes go into the midgut lumen 

together with the rest of the blood. When the parasites enter the mosquito it initiates 

gametogenesis within minutes which means quick transformation of the gametes into 

extracellular micro- and macrogametes. These fuse rapidly to produce diploid zygotes which 

initiate meiosis and transformation into motile ookinetes. The ookinetes move through the blood 

meal to the midgut epithelium which they cross. When the ookinetes reach the basal side of the 

epithelium they transform into oocysts. At this stage mitosis begins within the oocysts to amplify 

the number of parasites, called sporogony. This produces thousands of mature haploid 

sporozoites packed in each oocyst. When the oocysts rupture sporozoites migrate to the salivary 

glands and accumulate. When the mosquito again feeds on a human a small proportion of the 

sporozoites are injected, typically fewer than 100 (Baton et al., 2005), and the mosquito life 

cycle starts all over again.   

 

The current methods of prevention for the spread of malaria are vector control and anti-malarial 

drugs. Vector control includes insecticide-treated nets and indoor residual spraying. There are 

several studies that show beneficial effects from using insecticide-treated nets, for example 

reviewed in Gamble et al. 2007. There are also several studies showing that indoor residual 

spraying lowers the transmission of malaria, reviewed in Pluess et al. 2010, which works by 

preventing mosquitoes from entering houses and kills resting blood fed mosquitoes in houses. 

However there are negative effects of insecticides and insecticide resistance is increasing (Pluess 

et al., 2010). The problem with the anti-malarial drugs is the increasing anti-malarial drug 

resistance (Parija et al., 2011). The drugs work by targeting parasite specific processes. 
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Quinoline anti-malarials for example work by interfering with haem detoxification. When the 

parasites degrade haemoglobin by proteases to use some of the amino acids for protein synthesis 

a toxic by-product, haematin, is produced. Normally this is converted into the non-toxic 

haemozoin. The Quinolines, however, inhibit haemozoin formation, which leads to the build-up 

of the toxic haematin (Tilley et al., 2011). At the moment there is no licensed vaccine against 

malaria but research is being carried out in this area and there are promising candidates in trials 

(Hill, 2011). Two other approaches to stop the transmission of malaria are to use vector 

transgenesis or paratransgenesis. The aim of both these approaches is to prevent the development 

of the parasite in the vector mosquito.  

Transgenesis involves transformation of mosquito genomes with a gene that is expressed 

and produces an anti-Plasmodium protein, which prevents the function of the mosquito as a 

vector (Coutinho-Abreu et al., 2010). This has been achieved for example by a transgenic 

Anopheles stephensi, which expresses a peptide called SM1 (salivary gland and midgut binding 

peptide 1) in the midgut. The formation of Plasmodium berghei oocysts in those mosquitoes was 

inhibited by around 80% and transmission from one mouse to another was completely blocked in 

two out of three experiments (Jacobs-Lorena, 2003). Another molecule called phosholipase A2 

(PLA2) was also tested in the same way. PLA2 was first discovered to inhibit the formation of 

oocysts when fed to Aedes aegypti mosquitoes together with infected blood. This inhibition was 

also seen when the malaria mosquitoes An. gambiae and An. stephensi were fed by the 

gametocytes of P. falciparum and PLA2 (Zieler et al., 2001). This PLA 2 molecule was later also 

shown to reduce transmission when expressed in transgenic An. stephensi, P. berghei oocyst 

formation was inhibited by PLA2 by 87% on average in five different experiments (Moreira et 

al., 2002). Both SM1 and PLA2 work by preventing Plasmodium invasion of the midgut 
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epithelium in the mosquito in some way. However, neither of the transgenic mosquito 

experiments was tested on interference with human malaria parasites (Jacobs-Lorena, 2003).  

Paratransgenesis on the other hand is when a symbiotic microorganism is transformed to 

produce some kind of anti-Plasmodium molecule within the mosquito which prevents parasite 

development in the vector (Jacobs-Lorena, 2003; Ricci et al., 2011). This paratransgenic 

approach has been shown by Beard et al. 2002 to work for Chagas disease which is caused by a 

parasite and transmitted via insects with symbiotic bacteria. The symbiotic bacteria were 

transformed to produce anti-parasitic molecules in the insect gut lumen. Both a functional single-

chain antibody and cecropin A, an insect immune peptide, were able to be produced by the 

bacteria and Cecropin A was shown to eliminate or reduce the number of parasites in the insect. 

However it has not been tested in the field due to for example questions about safety and optimal 

method of delivery (Beard et al., 2002). Within the area of paratransgenesis to prevent malaria 

transmission there are bacteria which have been transformed and shown to express anti-

Plasmodium molecules in the midgut of mosquitoes and also that it is possible to impair P. 

berghei development by these genetically modified bacteria. For example, Riehle et al. 2007 

showed that Escherichia coli could be genetically modified to produce the same two molecules, 

SM1 and PLA2, which had been used previously in the transgenic mosquito experiments. This 

inhibited P. berghei development resulting in fewer oocysts compared to mosquitoes without 

bacteria expressing SM1 or PLA2 (Riehle et al., 2007). One Anopheles-bacteria relationship that 

has been studied with potential for paratransgenesis to control malaria is that of Anopheles with 

Asaia. Asaia was identified by 16S rRNA analysis of total DNA in the abdomens of three 

laboratory-bred An. stephensi and later identified in a larger amount of individuals and in 

different parts like the gut and salivary glands by Asaia-specific PCR primers. It was also shown 
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to be present by transmission electron microscopy and in situ hybridisation. Asaia was isolated 

and genetically modified to express green fluorescent protein (GFP). They were then used to 

recolonize the mosquitoes and were shown to stably colonize the An. stephensi for the rest of the 

mosquitoes’ lives (Favia et al., 2007). Asaia has also been shown to associate with An. gambiae 

in a similar way where field collected mosquitoes were also included (Damiani et al., 2010). 

Asaia is also transmitted both vertically and horizontally shown in both An. gambiae and An. 

stephensi (Damiani et al., 2010; Favia et al., 2007). However, Asaia has been found in other 

species such as A. aegypti, the leafhopper (Ricci et al., 2011) and tropical flowers (Favia et al., 

2007). Also what function it has in mosquito physiology has not been identified (Ricci et al., 

2011). Another possible paratransgenic approach could be to use symbiotic viruses instead of 

bacteria to produce the effector molecules (Ren et al., 2008). 

If the two approaches transgenesis and paratransgenesis are compared there are some 

advantages with paratransgenesis. It is easier and faster to genetically manipulate bacteria than 

mosquitoes, it is much easier to introduce bacteria into mosquito populations than transgenes, 

transgenic bacteria can be produced in large amounts easily and cheaply even in developing 

countries, the use of transformed bacteria will bypass the genetic barriers of mosquito 

populations which are reproductively isolated but often occur together in malaria endemic areas,  

and bacteria could spread by both vertical and horizontal transmission within and through 

populations of mosquitoes. Finally, to release the transformed bacteria or the transgenic 

mosquitoes in the environment rules and regulations must be followed, regulations for the release 

of bacteria already exist (Damiani et al., 2010; Ricci et al., 2011). 
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In a study by Wang et al. 2011 it was shown that the microbial population in An. gambiae 

mosquito guts changes during the life stages of the mosquitoes. When the pupa becomes an adult 

the gut microbial community becomes dominated by Enterobacteriaceae and especially by 

Thorsellia anophelis (Wang et al., 2011). T. anophelis is a bacterium that was originally found in 

the midgut of field-caught Anopheles arabiensis (Lindh et al., 2005) and determined to be a new 

member of a new genus and species. Analysis of the 16S rRNA gene sequence showed that it 

was <93% similar to Serratia marcescens and biochemical data suggested relationship to either 

of the families Enterobacteriaceae or Vibrionaceae (Kämpfer et al., 2006). Later it was shown to 

be the dominant bacterium in An. gambiae mosquitoes in Kenya (Briones et al., 2008). T. 

anophelis is a rod shaped Gram-negative bacterium. It is a facultative anaerobe and motile. It 

grows slowly on all the mediums tested and growth occurs 24-48h after incubation on trypticase 

soy agar and nutrient agar at 37°C, it also grows well at 30°C. In Luria-Bertani broth it grows 

with an optimum at 30°C with a generation time of 100min (Kämpfer et al., 2006). T. anophelis 

is well adapted to life in the guts of female Anopheles mosquitoes as it can utilize blood to grow 

and tolerates an alkaline environment (Briones et al., 2008).  

So far T. anophelis has only been found in mosquitoes and their breeding water (Briones 

et al., 2008; Lindh et al., 2005; Rani et al., 2009; Wang et al., 2011). This makes it an interesting 

candidate for paratransgenesis to produce anti-Plasmodium molecules in the mosquitoes which 

prevent malaria parasites to grow. At the beginning of the study there was only one isolate 

available in the world which is not enough for continuing to evaluate its potential and describing 

a new family of bacteria. More isolates are needed to find out general characteristics. With the 

isolation of more Thorsellia, comparisons can be made between these and the type isolate and 

their potential role in paratransgenesis can be investigated. This project therefore aims to find 
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new Thorsellia species by screening mosquitoes and surface-microlayer water samples obtained 

in Kenya by culture and PCR techniques.  

 

MATERIAL AND METHODS 

No ethical trial was needed since this study only uses insects which do not need an ethical trial. 

 

Samples  

The samples for this study were collected in the neighbouring villages of two locations in Kenya, 

Mwea and Kisian, in November 2011. The samples were surface-microlayer water, mosquito 

larvae, newly hatched adult mosquitoes and adult mosquitoes. The samples were stored in 15% 

glycerol and kept at 0°C when collected. The samples were then stored at -20°C in Kenya until 

transportation to Sweden at 0°C. Upon arrival the samples were first frozen at -20°C and then 

stored at -80°C.  

 

Preparation of samples for PCR 

The samples were thawed on ice. Half the material in each sample was transferred to a new 

Eppendorf tube and the rest was refrozen at -80°C. The adult and larval samples were 

homogenized in 250µl PBS (0.14M NaCl, 0.0027M KCl, 0.010M PO4
3-

, pH 7.4). All the 

samples were thereafter either kept as they were, washed with PBS or centrifuged to use the 

supernatant.  

To wash the samples, all of the samples were centrifuged at 16,000g for 5min. The 

surface-microlayer water samples were centrifuged directly as they were when thawed. After 

centrifugation, all samples were decanted and 250µl PBS was added to each sample. The 
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samples were then centrifuged at 16,000g again for 5min and the supernatants were removed. As 

a last step of washed sample preparation 250µl PBS was added to each sample. This gave sample 

suspensions from adult mosquitoes, mosquito larvae and surface-microlayer water containing 

bacteria. These sample suspensions were diluted in PBS 10-1000x or concentrated 10x 

depending on the sample. 

 To prepare the samples to get the supernatant all of the samples were prepared as above 

until the first centrifugation step. After centrifugation of the samples at 16,000g for 5min the 

supernatant was collected and the pellet was discarded.   

 

PCR and gel electrophoresis 

PCR was performed by C1000 Thermal Cycler, Mini Opticon Real-Time PCR System or CFX 

Connect Real-Time System, all three from Bio-Rad, Hercules, USA. PCR was run with the 

prepared samples as templates together with 0.4µM each of forward and reverse Thorsellia 

primers. Forward primer 207f (5’-GCACTAGGATGAACCCAGG-3’) and reverse primer either 

1277r (5’-CTTTATGAGTTCCGCTTACCC-3’) or 755r (5’-GCATATGAGCGTCAGTCACT-

3’). The templates were also run with 0.4µM each of general 16S rRNA primers as a control for 

the amount/presence of bacteria. Forward primer 968f (5’-WACGCGAAGAACCTTAC-3’) or 

8f (5’-AGAGTTTGATIITGGCTCAG-3’) (Lindh et al., 2005) together with reverse primer 

1501r (5’-CGGITACCTTGTTACGAC -3’) (Lindh et al., 2005). Illustra PuRe Taq Ready-To-Go 

PCR Beads (GE healthcare, Uppsala, Sweden) were used for all reactions. As a positive control, 

Thorsellia genomic DNA or Thorsellia bacteria were used and as a negative control a different 

bacterium, Rahnella aquatilis, was used. The PCR program was 98°C for 5min followed by 30 

cycles of 95°C for 30s, 55°C for 30s and 72°C for 1min and as a last step 72°C for 10min. 
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Around 8µl of each PCR sample was analysed by gel electrophoresis in a 1% agarose gel 

containing gel red (Biotium Inc., Hayward, USA) at 100V for approximately 35min. The bands 

were visualized by UV light and photographed.  

 

Growing bacteria from sample suspensions on plates  

The sample suspensions that gave positive bands for Thorsellia, seen after gel electrophoresis of 

the PCR products, were spread on Luria-Bertani (LB) agar plates. 100µl were spread on normal 

pH plates (pH 7.4) and for some samples 100µl were spread on high pH plates (pH 9.6). The 

sample suspensions were diluted to different concentrations with water to get a suitable number 

of colonies on the plates, which is between 20 and 200 colonies per plate. The plates were 

incubated at 30°C for one to two days. The colonies growing on the plates were either re-

streaked individually onto new LB plates or prepared for PCR all at once by nitrocellulose filter 

papers (see below). 

 

PCR on many colonies using nitrocellulose filter paper 

A nitrocellulose filter paper was placed on some LB plates with bacteria from the sample 

suspensions. When the colonies had transferred to the filter paper it was lifted off the LB plate 

and all the bacteria were scraped off and put into an Eppendorf tube with water and mixed. 

Depending on how many colonies were transferred the bacterial suspension was diluted to 

somewhere between 1-17colonies/100µl water. The bacterial suspensions were boiled at 100°C 

for 10min and then centrifuged at 13,000g for 1min. 1µl of this supernatant was used as template 

for the PCR. The PCR was carried out as described above. 
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Growing individual colonies on plates  

Individual colonies were picked from the plates with bacteria from the sample suspensions either 

directly or after a positive band was seen by gel electrophoresis of a bacterial suspension made 

by nitrocellulose filter paper. Different morphologies were picked to increase the chances of 

finding a Thorsellia colony as the colony morphology was only known for one isolate. The 

individual colonies were re-streaked on new LB plates separately. The plates were incubated at 

30°C for one to two days.  

 

PCR on individual colonies  

PCR was run on the individual colonies on the LB plates. 1µl colony material was mixed with 

100µl water and boiled at 100°C for 10min. This was then centrifuged at 13,000g for 1min. 1µl 

of this supernatant was used as template for the PCR. The PCR was carried out as described 

above. 

 

Sequencing of PCR products  

Sequencing of parts of the 16S rRNA gene was done by Macrogen, Seoul, Korea. First some 

PCR products generated with sample solution and Thorsellia primers that gave a positive band 

seen with gel electrophoresis were sent for sequencing. Then PCR products generated from 

individual colonies with Thorsellia and general 16S rRNA primers that gave positive bands for 

Thorsellia seen with gel electrophoresis were sent for sequencing. The relationship between the 

sequences was then determined by phylogenetic analysis.      
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RESULT 

 

PCR and gel electrophoresis  

The prepared samples were all analysed by PCR and gel electrophoresis. All samples were run 

with both Thorsellia-specific primers and general 16S rRNA primers to show if there was any 

Thorsellia DNA and any bacterial DNA in them. Figure 1 shows an example of what the agarose 

gels looked like. Most samples gave either only a band with 16S rRNA primers or no band at all, 

neither with 16S rRNA primers nor with Thorsellia primers. However, four sample solutions 

gave positive bands with both primer pairs. One of these samples is shown in figure 1 in lanes 2 

and 7.         

 

 

Figure 1. Agarose gel electrophoresis of PCR products generated by sample suspensions and 

Thorsellia and 16S rRNA primers. Red arrow indicating 1070bp and Thorsellia and blue arrow 

indicating 533bp and bacteria. Lane 2-6: PCR products with Thorsellia specific primers. Lane 7-

11: PCR products with general 16S rRNA primers. Lane 1: 1kb DNA ladder (Life Technologies, 

Grand Island, USA), 2-4: different sample suspensions, 5: positive Thorsellia control (genome 

DNA), 6: negative Thorsellia control, 7-9: different sample suspensions corresponding to lanes 

2-4 respectively, 10: positive Thorsellia control (genome DNA), 11: negative Thorsellia control.       
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Growing bacteria from sample suspensions on plates  

The different sample suspensions that gave positive bands for Thorsellia after PCR and gel 

electrophoresis were grown on LB agar plates. Different number of colonies grew on the plates 

for each of the sample suspensions. Different colony morphologies also grew on plates with 

different sample suspensions. An example comparison of two sample suspensions, AL6 and BL4 

tet, equally diluted grown on LB plates is shown in figure 2.    

 

 

Figure 2. Different sample suspensions grown on LB plates. A: one sample suspension (AL6) 

diluted 10
5 

x. B: another sample suspension (BL4 tet) diluted 10
5
 x.   

 

PCR on multiple colonies from nitrocellulose filter paper 

A nitrocellulose filter paper was put on top of the colonies of growing bacteria from individual 

sample suspensions on LB plates to be able to run PCR on many colonies from the same sample 

suspension at the same time. About 20 nitrocellulose filter papers were used in total to 

investigate LB plates with sample suspensions from 8 different samples. The result after PCR 

and agarose gel electrophoresis was that one of the mixes of colonies gave a positive band for 

Thorsellia.     

 

A B 
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Growing individual colonies on plates  

Individual colonies from the LB plates with sample suspension grown on them were re-streaked 

individually onto new LB plates. The different bacteria from the different colonies grew at 

different speeds and had different morphologies. An example of what the plates looked like after 

growing individual colonies on them is shown in figure 3. 

 

 

Figure 3. LB plate containing re-streaked individual colonies from one sample suspension.   

 

PCR on individual colonies 

PCR was run on each of the individually grown colonies with 16S rRNA primers and Thorsellia 

primers to identify an isolate of Thorsellia. The result was many colonies which gave positive 

bands only with the 16S rRNA primers but also many colonies which gave positive bands with 

both 16S rRNA and Thorsellia primers. Figure 4 shows one of the agarose gels which suggested 

that many of the colonies tested were Thorsellia.    
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Figure 4. Agarose gel electrophoresis of PCR products from individual colonies with 16S r RNA 

primers and Thorsellia primers. The top row shows PCR products with Thorsellia specific 

primers. The bottom row shows PCR products with general 16S rRNA primers. Lane 1: 1kb DNA 

ladder, 2-15: Thorsellia positive colonies, 16-17: Thorsellia negative colonies, 18: Thorsellia 

positive control, 19: Thorsellia negative control.     

 

Sequencing of PCR products 

To confirm that the sample suspensions and the individual colonies that gave positive bands for 

Thorsellia were actually Thorsellia their PCR products were sequenced. The resulting sequences 

were compared to other sequences using a program called Basic Local Alignment Search Tool 

(BLAST) on the National Centre for Biotechnology Information (NCBI) website
2
. This gave the 

name of the bacteria that was most similar in sequence to the obtained sequence. The result for 

39 sequences was that they were Thorsellia. 38 colonies and 1 sample suspension were positive 

for Thorsellia DNA. Some other samples that were also sent for sequencing could not be 

sequenced for some reason which means that it is still not certain what they are. The results are 

summarized in table 1.  

 

                                                 
2
 http://blast.ncbi.nlm.nih.gov/Blast.cgi 120804 

1     2    3   4    5   6     7    8    9  10  11  12  13  14  15  16  17  18  19 
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Table 1. Summary of the samples positive for Thorsellia in PCR.   

Sample Confirmed Thorsellia by sequencing Number of Thorsellia isolates 

W5 Yes 37 

T2 Yes 1 

BL4 tet Yes 0 

K6 No 0 

AL3 No 0 

AL6 No 0 

 

The sequencing of the 16S rRNA sequence of the 38 isolates made it possible to create a 

phylogenetic tree, which is shown in figure 5. The isolates were compared to the type isolate 

(An_arabiensis_Mbita_Kenya_CCUG) and to other Thorsellia 16S rRNA sequences available in 

GenBank. The tree shows that there are three groups of Thorsellia which probably correspond to 

three species. From the 38 isolates found in this study, Thorsellia_1.1 was the only isolate in 

contig 1, Thorsellia_3.3 represents five isolates found in contig 2 which are most similar to T. 

anophelis, and Thorsellia_4.1 represents the rest of the isolates which group together in contig 3. 

These three representative isolates have been sent to Germany for further biochemical 

characterization. Tho_BL4_2 could represent a new group/species but the 16S rRNA sequence 

which was sequenced is too short to be certain and there is no isolate yet. The 

An_Gambiae_Kisian_Kenya_ctg21 sequence in figure 5 should be ignored since the sequence is 

probably incorrect.   
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Figure 5. Phylogenetic tree created from the 16S rRNA sequences from representative sequences 

of the new Thorsellia isolates found in this study (red) together with the type isolate and other 

Thorsellia 16S rRNA sequences available (black). The sequences in green are sequences cloned 

from 16S rRNA sequences in the sample BL4 tet.  

 



20 

DISCUSSION 

The aim of this study was to isolate Thorsellia bacteria from mosquito and water samples 

collected in Keya using PCR and culturing techniques. The results show that 38 new isolates of 

Thorsellia were found, all confirmed by DNA sequencing of the 16S rRNA gene. According to 

phylogenetic analysis these isolates fall within three groups of Thorsellia, probably 

corresponding to three species. 37 of the isolates were from the same sample (W5) and the 

remaining one was from a different sample (T2). Furthermore, one sample suspension also 

contained Thorsellia DNA confirmed by sequencing (BL4 tet). Both the samples that gave 

isolates of Thorsellia were mosquito larvae samples. The first sample (W5) was collected in 

Karima village and the other (T2) in Murinduko village, both around the Mwea area in Kenya. 

The sample suspension (BL4 tet) that contained Thorsellia DNA was a water sample from 

Kisumu highlands in the Kisian area of Kenya.  

In addition, three other sample solutions (K6, AL3, and AL6) gave positive bands for 

Thorsellia after PCR with Thorsellia-specific primers seen by agarose gel electrophoresis. These 

samples were not confirmed by sequencing and therefore it cannot be certain that they contain 

Thorsellia, even though it is likely. One sample (K6) is a larvae sample from Kiama-Cir village 

in the Mwea area, and the other two (AL3 and AL6) are water samples from Kisumu campus in 

the Kisian area.  

 

The sample suspensions that were used as templates in the first PCR step were prepared in 

slightly different ways. The three different methods were, using the samples as they were if it 

was a water sample and homogenizing the samples in PBS if it was a larva or mosquito sample, 

washing the samples in PBS, or using the supernatant after centrifugation of the samples. The 



21 

reasons for this are that at first the samples were used as they were but it did not give clear bands 

on the agarose gel after PCR. It was also shown in one experiment that when Thorsellia genome 

DNA was added to the samples no bands were seen on the gel, neither with Thorsellia primers 

nor with general 16S rRNA primers. This suggested that there was something in the sample 

inhibiting the PCR. Therefore, the method of washing the samples in PBS was developed. This 

method improved the result compared to the unwashed method as PCR gave products seen as 

clear bands with agarose gel electrophoresis. However, these two methods were compared again 

later on and showed no significant difference in the result on the gel. Therefore this unwashed 

method was taken back into use. Different PCR mixes were used in the beginning and the end of 

this study and these might have contributed to the results. The last and third method used was 

centrifuging the samples and using the supernatant as the template instead of the pellet. This was 

originally done to see how many bacteria were lost in the supernatant when the pellet was used 

and the supernatant was discarded. The supernatant was grown on LB plates to see the number of 

bacteria. This experiment resulted in colonies similar to the Thorsellia type isolate and was later 

shown by sequencing to be mostly Thorsellia colonies. Therefore this method was introduced 

into the study.   

The unwashed method resulted in one sample solution with a positive band for Thorsellia 

seen on the gel, though it was not sequenced. The washed sample method resulted in three 

sample solutions with positive bands for Thorsellia seen on the gel. One of these samples was 

confirmed to be Thorsellia by sequencing and the other two were not sequenced. When Favia et 

al. looked for Asaia in mosquitoes they extracted and used DNA from the mosquitoes as the 

templates in PCR with Asaia specific primers (Favia et al., 2007). Other studies investigating the 

midgut microflora have also used DNA extraction methods from the samples before PCR with 
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general 16S rRNA primers (Briones et al., 2008; Dinparast Djadid et al., 2011; Rani et al., 2009). 

This type of sample preparation, extracting DNA, was also tried in this study. PCR was run on 

extracted DNA from a larvae and a water sample. The result was unclear bands on the gel. 

Therefore this method was not further used in this study. Though, it should be noted that this 

PCR was performed in the beginning of the study with a PCR mix that was later shown to not 

work very well.    

 

PCR was the method used initially for identifying samples that contained Thorsellia and later on 

for identifying individual colonies that were Thorsellia. It was also used to screen many colonies 

at the same time for Thorsellia. Different PCR programs, primers and PCR mixes were tested in 

the beginning of the study. All the different primers resulted in expected products which is why 

different combinations of primers for Thorsellia and 16S rRNA could be used during the study to 

amplify different parts and lengths of DNA. The Thorsellia primers were designed to bind to 

Thorsellia-specific sequences of the 16S rRNA gene while the general 16S rRNA primers were 

designed to bind to conserved sequences of the 16S rRNA gene. This allowed the general 16S 

rRNA primers to act as a control for the method. If a band of the right size was seen on the gel it 

indicated that the method worked and that there were bacteria in the samples. So, if no Thoresllia 

band was seen, the sample probably did not contain any Thorsellia. To begin with, another PCR 

mix was used than during the rest of the study. The first PCR mix gave unclear bands on the 

agarose gel after electrophoresis and was therefore changed to PCR beads which improved the 

PCR and the appearance of amplicon in the gels. The PCR program was also changed at that 

time from a touchdown program to the one described in the method which together with the PCR 

beads gave good results. This combination of PCR beads and the new PCR program was used 
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throughout the study. The amplification of DNA from individual and many colonies worked very 

well with this method. However, the PCR with the sample suspensions that were prepared for the 

initial screening of the samples from Kenya did not always give any results. No band for either 

general 16S rRNA or Thorsellia was seen on the gel, though the controls worked. To overcome 

this problem, different concentrations of the sample suspensions were prepared. However there 

was not enough time to do this for all of the samples which means that there are still many 

samples left to screen for Thorsellia. DNA extraction and another type of PCR, touchdown PCR, 

could be an option to try to improve the PCR. For example Lindh et al. used touchdown PCR in 

their study (Lindh et al., 2005). That specific PCR program was tested twice in this study with no 

good PCR products produced. PCR is a rapid method to use for screening samples if the right 

PCR program is used, the right amount of DNA is present together with a suitable PCR mix, and 

with correctly designed primers.   

 

When a sample suspension was shown to contain Thorsellia DNA it was spread onto an LB plate 

with about pH 7.4, the pH was only measured on the first batch of plates made, and grown for 

one to two days at 30°C. Different dilutions of the sample were spread to get a plate with isolated 

colonies to be able to see their individual morphology. Different colonies on these plates were 

picked and re-streaked onto new LB plates so they could be isolated and tested individually for 

Thorsellia DNA. This method gave many colonies from the sample suspensions. The colonies 

picked for re-streaking were chosen based on morphology. Since only one isolate was available 

in the world there might be some variation in morphology of different Thorsellia species. 

Therefore different morphologies were picked, though most colonies picked were those that 

resembled the existing isolate. Earlier it had been shown that Thorsellia could grow on plates 
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with high pH medium as well as on normal plates (Briones et al., 2008). This was therefore 

thought to be a good selection method for isolating Thorsellia in this study. LB plates with pH 

9.6 were made for this purpose. Initially the plates looked promising when tested with a sample 

of a homogenized insect mixed with Thorsellia. Fewer bacteria grew on the high pH plates and 

when they were re-streaked onto new high and normal pH plates some of them grew similarly 

which would suggest Thorsellia. However this did not result in any Thorsellia colonies identified 

by PCR. Similar results were obtained when Kenyan samples were grown. This means that there 

are many other bacteria in the samples that can grow on high pH and also that Thorsellia might 

not grow so well on pH 9.6. Another potential enrichment experiment was done to investigate 

the growth of Thorsellia in pH 9.6 LB medium. This showed that Thorsellia did not grow in pH 

9.6 medium analysed both spectrophotometrically and by growth on pH 9.6 plates. Therefore this 

pH selection method was not further used. New LB plates with pH about 9.2 were made at the 

end of the study which could be tested as a selection method since there was no time to test them 

in this study. Since a growth-selection method for Thorsellia would improve the speed of the 

screen for Thorsellia another method was also tested, growing bacteria on LB plates with 

bromthymol blue (BTB) which was thought to possibly result in different colours when different 

bacteria grew on them. This method did not give any clear colour changes for selection when 

tested with Thorsellia and Kenyan samples and was not further used.      

 

The samples and colonies that after PCR gave bands of the right size for Thorsellia were 

assumed to contain or be Thorsellia. To acertain this products were sequenced. The 16S rRNA 

gene sequence was used as many such sequences have been compared between many organisms 

and this has shown that they are highly conserved within organisms of the same genus and 
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species but differ between organisms belonging to other genera and species (Woo et al., 2008). 

Different parts of the 16S rRNA gene were sequenced in this study depending on which primers 

had been used. Some samples and colonies resulted in bands after PCR with Thorsellia primers 

that indicated that a slightly shorter sequence than expected had been amplified. Some of these 

PCR products from colonies were sequenced and six turned out to be Pseudomonas and one was 

Rahnella. This means that the Thorsellia primers could bind to other bacteria’s DNA. Therefore, 

a positive control which indicates the correct size and sequence is important for certainty.  

 

The isolation of new Thorsellia which was done in this study will help to increase the knowledge 

of these rather newly described bacteria (Kämpfer et al., 2006). Five of the new isolates were 

similar to the type isolate when 16S rRNA sequences were compared but the rest were quite 

different (2-3%), resulting in two other groups. As there was only one isolate available in the 

world before this study it means that more general characteristics can now be described. With the 

isolation of other species, comparisons can be made between these and the type isolate and their 

potential role in paratransgenesis can be investigated. The concept of paratransgenesis is a very 

interesting idea for preventing malaria transmission as the mosquito midgut is a challenging 

environment for the Plasmodium parasite where the number of parasites is reduced. Therefore it 

is one of the most interesting sites for targeting new malaria control strategies (Whitten et al., 

2006). It is important to consider parasite densities when creating a method to disrupt the 

Plasmodium life cycle in the mosquitoes (Jacobs-Lorena, 2003). Parasite densities changes over 

time from when the gametocytes are ingested into the mosquitoes to when the sporozoites end up 

in the mosquito salivary glands (Baton et al., 2005). During the different stages of parasite 

development in the mosquitoes, bottlenecks occur where the number of parasites is reduced. 
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Many mosquitoes that take up gametocytes do not support the development of the parasites to 

the sporozoite stage (Beier, 1998). Often <5% of the 10-10,000 macrogametocytes taken up in a 

blood meal develop into oocysts (Baton et al., 2005). Also less than 25% of the oocyst-produced 

sporozoites successfully invade the salivary glands (Beier, 1998). It is important to know that the 

mosquito/parasite-specific species combination often is very important for the infection outcome 

(Whitten et al., 2006). The decrease in the number of parasites as they develop in the mosquitoes 

is at least to some extent due to the mosquito immune defense (Ghosh et al., 2000). Two of the 

most important steps for parasite mortality are likely to be unsuccessful gamete fertilization and 

unsuccessful crossing of the midgut epithelium (Vaughan et al., 1992). This is interesting as the 

number of bacteria in the midgut has been shown to increase when mosquitoes ingest a blood 

meal (Riehle et al., 2007; Pumpuni et al., 1996), probably due to the increase in the amount of 

nutrients available. This means that many effector molecules could be expressed by the 

transformed symbiotic bacteria in the midgut when the parasites are developing to invade the 

midgut epithelium (Riehle et al., 2007), targeting the parasites when they are at their lowest 

number.  

 

There are obviously many requirements for a paratransgenic approach to work. There must be a 

good symbiotic association between the mosquito and the bacteria, the bacterial symbiont must 

be susceptible to culturing and genetic manipulation, the genetic modification must remain 

stable, the fitness of the symbiont to re-infect mosquitoes after being genetically modified should 

not be altered and neither should the symbiotic functions, the produced transgene product 

produced by the bacteria should effectively target the malaria parasite development and finally a 

method for introducing the genetically modified bacteria into field populations of mosquitoes 
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must exist (Beard, 2002). So far, not that many studies have been carried out to investigate the 

normal midgut bacteria flora in field collected mosquitoes. Two recent studies that did this 

investigated the midgut microflora in An. stephensi and Anopheles maculipennis from Iran 

(Chavshin et al., 2012; Dinparast Djadid et al., 2011). Dinparast Djadid et al. found in larvae and 

adult female mosquitoes 16S rRNA gene sequences corresponding to 13 bacterial species 

belonging to 8 families and 3 classes, the majority belonging to the class Gammaproteobacteria 

(Dinparast Djadid et al., 2011). Chavshin et al. found 40 species belonging to 12 genera in larvae 

midguts and 25 species belonging to 5 genera in adult midguts. Different culture media revealed 

different bacteria. The most abundant bacteria were Pseudomonas spp. in both larvae and adults. 

Chavshin et al. propose some Pseudomonas species for paratransgenesis in An. stephensi as 

some were present in both larvae and adults indicating possible transfer between the different 

developmental stages of the mosquito. Other studies have reported other species to be the 

dominant bacteria in mosquitoes. For example Rani et al. also looked at An. stephensi, but from 

India, and found Serratia marcescens as the dominant species in adult females and larvae. 

However, some bacteria are common even though they are not the dominant bacteria in all 

mosquito midguts. The study by Rani et al. also showed that bacterial diversity is higher in field-

collected mosquitoes than in lab-reared mosquitoes (Rani et al., 2009) suggesting that further 

studies should be carried out on field-collected mosquitoes. Another interesting finding within 

this area is that bacteria which have not been genetically modified have been found to inhibit P. 

falciparum development in the midgut of An. gambiae. Cirimotich et al. found that Enterobacter 

bacteria isolated from wild An. gambiae from Zambia could do this and that inhibition can be 

mediated by reactive oxygen species produced by the bacteria (Cirimotich et al., 2011).    
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In addition to the findings in this study, T. anophelis has been isolated from a field-

caught adult female An. arabiensis (Lindh et al., 2005), and identified by DNA in adult An. 

gambiae s.l. and their breeding water (Briones et al., 2008), in An. stephensi larvae (Rani et al., 

2009) and in one-day-old adult An. gambiae (Wang et al., 2011). This means that Thorsellia has 

been found in different developmental stages of mosquitoes and in their breeding waters making 

it possible that Thorsellia bacteria are taken up by larvae from the water and stay in the midgut 

even when the larva becomes an adult mosquito. This is promising and encourages further study 

of the new isolates found for the use in paratransgenesis.      

 

Since not all of the Kenyan samples were screened with PCR and some of the screened samples 

gave no results in the PCR, these should be tested for Thorsellia with the described optimized 

method to try to find more Thorsellia isolates. In addition, this work should be continued by 

studies on the isolates found. To begin with, the isolates or some of the isolates should be 

investigated in terms of their biochemical characteristics as was done for the model isolate 

(Kämpfer et al., 2006) to say something about if the isolates are the same or different 

species/strains. Also the pH-range they grow in is of interest since it has a potential as a selection 

method. The whole genomes should also be sequenced. Thorsellia then needs to be tested to see 

how amenable they are for genetic modification. An experiment to look at the distribution of 

Thorsellia in Anopheles mosquitoes also needs to be performed. Thorsellia could be genetically 

modified to express a fluorescent molecule and then the bacteria can be followed from the point 

of ingestion into the mosquitoes to see where in the mosquitoes they end up and how stable their 

association is. Enhanced cyan fluorescent protein (ECFP) has for example been used to follow 

bacteria in An. stephensi to evaluate their survivorship in the midgut (Rhiele et al., 2007), GFP 
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has been used to follow re-colonisation of An. stephensi by Asaia (Favia et al., 2007), and GFP 

and Discosoma red fluorescence protein (DsRed) were used to investigate how Asaia colonise 

An. gambiae (Damiani et al., 2010). Further down the road an effector molecule which can 

completely block the development of the malaria parasite must be identified. This is important as 

one oocyst is enough to produce many sporozoites which lead to transmission. Without complete 

inhibition resistance might quickly develop. Possibly more than one effector molecule will be 

needed (Rhiele et al., 2007). It is also very important that the effector molecule is specifically 

targeted towards the malaria parasite to avoid interfering with other species. Sustainability 

studies must also be done to look at reintroduced bacteria in mosquito midguts to see how they 

survive (Dinparast Djadid et al., 2011). Furthermore the ecology, habitats, and habits of the 

mosquitoes in nature must be studied in order to develop a way of delivering the bacteria into 

wild mosquitoes (Rhiele et al., 2007).  

 

Malaria is a big health problem in many parts of the world and it is important that research 

continues within this area to find new ways to prevent transmission. Paratransgenesis with 

symbiotic bacteria could be one such way. It is not known how good candidate Thorsellia is for 

paratransgenesis, but it seems promising since it so far has only been found in mosquitoes and 

their breeding waters which is important when it comes to the aspect of genetically modified 

organisms. The isolation of new Thorsellia in this study enables further investigation in this area. 

If Thorsellia turns out to be a good candidate there is still a long way to go before it can be used 

in the field, however the outcome of this study provides an important and necessary step on the 

way to finding out more.   
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