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Abstract 
 

Malaria is a disease that is caused by parasite called Plasmodium spp. and trasmitted by female Anopheles 

mosquitoes to the host. The disease has great impact around the world and there are half a million deaths 

and several hundred million infections every year. Studies revealed that there are two actin isoforms in 

the parasite, actin I and actin II. Absence of actin II has severe effect on the development of the parasite 

in the mosquito but the molecular function is still unknown. Identification of interacting proteins is of 

great importance to understand further the function of the protein. To achieve this goal actin II has to be 

enriched and this required a tagged version of the protein. In this project purification of the protein was 

to be achieved through biotinylation. In this method the protein of interest is biotinylated by BirA ligase 

in the cell and is then purified by , streptavidin. The project involved transfection of  vector for Plasmodium 

berghei, containing the BirA gene and a stage-specific promoter (cdpk4). The construct was integrated in 

the chromosomal locus Sil6 and introduced to wild-type and actin II knock out parasites. Genotyping by 

PCR revealed integration of the insert in wild type parasites and phenotypic anaylsis showed no difference 

between BirA wild type and wild type control parasites. The expression of the BirA ligase in the parasite 

was investigated with Western blot but no signal was detected.  
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Summary  
 

Malaria is a infectious disease caused by the parasite called Plasmodium. It is trasmitted via a bite of 

female Anopheles mosquito and has a complex life cycle that consists of asexual stages in the host and a 

sexual stage in the mosquito vector. It has a huge impact globally and there is no vaccine available to 

prevent the disease. The long-term goal of this investigation is to find methods to block the tranmission 

of parasite from mosquito to the host (human) and thus contribute to elimination of this disease. 

Actins are proteins that are involved in various processes involving cell motility. In parasites, there are two 

isoforms of actins which are known as actin I and actin II. Actin I is necessary for parasite motility and cell 

invasion and it is present in all life stages of the parasite. Actin II on the other hand, is found only in specific 

life stages including male gametocytes, gametes, zygotes and ookinetes (sexual stages of the parasite). 

Studies revealed that the absence of actin II in parasite has a severe impact on the development of 

parasite inside the mosquito. There are 10 actin binding proteins in the parasite and 3 are those are known 

to be essential. No studies have been carried out to directly identify actin binding proteins in the parasite 

and so far they have been only identified via their similarity to other proteins in eukaryotes. Studies to 

identify actin binding proteins in parasite would be helpful to identify new proteins and their function.  

Actin I is very abudant protein when compared to actin II and they are very similar proteins. Therefore, to 

be able to identify proteins that bind to actin II, it has to be enriched. This can be done by purifiying a 

tagged versions of actin II protein. One strategy for purification is with a approach called biotinylation that 

involves purification of biotinylated tagged version of protein with a protein called streptavidin. Proteins 

are biotynilated via attachment of biotin to the protein of interest. In the presence of streptavidin that 

has high affinity to biotin purification of the target protein is achieved.  

The aim of the project is to generate a parasite line expressing the bacterial BirA ligase. Plasmodium 

berghei was used as a model parasite in this experiment. A plasmid construct was genereated possessing 

the birA gene to be expressed under the control of cdpk4 promoter which is only active in sexual stages 

of parasite. The construct was digested with a restriction enzyme to allow integration in a chromosomal 

locus and was introduced into wild type (WT) and actin II knock out (A2KO) parasites by transfection. 

Genotyping PCR experiments were carried out to confirm the corrent integration. In addition, pheotypic 

experiments were done to observe the development of parasite visually. The expression of BirA ligase was 

investigated by Western blot that involved using an antibody against a HA-tag on BirA ligase.  

The genotyping experiments showed that there was integration in transfected WT but not in A2KO. 

Therefore, the experiments were focused on WT transfected with BirA (BirA WT) and phenotypic anaylsis 

was carried out using WT non-transfected parasites as a control. The comparison between these two 

parasites showed no difference, thus, it was assumed that the expression of the bacterial BirA ligase has 

no effect on the phenotype of the parasite. However, when the expression of BirA ligase checked with 

Western blot, no signal was detected.  One reason for this could be that there was a mixed population of 

parasites (both transfected and non-transfected background parasites) and thus cloning of transfected 

parasites should be carried out in order to have a clonal population of BirA WT parasites to investigate. 

This would lead to more reliable results.  
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Abbreviations  

 
WT : Wild type 

 

BirA WT : Transfected BirA Wild type 

 

BirA A2KO: Transfected BirA Actin II knock out 

 

A2KO : Actin II knock out  

 

PCR: Polymerase chain reaction 

 

RPMI: Roswell Park Memorial Institute medium 

 

NaOAc: Sodium acetate  

 

BSA: Bovine serum albumin 

 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 

 

PMSF: Phenylmethylsulfonyl fluoride 

 

HA: Hemagglutinin 

 

CDPK4: calcium dependent protein kinese 4 
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 Introduction 

Malaria  
 

Malaria is an infectious disease of blood that is transmitted by the female Anopheles mosquitoes and has 

a great effect on global health that results in half a million deaths and several hundred million infections 

every year (WHO, 2016). The disease is caused by unicellular protozoan parasites known as Plasmodium 

spp. (phylum Apicomplexa) (Miller et al. 2013). These protozoan parasites have complex life-cycle that 

takes place both in mosquito vector and mammalian host. Disease control is carried out by drug 

treatments of the patients and also consists of insecticides that are used to control the mosquitoes that 

carry and transmit the parasite. As there are no vaccine available for malaria, these methods are used to 

control the spread of the disease. However, in order to eliminate the disease globally, the transmission of 

parasite from the mosquito vector to the mammalian host should be prevented. To achieve this, the 

detailed mechanism of the parasite life-cycle inside the mosquito should be determined (The malERA 

Consultative Group on Drugs, 2011). 

The life-cycle starts when infected female mosquito bites the mammalian host, sporozoites travel to the 

liver to infect hepatocytes. Hepatocytes are nutrient rich that leads to sporozoites to develop into 

schizonts. Each mature schizont generates merozoites which are then released into the bloodstream. In 

the bloodstream, merozoites infect erythrocytes. Upon invasion of erythrocytes, merozoites develop into 

trophozoites via the ring stage.  Afterwards, trophozoites develop into mature schizonts (erythrocytic 

schizogony). Mature schizonts leads to formation of new generation of merozoites. Upon the rupture of 

erythrocytes, these merozoites are released into the bloodstream to infect new erythrocytes. In addition, 

in some of the infected erythrocytes, merozoites develop into female and male gametocytes. If these 

gametocytes get ingested by mosquito, they develop into gametes. The male gametocytes divide into 

macrogametes possessing 8 flagella that projects from red blood cells in a process known as exflagellation. 

The fusion of the gametes takes place inside the mosquito’s midgut and results in the formation of the 

zygote which then develops into the motile ookinete. The life cycle continues as motile ookinetes move 

through the midgut wall and transform into oocysts which result in the formation of sporozoites. The life 

cycle is completed when sporozoites from the ruptured oocysts located in the salivary gland of the 

mosquito vector are injected into mammalian host via the insect bite (Siciliano and Alono, 2015). The 

complete life cycle of the Plasmodium parasite is shown in Figure 1.  
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Figure 1.” Life cycle of the Malaria parasite.” by NIAID used under CC BY 2.0 

 

There are two phases of development of male and female gametocytes (Sinden et al., 2010). The first 

phase takes place inside the blood of the mammalian host and is known as gametocytogenesis. On the 

other hand, second phase, gametogenesis is initiated when the blood is taken by the mosquito (Deligianni 

et al., 2011).  

Actin isoforms in Plasmodium   
 

There are two actin isoforms in Plasmodium parasite and they are called actin I and actin II. Actin I is 

present in both asexual and sexual stages whereas actin II is only present in sexual stages such as 

gametocytes, gametes and zygotes (Hliscs et al., 2014). In vitro experiments of actin I has shown that it 

forms short and unstable filaments. On the other hand, it has been revealed that actin II filaments are 

more similar to mammalian actin and they are structurally similar to muscle actin. Furthermore, in terms 

of folding of these actin isoforms, it has been shown that there are differences to mammalian actins 

(Schuler et al., 2005) (Vahokoski et al., 2014).  

Actin I can be found in all stages of the parasitic life cycle and it has been revealed that is a necessary part 

of the acto-myosin motor complex which powers parasite motility and cell invasion.  Actin II is only found 

in male gametocytes, gametes, zygotes and ookinetes and necessary for male gametogenesis 

(exflagellation is blocked), and also needed for oocysts development (Deligianni et al., 2011). The studies 

revealed that the absence of actin II in female gametes inhibited the development of oocysts. Therefore, 

https://commons.wikimedia.org/wiki/File:Life_Cycle_of_the_Malaria_Parasite_(20771605491).jpg
https://www.flickr.com/people/54591706@N02
https://creativecommons.org/licenses/by/2.0/deed.en
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when the oocysts cannot develop, the formation of sporozoites inside the oocysts is also blocked and 

parasite transmission from the mosquito to the host is inhibited (Andreadaki et al., 2014). In previous 

study, actin II was replaced with actin I, and the absence of actin I affected the male gametogenesis 

severely and resulted in formation of much fewer oocysts and the oocysts did not possess any sporozoites 

(Vahokoski et al., 2014).  

Actin binding proteins  
 

Actin dynamics are regulated by more than 100 actin binding proteins in eukaryotes. In parasites, on the 

other hand, there are only 10 actin binding proteins including profilins, actin-depolimerazing factors 

(ADF), cyclase- associated proteins (CAPs) and among those proteins only three of them are essential 

(Kumpula and Kursula, 2015). In these studies, identification of parasite actin-binding proteins was 

achieved through their similarity to other eukaryote proteins by in silico studies. A study to identify actin 

binding proteins directly in the parasite would be helpful to identify new ones in the parasites and shed 

light on their molecular function. 

Purification of actin II binding proteins 
 

Biotinylation is a strategy to purify complex proteins as there is a high affinity between biotin and 

streptavidin. BirA ligase mediated protein purification involves biotinylation of tagged proteins. Biotin is 

known to be a cofactor of metabolic enzymes and it gets activated when it covalently attaches to an 

enzyme through the activity of biotin ligases. Biotinylated substrate can easily be bound by ligases and 

the binding of biotin to streptavidin is known to be the strongest non-covalent bond in the nature. As 

there are very few biotinylated proteins in nature the probability of cross-reaction is reduced when 

protein purification is carried out through biotinylation (Boer et al., 2003). 

Aim of the project  
 

When compared to actin II, actin I is very abundant protein that is expressed in all stages of parasite life 

cycle and these two isoforms’ sequence similarities are very high (75%). Thus, actin II needs to be enriched 

by protein purification of a tagged version a strategy involving biotinylation could be used for purification 

process. In the system of interest here, the protein of interest (actin II) is biotinylated by BirA ligase on a 

short tag called BIO which would be introduced at the N terminus of actin II. Thus the presence of BirA 

ligase in the cell would allow purification of the protein with streptavidin.  

Generation of parasite line expressing BirA ligase 

The E. coli gene that encodes for BirA ligase fused with an HA-tag at the N-terminus was cloned into a 

transfection vector for Plasmodium berghei. The BirA gene was fused to suitable 5’ and 3’ flanking region 

to allow correct expression in the cell. The 5’ region was the cdpk4 (calcium-dependent protein kinase 4) 

promoter, that has been shown to be active in the stages of interest, while the 3’ flanking region was from 

a house-keeping gene. The project started with digesting the plasmid construct with a restriction enzyme, 

ApaL1. Digestion allows the integration of the transgene into a chromosomal locus (Sil6) by homologous 
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recombination. The plasmid was separately introduced into wild type and actin II knock out parasites by 

electroporation. Transfected parasites were then selected with an anti-folate drug, pyrimethamine. PCR 

genotyping was carried out to confirm the integration in the Sil6 locus followed by phenotypic analysis to 

investigate the development of the parasites. The expression of BirA was determined by Western blot 

using an antibody against a tag (influenza hemagglutinin, HA) present in BirA. 

 

Materials and Methods 
 

Construct design for parasite transfection  
 

Construct was designed to transfect wild-type and A2KO parasites and it consists of the BirA ligase gene 

under the control of cdpk4 promoter. The complete design of the construct is shown in Figure 2.  

 

 

Figure 2. Construct design for transfection. The BirA ligase gene is under the control of CDPK4 promoter which is 
only active in the sexual stages of parasite. The construct consists of a drug resistance cassette that includes the 
resistance gene against the drug pyrimethamine for selection of parasites after transfection. Background parasites 
that do not have the resistance gene cassette do not survive. The restriction sites of ApaLI are also shown in the 
construct that cuts the plasmid 4 times for integration into the Sil6 locus.  Homologous regions of Sil6 are indicated 
in green.  
 

Transfection  
 

Preparation of schizont cultures of wild type ANKA 2.34 and actin II knock out parasites (Kooij et al., 2012). 

Culture medium was prepared by mixing 40 ml RPMI1640 pH 7.3, foetal calf serum and 0,05 mg/ml final 
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concentration of the antibiotic neomycin and incubated at 36.6°C on a shaking incubator for 30 minutes. 

After this step, 1 ml blood was taken from each infected mouse and added to the medium. The culture 

was then gassed (Gas mix: 5% O2, 5% CO2, 90% N2) and incubated at 36.6°C for 24 hours. After the 

incubation period, the schizonts were checked by Giemsa staining to determine if there were enough 

mature schizonts in the culture. The schizonts were purified by 27.6% Nycodenz solution. 25 ml of the 

culture were added to a tube containing 5.5 ml Nycodenz and 4.5 ml PBS and centrifuged for 25 minutes 

at 1500 rpm. The schizonts were collected from the ring phase as it is shown in figure 3 and washed twice 

with the medium. 

 

 

Figure 3. Centrifuged schizont culture 

Next, the schizont pellet was mixed with 81.82 µl nucleofactor 88A6 (Amaxa, GmbH), 18.18 µl of 

supplement and 10μg of the linearised plasmid by ApaLI. After electroporation in an Amaxa 

electroporator, 30 µl of this medium mixed with 300 µl of blood from a non-infected mouse and incubated 

at 37°C for 15 minutes to allow invasion of parasites into red blood cells. Two mice were infected with 

either BirA WT or BirA A2KO parasites. 24 hours after infection, each mouse were injected with 100 µl 

pyrimethamine for selection of transfected parasites. The treatment with pyrimethamine lasted three 

days. 

 

Purification of parasites with Ammonium chloride  
 

0.4547 gr of Ammonium chloride was dissolved in cold water up to 50 ml.  Mice were bled by cardiac 

puncture and about 700 µl of blood was mixed with the ammonium chloride. Tubes were then incubated 

on ice for 20 minutes followed by centrifugation at 1500 rpm for 15 minutes at 4°C. The pellet was washed 

with 25 ml of PBS after discarding the supernatant followed by centrifugation at 1500 rpm. Afterwards, 

pellet was resuspended in 700 µl of PBS followed by centrifugation for few seconds and the pellet was 

stored at -20°C.  

 

Genomic DNA isolation of malaria parasites  
 

The purified parasite pellet was resuspended in 700 µl of TNE Buffer (10 mMTris pH 8.0, 5 mMEDTA pH 

8.0, 100 mMNaCl), 200 g RNAase, 1% SDS and water up to 1 ml. After incubation of the mixture for 10 

minutes at 37°C, 200 µg proteinase K was added followed by 1 hour incubation at 37°C. After this step, 

phenol: chloroform: isomylachocol (25:24:1) was added up to 1.5 ml. Tubes were then centrifuged at 
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14000 rpm and the aqueous phase was transferred into a new tube and 0.1 volume of 3M NaOAc with pH 

5.2 and 2 volumes of absolute ethanol was added. DNA was precipitated at -80°C for 1 hour followed by 

centrifigation for 20 minutes at 14000 rpm at 4°C. The pellet was air dried and resuspended in 10 µl of 

distilled water. The concentration of DNA was measured using NanoDrop 1000 (Life technologies).  

 

Genotyping  
  

Figure 4 shows the genomes of Wild type parasites and transfected parasites. Wild type genome shows 

SIL6 locus and the Trans genome shows the genes that are integrated into this chromosomal locus. PCR 

genotyping was carried out to confirm the correct integration in Sil6 locus. 

                                   

 

Figure 4. Wild type genome and transgenic genome. WT genome shows the SIL6L and SIL6R regions of the SIL6 locus 
that are the targets for homologous integration. The SIL6F and SIL6R primers were used for PCR to exclude 
contamination with non-transfected parasites. Trans genome shows the integrated genes inside the SIL6 locus 
together with primers used for Left and Right integration PCR.  
 

The genotyping experiments were carried out with series of PCR including GAPDH PCR for quality control 
experiment, contamination PCR to determine if there are non-transfected parasites, left and right 
integration PCR to determine if the gene is correctly integrated into genomic locus. The more information 
and primers used for each PCR is shown in Table 1.  
 
 
Table 1. Information about PCRs used in the experiment 
 

PCR for genotyping  Primers Information  

GAPDH   
GAPDH forward and GAPDH 
reverse  

Quality control experiment – GAPDH gene is 
expressed in most cells and commonly used as a 
control, it was carried out to confirm if good quality 
of genomic DNA was present  

Contamination  SIL6 forward and SIL6 
reverse 

It was carried out to determine if there are non-
transfected parasites 

Right integration  DHRHind forward and SIL6 
reverse  

It was carried out to confirm if the insert is in the 
correct position  

Left integration  SIL6 forward and 
CDPK4PROM reverse 

It was carried out to confirm if the insert is in the 
correct position 

 
 

Master Mix for the each PCR was prepared as shown in Table 2. The volume of each component is shown 
for 1 reaction and were adapted according to the number of reactions used in the experiment.  



 

10 
 

 
Table 2. Master Mix for PCR 
 

  

 

 

 

 

 

 

 

 

 

Table 3 shows protocol for GAPDH PCR which is the first experiment of the genotyping. The annealing 

temperature and the extension time varies depending on the conditions of each PCR in this experiment. 

The differences in annealing temperature and extension time are indicated in Table 3. For left integration 

experiment, gradient PCR was carried out to find the optimum annealing temperature. For this PCR, 

different annealing temperatures were tested. These temperatures are, 42°C, 44.4°C, 49.9°C and 55°C.  

Table 3. PCR Protocol  

 GAPDH PCR  

  Cycle step Cycles Temperature (°C) Time 

Initial Denaturation         1             98 3 minutes 

Denaturation 
 Annealing* 
 Extension** 

        
       30 

            95 
            51 
            62 

30 seconds 
30 seconds 
30 seconds 

  Final Extension         1             62 10 minutes  

Hold         1            4 ∞ 

                                                                                                                                                                                                                           

                  
  
  

 
Agarose Gel Electrophoresis    
   
Gel electrophoresis was performed in order to determine whether the transfection is successful. 1% 
agarose gel was prepared with 0.5 gr agarose powder, 1X TAE Buffer, 50 ml water and 2.5 µl Ethidium 
bromide (Thermo Fisher Scientific). After preparing the gel, 9 µl DNA Marker Phage Lambda digested with 
Sty I was loaded followed by the 12 µl of the each sample and the gel was run at 120 V for 45 minutes. 
The concentration of PCR product was measured using Life technologies NanoDrop 1000. 

 

Component 1 reaction 
(24.5 µl) 

Nuclease-free water 18 µl 

5X GoTaq Reaction Buffer 
(Promega)                                                                                 

 5 µl 

10 mM dNTPs 0.5 µl 

20 pmol/µl Forward 
Primer 

0.5 µl 

20 pmol/µl Reverse Primer 0.5 µl 

GoTaq DNA polymerase 
(Promega) 

0.12 µl 

*Annealing temperatures for the Contamination PCR and Right integration PCR are 50°C, 48.5°C respectively  

**Extension time for the Contamination PCR and Right integration and Left integration PCR are 1.5 minutes, 3 minutes, 2.5 

minutes respectively  
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Genotyping Before and After Biteback Experiments  
 

Biteback experiments were carried out to confirm the transmission of parasite from mosquito to 
uninfected mice (Table 6). Mosquitoes infected with BirA WT and WT control parasites were allowed to 
feed on the mice that allows the transmission. The presence of the parasites in mice were confirmed with 
GIMSA staining. Afterwards, genotyping experiments were carried out using parasites before and after 
biteback experiments for comparison. 

 

Phenotyping  
 

Phenotyping experiments were carried out to investigate if expression of BirA Ligase in the parasite has 
any effects on the phenotype.  

 

Exflagellation events of BirA Wild-Type and Wild-Type control   
 

Exflagellation experiments were carried out in order to observe if male gametogenesis can proceed 
normally. The test was carried out by drawing 2 µl blood from the infected mouse’s tail and the blood was 
mixed with 8 µl of activating medium, RPMI with pH 8.0 and incubated at 19°C for 10 minutes. Afterwards, 
the samples were examined under light microscope and the number of exflagellating males were counted 
for both BirA WT mutant and the WT control.  

 

Ookinete conversion of BirA Wild-Type and Wild-Type control  
 

Ookinete conversion is the percentage of female gametes that became ookinetes. Firstly, ookinete 
cultures of BirA WT and WT control were prepared. Infected blood was diluted ten times in activation 
medium and the sample was incubated for 24h at 19°C. A live staining of the ookinete culture was carried 
out using the antibody 13.1 which recognise the surface protein Pb28 at the female gametes, zygotes and 
ookinete stages. These stages were counted under fluorescent microscope and checked for any 
morphological differences between the mutant and control parasites.  

 

Oocyst measurement of BirA Wild -Type and Wild-Type control  
 

Oocysts inside the midgut of the mosquito was counted and examined under fluorescent microscope to 
determine if the mutant parasite were affected in oocyst formation. Mosquitoes were allowed to feed   
on the mice that had BirA WT or WT parasites. 11 days after the feeding, mosquitoes were dissected and 
midguts were removed for staining. Dissection was carried out in PBS then the midguts were removed to 
another tube containing 400 µl of 10% Formaldehyde, 100 µl 1% Saponin and 500 µl of PBS and kept on 
ice for 45 minutes. Next steps of staining are summarized in Table 3. The oocysts were stained using an 
antibody that recognise a protein at the oocyst capsule (CAP380) and the DNA was stained using Hoechst 
33342. 



 

12 
 

 

                    Table 3. Steps of staining a midgut 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 Western blot of BirA Wild-Type and Wild-Type control   
 

Western blot was carried out to check if the BirA ligase is expressed in BirA WT parasites. First, 12% SDS-
PAGE was prepared separating gel was prepared with 4 ml 30% Acrylamide, 3 ml Tris 1.3M pH 8.8, 3 ml 
water, 100 µl APS and 5 µl TEMED. Then the stacking gel was prepared with 1.3 ml 30% Acrylamide, 960 
µl Tris 1.3 M pH 6.8, 7.7 ml water, 100 µl APS and 20 µl TEMED. 

Pellets of BirA WT and WT mixed blood stages purified parasites by ammonium chloride were prepared 
by resuspending with 90 µl 1x PBS, 10 µl protease inhibitors (P2714, SIGMA) and 1 µl of 100mM PMSF. 
Mixtures were then sonicated 4 times at amplitude less than 20%. After centrifuging and resuspending 
the samples, 10 µl of 10% Triton X-100 were added and samples kept 30 minutes on ice followed by 
centrifuging at 14000 rpm for 10 minutes at 4°C. Supernatant (80 µl) was separated into a new tube and 
mixed with 20 µl of 5x SDS reducing buffer including β-mercaptoethanol and the pellet was resuspended 
in 80 µl 1x PBS and 20 µl of 5x SDS reducing buffer including β-mercaptoethanol.Samples were then boiled 
and 30 µl from the each sample loaded on 12% SDS-PAGE gel together with the marker, Color Protein 
Standard, Broad Range (11-245 KDa) (New England Biolabs).  The gel was run at 20 milliampere for 90 
minutes and semi dry transfer to nitrocellulose membrane was carried for 90 minutes.  

Ponceau was applied to the membrane in order to visualize the protein bands and the membrane washed 
for 5 minutes in Tween Tris buffered saline (TTBS) and blocking was applied for 1 hour with 2.5 gr milk 
powder in 50 ml TTBS. After 5 minutes of washing the membrane with TTBS, 2 µl first antibody, anti- HA-
11 (Biolegend) was diluted in 4 ml TTBS and incubated for 1 hour shaking. After 3 more washes with TTBS 
for 10 minutes each, 1 µl of the secondary antibody, anti-mouse HRP in 20 ml TTBS  was applied for 1 hour 
shaking. After antibody incubation and the further washing step, ECL (Thermo Fisher Scientific) applied 
for 5 minutes and exposure of the membrane was done to see the results.  

Step  Duration Conditions / shaking at room 
temperature 

2x Wash  15 minutes each  100 µl 1% Saponin and 900 µl of 1X PBS  

Blocking  30 minutes  100 µl 10% BSA, 100 µl 1% Saponin and 
800 µl of 1X PBS 

1ST Antibody  1 hour 2 µl of first antibody, CAP380 in 25 µl NGS, 
50 µl 1% Saponin and 425 µl 1X PBS 

3x Wash  15 minutes each  100 µl 10% BSA, 100 µl 1% Saponin and 
800 µl of 1X PBS 

2nd Antibody 1 hour  1 µl of secondary antibody, anti-rabbit in 
100 µl 10% BSA, 100 µl 1% Saponin and 
800 µl of 1X PBS 

3x Wash  15 minutes each  100 µl 10% BSA, 100 µl 1% Saponin and 
800 µl of 1X PBS 

Hoechst DNA stain 
(Life technologies) 

10 minutes  0.5 µl Hoechst in 1 ml 1X PBS 

Wash  10 minutes 1 ml 1x PBS 



 

13 
 

 

Statistics  
 

All the statistical tests that were performed and graphs were generated using Graphpad Prism 7 Software 

(for Windows, La Jolla California USA, (https://www.graphpad.com). Two sample T test were performed 

in Exflagellation events (Figure 9), ookinete conversion (Figure 10) and oocyst measurements (Figure 11). 

All data represent the mean ± SE and 5% significance level was used for the analysis.  

 

Results  
 

After digestion of the plasmid having the BirA ligase construct with the restriction enzyme ApaLI, 

experiment continued with transfection of wild type and actin II knock out schizonts. Two mice were 

infected with the transfected schizonts for each case. The positive selection of the transfected parasite 

was achieved by three days treatment of the mice with pyrimethamine. 10 days post transfection 

parasites were detected in the blood samples of the mice by Giemsa staining. 

 

 

Genotyping  
 

When the parasetemia was around 5%, the blood was collected by cardiac puncture and the parasites 
were purified using Ammonium chloride. The genomic DNA was isolated, the concentration and purity of 
genomic DNA was measured with NanoDrop 1000. Table 4 shows the concentration of each purified 
parasite together with purity at wavelength A260/280, in this case, ratio of absorbance at 260 nm and 280 
nm is used to assess the purity and genotyping by PCR was carried out to confirm the correct integration 
into the SIL6 genetic locus (Table 2 in Appendices). After measuring the concentration and purity of 
parasites, genotyping experiments for mutant parasites listed in Table 4 were started. First experiment 
was GADPH PCR and the results of gel electrophoresis are shown in Figure 5.  

 

 

Figure 5. GADPH PCR as a Quality control experiment of genomic DNA. Lanes 1 and 6 are negative control without 

genomic DNA, Lane 2 is 1 µl of Positive control (Actin II knock-out parasites: 50 ng/ µl), Lane 3 is 2 µl of BirA Trans 

A2KO Mouse 1 (c: 28.5 ng/ µl), Lane 4 is 1 µl of BirA Trans A2KO Mouse 2 (c: 415.8 ng/ µl), Lane 5 is 1 µl of BirA Trans 

A2KO Mouse 2 (c: 50 ng/ µl), Lane 7 is 1 µl of BirA trans Wild- type Mouse 1 ( c: 28.5 ng/ µl), (8) 1 µl of BirA trans 

Wild- type Mouse 2 (c: 36.7 ng/ µl). No signal is observed in Lane 3 which represents of BirA Trans A2KO Mouse 1. 

https://www.graphpad.com/
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This sample is excluded from the experiment and new mouse is transfected with BirA ligase transfected Actin II 

knock-out parasites.  

 

After obtaining the results of GAPDH PCR, BirA Trans A2KO Mouse 1 were excluded from the experiment 

as no signal was detected. The experiment continued with Contamination PCR for the rest of the samples. 

The aim of this PCR is to detect the presence of non-transfected parasites and the results obtained are 

shown in Figure 6.  

  

Figure 6. Contamination PCR to investigate if there are non-transfected parasites present in the parasite population. 
Lane 1 is negative control without genomic DNA. Lane 2 is 1 µl of Positive control, A2KO (c: 50 ng/µl), Lane 3 is 1 µl 
of Positive control, A2KO (c: 85 ng/µl), Lane 4 is 1 µl of BirA Trans Wild-type Mouse 1 (c: 28.5 ng/ µl), Lane 5 is 1 µl 
of BirA Trans Wild- type Mouse 2 (c: 36.7 ng/ µl), Lane 6 is BirA Trans A2KO Mouse 2 (c: 415.8 ng/ µl), Lane 7 is 1 µl 
of BirA Trans A2KO Mouse 2 (c: 50 ng/ µl). Bands at the lanes 2, 3, 4 and 7 show that there are non-transfected 
parasites present in the population.    
 
 

Samples, BirA Wild-type Mouse 1 and BirA Trans A2KO Mouse 2 showed contamination with non-
transfected parasites as shown in Figure 6. Afterwards, Right integration PCR was carried out to determine 
if the insert is at the correct position for samples, BirA Trans Wild- type Mouse 1, BirA Trans Wild- type 
Mouse 2 and BirA Trans A2KO Mouse 2. The results obtained from gel electrophoresis is shown in Figure 
7.  
  

 

Figure 7. PCR for Right integration to determine if the insert is in the correct position. Lane 1 is Negative control 
without genomic DNA, Lane 2 is 1 µl of BirA Trans Wild-type Mouse 1 (c: 28.5 ng/ µl), Lane 3 is 1 µl of BirA Trans 
Wild- type Mouse 2 (c: 36.7 ng/ µl), Lane 4 is BirA Trans A2KO Mouse 2 (c: 415.8 ng/ µl), Lane 5 is 1 µl of BirA Trans 
A2KO Mouse 2 (c: 50 ng/ µl). Band at lane 3 belongs to BirA Trans Wild-type Mouse 2 that shows positive integration 
of the gene into parasite genome. Other samples are excluded from the experiment as they did not give a positive 
result.  
 

The results of right integration PCR showed that there is integration in BirA Trans A2KO Mouse 2. The rest 
of the samples (BirA Wild-type Mouse 1, BirA Trans A2KO Mouse 2) were excluded from the experiment 
as they did not give a positive signal in the PCR. Therefore, experiment continued with left integration PCR 
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for the sample, BirA Trans A2KO Mouse 2 only. Gradient PCR was carried out to determine the optimum 
annealing temperature. Temperatures tested in gradient PCR are, 42°C, 44.4°C, 49.9°C and 55°C. The 
results are shown in Figure 8.  

 

Figure 8. Gradient PCR for Left Integration to determine if the insert is in the correct position.  Lanes 1 and 2 at 42°C, 
Negative control without genomic DNA and 1 µl of BIR A Trans Wild-type mouse 2 (c: 36.7 ng/ µl) respectively, Lanes 
3 and 4 at 44.4°C, Negative control without genomic DNA and 1 µl of BirA Trans Wild-type mouse 2 (c: 36.7 ng/ µl) 
respectively, Lanes 5 and 6 at 49.9°C, Lanes 7 and 8 at 55°C, Negative control without genomic DNA and 1 µl of BirA 
Trans Wild-type mouse 2 (c: 36.7 ng/ µl) respectively.   
 

Results of genotyping of BirA Wild-type transfected parasites confirmed that there is integration in the 
Sil6 locus. However, when the PCR for genotyping of BirA Actin II knocked-out transfected parasites were 
repeated, the results of the integration did not show a positive signal and further experiments were 
therefore focused on BirA Wild-type transfected parasites. Experiment proceeded with phenotyping of 
BirA WT to determine if the expression of BirA ligase has any deleterious effects on the phenotype of the 
parasite.  
 

Phenotyping  
 

The phenotyping experiments were focused to observe the exflagellation events, ookinete conversion 

and oocsysts measurements as Actin II has important roles in these parasitic stages.  

Exflagellation events of BirA Wild-Type and Wild-Type control  
 
This experiment was carried out to determine if male gametogenesis (exflagellation) can take place 
normally. The number of exflagellating males were counted under light microscope for both BirA Wild-
type and Wild-type control parasites. There were not significant difference (p > 0 .05) between the 
control parasites and the mutant parasites as shown in Figure 9. 
 

 
Figure 9. Exflagellation events of BirA Wild-type and Wild type control show no difference, n: 10.  
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Ookinete conversion of BirA Wild-Type and Wild-Type control 
Ookinete conversion is done to determine how many females are able to develop into ookinetes. To carry 

out this experiment, a live staining of ookinete culture for both BirA Wild-type and Wild-type control were 

prepared. Female gametes, zygotes and ookinetes were counted under fluorescent microscope. As shown 

in Figure 10, there is no significant difference (p > 0 .05) between the BirA Wild-type and Wild-type control 

parasites. 

 

Figure 10. Ookinete conversion of BirA WT and WT control, the results of the percentage conversion showed no 
difference, n: 3.  

Oocyst measurement of BirA Wild-type and Wild-type control 
 
Mosquitoes feeded on mice infected with BirA Wild-type and Wild-type control parasites and dissection 
of mosquito midguts were carried out 11 days after infection. The midguts were stained then, visualized 
and counted under fluorescent microscope. Figure 11 shows the oocysts measurement of BirA Wild-type 
and Wild-type control parasites. 11 A compares the total oocyst count and 11 B compares the number of 
big oocysts of both mutant and control parasites. The results of both measurements showed a significant 
difference (P ≤ 0.001). Figure 12 shows the visualization of oocysts inside the midgut, to detect if there is 
any difference in the phenotype of mutant parasite when compared to control parasite and as shown in 
Figure 12, there is no difference in phenotype between BirA Wild-type and Wild-type control parasites.  

  A                   B      

Figure 11. A compares total Oocysts per midgut of mosquito infected with BirA WT with the WT control and B 

compares the big Oocysts in midgut of mosquito infected with BirA WT and WT control. 
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Visualization of Oocysts of BirA Wild-type and Wild-type Control 

A 

  1                                                         2                                                    3 

     

B 

1                                                                 2                                             3 

      

Figure 12. A shows oocysts of the BirA WT and B of the WT. The pictures were taken under fluorescent microscope 
at 20x magnification. Picture 1 shows the oocysts that were stained with CAP380, antibody that recognizes the 
proteins on the surface of the oocysts. Picture 2 shows the Hoechst staining of oocyst DNA and Picture 3 shows DNA 
belongs to the oocysts that were stained with CAP380 (merge). There is no detectable difference between the 
oocysts of the mutant parasite and WT parasite. 
                                                     

 

Genotyping of BirA Wild-Type before and after transmission from mosquito to 
mouse Biteback 
 

Table 6 shows Biteback experiments to confirm that the parasite can transmit from the mosquito to 

uninfected mice. Mosquitoes infected with BirA WT and WT parasites were allowed to feed on mice. The 

experiments confirm that there are no problems with the transmission as parasites developed in the mice 

after both feedings. 
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Table 6. Biteback experiments of BirA WT and WT  
 

                                           BITEBACK EXPERIMENTS 

 
 

First Feeding Second 
 Feeding 

BirA WT      YES       YES 

WT    YES      YES 

 
 
As shown in Table 7, genotyping of BirA WT before and after biteback showed that there is integration of 
the plasmid, therefore, the experiment was continued with Western blot to confirm that the protein is 

expressed in the BirA WT transfected parasites. 
 
Table 7. Summary of genotyping of BirA WT before and after Biteback 
 

Sample  GAPDH PCR CONTAMINATION PCR RIGHT 
INTEGRATION PCR 

LEFT INTEGRATION 
PCR 

BirA WT Passage 
1 (After 
Biteback) 

 
       √  

       
          √ 

 
           √ 

        
            X 
 

BirA WT Passage 
1 (After 
Biteback) – 
dilution 

 
       √ 

        
         √ 

        
         √ 

      
           X 

BirA WT Passage 
4 (Before 
Biteback) 

        
     √ 
 

 
       √ 
 
 

        
        √ 

 
          X 

 

       

Western Blot  
 

The Western blot was carried out after purification of mixed blood stages parasites together with Wild-

type parasites as a control of the experiment. The results of the Western blot did not reveal bands of the 

expected size. So, the experiment was repeated with ookinete cultures as it was possible that more 

protein was present in this stage. However, there was not any signal for the expression of BirA ligase in 

these samples. 
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Figure 6. Western Blot of BirA Wild-type and Wild-type control. ‘S’ represents supernatant and ‘P’ represents Pellet 
in the Figure. Expected size of BirA ligase is 39.5 kDa. One band was observed at the same position for both mutant 
and control parasites in supernatant of the samples. As the same band was observed at the Wild-type control, it is 
confirmed that it is not BirA ligase.  
 

 
 

Discussion  

 
The genotyping experiments of BirA WT and BirA A2KO parasites revealed that the BirA WT parasites has 
integration of the BirA ligase gene and also contamination PCR revealed that there is no contamination 
with the non-transfected parasites. However, after some repetitions, the A2KO parasites did not show 
any signal at the integration. Therefore, the experiment focused on the BirA WT parasites. Firstly, the 
experiment was focused on the phenotyping experiments to determine if the integration of BirA ligase 
has any effect on the phenotype of the parasite. As the BirA ligase gene is under the control of cdpk4 
promoter and the promoter is only active in male and female gametocytes and gametes, zygotes and 
ookinetes, the phenotyping experiments were carried out on these parasitic stages. Exflagellation 
experiments of the BirA WT and WT control involved counting the exflagellating males under the 
microscope for both parasites. Exflagellation normally takes place in mosquito’s midgut after the ingestion 
of gametocytes by the mosquito during a blood meal (Bennink et al, 2016), but can also be tested in vitro. 
Experiments with the BirA WT parasites showed that parasites can exflagellate normally. The results of 
the counting experiments did not show any difference with the WT control therefore the integration of 
BirA ligase does not interfere with the gametogenesis of the parasite. In another study, exflagellation 
experiments were carried out with the same method, experiments carried out with WT and A2KO 
parasites and the results of the experiments did not show any significant difference between WT parasites 
and A2KO parasites (Deligianni et al, 2011). This would suggest that, neither the integration of BirA ligase 
nor the knocking out actin II have no effect on exflagellation. 
 The ookinete conversion experiments were carried out to compare the mutant parasite with the WT 
control, the measurements show how many females are able to develop into ookinetes, and the countings 
showed no difference between the mutant and the WT control parasites. Therefore female gametes of 
the BirA WT are able to develop into ookinetes like the WT parasites and thus the integration of BirA ligase 
has no effect on the ookinete conversion. In a similar study (Andreadaki et al, 2014) where actin II was 
replaced by actin I and ookinete conversion experiments were carried out to compare wild-type parasites 
with parasites that do not possess actin II (actrep) with resistance cassette for parasite selection and with 
parasites that possess actin II with resistance cassette (act2com). When actrep was considered, there 
were a very few ookinetes formed and there was sixfold difference between actrep and act2com 
parasites. This means that depletion of actin II inhibited the ookinete conversion. When we repeated the 
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same method to compare BirA WT with WT control parasites, no difference were observed. This suggest 
that ookinete conversion is affected when actin II is not present in the parasite but integration of BirA 
ligase to the parasites that possess actin II did not affect the ookinete conversion.  
The experiments continued with the oocysts counting and visualization. The total number of oocysts and 
big oocysts per midgut were counted for both mutant and control parasites. Overall, the number of 
oocysts of BirA WT are higher than the WT control. That can mean that, the exflagellation of the WT 
control was lower that resulted in lower number of female and zygotes which in turn leads to less oocysts 
to be formed. On the other hand, this experiment was done only once. Thus, more repetitions are needed 
to have more accurate result to confirm these results. In a similar experiment of Andreadaki et al, 2014, 
the total number of oocysts of actrep and act2com parasites were compared and the results revealed 
that, act2com (parasites that possess actin II) has higher number of oocysts than the actrep parasites. This 
would mean that, absence of actin II affect the formation of oocysts inside the midgut of mosquito. When 
the phenotype of oocysts were considered, there were no difference between the BirA WT and WT control 
(Figure 12). In the experiment of Andreadaki et al, 2014, the DNA of actrep oocysts were not visible.  As 
oocysts of BirA WT were formed, this can suggest that, integration of BirA ligase does not interfere with 
oocyst formation unlike the absence of actin II in the parasite.  
Two transmission experiments from infected mosquitoes (biteback) experiments were carried out by 
allowing infected mosquitoes to feed on non-infected mice to determine if the life-cycle can continue 
normally. Parasite were successfully transmitted to mice which confirmed that there is no problem with 
the transmission. Furthermore, the genotyping experiment was repeated to compare the BirA WT before 
and after biteback. First genotyping showed no contamination with non-transfected parasites for BirA WT. 
However, genotyping after some passages of the population originating from the biteback experiments 
showed contamination. The main problem with this issue is that, there is mixed population of parasites 
containing also background parasites together with the transfected parasites. This suggest that, 
background parasites are growing faster than the mutant parasites (Philip et al., 2012).  
 
Following genotyping of BirA WT, the experiment continued with Western Blot to determine if the protein 
is expressed. First, the experiment was carried out with parasites of mixed blood stages and WT parasite 
used as a control. One band of the same size was observed in both of the samples, the band size was 
bigger (58 kDa) than the expected size of BirA ligase (39.5 kDa). In addition to the size of the band, the 
presence of the same band is WT control reveals that it is not the BirA ligase. The band that is present in 
the Western blot could be a protein that the antibody binds to non-specifically. BirA ligase is under control 
of cdpk4 promoter (not expressed in all stages of the parasitic life cycle), so the lack of the expected band 
could be the result of too little protein present in the sample. It is known that the promoter is active in 
ookinetes (Fang et al., 2017).Therefore, the Western blot was repeated with ookinete cultures instead of 
the mixed blood stages parasites. However, there wasn’t any signal of the expression of protein in the 
blot. This would mean that, possibly, gene is integrated but there can be a problem expressing BirA ligase 
or there can be some technical problems at the Western blot that could result in no signal.  
 
The main issue with this experiment is that cloning of the transfected parasites was not carried out to 
obtain a homogenous population of only mutant parasites. As cloning is time consuming is was decided 
to omit this step because in the first genotyping no background non-transfected parasites were detected 
and it was thus supposed that a homogeneous population was present. (Trager et al., 1981). However, as 
there was a mixed population of parasites, both background non-transfected parasites and transfected 
parasites were growing inside the mouse. Thus, when the phenotyping experiments were done one 
cannot conclude that the results are due to the mutant parasites. Thus the results of the phenotyping 
experiments cannot confirm that the expression of BirA ligase has no effect on the phenotype of the 
parasite and cloning needs to be carried out to have only the transfected parasites to work with. 
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Ethical aspects and impacts of the research on society  

 
Using animals in scientific investigations provided understanding for most of the diseases in the past and 
nowadays, they are still widely used for this purpose in scientific research. The quality of life for people 
around the world has increased due to invention of new medicines and treatments, all made available 
from using animals in research (Festing and Willkison, 2007). Plasmodium berghei is a rodent parasite that 
causes malaria in mice. The experiments were carried out with laboratory mice to investigate malaria. The 
mice were kept in a room with the optimal conditions like temperature at 20–22 °C and it was made sure 
that they have enough food and water all the time. The experiment that involves taking blood from the 
heart with the needle are carried out under anaesthesia to minimize the pain and discomfort the mice 
would have during the procedure. In addition, while making a blood smear to check the parasites in blood 
of mice, the small piece of tail is cut to obtain a drop of blood that would result in a little discomfort for 
the mice.  The investigations with rodents is done in full compliance with Greek regulations consisting of 
the Presidential Decree (160/91) and law (2015/92) which implement the directive 86/609/EEC from the 
European Union and the European Convention for the protection of vertebrate animals used for 
experimental and other scientific purposes and the new legislation Presidential Decree 56/2013. The 
experiments are done in a certified animal facility license (EL91-BIOexp-02) and the protocol has been 
accepted by the FORTH Committee for Evaluation of Animal Procedures (6740/ 8/10/2014) and by the 
Prefecture of Crete (license number # 27290, 15/12/2014). 

 

Future perspectives  
 
There was a mixed population of parasites while carrying out the investigation of BirA WT, this reduced 
the reliability of phenotypic experiments as there were also non-transfected parasites, the results of the 
experiments cannot confirm that BirA ligase has no effect on the phenotype. To overcome this problem, 
cloning of the mutant parasite should be done to only have the BirA WT parasites for investigation. For 
A2KO parasites, as there wasn’t any signal on the genotyping by PCR, this would mean that the transgene 
is not integrated in Sil6 locus. Thus, repetition of transfection for A2KO could be carried out to integrate 
the gene inside the locus. Furthermore, as there is one phenotyping experiment of oocysts, the 
phenotyping experiments of BirA WT together with WT control should be repeated to get more reliable 
results and to compere the datasets. As malaria is has a big impact on the society, research on the parasite 
could lead to approaches to inhibit the transmission of parasite from the mosquito vector to the host, 
thus which could assist in the elimination of the disease. 
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APPENDICES  
 

Table 1. Extra information about primers used in genotyping by PCR 

PCR Primers Sequence(5'->3') 

 

GAPDH PCR  

GADPH 

forward  

GCCGTATCGGTCGTTTAGTATTC 

GADPH 

reverse  

GTTATATTTCTCGTGGTTAATACCCATG 

 

Contamination 

PCR  

  

SIL6 forward  

 

 

GACAGCGCATATGATGGATG 

 

SIL6 reverse  

 

TACGAATACGCAATTTCTCAAAC 

 

Right 

integration  

 

DHRHind 

forward  

 

CCCAAGCTTGAAATTGAAGGAAAACATC 

 

SIL6 reverse  

 

TACGAATACGCAATTTCTCAAAC 

 

Left integration 

 

SIL6 forward  

 

GACAGCGCATATGATGGATG 

 

CDPK4PROM 

reverse  

 

CGCGGATCCTTTTATTATATATATAGGTATAT 

 

 
 
Table 2. Measurements of concentration and purity after purification of parasites  

Mutant parasite    Concentration (ng/µl)         
by  NanoDrop 1000   (Life 
technologies) 

Purity by NanoDrop 1000 
at wavelength, A260/280 

(Life technologies) 

 

Trans BIRA Wild-Type 
mouse  1  

              
            28.5  

             
              1.53 

 

Trans BIRA Wild-Type 
mouse 2  

             
            36.7 

 
             1.48 

 

Trans BIRA A2KO mouse 1              
           28.5 

 
            1.55 

 

Trans BIRA A2KO mouse 2            
         415.8 

 
            1.64 

 

 


