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Summary 

Diplomonads are small unicellular mitochondrion-lacking flagellates found in anaerobic or 
microaerophilic environments. The most studied diplomonad is Giardia intestinalis a 
common cause of waterborne enteric disease in humans and other mammals. The focus of this 
study was a relative to Giardia named Spironucleus salmonicida, a parasite causing systemic 
infection in cultivated salmon and causing severe problems for fisheries. The parasite has 
been isolated from Norwegian salmon and can be cultivated in vitro.  
 
The aim of the study was to construct an epitope tagging vector that can be utilized to gain 
information about the location of different proteins and cellular compartments in Spironucleus 
salmonicida. The vector used was based on an existing vector system in Giardia and the 
necessary adjustments were performed to adapt the system for usage in S. salmonicida. From 
the genome data available, interesting genes were selected and inserted into the vector. A 
protocol for generating stable transfectants by electroporation of S. salmonicida cells was 
established. The optimal concentration of different potential selection drugs was also 
investigated. The method for transfection proved to be reproducible as 18 distinct stable stains 
of transfectants were established.  
The expression of the epitope tagged protein of stable transfectants were verified by Western 
blotting and analyzed by immunofluorescence. A variety of different proteins were tagged 
and localized to different cellular compartments. Among the tagged proteins were 
cytoskeleton associated proteins, annexins and these displayed a variety of localizations of 
which some were very specific. Other interesting proteins analyzed were three potential 
mitosome proteins displaying a similar localization pattern as mitosomes found in Giardia 
intestinalis. 
 
The results from this project show promising indications that S. salmonicida can be used as a 
model system for studying other diplomonads e.g. Giardia. The establishment of such a 
system can improve the understanding of pathogenic mechanisms of this tissue invasive 
parasite and the evolution of the eukaryotic cell.   
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1. Introduction 

The focus of this study is the fish parasite Spironucleus salmonicida, belonging to the order 
diplomonadida. Within the diplomonads there are commensals (causing little or no damage to 
the host) and parasites as well as several free-living species (e.g. Hexamita and Treptomonas) 
indicating diversity. These small flagellated protists are all found in anaerobic or 
microaerophilic environments (Siddall et al., 1993). General traits shared by the diplomonads 
(except in the monokaryotic enteromonads) are the twin set of similar or identical nuclei, 
flagella and other organelles (Kolisko et al., 2008).  
The most studied diplomonad is Giardia intestinalis (syn. G. lamblia and G. duodenalis), 
which is the common cause of giardiasis, a diarrheal disease in humans both in industrialized 
and developing countries (Adam, 2001). Much less is known about the diplomonads of the 
genus Spironucleus, which reside in the digestive tract of a range of animal hosts and can 
cause serious infections. Both pathogens and commensals are among the members of the 
genera. 
 
1.1 The Spironucleus species 
 
The fish parasite Spironucleus vortens has been found in the intestine, kidney, liver, spleen 
and head lesions of infected fish and is the likely cause of the “hole-in-the-head disease” in 
tropical fish species (Paull and Matthews, 2001). Other parasitic members are Spironucleus 
meleagridis, which causes diarrhea in a wide variety of fowl (Cooper et al., 2004) and 
Spironucleus muris, commonly causing infection in laboratory mice (Baker et al., 1998). 
Spironucleus barkhanus exists in two morphologically indistinguishable forms that recently 
been separated as two different species by DNA analysis. One is typically found in freshwater 
populations of wild grayling (Thyllmallus thymallus) and harmlessly infects the intestine and 
gallbladder. The other marine type causes severe systemic infection in farmed Atlantic 
salmon (Salmo salar), farmed Chinook salmon (Oncorhynchus tshawytscha) and farmed 
Arctic charr (Salvelinus alpinus) and is now known as Spironucleus salmonicida (Jorgensen 
and Sterud, 2006). 
 
1.2 Spironucleus salmonicida 
 
Morphological information has been obtained by scanning and transmission electron 
microscopy of S. salmonicida (Jorgensen and Sterud, 2006). S. salmonicida have eight 
flagella of which six emerge at the anterior and two at the posterior end. The maximal 
numbers of microtubules are 6+2+3 and they originate from the flagellar basal bodies 
arranged in two sets of four above the nuclei (Jorgensen and Sterud, 2006). Two recurrent 
flagella pass between the two nuclei and runs through the entire cell body and emerging at the 
posterior end. Rough endoplasmic reticulum has been observed along the recurrent flagella. A 
striated lamina was observed almost surrounding each of the recurrent flagella and 
microtubules were present along the length of it (Jorgensen and Sterud, 2006). The two 
anteriorly positioned nuclei are slightly folded around each other at the anterior end (hence 
the name spiro nucleus). The typical S. salmonicida trophozoite is oval or pear shaped and the 
parasite measures 10.9 × 5.7 µm making it slightly larger than the size of its closest relative S. 
barkhanus. The meaning of the word salmonicida is salmonid killer and describes what most 
often happen in the infected fish (Jorgensen and Sterud, 2006).  
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The systemic disease caused by S. salmonicida is termed spironucleosis (Sterud et al., 1998) 
and seems to have two phases of infection. The course of infection has been studied in 
Atlantic salmon (Salmo salar) which was injected intraperitoneally with the parasite. During 
the first eight weeks the parasites could be found in the blood stream but late stages of 
infection was characterized by invasion of the internal organs (e.g. liver and spleen), eye 
socket and muscles. The infected fish also showed signs of anemia, skin blisters and abscesses 
in internal organs (Guo and Woo, 2004). In this particular study 29 out of 30 infected fish 
died and all cases with farmed Atlantic salmon have been characterized by very high 
mortality (Sterud et al., 2003). The parasite has caused severe problems for fish farmers both 
in Norway and Canada (Kent et al., 1992), (Poppe et al., 1992). The outbreak in Norway 
resulted in the destruction of 640 tons of salmon (Sterud et al., 2003).  
 
1. 3 Transmission of spironucleosis caused by S. salmonicida 
 
The spread and the initiation of the infection are currently unknown but there are some 
indications that the parasite can be transferred in water between fish. Some experiments have 
been conducted to test how well trophozoites survive in different saline conditions. 
Trophozoites were added in seawater or fresh water conditions but survived poorly in both 
conditions tested. It was suggested that the parasite could possibly be transferred in mucus or 
fecal material as a protection against osmotic stress (Kent et al., 1992).  
 
In a S. salmonicida genome survey one homolog to the cyst wall proteins of Giardia was 
found, as well as two enzymes synthesizing cell wall components (Andersson et al., 2007). 
These findings suggest that S. salmonicida can form cysts and may have a similar infection 
route as Giardia, rather than being spread as trophozoites. Giardia infection occurs when the 
host ingests contaminated water with cysts present and the environment in the stomach and 
duodenum triggers the cyst to transform into trophozoites. The trophozoite is the active stage 
of the life-cycle and the parasite resides in the small intestine where it replicates causing the 
symptoms. In contact with biliary fluids some of the trophozoites will encyst and form cysts 
that are shed in the feces of the host, completing the transmission cycle (Adam, 2001).  
Spironucleus muris is transferred in a similar manner by cysts in fecal matter and have been 
shown to have a distinct cyst wall (Januschka et al., 1988). Even if no traces of cysts from S. 
salmonicida have been observed it is probable that they do form some kind of cysts creating 
the basis for infection of new hosts.  
 
Another interesting finding from the genome survey was the presence of a large family of 
cysteine- rich proteins (Andersson et al., 2007). The motifs of these proteins were similair to 
the variant- specific surface proteins (VSP) present in Giardia intestinalis. The VSPs are 
present on the surface of the parasite and undergoes antigenic variation. The biological role of 
the VSPs is not completely understood but could be associated to the escape of the host’s 
immune system (Nash, 1992).  
 
S. salmonicida also possess the enzyme arginine deiminase (ADI), which degrades free 
arginine to citrulline with ATP production in the final step (Schofield et al., 1990). In G. 
intestinalis it has been shown that ADI is released extracellularly upon contact with intestinal 
epithelial cells (Ringqvist et al., 2008). The released parasitic enzyme competes for free 
arginine with the host cells nitric oxide (NO) synthase, leading to a decrease of NO 
production and reduction of the defense mechanism in the host (Eckmann et al., 2000).  
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The role of the cysteine rich proteins and ADI are unknown in S. salmonicida but could give 
important information about the virulence mechanisms and the pathogenicity of this parasite.  
 
1.4 The mitosome 
 
The diplomonads were believed to lack mitochondria but findings of mitochondrium-
associated proteins in Giardia indicate that these organisms in fact have a mitochondrium-like 
organelle, the mitosome (Roger et al., 1998). The known function of mitosomes in Giardia is 
in iron-sulfur cluster synthesis. Several of the mitosome proteins found in Giardia have been 
co- localized, confirming that the proteins are present in the same organelle (Dolezal et al., 
2005). Mitosome proteins have been found in the genome data for S. salmonicida (Andersson 
et al., 2007), implying that this organism also possesses mitosomes but localization studies 
should be performed for verification.  
 
1.5 Cytoskeleton-associated proteins 
 
Annexins is a conserved gene family present in both the animal and plant kingdoms. The 
function of these Ca2+ and phospholipid-binding proteins is to fix together membranes within 
the cell. A number of annexins have been found to interact with the cytoskeleton by binding  
F-actin and may therefore be involved in regulating the membrane-cytoskeleton 
rearrangements (Gerke and Moss, 2002).    
 
Annexin-like proteins called alpha-giardins have been found and localized in Giardia and 
there seems to be a strong link between the cytoskeleton and virulence. This parasite uses the 
cytoskeleton to move and attach to the intestine thereby avoiding to be the swept away by 
peristaltic movements (Weiland et al., 2005), (Elmendorf et al., 2003). Annexin-like proteins 
have been found in the genome of S. salmonicida (Roxstrom-Lindquist et al., 2010) and it 
would be interesting to localize these proteins and thereby learn more about the organization 
of the cytoskeleton in this tissue invasive parasite. 
  
1.6 Aim of the project 
 
The aim of the study was to construct a stable transfection vector that can be utilized for 
epitope-tagging of proteins in the fish parasite Spironucleus salmonicida. The parasite will be 
transfected using the vector system and epitope-tagged proteins will be localized and studied 
using immunofluorescence microscopy. During the project different selection drugs will be 
tested to evaluate the growth inhibition of the parasite enabling the possibility to establish 
stable transfectants. In the future the vector system could also be a useful tool to study the 
virulence mechanisms of this parasite and find potential drug targets. 
This project will result in the establishment of S. salmonicida as a new model system to 
understand other pathogenic diplomonads e.g. Giardia intestinalis and the evolution of 
eukaryotic cells.  
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2. Results 

2.1 Construction of an episomal vector for stable transfection of S. salmonicida 
 
The development of a plasmid vector was the first step to be able to localize proteins within 
different cellular compartments in S. salmonicida (Figure 1). The vector was based on an 
already existing vector system in Giardia that was designed in cassette format enabling 
exchanges of selection markers, epitope tags and inserted genes. The original Giardia vector 
contained the selectable resistance markers puromycin N-acetyltransferase (PAC) for 
eukaryotic cells and ampicillin for selection in E. coli. To be compatible to Spironucleus the 
PAC gene was flanked by the 5´UTR and the 3’UTR regions of the S. salmonicida ornithine 
carbamoyltranferase (OCT) gene. The OCT gene was selected since it is one of the most 
highly expressed genes in Spironucleus. The gene fragments were amplified by PCR from 
genomic S. salmonicida DNA. The original vector also contained the 3xHA epitope-tag to 
which a 3’UTR from the ribosomal protein S15A gene was included. The 3xHA tag was used 
for immunofluorescence and Western blotting.     
 
The PAC gene can be replaced by inserting the gene for blasticidin-S deaminase (Bsr) or 
neomycin phosphotransferase (ntpII) since the resistance genes are flanked by the same 
restriction sites (NcoI and XhoI). The plasmid constructed can carry different C-terminal 
cassettes and four different fluorescent proteins were inserted into the vector by displacing the 
3xHA tag in the over expression vector. The fluorescent proteins used for live fluorescence 
microscopy in S. salmonicida were Katushka, Dendra2, Venus and EvoGlow 
 

   
Figure 1. Schematic map of the constructed vector showing relevant restriction sites. The episomal vector 
contains the ampicillin resistance gene for selection in E.coli and the puromycin (PAC) gene for selection in S. 
salmonicida. The PAC gene is flanked by the ornithine carbamoyltranferase 5’UTR and 3’UTR regions which 
are cloned between HindIII/NcoI and XhoI/KpnI sites respectively. The PAC gene can be substituted by 
inserting the gene for blasticidin S or G418 resistance using the NcoI/XhoI restriction sites. After the C-terminal 
tag, the 3’UTR from the ribosomal protein S15A gene was cloned between the ApaI/SacI sites. The 3xHA tag 
can be replace by four different fluorescent proteins by cleaving the vector with NotI and ApaI and inserting the 
other tags digested with the same restriction enzymes. For over expression of proteins 239 bp of the alpha 
tubulin promoter was cloned and introduced between the HindIII and EcoRV sites.  
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Genes encoding proteins predicted to localize to different cellular compartments were selected 
from the available genome data and cloned into the multiple cloning sites that carry 11 unique 
restriction sites. Most genes were cloned with their native promoter but a few were inserted 
after the α-tubulin promoter leading to over-expression of the protein. A complete list of all 
genes that were PCR amplified from genomic DNA of S. salmonicida and ligated into the 
vector is listed in Table 1, together with the typical localizations of the protein in other 
eukaryotes.  
Insertion of a new feature into the vector was verified by digesting the prepared plasmid and a 
positive clone was sent for sequencing in order to exclude mutations in the gene inserted. 
When the vector contained the correct promoter and 3’UTR regions it was used in the 
optimization of the electroporation trials resulting in puromycin resistant parasites. Prior to 
the electroporation experiments the optimal concentrations of selectable drugs were 
determined.  
 
Table 1. List of genes amplified from Spironucleus salmonicida genomic DNA 
Gene name Theoretical localization of the protein 
Annexins 1-10 Cytoplasm, plasma membrane 
IFT46 Flagella associated structures 
Caltractin Basal bodies 
Fibrillarin Nucleolus 
Frataxin Mitosome 
Pam18 Mitosome 
Tom40 Mitosome 
ADI Cytoplasm 
Rab 1 Peripheral vesicles, Endoplasmatic reticulum (ER) 
 
2.2 Growth inhibition effect for puromycin, blasticidin S and G418 on S. salmonicida cells 
 
In order to investigate the effect of the drugs used for selecting transformed cells different 
concentrations were added to wildtype cells. The drug-treated cells were counted after 3 and 5 
days of incubation. All three drugs tested had an effect on the cells but they differed in the 
rate and grade of inhibition. The percent of growth inhibition was used for estimating the half 
maximal inhibitory concentration (IC50) of the drugs after five days (Table 2).  
 
Table 2. Estimation of IC50 values for three selection drugs tested on S. salmonicida cells. The cells were 
treated with the drugs and counted manually at given time points. The table shows the results from the fifth day 
of drug treatment. The data were used for plotting the percent growth inhibition against the concentrations tested 
from which the IC50 values were estimated.  
Selection drug IC50 Concentration used 

for selection 
% growth inhibition at 
selection concentration 

Puromycin 18 µg/ml 50 µg/ml 96 
Blasticidin S 7 µg/ml 15 µg/ml 92 
G418 49 µg/ml 150 µg/ml 94 
 
The selected concentrations used to obtain transformed cells were chosen for their optimal 
effect on the cells. After five days the cells at the higher drug concentrations showed reduced 
cell growth. To obtain stable transfectants the concentration for selection were set to 50 µg/ml 
for puromycin, 15 µg/ml for Blasticidin S and 150 µg/ml for G418. 
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2.3 Electroporation of S. salmonicida cells 
 
Electroporation conditions were tested to find optimal conditions for these cells based on 
known conditions from Giardia intestinalis (Singer et al., 1998) and Spironucleus vortens 
(Dawson et al., 2008).  
There were surviving cells at all tested conditions but the amount of survivors was higher in 
the two lower voltage conditions (320 and 350 V) compared to the other settings. The vector 
used for the first electroporation coded for the puromycin resistance gene and the cells were 
stable and could be passed as wildtype cells. Generally confluence was not reached for any 
transfected strain earlier than three weeks after selection. The conditions used for the 
remaining electroporations were 320 volts, 800 Ω and 960 µF.  
 
DNA was prepared from the transformed cells and PCR with specific primers against the 
vector was performed. The amplified products were of the right size and the DNA prepared 
from the transformed cells was used to transform E. coli. The PCR results and colonies 
obtained from transformation of E. coli indicates that the plasmid transfected into the 
parasites were still present after approximately three weeks of selection.  
The same experiment was performed with the first stable transformed stain (Pam18) which 
also contained a PCR product of the right size.  
 
The results from the initial electroporation trials gave indications that the system worked and 
produced stable transfectants and the next step was to transfect the cells with vectors 
expressing epitope-tagged proteins.  
 
2.4 Western blots 
 
The protein expressions of stable transfectants were analyzed using standard Western blot 
technique.  
All annexins were inserted in the plasmid with their own promoter and displayed a varying 
protein expression levels, Figure 2 A. Annexin 7 and annexin 8 were not visible in the blot 
shown in the figure. However a band corresponding to annexin 8 could be detected by longer 
exposure of the film, this was not the case for annexin 7(data not shown).   
 
In Figure 2 B, Tom40 and Frataxin were over-expressed by the α-tubulin promoter and 
displayed very weak bands on the blot indicating low expression levels. Pam18 showed 
similar results. 

 
 Figure 2. Western blot analysis of 3xHA tagged proteins. The tagged proteins were separated by 10 or 15 % 
SDS-PAGE gels (10% gel picture A, 15% for gel picture B) and transferred to a PVDF membrane by 
electroblotting. The membranes were then blocked by 3 % non-fat milk (gel A) or 1 % BSA followed (gel B) by 
incubation with the primary antibody and then the secondary antibody. Membranes were developed using ECL 
detection system. A wildtype sample was included as a control.  
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Based on the results from the blot caltractin, Rab 1 and ADI appeared to be highly expressed 
proteins. For ADI and Rab 1 multiple bands are present. 
 
2.5 Immunofluorescence of tagged proteins from stable transformed cells 
 
18 proteins in total were selected and tagged at the C-terminal by the epitope tag 3xHA for 
localization by immunofluorescence.  
 
Presented here are the localizations of most annexins found in the S. salmonicida genome, 
three potential mitosome proteins and a few other interesting proteins. The localization of 
tagged proteins is summarized in Table 3 and Figures 3 to 11.  
 
Table 3. Localization of 3xHA tagged S. salmonicida proteins with estimated sizes from western blotting. 
3xHA tagged protein Main localization  Estimated 

size (kDa) 
Annexin 1 Spotty cytoplasmatic, recurrent 

flagellum 
37 

Annexin 2 Plasma membrane 36 
Annexin 3 Flagella 40 
Annexin 4 Axoneme, plasma membrane 39 
Annexin 5 Top of the cell 36 
Annexin 6 Axoneme 35 
Annexin 7 - - 
Annexin 8 Plasma membrane  36 
Annexin 9 Cytoplasmatic 38 
Annexin 10 Recurrent flagellum 39 
IFT46* Recurrent flagella, axoneme - 
Caltractin Basal bodies, dense rods 25 
Fibrillarin* Nucleolus - 
Frataxin Mitosome 15 
Pam18 Mitosome 16 
Tom40 Mitosome? - 
ADI** Cytoplasmatic 65 (40,35) 
Rab 1** Cytoplasmatic 29 (19) 
*Not analyzed by Western blot 
**Multiple bands 
 
2.5.1 Annexins 
 
Annexins are Ca2+-  and phospholipids- binding proteins that bind and  hold together 
membranes of the cell (Gerke and Moss, 2002).  The tagged annexins display variety of 
localizations within the cell and some were very specific in their localizations (Figures 3, 4 
and 5).  
Annexin 3 is an example of a specific localization due to its clear association with the flagella 
membrane. Annexin 6, 5 and 10 also displayed other than cytoplasmatic or plasma membrane 
association. Annexin 6 is likely to be associated with the axonemes of the six anterior flagella 
since the localization marks the attachment of the flagella to the cell. Annexin 5 has a clear 
localization at the top of the cell, but at which cellular compartment is currently uncertain. 
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Annexin 10 seems to be localized to the recurrent flagellum, the closely associated striated 
lamina surrounding the recurrent flagella, or possibly the microtubules and appears as two 
fiber like structures passing through the cell body. The other localized annexins seem to be 
associated with the cytoplasma membrane and other cytoplasmatic structures.   
  

 
Figure 3. Localization of HA tagged annexin 1, 3 and 4 using fluorescence microscopy.  
Transformed cells were fixated in 2 % PFA and blocked with 2 % BSA in PBS followed by incubation with anti-
HA antibody and FITC conjugated secondary antibody. Left panel shows a merged of localized HA-tagged 
proteins in green and DAPI stained nuclei in blue. Right panel shows the phase contrast. Pictures were taken 
with the 100x oil-immersion objective.   
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Figure 4. Localization of HA tagged annexin 5 and 6 observed using fluorescence microscopy.  
Transformed cells were fixated in 2 % PFA and blocked with 2 % BSA in PBS followed by incubation with anti-
HA antibody and FITC conjugated secondary antibody. Upper picture shows annexin 5 localization in green, and 
the DAPI stained nuclei appear blue. The pictures are merged with the phase contrast. The lower left picture 
visualizes the localization of annexin 6 within the cells. Tagged proteins appear in green and DAPI stained 
nuclei in blue. The right picture shows the phase contrast. Pictures were taken with the 100x oil-immersion 
objective.   
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Figure 5. Localization of HA tagged annexin 8 and 10 visualized using fluorescence microscopy. 
Transformed cells were fixated in 2 % PFA and blocked with 2 % BSA in PBS followed by incubation with anti-
HA antibody and FITC conjugated secondary antibody. Upper picture shows the merged annexin 8 localization 
in green with the blue stained nuclei. The picture below shows the phase contrast. 
The lower left picture visualizes the localization of annexin 10; tagged proteins appear in green and DAPI 
stained nuclei in blue. Right picture shows the phase contrast. Pictures were taken with the 100x oil-immersion 
objective.   
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2.5.2 Intraflagellar transport protein (IFT46) 
 
As the name states the IFT 46 protein is involved in transport of non-membrane bound 
particles from the cell body to the flagella moving along the axoneme microtubules. The 
transport protein moves in the reverse direction until it reaches the base of the flagella in the 
region near the basal bodies (Rosenbaum and Witman, 2002). The IFT 46 protein of S. 
salmonicida was tagged and localized using immunofluorescence, Figure 6. 
 

 
Figure 6. HA-tagged IFT 46 protein observed by fluorescence microscopy. Transformed cells were fixed 
using 2 % PFA and blocked using 2 % BSA in PBS. The anti-HA antibody was used as the primary antibody and 
anti-mouse conjugated to FITC as the secondary. In the left picture the localization of IFT 46 appears in green 
and is merged with the blue DAPI stained nuclei. To the right is the phase contrast picture. Pictures were taken 
with the 100x oil-immersion objective.   
 
The result from the fluorescence visualizations show that the tagged protein was present in the 
recurrent flagella (or possibly in the microtubules surrounding it) crossing the entire cell body 
and in the axonemes. The protein also seemed to be present in the flagella in a spot like 
manner.  
  
2.5.3 Caltractin 
 
Caltractin was cloned and the labeling of the tagged protein was displayed as two bright spots 
above the nuclei visualizing the basal bodies. The protein was also found in the posterior- 
lateral rods which are two whisker-like structures where the recurrent flagella exit the cell 
body. The basal bodies are structures found at the base of flagella i.e. each cell have four pairs 
of basal bodies. Cells transformed with tagged caltractin were slow growing and the cell 
division seemed disturbed since abnormally large cells with large numbers of basal bodies 
and lateral rods were present, Figure 7. 
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Figure 7. Localization of 3xHA epitope tagged caltractin using fluorescence microscopy. 
 The cells were fixated with methanol and acetone hence the uncharacteristic cell shape. Left picture; nuclei 
stained with DAPI appear blue and merged with the FITC image, blue arrows indicate the whisker- like dense 
rods and the red the basal bodies. The right picture shows the phase contrast.  Present in the pictures are cells 
trying to divide with several nuclei and basal bodies within the cells. Pictures were taken with the 100x oil-
immersion objective.   
 
2.5.4 Fibrillarin 
 
Fibrillarin is part of the nucleolus, a structure within the nucleus involved in synthesis and 
pre-rRNA processing (Lamond and Earnshaw, 1998), (Jimenez-Garcia et al., 2008).  
Fibrillarin was epitope tagged and localized using immunofluorescence, Figure 8.  
 

 
Figure 8. HA-tagged fibrillarin was observed by fluorescence microscopy. Transformed cells were fixed 
using 2 % PFA and blocked using 2 % BSA in PBS. The anti-HA antibody was used as the primary antibody and 
anti-mouse conjugated to FITC as the secondary. The left picture shows the localization of fibrillarin in green 
(indicated with red arrows) and is merged with the blue DAPI stained nuclei positioned below the nucleolus. To 
the right is the phase contrast picture. Pictures were taken with the 100x oil-immersion objective.   
 
2.5.5 Potential mitosome proteins 
 
Three possible mitosome-associated proteins were cloned and tagged for immunofluorescence 
purposes. Frataxin (Figure 9A) and Tom40 (outer membrane translocase) (Figure 9C) were 
overexpressed in S. salmonicida while Pam18 (Figure E) was expressed by its native 
promoter. The tagged proteins were detected as dot like structures within the cells suggesting 
that these are in fact mitosome-associated proteins. Tom 40 however displayed a more 
unspecific localization than Frataxin and Pam18. The pattern displayed by the protein 
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localizations share some similarities to the localization of mitosome proteins of Giardia 
(Dolezal et al., 2005). 

 
 

 
Figure 9. Localization of three potential mitosome proteins observed by fluorescence microscopy. 
Transformed cells were fixed using 2 % PFA and blocked using 2 % BSA in PBS. The anti-HA antibody was 
used as the primary antibody and anti-mouse conjugated to FITC as the secondary. Localizations in green 
indicate the tagged proteins and the nuclei are stained blue by DAPI.  Localization of Frataxin are shown in 
green in A with the phases contrast shown in B.  Tom40 localizations displayed in C with the phase contrast in 
D. Observations of the Pam18 localizations (green) merged with the DAPI stained nuclei (blue) and the phase 
contrast. Pictures were taken with the 100x oil-immersion objective.  
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2.5.6 Arginine deiminase (ADI) 
 
C- terminal tagged 3xHA tagged ADI was localized using immunofluorescence and appears 
to be present in the cytoplasm as expected. These cells grow slower compared to other 
transformed cells and on the immunofluorescence pictures there appears to be large 
differences in expression between cells, Figure 10.  
 

 
Figure 10. HA-tagged ADI observed by fluorescence microscopy. Transformed cells were fixed using 2 % 
PFA and blocked using 2 % BSA in PBS. The anti-HA antibody was used as the primary antibody and anti-
mouse conjugated to FITC as the secondary. In the left picture the localization of ADI appears in green and is 
merged with the DAPI blue stained nuclei. To the right is the phase contrast picture. Pictures were taken with the 
100x oil-immersion objective.   
 
2.5.7 Rab 1     
 
Rab proteins are involved in intracellular transport and Rab 1 was theoretically considered to 
be part of the ER or peripheral vesicles. The localization of Rab 1 seems to be more 
cytoplasmatic than included in any membrane associated structures, Figure 11. 
 

 
Figure 11. Localization of HA tagged Rab 1 using fluorescence microscopy.  
Transformed cells were fixated in 2 % PFA and blocked with 2 % BSA in PBS followed by incubation with anti-
HA antibody and FITC conjugated secondary antibody. The tagged protein is displayed in green was merged 
with the DAPI stained nuclei shown in blue and the phase contrast. Pictures were taken with the 40x objective.   
 
 Rab 1 has a similar appearance to ADI and also displayed an unequal expression of the 
tagged protein between cells. 
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2.6 Using fluorescent proteins as markers 
 
Four fluorescent proteins were inserted in the plasmid under control of the α-tubulin promoter 
leading to over-expression of the tagging markers. The aim was to localize the protein tagged 
with the fluorescent marker in living cells. The first experiment was conducted using plasmids 
over- expressing the fluorescent protein exploring conditions leading to maturation of the 
fluorophor. Katushka, Venus and Dendra2 all need an oxygen-rich environment and 37 °C for 
fast maturation. There were no detectable fluorescence signals from living cells from any of 
these proteins, the cells did however fluoresce if fixed with 1 % formaldehyde and left for 
oxygen exposure. Another fluorescent protein was also tested called EvoGlow which can 
mature in an anaerobic environment utilizing flavin mononucleotide (FMN) as cofactor 
independent of oxygen. Cells over-expressing this fluorescent protein did fluoresce to some 
extent in living cells, after supplementation of FMN to the media.  
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3. Discussion 

Very little is known about the genomes of other diplomonads than Giardia intestinalis which 
is the most studied diplomonad. Apart from G. intestinalis only two other diplomonad 
genomes have been studied; Spironucleus vortens and Spironucleus salmonicida.  
The information from the genome data available for the parasite S. salmonicida can be 
applied to obtain information about cellular processes. By using this parasite as a model 
organism much information can be gained about other pathogenic diplomonads e.g. Giardia 
and evolution of the eukaryotic cell. 
 
The purpose of this project was to create a new model system for studying pathogenic 
diplomonads by using an episomal tagging vector system to function in the fish parasite 
Spironucleus salmonicida.  
The vector created was based on a cassette format with unique restriction sites allowing 
interchanges of selection markers and different markers for tagging interesting proteins. A 
vector for over expression of proteins was also created.  
The vector was used for electroporation of S. salmonicida cells and the method proved to be 
reproducible as 18 distinct stable strains of transfecants were established during the project. 
The stable strains were kept under puromycin selection for more than four weeks after which 
the strains were frozen in liquid nitrogen.  
The other selection markers tested, neomycin phosphotransferase (nptII) and blasticidin S-
deaminase were also tested and generated stable resistant transfectants (data not shown) 
enabling the possibility of the usage of several markers in S. salmonicida.  
 
S. salmonicida is the only member of the Spironucleus clade which can be easily cultivated 
and has a manageable genome sequence. S. salmonicida has been proven to be able to 
generate stable transfect cells, which makes this organism a promising candidate for being 
used as an alternative model system to Giardia. One of the transfected and tagged proteins (a 
surface protein, data not shown) in this study was shown to be lethal to the parasite. In that 
case the issue was solved by transient transformation giving an indication of the robustness of 
the system created. Another way to solve this kind of problems could be to integrate the 
tagged protein of interest on the chromosome by homologous integration.   
To verify if the plasmid was present in the first established transformed strains DNA was 
extracted and used for PCR amplification using specific primers against the plasmid. The 
results showed that the plasmid could be obtained from DNA of transformed strains 
indicating that the plasmid functions as an episomal plasmid. This however does not verify 
that the gene inserted on the plasmid expresses the tagged protein. Therefore Western blotting 
was performed to verify protein expression for the majority of tagged proteins.  
 
However, two of the tagged proteins were not present on the Western blot. One of these was 
annexin 7 and cells tagged with this protein were slow growing indicating problems with 
cellular processes. Tagging of the N- terminal end of the protein might resolve the problem if 
the C- terminal tag obstructs processing or localization of the protein within the cell.  
Annexin 5 had an interesting localization in the top of the cell where no evident cellular 
organelle has been seen. The trophozoites are able to attach to surfaces and most likely also to 
the host cells. It is possible that this structure can be involved in the attachment and be the 
counterpart of the unique adhesive disc of Giardia. The disc helps the cells to attach to the 
intestine wall and to remain in the duodenum (Adam, 2001).    
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Generally, the tagged proteins that were proved to be highly expressed on the western blot 
gave strong signals when localized with immunofluorescence as in the case with most other 
annexins. Many of the annexins localized in cytoskeleton associated structures such as 
flagella and the plasma membrane. Giardia intestinalis have annexin-like proteins called 
alpha giardins and most of them are highly expressed indicating their importance for the 
stability and motility of the cells (Weiland et al., 2005). The annexin like proteins found in the 
genome of S. salmonicida are more similar to other eukaryotes than to the alpha giardins 
(Roxstrom-Lindquist et al., 2010). Even so the proteins seem to share the same overall 
function for these parasites. 
To get an even better understanding of the annexins mRNA levels, reverse transcriptase PCR 
analysis should be performed as well as analyzing the remaining annexins (annexin 11 to 14) 
the same way as the previous 10.   
 
Three potential mitosome proteins were also analyzed during this project. These proteins gave 
very faint bands on the western blot indicating low expression in the cells; in fact Tom 40 was 
one of the tagged proteins that were not visible at all. This protein was over expressed by the 
α- tubulin promoter Tom40 and that could cause problems within the cell. The C- terminal tag 
could also cause problems if this end of the protein needs to be native for correct expression 
and localization. Therefore this protein should be expressed with its native promoter and 
analyzed again. Tom40 did not display the same clear spots as Pam18 and Frataxin did in the 
immunofluorescence analysis. The localization from the immunofluorescence of these 
constructs has a spot-like pattern with some similarities to identified mitosome proteins in 
Giardia (Dolezal et al., 2005). From the localizations of mitosome proteins in Giardia, there 
seem to be approximately 10- 15 visible mitosomes within each cell. The mitosomes were 
present as scattered spots within the cell and with several mitosomes positioned in a row 
between the nuclei.  
The Pam18 gene of S. salmonicida was re synthesized for adaption to codon usage in Giardia 
and was used for transfection. The tagged protein was localized to structures similar to 
mitosomes using immunofluorescence (unpublished observations, Jon Jerlström-Hultqvist). 
This strengthens the indications that Pam18 of S. salmonicida truly is a mitosome associated 
protein. Co- localization with other known mitosome associated proteins (e.g. mtHsp70, IscU 
or IscS) would be needed for verifying that these proteins actually are localized in the 
mitosome and not in other cellular structures.  
 
There were large differences between fluorescence intensity among the cells expressing 
tagged ADI. This indicates that ADI is expressed in varying amounts and seems to be down 
regulated in some cells while being highly expressed in others. Several bands were present on 
the western blot for ADI, a sign of protein degradation in the cells which correlates to the 
theory that the protein is silenced. 
Rab 1 also showed a difference of fluorescence intensity among cells and did not give the 
expected localization to the Golgi or ER. Possible reasons for this could be that there is a 
localization motif in the C terminal end of the protein and by adding the epitope tag at that 
end transport to the correct destination could be interrupted. Therefore tagging of the protein’s 
N-terminal should be tested and the difference investigated. 
 
Caltractin showed a clear localization to the basal bodies as predicted but there were large 
differences in how well the HA labeling could be visualized in different fixation methods. For 
most tagged constructs the paraformaldehyde (Pfa) fixation worked best and preserved the 
cell shape and internal structures better than the methanol/acetone fixation. But for caltractin 
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the pfa fixation gave a very unspecific labeling with very few cells displaying the 
characteristic basal bodies and the dense rods. The harsh methanol/acetone fixation seemed to 
be needed to enable penetration of the antibodies into the necessary cellular structures for 
binding of the epitope tagged protein.  
The caltractin expressing cells had a slower division rate than wildtype cells and appeared to 
be disturbed in the cell division cycle because of the many abnormally large cells present in 
cultivation. When the cells were analyzed by immunofluorescence the abnormal cells had four 
or more nuclei as well as several pair of basal bodies and lateral rods. This indicates that the 
cell cycle arrest occur at the G2 phase. In Giardia intestinalis the possible function for 
caltractin have been suggested to be involved in the migration and orientation of the basal 
bodies during mitosis (Meng et al., 1996). The results from tagging caltractin in S. 
salmonicida suggest that this protein has a role in cell division, as in Giardia.  
 
The protein fibrillarin has been studied in Giardia resulting in the discovery that nucleoli are 
present in this organism. Fibrillarin was localized to specific region of each nuclei positioned 
anterior-laterally (Jimenez-Garcia et al., 2008). The data obtained from studying the 
organization of the nucleolus in Giardia have resulted in proof that an early evolved 
eukaryote obtains structures only previously found in higher eukaryotes (Jimenez-Garcia et 
al., 2008). The result from tagging fibrillarin in S. salmonicida indicates the presence of a 
nucleoli organization also in this organism. These results suggest that the presence of a 
nucleolus is a possibly conserved feature originated from a common ancestor of the 
diplomonads.  
 
In the flagellate S. salmonicida an intraflagellar transport (IFT) protein was studied in 
enabling the possibility to explore the protein transportation within the cell. Recently it has 
been indicated that defects in these IFT proteins might be the primary cause of some human 
diseases (Rosenbaum and Witman, 2002). This finding makes these kinds of mechanisms 
within flagellates even more interesting to study. 
 
The results from this project show promising indications that S. salmonicida can be used as a 
model system for studying diplomonads. Even though some information about the organism 
has been gained during this project, still much remains unknown. An example is the life cycle 
of this parasite that is not known except some indications. By investigating if cysts can be 
formed, information can be obtained on how the parasites spread and the initiation of disease. 
Hopefully the protocol for transfection established will be useful in this search. 
The construction of a homologous recombination vector could be very useful for integrating 
tagged proteins on the chromosome. This approach has several advantages to of episomal 
transfection such as a more stable protein expression and continuous addition of selection 
drug to will not be necessary. By using an appropriate tagging protein it could be possible to 
perform in vivo experiments in fish and follow the route of infection. This would generate 
important information about how this tissue invasive parasite initiates infection and also the 
different stages of infection. Fish cell lines could also be used to gain information about how 
the host’s cells respond to and interact with this pathogen. This information will be important 
in the search for virulence genes and possible drug targets.  
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4. Materials and Methods 

4.1 Construction of episomal vector for transfecting S. salmonicida 
 
4.1.1 Selection markers 
 
The plasmid used for the transformation of S. salmonicida was modified from an already 
existing PHA-5 vector used for Giardia. This plasmid carries the puromycin acetyl 
transferase (PAC) gene that was cloned between NcoI and XhoI sites and will be used as a 
selection marker. The PAC gene was modified by surrounding it with the ornithine 
carbamoyltranferase (OCT) promoter and 3’ UTR from S. salmonicida. The 160 bp of the 
OCT promoter was used to drive the expression of the PAC gene and 210 bp of the 
downstream region containing stopcodon was needed for polyadenylation and termination of 
translation. Both regions were amplified by PCR from S. salmonicida genomic DNA using 
primers OCT-P-NcoI/HindIII for the promoter and for the downstream region OCT-D-
XhoI/KpnI (see appendix).  The PCR products were analyzed by 1.5 % agarose gel 
electrophoresis revealing bands of correct size. The DNA was column purified using a kit 
(Qiagen) according to the manufacturer’s instructions. Purified fragments were double 
digested with NcoI/ HindIII for the OCT promoter and XhoI/KnpI for the 3’UTR. After 
digestion the fragments were digested once again by PCR purification kit and the absorbance 
were measured on the Nanodrop. Digested and purified DNA products were used 
immediately for ligation into vector backbone or stored at -20 °C.  
The PAC gene can easily be exchanged for other selection markers by digesting the vector 
with NcoI and XhoI. The blasticidin S-deaminase and neomycin phosphotransferase genes 
were amplified by PCR from the DrnA k.o.2 BSr vector and pDneo2a-nTAP vector 
respectively. The PCR products were analyzed on gel, purified and double digested with NcoI 
and XhoI followed by a second purification step. The digested and purified genes were used 
in ligation into the gel-purified vector backbone, thereby replacing the PAC gene.   
 
4.1.2 C-terminal localization tags used in the vector 
 
To adapt the 3xHA-tag from the original Giardia vector for use in S. salmonicida, a 3’UTR 
from the ribosomal protein S15A gene was included downstream of the tag. The region used 
was 60 bp (including stop codon) in size and constructed by annealing two complimentary 
oligonucleotide sequences (RpS15S-ApaI and RpS15S-SacI).  
200 µM of each oligonucleotide were mixed together with 8 µl of 10x One-Phor-All PLUS 
buffer (Amersham Biosciences) adding sterile water to a final reaction volume of 80 µl. The 
annealing mix was incubated at 84 °C for 10 minutes and allowed to slowly cool down to 
room temperature.  
The oligos carries the ApaI and SacI restriction site sticky ends and after annealing, 5 µl of 
the mixture was ligation into the vector digested with the same enzymes.  
The tagging cassette can be replaced by other C-terminal tags such as Katushka (far-red 
fluorescent protein), Dendra2 (photoswitches between green and red fluorescence), Venus 
(yellow fluorescent protein) and EvoGlow (cyan-green fluorescent protein).  The cyan-green 
fluorescent protein can mature in anaerobic conditions while the other three fluorescent 
proteins require oxygen for rapid maturation in the cell.  
The fluorescent proteins were PCR amplified from plasmids (see appendix for primer 
sequences) and the PCR products were analyzed on a 1.5% agarose gel. The PCR products 
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(approximately 700 bp) were column purified, restriction digested with ApaI and NotI and 
purified before ligation.   
 
4.1.3 Cloning of genes into vector for tagging 
 
The genes selected for tagging were PCR amplified from genomic DNA of S. salmonicida 
(see Appendix for primers). The PCR products were analyzed on a 1.5 % agarose gel to 
confirm that the size were correct. The products were column purified followed by double 
digested with the restriction enzymes NotI and MluI. The digested products were once again 
column purified before used for ligation into the vector.  Remaining products and vector were 
stored at -20 °C. 
 
4.1.4 Vector for over expression of genes 
 
A portion of the α-tubulin gene from S. salmonicida was inserted into the vector enabling 
over expression of genes.  
The α-tubulin gene was selected due the high expression and will therefore enhance the 
expression of the gene inserted in the vector compared to if the native promoter would be 
used. 239 bp of the α-tubulin promoter was PCR amplified (see Appendix for primer 
sequence) and analyzed on an agarose gel which displayed a single band. The PCR product 
was column purified and digested with EcoRV/BamHI followed by a second purification. The 
purified and digested fragment was ligated into the vector. This over expression vector was 
used for evaluating how well fluorescent proteins can be matured in the parasite.  
 
4.2 DNA extraction from S. salmonicida 
 
A confluent tube of S. salmonicida was centrifuged at 3000 rpm for five minutes to remove 
the media and the pellet was dissolved in 500 µl containing 50 mM EDTA, 1 % SDS and 10 
mg/ml Proteinase K and mixed together by vortexing. The resuspended pellet was incubated 
at 56 °C for at least one hour followed by adding RNase A (100 mg/µl) and incubation at 
room temperature for 10-15 minutes. To the tube 275 µl phenol, 275 µl chisam (chloroform:  
isoamyl alcohol 24:1) was added and mixed carefully by vortexing. The sample was 
centrifuged at 13 000 rpm for 10 minutes and the water phase was collected. An equal volume 
of chisam (24:1) was added to the sample and mixted by vortexing followed by a second 
centrifugation with same settings. The water phase was collected and the DNA precipitated 
with an equal volume of isopropanol followed by incubation for 10 minutes and 
centrifugation as previous. The supernatant was removed and the pellet was washed with 70 
% ice cold ethanol and then centrifuged at 130000 rpm for five minutes. The supernatant was 
removed and the pellet was dried before resuspended in 20-50 µl of water. The concentration 
of the extracted DNA was measured by Nanodrop. 
 
4.3 PCR amplification of genes 
 
All primers used were diluted to 20 µM from the stock solution (200µM) and primer pairs 
were combined to create 10 µM by adding equal volumes. The primer pair mixture was used 
in the PCR reactions. The Phusion Hot Start DNA polymerase (Finnzymes) was used for 
amplifying genes for cloning purposes. The total reaction volume was 40 µl containing 1x 
Phusion HF buffer, 4 µl of 2mM dNTPs, 2 µl of 10mM primer mix, 4 µl template (genomic 
or plasmid DNA), 0.6 µl Phusion DNA polymerase and water to adjust the volume. The PCR 
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tubes was spun briefly and placed in the PCR machine. General PCR program used: 98 °C for 
3 minutes, followed by 30-32 cycles of 98 °C 10-15 seconds, anneling temperature used was 
2-3° lower than the lowest Tm of the primers in the reaction for 30 seconds, 72 °C 30 s/kb of 
amplification product, ending with 30 s/kb at72 °C. The PCR products were kept at 4 °C and 
5 µl of the reaction was used for analysis on a 1.5 % agarose gel dissolved in 0.5xTEB buffer. 
Ethidium bromide 0.5 µg/ml was added to the liquid agarose and the gel was poured into a 
casting tray. The gel ran at 100 V for 30-40 minutes.  
The remaining PCR products were column purified or stored at -20 °C.  
 
4.4 Column purification of DNA 
 
Purification of PCR products and digested PCR products were performed using QIAquick 
PCR purification kit (Qiagen) according to the manufacturer’s instructions. In summary, 5 
volumes of buffer PB were added to the PCR sample and the mixture was placed in the 
provided Qiaquick spin column to be centrifuged for one minute. The supernatant was 
discarded and the membrane was washed with 750 µl buffer PE followed by centrifugation 
for one minute. The membrane was dried by centrifugation for two minutes and 50 µl of 
buffer EB (10 mM Tris-Cl, pH 8.5) was used for eluting the DNA from the membrane. The 
concentration of prepared DNA was measured using the Nanodrop.  
 
4.5 Gel purification of DNA 
 
DNA fragments were purified using a 0.7 % agarose gel that was casted using 1xTAE buffer 
to dissolve the agarose. To the liquid agarose 0.5 µg/ml ethidium bromide was added and the 
gel was poured into a casting tray. The restriction digested sample was added to the gel that 
ran at 100 V for 30-40 minutes. The DNA bands were visualized by UV light and the bands 
of correct size was cut out from the gel using a scalpel. The gel piece was weighted and 
Qiaquick Gel Extraction kit (Qiagen) was used to purify the DNA according to the protocol; 
300 µl buffer PB was added to every 100 mg of gel followed by incubation at 50 °C until the 
gel dissolved. The mixture was added to the provided spin column and the tube was 
centrifuged to bind the DNA to the silica membrane. The membrane was washed by adding 
PE buffer followed by another centrifugation. After the last centrifugation step the DNA was 
eluted by adding 30-50 µl of buffer EB (10 mM Tris-Cl ph 8.5). The concentration of the 
purified DNA was measured on the Nanodrop and either used directly or stored at -20 °C.   
 
4.6 Ligation 
 
The ligation reaction mixture contained the following; 10 µl (~100 ng) of restriction digested 
and purified insert, 3 µl (~100  ng) of the purified vector cut with the same enzymes, 1.5 µl of 
10x T4 DNA ligase buffer (Fermentas) and 0.5 µl T4 DNA ligase (Fermentas). Sterile water 
was added to a final volume of 15 µl and the mixture was incubated at 16 °C for ~20 hours in 
a water bath.  
 
4.7 Transformation of E. coli 
 
Both heat shock and electroporation was used to transform competent E. coli (DH5α strain) 
cells. 
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Heat shocks were carried out by thawing competent cells (100 µl per reaction) from -80 °C on 
ice and 5 µl of ligation mix was added followed by 30 minutes incubation on ice. Next the 
cells were heat shocked at 42 °C for 45 minutes in a heating block and then incubated on ice 
for 10 minutes. 900 µl of prewarmed LB was added to the cells and the tube was placed on a 
shaker at 37 °C for one hour to allow phenotypic expression. Thereafter the cells were plated 
on prewarmed LA plates supplemented with 50 µg/ml ampicillin. Plates with spread cells 
were incubated at 37 °C for approximately 16 hours.  
 
Prior to electroporation, the ligation mixture was dialyzed for one hour by adding the mixture 
to a membrane filter (Millipore) floating in sterile water. Competent cells were collected from 
-80 °C and thawed on ice. To the competent cells (25 µl/reaction) 1 µl of dialyzed ligation 
was added and transferred to pre chilled electroporation cuvettes (1mm gap, BioRad). The 
settings used for electroporation was 1.5 kV, 400 Ω and 25 µF and afterwards the cells were 
immediately added to 1 ml of prewarmed LB media followed by incubation at 37 °C to allow 
phenotypic expression. After approximately one hour cells were spread on prewarmed LA 
plates (50µg/ml ampicillin) and placed in 37 °C for approximately 16 hours.   
 
4.8 Plasmid minipreparation 
 
A single E.coli colony was picked and inoculated in 2.5 ml LB media with addition of 50 
µg/ml ampicillin. The culture was grown at 37 °C and shaken at 200 rpm for aeration for 
approximately 16 hours. The plasmid from the overnight cultures was prepared using 
NucleoSpin®Plasmid kit (Macherey-Nagel) according to the manufacturer’s instructions. 
Briefly, 1.5 ml of the overnight culture was placed in an Eppendorf tube and the cells were 
pelleted by centrifugation. The pellet was dissolved in resuspension buffer and an equal 
volume of lysis buffer was added. After five minutes the lysis reaction was interrupted by 
adding neutralization buffer and the lysate was clarified by centrifugation. The lysate was 
placed in the spin column to bind the DNA to the silicia membrane and centrifugated 
followed by a washing step and centrifuged again. The plasmid DNA was eluted with 5mM 
Tris-HCl pH 8.5 and the absorbance was measured by Nanodrop, a average miniprep yielded 
200 ng/µl plasmid DNA. Isolated plasmid DNA was stored at -20 °C.  
 
4.9 Restriction digestion of DNA 
 
Generally double digestion of DNA was performed by mixing 10x FastDigest restriction 
buffer, 1µl of each FastDigest enzyme, 5 µl of template DNA (PCR product or plasmid) and 
adjusting to a total volume of 30 µl by adding sterile water. The digestion mixtures were 
incubated at 37 °C for approximately one hour. The digested DNA was purified by either 
column or gel purification. All restriction enzymes used were FastDigest from Fermentas if 
not stated otherwise.  
 
4.10 Sequencing of plasmids 
 
The plasmid sequences were verified after each cloning step by sequencing at Uppsala 
Genome Center. The sequencing samples contained 450 ng plasmid together with suitable 
primer (4 pmol/tube) and water was added to a final volume of 18 µl. The chromatograms 
obtained from sequencing were analyzed with the software Sequence Scanner v.1.0 (Applied 
Biosystems).  
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4.11 Culture conditions 
 
Spironucleus salmonicida was cultivated in polystyrene screw cap tubes (Nunc) in 10 ml of 
LYI media at 16°C. For 250 ml basal media the following ingredients were used; 0.25 g 
K2HPO4, 0.15 g KH2PO4, 0.25 g NaCl, 6.25 g Yeast extract, 1.25 g Liver Digest Neutralized 
(Oxoid), 0.25 g L-Cysteine-HCl, 2.5 g Glucose, 0.05 g Ascorbic acid and 10 ml Ferric 
ammonium citrate solution (2.28 mg/ml). The pH was set to 6.8 using 5 M NaOH and 
thereafter the media was filter sterilized using 0.45 µm filterunits (Corning). The basal media 
was stored at 4 °C for immediate use or frozen at -20 °C.  
The complete media was supplemented by adding 10 % bovine serum and 2.5 % Diamonds 
Vitamin Tween80 solution (SAFC Biosciences). 
The cells were inspected by inverted light microscopy and passaged upon reaching 
confluence. Prior to passage the cells were placed on ice for 15 minutes and the tube was 
inverted several times both before and after the passage.  
 
4.12 Optimization of the concentration for selection drugs 
 
Prior to the electroporation the optimal selection concentration were determined by testing 
varying concentrations of puromycin (10, 25, 50 and 100 µg/ml), G418 (50, 150, 300 and 500 
µg/ml) and blasticidin s (5, 10, 15 and 20 µg/ml). The drugs were added to tubes containing 
approximately 106 cells/ml and the cells were counted manually in a hemocytometer. The 
cells were fixed first with 1% formaldehyde to prevent cells swimming around in the counting 
chamber. The cells were counted 3, 5 and 7 days after addition of the drug. The results were 
used for calculating the percent of growth inhibition compared to control samples grown in 
absence of drugs. The growth inhibition in percent equals  
U-T/ U*100, where U stands for the number of untreated cells at a given time point and T for 
the number of treated cells T for the same indicated time. The experiments were performed in 
duplicates.  
 
4.13 Plasmid preparation for transfection of S. salmonicida 
 
Scaled up plasmid preparations were performed to generate the amount needed for 
transfection of Spironucleus cells. The yield from a typical large scale plasmid preparation 
was 200 µg.  
A single colony was picked and inoculated in 50 ml of LB media supplemented with 50 
ampicillin µg/ml. The culture was grown at 37 °C on a shaker set at 250 rpm. The culture was 
split into three 15 ml falcon tubes after 16-20 hours (OD600 ~2) by centrifugation at 6000 rpm 
for 10 minutes. The pellet was stored at -20 °C if not used for plasmid purification 
immediately. The NucleoSpin Plasmid kit (Macherey-Nagel) was used and the plasmid prep 
was carried out with a few modifications. To each of the three tubes 1 ml of resuspension 
buffer to dissolve the pellet. Same volume of lysis buffer was added and incubated for five 
minutes thereafter 1.2 ml of neutralization buffer was added. The lysate was clarified by 
centrifugation and the supernatant (total 9.6 ml) was transferred to four spin columns. The 
DNA was bound to the silicia membrane in the spin tube using a microcentrifuge. After 
applying the lysate to the spin column a wash buffer was added and thereafter 100 µl of 
prewarmed elution buffer was added to one of the columns. The column was incubated for 
one minute at 50 °C, centrifuged and the eluent was used in the elution step for the other spin 
columns. The concentration was measured using the Nanodrop and isolated DNA was stored 
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at -20 °C until used for electroporation of Spironucleus. Before electroporation the plasmid 
was digested with suitable enzymes to make sure of its biological activity.  
 
4.14 Transformation of S. salmonicida using electroporation 
 
Cells to be used in electroporation were first placed on ice for 15 minutes. The amount of 
cells used for electroporation was approximately 1×107 and was centrifuged at 3000 rpm for 5 
minutes at 4°C. The pellet was resuspended in fresh LYI media to the appropriate volume and 
300 µl of S. salmonicida cells were placed in a prechilled 4 mm electroporation cuvette 
(BioRad). To the cuvette 40 µg of the episomal plasmids were added and gently mixed with 
the cells. Several different voltage conditions were used for initial experiments to explore the 
optimal transformation condition for these cells. The plasmid used in the first electroporation 
was the pSpiro-PAC-3xHA-C vector resulting in puromycin resistance but not tagging or over 
expressing any gene. The different voltages used were 320, 350, 400 and 430 with constant 
settings of 800 ohms and 960 µF. The preferred condition used for electroporation was 320 V, 
800 ohms and 960 µF which delivered an electric pulse for 80-98 milliseconds. 
After electroporation the cuvettes were incubated on ice for 10 minutes and thereafter the 
electroporated cells were transferred to culture tubes with 10 ml LYI media. The 
electroporated cells were grown at 16 °C for 24 hours before selection drug was added (50 
µg/ml puromycin, 15 µg/ml blasticidin S or 150 µg/ml G418).  
The transfected cells were given fresh media and selective drug each week until confluence 
was reached allowing the cells to be passed as the wildtype cells. To avoid contamination 
during cultivation 100 µg/ml Gentamicin was added to the culture tubes. Transformed S. 
salmonicida stains were frozen in LYI media containing 10 % of DMSO and stored first in  
-80 °C and thereafter kept in liquid nitrogen.   
 
4.15 SDS-PAGE electrophoresis 
 
To prepare samples for western blotting a tube of transfected Spironucleus cells were 
centrifuged at 3000 rpm for five minutes and the pellet was resuspended in 1 ml of PBS. The 
optical density was measured at 600 nm (OD600) and thereafter the cells were spun down 
again at 13 000 rpm for two minutes. To the gel 0.05 OD units of protein per lane was added 
i.e. the OD600 values was multiplied with 10 and divided by 0.05. The cell pellets were 
resuspended into the volume obtained and he same volume of 2x loading buffer were added to 
the samples. To lyse the cells the samples were boiled for 10 minutes and 20 or 10 µl were 
loaded on the SDS-PAGE gel.  
A 10 % SDS-PAGE gel separating gel was casted; 4 ml of water, 3.3 ml 30 % 
Acrylamide/Bis solution 37.5:1 (Bio-Rad), 2.5 ml 1.5 M Tris-HCl pH 8.8, 100 µl 10 % SDS 
solution, 100 µl ammonium persulfate (APS) and 4 µl N,N,N’,N’-tetramethylethylenediamine 
(TEMED). The separating gel was poured between mounted glass slides and after the gel had 
polymerized stacking gel was poured and a comb was inserted. The 5 % stacking gel was 
prepared by mixing 3.4 ml water, 830 µl 30 % Acrylamide/Bis solution 37.5:1 (Bio-Rad), 630 
µl 1M Tris-HCl ph 6.8, 50 µl 10 % SDS solution, 50 µl ammonium persulfate (APS) and 5 µl 
N,N,N’,N’-tetramethylethylenediamine (TEMED). The gel was polymerized, placed in the 
electrophoresis unit and 1x Running buffer was added. After samples and the protein ladder 
Spectra Broad range (Fermentas) been loaded the gel ran at 150 V between 40-60 minutes.  
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4.16 Western blotting 
 
Western blotting was performed using standard techniques. The proteins separated by SDS-
PAGE gel was transferred to Polyvinylidene Flouride (PVDF) membrane (Pall Life Sciences) 
by placing the membrane on top of the gel stacked between pads and filterpapers. The stack 
was placed in 1x Transfer buffer and the transfer was performed at 35 mV overnight at 4 °C 
with continuous stirring.  
The membrane was blocked using 3 % non-fat dry milk or 1 % BSA in phosphate buffered 
saline (PBS) containing 0.1 % Polyoxyethylenesorbitan monolaurate, Tween20 (Sigma-
Aldrich) to reduce unspecific binding of the antibodies. The membrane was blocked for one 
hour followed by washing three times for five minutes each in PBS-T. The membrane was 
incubated with Anti-HA antibody (product no. H 9658, Sigma-Aldrich) as the primary 
antibody which was diluted 1:10 000 in PBS with 1 % BSA and 0.1 % Tween20 for two 
hours. Thereafter the membrane was washed as previously followed by incubation a one hour 
incubation with the secondary antibody, Anti-mouse coupled with horseradish peroxidase 
(HRP) (product no. P0161, Dako) diluted 1:10 000 in 3 % non-fat milk dissolved in PBS with 
0.1 % Tween20. After one hour incubation the membrane was washed as before with PBS 
containing 0.1 % Tween 20. Blots were developed using ECL Plus detection system 
(Amersham ECL Plus detection kit, GE Healthcare) according to the manufacturer’s 
instructions.   
 
4.17 Fixation 
 
Different methods were used to fixate Spironucleus cells to poly-L-lysine coated slides 
(Thermo Scientific) for fluorescence microscopy.  
 
4.17.1 Methanol/acetone fixation of cells 
 
Droplets of 10-20 µl of cells washed in PBS were placed in the wells of the slide and allowed 
to attach for five minutes and thereafter the slide was placed in -20 °C methanol:acetone (1:1) 
mixture for 10 minutes. The slide was dried at room temperature and the cells were 
rehydrated by adding 15 µl drop of PBS for 10 minutes. The PBS was removed by vaccum 
suction and cells were blocked with 1 % BSA in PBS for one hour at room temperature or 
alternatively over-night at 4°C in a humidity pan.  
  
4.17.2 Paraformaldehyde (Pfa) fixation of cells 
 
Transformed cells were centrifuged at 3000 rpm for 5 minutes and the cells were washed 
three times in PBS. Droplets of 15-20 µl of resuspended cells were placed on poly-L-lysine 
coated slides (Thermo Scientific) and left to attach for 5 minutes at 16 °C. The cells in the 
droplet was fixed in cold 2 % Paraformaldehyde in PBS, incubated for 10 minutes followed 
by removal of the fixative using vacuum suction. After that 0.1 M Glycine dissolved in PBS 
was added to quench any remaining traces of fixative followed by two 5 min washes with 
PBS. 
PBS containing 0.2 % Triton-X was added, incubated for 30 minutes and washed with PBS 
three times each 5 minutes. 2 % BSA dissolved in PBS were used for blocking the cells over- 
night at 4 °C in a humidity pan. 
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4.18 Immunofluorescence  
 
The blocking solution was removed from the slides and 15 µl of anti-HA monoclonal 
antibody (H 9658 Sigma-Aldrich) diluted (1:500) in PBS with addition of 3 % serum and 0.1 
% Triton X-100 was added. After incubation for one hour the wells were washed six times 
with 15 µl droplets of PBS followed by adding the secondary anti-mouse antibody (product 
no. F0232, Dako) conjugated to fluorescein isothiocyanate (FITC). The antibody was diluted 
(1:50) in PBS containing 3 % serum and 0.1 % Triton X-100. After a one hour incubation, the 
fixated cells was washed with 15 µl PBS eight times and 5 µl of mounting media Vectashield 
containing the DNA stain 4’,6’-diamidino-2-phenyldole (DAPI). Another mounting media 
was used for Pfa fixed cells, ProLong Gold containing DAPI (Invitrogen, product no. 
P36935). A coverslip was placed over the wells and sealed with nail varnish. The slide was 
stored at 4 °C in darkness.  
 
Cells were examined with a Zeiss Axioplan2 fluorescence microscope. Images were 
processed using the software Axiovision Rel. 4.8.  
Pictures taken of Pam18 were imaged by Z-stacks and processed using Huygens software 
(Scientific Volume Imaging B.V., Hilversum, Netherlands. 

4.19 Maturation of fluorescent proteins expressed in S. salmonicida 
 
In total four fluorescent proteins were inserted in the plasmid under control of the α- tubulin 
protmoter. The fluorescent proteins Venus, Katuskha and Dendra2 need oxygen for 
maturation in vivo and therefore the parasites were exposed to oxygen. 1 ml of the 
transformed cells were transferred in media to a 24 well plate placed on ice water over-night. 
The living cells were washed in PBS several times for removal of media and placed on slides 
for inspection in the fluorescent microscope.  
As another maturation method the transformed cells were placed at 37 °C on droplets on 
slides for four to five hours. Before being placed on slides the cells were washed several times 
in PBS to remove media.  
 
The fluorescent protein EvoGlow can mature in complete absence of oxygen but needs a 
flavin-mononucleotide based cofactor (FMN). To the transformed cells expressing EvoGlow 
100 µg/ml FMN was supplemented to the media. Prior to observations in the fluorescence 
microscope the cells were washed several times in PBS to remove traces of media 
components.  
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Table 4. List of all primers used for construction of tagging vector with the direction 5’ to 3’. The restriction 
sites are highlighted.  

SSK-OCT-P-NcoI TATCCATGGTGGGAAGTGGTGACCAAATC 
SSK-OCT-P-HindIII TATAAGCTTCATATGGAGGCATACTCACATATTTAAGAAAATC 
SSK-OCT-D-KpnI TATGGTACCACTAGTGTTGTATGGAATATTTATATATAAATGC 
SSK-OCT-D-XhoI TATCTCGAGTGATCAGCTAAATTTCATTAATTATC 
SSK-RpS15A-ApaI CTGATTAAATTTGATTTTTTTAAATAAACTATTATTCCAAAATTTTGATTTATATTATTTGGAGCT 
SSK-RpS15A-SacI CCAAATAATATAAATCAAAATTTTGGAATAATAGTTTATTTAAAAAAATCAAATTTAATCAGGGCCC 
SSK-Tub-F2-HindIII CCCAAGCTTAGTAATTATAGCTCTAGTATAGAGTTACAC 
SSK-Tub-R-EcoRV CCCGATATCCCTCATGGTAATTTGAAGGAAAGG 
Annexin1-F- MluI CCCACGCGTGCTACTTAGATCTATTCAGCCAATCTTAC 
Annexin1-R-NotI CCCGCGGCCGCTGGGCCTTCCAAATTGCCAATAATG 
Annexin2-F-MluI CCCACGCGTCCATTTAGCTTTACGATCTGCCAT 
Annexin2-R-NotI CCCGCGGCCGCTTTGCGTCCCATATTAAAAGGAGG 
Annexin3-F-MluI CCCACGCGTGAATGACGACAGCGCGTATTAAAG 
Annexin3-R-NotI CCCGCGGCCGCAAGCCCCAGAAAGCCAAGAC 
Annexin4-F-MluI CCCACGCGTGTCAATTATTATTCACTAGCCAAATTTG 
Annexin4-R-NotI CCCGCGGCCGCTCTTATCCCCAGAGGGCAAG 
Annexin5-F-MluI CCCACGCGTGGAGGAATATGTAGTGGTATGCTTTGTG 
Annexin5-R-NotI CCCGCGGCCGCAAGCCCCAAAGAGCAAGAACGAG 
Annexin6-F-MluI CCCACGCGTGCACAGGTGTTCCTTTACTCTTTAC 
Annexin6-R-NotI CCCGCGGCCGCTTCAACCCCCATACTGCTAAAATG 
Annexin7-F-MluI CCCACGCGTGCTATCCGGCGTTGTATTGAACG 
Annexin7-R-NotI CCCGCGGCCGCGATTTAAGATTCCACAGCTCTAATATTCC 
Annexin8-F-MluI CCCACGCGTGCAAAGGATGGCGGTTAAGAATG 
Annexin8-R-NotI CCCGCGGCCGCTTCCAAAGAGTAATAATAGTATCAGATATATC      
Annexin9-F-MluI CCCACGCGTAGCAGGATGCCATGTAGAGC 
Annexin9-R-NotI CCCGCGGCCGCCTCAGGCCCCATACGGCGAGGAC 
Annexin10-F-MluI CCCACGCGTGTGAAATTCAAATCGAAAGATTTCAGG 
Annexin10-R-NotI CCCGCGGCCGCCCACAGCATTTCTTGAAAAGGTTACC 
ADI-F CCCACGCGTGCATTATGCACTAACCTAATCTCTCC 
ADI-R-NotI CCCGCGGCCGCAAGATGTATAAAATATCATCAAGACTGAG 
Caltractin-F CCCACGCGTGAGTTTGATCCTAATTACTACCTG 
Caltractin-R-NotI CCCGCGGCCGCCTGAAAGCAGAGGTACTTCTTAAG 
Fibrillarin-F CCCACGCGTGTAATCTCACTACTTCATGCTTACAAAG 
Fibrillarin-R-NotI CCCGCGGCCGCTTTTTATATTTACCAACAATAATAGCATGA       
SSK-Frataxin-F-EcoRV CCCGATATCATGTTTGTAGCACTGTATTATTAC 
SSK-Frataxin-R-NotI CCCGCGGCCGCTCTATTCCTAGCTCCCGCTTAAG 
SSK-Tom40-F-EcoRV CCCGATATCATGTCTGCAAATCCTGGAGAGTACG 
SSK-Tom40-R-NotI CCCGCGGCCGCACAACAAGGCTGAACCCGACCTC 
IFT46-F-MluI CCCACGCGTcgttctcgttcggataaaatgctg 
IFT46-R-NotI CCCGCGGCCGCtaatatccttattgttattttataacttcag 
Rab1-F-MluI CCCACGCGTCGCCTGAGCATTTTCTTAATTTTAAAG 
Rab1-R-NotI CCCGCGGCCGCCAACATGATTTTTTACTATCAGGTTTGTC 
KatushAC-F-NotI TCCGCGGCCGCTGGTGGGTGAGGATAGCGTGC 
KatushAC-R-ApaI TCCGGGCCCGCTGTGCCCCAGTTTGCTAGG 
VenusAC-F-NotI TCCGCGGCCGCTGGTGAGCAAGGGCGAGGAGC 
VenusAC-R-ApaI TCCGGGCCCCAATTCCTTGTACAGCTCGTCCATG 
DendraAC-F-NotI TCCGCGGCCGCTGAACACCCCGGGAATTAACC 
DendraAC-R-ApaI TCCGGGCCCTTGTACACGCCGCTGTCG 
Pam18-F-MluI CCCACGCGTCAAAGAACAATAAGTCCTCTAGCTCC 
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Pam18-R-NotI CCCGCGGCCGCACGTCACTCAAATCGCGGAC 
 


