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Summary 

 

The early diverging eukaryotic parasite Giardia lamblia is a leading cause of diarrhoeal disease 

throughout the world, especially in developing countries. There are currently no effective 

vaccination strategies, nor any drugs present than can block the transmission of the parasite. Being 

one of the earliest diverging eukaryotes, Giardia may pose as an excellent model system for the 

elucidation of the more conserved processes in human cells, and thereby act as a complement to 

already existing model systems, such as yeast. A method of synchronizing growing Giardia 

trophozoites could potentially lead to the implementation of Giardia as a model system for example 

in cancer research, it may also be used as a tool in research dealing with the development of anti- 

giardial drugs and vaccination. 

 

In this study, aphidicolin and trichostatin, both of which are known to induce cell cycle arrest in 

eukaryotic cells, were evaluated for their ability of arresting the giardial cell cycle, thus creating a 

synchronously growing population. Aphidicolin proved to be highly capable of arresting in vitro 

maintained populations of Giardia. Flow cytometry along with a PCR based analysis of presumed 

cell cycle stage-specific genes were subsequently utilized in the assessment of synchrony in 

aphidicolin treated cultures. Both methods of analysis suggest that aphidicolin is an excellent agent 

in synchronizing giardial cultures in vitro. Furthermore, DNA polymerase alpha, a protein involved 

in DNA replication was expressed only at or near S-phase of the giardial cell cycle.  

 

Encystation is a process used by Giardia where it encapsulates itself before leaving its host. By 

synchronizing giardial populations I was able to conclude that exponentially growing cells "exit" 

and initiate encystation somewhere along the G2 stage in the cell cycle, which proposes the 

presence of a restriction point at a specific part of G2. 

 

Previous studies have suggested that aphidicolin or aphidicolin-based derivatives may be potential 

drugs used in the treatment of protozoan parasites closely related to Giardia, namely, Leishmania 

sp. and Trypanosoma sp.. An evaluation was conducted where aphidicolin was added to encysting 

cells. Genes coding for variant-specific surface proteins (VSPs), which are the genes involved in 

antigenic variation in Giardia, were found to have a drastically altered expression due to the 

influence of aphidicolin. This finding provides hope that aphidicolin, or one of its derivatives, may 

entail the properties necessary for decreasing the rate of transmission of giardiasis. 
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1. Introduction 

 

1:1 Giardia Cell Biology 

Giardia exist in two different forms, the active trophozoite in the host intestine and the dormant 

cyst outside the host. The size of the trophozoite is generally in the proximity of 12-15 μm in 

length and 5-9 μm in width (Palm 2005). Giardia differs from most eukaryotes in the way that 

they lack peroxisomes and conventional mitochondria. Another significant feature of the 

trophozoite is the possession of two nuclei with no distinct nucleoli. The giardial cytoplasm 

contains cytoskeletal organelles, lysosomal-like peripheral vacuoles (PVs), and ribosomal and 

glycogen vacuoles. Both the Golgi apparatus and the endoplasmic reticulum (E.R.), which are 

present in most eukaryotic cells, are highly reduced in G. lamblia (Weiland 2005). Thus, the 

organism has evolved a different type of protein sorting and transport machinery. One example 

of this is the encystation specific vesicles (ESVs), which are responsible of transporting and 

sorting newly synthesized cyst wall proteins and glycans during encystation (Hehl et al 2004).  

Some of the more significant structures of the Giardia cytoskeleton can be seen in Fig. 1, and are 

described below.  

 

 

 
 
Fig 1. Giardia trophozoites. A) Dorsal view, showing the two nuclei and the median body, B) ventral view, giving a 

clear image of the adhesive disc, and the four pairs of flagella, C) side view of the parasite, D) giardial cyst. (Image: 

S. Svärd, Uppsala Universitet) 
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The flagella are organized into four pairs; anterior, ventral, posterior/lateral and caudal flagella, 

they are all of the typical eukaryotic type, i.e. with a 9+2 arrangement of microtubules (Weiland 

2005). The flagella are used in locomotion and may be of importance in food uptake (Ghosh et. 

al. 2001). Giardins are microfilament-associated, Giardia-specific proteins with a size of 

approximately 30 kDa (Palm 2005). The median body is a located in the midline and above the 

caudal flagella. It has been suggested that the median body is a storage site of proteins for the 

cytoskeleton (Gillin et al. 1995).  The ventral disc is, as the name implies, located at the ventral 

surface of the cell body, and is found only in members of the order Diplomonadidae. The 

purpose of the disc is to anchor the parasite onto the epithelial wall of its host (Holberton et al. 

1981).  

 

Giardia encysts when the environment is disadvantageous for the trophozoite, usually in the 

lower part of the small intestine. The cyst is in need of good protection, which it finds in the cyst 

wall and an inner protecting layer made up of two membranes. The outer cyst wall consists of a 

network of filaments and is approximately 0.3-0.5 µm thick (Palm 2005). The filaments are 

arranged in a flexible structure of left- and right-handed helical elements that are comprised of 

GalNAc ((alpha 1-3)-linked N-acetyl galactosamine). This carbohydrate matrix in turn forms a 

complex with proteins, making up the insoluble cyst wall (Gerwig et al. 2002). 

 

1:2 The giardial life cycle 

The Giardia life cycle includes two definite stages (Fig 2), the trophozoite stage where the 

parasite grows vegetatively in the proximal part of the host intestine, and the cyst stage in the 

environment outside the host, as described earlier. The trophozoite divides by binary fission, 

meaning that it undergoes asexual reproduction. The phenomenon of encystation in Giardia has 

been broken down into an early and a late phase. In each stage, the organism is subject to 

promoting and inhibiting factors. It has been proposed that the addition of fatty acids and bile 

salts along with the depletion of cholesterol further down the intestinal tract are integral factors in 

triggering encystations (Adam 2001). Features of the early phase of encystations include, 

intracellular synthesis and the transport of cyst wall components toward the cell membrane. Also, 

a golgi-like stack of membranes become apparent, these have been suggested as part of the 

transport machinery of cyst-specific molecules to the encystation specific vesicles (ESVs). The 

ESVs are thought to be involved in the transport of building blocks to the developing cyst wall 

(Adam 2004) as previously mentioned. In the late phase, sites for initiation of the assembly of 
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cyst wall filaments appear on the cell membrane. The molding of the filamentous portion of the 

cyst wall follows this step. When the metamorphosis from trophozoite to cyst is complete, the 

organism is completely devoid of motility and the metabolic rate is decreased by approximately 

80%. The ESVs are degraded after completion of the cyst wall and the protective shell houses a 

trophozoite with four nuclei, eager to break out and start colonizing a new found host. 

 

  

 
 

Fig 2. The life cycle of giardia, including the trophozoite cell cycle, where the parasite undergoes asexual 

reproduction. Also included are the principles of encystation and excystation. The ploidy of the organism is shown at 

each stage of the life cycle. (Image: D. Palm, SMI, KI, Solna) 

 

Upon entry into a new human host, excystation is induced by the pancreatic proteases present in 

the human gut, along with a Giardia cysteine of the protease of the cathepsin B family (Adam 

2001). Another essential factor in excystation is the acidic environment in the gut of the host. 

The optimal pH for excystation is between 1.3 and 2.7 (Faubert 2001). After exposure to the 

proper elements, excystation takes no longer than 10 min and the excyzoite immediately 

commences cytokinesis once it is released into the small intestine.   
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1:3 Pathogenesis 

Giardiasis occurs throughout the world. The prevalence of infection is 20-30% in third world 

countries and 2-5% in industrialized countries (Thompson et al 1994). Healthy adults that are 

subject to a giardial infection may experience serious diarrhoea with intestinal malabsorption, 

accompanied by significant weight loss. In young children, the outcome of the disease may be of 

a much harsher nature with stunted growth, brain damage and impaired development as indirect 

symptoms (Farthing 1997). Direct symptoms of giardiasis include bellyache, diarrhoea, 

flatulence, steatorrhea and nausea (Martin 2003). An important finding is that only a fraction (20-

80%) of all stool-positive patients experience these symptoms, the rest are asymptomatic carriers 

(Eckman 2003). Giardial infections usually have an incubation period of 6-15 days before 

breaking out, and the symptoms last for 2-4 days up to weeks. 

 

Giardial colonization of the proximal small intestine is subdivided into three succeeding events 

(Fig 3). The first step involves excystation, i.e. excyzoite release from the protective cyst shell. 

Secondly, the newly released excyzoite attaches to the intestinal villi. This step has to take place 

immediately in order for the organism to in the upper part of the small intestine. Lastly, the 

excyzoite commences cytokinesis giving rise to four mature, fully differentiated trophozoites 

(weiland 2004). 

 

 

 
 

Fig 3. Excystation and colonization of the proximal small intestine. 

1) Excystation, triggered by the microenvironment in the gut and intestine of the host. 2) Excyzoite attachment to the 

intestinal lumen. 3) Multiplication, once attached the excyzoite gives rise to four fully mature trophozoites that in 

turn start to colonize the small intestine.  (Image: D. Palm, SMI, KI, Solna)   
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Common symptoms in patients with a G. lamblia infection are diarrhoea and malabsorption, as 

described previously. The mechanisms involved in triggering of these symptoms however are 

still controversial. Suggested hypotheses include, production of cytopathic substances by Giardia 

in the intestinal lumen, and disruption and damage of microvilli at the sites of adherence. Also, 

activation of the host immune defense is known to cause inflammatory responses. Yet another 

hypothesis suggests that a large number of trophozoites covering the intestinal endothelia may 

act as mechanical barriers that compete for host nutrients and to a large extent disallow host 

absorption of nutrients. Activation of the host immune defense, for example T-cell activation in 

the intestinal tract, will likely cause villus shortening, which would in turn lead to inflammatory 

responses (Farthing 1997). Steatorrhea, or the passage of aberrantly increased amounts of fat 

(>5g/day) in the feces, is caused by a reduction in the absorption of fat in the intestine (Martin 

2003). These symptoms are often present in patients with chronic Giardia infections. Other 

factors leading to steatorrhea, are decreased trypsin activity in the intestine due to the presence of 

Giardia, along with giardial ingestion of bile salts, which are used as a source of nutrients by the 

parasite. A depletion of accessible bile salts causes mutilation of micellar solubilization of 

ingested fat. Thus, pancreatic lipase would have a decreased effectiveness (Weiland 2004). 

Trypsin is a protease that originates from trypsinogen. Activation of trypsin leads to the 

activation of other proenzymes that produce elastase, carboxypeptidase, and chymotrypsin. These 

three in turn target specific peptide bonds and are in part responsible for the catabolism of 

proteins (Martini 2001). Thereby, a deactivation of trypsin would likely cause malabsorption. 

The pathogenesis of Giardia is not completely understood. It seems likely however that several 

different factors are involved in symptom development and not one specific factor. 

 

1:4 Parasite-Host Interactions 

All successful parasites have been forced to create a relation to their host where they try to get 

what they can, or as much as possible, without causing too much damage. From an evolutionary 

perspective, successful parasites must avoid extinction by multiplying in their hosts, spreading to 

fresh hosts, and thus maintaining themselves in nature. If the infection too often is lethal or 

crippling, there will be a shortage of available hosts and thereby a reduction in number of the 

parasite (Mim et. al. 2003). In chronic giardial infections, a less problematic relation has been 

established. Symptoms are often non-existent, and the parasites more or less thrive inside the 

host intestine without getting too hassled by the host immune defense, they also obtain an 

increased level of transmission.  
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1:4:1 Immune Responses in the Host 

The Human immune system is divided into three different subgroups, innate; cell mediated; and 

humoral immune responses. Innate immunity involves defense mechanisms of a biochemical and 

cellular nature, which are present at all times and ready to react immediately upon infection. 

There are four main components involved in innate immunity, 1) cytokines, which are proteins 

that systematize and regulate many of the cellular activities involved in this type of immune 

defense; 2) blood proteins, that are mediators of inflammation, such as the complement system; 

3) phagocytic cells, i.e. natural killer cells, neutrophils and macrophages; and 4) chemical and 

physical barriers, such as epithelia and substances of anti-microbial nature produced at the 

epithelial surfaces (Abbas 2003). Nitric oxide (NO), as well as the components of the 

complement system are produced in the epithelial cells and both have been shown to be 

important factors in the clearing of giardial infections (Weiland 2004). The pro-enzymatic 

plasma proteins of the complement system become activated once they get in contact with 

microorganisms such as Giardia. NO is a highly reactive substance, and is soluble both in water 

and in lipids; it can thereby cross cell membranes and initiate chemical reactions in target cells 

(Eckmann 2003). Humoral immunity is mediated by Abs (antibodies), produced by B-

lymphocytes. The Abs are present in the serum and in mucosal secretions. (Abbas 2003). 

Immunoglobulin A (IgA) is antigen specific and involved in mucosal immunity; it has been 

found in large enough quantities upon giardial infections to be suggested as a candidate of 

mediators of protection (Palm 2005), and therefore it is the most studied type of antibody in 

Giardia related research. Cell mediated immunity depends on T-lymphocytes, also called T cells. 

Two different types of T cells are present, the CD8+ T cells and the CD4+ T helper cells. T cells, 

along with many other immunorelated cells are abundant in the lamina propria of the digestive 

tract. Upon giardial trophozoite attachment to the epithelial lining it has been found that antigens 

(Ags) from the parasite get processed by the MHCII pathway, inside epithelial cells. The Ags 

activate the CD4+ T helper cells, that in turn secrete cytokines and activate B cells. It has also 

been suggested that CD4+ T cell activation by Giardia leads to the release of pro-inflammatory 

cytokines such as interferon-γ and IL-6 (Weiland 2005).     

 

1:4:2 Parasite Evasion of the Host Immune Defense 

In order for parasitic organisms, such as Giardia, to be able to survive the immune responses of 

their hosts, they have had to develop certain features enabling them to continue reproduction. As 

previously mentioned, NO is produced by the host epithelial cells as a means of defense against 

8
  
 



 

microbes. It is created enzymatically from arginine, which the epithelial cells acquire from the 

intestinal environment. In vitro studies of co-culturing giardial trophozoites with human 

intestinal cells have indicated that trophozoites have the ability to suppress epithelial NO 

production. This, however, is not due to impaired inducible nitric oxide synthase (iNOS) 

expression, but rather to the high effectiveness expressed by the parasite in consuming arginine. 

Giardia has developed an arginine transporter system, which has a comparable substrate affinity 

to the human arginine transporter, but a 20-fold higher maximal transport capacity (Eckmann 

2003). Another important feature in combating the host immunological force is the presence of 

variant-specific surface proteins. These are described in greater detail below. 

 

1:4:3 Variant-Specific Surface Proteins (VSPs) 

Through evolution, Giardia, along with many of its close relatives such as Plasmodium sp. and 

Trypanosoma sp., has developed a natural defense to evade attacks from the host immune 

system. This is in the form of antigenic variation, which is conducted by a family of surface 

proteins called VSPs (variant-specific surface proteins). It is believed that the giardial ancestors 

originally evolved VSPs in order for them to better withstand environmental stress factors. 

Tetrahymena, a free-living relative of Giardia, has been shown to express a few VSP-like genes 

(Carri 2002). In Giardia, the VSP genes make up 2.5% (150 genes) of the entire genome, and the 

proteins they encode vary in size from 20 to 200 kDa (Gillin et. al. 1990). The VSPs are rich in 

cysteine and it is believed that most of the cysteines exist as disulphide bonds, an attribute that 

would explain the high resistance of the VSPs when exposed to intestinal proteases in humans. 

The entire giardial surface is covered with VSPs, even the flagella, and only one VSP type is 

present on the cell surface at a time. Several studies have indicated that both immunological and 

non-immunological factors in the host are responsible for mediating what VSP Giardia expresses 

in vivo (Palm 2005). When a certain VSP has been processed and is recognized by the immune 

system of the host, parasites expressing that particular VSP will be inhibited or killed. This 

allows for a repopulation of giardial trophozoites that express other VSPs (Nash 2002). 

Currently, antigenic variation is one of the main topics of investigation in Giardia research, and 

it is obvious that it plays an integral part in survival since the parasite commits such a large part 

of its cellular resources to it.     

 

1:6 DNA replication in Giardia 

The trophozoites divide by binary fission, meaning that they undergo asexual reproduction. On 
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the genetic level the trophozoite nuclei are shifted from a "diploid" (2 x 2N) to a "tetraploid"  

(2 x 4N) state (Fig. 2). The “double” genetic make-up is due to the cell being bi-nucleated, giving 

a cellular ploidy of 4N in G1 and 8N in G2 (Svärd et. al. 2003). It is noteworthy that the “4N” 

trophozoite only has two different genetic make-ups and not four and the N represents the 

number of copies.   The Giardia isolate WB has been shown to contain five different 

chromosomes, giving it a haploid genome size of 12 Mb (Adam 2000, Svärd 2003). The two 

integral parts of the vegetative cycle are genome replication that occurs during S-phase, and an 

equal distribution of chromosomes to each daughter cell that takes place in the M-phase. DNA 

replication has also been shown to be highly important during the encystation process. To date, 

only a few genes known to be important in regulating these processes in other eukaryotes have 

been identified in Giardia, which has limited further elaborate molecular studies. However, 

recently developed tools aimed for studying genes will change this. Differentiation, i.e. 

encystation and excystation, in many ways resemble meiosis, where the genome is first replicated 

without division and then divided twice without DNA replication (Svärd et. al. 2003). The 

encystation-excystation process in Giardia may thereby pose as an exceptional model-system for 

studies of eukaryotic cell cycle regulation and differentiation. As indicated in the results part of 

this report, Giardia most likely exits the vegetative growth cycle in G2, before initiating 

encystation. At this point the two nuceli are tetraploid and will soon commence nuclear division 

(Fig. 2). Approximately 12 hours post encystation; DNA replication starts, leading to a 4x4N or 

16N ploidy, which is the state of a fully mature cyst (Svärd et.al. 2003). In excystation, 

cytokinesis has been found to be of great significance. Shortly after shedding the cyst wall, the 

excyzoite divides twice through cytokinesis and in the absence of DNA replication, giving rise to 

four fully mature, tetraploid trophozoites. 

 

In humans, the most commonly used drug when treating giardiasis is Metronidazole (1-(beta-

hydroxyethyl)-2-methyl-5-nitroimidazol), administered as a single dose of 2 g Metronidazole daily 

for a period of three days. Metronidazole is in the category of drugs used in treatment of helminthic, 

bacterial, protozoal and general bowel and inflammatory diseases. In the case of giardiasis it actively 

destroys the cell (www.nlm.nih.gov/medlineplus/druginfo/uspdi/202365.html/). Under anaerobic 

conditions, such as the regions of the body that house Giardia, the metronidazole molecules change 

so as to inhibit the DNA repair enzymes that normally would repair cells. This means death for 

anaerobic organisms such as certain bacteria and protozoans but no lethal effect on aerobic tissues 

(www.marvistavet.com/html/body_metronidazole.html). Other drugs used include tinidazole, 
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furazolidone and the benzimidazole, albendazole (Wright et. al. 2003). A common feature of these 

drugs is that none of them affect the encystation and thus, the spreading of the disease will proceed. 

 

1:6:1 Aphidicolin 

Aphidicolin is defined as a tetracyclic diterpene with anti-viral and anti-mitotic properties. It is a 

reversible inhibitor of eukaryotic nuclear DNA replication, and is a specific inhibitor of alpha-

type DNA polymerases (http://aphidicolin.4mg.com/). The protozoan parasites Leishmania and 

Trypanosoma have been shown to arrest in G1 after exposure to aphidicolin (Kayser et. al. 2001), 

(Kaminsky et. al. 1998). This indicates that aphidicolin potentially could affect Giardia in a 

similar fashion. Furthermore, aphidicolin and aphidicolin-based derivatives have been identified 

as promising antiparasitic drugs (Kayser et. al. 2001).  

 

1:6:2 Trichostatin 

Trichostatin A (TSA) is an antifungal antibiotic that is a potent and specific inhibitor of 

mammalian histone deacetylase, both in vitro and in vivo. TSA inhibits the eukaryotic cell cycle 

and induces morphological reversion of transformed cells; it also blocks cell cycle progression in 

the G1 phase in HeLa Cells (http://www.agscientific.com/Item/T-1052.htm). In in vitro studies, 

trichostatin arrests vegetatively growing trophozoites in the G2 phase, just prior to mitosis (Svärd 

unpublished data). Thereby it is a potential agent for giardial synchronization, and may posses 

the ability of functioning as an antiparasitic drug. 

 

1:7 Aim of the Study 

The aim of this study was to find a way of arresting vegetatively growing giardial trophozoites at 

a specific phase of their cell cycle, thus enabling in vitro synchronization of entire Giardia 

populations. I also wanted to find a way of determining cell cycle specific genes in the giardial 

cell cycle. Since little was previously known of where giardial trophozoites exit the cell cycle 

and encyst, trophozoite synchrony seemed to be a key tool in the elucidation of this matter. 

Furthermore, the potential of using aphidicolin as an inhibitor of cyst-DNA replication and 

thereby transmission of giardiasis was investigated.   
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2. Results 

 

Giardial growth rate: 

The vegetative growth rate in Giardia is known to differ significantly between different isolates 
and clones. At the present time there are no published data regarding the division time for 
giardial trophozoites from isolate A, clone WB-C6-A11. Thus, the rate of cell division of 
vegetatively growing trophozoites from the WB-C6-All clone was investigated by inoculating 
equal numbers of cells in separate tubes containing cell-culturing medium. The cell growth is 
illustrated in Fig 4. From the diagram one can see that the population doubled approximately 
every 5.5 hours. This indicates that the completion of the trophozoite cell cycle takes 
approximately 5.5 hours for this particular clone.   
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Figure 4.  Giardia trophozoite growth. Trophozoites from cell line WB-C6-A11 were incubated at 37°C in TYI-S-

33 medium and counted in a Bürker chamber at different times, an initial value of 18.6 x 104 (±1.65 x 103) cells/ml 

was obtained. Cells were allowed to grow further and each point in the diagram (Fig. 4) represents the average of 

cell counts from three parallel cultures. Each point in the diagram represents a mean value obtained after combining 

the results reached after evaluation of three individual sets of  trophozoite cultures. 
 

Evaluation of cell cycle inhibiting drugs: 

Aphidicolin and trichostatin were evaluated with respect to their effectiveness in inhibiting 

Giardia trophozoite growth (Fig. 5). Giardial trophozoites of clone WB-C6-A11 were inoculated 
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in 10 ml flat-side cell culturing tubes and grown to 40% confluence. Aphidicolin and Trichostatin 

were then added in different concentrations, and the cells were incubated for 24 hours, 

approximately equal to 4 cell divisions (Fig 4). Aphidicolin inhibited growth at a concentration 

of 5 µg/ml. Furthermore; DMSO concentrations of 5 µg/ml had no apparent effect on cell 

division of giardial trophozoites. For trichostatin, inhibition of cell growth was visible with 

increased concentrations of the drug. However, the effects were insignificant and the ethanol 

control affected the growth rate at a higher magnitude than the highest concentration of 

trichostatin. 
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Figure 5.  Evaluation of potential inhibitors on giardial trophozoite growth.  

Individual cultures were collected after a 24 h treatment with aphidicolin or trichostatin and the number of cells were  

counted using a Bürker chamber. A) The effect of different concentrations of aphidicolin (dissolved in DMSO at 5 

mg/ml) on vegetatively growing trophozoites. The light bar indicates the DMSO control, which was administered at 

10 µl per 10 ml growth medium. B) The effect of different concentrations of trichostatin (dissolved in EtOH at 0.15 

mg/ml) on vegetatively growing trophozoites. The dark bar indicates the EtOH control, which was administered at 

15 µl per 10 ml growth medium.  

 

Flow cytometric assessment of aphidicolin treated trophozoites: 

Flow cytometry is an excellent way of determining the amount of DNA present in individual 

cells of large populations. Thus, flow cytometry was utilized to investigate the synchrony of the 

giardial cells previously treated with aphidicolin (Fig 6). When comparing the data from time 

zero to that of the control (vegetatively growing trophozoites) in Fig 6, it was evident that almost 

the entire population at time zero had arrested at a point previous to that of DNA replication. 

After 1.5 hours the entire population started to shift towards 8N, i.e. a doubling of the DNA 

content. It was also apparent that a large part of the population was located between 4N and 8N 
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suggesting that this fraction of the population was in the process of duplicating the genome. At 3 

to 4.5 hours post release, almost the entire population had shifted to an 8N ploidy. The increased 

4N peak at 6 hours was indicative of an early progression of the population towards a 4N ploidy, 

which in turn suggested that population synchrony was maintained throughout the entire six-hour 

period.   
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Figure 6. Flowcytometric assessment of the synchrony of giardial trophozoites. 

Trophozoites were grown as previously described, and treated with aphidicolin for 8 hours in order to synchronize 

the entire population. The cells were then released, i.e. removed from the aphidicolin-containing medium and 
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allowed to grow in fresh cell culturing medium. Following release, the cells were fixed for flow cytometry at 1.5-

hour intervals, and run through a FACS scan . The 4C peak represents the part of the population that resides in G1 in 

the cell cycle, and the 8C peak indicates that there has been a duplication of the genetic make up, thus representing 

cells in G2. A) Untreated population (top), and a population 6 h after aphidicolin release (bottom). B) Cell 

populations at different times after aphidicolin release 

 

 

Bioinformatic analysis of elongation factors present in prokaryotes, eukaryotes, Giardia, and 

archaea: 

A bioinformatic study was carried out in order to compare elongation factors in the DNA 

elongation machinery of Giardia (http://gmod.mbl.edu/perl/site/giardia?page=intro) with the 

conserved ones found in other organisms (Grabowski et. al. 2003). The data present in Table 1 

show that Giardia share most characteristics with other eukaryotes. However, the proteins 

responsible for polymerase and exonuclease activity are more similar to the ones present in 

Archaea. The ss DNA binding proteins (SSB) have not yet been characterized in Giardia, but they 

are different from all presently characterized ones in other organisms.  
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Table 1. A comparison of DNA elongation factors present in bacteria, eukaryotes,  

                 Giardia and archaea. 

DNA elongation 

factors 

Bacteria Eukaryotes Giardia Archea 

ssDNA binding protein 

(SSB) 

SSB 
(one subunit) 

Replication 
protein A 

(RPA) 
(three subunits) 

- RPA/SSBa 

(one or three 
subunits) 

Primase DnaG 
(one subunit) 

Pol α/primase 
complex 

(four subunits) 

Pol α/primase 
complex 

(four subunits 

Primase 
homolog 

(two subunits) 
Polymerase/exonuclease Pol III core 

(three 
subunits) 

Pol δ 
(three subunits) 

Pol ε 
(five subunits) 

Pol δ 
(one subunit) 

Pol ε 
(two subunits) 

Pol B 
(one subunit) 

Pol Db

(two subunits) 
Clamp loader γ-complex 

(five subunits) 
Replication factor 

C 
(RFC) 

(five subunits) 

Replication 
factor C 
(RFC) 

(five subunits) 

Replication 
factor C 
(RFC) 

(two subunits) 
Sliding clamp β Proliferating cell 

nuclear antigen 
(PCNA) 

Proliferating cell 
nuclear antigen 

(PCNA) 

Proliferating 
cell nuclear 

antigen 
(PCNA) 

(one or three 
subunits)c

Removal of primers Pol I 
Rnase H 

Flap 
endonuclease 1 

(Fen-1) 
RNase H 

Flap 
endonuclease 1 

(Fen-1) 
RNase H 

Flap 
endonuclease 1 

(Fen-1) 
RNase H 

Lagging strand 

maturation 

DNA ligase 
(NAD-

dependent) 

DNA ligase I 
(ATP-dependent) 

DNA ligase I 
(ATP-

dependent) 

DNA ligase I 
(ATP-

dependent) 
Topoisomerase Type I and II 

Reverse 
gyrase 

Type I and II Type I and II Type I and II 
Reverse 
gyrased

 
a Euryarchaeotal genomes contain one or three RPA homologues while Crenarchaeota have a single “SSB-like”                          
protein 
b Only in Euryarchaeota 
c Euryarchaeotal genomes contain one PCNA homologue, and Crenarchaeota have three 
d Only in hyperthermophilic and some thermophilic organisms 
 
 

RT-PCR analysis of trophozoite gene expression: 

Due to the previous inability to synchronize Giardia lamblia, there are no published data 

regarding the expression of stage-specific genes at different points in the cell cycle.  

In order to further evaluate population synchrony of aphidicolin-treated trophozoites, and to 

investigate potential cell cycle-specific genes, an RT-PCR was set up with primers amplifying 

Giardia genes, homologous to cell cycle stage-specific genes in Saccharomyces cerivisiae. The 

presence of amplicons was analyzed by agarose gel electrophoresis (Fig. 7). Glutamate 

dehydrogenase (GDH) has previously been shown to be expressed constitutively throughout the 
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cells cycle in studies with Saccharomyces sp. This trend was apparent at all time points, but with 

highly reduced appearance at 1.5-hours post release in Giardia. Thus, GDH was utilized as a 

control for these experiments. 

 

A)       B) 
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 Well nr:  1    2    3    4    5    6    7    8    9                                1    2    3    4    5    6    7    8    9                                  

 

Figure 7. Gene expression at different stages of the giardial cell cycle evaluated by RT-PCR.  

A PCR was carried out over 30 cycles as described in the materials and methods section. PCR products were 

subsequently run on a 2% agarose gel with ethydium bromide. Well contents from left to right in all samples are as 

follows: 1 control, 2 DMSO control, followed by time points, 3 0h, 4 1.5h, 5 3h, 6 4.5h, 7 6h, 8 7.5h, 9 9h post 

aphidicolin release. The different columns contain the following primer sets, A) Top: GDH, bottom: cyclin B B) 

Top: polymerase A, bottom: histone H3.  

 

Encystation capacity at different time points in the cell cycle: 

Little is known of where in the cell cycle giardial trophozoites "exit" to initiate encystation. 

Trophozoites were grown as above, and treated with aphidicolin for 8 hours in order to 

completely synchronize each population. At time zero all cultures were released, i.e. transferred 

to and maintained in TYI-S-33 without any additives. The cells were subsequently exposed to 

encystation medium at one-hour intervals and allowed to encyst over a period of 24 hours. As 

shown in Fig 8, the numbers of cysts increased with time after release, for up to 2 hours.

The dip in the diagram between 2 and 5 hours indicates that the cells had a decreased 

  
 



 

ability to encyst at these stages of the cell cycle. At 5 hours post release the encystation capacity 

greatly increased. The following time points showed an increase in encystation. 
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Figure 8.  Encystation capacities at different times in the giardial cell cycle.  

Cells were synchronized by aphidicolin treatment for 8 hours, released into fresh cell culture medium, and individual 

cultures were exposed to encystation medium at one-hour intervals after release. Each point in the diagram 

represents a mean value calculated from three consecutive cell counts of three parallel cultures, cell counting was 

performed in a Bürker chamber as described in materials and methods. The control was treated with 5 μl DMSO and 

encysted at time point zero. 

 

The effect of aphidicolin on VSP expression during encystation: 

An investigation was conducted regarding the potential of using aphidicolin or an aphidicolin-

based derivative as an inhibitor of giardiasis and more importantly as an inhibitor of transmission 

of the disease. Aphidicolin was added to encysting Giardia populations three hours after the cells 

were exposed to encystation medium. At this time the major part of the population has already 

started to encyst. The possibility that trophozoites arrest in the conjuncture of the G1/S-phase 

was thereby greatly decreased and potential effects of the aphidicolin on the encysting cells 

would not take place before DNA replication in the cysts, which occurs approximately 12 hours 

after the commencement of encystation. Table 2 shows the results of a sequence analysis 

performed on mRNA that was extracted from the aphidicolin treated encysting cells and three 

sets of controls. Cysts treated with aphidicolin represents the experimental sample, untreated 
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trophozoites, aphidicolin treated trophozoites and DMSO treated cysts act as controls. 

Percentages of expressed, VSP-related, open reading frames (ORFs) found in the aphidicolin 

treated cysts were calculated from a total number of 20 colonies picked from each population. 

The ORFs found in the aphidicolin treated cysts were compared to those in the controls, which 

are all derivatives of the same original cell line. A remarkably homogenous set of ORFs were 

expressed in the population of cysts that had been treated with aphidicolin, 85% expressed ORF 

40592, and 15% of the population expressed ORF 137614. Out of all controls present in the 

experiment, only 13% of the aphidicolin treated trophozoites expressed ORF 40592, and 29% of 

the untreated cysts expressed ORF 137614. This indicates that aphidicolin had an effect on gene 

expression in encysting giardial cells. 

 

Table 2.  VSP expression in aphidicolin treated encysting Giardia.  

VSP Troph  Troph + Aph  Cyst  Cyst + Aph 

101410 20    

112048 20 25   

16501 20 25 40  

137710 20    

762826 20    

4313  10   

112647  10   

40592  10  85 

14586  10   

137714  10   

102662   15  

137614   30 15 

113357   15  

 

RNA was extracted from each population shown in Table 2, followed by cDNA synthesis, then an RT-PCR was set 

up with variant-specific surface protein (VSP) -specific primers. PCR products were cloned into T7 vectors and 

subsequently transformed into TOP10 Escherichia coli cells, which were plated on LB agar plates with 10 µg/ml 

ampicillin. The numbers shown in Table 2 are the percentages of colonies, out of a total of 20 colonies from each 

population, that show the indicated ORF represented on the far left hand side. 
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3. Discussion 

 

Giardial growth rates: 

The growth rate of the WB-C6-A11 lineage appears to be the highest out of all known, in vitro 

cultured, giardial isolates. My results indicated complete cell division approximately every 5.5 

hours, which correlates with that found in a similar study performed at The Karolinska Institute 

(Staffan Svärd, unpublished data). Completion of the cell cycle in WB-C6-A11 was 3 hours 

faster than that of the WB-C6 cell cycle, which was estimated at approximately 8-9 hours. 

Measuring and comparing the growth rates of the different giardial isolates were of great 

importance for all of the subsequent studies as relevant conclusions could be drawn in relation to 

where in the cell cycle certain events took place. 

 

Evaluation of growth inhibiting drugs on giardial trophozoites: 

Both aphidicolin and trichostatin have been found to be capable of arresting vegetatively growing 

eukaryotic cells at specific phases of their cell cycles (Borel et. al. 2002, Yoshida et. al. 1999). In 

Giardia, a drastic difference was seen when comparing the results from populations that had 

been exposed to aphidicolin to results from the ones treated with trichostatin. The populations 

that had been treated with aphidicolin at amounts equal to or exceeding 5 µg/ml for 24 hours 

were arrested in S-phase. Furthermore, DMSO had no apparent effect on the control population 

at the concentrations tested. Trichostatin had no significant affect on vegetatively growing 

giardial cells at the concentrations examined, and an increase in concentration would lead to an 

increase in ethanol added to the cells. 

(http://www.sigmaaldrich.com/catalog/search/ProductDetail/SIGMA/T8552). Ethanol, at the 

volumes necessary for complete dissolution of the drug, may itself have a negative effect on 

giardial trophozoites. Thus, aphidicolin became the drug of choice for the remaining 

experiments. The decision was made partly due to aphidicolin's ability to completely synchronize 

trophozoite populations of Giardia, but also for its potential use in treatment of giardiasis and as 

an inhibitor of transmission, which has proven to be the case in closely related relatives to 

Giardia. 

 

Flow cytometric evaluation of aphidicolin treated giardial trophozoites: 

Flow cytometry can discriminate between cells that express different amounts of DNA in their 

nuclei. Thus, when large populations of vegetatively growing giardial cells, which are known to 
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cycle between a 4N and an 8N ploidy (Bernander et. al. 2001), are passed through a flow 

cytometer two apparent peaks show up that corresponds to the ploidy of the entire population. A 

4N ploidy is indicative of a population stationed in the G1-phase, and an 8N ploidy of one 

stationed in the G2 or M-phase. The cells scattered between these two peaks on the cytogram 

seen in Figure 6 are in the S-phase. Post aphidicolin arrest of trophozoites from the WB-C6-A11 

lineage, most cells in the population were located in G1 of the cell cycle. After the release from 

aphidicolin the cells were shown to progressively advance through the S-phase, into the G2 phase 

of the cell cycle and then back into G1 again.  Preliminary flow cytometry data showed a similar 

trend in giardial trophozoites from the WB-C6 cell line that had been treated with aphidicolin and 

released (Johan Ankarklev, unpublished data). The capability of effectively monitoring these 

events provides evidence that aphidicolin is an effective tool in synchronizing Giardia 

populations in vitro, and it is presently the only drug known to have this property.  

 

Analysis of elongation factors in Giardia and other organisms: 

As shown in Table 1, Giardia shares most features of its DNA elongation machinery with other 

eukaryotes, but there are also certain ones that are more similar to the ones found in members of 

archaea. These findings are interesting from an evolutionary point of view since it has been 

proposed that Giardia may be a missing link between prokaryotes and eukaryotes.   

The ss DNA binding protein shows no homologies at all to any of the other organisms that were 

investigated. The fact that there are differences in the DNA elongation machinery between 

humans (eukaryotes) and Giardia strengthens the hypothesis that this could potentially be an 

important target in the development of new anti giardial drugs. 

 

RT-PCR analysis of gene expression at different points in the Giardia cell cycle: 

Since synchrony had not been obtained prior to the present study, the existence of cell cycle 

stage-specific genes that become activated at different phases during giardial growth so far has 

merely been hypothesized. The results shown in Fig 7 suggest that some Giardia genes are 

expressed preferentially at certain stages of the cell cycle. These results also provide evidence for 

population synchrony. As mentioned earlier, trophozoites from the WB-C6 lineage were 

collected in 1.5-hour intervals post aphidicolin treatment and analyzed for expression of the 

following proteins; GDH, cyclin B, DNA polymerase I-alpha, and histone H3. GDH has been 

found to be expressed constitutively in other eukaryotic organisms (Adam 2001). In Giardia a 

similar trend was seen and GDH was therefore used as a control. DNA polymerase I-alpha (pol 
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A) is highly expressed in S-phase in yeast (Rustici et. al. 2004). In figure 7 it becomes evident 

that pol A is highly expressed in Giardia at 1.5 hours after aphidicolin release, and in accordance 

with the flow data (Fig 6), most of the population is in S-phase at this time. The expression 

seems to be absent in G2, and then increase again once the synchronized population reaches S-

phase a second time around at 7.5 h and 9 h. Thus, Pol A seems to be cell cycle stage specific for 

S-phase in Giardia.  The weaker bands seen at times 7.5 h and 9 h indicate that population 

synchrony is not fully maintained after mitosis. Cyclin B and Histone H3 showed some 

interesting variations in expression during the giardial cell cycle; however further investigations 

are necessary before proper conclusions can be made regarding stage specificity for these genes 

in Giardia. In order to further investigate cell cycle stage specificity for genes present in Giardia, 

a quantitative PCR will be set up where a broader array of genes can be assayed and exactly 

quantified more easily.   

 

Evaluation of a proposed encystation restriction point in the giardial cell cycle: 

Encystation in Giardia has been proposed to take place at some point during the G2 phase of the 

cell cycle (Bernander et. al. 2001). As indicated in Fig. 6, aphidicolin-treated cells reach the G2 

phase 1.5-3 hours post release. The diagram depicted in Fig. 8, supports the proposition that 

trophozoites that have passed a certain restriction point for encystation in G2 have a reduced 

capability in completing encystation. The amount of cysts increased as the population 

approached, and subsequently entered G2. As the population synchronously moved along the 

G2-phase, a sudden reduction in cyst formation became visible. The number of cysts produced, 

remained almost unchanged at the 4-hour marker but peaked again at 5 hours (approximately one 

complete cell cycle), and then continued to rise until 8 hours. Even though the population was 

probably not as synchronous after 7 and 8 hours, there was a tendency of yet another dip in the 

encystation, which again would have been caused by the population passing the proposed 

restriction point in G2. Trophozoites in vivo encyst when exposed to a change in their micro-

environment, such as that found in the latter part of the small intestine. However, if the 

environment changes too drastically and too quickly the trophozoites that have just passed the 

restriction point for encystation often die before they reach it the next time around the cell cycle. 

It is highly likely that this was the case in the populations collected at 3 and 4 hours, where a 

large part of the cells clearly did not have sufficient time to reach the restriction point before 

getting harmed too much by the disadvantageous environment.  

Preliminary data from a follow up experiment indicated that the cysts used in this experiment 
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excysted at a much higher frequency 1 to 2 hours before the supposed restriction point, i.e. before 

the time points when the dip in cyst numbers was seen in Fig. 6. After the restriction point, 

excystation occurred at a very low frequency. A high rate of excyzoites obtained from a 

population of cysts is indicative of good encystation.  

 

Effects of aphidicolin on VSP expression: 

Aphidicolin influenced VSP expression in encysting Giardia. All populations shown in   

Table 2 were extracted from the same original culture of vegetatively growing trophozoites, and 

thereby initially expressed the same set of VSPs as that found in the untreated trophozoites. It has 

previously been discovered that VSP expression often changes upon encystation (Staffan Svärd, 

unpublished data), meaning that a fully formed cyst has a different complement of VSPs 

compared to that present on the surface of the trophozoite prior to the commencement of 

encystation. Thus, the control population of cysts was used as means of verifying VSP 

expression for encystations in the absence of aphidicolin. ORF 16501 was expressed by 43% of 

the cyst control population, an ORF that was also found in the untreated trophozoite population. 

The VSP-related ORFs seen in the control cysts were all different from the aphidicolin treated 

cysts, with the exception of ORF 137614. However, 85% of the population of cysts exposed to 

aphidicolin expressed ORF 40592, an ORF that was not expressed in the control cysts. These 

results indicate that aphidicolin does have an effect on VSP expression in excysting cells, and 

thereby promote the possibility that aphidicolin or an aphidicolin-based derivative may have the 

potential to inhibit the transmission of giardiasis. The next step will be to investigate how well 

encysting trophozoites excyst after they have been treated with aphidicolin.  

 

With this newly discovered method of synchronizing entire Giardia populations using 

aphidicolin, the potential of using Giardia as an in vitro model system for research related to 

higher eukaryotic organisms has been raised. As shown in this study, it is now possible to 

characterize stage specific cell cycle genes in giardial trophozoites. Further investigations of the 

behavior of these genes may potentially hold some answers to the large array of questions posed 

in human cancer research. Since giardiasis has such an enormous impact on humans across the 

world, additional research on aphidicolin or an aphidicolin-based derivative will hopefully hold 

in store a way of decreasing transmission.  
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4. Materials and Methods 

 

4:1 Strains and Cell maintenance 

Giardia lamblia trophozoites, strain WB-C6 and WB-C6-A11 (University of San Diego) were 

axenically maintained in 10 ml nunclon delta flat side tubes, (NUNC, prod. no. 156758) in TYI-

S-33 cell culturing medium at 37˚C. The cells were re-inoculated every four days. As 

trophozoites attach to any surface with their ventral adhesive disc de-attachment was necessary. 

This was performed by submerging the tubes of trophozoites into an ice-slurry for 15-20 min 

prior to re-inoculation. 

Plasmids used in cloning were the pCR®T7 TOPO®TA Expression Kits (Invitrogen, Cat. No. 

K4211-01) 

For transformation, TOP10 chemically competent Escherichia coli cells were utilized 

(Invitrogen, Cat. No. C4040-10). Cloning and transformation were performed as suggested by 

the manufacturer.  

Bacterial cell cultures were grown in, unless otherwise indicated, Luria-Bertani medium (10g 

bacto-tryptone, 5g bacto-yeast extract, 10g NaCl, and 1l H2O). 

 

4:1:1 Trophozoite Medium

Diamond's TYI-S-33 (Tryptone-Yeast extract-Iron-Serum) was used for axenic maintenance of 

Giardia trophozoites. The following components were included in 1 liter TYI-S-33, 30 g/l 

peptone (tryptone and yeast mix), 55.6 mM glucose, 34.2 mM NaCl, 1.14 mM L-ascorbic acid, 

5.74 mM K2HPO4·3H2O, 4.41 mM KH2PO4, 11.4 mM L-cysteine and 0.038 mM ferric 

ammonium citrate. H2O was added up to 880 ml, and the pH was set to 7.1 by the addition of 5 

M NaOH. The solution was then filtered through a 0.45 µm sterile filter, followed by the addition 

of 10 ml 100X bovine bile, and 100 ml fetal calf serum.  

 

4:1:2 Encystation 

For in vitro encystation, TYI-S-33 medium was prepared as above, but with two significant 

alterations; the pH was set to 7.8 and the 100X bovine bile content was increased from 10 ml to 

100 ml for 1 liter medium. Trophozoite populations with 70-80% confluence, which corresponds 

to approximately 2 x 106 cells, were sedimented at 900 g for 5 min. The entire population was 

then incubated in 10 ml encystation medium at 37˚C for 24 h. 
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4:1:3 Excystation 

Prior to excystation, cysts were maintained in 1 ml ddH2O at 4˚C for a minimum of 3 days. The 

excystation procedure for in vitro-derived cysts is a two-step method based on, but modified 

from the procedures utilized by Boucher et. al. 1990. In the first step, the induction step, a low-

pH induction solution was prepared by mixing 6.82 ml NaHCO3 (0.1 M) with 6.82 ml of Hanks 

balanced salt solution (Sigma-Aldrich Cat. No. H4641) containing 0.33 mM glutathione and 0.57 

mM L-cysteine hydrochloride. An additional 11.36 ml ddH2O was added to the mixture resulting 

in a final volume of 25 ml. The pH was set to 4.0 with HCl (1.0 M), and the solution was heated 

to 37˚C prior to usage. In the first step, cysts were pelleted at 900 g for 5 min. The pellet was 

resuspended in 200 µl of ddH2O, transferred to Eppendorf tubes containing 1 ml induction 

solution and incubated for 20 min in a 37˚C water bath.  

For the second step an excystation solution was prepared, 0.2 g of Tyrodes (Sigma-Aldrich Cat. 

No.T2145) was added to18 ml ddH2O, and the pH was set to 8.0 with NaHCO3 (0.6 M). The 

solution was heated to 37˚C and 15 ml was added to 15 mg trypsin and 40 mg taurocholic acid 3 

min antecedent to the cessation of step 1. After incubation, the cysts were sedimented at 900 g 

for 5 min at room temperature, the supernatant was removed and 1 ml excystation solution was 

added, followed by 45 min incubation at 37˚C. After the 45 min incubation period, the cells may 

be analyzed and/or transferred to trophozoite growth medium. 

 

4:1:4 Cell Counting 

Cells were collected and resuspended in 1 ml of cell culturing medium. Then 10 μl were 

administered to a Bürker chamber and cells were counted using an inverted light microscope. 

The method involved counting three pre-determined A-squares in a diagonal order, starting from 

left to right and a mean value from the three squares was established. 

 

4:2 Giardia Population Synchronization 

Giardia cultures were grown to 60% confluence (1.5 x 106 cells/ml). Then aphidicolin dissolved 

in DMSO was administered at 5 µg/ml to each individual tube. Aphidicolin treatment was 

allowed to progress for 12 h, and was terminated by a subsequent "release" step, where the cells 

were collected by centrifugation at 900 g for 5 min at 4˚C, and resuspended in fresh TYI-S-33. 

The parasites were then incubated at 37˚C and collected at specific time intervals for up to 10 h. 
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4:3 RNA-extraction and cDNA synthesis 

RNA-extraction 

Cells were collected by centrifugation at 900 g and resuspended in 1 ml TRIzol (Invitrogen Cat. 

No.15596-018). The samples were vortexed for 30 sec; samples containing cysts were vortexed 

in the presence of plastic micro-beads (Supelco Cat. No.59203) in order to completely rupture 

the cyst walls. 200 µl of CHCl3 was added to the samples, which were vortexed for 15 sec. 

followed by 10 min centrifugation at 12000 g at 4˚C. Centrifugations of the samples lead to the 

establishment of two separate phases, an organic phase and an aqueous phase. The latter, which 

contained the RNA, was transferred to a new tube and mixed with 40 µl of NaOAc (3M), pH 5.2 

and 1 ml ethanol (95%). The samples were then precipitated at -20˚C for 1 h. After the 

precipitation was completed, the RNA was collected by 30 min centrifugation at 12000 g, 4˚C, 

washed once with ethanol (70%), and centrifuged again under the same conditions. The 

supernatant was discarded, the pellet was allowed to air-dry for 20 min at room temperature. 

Finally 20 µl of ddH2O was added in order to dissolve the pellet. 

The RNA samples were treated with DNase through the addition of 10X RT buffer (Invitrogen 

Cat. No. 470243), 0.5 µl of 10000 U/µl DNase (Invitrogen Cat. No. 18047-019), and 0.5 µl of 

33400 U/µl RNase inhibitor (Invitrogen Cat. No.10777-019), followed by an incubation period at 

37˚C for 45 min. The enzymes were then inactivated by 10 min incubation at 96˚C.  

 

cDNA synthesis 

The RNA concentration from the samples in the previous step was measured using a Nanodrop 

(Saveen Werner Cat. No. ND-1000). 5 µg of total RNA was mixed with 1 µl of 10 mM dNTP 

mix (Invitrogen, Cat. No. 18427-013) and 1 µl of 50 pmol/µl Oligo (dT) poly T primer 

(Invitrogen Cat. No.18418-020). ddH2O was added up to 10 µl and the samples were incubated at 

65˚C for 5 min. After incubation a reaction mixture was added that contained, 2 µl 10X RT 

buffer, MgCl2 (25 mM), 0.1 M DTT (Invitrogen Cat. No. D1532), and 1 µl of 40 U/µl 

recombinant ribonuclease inhibitor (Invitrogen Cat. No.10777-019). The samples were mixed 

gently and incubated at 42˚C for 2 min. After 2 min, 1 µl of 50 U/µl Superscript IIITM Reverse 

transcriptase (Invitrogen Cat. No.18080-300) was added, and incubation was allowed to progress 

for another 50 min, followed by a 15 min termination step at 70˚C. The reactions were cooled on 

ice and collected by brief centrifugation. 1 µl of 4 U/µl RNase H (Invitrogen Cat. No. 18021-

014) was added and a final 20 min incubation period at 37˚C was performed. 
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4.4 Primer Design and Reverse Transcriptase PCR 

Primer design 

The primer set utilized for amplification and analysis of VSP cDNA molecules was based on that 

found in Bienz et. al. (2001).  

The assumed specific cell cycle genes were obtained through a BLAST 

(http://www.ncbi.nlm.nih.gov/blast/mmtrace.shtml) analysis of the Giardia genome, which in 

turn was compared to known, specific cell cycle genes of closely related organisms. GDH, 

polymerase A, cyclin B, and histone H3 were chosen. 

The primers for amplification and analysis of cell cycle specific genes were designed using 

BLAST on the giardial genome at the Giardia DB homepage. 

(http://gmod.mbl.edu/perl/site/giardia?page=intro).  

The primer sets are shown in Table 3. 

 

Table 3. Sequences of primers 

Target gene Primer direction Nucleotide sequence 

(5’  3’) 
GDH Fwd GAGGGCCAGGTGGATTGC  

 Rev CCCCGGAAACCTCGTTCT  
PolA Fwd AGTGACTTATCCCGCCAACAAA  

  Rev CAAGTACCTGTGGTCCAAAGAACA  
CycB Fwd CACGCTACTTGTTGACTGGATCTC  

 Rev AGCTCTCGTTGGCCAAATTG  
HisH3 Fwd ATTTGCCAGCCCGTGTTC  

 Rev GCCCCATCGTGTGAAATTTC    
VSP* Fwd GCAGATCTCAC AAYGGIGTITGYACIGC  

 Rev CGGCGGCCGCTCAGAACCACCAGCAGAGGA 

   *I = deoxyinosine and Y = C or T 

 

 

Reverse transcriptase PCR  

A two-step semi nested PCR reaction was utilized for amplification of VSP transcripts. For the 

first PCR reaction VSP gene-specific forward primer (10 µM) and unspecific oligo dT primer  

(10 µM) were mixed with 2 µl cDNA from the previous step and 21 µl ddH2O. The mixture was 

added to 0.2 ml tubes containing PuReTaqTM Ready-To-GoTM PCR Beads (Amersham 

Biosciences, Prod. No.27-9559-01). A PCR was carried out by 30 cycles of 94˚C for 30 sec, 

38˚C for 30 sec, and 72˚C for 1 min, with a final 7 min extension at 72˚C. For the second PCR, 2 
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µl of the product from the first PCR was mixed with VSP gene-specific forward primer (10 µM), 

VSP gene-specific reverse primer (10 µM) and 21 µl ddH2O. The mixture was added to 0.2 ml 

tubes containing PuReTaqTM Ready-To-GoTM PCR Beads as above. The second PCR was carried 

out by 30 cycles of 94˚C for 30 sec, 47˚C for 30 sec, and 72˚C for 1 min, with a final 7 min 

extension at 72˚C.  

For the qualitative analysis of cell cycle genes, the samples were prepared as above and a one- 

step PCR reaction was carried out by 30 cycles of 94˚C for 30 sec, 57˚C for 30 sec, and 72˚C for 

sec.  

 

4.5 VSP Gene Sequencing 

Gel extraction 

PCR samples were run on a 1% agarose gel in Tris-acetetate-EDTA (TAE) buffer (0.4 M Tris, 

0.01 M EDTA, 0.2M acetic acid, and H2O). The bands from VSP amplicons, which are all 

around 300-700 bp were cut out and extracted using QIAprepTM Spin Miniprep Kit (Qiagen, cat. 

no. 27106).   

 

Cloning and transformation 

After purification the gene products were cloned into TOPO TA cloning vectors, according to the 

protocol for the pCR®T7 TOPO®TA Expression Kits (Invitrogen, Cat. No. K4211-01). The 

vectors were transformed into E. coli chemically competent Top 10 cells, which were grown in 

S.O.C. medium (distributed with the cells) for 1 hour. Cells containing the vector were selected 

for by growing the cultures, on an LB agarose plate with 50 µg/ml ampicillin, at 37˚C for 12 

hours. Colonies were later picked at random and grown in LB medium containing 100 µg/ml 

ampicillin. 

 

Sequencing

The plasmids prepared in the previous step were isolated from the E. coli cells by the aid of a 

plasmid miniprep kit (BIORAD, Cat.No.732-6100) as described by the manufacturer. A second 

PCR was set up with the sequencing primers distributed with the pCR®T7 TOPO®TA cloning 

kit, and the PCR products were sent to the Rudbeck Laboratory, Uppsala University, for 

sequencing. 
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4.6 Bioinformatics 

The bioinformatic analysis was based on information found at GiardiaDB 

(http://gmod.mbl.edu/perl/site/giardia?page=intro) and NCBI BLAST 

(http://www.ncbi.nlm.nih.gov/BLAST/) 

 

4.7 Flow Cytometry 

Fixation: 

Giardia cells were concentrated by centrifugation at 900 g. The supernatant was removed and the 

cells were resuspended thoroughly in 50 µl of TYI-S-33. 50 µl of the cell suspension was 

transferred to a new Eppendorf tube that contained 150 µl of cell fixative (1 % Triton X-100, 40 

mM citric acid, 20 mM dibasic sodium phosphate and 0.2 M sucrose, the pH of the solution was 

set to 3.0 with NaOH/HCl). The cells were fixed for 5 min at room temperature. In order to avoid 

formation of lumps among the cells upon fixation, the Eppendorf tubes were mixed by inversion 

throughout the entire 5 min fixation period. After fixation, 350 µl of diluent buffer was added to 

the samples (125 mM MgCl2 in PBS, pH 7.2). The samples were stored at 4˚C until used.  

DNA staining: 

Fixed cells were centrifuged at 5200 g and washed once with 100 µl phosphate buffered saline (8 

g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, 1l H2O). The cells were then resuspended 

in 500 µl PBS and 2.5 µl of 5 U/µl RNase A (Roche, Cat. No.109142) was added in order to rid 

the sample of potential artifacts before staining was initiated. RNase-treated cells were incubated 

at 37˚C for 30 min. After RNase treatment the samples were centrifuged as above and the pellet 

was resuspended in 65 µl of Tris-MgCl (10 mM Tris, 10 mM MgCl2) for DNA stabilization, and 

65 µl of 200 µg/ml mithramycin A, 40 µg/ml ethidium bromide mixture was added to stain the 

DNA. Ethidium bromide gets excited at 530 nm and emission occurs at 605 nm, mithramycin A 

is excited at 445 nm, and emission occurs at 575 nm 

(www.ueb.cas.cz/Olomouc1/LabDol/Research/Flow_cytometry/Analysis_Nuclear_DNA_Conten

t/Analysis_Nuclear_DNA_Content.htm). The samples were stored on ice until use. 

 

Flow cytometry: 

Flow cytometry for DNA quantification on in vitro grown Giardia populations was performed on 

a Bryte HS instrument (Bio Rad) as suggested by the manufacturer. 
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