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Figure 1. T. gondii sexual cycle, asexual cycle, and 
transmission.  

Introduction 

Toxoplasma gondii is an obligate intracellular protozoan parasite with the ability to 

invade and infect virtually any warm blooded animal. It is the causative agent of toxoplasmosis 

and there are no current therapeutics 

effective against the chronic stage of 

disease. A category B priority pathogen 

(CDC, 2013), it is T.gondii’s asexual 

cycle that presents the biggest problem to 

humans. Oocysts shed from feline feces  

are ingested (from water, soil, or feed) by 

intermediate hosts and begin their 

asexual cycle as released sporozoites 

which infect the intestinal epithelium and 

release the quickly dividing tachyzoites 

during the acute stage of infection. The host immune response eliminates tachyzoites but some 

differentiate into bradyzoites and tissue cysts, causing the chronic stage of infection. These cysts 

can remain in the CNS and muscle tissue of the host for years and consequently, humans who eat 

undercooked or contaminated meat are at high risk of infection (See Figure 1 for a complete 

diagram).  

Toxoplasmosis can also be transmitted through drinking water containing oocysts, 

contact with soil (or litter boxes) containing oocysts, and through the placenta congenitally.  

(cite) More than 60 million people in the United States carry T. gondii., while 50% of 

toxoplasmosis related deaths are attributed to contaminated meat (CDC, 2000). 
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While infection in immunocompetent individuals is usually benign and typically goes 

unnoticed, severe pathology can occur in immunocompromised individuals such as AIDs 

patients in the form of toxoplasmic encephalitis (TE), characterized by intracerebral lesions (Luft 

& Remington, 1998). It is estimated that 24% to 47% of toxoplasma-seropositive AIDS patients 

develop TE (Zangerle et al., 1991) prior to effective retroviral therapy. This opportunistic 

infectious disease is triggered as cysts previously latent in the chronic stage rupture and release 

bradyzoites. These convert to tachyzoites which then replicate and travel throughout the body in 

a reactivated form of acute infection that can be deadly in those with a compromised immune 

system. Most AIDs patients with TE have CD4+ counts of below 100-200 cells/mm3 (De Silva 

et al., 2008). 

Past research has pointed to cell mediated immunity and endogenous nitric oxide as 

critical for the control of chronic infection (Khan et al., 1998; Khan et al., 1997; Khan et al., 

1996). However, neither is able to inhibit cyst formation or prevent the threat of reactivation. 

Thus, the chronic stage of infection is permanent and, there is no treatment to eliminate cysts. 

This poses a danger to not only immunocompromised individuals but also those who risk eating 

contaminated or undercooked meat. Other studies have begun to examine the process of stage 

conversion from tachyzoite to bradyzoite in an attempt to better understand cyst formation 

(Reviewed in [Skariah et al., 2010; Sullivan et al., 2009; Ferreira da Silva et al., 2008]). In this 

paper, we examined the role of two hypothetical T. gondii genes in tachyzoite conversion to 

bradyzoites within cysts.  We examined the role of each gene by comparing the ability of the 

parental strain Prugnaud of T. gondii (wild type/WT) to convert from tachyzoites to cysts in 

response to different types of exogenous stress compared to parasite clones with one of the two 

genes specifically deleted (KO clone).  This was a gene discovery project aimed at identifying 
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Figure 2: Average number of cysts per mice brain 30 days post 
infection of WT (Pru) parasites versus mutants. Average 
number of cysts in parenthesis: Pru (WT), 5 mice (72) ; 68c6, 5 
mice (0.6); Fikk KO, 3 Mice (5.8)  

inherent vulnerabilities in T. gondii that could be targeted to prevent or eliminate cysts and thus 

prevent the potential for disease reactivation. Exogenous stressors that have been previously 

analyzed and shown to induce conversion of tachyzoites to cysts in wild type parasites (not 

genetically altered) include nitric oxide (NO), heat shock, alkaline pH, and nutrient deprivation 

(Reviewed in [ Skariah et al., 2010; Sullivan et al., 2009; Ferreira da Silva et al., 2008]). My 

study implicates two novel parasite genes as important for cyst formation: TGME49_069350 and 

TGME49_289050. TGME49_069350 is a hypothetical gene in T. gondii that was identified in a 

random mutagenesis screen as 

being important for resistance 

to macrophage activation 

(Skariah et al., 2013).  

TGME49_289050 is a putative 

hypothetical serine threonine 

kinase with a novel catalytic 

domain and is designated as a 

FIKK kinase. FIKK kinases are 

unique to Apicomplexa parasites 

including T. gondii and Plasmodium, 

the causative agent of malaria, and plants, and are recognized as potential drug targets [8,9]. The 

68c6 mutant (disrupted in the TGME49_269350 gene) and a strain with a targeted deletion in 

(Nunes et al., 2007; Nunes et al., 2008) sole FIKK kinase (TGME49_289050) are both impaired 

in the ability to establish chronic infection based on preliminary data (see Figure 2). 
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Purpose  

The goal of my research was to evaluate two novel parasite genes, TGME49_269359 and 
TGME49_289050, and their roles in establishing chronic infection through their abilities to 
convert tachyzoites into tissue cysts under stress conditions.    
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Materials and Methods 
Parasites and Cell Culture  

A Type II Prugnaud strain of T. gondii was used as well as targeted deletions for 

TGME49_269350 (68c6 KO) and TGME49_289050 (FIKK KO) in the Prugnaud parental strain. 

Parasites were maintained on a monolayer of human foreskin fibroblast (HFF) cells and cultured 

in a 5% CO2 incubator at 37˚C.  

Parasite infection and evaluation of growth in stress conditions. 

Wild type (WT) T. gondii or each of the gene deleted clones was used to infect HFF cell 

monolayers in 24 well plates or individual chamber slides. Wells and chambers were inoculated 

with 1 µl of parasites that were then allowed to grow within HFF cells in D10 media (Dulbeccos) 

minimal essential media high glucose formulation with 10% fetal calf serum, L-glutamine, 

penicillin streptomycin) for three days unless otherwise stated. Parasites were grown in HFF 

cells in D10 media (no stress) or exposed to one of the following environmental stress 

conditions: nitric oxide (NO), alkaline pH and nutrient deprivation. Stress was applied four hours 

after challenge of HFF cells with WT or gene deleted parasites. NO was induced using 100 µM 

sodium nitroprusside, (a nitric oxide donor), in D10. Alkaline pH shock was induced using pH 8 

RPMI media with L-glutamine and 1% fetal calf serum. Parasites subject to nutrient deprivation 

were grown in 1% D10 media in Hanks Balanced Salt Solution with HEPES added as a buffer to 

maintain neutral pH.  

Staining of parasites 

Parasites were fixed using 4% paraformaldehyde solution in PBS for 20 minutes and rinsed with 

PBS. Chamber slides to be stained for immunofluorescence were permeabilized with 0.02% 

Triton X-100, blocked in 10% fetal calf serum and stained with rabbit polyclonal anti-

Toxoplasma Ab followed by Alexa Flour 584 goat anti-mouse or goat anti-rabbit secondary 
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antibody, and FITC-conjugated Dolichos biflorus agglutinin (DBA) lectin that binds to CST1 on 

the parasite cyst wall (Zhang et al., 2001).  Chamber slides were mounted using 

VECTASHIELD mounting medium with DAPI. For plaque measurements (see below), wells 

were soaked in Giemsa stain for 30 minutes and then left to dry.  

Microscopy  

During fluorescence microscopy, mutants were examined with a Zeiss inverted Axiovert 200 

motorized microscope using a 100x objective. At least 100 parasites were counted at least twice 

in each well along with the number of cysts seen with the respective parasites. Photomicrographs 

were taken using the Zeiss Axiocam. To monitor the size of plaques in HFF cells caused by 

single parsites, plaques were viewed under the 20x objective and measured via PixeLINK-PL-

A6XX. Major and minor axes were recorded and used to calculate the approximate area of the 

plaques with the formula for the area of an ellipse. Photomicrographs were taken using 

PixeLINK Capture Camera.   

Gene Sequencing for 68c6 gene (annotated as TGME49_269350 )   

RNA was isolated from WT parasites using Qiagen RNEasy plus columns per manufacturer 

instructions. cDNA was created from RNA using Invitrogen superscript master mix with and 

without reverse transcriptase using poly dT instead of random hexamers. Primer sets for 

amplication of the cDNA of the gene were designed based on the gene prediction for the gene at 

ToxoDB (Gajria et al., 2008).  The resulting cDNA was used along with primer sets ordered 

from Integrated DNA Technologies (IDT) for gene sequencing and 3’ Race sequence. cDNA 

was amplified using GoTaq DNA Polymerase Protocol and results from PCR were evaluated by 

horizontal gel electrophoresis. Positive PCR products were used in TOPO cloning reactions with 

the Invitrogen TOPO TA Cloning Kit using One Shot Chemically Competent E. coli cells. 
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Positive colonies were picked and a crude boil prep of the bacterial colony was done to release 

DNA for PCR analysis. Bacterial replica plates were made prior to boiling for subsequent 

recovery of bacteria containing the insert of interest based on the PCR results.  M13 forward and 

reverse primers specific for the TA cloning vector were used to amplify the DNA inserted into 

the TOPO vector. PCR was performed using GoTaq PCR MasterMix from Promega. PCR results 

from the DNA cloned into the TOPO vector were examined by horizontal gel electrophoresis. 

Colonies with bacteria containing the correct insert size from the original PCR results were 

recovered from replica plates and inoculated into cell cultures overnight in order to grow up the 

plasmid to high densities. Plasmid DNA was isolated using QIAprep Spin Miniprep kit as per 

manufacturer instructions. Purified DNA was sent to Genewiz for sequencing.  

Analysis of cDNA sequences and identification of 3’ ends  

The 3’ end of the 68c6 gene was isolated from WT parasites using Ambion First Choice RLM-

Race Kit and cDNA as described. Sequences received from Genewiz were blasted to the T. 

gondii genome on ToxoDb.org, a Toxoplasma genomics resource and assembled using 

DNASTAR Seqman NGen sequence assembly program.    

Results  

Quantitative and qualitative data were collected in an attempt to identify a distinct phenotype for 

each of the TGME49_269350 and TGME49_289050 gene-deleted parasite clones. Plaque 

assays, cyst counts, and microphotographs were analyzed to evaluate differences in the lytic 

cycle and tachyzoite to bradyzoite conversion. The goal was to identify any differences in 

parasite behavior in gene deleted clones compared to WT parasites.   

Lytic Cycle in the Absence of Stress  
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We compared the gene deletion parasite clones to the WT strain for their ability to form plaques 

in HFF cells monolayers over a five day culture period. The parasite lytic cycle (invasion of a 

host cell, replication, egress, migration and reinvasion of adjacent HFF cells) over time results in 

a zone of clearance around the initial parasite and provides a measure of the parasite’s ability to 

efficiently carry out repetitive lytic cycles.  Zones of lysis in HFF monolayers induced by WT 

and gene deleted parasites were measured and were compared using student’s t-test. Plaques 

formed by the 68c6 KO clone were significantly smaller than WT plaques with a p-value of p≈ 

0.00 while plaques formed by the FIKK KO clone were not seen to be statistically different from 

those of wild type parasites. Thus, the 68C6 gene deletion results in poor efficiency for an aspect 

for the lytic cycle of the parasite while the FIKK deletion does not.  

 68c6 KO Cyst Production   
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The ability of the 68C6 gene deleted clone compared to the WT parental parasites to form cysts 

in response to diverse exogenous stressors (NO, alkaline pH, nutrient deprivation) known to 

induce tachyzoite to bradyzoite conversion and cyst production was compared.  The number of 

cysts were determined after three days in the presence and absence of each stressor by counting 

the number of parasite vacuoles that had formed an intact cyst wall that stained positive for the 

cyst wall protein CST1 (detected using Dolichos biflorus agglutinin (DBA) lectin binding to 

CST1) divided by the total number of parasites (stained with a polyclonal Ab against T. gondii). 

Cyst numbers were analyzed using student’s t-test to compare WT and the gene deleted parasite 

clone (see Figure 3). Under SNP induced stress, 68c6 KO parasites had an impaired ability to 

produce fully formed cysts (p= 0.004). 68c6 cyst numbers similarily decreased under alkaline pH 

shock (p=0.0001) and nutrient deprivation (p=0.004). Thus, the 68C6 gene is likely important for 

the abiltiy of the parasite to respond effectively by cyst formation to a broad array of exogenous 

stresses. 

FIKK KO Cyst Production  

The role of the FIKK gene in in vitro formation of cysts was also evaluated. Cyst numbers were 

analyzed using student’s t-test to compare WT  and the FIKK deleted parasite clone (see Figure 

4). Under SNP induced stress, FIKK KO parasites had an impaired ability to produce fully 

formed cysts (p= 0.0133). FIKK KO cyst numbers similarily decreased under alkaline pH shock 

(p= 0.0001) and nutrient deprivation (p= 0.0055).  
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Comparision of Cyst Wall Intensities  

Both the FIKK and 68c6 targeted gene deletion clones were impaired in their ability to form 

cysts following a broad array of exogenous stress based on quantitative differences in cyst 

numbers. However, qualitative differences in cyst formation related to WT parasites were also 

noted. During cyst counts, photomicrographs were taken of cysts deemed representative of all 

counted cysts in their specific conditions. Qualitatively, in all stress conditions, the intensity 

level of 68c6 KO and FIKK KO intact cysts were dimmer compared to WT cysts even when the 
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gene deleted parasite clones were able to form cysts. The most notable differences were seen 

between WT and 68c6 KO under NO stress and between WT, 68c6 KO and FIKK KO under 

nutrient deprivation.  

The results show a distinct phenotype for both gene deleted clones in tachyzoite conversion to 

cysts with 68c6 KO also having a deficiency in its lytic cycle. Both FIKK KO and 68c6 KO had 

a lowered ability to form cysts compared to WT parasites in response to stress and the few cysts 

WT 68c6 KO FIKK KO  

Nitric 
Oxide 

Alkaline 
pH 

Nutrient 
Deprivation  

Figure 5: Cyst examples under different stress conditions for WT and mutant parasites 
are shown. Images were taken under the same exposure 
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that were formed were qualitatively different from WT parasite cysts and had what appears to be 

a less well developed cyst wall.   

Identification of the 3’ end of the hypothetical gene for 68c6 

While the identification of the entire cDNA for the 68c6 gene was not completed, the 3’ 

untranslated region (UTR) and polyadenylyation site was identified using 3’ rapid amplification 

of cDNA ends (RLM-RACE).  There appears to be a single polyadenylation site on chromosome 

VIII at 5881715 resulting in a small UTR of roughly 200 base pairs.   
 
 
 
 
 
 
 
 
 
 
 
 
 

Discussion and Conclusion 

The overall goal of the project is to identify parasite genes that are important for the 

ability of T. gondii to form chronic infection that is capable of persisting long term and causing 

reactivation of severe disease if an individual becomes immune compromised.  Although drugs 

are available to treat the acute stage of infection, there is currently no therapeutic agent that can 

eliminate the chronic stage of infection due to the unique properties of the cyst stage of the 

parasite. Thus, the goal is to identify vulnerabilities in the parasite that may be able to be 

exploited in the design of therapeutics capable of eliminating the cyst stage of infection or 

preventing reactivation of the cysts back to tachyzoites causing life threatening infection 

including encephalitis.   

 The results in this paper suggest that both the 68c6 and FIKK gene are important for 

tachyzoite conversion to cysts and could be targeted to disrupt cyst formation.  Our quantitative 

(cyst counts) and qualitative (photomicrographs) results suggest an impaired ability to complete 

the chronic stage of infection for both 68c6 KO and FIKK KO parasites.  The inability to convert 

to cysts seems to be due to poor survival/replication in the face of a broad range of exogenous 

stresses. However, an inability of the 68c6 KO and FIKK KO parasites to sense stress and 
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respond appropriately with cyst formation can not currently be ruled out.  It is interesting that the 

68c6 KO and FIKK KO are not sensitive to just one type of stress but are impaired whether the 

stress is NO, alkaline pH or nutrient deprivation. This suggests that the 68c6 and FIKK gene may 

be important for a core pathway important for either sensing exogenous stress, protecting the 

parasite from stress, production and composition of cyst components or for cyst structure.   

Although cyst production was detected using a lectin that binds to CST1, a cyst wall component, 

it actually recognizes a variety of carbohydrate sugar residues on the cyst wall. Thus, it is 

unlikely that the impaired cysts production is simply a consequence of changes in CST1 

expression on the cyst wall. The 68c6 KO and FIKK KO in general failed to replicate in the face 

of exogenous stress compared to WT parasites (data not shown) as well as failing to form a 

traditional cyst, suggesting that the deleted genes may be important for parasite survival in 

response to stress. Poor survival then leads to a downstream impairment in cyst production.  

Further studies are needed to determine whether the genes are also important for long term 

survival of cysts and whether the products of the genes can be targeted to break down cysts 

during chronic infection. Additional studies beyond the scope of the current project will involve 

complementation of the gene deleted clones with their respective WT genes to confirm their role 

in cyst production.   

Results for the 68c6 KO included a zone of clearance with an average area statistically 

smaller than the wild type plaque sizes. This may be reflective of a defect of the mutant to 

progress through one or more components in the lytic cycle, including invasion of a host cell, 

replication, egress, migration and reinvasion. This possibility, coupled with data from cyst 

counts, implicate TGME_49269350 with a role in cyst production and movement across cells.  
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Figure 6: Unpublished diagram and microphotographs of FIKK tagging. 
  

Very little information is available as to the function of FIKK kinases in Apicomplexa 

parasites.  While Plasmodium, the causative agent of malaria, has over 20 FIKK kinases, T. 

gondii only has one FIKK kinase (Nunes et al, 2008; Nunes et al., 2009).  Thus T. gondii may be 

an excellent model to discover how FIKK kinases function differently than other serine threonine 

kinases and what their role may be in Apicomplexa biology. There is even less information 

available for the potential function of the 68c6 gene as it has no known homology to other 

known proteins in non-Apicomplexa species.  Because Apicomplexa parasites have many novel 

organelles important for carrying out specific functions; where a novel protein localizes, how it 

traffics during the parasites lytic cycle or conversion to cysts can often suggest how they may 

function.  For example, a parasite protein that traffics to the parasite nucleus is more likely to 

play a role in gene regulation than one that traffics to the parasite membrane.  The most efficient 

way to evaluate protein expression in T. gondii is to endogenously tag the protein with an epitope 

that can be recognized by a common antibody. To do this, the 3’ end of the protein and the stop 

codon for the protein must first be identified. Endogenous tagging with yellow fluorescent 

protein and a ligation-independent cloning cassette (see Skariah et al., 2012 and Figure 6 for 
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more information) were used to determine the localization of the FIKK kinase 

TGME49_289050. Tagging revealed that that FIKK KO localizes to the basolateral end of the 

parasite.  

The 3’ end of hypothetical protein TGME_49269350 was identified on chromosome VIII 

and cDNA sequencing of the entire gene has been initiated. Our ultimate goal is to complete 

transcriptome sequencing and determine if it is fact one gene or a gene combined with 

TGME49_269365 (see Figure 7 below).  The identification of the 3’ end of the gene also allows 

work on a genetic construct to begin to endogenously tag the gene to determine its localization 

and trafficking during the parasite’s lytic cycle and during conversion of tachyzoites to cysts.  

This will be performed similarly to the tagging that was previously performed for the FIKK 

kinase.   

Identified 3’ end 

Figure 7: Image of hypothetical protein TGME49_269350 taken from ToxoDB.org  
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