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ABSTRACT 

 
Our understanding of global gene expression patterns and control of both 

developmental and strain specific aspects of Toxoplasma gondii has broadened in the past 
few years.  A global approach was initially undertaken to construct the “transcriptome” 
for the Toxoplasma intermediate life cycle using serial-analysis-of-gene expression 
(SAGE).  From this analysis, we confirmed the increased expression of known as well as 
novel mRNAs associated with the tachyzoite-to-bradyzoite transition.  Accumulation of 
bradyzoite specific mRNAs in the bradyzoite SAGE libraries raises the possibility that 
transcriptional mechanisms play a key role in the developmental switch.  To investigate 
this question, we adapted the dual luciferase model to recombinational cloning in order to 
construct a high throughput model for testing and mapping multiple bradyzoite 
promoters.  Expression of luciferase from constructs matched previously published 
results indicating that developmental gene expression in Toxoplasma is controlled by 
elements contained in the 5’-flanking regions upstream of the protein coding regions.  
Promoter cis-elements from two genes, BAG1 and B-NTPase, have been fine mapped to 
6-8 bp.  EMSA assays confirm that these elements form sequence specific protein/DNA 
complexes.  These data suggest that gene proximal cis-elements are required to initiate 
developmental gene expression, most likely by the binding of gene-specific trans-acting 
factors.  Although strategies to identify these putative trans factors such as yeast one-
hybrid are ongoing, we describe here a more global approach to identifying controllers of 
gene expression.  We conducted an expression Quantitative Trait Locus (eQTL) mapping 
project that combines the power of Affymetrix microarray technology and QTL mapping 
to explore the genetic basis of differences in stage-specific gene expression in Type I 
versus III parasite strains and in F1 progeny from the I X III cross. Gene expression 
QTLs discovered in this analysis were either local or non-local to the associated 
transcriptional change and reflect proximal cis-mutations, transcription factors or central 
mechanisms that co-regulate gene expression during tachyzoite differentiation.  
Additionally, we identified segmental duplication events in various parents and progeny 
of the Type I X III cross that have a gene dosage effect on the level of gene expression in 
those parasites.
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STUDY INTRODUCTION 

Toxoplasma gondii 

Apicomplexan Parasites and Disease 

Members of the phylum Apicomplexa are responsible for disease found in a 

variety of animals, including humans.  The most notorious is Plasmodium falciparum, the 

causative agent of malaria, of which it is estimated that 300-500 million people are 

infected a year leading to over 2 million deaths annually (Dechering et al., 1999, Kumar 

et al., 2004).  Other members include Eimeria which infects chickens, Neospora which 

infects dogs and cattle, the ubiquitous Cryptosporidium that infects the intestinal tracts of 

fish, reptiles, birds, and mammals, and another successful parasite Toxoplasma which is 

thought to have the capacity to invade any nucleated vertebrate cell.  The obligate 

intracellular apicomplexan parasites all share the characteristic of containing apical 

specializations that facilitate polarized attachment and subsequent invasion into host cells 

(David Sibley, 2003).  Recent molecular phylogenetic analysis of the Apicomplexa 

indicates the origin of these parasites dates back 1 billion years, sufficient time to adapt to 

the wide array of hosts these parasites are known to infect (Sogin & Silberman, 1998).  

The consequences these protozoa have on both human and veterinary health are 

tremendous.  Although there are a variety of treatments for infection of these parasites, 

there are no known cures.  Many current regimens lack efficacy other than preventing 

death, some cause side effects that make it necessary to stop treatment and some drug 

strategies have been hampered by drug resistant parasites (Dupouy-Camet, 2004, Mamidi 
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et al., 2002).  Experimental investigation of these organisms will aid researchers and 

clinicians alike in the goal of finding cures to these diseases. 

 The difficulty in studying these organisms is inherent in the fact that many cannot 

be cultured in the lab and most lack molecular genetic systems to accompany study.  The 

exception is Toxoplasma gondii, the most manageable of the Apicomplexa for 

experimental investigation.  Investigative tools for this parasite include propagation via 

well established and safe tissue culture methods, reverse and forward genetic strategies, 

mouse model systems, and a wealth of reagents for both the parasite and its human host 

(Kim & Weiss, 2004, Roos et al., 1994). 

Life Cycle and Host Immune Response 

Toxoplasma gondii has both sexual and asexual stages in its life cycle, 

phenomena shared by all Apicomplexa, with each species varying in the number of 

rounds of asexual differentiation and the modes of sexual development (Smith et al., 

2002).  The definitive host for the sexual stage of Toxoplasma is the gut of the feline cat.  

Here merozoites undergo differentiation to gametes and sexual development leads to the 

production of unsporulated oocysts (Figure 1.1).  Diploid oocysts are shed into the 

environment via the feline feces, where the zygote undergoes meiotic division to form 

mature sporulated oocysts containing eight haploid sporozoites.  The contamination of 

soil, water or feed by feline feces containing oocysts is one of the major routes of 

transmission for the parasite.  Ingestion of oocysts by intermediate hosts (human, mouse, 

pig) can lead to infection of the host where Toxoplasma begins the asexual portion of its 

life cycle (Hill & Dubey, 2002, Cleary et al., 2002).  Once within the intermediate host, 



 3
sporozoites differentiate to rapidly growing tachyzoites.  Tachyzoites invade cells and 

divide by the assembly of daughters (endodyogeny) in the original mother, named the 

parasitophorous vacuole (Radke et al., 2001).  Once the parasite moves through several 

rounds of binary division (64 to 128 parasites within a vacuole) the parasites lyse the 

resident cell and reinvade.  

 

 

Figure 1.1: The Life Cycle of Toxoplasma gondii. 
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In immunocompetent individuals a normal immune cascade is mounted against 

the parasite.  Both innate and adaptive immune responses are triggered controlling 

infection.  Macrophages stimulated by tachyzoites produce tumor necrosis factor (TNF) 

and interlukin-12 (IL-12) in turn activating natural killer cells and T cells to produce 

interferon-γ (IFN-γ).  The combination of TNF and IFN-γ enhances the production of free 

radicals and nitric oxide (NO) that result in parasite killing.  In response to these stressful 

conditions directed towards the parasite by the host immune system the parasite develops 

into a slow growing cyst called the bradyzoite (Bhopale, 2003).  It is this form of the 

parasite that is the cause of chronic infection in individuals.  The bradyzoite stage 

effectively “hides” from the host immune response until which time the immune system 

is compromised, such as in patients with AIDS, or a viable cyst is transmitted to a new 

host through the ingestion of uncooked meat, the second route of transmission (Hill & 

Dubey, 2002).  Either of these scenarios results in recrudescence of the parasite to the 

rapidly growing tachyzoite form, and in the case of immunocompromised individuals, 

serious risk to health. 

The growing number of individuals contracting HIV is still on the rise, especially 

in the developing world.  The issue has morphed into a pandemic in sub-Saharan Africa 

and certain areas of Asia (Balmer, 1993, Nissapatorn et al., 2003, Nissapatorn et al., 

2004).   The fact that toxoplasmosis is prevalent worldwide and that one fourth to one 

half of seropositive HIV-1-infected patients who have not seen drug treatment show 

symptoms of toxoplasma encephalitis is of much concern.  Even in AIDS patients who 

are prescribed a regiment of sulfadiazine and pyrimethamine, the standard Toxoplasma 

drug treatment, a full 40% cannot complete treatment due to the harsh effects of the 
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sulfonamides (Mamidi et al., 2002).  Understanding chronic infection of this parasite is 

integral to combating the neuropathological effects of infection. 

Asexual Development (in vitro) 

The in vitro developmental progression of the asexual life cycle for Toxoplasma 

follows a defined series of steps.  When non-proliferative Type III-VEG sporozoites 

released from feline shed oocysts are placed in tissue culture they begin to divide and by 

day 1 exhibit a fast growing phenotype (6hr doubling time).  This growth rate is observed 

up to day 7 of tissue culture, where the parasite slows its growth and the first expression 

of the bradyzoite marker bradyzoite antigen 1 (BAG1) is detected (2% of the population).  

BAG1 expression increases throughout the population to day 15 at which point the 

population is approximately 30% BAG1 positive.  It is possible to obtain a fully 

differentiated bradyzoite population (100% BAG1) by exposing the Type III-VEG 

parasite to alkaline media (pH 8.2) (Jerome et al., 1998).  Various gene expression 

projects in Plasmodium and Toxoplasma indicate that like most eukaryotes gene 

expression in these organisms is regulated at the level of mRNA. As the transition to the 

bradyzoite stage is important for the parasites ability to evade the host immune system a 

comprehensive view of the mRNA pools of Toxoplasma as it transits through its asexual 

life cycle may provide for the identification of many extant unknown developmentally 

regulated genes.  (Cleary et al., 2002, Patankar et al., 2001, Llinas & DeRisi, 2004)   
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Global Gene Expression Studies 

The manageability of Toxoplasma has made studies in gene expression feasible.   

Over 120,000 Expressed Sequence Tags (EST) for various Toxoplasma strains and stages 

have been sequenced.  This information indicates that mRNA expression does reflect 

know protein expression, but sequencing efforts have not been complete enough to 

resolve whole cell mRNA levels and have mainly served as a gene finding tool (Li et al., 

2004a, Ajioka et al., 1998, Wan et al., 1996).  cDNA microarrays have been designed by 

the Stanford group and have added to the body of knowledge that transcriptional 

regulation is important in this organism by showing bradyzoite maker mRNAs are 

upregulated when parasites are induced to differentiate (Cleary et al., 2002).  The cDNA 

microarrays were spotted with over 4,200 amplified ESTs from an in vivo bradyzoite EST 

library representing approximately 600 genes.  Both the focus and amount of genes used 

in this study limit it to a portion of one stage of the Toxoplasma asexual life cycle.  

Employing methods that will begin to define the genome wide transcriptional program of 

Toxoplasma will facilitate a comprehensive study of asexual development (Kissinger et 

al., 2003a).    

RNA Synthesis in Toxoplasma 

The basal transcriptional complex that controls the expression of protein encoding 

genes (class II) in most eukaryotes is carried out by RNA polymerase II and its associated 

general transcription factors (GTF). Comparisons of these transcription factors, as well as 

the similarities in the three nuclear polymerases (Ranish & Hahn, 1996), have shown that 

these mechanisms are largely conserved throughout evolution, from the Archaea to 



 7
mammals. In well-studied unicellular and multicellular eukaryotes, transcription involves 

a series of co-regulatory complexes that work in concert to control the synthesis of RNA 

from a particular genomic region. Activating transcription factors (ATF) bind to cis-

acting promoter element(s) and recruit chromatin remodeling enzymes which relax the 

chromatin around the cis-element-containing region, as well as recruiting the multi-

subunit Mediator complex that contacts the RNA polymerase II pre-initiation complex 

(PIC) directly (Blazek et al., 2005).  The accessibility of the cis-element to ATF binding 

is dependent upon the interaction with these remodeling enzymes, but can also be 

influenced by other factors, such as the chromatin state at the regulatory sequence and the 

phase of the cell cycle (Fry & Peterson, 2002). In turn, the relaxed chromatin state allows 

for the formation of the PIC at the core promoter elements through activities contained 

within the Mediator complex that facilitate recruitment of RNA polymerase II and the 

GTFs.  It is notable that current models change the view of ATFs to suggest that 

activation of RNA polymerase II by these factors occurs indirectly through their 

recruitment of ATP-dependent chromatin remodeling complexes (Li et al., 2004a, 

Featherstone, 2002, Blazek et al., 2005). The cooperative model described here is a 

general one, although variations to this basic model are now well recognized in the 

studies of individual genes (see Fry and Peterson, 2002).  Within some protozoa there are 

examples of differences in the regulation of protein encoding genes. For example, while 

RNA polymerase II-mediated transcription of class II genes in Trypanosomes has been 

documented, the transcription of VSG and the procyclic acidic repetitive protein (PARP) 

genes have been shown to be dependent on RNA polymerase I (Belli, 2000). This is 

unusual for a eukaryote, as is the polycistronic nature of Trypanosome transcripts and the 
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posttranscriptional regulation of gene expression (Belli, 2000). The analysis of protein 

encoding genes in the Apicomplexa indicates that conventional RNA polymerases with 

similarity to other crown eukaryotes are present (recently reviewed in Meissner and 

Soldati, 2005). Homologs for all known required eukaryotic RNA polymerases have been 

found in the Toxoplasma genome: RNA polymerase I (transcribes ribosomal RNA), RNA 

polymerase II (transcribes protein encoding transcripts), and RNA polymerase III 

(transcribes small RNA) (Meissner & Soldati, 2005, Li et al., 1989, Li et al., 1991, Fox et 

al., 1993). Moreover, this classification is supported by studies in Plasmodium that show 

that synthesis of 18S rRNA is α-amanitin insensitive, while both sense and antisense 

transcription of class II genes are inhibited by this polymerase II specific toxin (Militello 

et al., 2005). These results indicate that Plasmodium and Toxoplasma possess the 

conserved eukaryotic machinery whereby RNA polymerase II transcribes protein 

encoding genes.  The core elements of class II eukaryotic promoters include TATA box, 

Initiator (Inr), and downstream promoter elements (DPE) that are recognized and bound 

by several GTFs: TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH (Blazek et al., 2005, 

Featherstone, 2002, Ranish & Hahn, 1996, Ruvalcaba-Salazar et al., 2005). The core of 

the GTF family includes the TATA binding protein (TBP), TFIID and RNA polymerase 

II. Studies of the Plasmodium TBP protein has shown that this portion of the TFIID 

complex indeed binds to a specific TATA box element in promoter regions (Ruvalcaba-

Salazar et al., 2005), although the inability to find other core elements has led to 

speculation that the conventional bipartite mechanism of cis- and basal transcription is 

either absent or more primitive in these parasites (Meissner & Soldati, 2005, Coulson et 

al., 2004).  More recently, a combination of two-dimensional hydrophobic cluster 
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analysis with profile-based search methods using PSI-BLAST (Callebaut et al., 2005) has 

extended earlier investigations (Meissner & Soldati, 2005, Coulson et al., 2004), such 

that ~ 60 percent of the known eukaryotic GTFs in the Plasmodium genome, including 

important components of the TFIID complex, have now been identified. Similar 'in silico' 

surveys for components of the eukaryotic transcriptional machinery demonstrate the 

presence of these factors in the Toxoplasma genome. Homologs for various subunits for 

the GTFs (TFIID, TFIIE, TFIIF, and TFIIH) and a subunit of Mediator (mdt6) (Meissner 

& Soldati, 2005) (Behnke and White, unpublished) have been found, and comparison 

with the newly found Plasmodium GTFs (Callebaut et al., 2005) reveals that genes with 

significant similarities also exist in Toxoplasma: TFIID-Taf1 to TGG_993790; TFIID-

Taf2 TGG_993790; TFIIE-α-subunit TGG_994351-TgTwinScan_5763; TFIIE-β-subunit 

TGG_994289-TgSwinScan_3074; TFIIF-β-subunit TGG_994699-TgTwinScan_3381; 

TFIIH-TFB5 TGG_994580. It is also notable that components of the ccr4-not complex 

have been identified in Toxoplasma, including homologous sequences for CCR4 subunit 

7, Not1, and Caf-1 (Behnke and White, unpublished). This complex has been conserved 

from yeast to human, and serves as a regulatory component for responses to nutrient-level 

changes and stress through interaction with the PIC complex (Collart, 2003). Altogether, 

these investigations demonstrate that while GTFs may be less conserved in the 

Apicomplexa, much of the basal transcriptional machinery required for cooperative 

control of gene transcription in eukaryotes are present in these pathogens.   
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Promoter Structure in Toxoplasma 

Early studies in Plasmodium and Toxoplasma indicate that these apicomplexan 

parasites possess the conventional monocistronic promoter structure of eukaryotic 

organisms (Roos et al., 1994, Crabb & Cowman, 1996, Soldati & Boothroyd, 1993).  

These initial insights came from attempts to develop expression vectors and transfection 

methods in these organisms.  Expression of α-tubulin and the apicomplexa-specific 

proteins ROP1 and SAG1 in Toxoplasma showed that 5′ flanking regions for these genes 

contained regulatory regions sufficient to drive expression.  These regulatory regions 

were of varying length and also varied in their expression strength (Soldati & Boothroyd, 

1993).  Subsequent to the development of the first expression system in Toxoplasma 

other methods and studies have been reported for the elucidation of promoter structure.  

Further characterization of the SAG1 promoter by Soldati et al. identified a 27bp repeat 

motif (6X) in the promoter region which was required for expression (Soldati & 

Boothroyd, 1995).  Promoter deletion studies for several apicomplexa-specific dense 

granule proteins (GRA1, GRA2, GRA5, and GRA6) identified a common motif 

(A/TGAGACG) which when point mutations were introduced into the motif caused the 

ablation of expression (Mercier et al., 1996).  This motif has also been found in the 5′ 

flanking regions of other genes that have been mapped to some extent, including the 6X 

repeat regions of SAG1, the DHFR promoter, NTPI/II, and TUB1 (Meissner & Soldati, 

2005, Matrajt et al., 2004, Nakaar et al., 1998).   

As mentioned previously, developmentally regulated expression of bradyzoite 

specific proteins are largely the result of changes in mRNA levels (Cleary et al., 2002).  

Several promoters of developmentally regulated genes have also been mapped.  Promoter 
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characterizations have been reported for bradyzoite antigen 1 (BAG1), two stage-specific 

enolases, and the heat shock protein HSP70 (Bohne et al., 1997a, Kibe et al., 2005, Ma et 

al., 2004).  In two of these studies DNA-binding activity was described for the identified 

regulatory regions.  Although these reports were informative and comprehensive, no cis 

element has been fine-mapped for any developmentally regulated gene.  Only with the 

identification of minimal promoter elements within regulatory regions of bradyzoite 

specific genes will the foundation be laid to allow for downstream experimental 

identification of the controllers of developmentally regulated gene expression.  

Activating Transcription Factors  

 To date no activating transcription factors have been experimentally identified in 

Toxoplasma.  Studies in Plasmodium have identified one transcription factor (PfMYB1) 

that was able to bind several myb regulatory element containing promoters within the 

parasite nuclei and regulate the transcription of the corresponding genes (Gissot et al., 

2005).  Initial surveys of the Plasmodium and Toxoplasma genomes found relatively few 

genes with homology or domains reminiscent of activating transcription factors 

(Meissner & Soldati, 2005) especially in comparison to other single celled eukaryotes 

such as Saccharomyces cerevisiae.  Recently a more detailed search for genes with 

homology to known transcription factor families has revealed a number of genes with 

plant-like AP2 transcription factor domains in the Plasmodium genome.  Initial 

characterizations of a few of these AP2 genes from Plasmodium show that they are able 

to bind to specific sequence motifs (De Silva et al., 2008).  A similar search in 

Toxoplasma has reclassified a number of genes into this family as well (data not shown, 
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personal communication Dr. John Wootton).  This family may be quite large in 

Toxoplasma possibly containing over 40 members.  The novel discovery of a family of 

transcription factors in several Apicomplexa opens up many avenues for experimentation 

which may lead to a better understanding of trans-acting mechanisms in these parasites.       

Population Structure and Clonal Lineages 

 Toxoplasma has a world-wide distribution and is capable of infecting virtually all 

mammalian species, as well as many birds and marsupials (Lehmann et al., 2006, Sibley 

& Ajioka, 2008).  Despite this wide distribution, the population structure of Toxoplasma 

in Europe and North America is comprised of only three clonal lineages, Types I-II-III.  

Sequence polymorphism studies have shown that the genetic diversity between these 

three lineages is quite low as there are just two allelic types for each locus and there is 

little recombination (Su et al., 2003, Boyle et al., 2006a, Grigg et al., 2001).  The relative 

homogeneous make-up of these lineages suggests that the Type I-II-III population 

structure is the result of a recent cross between few ancestral strains.  A genome wide 

analysis of EST based single nucleotide polymorphisms (SNP) of the three clonal 

lineages presents a model whereby the Type I and III clones are the result of a cross 

between a common Type II ancestor that occurred approximately 10,000 yeas ago 

(Figure 1.2) which was followed by a rapid expansion of the three lineages across Europe 

and North America (Boyle et al., 2006a).   It is interesting to note that human and felid 

remains have been found together in a burial recently excavated in Cyprus (Figure 1.3)  
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Figure 1.2: The three clonal lineages of Toxoplasma derive from a common Type II 
ancestor.  (image from (Boyle et al., 2006a)). 
                      
 
(Vigne et al., 2004).  This date is concurrent with the advent of the domestication of 

livestock in the region.  It is possible that the rapid expansion of Types I-II-III across 

Europe and North America is the result of the combined migration of humans and animal 

domestication into these areas over the last 10,000 years (Figure 1.4).   

 Although the three lineages are the result of a recent cross and have low genetic 

diversity, there are stark phenotypic differences between the strain types.  For example, 

the Type I parasite is acutely virulent, Type II exhibits intermediate virulence, and Type 

III is essentially avirulent.  As few as ten Type I parasites are able to propagate rapidly 

and disseminate widely in mice, eventually leading to death.  In contrast, mice are able to  
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Figure 1.3:  Felid and human remains found together in a 9,500 year-old burial excavated 
in Cyprus. (images from (Vigne et al., 2004)).      
                             
 
 
 

 
Figure 1.4: Global distribution of the three clonal lineages quite possibly followed on the 
heels of human migration. 
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survive with as many as 1000 Type II parasites (LD50) and dissemination is not as wide 

spread.  Type I parasites also show increased migration, transmigration across polarized 

epithelium, and growth as compared to Type II and III, characteristics which contribute 

to the increased virulence of this strain (Kim & Weiss, 2004, Sibley & Boothroyd, 1992).  

The strains also differ in their ability to switch to the bradyzoite stage with Type I being 

the most resistant (Radke et al., 2006).  Somewhat surprisingly, the Type II parasite is 

most frequently responsible for human symptomatic toxoplasmosis even though it is not 

the most virulent strain, at least in mice.  As the Type II parasite is able to transit to the 

bradyzoite stage and remain dormant in the infected host, the many cases of Type II 

positive toxoplasmosis are likely the consequence of recrudescent parasites taking 

advantage of compromised immune systems, such as in patients with AIDS.    

 As population studies have moved outside of Europe and North America more 

atypical isolates have been identified.  Although these strain types may not be of direct 

interest for clinical applications for the three main lineages, they are of great interest to 

the overall population biology and evolution of the parasite, in addition to their clinical 

relevance in areas where these strains are endemic.  Many of these new isolates have 

been found in humans living in tropical areas such as South America, Africa, and the 

Caribbean, as well as in wild animals from North America (Kim & Weiss, 2004, Sibley 

& Ajioka, 2008, Miller et al., 2004, Ajzenberg et al., 2002).  Recent phylogenetic 

analysis of isolated strains from Europe, North America and South America revealed 

eleven distinct haplotype groups.  Those strains isolated from individuals in Europe and 

North America grouped into three distinct but genetically similar haplogroups as previous 

studies had suggested for Type I-II-III strains, and those from South America grouped 
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Figure 1.5:  Phylogenetic analysis of various Toxoplasma gondii strains.  The strains 
clustered into 11 haplogroups.  Notice that GT1 clustered with group 1 (Type I), Me49B7 
clustered with group 2 (Type II) and CTG clustered with group 3 (Type III) (image from 
(Khan et al., 2007)).   
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into 8 distinct haplogroups with a diverse genetic make-up (Figure 1.5) (Khan et al., 

2007).  This suggests that there are many other atypical strains representing undiscovered 

haplogroups that have yet to be identified.     

Genetic Crosses 

 One of the most powerful strategies to identify genetic causes of phenotypes is the 

utilization of genetics crosses.  By taking advantage of the sexual life cycle of 

Toxoplasma one can generate recombinants by passing two parental strains through a cat.  

This is an involved process but a rewarding one if done successfully.  The initial 

production of genetic crosses was undertaken by Pfefferkorn and colleagues (Pfefferkorn 

& Pfefferkorn, 1980).  Their work set the foundation for the generation of genetic crosses 

between different strains representing one of the three main lineages (Kim & Weiss, 

2004).  Three crosses exist today that have been useful in various studies from the 

mapping of the Type I virulence phenotype (Taylor et al., 2006) to the development of 

the genetic map (Khan et al., 2005) which assembled genomic scaffold into 14 

chromosomes.  Two crosses used parental strains representing the Type II and III 

lineages.  The first of these, was conducted with the Type II-Me49B7 strain (originally 

isolated from a sheep in California) and a Type III-CTG strain (originally isolated from a 

naturally infected cat in New Hampshire) that was resistant to both adenine arabinoside 

and sinefungin (Type III-CTGara).  A total of 19 informative F1 progeny have been 

isolated from this cross and 134 restriction fragment length polymorphism (RFLP) 

markers have been analyzed in the progeny.  This cross has been used to successfully 

map the genetic basis of virulence to two apicomplexan specific proteins ROP16 and 
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ROP18 (Saeij et al., 2006).  The other Type II X III cross was generated using the Type 

II-PTG strain and the Type III-CTGara strain.   This cross was useful in combination with 

the other two genetic crosses in determining the genetic map for Toxoplasma (Khan et al., 

2005).  The third cross was generated using the Type I-GT1 strain (originally isolated 

from a goat) resistant to FUDR (Type I-GT1-Fudr) and the Type III-CTGara strain.  A 

total of 34 informative F1 progeny have been isolated from this cross and 176 RFLP 

markers have been analyzed in the progeny.  The Type I X III was used to successfully 

map the virulence phenotype to the ROP18 gene (Taylor et al., 2006).   
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THE TRANSCRIPTOME OF TOXOPLASMA GONDII FROM                                      

THE SPOROZOITE TO BRADYZOITE STAGES USING                                     
SERIAL ANALYSIS OF GENE EXPRESSION (SAGE) 

   Reproduced in part under the conditions of the BioMed Central Open Access Charter.    
   BMC Biology 2005, 3:26 

Introduction 

Toxoplasma gondii belongs to the phylum Apicomplexa, which comprises a 

diverse group of protozoa, considered to share much of the biology underlying obligate 

occupation of a host cell and responsible for disease in a range of host species. 

Toxoplasma is distinct from most members of the large coccidian family contained in this 

phylum owing to the exceptional number of animals that are able to serve as host 

including virtually all warm-blooded animals. While T. gondii completes the definitive 

life cycle in a single animal host (feline), the capacity of oocysts (shed from the feline 

host) as well as tissue cysts to infect multiple hosts has enabled T. gondii to increase the 

host range for the intermediate life cycle. This rare modification to the heteroxenous (two 

host) life cycle is thought to have occurred relatively recently and may be responsible for 

the expansion of this parasite to nearly every continent (Su et al., 2003). Parasite 

transmission via the oocyst stage has resulted in epidemics of human toxoplasmosis 

(Bowie et al., 1997, Choi et al., 1997, Konishi & Takahashi, 1987, Stray-Pedersen & 

Lorentzen-Styr, 1980, Isaac-Renton et al., 1998)  and widespread infections of livestock 

that can also lead to human infections through the consumption of tissue cyst-

contaminated food (Mateus-Pinilla et al., 1999, Andrews et al., 1997). Together, oocyst 

and tissue cyst sources contribute to rates of human exposure such that the risk of 

infection in the U.S. is one in three by age 50 (25% for >20 yrs of age (Kruszon-Moran & 
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McQuillan, 2005); and nearly 100% by the end of childhood in other parts of the world 

(Bahia-Oliveira et al., 2003)). 

Given the importance of Toxoplasma infections to human populations, 

understanding developmental mechanisms leading to tissue cyst formation is critical for 

ultimately controlling transmission and chronic disease. Based on cat bioassays, tissue 

cysts are first detected in mouse tissues approximately one week from the time of oral 

inoculation of oocyst (containing sporozoites) or tissue cyst material (containing 

bradyzoites) (Dubey, 1998, Dubey & Frenkel, 1976). The invariant course of T. gondii 

primary infections in animals suggests that developmental mechanisms initiated by either 

the sporozoite or bradyzoite stage are similar and are likely the consequence of an 

unfolding parasite genetic program. Studies of sporozoite- and bradyzoite-initiated 

development in vitro (Jerome et al., 1998, Radke et al., 2003) support this view, as 

parasites emerging from infections of human foreskin fibroblasts (HFF) follow a defined 

course of development evident by nearly synchronous changes in growth and stage-

specific gene expression that result in the emergence of bradyzoites 7–10 days later 

(Jerome et al., 1998, Radke et al., 2003). The key to this developmental pathway in T. 

gondii may lie in a shift to slower growth that occurs following a limited number of 

divisions in sporozoite-infected cultures, and is well documented in all studies of 

bradyzoite differentiation (Jerome et al., 1998, Radke et al., 2003, Soete et al., 1994, 

Soete et al., 1993, Bohne et al., 1994). The link between cell cycle mechanisms and 

bradyzoite development is unknown, but is characterized by a transient slowing of S 

phase that leads to mature bradyzoites, which possess a uniform genome content 

consistent with cell cycle arrest in G1/G0 (1N DNA content) (Jerome et al., 1998, Radke 
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et al., 2003). These studies suggest that a developmental timer system in primary T. 

gondii infections (oocyst or tissue cyst) may regulate tissue cyst development in the 

intermediate host. 

The frequency of bradyzoite switching (tachyzoite to bradyzoite, bradyzoite to 

tachyzoite) varies among Toxoplasma isolates and may influence the level of parasite 

expansion in animals. As such, defining the changes in gene expression that accompany 

this development pathway is important for understanding the molecular events that 

contribute to chronic as well as acute disease. EST projects have been undertaken in 

Toxoplasma (Ajioka et al., 1998, Manger et al., 1998) for the purpose of gene discovery, 

but have also confirmed earlier studies that first demonstrated that novel gene expression 

is associated with the major intermediate life cycle stages (Kasper et al., 1984, Soete & 

Dubremetz, 1996). EST sequencing has led to the development of a limited Toxoplasma 

cDNA array (Cleary et al., 2002) that focused on tachyzoite-bradyzoite transitions in cell 

culture models of bradyzoite differentiation (Cleary et al., 2002, Singh et al., 2002b, 

Matrajt et al., 2002a) and explored gene expression in mutants that are unable to 

differentiate (Singh et al., 2002b, Matrajt et al., 2002a). It is not possible given the small 

size of these arrays (~600 genes) to draw global themes about Toxoplasma gene 

expression; however, these studies are important in that they confirm that changes in 

mRNA levels correlate with the expression of known bradyzoite protein antigens 

(supporting transcriptional mechanisms) and provide some evidence that a hierarchal 

progression of gene expression may govern development in this parasite (Singh et al., 

2002b).  At present, three Toxoplasma genomes have been sequenced for strains 

representing the three clonal lineages: the Type I-GT1 , the Type II-Me49B7, and the 
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Type III-VEG strains  (Gajria et al., 2008).  A complete map of the parasite transcriptome 

will allow us to begin analysis of development and inter-strain variation. 

We report a comprehensive investigation into the whole cell changes in the levels 

of mRNAs occurring during progression of parasite populations through the T. gondii 

intermediate life cycle. Additionally, we have examined laboratory strains representing 

the three major genotypes and demonstrate that specific patterns of gene expression are 

uniquely shared between laboratory strains and the primary parasite stages characteristic 

of specific transitions in the T. gondii intermediate life cycle. 

Materials and Methods 

Parasite Culture and Isolation of Total RNA 

Type I-RH strain tachyzoites were maintained by serial passage in human 

foreskin fibroblasts (HFF) and these cells were cultured in Dulbecco's Modified Eagle 

Medium (DMEM, Gibco BRL, Grand Island NY) supplemented with 1% (v/v) newborn 

calf serum (Hyclone Laboratories Inc., Logan UT) as previously described (Jerome et al., 

1998). To harvest total RNA for SAGE library construction, parasites were scraped from 

cultured cells, needle-passed and filter-purified from host cell debris using a 3 µM 

nucleopore membrane. Parasites were pelleted and total RNA was extracted from the 

pellet twice using 10 and then 5 ml of TRIzol according to the manufacturer's protocol 

(Gibco BRL, Rockville MD). Total RNA was also isolated from Type III-VEG strain 

oocysts that were obtained by sucrose flotation from cat feces as previously described 

(Radke et al., 2004, Rider et al., 2005). 
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SAGE Library Construction 

SAGE libraries were constructed from cDNA that was synthesized from 1µg of 

total RNA using the Smart™ cDNA synthesis reagents (Clontech, Palo Alto, CA). 

Briefly, a biotinylated oligo-dT primer (5'-

AAGCAGTGGTAACAACGCAGAGTAC(T)30VN-3' where V = A, C or G, and N = T, 

C, G or A) and Superscipt II reverse transcriptase (Life Technologies, Framingham MA) 

were used to make 1st strand cDNA. Second-strand synthesis and cDNA amplification 

was completed by PCR using the Advantage-2 Polymerase Mix (ClonTech, Palo Alto 

CA), and a switching-primer (5'-AAGCAGTGGTAACAACGCAGAGTACGCGGG-3') 

in combination with the original biotinylated oligo-dT. Approximately 22 amplification 

cycles provided 10µg of double-stranded cDNA used to construct(s) the library of SAGE 

tags according to standard protocols (Velculescu et al., 1995, Velculescu et al., 1997, 

Powell, 2000). To improve the cloning efficiency in the final stage of construction, we 

separated SphI-digested DNA by cDNA size-exclusion chromatography (manual 

#235612, Stratagene, La Jolla, CA) using the Sepharose CL-2B matrix (450 bp minimum 

cutoff, Sigma-Aldrich, St Louis, MO). We have determined that this method will cleanly 

separate linear cDNA fragments from circular DNA that forms during concatemerization 

and are not linearized in the SphI digestion (and are therefore unclonable; Radke and 

White, unpublished). Concatemer fragments eluted from the column were collected in 

twelve 100 µl fractions and the 1 to 2 kbp fragments were isolated from fractions 4, 5 and 

6 by overnight precipitation in ethanol at -20°C. Purified fragments were cloned into 

pZero plasmid vector (Invitrogen, Carlsbad CA) that had been linearized with SphI. 

Following electroporation of DH10B cells (Invitrogen, Carlsbad CA), transformed 
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colonies were plated on low LB-agarose containing zeocin (50 µg/ml) and picked for 

sequence analysis by standard methods. 

SAGE Tag Extraction and  
Construction of SAGE Datasets 

Delineation of sequence, extraction of SAGE tag information, frequency analyses 

and tag sequence annotation were all completed using Perl 5.6.1 (Perl5.6.1) running in a 

UNIX RedHat 7.2 environment (RedHat) with Perl scripts written and developed in this 

laboratory. Each cloned concatemer contains nucleotide sequence of repeating units of 

SAGE ditags, separated by a single NlaIII restriction endonuclease consensus sequence 

(CATG). We extracted SAGE tag sequences using CATG landmarks and the regular 

alternating 28 to 33 base nucleotide sequence defining each ditag. Ditag sequence was 

processed using software previously developed to extract individual SAGE tag 

information, record tag frequency and correct sequence error in the raw dataset by nearest 

neighbor analysis (Colinge & Feger, 2001). Tag frequencies for each library were 

normalized by multiplying the tag count by the ratio of adjusted library size, divided by 

the actual size – where the adjusted size was equal to 50,000 tags. 

The resulting dataset was stored and organized using MySQL (MySQL) with 

web-based access via the Apache web server (Apache-web-server). Queries of raw SAGE 

tags or those corrected for sequencing error, normalized or annotated tags (as defined by 

BLAST score), may be performed at TgSAGEDB (ToxoSAGEDB.). Queries to 

TgSAGEDB datasets result in an ordered list of SAGE tags ranked by frequency and 

library choice with individual frequencies displayed across columns for each of the nine 

SAGE libraries. Dynamic links within the page connect the individual to the position of 
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each tag within the Toxoplasma chromosome maps (ToxoDB-Gbrowse) or within the 

assembled genomic contigs and linkage to ApiDots (ApiDots) via tag sequence which 

cross-connects SAGE tags to the Toxoplasma EST collection. Each tag in the results page 

is linked to other possible positions in the Toxoplasma genome (the initial 2 × 2 choice 

limits this to ≤ 2 hits), or to nearest neighbor tags (which identifies putative SNPs) that 

differ by a single nucleotide. Tag clusters are displayed in the Toxoplasma genomic 

contigs via a defined bracket set by the user (2 kbp, 5 kbp or 10 kbp on either side of the 

specific tag chosen). A link to the 2 kbp genomic sequence immediately adjacent to a tag 

and in the same strand orientation is provided along with information on tBLASTX 

annotations (if any). A final link takes the individual to a gene ontology site where 

BLAST results may be reviewed with respect to GO assignments. From the Toxoplasma 

GO database the individual can link back to the SAGE results via related gene products 

in order to assess co-regulation of specific pathways. 

SAGE Analysis 

SAGE tags and their normalized frequencies were imported into GeneSpring 7.2 

(Agilent Technologies Inc., Palo Alto, CA) used for additional analyses including the 

generation of standard correlations between SAGE library datasets. GeneSpring export 

file(s) can be downloaded from the TgSAGEDB website (ToxoSAGEDB.). Gene 

expression comparisons across developmental and strain libraries were performed in 

GeneSpring 7.2 by filtering gene lists by expression level in the 2 × 2 dataset normalized 

with ratio mode (signal/control). These gene lists were compared by clustering analysis 

using Pearson correlation as a similarity measurement. Standard k-means clustering using 
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100 iterations and k = 7 (k>8 resulted in progressive separation of genes into redundant 

clusters) generated gene lists that were highly similar to those generated by the change in 

fold expression (results based on fold change are shown in Figure 1.4). 

In order to annotate SAGE tag sequence(s), and assign gene function where 

available, tag sequences were compared to the 10 × Toxoplasma gondii genome obtained 

from the Type II-Me49B7 strain. For exact sequence matches in either strand (+ or -), the 

matching genomic contig number, sequence position in the contig and + or - strand 

orientation were recorded. Since the tag sequences have a greater bias toward the 3' end 

of the mRNA, we extracted 2,000 nucleotides directly 5' of each SAGE tag in the contig 

in order to associate a larger portion of the potential coding sequence with each tag. This 

dataset was blasted locally against the non-redundant database of protein sequences (nr, 

NCBI) using the BLASTall/BLASTx program. Each sequence was annotated using the 

BLAST alignment with the lowest expected value (≤ 1 × 10-6) in those alignments where 

the reading frame was in the positive orientation. Additionally, the ten best alignments 

that met these criteria were also associated with the sequence in order to provide 

expanded annotation information. To estimate the number of unique transcripts in the 

SAGE dataset (accounting for multiple polyA+-additions), we used cap3 (Huang & 

Madan, 1999) to assemble the 2,000 nucleotide sequences 5' to each tag. Total assembled 

contigs and singletons (individual sequences that did assemble into any one contig) were 

used to predict the number of unique transcripts in the SAGE dataset. 

To determine the presence and level of potential antisense transcription, SAGE 

tags that matched the genome once and had a sum frequency of >= 2 across all libraries 

were matched to predicted gene annotation. Four distinct gene prediction datasets 
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(GeneFinder, TwinScan, TigrScan and Glimmer) were available for comparison from 

ToxoDB (Roos, Kissinger et al., 2003a). In these comparisons, for each predicted gene, 

tags matching the (+) strand were defined as 'sense' and those matching on the (-) strand 

'antisense'; and frequencies were recorded separately. 

Strand Specific Semi-Quantitative RT-PCR 

 Parasites were grown in confluent human fibroblast (HAF) cell cultures (Corning 

cell culture dish 150mm X 25 mm) with standard tachyzoite growth media (5% FBS in 

DMEM) and then purified from host cells as previously described (Roos et al., 1994).  

Bradyzoite RNA was harvested from parasite cultures grown in 1% FBS in DMEM 

media with 3µM Compound 1 for 48 hours.  RNA was extracted using the Qiagen 

RNeasy kit: with β-mercaptoethanol and DNase I treatment (Valencia, CA).  Strand 

specific primers were used for the production of cDNA: MIC3 sense: (5'-

CATGTGTAGCTGACTGAATCGACG-3'), MIC3 anti-sense: (5'-

AGTGAAGGCAGGCAATGTCGAAAC-3'), GRA6 sense: (5'-

CCTTCACCTCTGCCTTCATTC-3'), GRA6 anti-sense: (5'-

CAAGGCGACTCGTTAGCT-3').  Briefly, 1µg total RNA was suspended in 10µl H20 

with 1mM strand specific primer, incubated for 5 min at 65oC.  Reaction was brought to 

19µl with a final concentration of 1X First-Strand Buffer, 10µM DTT and 40U of 

rRNasin (Promega, Madison WI) incubated at 42oC for 2 min, 1µl of SuperScript II 

Reverse Transcriptase was added (Invitrogen, Carlsbad CA), incubated at 42oC for 50 

min, then brought to 70oC for 15 min to stop the reaction.  Semi-quantitative RT-PCR 

was conducted by dilution series (1:4) with standard RT-PCR for Platinum Taq DNA 
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Polymerase conditions (Invitrogen, Carlsbad CA) using the previously mentioned primers 

(57oC anneal for MIC3 reactions, 55oC anneal for GRA6 reaction, 25 cycles).  

Results 

Whole Cell Analysis of Gene Expression  
in the Protozoan, Toxoplasma gondii 

We have previously reported that the sporozoite or bradyzoite stages traverse 

several growth transitions that are accompanied by specific alterations in gene expression 

leading to bradyzoite development (Jerome et al., 1998, Radke et al., 2003, Radke et al., 

2001). To define how the parasite transcriptome changes during this developmental 

progression, we have constructed and sequenced SAGE libraries (Velculescu et al., 1995) 

from: (i) oocyst populations (containing mature sporozoites prior to release from the 

oocyst), (ii) parasites emerging from the sporozoite-infected cell at Day-4 post-

inoculation, (iii) parasites rapidly growing in the second host cell (Day-6 post-sporozoite 

infection), (iv) parasites immediately following the growth shift at Day-7 post-

inoculation, and (v) from slowly growing mixed tachyzoite-bradyzoite populations at 

Day-15 post-sporozoite inoculation. A library was constructed from primary VEG 

parasites (passaged > 5 times from the initial sporozoite inoculation) that were shifted 

more fully into bradyzoite development by alkaline stress (RNA was harvested 72 h post-

alkaline shift and the library was designated as "pH-shift"). Additional libraries were 

constructed from three laboratory-adapted strains representing the major genotypic 

variants of Toxoplasma (Type I-RH, Type II-Me49B7 and Type III-VEGmsj). Thus, six 

libraries were constructed from progressive 'snap-shots' of the sporozoite to bradyzoite 



 29
developmental pathway, while the three laboratory strains represent tachyzoite forms that 

display a range of virulence and developmental capacity (Jerome et al., 1998). All nine 

SAGE libraries were constructed by template switching (Zhu et al., 2001) using oligo-

d(T) priming and each library was sequenced to a depth of greater than 20,000 tags. In 

all, and after sequence error correction, 290,062 tags were obtained of which 38,263 were 

unique with 90% of the tags matching sequence obtained from T. gondii genome 

reference strain Me49B7 (Table 2.1). The nearly 10% of SAGE tags that were not a 

perfect match to the genome reference either had lower average frequencies or 

represented tags containing single nucleotide polymorphisms. The RNA content of 

asynchronously growing T. gondii parasites (RH strain) has been experimentally 

determined to average ~0.3 pg of total RNA per cell. Thus, in comparison to the 

unicellular yeast (Velculescu et al., 1997), which is similar in size and RNA content (0.44 

pg/cell (Boehlke & Friesen, 1975)), the Toxoplasma SAGE project is predicted to exceed 

4 × coverage of the genes expressed in the intermediate life cycle (>97% of mRNAs 

represented by at least one tag (Velculescu et al., 1997)). Access to this dataset (ALL in 

Table 2.1) is available at (ToxoSAGEDB.).  A low redundancy dataset designated 2 × 2 

was also produced for various analyses that eliminated SAGE tags with >2 matches to 

genome sequence (based on the 14 bp tag that includes the CATG and 10 bp cDNA 

sequence) and tags found only once in the combined libraries. This dataset comprises 

202,472 tags or 69.8% of the corrected tags that matched the Toxoplasma genome 

sequence (Table 2.1). All analyses were conducted with the 2 × 2 set unless otherwise 

stated. 
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Table 2.1: Global statistics of SAGE tags. 

Global statistics      

SAGE Tag Datasets Total 

10 × 
Gen. 

Match 
No Gen. 
Match 

Annotated 
Seq. EST Match 

     
     

SAGE tag counts: ALL 290,062 
262029 
[90.3%] 

28033 
[9.7%] 

128519 
[44.3%] 

207625 
[71.6%] 

Unique SAGE tag counts: ALL 38,263 
24932 

[65.2%] 
13331 

[34.8%] 
5910 

[15.4%] 
8709 

[22.8%] 
AVG FREQ SAGE tag counts: ALL 7.6 10.5 2.1 21.7 23.8 

     

SAGE tag counts: 2 × 2 202,472   
102619 
[50.7%] 

163283 
[80.6%] 

Unique SAGE tag counts: 2 × 2 8,188   
2038 

[24.9%] 
3560 

[43.5%] 
AVG FREQ SAGE tag counts: 2 × 2 24.7   50.4 45.8 
10 × Gen. = 10 × coverage of the genome sequence for reference strain Me49B7 

The average density of SAGE tags in the fourteen Toxoplasma chromosome 

assemblies (Khan et al., 2005) was remarkably consistent. We observed a SAGE tag on 

average every 6,003 bp with 5,407–6,788 bp between SAGE tags across all assemblies. 

Taking into account the average nucleotide distance between SAGE tags, and the 

predicted gene length of ~4,486 bp (Mackey and Roos, unpublished results), we estimate 

that intergenic regions are ~2,000 bp, congruent with the 3,404 bp proposed from the 

genome project. This finding validates the global coverage of the expressed genome by 

the SAGE project and is consistent with a >4-fold coverage of the parasite mRNA pools. 

Regions in the chromosome assemblies lacking EST or SAGE tags vary in length with 

those exceeding 10,000 bp between tags totaling nearly 16% (~10 MB) of the 

Toxoplasma genome sequence. Annotation of the non-expressed genomic sequences (as 

defined here) reveals fewer general BLAST hits (3.8%) when compared to regions 
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containing EST or SAGE tags (~20%), and the non-expressed regions are not enriched 

for known apicomplexa gamete or merozoite (primarily from Eimeria species) genes, 

although gene expression in these developmental stages are not well characterized in T. 

gondii. Thus, more than half of the Toxoplasma genome (63 Mb) is occupied by gene-

transcription units that reflect gene expression in the oocyst and intermediate life cycle 

stages, and the relatively close spacing of genes that results from this organization 

suggests that, as in yeast, transcriptional mechanisms in Toxoplasma are probably more 

gene-proximal than in higher eukaryotes (Stamatoyannopoulos, 2004). Overall, 

developmentally co-regulated mRNAs and mRNAs encoding proteins from specific 

biochemical pathways and mRNAs representing different abundance classes are 

distributed across all Toxoplasma chromosomes, indicating that gene transcription is not 

organized into polycistronic units but, as observed in Saccharomyces (Velculescu et al., 

1997), is dispersed throughout the genome (chromosome distribution of abundant, 

apicomplexa-specific and stage specific tags are shown in Figure 2.1). An examination of 

several clusters of paralogous genes that do occur in the Toxoplasma genome 

demonstrated that mRNA expression in these clusters was divergent. For example, 

enolase 1 and 2 (Manger et al., 1998), SRS9/BRS4 
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Figure 2.1: Chromosome landscape of mRNA.  SAGE tag distribution with respect to 
three classes of co-regulated mRNAs are indicated in each chromosome assembly (Khan 
et al., 2005); sporozoite- (red), Day-7 (blue) and Day-15/pH-shift (green) specific. 
Transcriptional orientation for each tag plotted is indicated by the up (forward) or down 
(reverse) direction of the corresponding mark. Inset Venn diagram shows the overall 
number of unique tags represented and demonstrates that there is no overlap in the 
expression of these classes of mRNA. The expanded diagram demonstrates the 
differentiation expression of the tandem head-to-tail sequences encoding enolase 1 and 2. 

 

(Cleary et al., 2002) and SAG4A/SAG4.2 (Odberg-Ferragut et al., 1996) occur in tandem 

head-to-tail configurations that are closely spaced (<1,500 bp for the enolases; Figure 2.1 

inset). Despite this proximity, individual genes in each pair are distinctly regulated. 

ENO2 and BRS4 mRNAs are expressed in tachyzoites while enolase 1 and SRS9 and 

SAG4.2(p18) (no tags were observed for SAG4A) encode bradyzoite-specific mRNAs 

(reviewed in (Lyons et al., 2002)). Taken together, these observations suggest that 

transcriptional activation or repression in Toxoplasma is effective over a limited sequence 
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distance and is consistent with a model of co-regulation that involves gene-specific trans-

acting factors. 

Toxoplasma mRNA Pools have a Distinctive  
Composition with Respect to Complexity,  
Stage-Specificity and Anti-Sense Transcripts 

To estimate gene number represented by the SAGE project, we assembled 

genome sequence flanking SAGE tags from the 2 × 2 set (8,188 unique tags) using 2,000 

bp 5'-upstream of each tag (cap3 assembly). This bracket was conservative with respect 

to gene overlap given the >4,000 bp average gene size. Combined, contigs and singletons 

for this assembly comprise 6,372 sequences, which is proportional in size to the total set 

of 7,793 genes predicted for the whole genome (Mackey and Roos, unpublished results) 

given that parasite stages from the feline host were not included in the SAGE project. 

Analysis of the 2 × 2 dataset demonstrated that ~25% of the unique tags annotated with 

sequence from the NCBI-nr database (representing 50% of the 2 × 2 tag counts) with an 

average frequency of 50 tags per annotated sequence (Table 2.1). When comparing this 

set to the unassembled ESTs (125,769 ESTs) (ApiDots), 44% of the unique SAGE tag 

sequences matched an EST (80.6% of total tag counts). Roughly 50% of unique SAGE 

tag sequences (20% by frequency) do not match any EST, likely reflecting the 5' versus 3' 

preference of these methods as well as the relative greater depth of sequencing in the 

SAGE project. 

The mRNA abundance classes revealed by the 2 × 2 dataset were partitioned into 

5% high abundant (>100 frequency per tag), 25% moderate abundant (11–90 frequency), 

or 70% low abundant (2–10 frequency). An estimated 412 tags (representing 412 unique 

genes) constituted the high abundant class in the 2 × 2 set (gene list is available at 
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TgSAGEDB (ToxoSAGEDB.)). In comparison to yeast and human cells, Toxoplasma 

appears to devote a greater proportion of its transcriptional energy to a relatively lower 

number of genes. As few as 3.1% of the total unique tags from the full corrected SAGE 

dataset (290,062 tags) encompassed 70% of all the tags (and transcripts) generated in the 

SAGE project (Figure 2.2 A). By contrast, 6.6% and 8–36% of the unique SAGE tags 

produced from yeast (SGD) and human (NCBI-AGE) mRNA sources, respectively, 

composed 70% of the normalized SAGE datasets (Figure 2.2 A) – demonstrating that by 

comparison Toxoplasma mRNA pools are notably less complex. The compositions of 

highly expressed mRNA pools in Toxoplasma were different from yeast (shown in Figure 

2.2 B) with apicomplexa-specific genes (13% of the unique 412 tag set; Figure 2.2 C) and 

unknown mRNAs the single largest categories (64.5% for Toxoplasma versus 27% for 

yeast, not graphed). Based on total frequency, >1 in 5 parasite tags corresponds to 

transcripts encoding dense granule, microneme and rhoptry proteins or surface antigens. 

In general, apicomplexa-specific genes have simple genomic structures containing few if 

any introns. The structure of these genes may be a consequence of their high expression, 

as intron number and length is known to influence mRNA expression levels negatively in 

other eukaryotes (Urrutia & Hurst, 2003, Jansen & Gerstein, 2000, Coghlan & Wolfe, 

2000). While there are relatively fewer non-apicomplexa genes in the Toxoplasma 

abundance class, the genes represented appear to reflect shared eukaryotic biology 

(Figure 2.2 C), supporting the view that individual mRNA levels are influenced by 

evolutionary selection for cellular fitness (Urrutia & Hurst, 2003). Genes encoding 

proteins that function in metabolism and protein synthesis and fate were highly expressed 

in all libraries examined including human and, not surprisingly, also in microarray 
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datasets from Plasmodium (not shown here (PlasmoDB-microarray-data)). For example, 

the glycolytic enzymes glyceraldehyde 3-phosphodehyrogenase (GAPDH), enolase and 

fructose 1,6 bisphosphate were found in the abundant class of all three eukaryotes. Thus, 

selection for the high expression of genes functioning in parasite invasion and 

transmission appears to have had equal footing with the conserved pathways of protein 

synthesis and metabolism in the evolution of gene expression in this protozoon. It is 

worth noting that the functional analysis of the top 25 assemblies from the EST dataset 

shows clear overlap with the above SAGE analysis (Li et al., 2003).  The unique 

composition of Toxoplasma mRNA pools that are populated with apicomplexa-specific 

genes may be mirrored by the parasite transcriptional machinery, and while the full 

repertoire of general and specific transcription factors has not been determined for 

Toxoplasma, it has been noted that sequence divergence of transcriptional activator 

proteins is strongly correlated to evolutionary distance (Coulson & Ouzounis, 2003). This 

view is supported by the very recent discovery that general transcription factors in 

Plasmodium are highly divergent when compared to their counterparts in the crown 

group of eukaryotes (Coulson et al., 2004, Callebaut et al., 2005). 

Approximately 39% of SAGE tags from Type III-VEG developmental stages 

show a > 2.5-fold change in frequency in at least one library indicating that mRNA 

regulation is very 
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Figure 2.2: Toxoplasma mRNA pools have a distinctive composition. [A] The mRNA 
abundance classes in Toxoplasma were characterized in comparison to SAGE datasets 
obtained from yeast, and from human libraries constructed from heart, lung, liver, muscle 
and cerebellum. For each comparison, unique SAGE tags are plotted in reverse order as a 
fraction of total unique tags in the library beginning with the highest frequency tags (X-
axis). These results were plotted against the concentration for each unique tag, defined as 
the fraction of the total SAGE tag concentration for that library (Y-axis). [B] Abundant 
SAGE tags corresponding to highly expressed mRNAs fall into a number of functional 
classes [97] with unknown genes (not displayed here) and apicomplexa-specific genes 
involved in parasite invasion the dominant categories for Toxoplasma. [C] Venn diagram 
displaying SAGE tags belonging to three distinct classes; high abundant tags in the 2 × 2 
dataset (red), tags uniquely up- or down-regulated in one of the six developmental 
libraries (green), and apicomplexan-specific SAGE tags encoding proteins found in dense 
granules, rhoptries, micronemes and on the parasite surface (blue). [D] Anti-sense 
transcription in relation to SAGE tag abundance. The ratio of antisense versus sense was 
determined at each genomic locus using GeneFinder gene prediction dataset derived from 
Me49B7 genome sequence. Levels of 'antisense' as fractions of the 'sense' transcription 
were quantified for each gene prediction dataset and plotted against the frequency of the 
sense tag. Similar plots were obtained using three other gene predictions from TwinScan, 
TigrScan and Glimmer (not shown). 
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active in this parasite. Changing mRNA levels were observed across all abundance 

classes, indicating that far fewer genes are constitutively expressed in these parasites. For 

example, only 37% of the 412 high abundant class mRNAs are constitutively expressed 

across all the developmental libraries and nearly a quarter (22%) of high abundant tags 

are stage-specific (Figure 2.2 C). Global comparisons of SAGE tags from Type III-VEG 

primary libraries (sporozoite, Day-4, -6, -7, -15, pH-shift libraries) demonstrate the 

unique changes in the mRNAs across development as standard correlations vary between 

0.0229 to 0.32000 among these datasets (Table 2.2), with the exception of the 

comparison between sporozoite and Day-4 libraries (sporozoite vs. Day-4 r = 0.728). 

SAGE tags uniquely associated with each Toxoplasma developmental library encompass 

~18% of the total 2 × 2 SAGE tags and range from 1.5–5.3% of the tags in each library. 

Lists of stage-specific genes identified in these studies may be accessed at TgSAGEDB 

(Behnke et al.). It is significant that our results parallel microarray studies in Plasmodium 

where developmental mRNA expression is also largely stage-specific (Llinas & DeRisi, 

2004). 

The unique tag sequence and polarity with respect to mRNA sequence allows for 

the determination of global sense and antisense transcripts by placing tags within the 

orientation of predicted open-reading-frames within the genome. Similar analyses using 

SAGE tags derived from P. falciparum mRNAs identified antisense transcripts (12%) 

that were inversely related to the nearest sense transcription (Gunasekera et al., 2004).  
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Table 2.2. Pairwise comparisons of normalized tag frequencies for all nine SAGE 
libraries. 

Library SP D4 D6 D7 D15 pH MSJ RH ME49 
          
SP 1 0.728 0.0229 0.121 0.112 0.0496 0.0557 0.022 0.0205
D4 0.728 1 0.0625 0.275 0.271 0.109 0.137 0.0554 0.0476
D6 0.0229 0.0625 1 0.0604 0.0781 0.0358 0.0486 0.785 0.343
D7 0.121 0.275 0.0604 1 0.32 0.0888 0.151 0.066 0.0809
D15 0.112 0.271 0.0781 0.32 1 0.239 0.181 0.0536 0.0623
PH 0.0496 0.109 0.0358 0.0888 0.239 1 0.119 0.0281 0.0273
MSJ 0.0557 0.137 0.0486 0.151 0.181 0.119 1 0.0348 0.0444
RH 0.022 0.0554 0.785 0.066 0.0536 0.0281 0.0348 1 0.276
ME49 0.0205 0.0476 0.343 0.0809 0.0623 0.0273 0.0444 0.276 1
     

Sp = sporozoite/oocyst, D4, -6, -7, -15 = days post-sporozoite infection, pH = 72 h 
culture of VEG strain in 8.2 pH-medium, and laboratory strains: MSJ = Type III VEG, 
RH = Type I, ME49 = Type II 

Here, antisense transcription has been independently confirmed (Gunasekera et al., 2004), 

although the function of these transcripts has yet to be established. In order to determine 

whether antisense transcription was conserved in Toxoplasma, we performed a global 

analysis of tag frequency (using tags that matched once in the genome) and orientation in 

comparison to four different predicted gene sets obtained from annotation of the 

Toxoplasma genome (Gajria et al., 2008). The range of antisense transcription obtained 

with each gene set was similar, with an average of 21.5% of the total SAGE tags 

observed to encode a predicted opposite strand transcript. As was found in P. falciparum 

(Gunasekera et al., 2004), there was a strong inverse relationship between the frequency 

of antisense transcripts and the level of sense transcription detected within the predicted 

gene sequence, and as such, the higher a sense transcript was expressed, the lower we 

observed the level of potential antisense transcription (Figure 2.2 D).  The ratio of sense 

to anti-sense transcript varied as is shown for a few examples listed in Table 2.3.  The 

apicomplexa-specific MIC3 gene had approximately 12 fold higher sense to anti-sense 
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transcript expression, whereas the apicomplexa-specific GRA6 gene had slightly higher 

anti-sense expression (Table 2.3).  The ratio of sense to anti-sense was reproduced using 

strand specific semi quantitative RT-PCR for the MIC3 (Figure 2.3A) and GRA6 (Figure 

2.3 B top) transcripts.  Interestingly, the level of anti-sense transcript went down for 

GRA3 upon induction with Compound 1 for 48hrs, suggesting there is a developmental 

context for the expression of anti-sense transcripts in Toxoplasma.   Taken together, this 

unusual feature of transcription in P. falciparum extends to a distantly related member of 

the Apicomplexa phylum and opens the door to studying this important biological 

Table 2.3: A few examples of genes with varying levels of sense/anti-sense SAGE tags 
frequencies (genes in red were confirmed by strand specific semi-quantitative RT-PCR, 
See: Figure 2.3). 

 

Genename Chromo Position Sense freq Antisense freq SAGE tag Description

20.m00002 VIIa 3756900 0 19 CATGACCACTTTGG microneme protein 2 (MIC2)
20.m00002 0 25 CATGTCTAGCCTGG microneme protein 2 (MIC2)
20.m00002 155 0 CATGTTGGAAACTA microneme protein 2 (MIC2)
20.m00002 9 0 CATGGAGGACTATC microneme protein 2 (MIC2)

Sum 164 44

641.m00002 IV 874706 0 26 CATGACATCCAGTC microneme protein 3 (MIC3)
641.m00002 25 0 CATGAGAATGGCTA microneme protein 3 (MIC3)
641.m00002 4154 0 CATGCAATCATCGC microneme protein 3 (MIC3)
641.m00002 168 0 CATGCCCACACCGT microneme protein 3 (MIC3)
641.m00002 0 40 CATGGTGGGAGGTT microneme protein 3 (MIC3)
641.m00002 4 0 CATGTGCGGCCCCG microneme protein 3 (MIC3)
641.m00002 0 303 CATGTGTAGCTGAC microneme protein 3 (MIC3)

Sum 4351 369

44.m00010 VIII 2669455 0 90 CATGCCAGAAGGCA SAG1-related sequence 2
44.m00010 47 0 CATGCTACTCAAAT SAG1-related sequence 2
44.m00010 0 156 CATGCTCATAGAGC SAG1-related sequence 2
44.m00010 64 0 CATGTCTTCCTAAG SAG1-related sequence 2
44.m00010 0 26 CATGTTACGTGGCA SAG1-related sequence 2
44.m00010 0 8 CATGCACGCACGCC SAG1-related sequence 2

Sum 111 280

63.m00002 X 7214629 0 303 CATGGCATCGACTA granule antigen protein GRA6
63.m00002 220 0 CATGTGTGGACGGG granule antigen protein GRA6
63.m00002 2 0 CATGGGTGTACTCG granule antigen protein GRA6
63.m00002 0 21 CATGTCGACCTGTC granule antigen protein GRA6

Sum 222 324

20.m00005 VIIa 2568143 0 241 CATGAACAAATAAA dense granule protein 7
20.m00005 0 125 CATGGATGACTTCG dense granule protein 7
20.m00005 1025 0 CATGTCGAAGTGCA dense granule protein 7
20.m00005 3 0 CATGGACGGCGCTA dense granule protein 7
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Figure 2.3: Confirmation by strand specific semi-quantitative RT-PCR (A & B).   Lanes 
1-5 sense, lanes 6-10 antisense.  The sense transcripts for the MIC3 gene (top) are 
approximately 16 fold higher than MIC3 anti-sense transcripts (bottom) (A). A change in 
GRA6 antisense abundance upon induction with Compound 1 for 48hrs (bottom) as 
compared to tachyzoite RNA (top) (lanes C are no RT controls) (B). 

 

mechanism taking advantage of the Toxoplasma experimental model. 

Parasites Emerging From the Sporozoite-Infected Cell  
Retain Significant Sporozoite Gene Expression 

To determine whether distinct mRNA pools could be correlated with each 

sampled time point across development (e.g. sporozoite and Days-4, -6, -7 and -15 post-

sporozoite inoculation and the pH-shift library), we compared each library with itself, and 

then separately with each of the other libraries in the series, and generated a standard 

correlation coefficient for normalized tag ratios (Table 2.2). Evaluation of r for each 

A
 1    2   3   4   5 

6    7   8   9  10 

B
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subsequent comparison demonstrates that the mRNA pools for each of these populations 

were essentially unrelated (r = 0.0229 to 0.32, Table 2.2). It is significant that Day-6 and 

Day-7 mRNAs were the most distinctive in the developmental pathway (see Table 2.2) 

when compared with both early and late development; and also that these two 

populations are even further differentiated from one another (r = 0.0604, see Table 2.2). 

This distinctiveness likely reflects the position in the pathway between rapidly-growing 

parasites at Day-4 and the full emergence of bradyzoites – two distinctly different 

phenotypes with respect to both growth and development. It was also evident that Day-7 

and Day-15 mRNAs are more similar to one another than any two libraries outside of the 

sporozoite and Day-4 libraries discussed below (r = 0.32), however, mRNAs are 

distinctly different when the Day-7 is compared with the pH-shift library (r = 0.0888). 

This difference suggests that the mRNA pool represented in the pH-shift library is 

consistent with a further progression into the developmental pathway leading to mature 

bradyzoites. In early development, oocyst and Day-4 mRNA pools were found to be 

strikingly similar in content and expression level (r = 0.728). From the unique SAGE tags 

contained in sporozoite and Day-4 2 × 2 dataset, 2,259 tags were found to be expressed in 

both libraries within a ± 2-fold level of expression (95% of the tags expressed in the 

combined libraries). As a consequence, SAGE tags specific for the oocyst (sporozoite) 

stage were also expressed in the Day-4 population (Figure 2.4 A). For example, SAGE 

tags corresponding to the mRNA encoding the Toxoplasma homolog to the 

Cryptosporidium oocyst wall protein(s) (Templeton et al., 2004b) were only found in the 

oocyst and Day-4 libraries, as were SAGE tags for a recently described sporozoite  
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Figure 2.4:  Groups of co-regulated mRNAs are associated with the major developmental 
transitions. Stage-specific gene expression as defined by normalized fold-change within 
the six developmental libraries was determined without regard to the level of expression 
in the laboratory-adapted strain libraries. SAGE tag clusters for the combined sporozoite 
and Day-4 post-sporozoite infection, Day-6, Day-7 and Day-15/pH-shifted and their 
respective plots were generated using GeneSpring 7.2 software. Similar distributions 
were obtained using standard k-means clustering (not shown). Note that expression of 
each SAGE tag within the four co-regulated sets was plotted for all nine libraries 
including the laboratory strains with expression color-coded by the level in the relevant 
developmental libraries. [A] Parasites emerging from sporozoite-infections at Day-4 post 
inoculation possessed high levels of sporozoite-specific gene expression (0.728 
correlation between these libraries) that were nearly all down-regulated by Day-6 post-
sporozoite infection and beyond. Note that with the exception of a few SAGE tags in the 
Type III (VEGmsj) library there is little expression of these genes in the laboratory 
strains. [B] Genes specifically expressed >3-fold in Day-6 (see next page)                    
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(Figure 2.4 continued) post-sporozoite SAGE libraries (120 total) were also uniquely 
elevated in the Type I-RH library suggesting these parasites have a common gene 
expression that may reflect shared biology. Note that the expression of these genes is 
largely exclusive to RH and Day-6 and that the levels of expression are remarkably 
similar in each library. [C] Parasites post-growth shift at Day-7 (15 h doubling) represent 
a developmentally unique stage positioned at the initiation of bradyzoite development. 
Fully 5% of the total SAGE tags expressed in this stage showed regulation (15 % 
difference between Day-7 and Day-6) with relatively few known bradyzoite-specific 
genes expressed at this stage. Note that there was considerable shared expression of Day-
7 SAGE tags with the laboratory strains, although expression levels showed higher or 
lower expression in lab strains as reflected in the color scale of individual curves that 
were fixed by the Day-7 levels in this gene plot. [D] Based on SAGE tag frequencies, 698 
genes were found to be expressed >3-fold higher in the Day-15/pH-shift libraries. Genes 
identified in this set included the known bradyzoite genes BAG1, LDH2, SAG4.2, 
enolase 1, cyst-wall protein and a novel bradyzoite-specific NTPase. A number of the 
SAGE tags contained in this cluster were also elevated in the laboratory strains VEGmsj 
and Me49B7, while the RH strain showed little or no expression of the tags from this 
gene set as was found for the other developmental libraries including Day-6. 

 

surface antigen (Radke et al., 2004) and the sporozoite-specific superoxide dismutase 

(Ding et al., 2004). Thus, parasites emerging after five divisions in the sporozoite-

infected cell retain more of the sporozoite mRNA pool than was earlier anticipated 

(Jerome et al., 1998), suggesting that the genetic program established during sporulation 

of the oocyst stage in the environment may have a significant influence on the initial 

phase of a primary Toxoplasma infection. 

Bradyzoite Gene Expression Begins with  
the Post-Growth Shift at Day-7 

We have previously reported that a slowing of the VEG strain tachyzoite 

replication rate roughly 20 division cycles after sporozoite-infection of HFF cells 

precedes the immediate onset of bradyzoite development (Jerome et al., 1998). We 

predicted that mRNA pools at Day-7 in the developmental series would reflect the 

transition of these parasites between rapidly-growing parasites at Day-6 and the full 
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emergence of bradyzoites by Day-15, and in the pH-shifted populations. For this reason, 

Day-7 post-sporozoite populations were critical to our analyses of the developmental 

transcriptome because they represent the earliest observation of the growth-shifted 

population that ultimately commits the parasite to bradyzoite differentiation. In 

characterizing the differences between Day-7 and Day-6 mRNA pools, it was evident that 

nearly 1,181 SAGE tags in the Day-7 population were altered from the Day-6 population. 

Approximately 750 and 420 of all Day-7-tags were up-regulated or down-regulated (± 

2.5-fold), respectively, when compared to the frequency of SAGE tags in the Day-6 

population. From the up-regulated tags in the Day-7 library, 490 tags were completely 

absent from the Day-6 library, and conversely, 251 tags that were down-regulated in the 

Day-7 population were also absent in Day-6. Figure 2.4 C displays all SAGE tags that 

were observed to be Day-7-specific in comparison to the other five developmental 

libraries without regard to the three laboratory strains. Congruent with the observed 

induction of the slow growth that leads to initiation of the bradyzoite development 

pathway, levels of some mRNAs encoding proteins necessary for nuclear replication and 

cell division were reduced in the Day-7 population. For example, the mRNA encoding 

PCNA1 (down 3-fold) (Guerini et al., 2000) and the mRNAs for DHFR-TS and the 

adenosine transporter – each providing dTTP and dATP, ultimately to be used in DNA 

synthesis (Johnson et al., 2002) – were down-regulated in the Day-7 population. 

Consistent with the reduced replication rate at Day-7, both Rab5 and Rab11, which were 

up-regulated in the Day-6 population, were down-regulated 4- and 3-fold, respectively, 

suggesting a reduced need for endocytosis and cytokinesis at this stage of development 

(Prekeris, 2003, Robibaro et al., 2002). We also observed reduced levels of mRNAs 
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encoding many of the energy-related proteins up-regulated in the rapidly growing Day-6 

population. For example, we observed a distinct reduction in the level of mRNAs 

encoding fructose-1,6-bisphoshatase (Sillero et al., 1969), GAPDH and 3-

phosphoglycerate kinase. We also observe the down-regulation of mRNAs encoding 

several molecules in mitochondrial electron transport including cytochrome b (down 8-

fold) and cytochrome c oxidase (down 6-fold). 

The presence together of tachyzoite and some bradyzoite specific markers in the 

Day-7 population is likely reflective of their position between two distinctly different 

stages of development, the rapidly replicating tachyzoite and the slowly growing or 

growth arrested bradyzoite. However, there is little expression of the most well studied 

bradyzoite genes (Day-7 vs. pH-shift libraries r = 0.0888, Table 2.2) and this is consistent 

with earlier measurements of BAG1 protein in these populations (2% BAG1 (Jerome et 

al., 1998). Marker co-expression extends to the tachyzoite-specific surface antigen SAG1 

(up 20-fold) (Seng et al., 2004, Ferguson, 2004) and the mRNA encoding MIC10 (up 8-

fold), while the increased level of the mRNA encoding the ROP4 protein (up 4-fold) is 

consistent with reports of higher levels of this transcript in the bradyzoite stage (Cleary et 

al., 2002). The appearance of the mRNA encoding hsp90 in the Day-7 population, which 

has previously been demonstrated to be up-regulated in the slow or non-replicating 

bradyzoite form (Echeverria et al., 2005), suggests that this mRNA may be an early 

bradyzoite marker. It is intriguing that drugs that target hsp90 prevent bradyzoite 

differentiation in laboratory strains (Echeverria et al., 2005), indicating an important role 

for this factor in initiating bradyzoite development. 



 46
Based on SAGE data, parasites from Day-15 post-sporozoite infections were a 

mixture of tachyzoite and bradyzoite forms with reduced growth rates (Jerome et al., 

1998) that express additional bradyzoite markers. Thus, for the first time in this 

population, we observed SAGE tags corresponding to bradyzoite markers SAG4.2 

(Odberg-Ferragut et al., 1996) and ENO1 (Manger et al., 1998), and although tachyzoite 

genes such as SAG1 and SAG2 (Soete et al., 1993) remain present, they show a 

decreased expression of these mRNAs compared to Day-7 parasites, indicating that the 

switch to the bradyzoite stage is continuing to progress. Figure 2.4 D shows bradyzoite-

specific genes that are shared between Day-15 and pH-shifted populations. The pH-

shifted parasite populations represent the best-defined bradyzoite phenotype we can 

achieve in tissue culture host cells. These mRNA pools were representative of a definitive 

phenotypic change in the growth and development of VEG strain parasites along the life-

cycle continuum in the intermediate host (Jerome et al., 1998). Similar to the significant 

changes observed in the Day-7 to Day-15 transition (15%), we observed that 1,441 of the 

SAGE tags analyzed were altered by more than 2.5-fold from the Day-15 population to 

the mature bradyzoite induced by alkaline stress (Figure 2.4 D). In this comparison, 695 

tags analyzed were up-regulated in the pH-shifted library, while 746 were down-

regulated. As expected, genes associated with cellular growth continue to be down-

regulated in the pH-shifted library, consistent with the arrest of growth in these 

populations and the G1/G0 state of parasites from in vivo cysts (Radke et al., 2003, 

Radke et al., 2001). We observed a dramatic disappearance of the mRNA encoding the 

inner membrane complex protein IMC-1 (Mann & Beckers, 2001, Mann et al., 2002, Hu 

et al., 2002), which, notably, was also absent from the growth arrested sporozoite stage. 
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Levels of mRNAs encoding other microtubule and/or cytoskeletal proteins including β 

tubulin (Schwartzman et al., 1985, Nagel & Boothroyd, 1988) and various myosin 

precursor(s) were also down from the levels observed in the Day-7 and Day-15 parasite 

populations. Genes encoding DHFR-TS and PCNA1 and 2, which are up-regulated in the 

Day-4 and -6 populations, were also expressed at lower levels in the pH-shifted 

population as they were in the Day-7 population. 

The unique list of up-regulated genes in the Day-15/pH-shifted libraries (graphed 

in Figure 2.4 D) included most of the well studied markers of bradyzoite differentiation. 

The Toxoplasma mRNA encoding lactate dehydrogenase 2 (bradyzoite-specific) 

(Tomavo, 2001), was present (while lactate dehydrogenase 1 was reduced 8-fold), as was 

mRNAs encoding Hsp30/BAG1 (7-fold up), p18 (SAG4.2) bradyzoite surface antigen, 

and Toxoplasma enolase 1, with all of these mRNAs substantially higher in the pH-

shifted population when compared to Day-15. NTPase 1 and 3 mRNAs were down-

regulated while a novel mRNA encoding a bradyzoite-specific NTPase (brady-NTPase) 

was observed to be dramatically up-regulated. The gene encoding Brady-NTPase (chr. X, 

TGG_994683) contains a single exon of 645 amino acids (~70 kDa) and is related (41% 

identity) to other well studied NTPases (Bermudes et al., 1994, Asai et al., 1998). SAGE 

tag frequencies for Brady-NTPase indicates that it is an abundant mRNA in the pH-shift 

library, and we have confirmed mRNA expression by RT-PCR and the presence of 

bradyzoite-specific cis-elements in the 5'-intergenic region flanking this novel NTPase. 

The NTP3 promoter contains tachyzoite-specific cis-elements (Nakaar et al., 1998), and 

thus Brady-NTPase may represent a bradyzoite-specific isoform of this enzyme. 



 48
Parasite Strains Possess Gene Expression Characteristic  
of Specific Points in the Developmental Pathway 

Comparisons of SAGE datasets from the Type I, II and III laboratory strains with 

the VEG sporozoite-developmental series described above demonstrate correlations that 

may be associated with the capacity of each strain to differentiate. As expected, few of 

the genes specifically regulated in sporozoite/Day-4 populations were shared with the 

three tissue culture-adapted strains (Figure 2.4 A), especially Type I and II strains. By 

contrast, a significant number of genes up-regulated in the Day-7 post-sporozoite 

populations were also found to be expressed at higher levels in all three lab strains 

(Figure 2.4 B). Comparative similarity in mRNA pools was observed to rapidly diverge 

when the laboratory strains were compared to populations prior to and following the 

initiation of bradyzoite differentiation (Day-15 and pH-shifted populations). There is a 

striking correlation in the specificity and expression levels of a set of up-regulated SAGE 

tags (120 tags, Figure 2.4 B) specific for the Day-6 post-sporozoite populations that are 

also expressed in the RH laboratory strain (0.785 correlation), but largely not observed in 

the other developmental populations or the other laboratory strains. This unique 

relationship in gene expression may reflect a shared biology; Day-6-VEG populations, 

like RH parasites, lack any evidence of sporozoite or bradyzoite mRNA expression and 

grow with a similarly fast doubling time (Jerome et al., 1998, Radke et al., 2001). In 

contrast, SAGE libraries constructed from Type II-Me49B7 and Type III-VEGmsj 

parasites do not have elevated Day-6 SAGE tags (0.343 and 0.049 correlations, 

respectively, Table 2.2), but unlike the RH/Day-6 datasets, SAGE tags corresponding to 

bradyzoite genes are found in these libraries (e.g. basal levels of SAG4.2, Brady-NTPase 
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and ENO1 are detected; see Figure 2.4 D). Baseline expression of bradyzoite genes might 

be the result of a minor population that had differentiated, although we have not observed 

this population in Type III-VEGmsj using known bradyzoite markers (not shown). 

Interestingly, elevated basal expression of bradyzoite genes has also been recently 

detected in the microarray analysis of avirulent laboratory strains that are 

developmentally competent, but presumed to be growing as tachyzoites (Boyle and 

Boothroyd, unpublished). The basal expression of bradyzoite genes that we and others 

have observed is likely to be related to the greater capacity of VEGmsj and Me49B7 

parasites and other competent strains to enter the bradyzoite developmental pathway in 

vitro (and in animals), and thus the mRNA patterns in laboratory-adapted strains appear 

to mirror characteristics from the natural development pathway with their comparative 

position with respect to Day-7 post-sporozoite populations. Strains of which the mRNA 

profile is more consistent with development patterns that are earlier than Day-7 parasites, 

such as RH, may be more removed from bradyzoite differentiation, while gene 

expression profiles consistent with populations that have progressed beyond Day-7 (i.e. 

evidence of basal bradyzoite gene expression) may indicate that the parasites are primed 

to enter the bradyzoite developmental pathway. The level of annotation in the RH/Day-6 

mRNA cluster is low (~80% are unique), providing relatively few clues to the 

biochemical pathways that are transiently expressed during VEG development but in RH 

are permanently activated. It is notable, however, that SAGE tags in this cluster 

correspond to ROP1 transcripts given that a minor QTL associated with RH acute 

virulence has been closely mapped to this locus in the T. gondii genome (Sibley & 

Boothroyd, 1992). In addition, DHFR-TS is also found in this pool, which may be 
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consistent with the well known relationship between DHFR and eukaryotic replication. It 

is likely not a coincidence that a single QTL associated with parasites that display the 

characteristic rapid cell cycle rates of Type I strains has been preliminarily mapped to the 

DHFR-TS locus on chromosome XII (Jerome, Behnke and White, unpublished results). 

Thus, the 120 Day-6/RH-specific SAGE tags may represent an important mRNA group 

that is associated with the virulent and rapidly growing RH phenotype, and the down-

regulation of these mRNAs during development adds support to the concept that 

developmental gene expression in T. gondii determines the observed stage-specific 

phenotypes that change in a predetermined hierarchical order (Singh et al., 2002b). 

Discussion 

This report describes the first large-scale investigation of the Toxoplasma 

transcriptome during development in the intermediate life cycle. This comprehensive 

SAGE database offers a broad view of gene expression in primary as well as laboratory 

adapted parasite populations and defines fundamental changes in mRNA pools that will 

serve as a comparative base for future functional genomic studies. The emerging view 

from this study of gene organization and global mRNA expression demonstrates that 

mRNA classes based on abundance, function or co-regulation are dispersed throughout 

the chromosomes, which is consistent with a model where gene-specific mechanisms 

involving trans-acting factors are responsible for regulating mRNA levels in this 

protozoa. Experimental evidence shows that Apicomplexan protozoa promoters have a 

bipartite organization of basal and cis-elements (Horrocks et al., 1998) suggesting that 

transcriptional initiation in these parasites follows principles similar to other eukaryotes. 
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It is noteworthy that ~60% of the factors necessary for general POL II transcriptional 

control in other crown group eukaryotes have now been found in apicomplexan genomes 

(Coulson et al., 2004). Unfortunately, only a handful of Toxoplasma (or apicomplexan) 

promoters have been investigated to identify intergenic regions that contain cis-element 

sequences (Matrajt et al., 2004, Nakaar et al., 1998, Kibe et al., 2005, Ma et al., 2004, 

Roos et al., 1997b, Bohne et al., 1997a, Mercier et al., 1996, Soldati & Boothroyd, 1995) 

and only one gene-specific transcription factor in any Apicomplexan protozoan has been 

validated (Gissot et al., 2005). There is reason to believe that transcription in these 

parasites will have unique features. Unlike animal cells, where constitutive mRNA 

expression is a dominant feature, our studies show that transcription in Toxoplasma is 

considerably more dynamic with large numbers of mRNAs exclusively expressed in a 

single developmental stage. This phenomenon is consistent with the "just-in-time" 

concept put forth from studies of Plasmodium (Llinas & DeRisi, 2004), where more than 

80% of the transcripts monitored in microarray experiments were regulated, with most 

having a peak expression within a single timeframe in parasite development. It is 

plausible that this strategy for regulating gene expression in the Apicomplexa results in 

the unusual composition and changing complexity of Toxoplasma mRNA pools. Our 

results also demonstrate that gene expression leading to abundant mRNA levels in these 

parasites is focused on a select group of genes that have evolved with the adaptation of 

these protozoa to a parasitic life style and within the context of unique host-parasite 

relationships. Thus, it seems likely that gene-specific transcriptional mechanisms will be 

divergent in these parasites when compared to other well studied eukaryotic models and 

this view is supported by recent searches for general transcription factors in these 
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parasites (Callebaut et al., 2005). Gene expression associated with the major 

developmental stages studied here indicates that critical phenotypic transitions (i.e. 

changes in growth and developmental stage) are strongly influenced by changes in 

mRNA levels, and in those cases where data were available on protein changes, the 

mRNA levels were observed to move in similar directions. This too is consistent with the 

high degree to which protein and mRNAs levels correlate in the related parasite, P. 

falciparum (Le Roch et al., 2004). Altogether these data do not rule out a role for post-

transcriptional mechanisms in this parasite, but rather demonstrate that changes in mRNA 

levels play a significant role in regulating critical developmental transitions in this 

parasite. A summary of the overall gene expression patterns in sporozoite-initiated 

development is illustrated in Figure 2.5.  It is significant that sporozoite gene expression 

influences early stages of the intermediate life cycle, given the similarities in gene 

expression between sporozoites and Day-4 emergent parasites. It is also noteworthy that 

tachyzoite gene expression, which is first detected in emergent parasites, remains 

strongly expressed in the slowly growing Day-7 parasites and is present in early 

bradyzoite, mixed populations (i.e. Day-15 parasites). Thus, tachyzoite gene expression 

was not confined to a specific developmental phenotype, and by itself was a poor gauge 

of a parasite's position within the intermediate life cycle. This may explain why 

laboratory strains considered to be tachyzoites based on antigen expression differ greatly 

in their replication rate and capacity to form bradyzoites. In fact, baseline expression of 

bradyzoite genes in VEGmsj and Me49B7 appears to be a more reliable predictor of the 

capacity of these strains to form bradyzoites, while the absence of this pattern in the RH 

strain is well correlated with developmental incompetence. Based on this principle, it is 
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intriguing to speculate that expression in the highly virulent RH parasites of mRNAs also 

uniquely found in rapidly growing Day-6 parasites influences the characteristic resistance 

of RH and other Type I strains to form tissue cysts (Sibley & Boothroyd, 1992, Dubey, 

1997). The Type I parasites may harbor a mutation that alters a critical regulatory 

mechanism controlling the capacity of these parasites to progress into the bradyzoite 

developmental pathway and this is reflected in the sustained (rather than transient) 

expression of a cluster of Day-6 genes in these parasites. 

Figure 2.5: Summary of the gene expression patterns associated with sporozoite-initiated 
development. The relative timeline of sporozoite to bradyzoite development is indicated 
at the top of the diagram. Sporozoite- and bradyzoite-specific gene expression clearly 
demarcates these stages, while tachyzoite-specific patterns are more fluid with respect to 
developmental phenotypes. Gene expression patterns in Day-6 and RH parasites are 
highly correlated; however, the maximum tachyzoite antigen expression based on overall 
SAGE tag frequencies was observed in the Day-7 population. All laboratory strains are 
placed in the timeline on the basis of a best-fit criterion. Alkaline-shifted parasites (pH-
shifted) express all the known bradyzoite genes, and are therefore considered to be nearly 
identical to mature bradyzoites in this diagram. 
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THE TRANSCRIPTION OF BRADYZOITE GENES IN TOXOPLASMA GONDII IS 

CONTROLLED BY AUTONOMOUS PROMOTER ELEMENTS 

  Reproduced in part under the conditions of the Blackwell-Synergy Open Access    
  agreement.  Mol Microbiol. 2008 Jun;68(6):1502-18 
 

Introduction 

The apicomplexan protozoan Toxoplasma gondii is an obligate intracellular 

parasite capable of invading any nucleated mammalian cell, consequently causing disease 

in a number of species, including humans.  The distribution of parasites across Europe 

and North America primarily consists of three clonal lineages, Type I, II and III.  

Although expressed sequence tag (EST) and genomic-based polymorphism studies have 

shown the genetic diversity between these lineages to be low (Boyle et al., 2006a, 

Lehmann et al., 2006, Ajzenberg et al., 2004), there are noticeable phenotypic 

differences.  For example, the most virulent strains of the parasite are of the Type I 

background (Sibley & Boothroyd, 1992).  Additionally, differences in migration, growth 

rate, the ability to differentiate to the cyst forming bradyzoite stage, and gene expression 

have been observed (Taylor et al., 2006, Radke et al., 2006).   

The advent of apicomplexan genome sequencing has led to parallel analyses of 

the parasite transcriptome with an emphasis on developmental gene expression.  There is 

a solid therapeutic rationale for this focus as clinical sequelae in apicomplexan diseases 

are often attributable to a specific life cycle stage.  In toxoplasmosis, acute pathology is 

associated with the growth of the tachyzoite stage, while persistent infections are caused 

by the encysted bradyzoite stage, which is not treatable with current therapies.  Global 

measurements of parasite gene expression demonstrate that primary developmental 
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transitions in the Apicomplexa are accompanied by temporal changes in the level of 

mRNAs from genes that are dispersed across all parasite chromosomes (Radke et al., 

2005, Cleary et al., 2002, Singh et al., 2002a).  Stage-specific mRNA expression 

accounts for a large fraction of Plasmodium transcripts and there was little shared 

expression between stages: nearly 200 genes were expressed in the gametocyte, 41 were 

sporozoite-specific, and 20% of all transcripts were specific for the intra-erythrocytic 

cycle, reviewed in (Llinas & DeRisi, 2004).  Proteomic studies appear to confirm these 

results as over half of the 948 proteins detected in a recent proteomic analysis were 

uniquely expressed by a single developmental stage (Hall et al., 2005).  A global 

comparison of serial-analysis-of-gene-expression (SAGE) tags (Velculescu et al., 1995) 

from primary Type III strain libraries in Toxoplasma gondii demonstrate that unique 

changes in mRNA levels characterize each developmental transition captured (Radke et 

al., 2005).  SAGE tags specific to each developmental stage encompass 23% of the total 

tags sequenced and ranged from 1.5-5.3% of the tags in each library.  Transcriptional 

exclusivity in developmental transitions revealed by SAGE and microarray analysis 

supports the notion that apicomplexan development follows a hierarchical order that is 

borne out by temporal changes in gene expression profiles.  Altogether, global analysis of 

gene expression suggests transcription initiation is a major regulatory mechanism in 

apicomplexan parasites.   

Studies in Plasmodium and Toxoplasma indicate that the general eukaryotic 

transcriptional machinery whereby RNA polymerase II transcribes protein encoding 

genes in association with general transcription factors (GTFs) is relatively conserved and 

active in these parasites (Coulson et al., 2004, Coulson & Ouzounis, 2003, Callebaut et 
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al., 2005, Meissner & Soldati, 2005, Li et al., 1989, Fox et al., 1993, Militello et al., 

2005).  Recently a combination of two-dimensional hydrophobic cluster analysis and 

profile based search methods using PSI-BLAST have extended earlier investigations 

(Coulson et al., 2004, Meissner & Soldati, 2005) such that ~60% of the known eukaryotic 

GTFs are now recognized in the Plasmodium genome, including important components 

of the TFIID complex (Callebaut et al., 2005).  Similar computational surveys 

demonstrate the presence of GTFs in the Toxoplasma genome (Meissner & Soldati, 2005, 

White et al., 2007).  Sets of proteins that work in concert with the general transcriptional 

machinery are the activating transcription factors (ATFs).  In higher eukaryotes, ATFs 

initiate gene expression by binding to cis-acting (regulatory) promoter element(s) and 

recruiting chromatin remodeling complexes (Li et al., 2004b, Featherstone, 2002), which 

create a more favorable environment for the assembly of the RNA polymerase complex 

(White et al., 2007).   Numerous chromatin remodeling enzymes have been identified in 

Toxoplasma and a variety of histone modifications have been observed at native parasite 

promoters (Saksouk et al., 2005, Smith et al., 2005, Gissot et al., 2007).  By comparison, 

little is known about apicomplexan ATFs or the mechanisms that activate gene-specific 

transcription.  This is one of the major gaps in our knowledge of apicomplexan biology 

and filling this deficiency has important implications for understanding parasite 

development.   

In this study, we use low passage Toxoplasma isolates to establish in cell culture 

models that promoters controlling bradyzoite genes have active chromatin configurations 

in advance of induced changes in mRNA levels. We show that cis-acting elements 

regulating the expression of bradyzoite promoters have definable nucleotide 
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compositions, and these elements retain their activity when introduced into unrelated 

promoters.  We further show that functionally mapped cis-elements are bound by protein 

factors with the appropriate sequence specificity. 

Materials and Methods 

Cell Culture and Parasite Strains 

 Low passage strains used in these studies were Type I-GT1, the genome reference 

strain Type II-Me49B7, and Type III-CTG.  The following laboratory strains were also 

used: Type I-RH strain is a well established lab strain that has lost the ability to complete 

the two-host life cycle, Type II-Prugniaud strain is capable of robust bradyzoite 

differentiation and was used to generate stable transgenic lines, and finally, the Type III-

VEGmsj has a low frequency of spontaneous differentiation when cultured under 

tachyzoite conditions but is strongly induced to differentiate under a variety of 

conditions.  Type III-VEGmsj was used for all deletion/mutagenesis promoter mapping 

studies.  All strains were maintained by serial passage in human foreskin fibroblasts 

(HFF) cultured in Dulbecco’s Modified Eagle Medium (DMEM,Gibco BRL, Grand 

Island NY) supplemented with 1% (v/v) fetal bovine serum (FBS) (Atlanta Biologicals, 

Lawrenceville, CA).  Compound 1 was used at a working concentration of 3µM in 1% 

FBS DMEM media, pH8.2 media was made with tricine buffered (45mM) DMEM 

without sodium bicarbonate (Cellgro, Herndon VA) adjusted to pH8.2 with KOH, L-

arginine depleted media was obtained from Specialty Media (Phillipsburg, NJ), parasites 

shifted to the CO2 depleted condition were grown in media made with tricine buffered 

(45mM) DMEM without sodium bicarbonate (Cellgro, Herndon VA) adjusted to pH7 
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with KOH in a CO2 free environment, and parasites shifted to high temperature 

conditions were grown in regular 1% FBS DMEM media at 40°C. 

Microarray Analysis 

  Parasites were purified from host cells as previously described (Roos et al., 1994) 

and RNA was extracted using the Qiagen RNeasy kit: with β-mercaptoethanol and 

DNase I treatment (Valencia, CA).   RNA quality was determined using the Agilent 

Bioanalyzer 2100 (Santa Clara, CA).  A total of 3µg starting RNA was used to produce 

cRNA using the Affymetrix One-Cycle Kit (Affymetrix, Santa Clara CA).  Fragmented 

cRNA (5µg) was hybridized to the Toxoplasma gondii Affymetrix microarray according 

to standard hybridization protocols (please refer to http://roos-

compbio2.bio.upenn.edu/~abahl/Array-Tutorial.html for a detailed description of array 

design and features).  Two hybridizations were done for each sample type.  Hybridization 

data was preprocessed with Robust Multi-array Average (RMA) and normalized using 

per chip and per gene median polishing and analyzed using the software package 

GeneSpring 7.2 (Agilent Technologies, Santa Clara CA).  The following procedure was 

used to identify the 267 genes induced by Compound 1: Student’s t-test grouped by the 

Compound 1 parameter, variances assumed equal, p-value cutoff 0.05, Benjamini and 

Hochberg False Discovery Rate (using all samples except Type I-GT1 CMPD1 as its lack 

of induction confounded the use of the Compound 1 parameter) Pearson correlations 

between independent replicates: strain Type III-CTG tachyzoite=0.976, strain Type III-

CTG-CMPD1 induced=0.976, strain Type I-GT1 tachyzoite=0.945, strain Type I-GT1-

CMPD1 induced=0.982, strain Type II-Me49B7 tachyzoite=0.968, strain Type II-
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Me49B7-CMPD1 induced=0.95.  Percentage of expressed probes out of 8131 total 

probes: Type III-CTG tachyzoite=68%, Type III-CTG-CMPD1=70%, Type I-GT1 

tachyzoite=62%, Type I-GT1-CMPD1=75%, Type II-Me49B7 tachyzoite=70%, Type II-

Me49B7-CMPD1=71%. 

Chromatin Immunoprecipitation (ChIP) 

Freshly lysed tachyzoites or in vitro bradyzoites were treated for 10 min with 1% 

formaldehyde at 37°C, spun, and resuspended in cold lysis buffer (1% SDS, 10mM 

EDTA, 50mM Tris-HCL, pH 8.1, plus protease inhibitors). Samples for ChIP consisted 

of ~5 x 107 parasites that were subjected to sonication on ice 3 times, 10 sec each.  The 

following steps were carried out at 4oC unless indicated otherwise.  Samples were 

centrifuged at 13,000 rpm for 10 min, and a portion of the supernatant was saved for 

input DNA.  The rest was diluted 10 fold in ChIP dilution buffer (0.01% SDS, 1.1% 

triton X-100, 1.2mM EDTA, 16.7mM Tris-HCl, 167mM NaCl, pH 8.1) plus protease 

inhibitor cocktail (Sigma P8340).  Lysate was pre-cleared with 80 µl salmon sperm DNA 

protein A agarose for 30 min with agitation.  Following centrifugation at 1000 rpm at for 

1 min, anti-AcH3 or anti-AcH4 (Upstate Biotechnology 06-599 and 06-866, respectively) 

was added for an overnight incubation.  Then 60 µl of salmon sperm DNA/protein-A 

agarose was added and incubated for 1 h to collect the antibody-protein-DNA complex.  

The resulting complex was washed 2x with 1.0 ml of each of the following buffers for 5 

min: Low Salt wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, 

150mM NaCl, pH 8.1); High Salt wash buffer (0.1% SDS, 1% Triton-X 100, 2mM 

EDTA, 20mM Tris-HCl, 500mM NaCl, pH 8.1); LiCl wash buffer (0.25M LiCl, 1% 
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NP40, 1% deoxycholate, 1mM EDTA, 10mM Tris-HCl, pH 8.1).  Samples were washed 

4x in TE prior to elution in 250 µl elution buffer (1% SDS, 0.1M NaHCO3) for 15 min at 

room temperature with agitation.  After a spin at 1000 rpm for 1 min, a second elution 

step was performed on the supernatant.  NaCl ( 20 µl of  5M) was added to the combined 

eluates and crosslinks were reversed by heating for 4 h at 65oC.  Samples were then 

treated with proteinase K and DNA recovered by phenol/chloroform extraction followed 

by ethanol precipitation.  Standard PCRs were carried out with designated primers using 

Taq polymerase (Invitrogen, Carlsbad CA), and products visualized on a 1% agarose gel 

containing 0.5 µg/ml ethidium bromide.  Regions amplified from putative start ATG: 

BAG1 = -979 to -263, LDH2 = -810 to -43, SAG2A = -438 to -1, B-NTPase = -1280 to -

753. 

Promoter Deletion, Substitution,  
and Mutagenesis Constructs 

In order to construct a renilla version of the ∆CAT-pluc-firefly-luciferase (Matrajt 

et al., 2002b), the renilla coding region was amplified by PCR with primers that 

incorporated Avr-II/Pst-1 restriction sites.  This DNA fragment was then used to replace 

the firefly coding region in the ∆CAT-pluc-firefly-luciferase plasmid.  To prepare 

destination vectors for cloning various promoter-5' UTR genomic fragments, we replaced 

the existing promoter and ∆CAT regions (Kpn1/AvrII) in the ∆CAT-pluc-firefly-

luciferase and ∆CAT-pluc-renilla-luciferase plasmids with an oligonucleotide linker that 

contained KpnI/SmaI/AvrII sites.  The unique SmaI site was then used to clone the 

cassette B fragment that carries the ccdB and chloramphenicol resistance markers for 

eventual recombinational cloning (Invitrogen, Carlsbad CA).  The placement of the 
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cassette B in these plasmids enabled recombinational cloning of promoter fragments 5' of 

the firefly or renilla coding regions.  Promoter fragments included 5'-flanking genomic 

sequence including the 5'-UTR and the translational start.  The attB2 sequence is 

translated and in frame with the luciferase coding region.  The resulting plasmids were 

renamed DEST-p-firefly-parent or DEST-p-renilla-parent and carried the ampicillin 

resistance marker for selection in bacteria, although no Toxoplasma selection marker was 

included. 

 Sequential deletion constructs were made by amplifying the appropriate promoter 

and 5'-UTR regions from Type II genomic DNA for each gene tested using primers 

containing flanking the attB1 and attB2 sites.  The promoter fragment was first cloned 

into pDONR221 (Invitrogen, Carlsbad CA) via the BP reaction, and after restriction 

enzyme verification, the promoter fragment was moved into either of the destination 

vectors above via the LR reaction (Invitrogen).  Nucleotide positions in these deletion 

studies are referenced with respect to the start of translation (+1). 

 Substitution and site-directed mutagenesis constructs were obtained by alterations 

of the appropriate pDONR221 entry vector containing the promoter fragment of interest 

by using this plasmid as a template for inverse PCR where the plasmid was first 

amplified and then re-ligated following digestion of ArvII sites incorporated into the 

primer designs.  Constructs were verified with restriction enzyme mapping, and then 

modified promoter moved to the Dest-p-firefly vector via the LR reaction. 
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Dual Luciferase Assay 

 Parasites were electroporated as previously described (Striepen et al., 2002) with 

a combination of the Dest-p-firefly-promoter construct of choice (40µg) and the control 

Dest-p-renilla-α-tubulin plasmid (20µg).  Electroporations were performed in duplicate 

with each electroporated sample split equally into two T25cm2 flasks (control and 

experimental) and allowed to grow ~16 h at 37°C.  Following the period of overnight 

recovery, bradyzoite inductive media or culture condition was applied to two 

experimental flasks.  Samples were processed for luciferase activity by scraping the 

infected monolayer, harvesting the cells by centrifugation and resuspending the cell pellet 

in 1X Lysis Buffer (Promega, Madison WI).  The lysates were vortexed, incubated at 

room temperature for 15 minutes, then centrifuged for 5 minutes at 14,000 rpm (tabletop 

microcentrifuge) and kept on ice until assayed for luciferase activity.  Firefly and renilla 

luciferase activity was determined in the same extract using Promega Dual Luciferase 

Assay reagents according to manufacturer protocols (Promega, Madison WI) and light 

readings taken on a Lumat LB 9507 luminometer.  Four readings were collected for 

firefly and renilla luciferase activity for each promoter construct.  Firefly luciferase 

results were normalized by α-tubulin-renilla levels and referenced to the induced 

expression levels of a control promoter construct (relative-response-ratio, RRR) or 

compared to the control α-tubulin-renilla promoter construct (fold change).  All 

constructs (control, deletion, or mutant) were expressed >10 fold (typically >100-fold) 

over non-specific background (30 light units on average) following induction.   
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Preparation of BAG1-LUC Transgenic Parasites 

 Type II-Prugniaud, was co-electroporated with a plasmid (45 µg) carrying the 

firefly luciferase region under control of the full length BAG1 promoter (1,195 bp 5'-

flanking region) and the plasmid pC3 (5 µg), which encodes the pyrimethamine 

resistance marker (Donald & Roos, 1993).  Following an overnight recovery in normal 

culture media, the parasites were selected in media containing 1 µM pyrimethamine.  

Pyrimethamine resistant parasites were then cloned by limited dilution and clones tested 

for luciferase activity under Compound 1 or alkaline media induction.  Clone IC2 was 

one of several clones that displayed strong luciferase induction under bradyzoite 

induction conditions (data not shown). 

Protein Extracts and EMSA Assays 

 Type III-CTG parasites induced by 3µM Compound 1 for 48 h were harvested 

and protein extracts produced using NE-PER nuclear and cytoplasmic extraction reagents 

according to manufacturer protocols (Pierce, Rockford IL).  Oligonucleotide probes were 

hybridized and then end labeled by incorporation of [32P] using 5 units of T4 

polynucleotide kinase (USB, Cleveland OH) and 10mCi/ml [γ-32P]ATP substrate 

(Amersham Biosciences, Piscataway, NJ).  Unincorporated nucleotides were removed 

with NucAway spin columns (Ambion, Austin TX) and the probes stored at -20°C. 

 Electromobility shift assay (EMSA) binding reactions contained 200 ng 

polydI:dC, 12.5 µg BSA, 10mM DTT, 7.5mM MgCl2, 67% Buffer D (20mM HEPES, 

20% v/v glycerol, .2mM EDTA, 100mM KCL, the following were added fresh 0.5mM 

PMSF, and 1mM DTT).  Approximately 1fmol of purified radiolabeled oligonucleotide, 
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and 10 µg of protein extract in reaction buffer were incubated on ice for 1 hour, loaded 

directly onto a 4.5% native acrylamide gels (pre-electrophoresed at 20mA for 1.5 hours at 

4°C) and the complexes resolved at 40mA for 2.5 hours at 4°C in running buffer (.5X 

TBE, 1% glycerol).  The gels were transferred to whatman, dried, and exposed to a 

phosphorimaging screen.  All EMSA assays were performed at <50% probe shift in order 

to compare the levels of complex formation between reactions. 

Results 

Global mRNA Profiling of Type I, II and III Strains 

Previous studies suggested that specific bradyzoite genes were differentially 

expressed in the three major lineages common to North America and Europe (Radke et 

al., 2006).  In order to determine if these differences extended to the global transcriptome, 

we characterized whole-cell mRNA levels in both tachyzoite and bradyzoite populations 

from three primary strain isolates differentiated in vitro.  It is well understood in the field 

that long passage history is associated with the loss of developmental competence 

(Frenkel et al., 1976).  Therefore, the Type I-GT1, Type II-Me49B7, and Type III-CTG 

strains studied here were maintained at <20 cell culture passages from the oocyst stage 

and are capable of completing both intermediate and definitive host life cycles.  These 

experiments employed newly constructed Affymetrix GeneChips that include probe sets 

for ~8,000 genes and we assessed the induction of bradyzoite genes using a strong 

inducer of bradyzoite differentiation, Compound 1 (Radke et al., 2006).  All known 

bradyzoite genes (Figure 3.1; e.g. BAG1:ToxoDB gene #55.m00009, LDH2:80.m00010, 

ENO1:59.m03411, and B-NTPase:42.m03416 are indicated) were strongly induced in 
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both Type II-Me49B7 and III-CTG strains, while the Type I-GT1 strain retained a greater 

tachyzoite character under Compound 1 induction based on mRNA expression (and also 

shows lower cyst wall formation, Radke et al., 2006) with the exception of SAG4.2 

(72.m00003) mRNA, which showed induction in Type I-GT1 under these conditions.  It 

was interesting that basal expression of bradyzoite genes was generally higher in 

tachyzoites of the Type II-Me49B7 strain, while tachyzoites of the Type I-GT1 and III-

CTG strains had much lower mRNA levels for the same bradyzoite genes (Figure 3.1 B).  

These data confirm the induction of a novel bradyzoite-specific NTPase (B-NTPase) 

previously discovered by SAGE in a Type III strain (Radke et al., 2005) and further 

validates that bradyzoite gene expression in Type II strains has a higher spontaneous 

expression (Boyle et al., 2006b, Radke et al., 2005).  Although similar results were 

obtained for the above mentioned bradyzoite genes when exposing Type II-Me49B7 and 

III-CTG strains to alkaline media for a similar timeframe, Compound 1 and alkaline 

media have gene expression profiles that are unique to each condition, suggesting that 

there is a core set of genes common to bradyzoite differentiation regardless of condition 

as well as sets of genes which are uniquely regulated by each condition (data not shown). 

 
Histone Acetylation Status of Bradyzoite  
Promoters in Low-Passage Strains 

Recent results correlating histone modifications such as acetylation and 

methylation with promoter activity has raised the possibility of epigenetic control in 

developmental gene expression in Toxoplasma 
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(see previous page) Figure 3.1:  Regulation of mRNA expression during bradyzoite 
differentiation in low-passage Type III-CTG, Type I-GT1 and Type II-Me49B7 strains. 
A. The expression of 267 genes that were up or downregulated by Compound 1 treatment 
in the Type-II and III strains (3 mM drug for 48 h) are shown. Each line represents one 
gene in the gene list allowing one to trace the expression of the genes across the 
experiment. Colouring of the lines (fold scale to the right) is fixed across the graph by the 
expression level of just one sample, Type III Compound 1 (CMPD1) (yellow-to-red = 
upregulated; yellow-to-blue = downregulated). Genes induced by Compound 1 include 
all known bradyzoite genes. BAG1, LDH2, ENO1, SAG4.2 and B-NTPase mRNAs are 
among the highest expressed mRNAs detected the Type III-CTG and Type II-Me49B7 
strains induced by Compound 1 (indicated by labels and with line graphs highlighted in 
black). Note that the group of bradyzoite genes that are coloured in red or highlighted in 
black based on the mRNA expression in the Type III-CTG strain are minimally increased 
in Type I-GT1 parasites exposed to Compound 1. Each data point shown represents 
RMA-normalized values from two independent biological replicates. B. RMA-
normalized fluorescent values for five known bradyzoite genes are listed for three strains 
maintained as tachyzoites or induced by Compound 1. 
 

(Saksouk et al., 2005, Sullivan & Hakimi, 2006, Gissot et al., 2007).  Given the 

difference in bradyzoite gene expression between the three genotypic lineages (Figure 

3.1), we explored whether differences in mRNA expression might be explained by strain-

specific changes in chromatin.  Three bradyzoite promoters (BAG1, LDH2 and B-

NTPase) were examined for histone acetylation patterns in low-passage strains.  

Regulation of these genes during natural and in vitro bradyzoite differentiation is well 

documented in the published literature (Yang & Parmley, 1995, Bohne et al., 1995) and 

is evident in SAGE (Radke et al., 2005) and EST datasets (Kissinger et al., 2003b) and in 

the microarray analysis shown in Figure 3.1.  

We performed chromatin immunoprecipitation (ChIP) assays on extracts from all 

three strains using antibodies specific for acetylated histone H3 or H4 based on 

previously published protocols (Saksouk et al., 2005).  Bradyzoite conversion efficiencies 

for the three strains was assessed independently by FITC-Dolichos biflorus lectin  
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(see previous page) Figure 3.2:  Histone modifications on bradyzoite promoters are 
poised for activation in low-passage strains.   (A) ChIP results for the BAG1 (B), SAG2A 
(S) and β-tubulin (T) promoter regions in three major genetic lineages.  The BAG1 
promoter was associated with acetylated histones (H3 or H4) in low-passage tachyzoites 
(left panels) of all major strains (Type I-GT1, Type II-Me49B7, and Type III-CTG) and 
the levels detected were similar to acetylated H3 levels in the tachyzoite-specific gene 
SAG2A or the β-tubulin gene, which is constitutively expressed in both tachyzoite and 
bradyzoites.  The levels of H3 or H4 acetylation in these strains was largely sustained in 
parasites stimulated to differentiate with 3 µM Compound 1 (CMPD1) for 48 h (right 
panels).  Acetylated H3 associated with the BAG1 promoter in the lab-adapted, Type I-
RH strain was minimal in tachyzoites or parasites exposed to Compound 1.  AcH3, AcH4 
= ChIP with antibody specific for acetylated histone H3 or H4; No Ab = no antibody 
control ChIP; Input = input DNA collected prior to immunoprecipitation.  
(B) ChIP of the LDH2 promoter region in different strains.  LDH2 promoter has complex 
H3 acetylation patterns in different strains.  In tachyzoites, we observed strong H3 
acetylation associated with the LDH2 promoter in Type I and III strains, while Type II 
strain tachyzoites the promoter was hypoacetylated (left panels).  Following induction by 
Compound 1, hyperacetylated H3 was detected in the LDH2 promoter from Type II-
Me49B7 and III-CTG parasites, while this promoter became hypoacetylated in the Type 
I-GT1 strain (right panels).  In the cell culture adapted Type I-RH strain, the LDH2 
promoter was hypoacetylated regardless of stage or culture condition.  
(C) ChIP of the B-NTPase promoter regions in different strains. B-NTPase promoter is 
associated with substantial H3 acetylation in both tachyzoite and Compound 1-induced 
extracts in all three low-passage strains with the level of H3 acetylated in Type II-
Me49B7 tachyzoites and bradyzoites lower than the Type I-GT1 and Type III-CTG 
strains. 
 

fluorescence (Coppin et al., 2003).  Under the conditions of induction used here, Type II-

Me49B7 and Type III-CTG strains convert at >70%, while Type I-GT1 strain infected 

cultures had <30% tissue cysts (data not shown) (Radke et al., 2006). 

In low-passage Type I-GT1 and III-CTG strains maintained as tachyzoites (prior 

to induction), histone H3 acetylation of bradyzoite promoters (BAG1, LDH2, B-NTPase) 

was extensive and comparable to H3 acetylation of promoter regions flanking the 

tachyzoite-specific gene, SAG2A (59.m00008), and the constitutive gene, β-tubulin 

(57.m00003) (Figure 3.2 A-C), although mRNA levels for these bradyzoite genes are 

nearly undetectable in tachyzoites of these strains (Figure 3.1 B).  The level of H3 
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acetylation on these promoters was unchanged or slightly lower following Compound 1 

induction in these strains with the LDH2 promoter becoming hypoacetylated in the Type 

I-GT1 strain.  Acetylation of histone H3 was detected on the BAG1 and B-NTPase 

promoters in Type II-Me49B7 strain tachyzoites (Figure 3.2 A and C), although these 

levels were lower and acetylated H3 was not detected associated with the LDH2 

promoter in Type II-Me49B7 tachyzoites (Figure 3.2 B).  Upon Compound 1 induction, 

H3 acetylation was observed on all three promoters in the Type II-Me49B7 strain and 

acetylated H4 also increased in association with the BAG1 promoter in this strain (Figure 

3.2 A).  Interestingly, LDH2 and BAG1 promoters in the Type I-RH strain (Figure 3.2 A 

& B) were associated with significantly less H3 acetylation than any of the low-passage 

strains.  H3 acetylation of the BAG1 and LDH2 promoters in Type I-RH was 

significantly reduced (Figure 3.2 A) or undetectable, respectively in the tachyzoites as 

well as induced bradyzoites (Figure 3.2 B).   

  In general, these results are consistent with the pre-activation, or “poised” 

nature, of bradyzoite promoters in low-passage isolates, while long-term passage in cell 

culture may lead to histone hypoacetylation on these same promoters.  However, the 

chromatin differences between tachyzoites of the three strains (particularly the lower 

active chromatin associated with the Type II-Me49B7 strain) was surprising given the 

clearly higher basal expression of BAG1, B-NTPase, and LDH2 mRNAs detected in 

Type II-Me49B7 tachyzoites (Figure 3.1 B). 
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Adaptation of the Dual Luciferase Reporter  
Assays to the Toxoplasma Model 

The lack of tight correlation between chromatin state and mRNA expression 

during bradyzoite differentiation in Type II and III strains indicates that other promoter 

mechanisms are likely key to the changes in developmental gene expression.  

Transcription studies in Toxoplasma are relatively limited with only a few promoters 

examined.  Given this deficiency, we adapted the dual luciferase model (firefly/Photinus 

pyralis and renilla /Renilla reniformis luciferase) (Promega) for use in Toxoplasma in 

order to undertake a detailed mapping study of several bradyzoite promoters.  The basic 

construct for these studies features a variable length promoter fragment that includes the 

5'-untranslated region (UTR) as cis-elements may lie on either side of the transcription 

start (Chow & Wirth, 2003). The promoter-5’UTR fragment is produced by PCR with 

small recombination sites (attB) incorporated at each end for modular cloning.  The 

fragment is cloned 5' of the firefly luciferase ORF by recombination (the 3'-attB2 site is 

translated) (Hartley et al., 2000).  The 3'-UTR and poly(A) sites are contributed by the 

Toxoplasma dihydrofolate reductase-thymidylate synthase (DHFR-TS) gene (Matrajt et 

al., 2004) contained in the vector as our studies, and those of others (Bohne & Roos, 

1997, Bohne et al., 1997b, Kibe et al., 2005) demonstrate the 3'-UTR is not required for 

developmental gene expression.  The recombination cloning model (Hartley et al., 2000) 

used here improves flexibility and allows rapid cloning of multiple promoter regions and 

straightforward deletion and substitution mutagenesis (Carey & Smale, 2000) to identify 

regions containing bradyzoite gene cis-elements.  
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 To confirm the role of intergenic regions in regulating developmental gene 

expression in Toxoplasma, sixteen 5'-intergenic flanking regions from previously known 

bradyzoite- and tachyzoite-specific genes were tested as well as the promoter region 

flanking B-NTPase (Radke et al., 2005).  Promoter regions comprising 1-1.5 kbp of 5'-

flanking region including the 5'-UTR were fused to the firefly luciferase via 

recombination cloning and constructs were evaluated in a transient transfection format 

employing the α-tubulin-renilla luciferase (tubulin promoter comprised 2,700 bp 5' 

flanking region) co-transfection control to normalize differences in electroporation 

efficiency.  Native α-tubulin mRNA levels are relatively unchanged during 

differentiation (Dzierszinski et al., 2001) and varied less than 2-fold in parasites 

transiently transfected and induced to enter the bradyzoite pathway with Compound 1 or 

pH 8.2 media (data not shown).  Luciferase expression is induced under Compound 1 

conditions for six bradyzoite promoter constructs; LDH2, SAG4.2, SAG4A (72.m00004), 

BAG1, B-NTPase, and cyst-wall 65kDa protein (59.m00006) (Figure 3.4 A) (all primers 

used for promoter constructs in these and all experiments below are listed in 

supplemental materials (Behnke et al., 2008)).  Note that the BSR4 (641.m01561) 

promoter construct was constitutively expressed in these assays, which is consistent with 

the SAGE frequencies obtained for this gene and the revised assignment of this mRNA as 

being translationally controlled (Van et al., 2007, Knoll & Boothroyd, 1998).  A number 

of other promoters tested had moderate to high levels of expression in tachyzoites (Figure 

3.3) including SAG1 (p30, 44.m00009), fructose 1,6 bisphosphate aldolase (50.m00005), 

GRA6 (63.m00002), ROP4 (83.m02145), GAPDH (83.m00003), MIC3 (641.m00002), 

and IMC1 (44.m00004) as well as DHFR and α-tubulin, which have served as controls 
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for the studies below.  Thus, each promoter region tested conveyed expression in the 

appropriate developmental stage where mRNA levels are highest as reflected in the 

frequency of SAGE tags (Radke et al., 2005) or microarray data in  Figure 3.1.  These 

results indicate that Toxoplasma 5'-intergenic regions contain regulatory elements that 

control developmental gene transcription.                        

 

        

Figure 3.3: A number of promoters have moderate to high levels of expression in 
tachyzoites. Promoter regions (1-1.5 kbp) from various genes were tested for expression 
in Type III-VEGmsj tachyzoites using the dual luciferase assay.  A mixture of 40 µg of 
the appropriate firefly promoter construct and 20 µg of the control α-tubulin promoter 
construct was transfected in duplicate and luciferase activity expression measured 
following 36 h of parasite growth.  Light emission values for each promoter tested in the 
context of driving the firefly luciferase (open bars) and values for the co-transfected 
control α-tubulin promoter in each experiment (renilla luciferase, solid bars) are plotted 
on a log scale.  Note that while firefly luciferase expression in tachyzoites transfected 
with the experimental promoters varies over two logs, the expression of the α-tubulin-
renilla control construct is reasonably consistent between experiments.  
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To verify that the transient expression of the promoter-luciferase constructs were 

authentically regulated when integrated into the Toxoplasma genome, we have developed 

several transgenic lines from the Type II-Prugniaud strain (cyst forming) that possesses 

an integrated copy of the firefly luciferase coding region under control of the BAG1 

promoter (results for clone IC2 is shown in Figure 3.4 B).  Induced luciferase protein 

expression in these strains followed a kinetics (Figure 3.4 B) that paralleled native BAG1 

mRNA and protein expression (Radke et al., 2006) and luciferase could be co-localized 

in parasites induced to express native BAG1 by two color immunofluorescence (data not 

shown).  Taking advantage of the sensitivity afforded by the luciferase reporter, we 

evaluated the relative strengths of known methods to induce bradyzoite differentiation 

(Figure 3.4 C).  Luciferase activity ranged ~3,000 fold in these experiments and parasite 

growth-inhibition consistently correlated with increased luciferase activity (Bohne et al., 

1997b).  The relative strength of induction was: 3µM Compound 1 (Donald et al., 2002, 

Radke et al., 2006) > pH 8.2 media  (Weiss et al., 1995) > 100µM pyrrolidine 

dithiocarbamate (Djurkovic-Djakovic et al., 2005) > CO2 depletion (Bohne & Roos, 

1997) > low-arginine (Fox et al., 2004) > high temperature (Soete et al., 1994).  These 

results demonstrated that Compound 1 was comparable to or greater than alkaline media 

in stimulating luciferase expression in Type II-Prugniaud-IC2 (see also (Radke et al., 

2006).  By comparison, we did not observe strong induction of luciferase activity using 

published methods of arginine (Fox et al., 2004) or CO2 depletion (Bohne & Roos, 1997), 

or high temperature as these methods were not as effective under the relatively high MOI 

(1:1) and short time frame we used in these experiments (48 h).  We also observed a lack 

of growth inhibition using Arg- and CO2- conditions, and high temperature conditions  
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Figure 3.4:  Intergenic genomic regions control developmental gene expression. (A) 
Promoter regions from bradyzoite genes are strongly induced by 3µM Compound 1 
treatment.  Several bradyzoite promoters engineered to drive the expression of firefly 
luciferase were tested under tachyzoite (open bars) and bradyzoite induction (solid bars) 
conditions.  Type III-VEGmsj tachyzoites were electroporated with the appropriate 
plasmid combination, inoculated into HFF monolayers (T25cm2 flasks), allowed to grow 
overnight, and then experimental flasks were placed under 3µM Compound 1 for 48 hrs.  
Four readings were collected for firefly and renilla luciferase activity for each promoter 
construct.  Fold increase in luciferase activity in comparison to α-tubulin-renilla controls 
are plotted for each promoter construct tested under tachyzoite or bradyzoite-induction 
conditions.  All promoters exhibited strong induction following Compound 1 induction 
with the exception of BSR4, which has been shown to be equally expressed in 
tachyzoites and bradyzoites (Van et al., 2007). (B) Integrated promoter constructs in 
transgenic parasites display natural developmental expression.  Clone Type II-Prugniaud-
IC2 expresses an integrated copy of the firefly luciferase controlled by the BAG1 
promoter (-1197 bp region).  Type II-Prugniaud-IC2 parasites were inoculated into HFF 
monolayers, allowed to grow overnight, and then placed under 3µM Compound 1.  
Infected monolayers were assessed for (see next page)   
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(Figure 3.4 continued) luciferase activity (average of four readings) at the indicated time-
points.  Luciferase induction is first observed between 24-36 hrs and increases 
dramatically in parallel to native BAG1 protein (Radke et al., 2006). (C) Differentiation 
conditions vary significantly in their strength of induction.  Type II-Prugniaud-IC2 
parasites (2 million) were inoculated into HFF monolayers, allowed to grow overnight, 
and then placed under six different induction conditions (see Experimental Procedures). 
Drug concentrations: Compound 1=3µM or pyrolidine dithiocarbamate=100µM.  
Infected monolayers were assayed for luciferase activity (4-readings/condition) using 
standard protocols (Promega manual #TM058) at 72 h post-treatment.  Results were 
calculated as ratios of induced/untreated control (e.g.  Compound 1 =20,970 normalized 
light units, pH 8.2=4,838 units, and PDTC=2,900 units) and then graphed in comparison 
to the pH 8.2 values set to 100%.   The order of strength of induction: Compound 1 > pH 
8.2> PDTC > CO2 and arginine depletion > high temperature. 
 
that are congruent with the low levels of luciferase reporter expression detected in these 

cultures. 

 
Sequential and Internal Deletion  
Mapping of Bradyzoite Promoters 

Experimental identification of transcription factors responsible for bradyzoite 

gene expression follows a logical sequence that begins with careful mapping of the 

nucleotide elements in promoters using in vitro functional assays.  To determine whether 

cis-element sequences responsible for the induction of bradyzoite genes in Type II and III 

strains could be mapped to a high resolution in Toxoplasma, we undertook a study to map 

five different bradyzoite promoters in a Type III strain using the dual-luciferase assay.  

Sequential deletion of promoters controlling BAG1 and B-NTPase (Figures 3.5) 

demonstrates that regulatory cis-elements have definable locations that are positioned 

relatively close to the start of transcription in each promoter.  Major transcriptional start 

sites occur at -284 with respect to BAG1 (Bohne et al., 1995) and -370 bp for B-NTPase 

(mapped by 5'-RACE, data not shown). 
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Figure 3.5:  Sequential and internal deletion of the BAG1 and B-NTPase promoters.   
Transient transfections were performed in duplicate and firefly and renilla luciferase 
activity was assayed sequentially in each of the samples.  Firefly luciferase results were 
normalized by α-tubulin-renilla levels and graphed as the induced level of expression as 
compared to the full length promoter construct (relative-response-ratio, RRR).  For each 
sequential deletion construct, fold change was also determined with respect to the level of 
luciferase expression in the α-tubulin-renilla control (fold change values and standard 
deviations in parentheses are listed adjacent each deletion construct).  Nucleotide 
positions in these deletion studies are referenced with respect to the start of translation 
(+1) in each construct. (A). Results of sequential deletion of the BAG1 promoter 
compared to the full length 1,195 bp promoter construct.  (B). Results of internal deletion 
of the BAG1 promoter.  Note the regions identified by sequence deletion are referenced 
by arrow in this internal deletion series.  (C). Results of sequential deletion of the B-
NTPase promoter (fold change values also included) with respect to the 1,495 bp full 
length promoter.  (D).  A series of overlapping 10 bp internal deletions further refine the 
required sequence elements first identified by the sequential deletion between -611-to-
403bp in this promoter (see arrow).  
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Sequential deletion of the BAG1 promoter identified a region between -385-to-

365bp with respect to the BAG1 translational start (Figure 3.5 A).  Further internal 

deletion mapping confirmed this region as being important to BAG1 promoter induction 

(Figure 3.5 B), while deletions on either side of this element had little or no effect on the 

induction of luciferase expression.  It should be noted that the cis-elements identified here 

falls close to a region previously linked to bradyzoite induction in the BAG1 promoter 

(Bohne et al., 1997b).  Utilizing a similar deletion strategy, we identified the region -611-

to-403bp as important for induction of the B-NTPase promoter (Figure 3.5 C).  A final 

series of overlapping 10 bp deletion constructs further resolved the inducible element in 

the B-NTPase promoter to nucleotides -452-to-443bp from the translational start (Figure 

3.5 D).   

Sequential deletions in the LDH2 promoter associate the region between -508-to-

291bp with bradyzoite induction and additional internal deletion mapping revealed two 

distinct elements, between -482-to-427bp and -391-to-381bp (data not shown).  Finally, 

sequential deletions in the SAG4.2 promoter link bradyzoite induction to the region -616-

to-416bp and a region between -899-to-688bp in the cyst-wall protein promoter (data not 

shown).  Taken together, deletion constructs confirm and refine the location of cis-

elements mediating bradyzoite gene expression to the promoter regions -385-to-365 in 

BAG1, -452-to-443 in B-NTPase, -482-to-427 and -391-to-381 in LDH2, -616-to-416 in 

SAG4.2, and -899-to-688 in the 65kDa cyst wall protein promoter.   
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Site-Directed Mutagenesis of the  
BAG1 and B-NTPase Promoters 

In order to determine the minimal sequence required to induce expression, the 

BAG1 and B-NTPase promoters were further fine mapped by site-directed mutagenesis.  

Mutagenesis was carried out in full length promoter fragments (1495 bp for B-NTPase 

and 1195 bp for BAG1) using inverse or overlap extension PCR (Ho et al., 1989) with  

the final PCR fragment recombinationally cloned into the firefly luciferase vector.  Two 

mutagenesis strategies were employed with targeted transition of 3 contiguous bases (A-

to-G or T-to-C) used for the -385-to-365bp region of the BAG1 promoter or a 4 bp 

AAAA substitution used in the -467-438bp region of the B-NTPase promoter (Table 3.1).  

Transient transfection of site-directed BAG1 promoter mutants in Type III-VEGmsj strain 

identified a single 6 bp segment (TACTGG) that was critical for Compound 1 induction 

(BAG1 promoter mutant #2 and #3, Table 1).  By contrast, alteration of TGTG (B-

NTPase mutant-#3), CAGC (mutant #6), and GCAC (mutant #7) to AAAA within the -

458-439 cis-element region of the full length promoter fragment revealed that each was 

required for induced expression of the B-NTPase promoter.  These results indicate that 

the B-NTPase promoter has two distinct sequence elements, involving a TGTGTG repeat 

and the 4 bp sequence CAGC.  Interestingly, in both of these promoters fine mapping did 

not identify a true palindromic sequence as being required for the induction of bradyzoite 

gene expression.  Sequence elements similar to those identified in the BAG1 and B-

NTPase promoters can be found in the genomic regions important for bradyzoite 

induction of the LDH2, SAG4.2, and 65kDa cyst wall promoters (data not shown),  
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Table 3.1:  Site-directed mutagenesis of the BAG1 and B-NTPase promoter. 

 

A. Mutagenesis of the Brady-NTPase -1495 bp promoter. RRR 

  WT-  TGAC GGTG CGTG TGTG CGTG CAGC GCAC TC 100% 

Mut1- TGAC AAAA CGTG TGTG CGTG CAGC GCAC TC 47% 

Mut2- TGAC GGTG AAAA TGTG CGTG CAGC GCAC TC 47% 

Mut3- TGAC GGTG CGTG AAAA CGTG CAGC GCAC TC 3% 

Mut4- TGAC GGTG CGTG TGTG AAAA CAGC GCAC TC 51% 

Mut5- TGAC GGTG CGTG TGTG CGTG AAAA GCAC TC 11% 

Mut6- TGAC GGTG CGTG TGTG CGTG CAGC AAAA TC 15% 

 B.  Mutagenesis of the -1195 bp BAG1 promoter RRR 

  WT-  CGG TAC TGG CCG CAC GGT  TT 100% 

Mut1-  TAA  TAC TGG CCG CAC GGT  TT 118% 

Mut2-  CGG CGT TGG CCG CAC GGT  TT 5% 

Mut3-  CGG TAC CAA CCG CAC GGT  TT 8% 

Mut4-  CGG TAC TGG TTA  CAC GGT  TT 47% 

Mut5-  CGG TAC TGG CCG TGT  GGT  TT 236% 

Mut6-  CGG TAC TGG CCG CAC AAC  TT 120% 

Mut7-  CGG TAC TGG CCG CAC GGT CC 90% 

                 (RRR=relative response ratio as compared to full length promoter)   

 

although mutations in these sequence elements have not yet been functionally tested 

using the dual luciferase assay.  
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Different Bradyzoite Induction Conditions  
Act Through Common Promoter cis-Elements  

Characterization of the bradyzoite cis-elements in the previous mapping studies 

employed a single induction method and a Type III strain.  To determine whether the 

promoter sequences identified are the key induction elements in these promoters, we 

compared the two most effective methods for inducing bradyzoite gene expression 

(Compound 1 versus pH 8.2 media Figure 3.4 C) in the Type I-RH, II-Me49B7 and III-

VEGmsj strains.  Luciferase activity from the full length construct for BAG1, B-NTPase,  

and LDH2 promoters was induced to a similar level in Type II and III strains under 

Compound 1 or alkaline media (Figure 3.6).  The induction levels of the full length 

promoter construct in the Type I-RH strain were on average 3-fold lower consistent with 

the reduced efficiency we have observed in bradyzoite switching for Type I strains 

(Radke et al., 2006).  Interestingly, there was no detectable difference between strains or 

induction conditions in transient transfections of key internal deletion constructs (Figure 

3.6).  Transfection of constructs where the key inducible cis-element in each promoter 

had been deleted (BAG1, -457-365bp; B-NTPase, -477-441bp; LDH2, -426-377bp) 

showed a complete loss of induced expression in all three strains.  Control deletions 

outside these critical cis-element regions behaved similarly in Type II-Me49B7 and III-

VEGmsj strains under the two induction methods.  These patterns extended to the apparent 

repressor element in the LDH2 promoter (-340-277bp), which when deleted led to a 

dramatic up-regulation of luciferase activity (Figure 3.6).  These results indicate that the 

transcriptional mechanisms activated by both induction conditions operate via the same 
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Figure 3.6:  BAG1, B-NTPase and LDH2 promoter induction in Type I, II and III 
parasites under two different induction conditions. (A) Type III-VEGmsj, Type II-
Me49B7, and Type I-RH strains were transiently transfected in duplicate and induced by 
3 µM Compound 1 (CMPD1) or pH 8.2 media conditions (48 h).  Infected monolayers 
were harvested at the appropriate times (parasite + HFF cells), lysates prepared, and 
luciferase activity was determined (4-readings/condition).  Firefly luciferase results are 
normalized by α-tubulin-renilla levels and reported as the relative induced expression 
levels in reference to the corresponding full length promoter (relative-response-ratio, 
RRR).  Three promoters were tested, BAG1, B-NTPase, and LDH2, with two internal 
deletion constructs compared to three promoter constructs that show maximum inductive 
activity (BAG1 -1195, B-NTPase -801, and LDH2 -708).  Internal deletion in the BAG1 -
457-365 bp, B-NTPase -477-441 bp, and LDH2 -426-377 bp promoters of the critical cis-
elements ablate induction of these promoters in all three strains regardless of the 
induction condition, while neighboring deletions in each promoter retained at least 50% 
of the activity of the fully active promoter construct.  Each control internal deletion 
behaved similarly in each strain including the strong induction observed when a putative 
repressor element that lies between -340-277 bp of the LDH2 promoter was deleted.  
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cis-regulatory elements in each promoter in all three strains.  Diminished expression in 

Type I-RH is not likely to be due to promoter mutation since Type I-RH promoter 

constructs were actively expressed when transfected into a Type III strain and there are 

no polymorphisms in the critical cis-element regions for the BAG1, B-NTPase, and                                 

LDH2 promoters in the three strains (data not shown).  Therefore, the explanation for 

differences in developmental gene expression between the strains is likely to be the 

response to inductive conditions rather than in the core promoter sequence elements. 

 
BAG1 and B-NTPase cis-Elements  
are Sufficient for Induced Expression 

We next explored whether the key BAG1 (-386-355) or B-NTPase (-462-438) cis-

elements were autonomous acting sequences.  DHFR-TS is encoded by a constitutive, but 

low-level transcript that is unaffected by conditions that induce bradyzoite gene 

expression.  In recently conducted microarray studies, DHFR mRNA levels were found 

to be constitutive in all three clonal strains (Types I-III) during tachyzoite to bradyzoite 

development and also in growth-synchronized tachyzoite populations (Behnke and 

White, unpublished).  We cloned the 1,000 bp genomic fragment flanking the DHFR-TS 

coding region (Matrajt et al., 2004) into the luciferase cassette by recombination and then 

introduced by inverse PCR unique Avr-II/Bgl-II sites 100 bp upstream of the major 

transcription start site at -369 bp (Matrajt et al., 2004).  The DHFR-TS promoter with or 

without the Avr-II/Bgl-II sites was tested for expression in Type III strain tachyzoites and 

Compound 1-induced parasites and no difference in expression or induction was detected 

(data not shown).  One to three copies of either the BAG1 or B-NTPase cis-element were  
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Figure 3.7:  BAG1 and Brady-NTPase cis-elements are autonomous in Toxoplasma.   
Copies (1-3x) of the BAG1 or B-NTPase cis-element (see Table 3.1) were introduced 
into the DHFR promoter (see diagram).  The cis-elements were placed 100 bp upstream 
of the major start of transcription at -369 bp (Matrajt et al., 2004).   The Type III-VEGmsj 
strain was transiently transfected in duplicate and induced by 3 µM Compound 1.  
Infected monolayers were harvested at the appropriate times (parasite + HFF cells), 
lysates prepared, and luciferase activity was determined (4-readings/condition).  Firefly 
luciferase results are normalized by α-tubulin-renilla levels and reported as the relative 
induced expression levels in reference to the corresponding full length promoter (relative-
response-ratio, RRR).  No change in luciferase expression was observed under tachyzoite 
conditions with any construct (data not shown).  However, 48h following 3µM 
Compound 1 addition there was a stepwise increase in luciferase activity compared to the 
WT-DHFR promoter construct based on the number of cis-element copies.   
 

then introduced into the unique Avr-II/Bgl-II sites in the modified DHFR-TS promoter 

using oligonucleotide linkers.  The introduction of either cis-element sequence 

successfully converted the DHFR-TS promoter into one that is induced by Compound 1 

(Figure 3.7).  Following induction with Compound 1 there was a step-wise increase in 

luciferase activity compared to the wild type DHFR-TS promoter construct based on the 



 86
number of cis-element copies (Figure 3.7).  These data indicate the BAG1 and B-NTPase 

cis-elements identified by functional mapping are sufficient to confer increased 

expression during bradyzoite differentiation. 

 
Detection of DNA Binding Activity is Specific  
for B-NTPase or BAG1 Functional cis-Element  
Sequences (EMSA Assays) 

 Eukaryotic gene induction involves transcription factors that recognize specific 

cis-regulatory elements contained within promoters.  Using DNA fragments carrying the 

minimal cis-elements functionally mapped in B-NTPase and BAG1 (-467-to-433 and -

385-to-365 respectively) we performed electromobility shift assays (EMSA) to determine 

if proteins could be detected that specifically bound these elements.  Nuclear extracts 

prepared from Type III-CTG strain induced to differentiate with Compound 1 were 

incubated with [32P]-labeled DNA fragments and in some cases unlabeled competitor 

DNA was added to show additional specificity.  EMSA assays using a radiolabeled DNA 

fragment encoding the B-NTPase cis-element showed one dominant gel shift-complex 

(Figure 3.8, complex 2) with a second minor complex that had a slower mobility 

(complex 1).  Competition with unlabeled wild type B-NTPase cis-element effectively 

competed the radiolabeled DNA probe (Figure 3.8 see 5X and 25X fold competitor, lanes 

3, 4), while the addition of unlabeled B-NTPase mutant DNA did not diminish complex 

formation at two levels of excess competitor (Figure 3.8 lanes 5, 6).  Consistent with the 

unique sequences associated with these two cis-elements (BAG1 versus B-NTPase, Table 

3.1), 25-fold excess unlabeled BAG1 cis-element also did not effectively compete for 

binding with the labeled B-NTPase probe.  
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 The pattern of protein-DNA complexes was more complex when labeled DNA 

fragment encoding the BAG1 cis-element was incubated with Type III-CTG nuclear 

extracts.  Three distinct complexes were observed with this labeled DNA that differed in 

signal intensity (Figure 3.9).  To sort out the specificity of these complexes, we evaluated 

5x and 25x unlabeled DNA that encoded the wild type or mutant cis-element BAG1 

sequence to compete for binding.  The result of this experiment showed that a single 

protein complex appeared to have the appropriate specificity based on functional 

mapping of the BAG1 promoter (Figure 3.9).  Unlabeled WT-BAG1 DNA efficiently 

competed for all protein(s) forming complexes 1-3, whereas mutant DNA competed only 

for complex 1 and 2.  Proteins forming complex 3 with labeled WT-DNA remained 

unaffected or were enhanced by the addition of mutant BAG1 DNA suggesting this is the 

functionally relevant binding activity.  As with the lack of competition of unlabeled 

BAG1 DNA in the B-NTPase DNA EMSA assays (Figure 3.8), we observed little cross-

competition with 5x excess B-NTPase DNA when employing labeled BAG1 DNA 

fragments. 
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Figure 3.8:  B-NTPase EMSA assay.  The B-NTPase cis-element forms sequence specific 
protein-DNA complexes.  Incubation of [32P]-end labeled DNA encoding B-NTPase cis-
element (-467-to-438 bp) with nuclear extracts from Type III-CTG parasites induced for 
48 h with 3 µM Compound 1 (CMPD1).  Note the major complex (complex 2) formed 
with labeled Brady-NTPase cis-element fragment was not diminished by unlabeled B-
NTPase mutant #3 sequence (Table 3.1) or with unlabeled BAG1 cis-element.  Lane 1, 
probe alone; lane 2, nuclear extract + probe; lanes 3-7 probe+extract+cold competitor.  
Lanes 3, 4 unlabeled wild type B-NTPase competitor at 5-, and 25-fold excess, 
respectively.  Lanes 5, 6 unlabeled B-NTPase mutant #3 (Table 3.1) at 5-, 25-fold excess.  
Lane 7, 25-fold excess unlabeled BAG1 cis-element.   
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Figure 3.9:  BAG1 EMSA assay. Identification of sequence specific protein-DNA 
interactions using the BAG1 cis-element.  Incubation of [32P]-labeled BAG1 cis-element 
(-386-to-355 bp, Table 3.1) with nuclear extracts from Type III-CTG parasites induced 
for 48h with Compound 1 (CMPD1).  Lane 1, probe alone; lane 2, nuclear extract + 
probe; lanes 3-7 probe+extract+cold competitor.  Lanes 3, 4 unlabeled wild type BAG1 
competitor at 5-, and 25-fold excess, respectively.  Lanes 5, 6 unlabeled BAG1 mutant 
competitor at 5-, 25-fold excess.  Lane 7, 5-fold excess unlabeled B-NTPase competitor.   
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Discussion 

 There is strong experimental evidence that apicomplexan parasites possess 

bipartite promoters with basal and regulated cis-elements similar to other eukaryotes 

(Horrocks et al., 1998).  As a consequence, genomic regions upstream of several 

Toxoplasma genes have served as promoters in vector constructs (White et al., 2007).  

While relatively few of these promoters have been characterized in detail, they appear to 

work autonomously (without the need for the respective gene specific 3' regions) via 

internal sequence elements in a constitutive or stage-specific manner (Kibe et al., 2005, 

Matrajt et al., 2004, Ma et al., 2004, Nakaar et al., 1998, Roos et al., 1997a, Bohne et al., 

1997b, Mercier et al., 1996, Soldati & Boothroyd, 1995).  Studies of a few bradyzoite 

genes are consistent with the principle that mRNA induction is regulated by gene 

proximal elements in Toxoplasma, however, these earlier investigations did not clearly 

define promoter cis-acting sequences that are required and sufficient for the regulation of 

bradyzoite gene expression (Kibe et al., 2005, Matrajt et al., 2004, Ma et al., 2004, 

Nakaar et al., 1998, Roos et al., 1997a, Bohne et al., 1997b, Mercier et al., 1996, Soldati 

& Boothroyd, 1995).  Utilizing the dual luciferase assay in in vitro induction models, we 

show that regions no more than 1,500bp upstream of various bradyzoite genes are able to 

induce luciferase expression in multiple strains and under different bradyzoite induction 

conditions.  Cis-acting elements in several bradyzoite promoters were mapped leading to 

the identification of short sequences that were involved in controlling gene expression.  

Two of these promoters, BAG1 and B-NTPase were fine mapped to a 6-8 bp resolution 

(Figure 3.5 and Table 3.1) and these mapped elements were capable of converting a 
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constitutive promoter to one that is induced by bradyzoite conditions.  It is interesting to 

note that these elements do not contain any single nucleotide polymorphisms across the 

three major lineages (data not shown).  Protein binding assays demonstrate that these 

sequences exhibit unique and specific banding patterns suggesting they are bound by 

factors, which recognize the particular cis-elements (Figure 3.8 and 3.9).  Altogether 

these results confirm that transcription initiation is a major mechanism controlling 

parasite development and these studies are the first to identify the minimal sequence 

elements that are sufficient for bradyzoite gene expression and to show protein binding 

specificity for those elements.   

The presence of the general eukaryotic transcriptional machinery and a full 

complement of chromatin remodeling enzymes in apicomplexan parasites is consistent 

with transcription serving a major role in these parasites.  This model is well supported 

by recent studies that demonstrate primary developmental transitions leading to formation 

of the Toxoplasma tissue cyst are accompanied by a temporally ordered set of 

transcriptional events from genes that are dispersed across all parasite chromosomes 

(Radke et al., 2005, Cleary et al., 2002, Singh et al., 2002a) (see also Figure 3.1).  Similar 

observations have been made in Plasmodium, which has lead to the “just in time” 

hypothesis for those selected genes regulated during development (Bozdech et al., 2003, 

Llinas & DeRisi, 2004).  Despite the importance of transcription to apicomplexan life 

cycles, the mechanistic details of regulated gene expression are poorly understood in 

these parasites.  The abundance of chromatin remodeling machinery conserved in the 

Apicomplexa has led to the speculation that gene expression might be controlled 

primarily by epigenetic processes (Saksouk et al., 2005, Sullivan & Hakimi, 2006, 
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Hakimi & Deitsch, 2007), but this model lacks elements of specificity that would be 

needed to explain the strict temporal patterns of gene expression that unfold during 

parasite development.  Data presented here suggests that gene proximal cis-elements are 

required to initiate developmental gene expression, most likely by the binding of gene-

specific trans-acting factors.  Moreover, ChIP assays on the three major lineages indicate 

that histone acetylation patterns do not always correlate with mRNA expression as there 

is substantial H3 acetylation associated with a number of bradyzoite promoters in 

parasites maintained as tachyzoites where mRNA expression is nearly too low to be 

detected (Radke et al., 2005, Kissinger et al., 2003b) (Figure 3.1 and Figure 3.2 A and B).  

Acetylation of these bradyzoite promoters is not substantially increased or changed in 

most of the parasite strains stimulated to differentiate whose conversion to the tissue cyst 

form is either low (Type I) or high (Type II and III).  These results are in contrast to 

recent reports that suggested a higher correlation between H3 acetylation patterns and 

changes in developmental mRNA expression in Toxoplasma (Saksouk et al., 2005, Gissot 

et al., 2007).  It is possible that the difference between these studies lies in the early 

passage strains used here and that long-term adaptation of the tachyzoite stage to cell 

culture may lead to epigenetic changes in bradyzoite promoters; the hypoacetylated 

patterns that were prevalent in the classic culture strain Type I-RH shown here are 

consistent with this idea.  These results do not rule out a role for chromatin remodeling in 

the regulation of bradyzoite gene expression, but rather that changes in histone 

acetylation alone are not sufficient to account for the transcriptional changes we have 

measured in primary strains of Toxoplasma.   
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The failure of database mining to find large numbers of transcription factors in 

apicomplexan genome sequence (Meissner & Soldati, 2005, Templeton et al., 2004a) has 

also contributed to the search for alternate explanations of gene regulation in these 

parasites (Meissner & Soldati, 2005).  Given that comparative genomics depends on a 

level of similarity that might not apply to these parasites, the explanation could lie in the 

uniqueness of transcription factors in the Apicomplexa (Meissner & Soldati, 2005). This 

explanation is supported by the recent computationally derived identification of a family 

of apicomplexan DNA binding proteins containing the AP2-integrase binding domain 

(Balaji et al., 2005, Iyer et al., 2008).  Alternatively, fewer transcription factors might 

indicate that only a few factors are required to control the mRNA pool structure unique to 

each development stage (Radke et al., 2005) and that most genes are controlled by a 

limited but common set of basal transcription factors.  One prediction from this model is 

that transcription in general might be less flexible and this is supported by a nearly 

complete lack of transcriptional response observed in intracellular Toxoplasma 

tachyzoites that are metabolically altered by drug or gene knockout leading to parasite 

death (Striepen, van Dooren, and White, unpublished results).  A second prediction of 

fewer transcriptionally responsive genes is that the pool of mRNAs evaluated by 

frequency would have a lower complexity.  Based on an extensive analysis of the 

Toxoplasma transcriptome by SAGE, we have found a substantially different mRNA pool 

present in this parasite when compared to higher eukaryotes or to a non-parasitic 

unicellular eukaryote such as Saccharomyces (Radke et al., 2005).  Relatively few genes 

(<5%) account for nearly 75% of all transcripts in the intermediate life cycle stages of 

this parasite (Radke et al., 2005) and the abundant mRNA class in this parasite is 



 94
populated with transcripts that encode apicomplexa-specific genes.  Many of the 

abundant genes are developmentally regulated and five of these genes were the subject of 

this study and were shown to be regulated by conventional promoter mechanisms that 

involve specific cis-acting elements.       

In conclusion, the lack of knowledge about gene-specific transcription factors is 

one of the major gaps in Toxoplasma biology and filling this deficiency has important 

implications for developing treatments that prevent tissue cyst formation.  The data 

presented here increases our understanding of promoter control in the developmental 

progression of Toxoplasma from the tachyzoite to the bradyzoite and sets the foundation 

needed to utilize biochemical approaches in identifying bradyzoite transcription factors.  
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EXPRESSION QUANTITATIVE TRAIT LOCUS (eQTL) MAPPING                          
OF STAGE-SPECIFIC GENE EXPRESSION IN PROGENY FROM A                   

TYPE I X III GENETIC CROSS OF TOXOPLASMA GONDII 

Introduction 

  The control of gene expression in Toxoplasma is not well understood.  As we and 

others have shown, this organism does contain bipartite promoters that are sufficient to 

induce gene expression.  This information can be used in downstream experiments to 

identify proteins that bind to experimentally confirmed cis elements.  One of these 

methods, yeast one-hybrid is currently being employed to identify proteins which bind to 

the BAG1 and B-NTPase promoter elements.  Another powerful method that can be used 

to identify genomic regions containing controllers of gene expression takes advantage of 

genetic linkage mapping provided by genetic crosses, called expression quantitative trait 

locus (eQTL) mapping.  In the eQTL approach, one uses gene expression as quantitative 

traits, or phenotypes, in QTL mapping.  QTL mapping is a proven method in Toxoplasma  

that has recently identified apicomplexan-specific virulence factors in both the Type II X 

III and Type I X III crosses (Saeij et al., 2006, Taylor et al., 2006, Su et al., 2002).  With 

the recent design of the Affymetrix Toxoplasma GeneChip one can gather gene 

expression profiles for all predicted genes in the Toxoplasma genome in a rapid and 

reproducible way.  Combining the power of Affymetrix gene expression technology and 

QTL mapping can lead to the identification of genes with differential expression in the 

parents and progeny of a genetic cross and then to the identification of the genomic 

regions that contain mechanisms that have an effect on expression. 
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   The first description of combining global gene expression profiles with QTL 

mapping was published by Brem et al. using the model organism Saccharomyces 

cerevisiae (Brem et al., 2002).   Since that time, eQTL projects have been described for 

several other organisms including human, mouse, rat, maize, Arabidopsis, barley, 

eucalyptus, and wheat (Gibson & Weir, 2005).  There are two mapping location types 

expected when using gene expression profiles as phenotypes.  Mapping of gene 

expression profiles can lead to linkage of a locus (region) containing the gene being 

mapped, thus cis to the gene.  Although the boundaries of the locus will contain many 

genes, it is presumed that for most cis QTLs sequence polymorphisms in the regulatory 

region(s) of the gene being mapped are the cause of the observed expression differences.  

The other mapping location type expected is one where the expression profile maps to a 

locus not containing the gene being mapped, or trans to the gene (Ronald et al., 2005).  

The most interesting trans loci are those that have multiple genes mapping to the same 

locus in trans, or to a trans hotspot.  These hotspots likely contain factor(s) that regulate 

many genes, such as transcription factors or factors involved in upstream signal 

transduction pathways that can eventually lead to a number of  transcriptional changes 

(Yvert et al., 2003). 

 Here we describe the results of an eQTL project using the gene expression 

profiles for the parents and 34 informative progeny of the Type I-GT1-Fudr X Type III-

CTGara cross during the tachyzoite stage.  This is the first time global gene expression 

profiles have been used to determine linkage to regions presumed to be controllers of 

transcription using the Affymetrix Toxoplasma GeneChip.  The dominant genomic 

associations found were those mapping cis and there were at least three regions, or 
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hotspots, where multiple genes map in trans.  In addition, we observed an unexpected 

finding suggesting there are several duplication events in the parasites of the Type I X III 

cross which may also have consequences on gene expression levels.  

Materials and Methods 

Cell Culture and Parasite Strains 

Strains used in this study were, Type I-GT1wt, Type I-GT1-Fudr, Type II-

Me49B7, Type III-CTGara, and 34 informative progeny from a cross of the Type I-GT1-

Fudr and Type III-CTGara parents.  Information on the Type I X III F1 progeny can be 

found at http://toxomap.wustl.edu/ and 

http://toxomap.wustl.edu/IxIII_Typing_Table.html as well as in the introduction of this 

dissertation.  All strains were maintained by serial passage in human foreskin fibroblasts 

(HAF line) cultured in Dulbecco’s Modified Eagle Medium (DMEM,Gibco BRL, Grand 

Island NY) supplemented with 5% (v/v) fetal bovine serum (FBS) (Atlanta Biologicals, 

Lawrenceville, CA).   

cRNA Hybridization and Data Normalization 

Parasites were grown in confluent human fibroblast (HAF) cell cultures (Corning 

cell culture dish 150mm X 25 mm) with standard tachyzoite growth media (5% FBS in 

DMEM) for 48 hours and then purified from host cells as previously described (Roos et 

al., 1994).  RNA was extracted using the Qiagen RNeasy kit: with β-mercaptoethanol and 

DNase I treatment (Valencia, CA).   RNA quality was determined using the Agilent 

Bioanalyzer 2100 (Santa Clara, CA).  A total of 3µg starting RNA was used to produce 
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cRNA using the Affymetrix One-Cycle Kit, standard protocol (Affymetrix, Santa Clara 

CA).  Fragmented cRNA (5µg) was hybridized to the Toxoplasma Affymetrix GeneChip 

according to standard hybridization protocols, MSU Functional Genomics Core  (please 

refer to http://roos-compbio2.bio.upenn.edu/~abahl/Array-Tutorial.html for a detailed 

description of array design and features).  Three hybridizations were performed for each 

parent and one for each progeny of the I X III cross.  Hybridization data was 

preprocessed with Robust Multi-array Average (RMA) and normalized using per chip 

and per gene median polishing.  Subsequent analysis was conducted using the software 

package GeneSpring 7.2 (Agilent Technologies, Santa Clara CA) and QTL Cartographer 

(http://statgen.ncsu.edu/qtlcart/index.php). 

Genome-Wide Scans of Expression Data 

In order to minimize the effects of SNPs on hybridization intensity, which can 

generate artificial mRNA phenotypes and thus elevated cis QTL calls, all probes with 

either Type-I or Type-III SNPs were removed from the dataset before use in 

normalization and eQTL analysis (SNPs were determined using the EST-based 

alignments, Amit Bahl personal communication (Gajria et al., 2008)) .  A total of 7685 

gene expression profiles were scanned on the MSU Condor Cluster using the software 

package QTL Cartographer version 1.17.  Parameters included: interval mapping in a RI1 

cross with a walking speed of 2 cM, and a 10 cM window.  Significance of linkage was 

determined by permuting the trait values 1000 times for each scan which determined the 

likelihood ratio statistic threshold (LR Threshold) at a significance of α = .05.  Gene 

scans with one or more QTL(s) having a likelihood ratio test statistic (test statistic) value 
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higher than the LR Threshold were called as having a significant QTL and used in the 

downstream analysis.  Scans with QTLs near the genomic location of the gene being 

scanned were classified as cis, and QTLs outside the location of the gene being scanned 

were classified as trans.  Both GeneSpring (Agilent Technologies, Santa Clara, CA) and 

J/qtl (J/qtl) software packages were used to visualize eQTL data. 

Genomic Hybridization and Data Analysis 

Genomic material was harvested from parasites using the standard animal blood 

spin column protocol for the Qiagen DNeasy kit (Valencia, CA).  Genomic samples were 

added to 750µl of shearing buffer (TE pH 8, 10% glycerol, 1µl glycogen) and sheared 

using the Invitrogen Nebulizer (Carlsbad, CA) at approximately 40 psi for 3 minutes.  

Nebulizers were reused after ample cleaning with 70% ethanol, water, and subsequent 

pressurizing of shearing buffer through the apparatus.  Sheared genomic material was 

collected, precipitated (85µl of 3M sodium acetate pH 5.2 and 2µl glycogen) and re-

suspended in 20µl of water.  Genomic fragments were labeled with biotin using the 

BioPrime DNA Labeling System (Invitrogen).  Briefly, 2.5X of random primer solution 

was added to 600ng of sheared genomic DNA and the mix was denatured in a boiling 

water bath for 5 minutes.  The mix was cooled on ice, 5µl of 10X dNTP mix and 20µl of 

water were added, mixed, 1µl of Klenow fragment was added, mixed, and the reaction 

was incubated at 37°C for 2 hours after which point 5µl of Stop Buffer (.5 M Na2EDTA) 

was added.  A total of 3µg of labeled genomic DNA was hybridized to the Affymetrix 

Toxoplasma GeneChip using standard hybridization protocols (MSU Functional 

Genomics Core).  Data was processed using per chip 50th percentile and per gene median 
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normalizations.  Data analysis and visualization were performed in GeneSpring 7.2 

(Agilent Technologies, Santa Clara CA).   

 
Verification of Segmental Duplication  
using GT1-wt Genomic Reads 

The Type II-Me49B7 genomic scaffolds (downloaded from ToxoDB.org) 

representing approximately the first 3MB of chromosome IX were segmented into 2kb 

sequence fragments and ordered.  GT1 genomic reads were downloaded from NCBI 

Trace Archive (ftp://ftp.ncbi.nih.gov/pub/TraceDB/ ; Toxoplasma_gondii_gt1; a total of 

707,774 reads) and used to create a BLAST database.  Me49B7 scaffold sequence 

segments were queried against the GT1-reads BLAST database (BLASTN) and the 

number of GT1-reads matching each Me49B7 sequence segment (e-value cut-off 0.0) 

were tallied.     

Results 

Three Ancestral Lineages Uniquely  
Express Subsets of mRNAs 

In order to determine if gene expression profiles between the three clonal lineages 

are sufficiently different to justify an eQTL project, we hybridized tachyzoite cRNA from 

the Type II-Me49B7, Type I-GT1-Fudr and Type III-CTGara strains to the Affymetrix 

Toxoplasma gene array.  A total of 467 genes were found to be differentially regulated 

between one of the three strains (ANOVA, FDR = .05).  Interestingly, many of the gene 

expression differences are due to the Type II-Me49B7 strain (Figure 4.1), where the 

majority of differences are due to upregulation in Type II as compared to the Type I and 
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III strains.  There are currently three available crosses for Toxoplasma, two of which the 

strains crossed are the same as used in this gene expression comparison; the Type I-GT1-

Fudr X Type III-CTGara cross and the Type II-Me49B7 X Type III-CTGara cross 

 

                         

 
Figure 4.1: Genes differentially expressed between the three clonal lineages.  467 genes 
were found to have gene expression differences using an ANOVA (FDR = .05).  Type II-
Me49B7 has many genes with elevated expression as compared to the other two strains.  
Coloring of genes is by the fold expression of normalized intensities for each strain 
(yellow-to-red upregulated, yellow-to-blue downregulated). 
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(Khan et al., 2005).  Although Type II-Me49B7 parasites had the largest gene expression 

differences as compared to the other two strains (specifically Type III-CTGara), the Type 

I X III cross was chosen for this study as there are important clinical differences between 

these strains; specifically the acute virulence seen in Type I.  Moreover, there are more 

informative progeny and more crossover points throughout the genome as compared the 

Type II X III cross, setting the stage for a more robust genetic analysis. 

Majority of Genome-Wide QTL Scans Mapped cis 

Tachyzoite cRNA was hybridized for all 34 informative progeny of the Type I-

GT1-Fudr X Type III-CTGara cross.  Genome wide scans were performed for 7918 

microarray probesets representing Toxoplasma mRNAs.  The likelihood ratio statistic 

threshold with a significance of α=.05 was determined for each scan by permuting the 

trait values 1000 times.  QTLs were deemed significant for any locus with a likelihood 

ratio test statistic greater than the likelihood ratio statistic threshold.  A total of 649 gene 

expression profile scans contained at least one significant QTL (6% of all scans) with 506 

of those genome wide scans containing a cis locus (78% of all scans with a QTL).  Scans 

with significant cis QTLs were mapped to all 14 Toxoplasma chromosomes.   

Recently ROP18 (gene prediction number 20.m03896) was shown to be the major 

determinant of virulence in the Type I X III cross (Taylor et al., 2006).  Although ROP18 

is one of the most polymorphic genes in the Toxoplasma genome (ToxoDB.org), the 

mechanism  underlying ROP18s linkage with the virulence phenotype was shown to be a 

result of gene expression differences in the parents, which presumably segregate in the 

progeny (Taylor et al., 2006).  It is thought that the gene expression differences are due to 
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an insertion into the Type III promoter of ROP18, which causes a 10,000 fold decrease in 

expression (Taylor et al., 2006, Saeij et al., 2006).  As ROP18 was successfully mapped 

in previous QTL studies and its phenotypic trait is due to expression differences it can be 

used as a control for this experiment.  Based upon this evidence ROP18 should map cis.  

The scan for ROP18 mapped to one major locus at CS3 with a high test statistic of 59.08 

(log of the odds ratio (LOD) = test statistic/4.6 = 12.8) (Figure 4.2).  This result co-maps 

to the same locus as the acute virulence phenotype confirming previous genetic analysis 

and validating the eQTL approach in this study. 

 

 
 
Figure 4.2: ROP18 expression scans cis to locus CS3 on VIIa.  ROP18 can be used a 
control for the experiment as the virulence phenotype in the Type I X III cross maps to 
locus CS3 containing ROP18, and is due to large expression differences in ROP18.  The 
expression profiles for ROP18 segregate based upon the inherited allele (Type I robust 
expression, Type III ablated expression) and the genome-wide scan for the expression 
phenotype maps to CS3.  LR thresholds at α= .01, .05 ,and .63 are shown.   
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 Over half of all cis peaks had a LOD score greater than 5 (269 peaks with a test 

statistic > 23) suggesting that many of the mapped loci have quite significant gene 

expression difference in the cross, and that these differences can be mapped with high 

significance.  One such gene, 31.m00879, which had the largest overall LOD score in the 

dataset, maps cis to genetic marker AK24 on chromosome V (Figure 4.3).  The effect is 

due to the Type I allele as there is a 15 fold difference in expression between the parents 

and 31.m000879 is abundantly expressed in Type I-GT1-Fudr.  A complete list of all cis 

QTL and other eQTL datasets will be available upon the publication of this data in a 

publically available journal. 

 
 

 
 
Figure 4.3: Genome wide scan for 31.m00879, dentin sialophosphoprotein-related, 
identifies one large cis QTL on chromosome V. The one major cis peak has a LOD = 
19.2 and is locate at locus AK24.  LR thresholds at α= .01, .05 ,and .63 are shown.  
Expression is 15 fold different between the parents.   
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Genome-Wide Scans with trans Peaks  
and the Identification of trans Hotspots 

 Of the 649 genome-wide scans with a significant QTL, 216 (33% of scans with a 

QTL) contained a trans locus.  Scans with significant trans QTL were mapped to all 14 

Toxoplasma chromosomes.  All of these genome-wide scans (but one) contained a single 

significant trans QTL.  The genomic scan for hypothetical protein 83.m02719 located on 

chromosome Ia had two significant trans QTLs with the larger peak on chromosome IX 

at locus KT-L376 (trans loc : IX – trans peak : 2 in Table 4.1), and a second peak on the 

left side of chromosome V at locus AK98 (trans loc : 6 – trans peak : 7 in Table 4.1)(both 

peaks located within trans hotspots).   

 
Figure 4.4:  Genome wide scan for gene 38.m01067 located on chromosome XII contains 
one trans QTL mapping to the trans hotspot on chromosome V.  There is one major trans 
peak for the scan with a LOD = 5.3 and is located at locus KT-850.  LR thresholds at α= 
.01, .05 ,and .63 are shown.  
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Although most gene scans contained either one cis or one trans peak (89%), a total of 73 

scans that yielded a significant cis QTL also had a significant trans QTL.  These two 

peak interactions suggest that there are two mechanisms effecting the gene expression for 

these genes.   

Three trans hotspots were identified by ordering the location of the trans peaks 

across the 14 chromosomes (Table 4.1, see groupings of genes with red side border).  The 

first trans hotspot comprises a group of 32 genes that mapped in trans to a region 

spanning 1.4 MB on the left side of chromosome V with peaks located at three loci, 

ST3B, KT-850 and AK24 (trans peaks 2,3,4 on V in Figure 4.1).  One of the stronger  

 

 
 
Figure 4.5:  Genome-wide scan for BTB/POZ domain containing gene 57.m00029 
located on chromosome IX contains a trans QTL mapping to the trans hotspot on 
chromosome V.  LR thresholds at α= .01, .05 ,and .63 are shown.    
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 Table 4.1 
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Table 4.1 (continued) 
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Table 4.1 (continued) 
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(see previous page) Table 4.1:  Many genes with a trans QTL map to trans hotspots 
located on chromosomes V, IX and XI.  The table lists all genes containing a trans QTL 
ordered by the location of the trans QTL (trans loc) across the chromosomes.  Red = 
hotspot region, yellow = likely cis; Location = chromosomal location of gene; LR stat = 
likelihood ratio statistic threshold; trans loc = chromosomal location of trans QTL; trans 
peak = locus of peak trans QTL; Test Stat = likelihood ratio test statistic; Additive = 
additive effect of QTL: positive value = Type III-CTGara - negative value = Type I-GT1-
Fudr.   

 

peaks in this group was found in the scan for a alanyl-tRNA synthetase (38.m01067) 

located on chromosome XII (Figure 4.4).  Another example from this hotspot includes a 

protein that carries a putative BTB/POZ transcription factor domain (57.m00029) located 

on chromosome IX.  The BTB/POZ gene mapped in trans to V with the largest peak at 

the AK24 locus, and a second peak at the ST3B locus (Figure 4.5).  A second group of 61 

genes mapped in trans to the left side of chromosome IX.  This region is quite large 

spanning approximately 3MB with several peaks located at loci ST5B, AK86, AK31, and 

KT-376 (trans peaks 2,4,6,7 on IX in Table 4.1).  A third group of 15 genes mapped in 

trans to the AK139 locus on chromosome XI.   This region is the smallest of the three 

trans hotspots, spanning approximately .86 MB with only one peak at locus AK139 

(trans peak 21 on XI in Figure 4.1).   

There were other genes with trans QTLs that fall outside of the three major 

hotspots (Table 4.1), but most had one or a few genes mapping to the same locus and thus 

did not constitute a hotspot.  One other possible area of interest are the 16 genes 

(42.m03494 to 540.m00333 in Table 4.1) that mapped in trans to the middle of 

chromosome XII, although the number of genes per trans peak is low as compared to the 

three hotspots described above.  Lastly, those genes in Table 4.1 marked with a yellow 

side border are likely cis even though their genomic location is on a different 
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chromosome than the trans peak.  Pairwise linkage analysis of the markers suggests that 

the far left end of chromosome VIIb is in linkage with the far right side of VIII, and that 

the far left side of IX is in linkage with chromosome XII (data not shown) (Khan et al., 

2005).  Whether these linkages are due to fusion events, mis-assemblies in the genome, 

or drug selection (as is likely with the IX and XII linkage) is currently unknown. 

 
The Left Side of Chromosome IX has  
an Elevated Number of cis QTLs 

 The genomic location for all genes with either a cis or trans QTL is summarized 

in a chromosome map (Figure 4.6).  QTL containing genes were located across all 

chromosomes and with one exception the distribution was relatively uniform.  

Interestingly, we found an elevated number of QTL containing genes on the left side of 

chromosome IX (Figure 4.6, green bar).  This cluster contains 128 genes, of which 124 

have a cis QTL.  The effect for all 124 cis QTLs is attributable to the Type I allele.  In 

addition, the gene expression values for the QTL containing genes across this cluster are 

elevated in the Type I-GT1-Fudr parent (Figure 4.6, normalized intensities).  This cluster 

of elevated expression becomes more defined when all Toxoplasma genes are graphed 

across the genome (Figure 4.7).  This region spans the far left side of chromosome IX 

from 2.m00067 to the middle of IX near chromosome segregation protein smc1 

80.m00016 (Figure 4.7, green bar).  Clusters of elevated gene expression for this region 

were also seen in several of the progeny (C285-10, B4SF, E7SF, P1D7, and C295-31) 

although the regions of elevated expression are not of equal length (Figure 4.12).   
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Figure 4.6:  Genes with a QTL (either cis or trans) graphed across all 14 chromosomes.  
Vertical lines across the chromosomes represent the genomic location of genes that 
contain at least one significant QTL.  Coloring of lines represents the fold gene 
expression of normalized intensity values in the Type I-GTI-Fudr parent as compared to 
the Type III-CTGara parent and the 34 progeny (yellow-to-red upregulated, yellow-to-
blue downregulated).  Genes containing a significant QTL are dispersed across all 
chromosomes and with one exception in a relatively uniform manner.  There is a region 
on the left side of chromosome IX (underlined green bar) with clusters of QTL containing 
genes.  There are 128 genes in the underlined region, of which 124 contain a cis QTL.   
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Figure 4.7:  Region on the left side of chromosome IX has elevated gene expression 
levels in the Type I-GT1-Fudr parent.  Gene expression levels for all genes on the 
Toxoplasma GeneChip in Type I-GT1-Fudr as compared to Type III-CTGara and the 34 
progeny (yellow-to-red upregulated, yellow-to-blue downregulated).  The region of 
elevated expression the left side of chromosome IX is not seen in the Type III-CTGara 
parent.   
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Genomic Hybridization of Type I-GT1-Fudr  
Identifies a Duplication on Chromosome IX 

 The Affymetrix Toxoplasma GeneChip is a multi-format platform that not only 

allows for whole genome expression profiling, but also for genotyping.  Taking 

advantage of this feature, we hybridized genomic material for both parents and all 34 

informative progeny of the Type I X III cross and used this dataset to explore whether 

genomic duplications could be identified.  By using the signal intensity values of the 

expression probesets from genomic hybridization we were able to obtain a genome wide 

measurement of gene copy number in the strains used in this study.  The genomic 

hybridization for the Type I-GT1-Fudr parent is a good example of this.  The fold 

expression of normalized intensity values for the Type I-GT1-Fudr as compared to the 

Type III-CTGara parent and all progeny showed a large cluster of elevated hybridization 

(approximately 2 fold) across the left side of chromosome IX (Figure 4.8), the same 

region where we found an elevated number of cis QTLs as well as elevated mRNA 

expression in Type I-GT1-Fudr (Figure 4.6 and 4.7).  This is likely a duplication event 

that spans a large portion of the left side of chromosome IX.  The elevated expression 

levels seen in the Type I-GT1-Fudr parent (Figure 4.7) are likely due to this duplication, 

as are the elevated number of cis QTLs mapping to this region.   
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Figure 4.8:  Duplication event on chromosome IX in the Type I-GT1-Fudr parent.  
Genomic hybridization of Type I-GT1-Fudr to the expression probesets of the 
Toxoplasma GeneChip shows elevated normalized intensity levels on the left side of 
chromosome IX.  This region overlaps the region of elevated expression on chromosome 
IX in the same strain, Type I-GT1-Fudr (See: Figure 4.7) (red approx 2 fold, blue less 
than .5 fold). 
 

 



 116
Type I-GT1-wt Genomic Reads 
Confirm Duplication Event 

 In addition to the parents and progeny we hybridized genomic material from 

several strains representing the Type I-II-III lineages, Type II-Me49B7, Type III-VEG 

and Type I-GT1-wt.  Genomic hybridization for the Type I-GT1-wt strain, from which 

the Type I-GT1-Fudr parent was derived, also shows duplication events on the left side of 

chromosome IX (Figure 4.9 A).  Interestingly, these three duplications overlap regions in 

the Type I-GT1-wt genome sequence for which there are missing scaffold assemblies 

(Figure 4.9 B).  Several hypotheses were proposed to explain this discrepancy between a 

2 fold increase in hybridization intensities for a genomic region observed in one dataset, 

and the absence of evidence for genomic sequence from that same region in another.  We 

decided to examine the raw genomic sequence data from which the genome assemblies 

are derived, available at the Trace Archive database at NCBI 

(http://www.ncbi.nlm.nih.gov/Traces/trace.cgi?).  Initial BLAST comparisons of Type II-

Me49B7 genome sequence corresponding to regions with missing scaffolds in Type I-

GT1-wt with the Type I-GT1-wt genomic reads confirmed that Type I-GT1-wt genomic 

reads do in fact exist for these regions.  A similar but more comprehensive comparison 

across the first 3MB of chromosome IX confirmed that genomic reads for regions 

without scaffold assemblies do exist, span the whole of these regions, and are in 

approximately 2 fold abundance as compared to those regions for which there are 

scaffolds assembled (Figure 4.10).  This lack of assembly in Type I-GT1-wt is not by 

accident, but by design, as repeat regions are the major source of mis-assembly in large 

genomes.  The software and methods used to assemble the various  
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Figure 4.9:  Elevated genomic hybridization intensities on left of chromosome IX in the 
Type I-GT1-wt strain.  A. Type I-GT1-wt genomic hybridization across the left of 
chromosome IX colored by normalized intensity values (red approx 2 fold, blue less than 
.5 fold).  There are three regions (red) spanning 3MB of the left side of chromosome IX 
for which there is evidence of duplication.  B. Genomic scaffolds for TypeI-GT1-wt and 
Type III-VEG that span the first 3MB of chromosome IX.  Regions with elevated 
normalized hybridization intensities (A) overlap regions in the GT1 genome for which 
there are no scaffolds assembled (B) (Ancillary Genome Browser for ToxoDB.org at 
http://ancillary.toxodb.org/cgi-bin/gbrowse/ancillary/).    
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Figure 4.10:  Genomic reads confirm duplication on the left of chromosome IX in GT1-
wt.  Individual 2 kb sequence segments of Type II-Me49B7 scaffolds ordered along the 
left end of IX were compared to a BLAST database containing Type I-GT1-wt genome 
sequence reads.  The number of Type I-GT1-wt reads matching to each 2 kb sequence 
was tallied (expect = 0.0).  Regions for which there are no Type I-GT1-wt scaffolds 
(Figure 4.9 B) have approximately two fold enrichment in genomic reads.     
 
 

Toxoplasma genomes (genome information available at ToxoDB.org) employed the 

elimination of possible repeat sequence, thus not assembling the duplicated regions in the 

Type I-GT1-wt genome (Salzberg & Yorke, 2005).  By taking into account possible 

duplication events, especially over large genomic regions, additional assembly analysis 

may help identify duplicated regions as well as fill in regions for which there are missing 

scaffolds. 
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Genomic Hybridizations of the Parents and 
Progeny Reveal Additional Duplications 

 An examination of duplication events in the Type III-CTGara parent and progeny 

of the Type I X III cross identifies several other duplication events on both the left end of 

chromosome IX and other locations within the genome.  There are two short duplicated 

regions on chromosome VI of the Type III-CTGara parent (Figure 4.11).  Quite a number 

of the progeny have duplication events spanning at least several genes.  For example, the 

duplication observed on chromosome IX in Type I-GT1-Fudr has been inherited for 

several progeny (C285-10, B4SF, E7SF, P1D7, and C295-31) (Figure 4.12), in fact all 

those progeny that have elevated expression levels on chromosome IX as mentioned in a 

previous section.  All strains inheriting duplicated region on IX share a common right 

hand boundary just before 80.m00016, annotated as a chromosome segregation protein 

smc1.    The extent to which the duplication extends from this boundary varies, with large 

regions still being retained in B4SF and C285-10 while other progeny have much shorter 

duplicated regions (Figure 4.12).  

The short duplication observed on chromosome VI in the Type III-CTGara parent 

have also been inherited in several of the progeny (data not shown) (A9SF, G2AF, G2SF, 

c285-11, A6AF, C11AF, H7AF, E6AF, c285-13, c285-38, c285-42, c285-50, c285-62, 

A9AF).  Additionally, the full length of chromosome III is duplicated is several progeny 

(data not shown) (A9SF, c285-1, c285-4, C11AF, H7AF, M12AF) but in neither of the 

parents.  All this evidence suggests the duplication initially observed on  
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Figure 4.11:  Short duplication events on chromosome VI in the Type III-CTGara parent.  
Duplications are between genes 49.m03275 and 49.m03279 in the middle of chromosome 
VI and between genes 49.m03109 and 49.m03111 on the left side of chromosome VI (red 
approx 2 fold, blue less than .5 fold). 
 
 

 

                 
 
Figure 4.12:  Duplication event on chromosome IX is inherited in several of the progeny.  
All strains inheriting duplicated region on IX share a common right hand boundary just 
before 80.m00016.  The extent to which the duplication extends from this boundary 
varies (red approx 2 fold, blue less than .5 fold). 
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chromosome IX in Type I-GT1-Fudr is not an isolated event, and that such duplications 

are inherited to varying degrees. 

 The duplication events that have been inherited in the progeny can be used as 

phenotypic traits in determining linkage between phenotype and genotype.  Genome wide 

scans of the chromosome IX duplication phenotype locates two significant QTLs, one on 

the far left end of IX, and the other on the far right side of XII (Figure 4.13).  

Interestingly, these regions contain genes with diminished genomic hybridization 

intensities in the Type I-GT1-Fudr parent suggesting these genes have been deleted 

(Figure 4.14).  Genes included are 2.m00067 on the far end of chromosome IX (Figure 

4.14 A) and several late embryogenesis abundant domain-containing (LEA) genes on the 

far right end of XII (Figure 4.14 B).  This observation is also seen in those progeny which 

inherited a duplicated region on chromosome IX (Figure 4.12).  Previous observations of 

linkage between chromosomes IX and XII suggested drug selection to be the cause for 

this association (Khan et al., 2005).  While this could still be the case, the genome wide 

scan for the chromosome IX duplication (Figure 4.13) and the gene deletions on IX and 

XII (Figure 4.14) suggest that these chromosomes are either fused, or that one of the two 

regions is mis-assembled and should be on the other, for example, the deleted LEA genes 

on XII are actually on IX.  We also performed genome wide scans for the chromosome 

VI duplication phenotype which identified two significant peaks on chromosome VI at 

the AK70 and AK36 loci.  These loci span the chromosome VI duplications suggesting 

that the Type III allele for this region accounts for the two short duplications.   
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Figure 4.13:  Genome wide scan of the chromosome IX duplication phenotype.  Two 
significant peaks are found, one the far left end of chromosome IX at ST5A and ST5B 
and the other on the far right end of chromosome XII at the MIC5 locus.  LR thresholds 
at α= .01, .05 ,and .63 are shown.   
 
A 

 
B 
 

 
                 

                   
 
Figure 4.14: Diminished Type I-GT1-Fudr genomic hybridization intensities on the left 
end of IX and right end of XII suggest the loss of several genes.  Genes 2.m00067 on the 
far end of chromosome IX (A) and several LEA genes on the far right end of XII (B) 
have likely been deleted from the genome in this strain (red approx 2 fold, blue less than 
.5 fold). 
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Discussion 

In this study we present the first comprehensive QTL mapping analysis of 

genome-wide gene expression phenotypes in Toxoplasma using the Affymetrix 

Toxoplasma GeneChip.  These data provide evidence that both cis and trans mechanisms 

effect the gene expression for many genes located across all 14 Toxoplasma 

chromosomes during the tachyzoite stage.  The majority of the genome-wide scans 

resulted in just one significant peak (89%).  In addition, most peaks mapped cis (78%).  

This is in contrast to other eQTL studies from yeast to plants and mammals which 

showed a lower number of overall cis peaks (19-35% - with one exception in mouse 

brain, 92% cis) (reviewed in (Gibson & Weir, 2005)) and a higher number of trans.  The 

greater number of cis and fewer number of trans QTLs observed in the tachyzoite stage 

for Toxoplasma may be due to transcriptional control mechanisms that are programmed 

with few regulatory networks than yeast and higher organisms (Radke et al., 2001).   

A recent study that used Toxoplasma cDNA based microarrays representing 2,226 

genes (approximately one-fourth of the predicted genes) to map expression phenotypes in 

the Type II X III cross only found 16 gene expression profiles that mapped to a 

significant locus, all of which were cis.  Although the Affymetrix Toxoplasma GeneChip 

has probesets for virtually all the predicted genes in the genome, the number of genes 

represented on the two platforms cannot account for the great differences in the number 

of significant QTLs found in the two studies (649 vs. 16).  We feel it is likely that the 

Affymetrix format provides a better platform to determine gene expression profiles.  The 

short 25bp probe of the Affymetrix design likely does not produce as many cross-
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hybridization effects that can be produced with longer oligos, such as in cDNA 

microarrays. 

Although there are more QTLs mapping cis than trans, the trans QTLs may be 

the most informative for identifying regulators of transcription.  We mapped 108 gene 

expression profiles to three trans hotspots located on chromosomes V, IX and XI.  Each 

of these hotspots may contain genes which encode for trans-acting regulatory proteins.  

The first step in the identification of trans-acting factors within these hotspots is to 

classify genes by their annotation and Gene Ontology.  There are no identifiable 

candidate trans acting genes within the hotspot in chromosome V, yet, there are several 

proteins with large expression differences between the parents, one is annotated dentin 

sialophosphoprotein-related 31.m00879 (Figure 4.3), the rest are annotated as 

hypothetical proteins.  There are several candidate trans acting genes within the hotspot 

on chromosome IX that have annotation suggesting transcription factor like activity.  

Transcriptional regulator like protein, 57.m01849, has very low expression in both 

parents and is likely not expressed.  Gene 57.m01807, annotated as a DNA/RNA binding 

protein, is expressed in the Type I-GT1-Fudr parent and has either very low expression in 

Type III-CTGara or none at all.  Likewise, BTB/POZ containing gene, 57.m00029, is 

expressed in Type I-GT1-Fudr and has low expression in Type III-CTGara.  The 

BTB/POZ domain is found in C2H2 type zinc finger proteins, and it is estimated 5–10% 

of zinc finger transcription factors in humans have a BTB/POZ domain (Collins et al., 

2001).  Interestingly, the genome-wide scan for this gene contained one significant trans 

peak to the trans hotspot on chromosome V (Figure 4.5 and Table 4.1).  This interaction 

between hotspots V and IX adds to the interest of the BTB/POZ domain containing 
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protein as a possible trans-acting candidate.  A new class of genes has been found in the 

Apicomplexa that contain plant-like transcriptions factor AP2 domains (Balaji et al., 

2005, Iyer et al., 2008).  Additionally, it has been shown that several AP2 domains from 

Plasmodium bind to specific DNA motifs as determined by protein-binding microarrays 

(De Silva et al., 2008).  Homology comparisons between the AP2 domain containing 

genes of Plasmodium and the predicted genes for Toxoplasma identifies over 40 AP2 

domain containing genes in the Toxoplasma genome (comparison data not shown, Dr. 

John Wootton personal communication).  There are three AP2 domain containing genes 

within the trans hotspot on IX; one is likely not expressed, one exhibits  low constitutive 

expression across the parents and  progeny, and one, 57.m01688,  has low but elevated 

expression in Type I-GT1-Fudr (2.77 fold) as compared to Type III-CTGara.  There are 

no identifiable candidate trans acting genes within the hotspot on chromosome XI, but 

like the hotspot on V, there are several genes with large expression differences between 

the parents.  Although we have identified three trans hotspots, two of these are in areas 

with high segregation distortion, IX and XI (data not shown).  It is likely these hotspots 

are real, but the high segregation distortion is a cause for added caution.  These may 

become better resolved if new crossover points are found in these regions in any new 

informative progeny that may be added to the Type I X III cross.  As this is the case, the 

hotspot on the left side of chromosome V is the strongest trans hotspot candidate of the 

three. 

The novel observation that large genomic regions in strains from the Type I X III 

cross are duplicated poses more questions than it answers.  Certainly, these duplication 

events are being inherited, are not static as the extent of these duplications varies in the 
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progeny (Figure 4.12), and have an effect on gene expression levels.  A survey of several 

other parasites representing the Type I-II-III lineages as well as atypical strains found one 

(CASTELLS, see Figure 1.5 haplogroup 4) that had a duplication on chromosome IX (Dr 

Paul Davis and Dr David Roos personal communication).  CASTELLS is an atypical 

strain isolated from South America.  Whether these duplication events conferred any 

selection pressures on the parasites as they evolved and disseminated around the world 

will be of particular interest to future population studies.  Also, the mechanism(s) that 

result in the duplication phenotype may be of general interest to Toxoplasma biology.  

Ever since Barbara McClintock discovered the Activator and Dissociator mobile genetic 

elements (MGEs) in maize, transposon type genetic elements have been shown to cause 

chromosomal breaks, mutation, and changes to the amount of chromosomal DNA (Craig, 

2003).  MGE are found in the genomes of a wide range of organisms, and one study 

suggests these elements may be present in the genome of Toxoplasma (Ossorio et al., 

1991).  It is tempting to hypothesis that MGEs may be functioning in Toxoplasma 

similarly as they do in other organisms.     
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SUMMARY AND CONCLUSIONS 

  
 The results presented in this dissertation add to our understanding of gene 

expression control during various stages of Toxoplasma development.  These 

developmental mechanisms are of importance to understanding the life cycle of 

Toxoplasma, and have added significance in relation to the burden this parasite has on 

humans, specifically the bradyzoite cyst stage as it is the cause of chronic infection.  In 

addition, given the many tools available for the study of Toxoplasma it has become a 

model organism for the Apicomplexa.   

 We first took a global approach in defining the transcriptome of Toxoplasma as it 

transits from the sporozoite-tachyzoite-bradyzoite stages.  We find that large numbers of 

mRNAs are exclusively expressed in a single developmental stage.  Although changes in 

gene expression levels at various time-points along this developmental progression were 

quite dynamic, they are largely programmed in nature.  This conclusion is similar to the 

“just-in-time” concept proposed by Llinas & DeRisi et al. from gene expression studies 

in Plasmodium where the majority of mRNAs are regulated in a developmental context.  

The expression of unique mRNA pools at each of these stages has likely evolved with the 

adaptation to a regimented life cycle dependent upon the intracellular environment of 

both definitive and intermediate hosts.  Developmentally regulated genes are defined by 

relatively short intergenic regions (approximately 2kb), are dispersed throughout the 

chromosomes and are monocistronic, suggesting that gene-proximal trans-acting 

mechanisms are involved in the regulation of many mRNAs in this protozoa.  In addition, 

the regulation of these genes at the mRNA level likely has a strong influence on the 
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phenotypic differences observed between the stages, i.e. fast growth rate of the 

tachyzoites, cyst formation of the bradyzoite. 

 As there is mounting evidence that gene expression in Toxoplasma is driven by 

gene-proximal promoter elements we undertook to define cis-acting sequences for several 

bradyzoite genes.  Here we describe two bradyzoite cis-elements that have been fine 

mapped to a 6-8bp resolution and demonstrate that these elements are sufficient for the 

regulation of these genes in a developmental context.  These elements formed unique and 

specific protein/DNA complexes suggesting they are recognized by trans-acting factors.  

Previous explanations of gene regulation in Toxoplasma proposed that gene expression 

might be primarily controlled by epigenetic mechanisms, such as chromatin remodeling 

as many of these enzymes are conserved in the Apicomplexa (Hakimi & Deitsch, 2007, 

Sullivan & Hakimi, 2006).  The chromatin theory of gene regulation was in part proposed 

to interpret the failure of database mining to find large numbers of transcription factors in 

apicomplexan genomes.  The results presented here add to the model of gene regulation 

control in Toxoplasma suggesting there are sequence specific trans-acting factors 

working in concert with chromatin remodeling enzymes.  Apicomplexa parasites may not 

require the repertoire of transcription factors present in other model organisms, such as 

yeast, due to the programmed nature of development in these obligate intracellular 

parasites.  In addition, transcription factors may be more divergent in the Apicomplexa 

confounding attempts to identify these factors at the level of similarity.  This is supported 

by the recent identification of a family of AP2 like transcription factors in Plasmodium 

and Cryptosporidium (Balaji et al., 2005, Iyer et al., 2008).  The minimal cis-elements 
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identified in our studies will be critical in utilizing biochemical approaches to 

experimentally identify transcription factors controlling bradyzoite differentiation. 

 We combined the power of genetic linkage mapping with the Affymetrix 

Toxoplasma GeneChip to identify loci that are linked to gene expression differences 

observed in the progeny of the Type I X III cross.  Here we describe a number of 

significant QTLs that are distributed across all 14 Toxoplasma chromosomes.  The 

majority of the genome-wide scans resulted in one significant QTL that mapped cis.  We 

did identify 108 genes that mapped to three trans hotspots located on chromosomes V, IX 

and XI.  These hotspots are of great interest in defining possible transcription factors or 

other trans-acting mechanisms that play a role in the regulation of gene expression in 

Toxoplasma.  Although these regions contain many genes, they are being resolved with a 

finer genetic marker map provided by genomic hybridizations of the strains in the Type I 

X III cross (Dr. John Wootton personal communication).  This being said, there are some 

candidate genes we are currently pursuing in downstream experiments, specifically the 

BTB/POZ domain containing gene, 57.m00029.  In addition, we observed large genomic 

duplications in the parents and progeny of this cross that have effects on levels of gene 

expression.  Elucidating both the mechanisms driving these duplications and the selection 

pressures duplication events may have had on the evolution of the parasite will be 

important to the further understanding of Toxoplasma biology. 
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FUTURE STUDIES 

 

 The excitement that comes from making new discoveries drives all scientists, no 

matter the initial significance of the findings.  But alas, the joy produced by any one 

result never lasts and we continue to work for new insights.  The goal of any project 

should in part be that it produces new questions that will lead to new experiments and 

discoveries.  I can only hope that the results presented in this dissertation will help direct 

new experimentation. 

 One of the advantages of using SAGE technology for gene expression studies is 

the unbiased identification of mRNA frequencies in any one sample.  The SAGE datasets 

presented in this dissertation are comprehensive for the sporozoite-tachyzoite-bradyzoite 

developmental stages and would not need repeating.  Cap analysis of gene expression 

(CAGE) on the other hand would provide for the identification of the 5’ end of mRNAs 

as well as frequency information (Shiraki et al., 2003).  Using CAGE in combination 

with high throughput sequencing technologies such as Illumina’s Solexa technology 

(www.illumina.com) may be of interest for future studies.  This combination has the 

potential to identify transcriptional starts sites for essentially all mRNAs in a sample, as 

well as determine abundance levels.  If other tag based gene expression projects are 

planned for Toxoplasma in the future, it is recommended that CAGE and Solexa 

sequencing be taken into consideration 

 As mentioned previously, attempts to identify the specific proteins binding to the 

BAG1 and B-NTPase cis elements are ongoing with the utilization of yeast one-hybrid.  

We did attempt to purify proteins that form complexes with these elements using gel shift 
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assays and biotinylated-oligo purification methods.  Mass spectrometer analysis of these 

purified extracts identified Toxoplasma specific peptides, but no peptides were found to 

be specific to the cis-elements as compared to controls.  These initial results were not 

followed up with other experiments or efforts to optimize conditions, so continued 

investigation using these protein purification strategies may be fruitful in the future. 

 Although we have identified three trans hotspots in the eQTL analysis, each of 

the hotspot regions are quite large.  Adding more informative progeny that have 

crossovers points in these regions will help in resolving the trans hotspots to shorter 

intervals.  Progeny selected for resistance to Compound 1 were cloned from the original 

polyclonal population.  It was hoped that this selection strategy might find new 

informative progeny, although it was not productive in this regard as each of the 

Compound 1 resistant clones was already represented in the original set of 34 informative 

progeny.   It may be necessary to pass the parents through another cat to allow for another 

round of recombination in order to add to the progeny list.  Even though it may be 

difficult to add new informative progeny to the Type I X III cross, crossovers points are 

being resolved using the genomic hybridization data.  Probesets on the GeneChip with 

SNPs are being used to add additional markers to the genetic map and initial efforts have 

helped resolve crossover points on the left side of chromosome V (personal 

communication Dr John Wootton).   

 The ultimate goal of the promoter mapping and eQTL projects is the identification 

of trans-acting mechanisms, specifically transcription factors.  There are several 

interesting trans-acting candidates from the trans hotspots, specifically the BTB/POZ 

domain containing protein.  Any one of these trans-acting candidates can be expressed in 
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the appropriate strain to see what gene expression phenotypes it may confer.  This is 

currently being carried out in Type III-CTGara strain with the Type I allele of the 

BTB/POZ gene.  Other candidate genes within the trans hotspots will likewise follow the 

same experimental path.   
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