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ABSTRACT 

USING EVOLUTIONARY GENOMICS TO ELUCIDATE PARASITE BIOLOGY 

AND HOST-PATHOGEN INTERACTIONS 

Lucia Peixoto 

David S. Roos PhD 

This dissertation exploits phylogenomic approaches to identify genes and gene families 

likely to be important in the biology of apicomplexan parasites, including Plasmodium 

(the causative agent of malaria) and Toxoplasma (a leading source of congenital 

neurological birth defects, and a prominent opportunistic infection in immunosuppressed 

individuals).  In particular, we have explored the significance of lateral gene transfer and 

gene duplication as sources of evolutionary novelty.  Genomic-scale phylogenetic tree 

comparison identifies surprisingly extensive lateral gene transfer (LGT), including plant-

like genes presumably acquired from the algal source of the apicomplexan plastid 

(apicoplast), and animal-like genes that may have been acquired from these parasites‟ 

host species.  Studies on apicomplexan-specific expanded gene families indicate that 

kinases are a probable source of functional innovation.  The T. gondii kinome displays 

previously under-appreciated diversity in parasite-specific secreted kinases associated 

with the rhoptry organelles required for host cell invasion.  Evolutionary analysis points 

to the importance of this „ROPK‟ family, and functional genomics datasets were 

employed to prioritize family members for further investigation, including sub cellular 

localization and over expression in transgenic parasites.  Transcriptional profiling of host-

cell responses to infection, coupled with functional clustering, reveals pathways likely to 
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be regulated by the parasite and a role for ROP38 in controlling this process.  Our studies 

highlight the potential of combining phylogenetics with genome-scale analysis and 

experimental manipulation to elucidate biological function; similar strategies should be 

generally useful in integrating the diverse range of genomic-scale datasets that 

increasingly characterizes modern biomedical research.
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1. INTRODUCTION 

Comparative genomic studies have been useful in identifying similarities and 

differences between genomes provides useful information, but such studies not 

always address how and why those similarities and differences emerged. An 

exponential growth in the number of complete genomes, combined with genome 

scale-datasets that explore functional properties of genomic sequences (i.e. gene 

expression and polymorphisms) has opened the door to the integration of genome-

scale datasets to gain further insights into biological processes. The main objective of 

the research presented in this dissertation is to take advantage of newly emerging 

genomic-scale datasets, using an evolutionary genomic framework to define genes 

and gene families likely to be informative in elucidating apicomplexan parasites 

survival and interactions with their hosts. 

 

I have focused on the phylum apicomplexa, for several reasons.  First, as protozoa, 

these species exhibit the diversity of genetic and evolutionary complexities typical of 

other eukaryotic taxa (lack of operon structure, frequent paralogous gene duplication 

and neofunctionalization, etc).  Second, complete genome sequences have recently 

become available for several apicomplexans spanning a wide range of evolutionary 

and functional divergence (and at ~20-80 Mb, these genomes are relatively small).  

Third, these organisms are of considerable practical importance: Plasmodium causes 

malaria, which kills more than 2 million people each year worldwide, and 

Toxoplasma is a leading source of congenital neurological birth defects and a 
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prominent opportunistic infection in AIDS; Toxoplasma also offers an experimentally 

tractable system 

 

1.1. Apicomplexan parasites: unusual evolutionary history and cell biology. 

The Phylum Apicomplexa is comprised almost entirely of parasitic species (Qari, Shi 

et al. 1996). There are more than 15 complete genome sequences of Apicomplexa 

(http://eupathdb.org)  and data on genome-wide gene expression and proteomics is 

available for some of the most prominent organisms, including several species of 

Plasmodium, Toxoplasma, Eimeria, Theileria, Neospora and Cryptosporidium 

(Cohen, Rumpel et al. 2002; Florens, Washburn et al. 2002; Li, Crabtree et al. 2004; 

Hall, Karras et al. 2005). This group has a rich evolutionary history, which includes an 

unusual secondary endosymbiotic transfer of an algal plastid (Kohler, Delwiche et al. 

1997; Andersson and Roger 2002; Roos, Crawford et al. 2002; Bastien, Lespinats et 

al. 2004), several well-documented cases of LGT (Qari, Shi et al. 1996; Zhu and 

Keithly 2002; Huang, Mullapudi et al. 2004; Striepen, Pruijssers et al. 2004; Zhu 

2004) as well as extended families of surface antigens which are essential for parasite 

survival (Templeton 2007) usually associated with unique secretory organelles that 

give the phylum its name: rhoptries and micronemes.  

 

Comparing genomes from an evolutionary perspective can shed light to the 

understanding of organismal metabolism, pathogenicity and physiology and the 

adaptation to a particular style of living. The field of evolutionary genomics (also 

known as phylogenomics) uses evolutionary tools to analyze genome sequences to 

http://eupathdb.org/
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address such issues. Phylogenomic approaches are very well suited to address 

Apicomplexan biology questions, providing a unique opportunity to highlight unique 

aspects. Insight gained through genomic approaches will help elucidate novel drug 

targets and candidates for vaccine development, urgently needed since apicomplexans 

cause high morbidity and mortality worldwide. They will also help further understand 

adaptation to the parasitic lifestyle and guide forward genetic approaches to 

understand the host-pathogen relationship taking advantage of the fact that 

apicomplexans (T. gondii in particular) provide tractable experimental models. 

 

1.2. Evolutionary genomics 

In order to carry out evolutionary genomic analyses several conditions must be met. 

First several complete genomes from a related set of species should be available. 

Second, an unbiased way to identify which genes from all genomes are related to each 

other (orthologs) is needed. Finally multiple sequence alignment (MSA) and 

phylogeny reconstruction will allow reconstructing the history for every gene/gene 

family from which the genes of interest will be determined. Genome-scale 

evolutionary analysis is not without challenges, since a lot of the methodology 

regarding MSA and phylogeny reconstruction was not originally designed to be 

applied to hundreds, sometimes thousands, of sequences at the same time. In our work 

we have adapted such methodology to work on a large scale because a genome-wide 

perspective on evolutionary processes can greatly improve the understanding on how 

genomes came to be and the forces that took them there. In particular it will allow us 
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to study the sources of adaptive changes, something not possible without a 

phylogenetic context.  

 

1.2.1. Phylogenetics on a large scale.  

Phylogenetics is the study of the evolutionary relationships between a set of 

organisms and can be visualized using a phylogenetic tree, which is derived from the 

assumption that the appearance of new species (speciation) can be seen as a binary 

branching process.  Such relationships can be established by shared characters 

between the observed species, which are assumed to be related by descent, and a 

model of the order in which evolutionary events have occurred. In the genomic era, 

molecular sequences have replaced morphological data as the source of shared 

characteristics.  

 

The first step in the generation of a phylogenetic tree is to determine which species 

and/or sequences will be included. When constructing a species tree using a 

particular gene, for example, all the sequences are assumed to be orthologs, meaning 

related to each other by descent. In eukaryotic genomes, determining which 

sequences are orthologs is often complicated by the fact that the genomes have 

undergone extensive duplication, generating genes that are related to each other by 

duplication events rather than speciation, termed paralogs. Paralog divergence can 

obscure evolutionary patterns, since, as it will be discussed later, paralogs do not 

reflect the same evolutionary rates as orthologs. Paralogs tend to have relaxed 

constrains and hence are not subject to the same selective pressures that keep 
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orthologs mutating rapidly. Orthologs hence are functionally constrained by the same 

selective forces that determine the survival of a species and better reflect such 

species history. Several ways have been developed to identify orthologs between 

species, including the highly manually curated KOG and COG groups available at 

NCBI (Tatusov, Fedorova et al. 2003), the homology based algorithm 

INPARANOID (O'Brien, Remm et al. 2005), the phylogenetic algorithm  RIO 

(Zmasek and Eddy 2002) and the automated OrthoMCL (Li, Stoeckert et al. 2003) 

algorithm among others. If the selection of the sequences for phylogenetic analysis is 

done on an ad hoc basis, using subjective criteria based largely on sequence 

similarity (aka certain BLAST cutoff from a search against the NR NCBI database), 

this may introduce a taxonomic sampling bias and/or paralogs as orthologs.  Hence, 

in order to establish true phylogenetic relationships, it is critical to have a wide 

sample of complete genomes and an unbiased way to determine ortholog 

relationships. Having the full genome for each species included in the analysis will 

guarantee that if a certain gene is missing from the phylogeny is because it is simply 

not present, while a wide sample of the tree of life will assure no particular 

taxonomic group is underrepresented. Paralog phylogenies, on the other hand, can be 

used to study phenomena such as the emergence of new gene functions through 

duplication. 

 

Once a set of sequences has been selected for analysis, the next step is to generate a 

multiple sequence alignment (MSA). A MSA is a hypothesis of positional orthology 

between bases/amino acids of different sequences, which can then be used to 
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reconstruct ancestral relationships between these sequences. Most current methods of 

phylogeny reconstruction separate alignment reconstruction from phylogeny 

reconstruction (Feng 1987), although there is an increasing trend towards estimating 

alignments and phylogenies simultaneously since they are inextricably linked 

(Lunter, Miklos et al. 2005; Redelings and Suchard 2005). The sequential approach 

works well when the alignments are reasonably well resolved, but may tend to 

produce erroneous trees if the alignment contains large unresolved regions, making 

the accuracy of MSA a critical step for phylogeny reconstruction. Popular methods 

for MSA usually rely on a progressive approach that depends on the construction of 

a guide tree and the assignment of profiles to the nodes of that tree. If the node is 

terminal (i.e., a leaf), the profile is the sequence itself; otherwise the profile is 

constructed from a pair-wise alignment of its children. CLUSTALW  (Thompson 

1994) is a popular progressive alignment method. T-coffee (Notredame, Higgins et 

al. 2000) implements a variant of the progressive alignment method using a library-

based score for the alignment of two profiles. MUSCLE (Edgar 2004; Edgar 2004) is 

also based on progressive alignment but introduces further processing, or horizontal 

refinement, by extracting and re-aligning pairs of profiles until a certain objective 

score is improved. Similar strategies are used by PRRP (Gotoh 1996) and MAFFT 

(Katoh, Misawa et al. 2002). In the end, two properties of these alignments are 

important for the user: biological accuracy and computational complexity, both of 

which are determined by properties of the dataset (size, average percent identity, 

etc).  An additional requirement for the processing of several hundreds of gene 
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families/ortholog groups is computational complexity, and so far only progressive 

alignment algorithms are fast enough for scaling of such magnitude. 

 

Once an MSA is obtained it may be used to reconstruct a phylogeny. Phylogeny 

reconstruction is technically challenging because the “tree space” or number of trees 

possible for a given number of taxa is huge. In general terms, for n taxa there are 

(2n-3)! /(2
n-2

(n-2)!) possible trees; hence for only 5 taxa, there are 105 possible trees. 

One approach to phylogeny reconstruction is to consider the similarities between 

species/sequences taking into account evolutionary processes without being 

concerned about alternative evolutionary pathways between them. Distance-based 

methods such as Neighbor Joining and UPGMA are examples of this approach. 

Another strategy is to consider various possible evolutionary pathways, and choose 

the best one based on maximizing or minimizing a certain objective function. 

Maximum parsimony (MP) and Maximum Likelihood (ML) methods implement this 

approach. For a review of different phylogeny reconstruction methods please see 

(Nei 1996; Swofford DL 1996.). Distance-based methods such as Neighbor Joining 

are typically computationally less complex than MP and ML methods. Ignoring the 

evolutionary pathway in taxonomic reconstruction is clearly incorrect, but this does 

not necessarily mean that distance trees are poor estimates of the “true tree”. MP and 

ML implementations rely on heuristics to sample the tree space, and produce best 

guesses. These approaches tend to be computationally complex, but consider 

possible evolutionary pathways, and are therefore preferred if possible to implement 

in a reasonable amount of time.  Neighbor joining was preferred over ML or MP 
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methods when computing thousands of (bootstrapped) phylogenetic trees was 

required. However, recent implementations of ML methods such as PHYML 

(Guindon and Gascuel 2003; Guindon, Delsuc et al. 2009) and RAxML (Stamatakis 

2006)  have minimized the difference in running speed, making it possible to obtain 

reliable ML phylogenies in reasonable time, assuming a correct alignment.  Hence, 

an accurate MSA as well as the appropriate selection of sequences are the most 

important factors for creating reliable and robust phylogenies, especially on a large 

scale.  In chapter 2 we explore the relationship between the selection of the 

sequences and the robustness of the MSA and the resulting tree, in the hope of 

finding a way to include/exclude sequences without introducing taxonomic biases 

but at the same time working within the limitations of MSA and phylogeny 

reconstruction algorithms available. 

 

1.3. Searching for adaptive traits: lateral vs. vertical inheritance. 

Once we know the history of a gene by its phylogeny we can search for possible 

unusual events that may highlight adaptive traits.  A phylogenetic tree carries the 

underlying assumption that genetic material is transmitted vertically between parent 

and offspring.  Evolution of advantageous traits usually relies on the process of 

mutation and selection, which is the basis of modern evolutionary theory.  However, 

it is also recognized that new traits can be acquired non-vertically.  It has long been 

know in prokaryotes that lateral gene transfer (LGT), aka the transmission of genetic 

material between organisms not related by descent, has been a strong force shaping 
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microbial evolution  (Nelson, Clayton et al. 1999; Ochman, Lawrence et al. 2000; 

Lawrence and Ochman 2002).  (Fig 1.1).  

 

Figure 1.1. Lateral and vertical inheritance is thought to have shaped the tree of life. Transfer 

events can be limited to single genes or whole organisms, like the plastids and mitochondria. The 

inset illustrates the continuum of 5 steps that leads to the stable inheritance of a transferred gene in a 

new host. Adapted from (Smets and Barkay 2005). First, a nucleic-acid molecule (DNA or RNA) in 

the donor organism is prepared for transfer. Second, the transfer takes place. Third, the nucleic acid 
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enters the recipient organism(s). Fourth, the nucleic-acid molecule is established in the recipient.  

Last, stable inheritance in the recipient genome might ensue. 

 

LGT contribution to the evolution of eukaryotic organisms has been controversial 

and statements regarding the presence of LGT genes into any eukaryotic genome 

have to be made with caution.  A debate was sparked when the first analysis of the 

human genome draft reported that 223 bacterial genes had been transferred into 

humans.  In the end, the number of potential LGT events from bacteria was proven to 

be much less (~40) (Salzberg, White et al. 2001), and the previously high estimate 

was shown to be an overestimate This debate highlights an important point-- LGT 

events are, in the end, based on statistical arguments (because it is impossible to 

observe events that happened in distant past).  Therefore, great care needs to be taken 

to confirm the assumptions and explore alternative hypotheses.  Regarding protists, 

there is some evidence that LGT may have played a role in their evolution (Huang, 

Mullapudi et al. 2004), and some researchers have proposed that LGT may have 

been frequent in the beginning of life (Zhaxybayeva and Gogarten 2004).  The role 

of LGT on the evolution of unicellular eukaryotes, however, has yet to be fully 

explored.  

 

1.3.1.Endosymbiosis and the origin of the apicoplast. 

Apicomplexan biology has been known to be strongly shaped by LGT in at least one 

instance during parasite evolution. Perhaps the most notable feature of the 

Apicomplexa is the presence of a very unusual organelle termed the apicoplast -- a 

non-photosynthetic plastid that is essential for the parasite‟s survival (Fichera and 
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Roos 1997; Kohler, Delwiche et al. 1997).  The apicoplast is the product of a 

secondary endosymbiotic event that took place long ago in the parasite‟s 

evolutionary history, where a photosynthetic eukaryotic alga was engulfed by a 

heterotrophic eukaryote (Fig 1.3), and represents a massive LGT by which the 

parasite acquired several advantageous traits. 

Figure 1.3. The Phylum Apicomplexa and the origin of the Apicoplast.  Apicomplexan parasites 

are known to have acquired a plastid through lateral gene transfer. The Apicoplast can be seen in 

green in the electron micrograph at the right (Plasmodium falciparum). 

 

 Several metabolic pathways take place in the apicoplast, such as heme and lipid 

biosynthesis (Roos, Crawford et al. 1999; Roos, Crawford et al. 2002) and a great 

deal of work has been done on identifying the now nuclear encoded genes that target 

to this organelle (Foth, Ralph et al. 2003; Harb, Chatterjee et al. 2004).  Apicoplast 

genes make ideal drug target candidates, since they could be targeted by drugs with a 

lower probability of affecting host-cell molecules.  Clyndamicin and tetracycline are 
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effective against apicomplexan parasites because they target apicoplast ribosomes 

(Goodman, Su et al. 2007) without harming the mammalian host.  However, whether 

or not genes belonging to the algal nucleus were transferred to the Apicomplexan 

nucleus during the acquisition of the Apicoplast and retained has not been fully 

explored.  Some preliminary work on Cryptosporidium parvum (Huang, Mullapudi 

et al. 2004) suggest that the extent of endosymbiotic transfer of genes (and other 

lateral gene transfer events) is higher than previously thought for a eukaryotic 

organism.  This opens a new door for the exploration of novel mechanisms of 

pathogenesis and targets for drug and vaccine development. 

 

1.3.2. How to Detect lateral Gene Transfer 

The best way to assess the occurrence of LGT is to use phylogenetic tree comparison 

(Zhaxybayeva, Hamel et al. 2004).  A close and robust phylogenetic relationship 

between gene sequences of distantly related organisms and the exclusion of gene 

sequences from more closely related organisms when we have an a priori model for 

these relationships is the hallmark of this phenomenon, as illustrated by Figure 1.2 

which clearly shows that the apicomplexan plastid tufA was derived from algae.  

Alternative explanations are possible, including artifacts of tree reconstruction and 

complicated cases of reciprocal gene loss.  Genome-wide phylogenetic analyses have 

the potential to uncover lateral gene transfer events, which can be a shortcut to the 

acquisition of advantageous traits. 
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Figure 1.2. Phylogeny of elongation factor Tu (TufA), an example of LGT. Apicoplast TufA 

reveals a transfer of genetic material from Algae to Apicomplexa. Adapted from (Kohler, Delwiche et 

al. 1997). ML phylogeny (bootstrapped 100 times) of TufA from Bacteria, plastids and mitochondria. 

The apicomplexan plastid sequence groups with the TufA sequences from algal plastids. 

 

In chapter 3 we discuss our efforts to identify LGT in both T. gondii and P. 

falciparum on a genomic scale.  Understanding the role of LGT in Apicomplexa will 
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not only helps us better understand the processes involved in early eukaryotic 

evolution but also reveal, as it is the case with already know apicoplast genes, 

potential targets for drug development.  

 

1.4. Gene duplication, selective constraints and evolution of advantageous traits. 

Although the impact of LGT in the evolution of eukaryotes is debatable, gene 

duplication is widely accepted as a driving force behind the acquisition of new 

traits/functions in eukaryotic evolution since Susumo Ohno introduced this idea in 

the late 1960‟s (Ohno, Wolf et al. 1968).  The theory proposes that once a gene is 

duplicated it is subject to relaxed constraints and free to evolve new functions, since 

the original gene‟s function is still preserved.  Genes that emerge from duplication 

events are called paralogs and can provide the substrate on which evolution can act.  

There are two ways in which gene duplication could generate a substrate suitable for 

adaptive evolution: one paralog can evolve new functions (neofunctionalization) or 

subdivide their original function (subfunctionalization) (Lynch 2002).  Recent whole 

genome analyses have confirmed that gene duplication (sometimes whole-genome 

duplication) and divergence are an essential evolutionary force and that new 

duplicated genes only survive (as opposed to turning into a pseudogene) if they 

evolve new functions that are essential for the organism‟s survival or preserve a sub-

function of the original gene (Presgraves 2005).  Thus, studying the evolution of 

expanded gene families, especially those show signatures of positive selection, can 

point to genes that may be critical for an organism‟s adaptation and success in its 

environment. 
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1.4.1. Expanded gene families and secretory organelles, their role in invasion and 

virulence 

A second characteristic feature of apicomplexan parasites is the presence of 

expanded gene families of secreted proteins that are thought to mediate interaction 

with the host-cell and immune-evasion.  These proteins are usually secreted from the 

apical complex which gives the phylum its name (Fig 1.4).  The complex consists of 

specialized secretory organelles (micronemes and rhoptries) as well as structural 

components (polar rings and conoid), which are essential for parasite invasion and 

survival in the intracellular environment. 

 

Figure 1.4. Apicomplexans are characterized by the presence of the „apical complex‟. Electron 

Micrographs of T. gondii tachyzoites showing the apical complex in intracellular parasites. A, 
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apicoplast; co, conoid; G, Golgi; m, micronemes; N, nucleus; R, rhoptries. Bar is 1 μm. Adapted from 

(Dubremetz 2007).  

 

 Proteins secreted from micronemes (MIC) are involved in attachment of 

extracellular parasites to the host membrane and invasion.  Subsequent secretion of 

various proteins from rhoptries (RON and ROP) is thought to be responsible for 

establishment of the intracellular parasitophorous vacuole (PV) that mediates 

communication with the host cell (Carruthers and Sibley 1997; Bradley and Sibley 

2007).  Hence, the contents of these organelles seem to be the result of the evolution 

of mechanisms of adaptation to the intracellular environment. 

 

Gene families whose members are secreted through these organelles include the Duffy 

receptor family of Plasmodium knowlesii (Adams, Hudson et al. 1990), the EGF-like 

transmembrane family of microneme proteins in T. gondii (Meissner, Reiss et al. 

2002), the ROP2 family of kinase-like rhoptry proteins (El Hajj, Demey et al. 2006) 

and the highly variable rhoptry-localized STEVOR family of surface antigens in 

Plasmodium falciparum (Khattab, Bonow et al. 2008), among others.  Several studies 

have reported that proteins secreted from the rhoptries mediate direct interference with 

host-cell processes.  STEVORS are well known to undergo antigenic variation, which 

is proposed to serve as host-immune evasion mechanism in  P. falciparum merozoites 

(Templeton 2009).  Recent work on ROP16 and 18, both predicted to be active kinases 

(El Hajj, Lebrun et al. 2007), has shown that ROP16 is secreted into the infected cell 

and alters STAT3/6 phosphorylation (Saeij, Coller et al. 2007) while ROP18 is a 

critical virulence determinant that controls parasite replication (Saeij, Boyle et al. 
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2006; Taylor, Barragan et al. 2006; El Hajj, Lebrun et al. 2007).  Thus, expanded gene 

families in Apicomplexans seem to be linked to the unusual organelles that constitute 

the apical complex, even though the extent of their functions is not yet completely 

understood.  The members of these expanded gene families seems to be unusually 

divergent from each other and sometimes highly polymorphic suggesting strong 

selective pressures towards divergence, also known as positive selection.  Exploring 

parasite genomes to define expanded gene families combined with phylogenetic 

reconstruction and search for signatures of selection seems a promising approach to 

uncover traits that may confer a selective advantage for the parasite and hence 

functionally important for their survival. 

 

1.4.2.Measuring selective pressures among genes. 

While finding instances of LGT involves comparing phylogenies in search for 

unusual patterns of inheritance (differences in the shape of the tree, usually 

regardless of branch lengths), determining the strength of selective pressures 

involves determining the rates of evolution among the branches of a phylogeny.  

Comparing relative rates of synonymous and non-synonymous substitutions is the 

usual approach to measure selective pressures (Nielsen and Hubisz 2005).  These 

may reflect restricted diversity due to architectural/functional limitations (negative 

selection), or high diversity of protein sequences (or protein domains) in response 

to environmental constraints (i.e. host immune system; positive selection).  

Synonymous mutations do not change the amino-acid sequence, so their 

substitution rate (dS) is usually considered to be neutral for selection on the protein 
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product of the gene, although this may not always be the case (Akashi and Eyre-

Walker 1998).  Non-synonymous substitutions change amino-acid sequence and 

their substitution rate (dN) is dependent on the selective pressure at the protein 

level.  The ratio dN/dS (or ω) measures the relationship between the rate of changes 

that are under selective pressure and the rate of changes that are presumably 

neutral.  If non-synonymous mutations are deleterious the ratio will be less than 1 

(negative selection), and if advantageous greater than 1 (positive selection).  There 

are many ways to estimate dN and dS.  In general, most methods use a Markov 

model of sequence evolution, with a set of defined states (nucleotides or codons) 

and a matrix that defines the transition probabilities between them.  The estimate of 

the ratio dN/dS is dependent on the transition matrix and the current distribution of 

states in the sequences being compared.  Simple methods count the sites under both 

categories (synonymous or non-synonymous) and apply a correction for multiple 

substitutions per site based on a simple model of sequence evolution and its matrix.  

More complex methods include dN/dS as a parameter in the matrix and estimate 

the ratio by numerical optimization using, for example, hill-climbing techniques.  

Details about dN/dS estimation and the validity of dN as a neutral rate are provided 

in Appendix 1 & 2 and reviewed by Fay and co-workers (Fay and Wu 2003).  In 

the end, evidence of positive selection accompanied by extensive gene duplication 

can be a hallmark of the acquisition of a new and advantageous trait.  Hence, 

mechanisms essential for an organism‟s survival could be found by exploring the 

subset of expanded gene families it possesses and looking for evidence of adaptive 

evolution. 
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In chapter 4 we take advantage of the parasites genomes to define the set of 

expanded gene families, which lead us to explore the unusual role of expanded 

secreted kinases in apicomplexan evolution.  Taking advantage of the ease of 

experimental manipulation we show that integrating evolutionary and functional 

genomics approaches can indeed highlight parasite proteins that have an important 

role in host-pathogen interaction 

 

In summary, it is clear that the availability of genome data together with what is 

known about apicomplexan biology makes this phylum an ideal candidate for 

exploration of adaptive traits through an evolutionary genomic approach. This 

approach together with the integration of functional genomic data has allowed us to 

gain insights into Apicomplexan evolution as well as highlight potentially new targets 

and important aspects of host-pathogen interactions. 
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2. MULTIPLE SEQUENCE ALIGNMENT  ROBUSTNESS  

2.1. Introduction  

A multiple sequence alignment (MSA) is a hypothesis of positional homology 

between molecular sequences; meaning is a column by column alignment of 

nucleotides or amino acids in which each element in a column is assumed to be related 

by descent.  As mentioned before, nowadays molecular sequences have almost entirely 

replaced morphological data as the source of shared characteristics that is then used to 

determine shared relationships between sequences/species. If sequences are going to 

be used for such goal, assuring proper orthology of sequences and appropriate 

alignment of homologous characters is important to reconstructing the right 

relationships, since paralogs (as discussed in chapter 1) can obscure such relationships.  

There are several methods available for the selection of orthologous sequences; 

however it is hard to evaluate the accuracy of ortholog assignments.  If the ultimate 

goal of ortholog assignment is to establish the true relationships between sequences 

and use that information to make statements about adaptation/function, it is essential 

that the issue of whether or not sequences are related to each other will be evaluated in 

a framework that incorporates MSA and phylogeny reconstruction.  Regarding 

molecular sequences, the question can be framed as whether the assignment of 

positional orthology by columns is perturbed by the inclusion or not of sequences, and 

the perturbation can be studied in the phylogenetic tree that results from that MSA.  

Assuming a progressive MSA algorithm which optimizes a certain function that has 

been accepted to approximate correctness, we can hypothesize that if a MSA is robust 

to the inclusion exclusion of sequences, we can then trust the phylogenetic 
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relationships that are derived from it, and be confident in using the evolutionary 

information contained in those trees to make statements about the evolution of the 

sequences/species involved.  In our work we used real data from ortholog groups 

extracted from OrthoMCL-DB V 1.0, which has been shown to perform better than 

other methods (Chen, Mackey et al. 2007),  to study the factors that influence the 

robustness of MSAs.  General principles derived from this pilot study were then used 

when reconstructing phylogenies at the genomic scale, to increase the quality and 

robustness of the alignments and the phylogenies derived from them. 

 

2.2. Experimental Procedures 

 

2.2.1.Data sources 

Ortholog groups from OrthoMCL-DB version 1 (http://v1.orthomcl.org/cgi-

bin/OrthoMclWeb.cgi) were selected at random to represent a variety of sizes and 

average sequence identities.  A total of 79 ortholog groups ranging in size from 6-98 

sequences were selected as test cases. 

 

2.2.2.A framework for evaluating multiple sequence alignment robustness. 

 

2.2.2.1.  Measuring ortholog group connectivity 

We defined connectivity as a measure of sequence similarity for an ortholog group.  

Each group was treated as a network, where the edges were the negative log10 of 

the average blast E-value between two sequences.  Blast e-values less than e
-5

 were 

http://v1.orthomcl.org/cgi-bin/OrthoMclWeb.cgi
http://v1.orthomcl.org/cgi-bin/OrthoMclWeb.cgi
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not considered.  As a result each group is represented by a graph that is not fully 

connected, in which only the pairs of nodes for which the average blast e-value was 

greater than e
-5

 are connected to each other.  The connectivity of each node 

(sequence) was defined as the sum of all connected edge weights divided by the 

sum of the most connected node in the group (the node for which the sum edge 

weight is maximal).  The connectivity of each group is the ratio between the least 

connected node (min) and the most connected node (max), aka the connectivity of 

the least connected node. 

 

2.2.2.2. Symmetric difference as a proxy for MSA robustness. 

Connectivity of each node was used to progressively reduce the size of each 

ortholog group, from least to most connected.  Nodes were removed below each of 

the following connectivity values: 1, 2.5, 5, 10, 20, 30, 40, 50 and 60 % 

connectivity.  Each ortholog group was cut 4 times or until stability or 60% was 

reached.  To evaluate the impact of sequence removal on alignment robustness, 

trees obtained by removing sequences from the row of the alignments were 

compared to trees obtained by removing the sequence from the FASTA file before 

doing the alignments (Figure 2.1).  A MSA that maximizes correct positional 

homology with respect to phylogenetic information ideally will not have 

differences between those two trees.  Alignments were done using MUSCLE and 

ClustalW as examples of progressive alignment software commonly used.  The 

symmetric difference (SD), which is the number of branches that differ between 

two trees (Robinson 1981; Felsenstein 2004), was normalized by tree size (number 
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of edges) and used to measure the difference between the two trees mentioned 

above.  All nodes with bootstrap support less than 50 were collapsed before taking 

the symmetric difference.  No trees had zero internal edges as a result.  Stability 

was defined as no change between two consecutive points (before and after 

removal) or change below background levels.  Robust ortholog groups (as 

determined by manual inspection) were used to define the maximum background 

levels as 0.07 normalized SD.   

 

Figure 2.1. Strategy for determining robustness of multiple sequence alignments. Bs= bootstrap 

support. 

 

2.3. Results  

 

2.3.1.Distribution of ortholog group connectivity and the effects of sequence 

removal on MSA robustness. 
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Ortholog groups selected for this study varied in size from 6-98 sequences.  The 

distribution of connectivity for groups ranged from 0.002 to 0.552.  There was no 

correlation between group size and connectivity (Figure 2.2). 

 

Figure 2.2. Group size vs. connectivity.  Plot showing the distribution of group size 

(number of sequences) relative to connectivity of the group. The connectivity of each group 

is the ratio between the least connected node (min) and the most connected node (max), aka 

the connectivity of the least connected node. Connectivity of a node was defined as the sum 

of all connected edge weights divided by the sum of the most connected node in the group 

(the node for which the sum edge weight is maximal).  

 

Using connectivity as a guideline sequences were progressively trimmed and the 

effect of the removal was measured as detailed in “Experimental Procedures”.  The 

effects of the removal varied greatly between groups.  Figure 2.3 illustrates the 

behavior of the ortholog groups as a consequence of removing sequences from the 

alignment before or after running the MSA program.  
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Figure 2.3. The impact of sequential sequence removal based on connectivity in the robustness of 

the MSA as measure by normalized SD between trees. Each line represents the behavior of a group 

after sequential removal of nodes. Blue represents background SD levels. Groups with at least 40% 

connectivity rarely show a normalized SD above background. 
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It is clear that most ortholog groups do not need removal of many sequences since 

the normalized SD is mostly below background levels (0.07) after the first removal. 

 

2.3.2.The relationship between sequence connectivity and MSA robustness. 

As Figure 2.3 shows, most groups seem robust to the removal of their least 

connected node, however some groups show dramatic changes when sequences are 

removed.  When the ortholog showed as a lack of change (or change below 

background) between two consecutive points, the group was considered to have 

achieved robustness.  The number of sequences removed at that point was then used 

to determine the relationship between connectivity and MSA robustness.  Figure 2.4 

shows how the connectivity of the group relates to the percent of sequences that 

needed to be removed in order to achieve robustness. 
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Figure 2.4. Sequence removal vs. group connectivity. How many sequences need to be removed in 

order to achieve robustness? In red results obtained using Muscle as MSA program, in blue results 

using Clustalw. The number of sequences removed when no difference was observed between two 

consecutive cuts (or change bellow background) is plotted against the connectivity of the group.  

 

It is apparent that, for the most part, different alignment programs (Muscle, 

ClustalW) tend to produce similar results.  Groups that are connected to at least 0.4 

of its members need little or no removal of sequences; less than 1% on average 

(Supplementary table 2.1).  However, Figure 2.4 does not show a broad trend 

regarding the relationship between removal of sequences and connectivity of the 

group.  Groups with connectivity below 0.4 vary greatly in the percent of sequences 

to remove.  Even though the average of sequences to be removed if less connected 

than 0.4 is 4% for alignments done with Muscle and 3% for alignments done with 

ClustalW standard deviations are twice the average, 6.3 and 4.8 % respectively.  This 

suggests that although the majority of groups may not have many outliers, some do, 

and removal of more sequences than the average may be a reasonably conservative 

approach.  

 

2.4. Discussion. 

In this study we explored connectivity as a guideline for removal of outliers present in 

ortholog groups that can potentially cause problems when reconstructing the multiple 

sequence alignment and phylogeny from the group.  The test dataset of 79 randomly 

chosen ortholog groups suggests that most groups need little or no removal.  There 

seems to be some relationship between sequence connectivity and robustness of the 
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alignment to removal of sequences, but not as strong as expected.  Groups whose least 

connected node (sequence) is connected to at least 40% of other nodes produce 

alignments that seem robust to the removal of sequences.  Hence ortholog groups that 

possess such characteristics do not need to be altered for the purpose of MSA 

reconstruction.  Below that threshold a lot of groups do not need removal while others 

need removal of a great number of sequences, the reason for such variance wasn‟t 

apparent and no correlation was found between the number of sequences to be 

removed and the connectivity of the group.  The average sequence removal required 

for robustness is ~3.5%.  It is practically impossible to manually inspect the groups to 

decide who will need removal, and due to the high variance observed for groups with 

connectivity less than 0.4, a conservative approach was deemed appropriate.  We 

hence propose using the average plus one standard deviation, or ~10%, as the amount 

of sequences to be removed from a group whose connectivity is less than 0.4 in the 

context of an MSA and phylogeny reconstruction pipeline.  However, what causes the 

underlying variability in MSA robustness grants further exploration. 
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3. LATERAL GENE TRANSFER  IN APICOMPLEXA 

 

3.1. Introduction 

It is now clear that lateral gene transfer (LGT), the transfer of genetic material 

between organisms through a process other than inheritance, has been a major 

evolutionary force in prokaryotes (Nelson, Clayton et al. 1999; Ochman, Lawrence et 

al. 2000; Lawrence and Ochman 2002), although its contribution to the evolution of 

eukaryotic organisms has been controversial. LGT provides a way to acquire 

advantageous traits (e.g.: a new metabolic pathway) that will make an organism better 

adapted to its environment without having to inherit that trait.  Recent studies have 

estimated the LGT frequency in Eukaryote to be relatively low (Choi and Kim 2007), 

although rapid disease emergence through LGT has been reported in fungi (Friesen, 

Stukenbrock et al. 2006).  Moreover, there is evidence that LGT may have played a 

role in protist evolution (Huang, Mullapudi et al. 2004) and the beginning of the tree 

domains of life (Zhaxybayeva and Gogarten 2004), as well as experimental 

confirmation that exposure to drug selection increases the observed amount of LGT 

genetic material in bacteria (Arnold, Jackson et al. 2007).  Phylogenetic detection 

methods appear to be the best choice to infer gene transfers over methods based on 

compositional properties of the genomic surroundings (Poptsova and Gogarten 2007).  

This approach is based on the fundamental fact that LGT may cause gene trees to 

disagree with the phylogeny of the species in question.  Using these methods, we can 

compare gene and species trees, and infer a set of possible LGT events and build a 
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hypothesis of when and among whom this happened (Figure 1.1, chapter 1).  There 

are several confounding factors in LGT detection (Than Cuong 2007), including 

statistical errors and problems with phylogeny estimation.  Several methods have been 

developed to detect “incompatibilities” between gene and species trees (MacLeod, 

Charlebois et al. 2005; Beiko and Hamilton 2006), and while  many tree comparison 

metrics exist, the subtree prune and regraft (SPR) distance (Hein J. 1996) is most 

relevant to the inference of LGT events.  Using SPR distance as metric posses several 

problems: calculating such distance is NP-hard, incompatible trees may not always 

mean real LGT events, and the biological significance of such predictions remain 

speculative. 

 

Given the Apicomplexan position in the base of the eukaryotes and the preliminary 

evidence for a role of LGT in the evolution of this phylum (Huang, Mullapudi et al. 

2004; Huang, Mullapudi et al. 2004), we carried out a whole-genome analysis to 

address the possible impact of LGT in P.  falciparum (causative agent of malaria) and 

T. gondii (a leading source of congenital neurological birth defects, and a prominent 

opportunistic infection in AIDS).  To detect LGT on a genomic scale, we relied on 

phylogeny reconstruction and comparison of topologies for all genes present in T. 

gondii and P. falciparum possessing orthologs in other non-apicomplexan species 

against a reference whole-genome species tree for the 55 taxa present in OrthoMCL-

DB V 1.0 (Chen, Mackey et al. 2006).  First, the impact of LGT on the T. gondii set of 

metabolic enzymes was assessed by manual inspection of the trees for ortholog groups 

containing T. gondii gene(s) with a complete EC number.  Then, candidate  LGT 
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groups were identified using Horizstory (MacLeod, Charlebois et al. 2005) which 

finds  incompatible gene and species trees and the series of changes needed to turn one 

tree into the other (edit path).  We subsequently developed a very simple strategy, 

LGTsmart, to identify the most probable LGT events.  LGTsmart ranks probable 

events based on species placement within the tree (using pre-existing knowledge 

regarding phylogenetic information for the Apicomplexa and the domains of life) and 

the bootstrap support for the corresponding internal node(s).  The result is a list of 

probable lateral gene transfer events, with the highest ranking genes being the ones 

under the most stringent criteria and hence the most likely to be biologically relevant.  

Not surprisingly, many of the high ranking transfers involve plant-like genes 

(consistent with the endosymbiosis of an alga) and some recent bacterial transfers, 

including many promising new targets for drug development.  Interestingly we also 

detected LGT of a considerable number of metazoan-like genes, which were possibly 

acquired during the adaptation to the parasitic lifestyle and may play an important role 

in host-parasite interactions. 

 

3.2. Experimental Procedures 

 

3.2.1. Data sources and sequence analysis 

We obtained a set of putative ortholog groups from OrthoMCL-DB version 1.0 

(http://orthomcl.cbil.upenn.edu/cgi-bin/OrthoMclWeb.cgi), which contains 55 

complete genomes and represents the 3 domains of life.  A list of the species 

http://orthomcl.cbil.upenn.edu/cgi-bin/OrthoMclWeb.cgi
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contained in OrthoMCL-DB 1.0 together with the abbreviations used in this study is 

available in Supplementary table 3.1.  

 

OrthoMCL has been proven to be one of the best algorithms for orthology detection 

when dealing with multiple genomes (Chen, Mackey et al. 2007).  This dataset 

allows us to have unbiased species distribution for all groups, since species in 

OrthoMCL-DB 1.0 were specifically selected to represent the taxonomic diversity of 

the tree of life, as well as high confidence regarding the fact that if there is no 

sequence from a certain species in the ortholog group, then that gene is not present in 

the organism in question.  We extracted all the ortholog groups that had at least one 

sequence belonging to T. gondii or P. falciparum, and limited ourselves only to those 

groups that were non-apicomplexan specific and contained between 4-100 

sequences.  A total of 2734 groups for T. gondii and 2079 for P. falciparum (1810 in 

common) were included in the analysis.  

 

3.2.2. A pipeline for phylogenetic reconstruction from a large sets of ortholog 

groups 

Based on results from our previous study (Chapter 2) on multiple sequence 

alignment (MSA), ortholog groups that contained nodes that were poorly connected 

(<40%) were pruned of their 10% least connected nodes.  That reduced the number 

of ortholog groups analyzed, since for several groups the least connected nodes were 

in fact those belonging to Apicomplexa (see Results).  We do not expect this 

reduction in number of ortholog groups to impact our results, since those groups 
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contained mostly sequences from higher eukaryotes and apicomplexan sequences are 

expected to be removed if there is no LGT event.  By pruning the ortholog groups 

this way, we are not only improving our MSA quality, but also further focusing on 

those groups where our genes of interest are more likely to be related to those from 

phylogenetically more distant taxa.  Once pruned as described above, each ortholog 

group was aligned using MUSCLE with default parameters (Edgar 2004) and a gene 

tree was obtained using PHYML, (Guindon and Gascuel 2003) by first computing a 

neighbor joining tree with BIONJ and using it as  a start for Maximum likelihood 

optimization (JTT substitution matrix; Jones, Taylor et al. 1992).  For each gene tree, 

100 bootstrap replicates were computed by bootstrap sampling of the original 

sequences. 

 

As the reference species tree we used a whole-genome phylogeny for the 55 species 

in OrthoMCL-DB  as described in Chen, Mackey et al, 2006 (Figure 3.1).  The 

distance matrix for obtaining the Genome Phylogeny is generated using the 

following formula for calculating pair-wise distances (Korbel, Snel et al. 2002). 

 

“N” being the number of orthologous groups shared between species i and species j, 

and the denominator is the weighted average of genome size.  The tree used as a 

reference tree for our studies was obtained with Neighbor Joining using a distance 

matrix obtained as described above.  100 bootstrap replicates were computed by 
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bootstrap sampling of the ortholog groups and regeneration of the matrices.  

 

Figure 3.1 Reference species tree. Whole-genome phylogeny obtained from shared orthologs as 

described in (Chen, Mackey et al. 2006). Species abbreviations provided in supplementary table 3.1. 

 

To determine which ortholog groups are likely to contain LGT events, Horizstory 

(MacLeod, Charlebois et al. 2005) was used to determine incompatibility between 

the gene tree (obtained from the ortholog group) and the reference species tree.  If 

one of the possible edit paths (the changes needed to transform the ortholog group 

tree into the reference species tree) contained T. gondii and/or P. falciparum the 

group was considered for further study.  
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3.2.3. LGT frequency estimation from Metabolic enzymes 

In order to establish an estimate of the LGT rate for metabolic enzymes in 

apicomplexa we carried out a thorough manual analysis of T. gondii genes coding for 

metabolic enzymes.  Complete 4 digits E.C. numbers were mapped onto the 

annotated T. gondii gene models.  A total of 462 ortholog groups that contained T. 

gondii genes with complete EC numbers were selected for further processing.  Gene 

trees for each of those ortholog groups were built as stated above, and each of them 

was compared to the reference species tree with Horizstory to find incompatible tree 

topologies.  LGT events were inspected by manual curation.  Candidate LGTs were 

assigned on the basis of the unusual clade distribution and the bootstrap support of 

the corresponding node being 70 or higher.  

 

3.2.4. LGTsmart: a framework for ranking possible LGT events  

Inconsistency with a reference species tree is usually one of the first signs that 

inheritance somewhere in the tree may not be vertical. However, it cannot 

distinguish LGT from other types of events (such as gene loss) and cannot guarantee 

that the species of interest is the one involved on the event.  The edit path usually 

gives a clue about which species may be involved; however the number of possible 

edit paths grows exponentially with the size of the tree.  Hence, we designed a novel 

strategy, termed LGTsmart, which incorporates previous knowledge in order to rank 

possible LGT events according to the following: 

 bootstrap support for relevant nodes 
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 possible time of the event relative to the known phylogeny of the 

group of interest (i.e. before/after apicomplexan speciation) 

 possible origin of the transfer based on pre-defined phylogenetically 

defined sources 

 

In our case we used the phylogeny of apicomplexa as our phylum of interest; hence 

the event “acquisition time” will be classified using presence/absence calls within the 

following species present in OrthoMCL-DB 1.0: T. gondii, Theileria parva, 

Cryptosporidium parvum, Plasmodium yoelii, P. knowlesii and P. falciparum. The 

transfer was termed “Apicomplexan” if present in at least two of the following: C. 

parvum, T. gondii and at least one aconoidasida (T. parva and all Plasmodium), 

“Coccidian” if present in T. gondii “Aconoid” if present in aconoidasida, 

“Plasmodia” if present in all Plasmodium and “Pfa” if only present in P. falciparum.  

Classifications follow standard apicomplexan taxonomy and the species tree 

illustrated in figure 3.1.  The “sources” were defined according to the species present 

in OrthoMCL-DB V1.0 as follows: Bacteria, Metazoa, Fungi, Plants/algae, and 

represent the phylogenetic groups with which the LGT event happened.  It is 

important to note that LGTsmart cannot determine directionality.  LGT smart 

proceeds as illustrated in Figure 3.2.  It first determines the starting point of the 

search.  That point will be the P. falciparum or T. gondii sequence if there is a single 

copy.  If there are more than one P. falciparum or T. gondii sequence in the tree, and 

if they are all descendants of the same node (recent duplications or in-paralogs) it 

uses the parent node as a starting point, otherwise (out-paralogs) it proceeds from 
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each of the sequences independently.  LGTsmart currently supports only two out-

paralogs per tree.  Once it has determined the starting point LGTsmart climbs up a 

node of the tree, records all descendants of the node and checks whether a species of 

one of the “sources” is present.  LGTsmart does this process iteratively until one or 

more “source” species are found, effectively finding the most recent node from 

which apicomplexans and “source” species are both descendents.  In essence, 

LGTsmart tries to capture the features often used in manual curation to decide 

whether the placement of the species in question is indicator of non-vertical descent.   

 

Figure 3.2. LGT smart strategy. LGTsmart uses the tree structure to determine the node for which 

an apicomplexan and a “source” species are both descendants. It first determines the starting point of 

the search as the P. falciparum or T. gondii sequence in the tree. Then climbs up a node of the tree 

(red arrows), records all descendants of the node and checks whether a species of one of the “sources” 

(blue box) is present. LGTsmart does this process iteratively until one or more “source” species are 
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found (green box), effectively finding the most recent node from which apicomplexans and “source” 

species are both descendents.  

 

To establish the confidence of the transfer LGTsmart uses the bootstrap support of 

the node selected.  Confidence and possible origin of transfer is given by the 

“taxonomic consistency” (TC) of the descendents of the node.  We define 

“taxonomic consistency” as the fraction of non-apicomplexan descendants of a node 

that belong to the same source; meaning from the total descendants of a particular 

node how many belong to Bacteria, Metazoa, Fungi or Plants/algae.  Ideally TC 

should be close to 1.  LGTsmart only considers events for which TC is >0.5 and for 

which the supporting node has bootstrap >50; assuming that the majority of the 

species that share common ancestry with apicomplexa also should share common 

ancestry between themselves.  A TC > 0.5 also defines a source by majority rule.  An 

exception for the bootstrap value requirement is made for the deepest node of the 

tree which has no bootstrap support by definition.  High confidence events were 

defined as those having bootstrap support > 70 and TC >0.7 (top 10%).  To further 

characterize high confidence LGT events, GO functional categories (terminal) were 

obtained from www.ToxoDB.org and www.PlasmoDB.org.  The GO BP functional 

annotations were summarized using the following GO slim: GO: 0008150 (root), 

GO: 0008152 (Metabolic process), GO: 0006810 (transport), and GO: 0050789 

(regulation of biological process).  LGTsmart was integrated to the preprocessing 

and phylogeny reconstruction pipeline, as well as with the determination of 

incompatible tree topologies with Horizstory and the overall strategy for genome-

wide discovery of LGT events is summarized in Figure 3.3. 

http://www.toxodb.org/
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Figure 3.3. Pipeline for genome-scale discovery of LGT candidates.  

 

3.3. Results 

 

3.3.1. Manual curation of LGT events: frequency and possible sources of origin for 

metabolic enzymes 

There are 462 ortholog groups that represent all non-redundant metabolic enzymes in 

Toxoplasma containing complete EC numbers.  373 of those were found to have 

incompatible tree topologies according to Horizstory.  Manual inspection determined 
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that only 161 of those were probable events, and within those only 96 had bootstrap 

> 70 for the relevant node (Figure 3.4).  

 

(Nelson, Clayton et al. 1999)Figure 3.4. LGT of metabolic enzymes in T. gondii. Complete 

EC numbers were mapped to T. gondii genes and their corresponding groups were obtained from 

OrthoMCL V1.0. Incompatible tree topologies were found using Horizstory (MacLeod, Charlebois et 

al. 2005). LGT events and species distribution was determined by manual inspection. High confidence 

was defined as bootstrap >70 for the node supporting the transfer. The pie chart indicated the 

distribution of the 96 high-confidence T. gondii LGT events according to the putative source of the 

transfer. 
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This preliminary study indicates that about 20% of the enzymes in T. gondii were 

likely acquired through lateral gene transfer.  This frequency is high if we take into 

account that for all protein domain families in Pfam 1.1-9.7% of families showed 

indication of LGT (Choi and Kim 2007).  It seems also clear that >50% of the 

“incompatible tree topologies” do not constitute LGT events when manually 

inspected, highlighting the need for an extra processing step in the determination of 

LGT events genome-wide.  Interestingly 55 of the 96 high-confidence events were 

shared with P. falciparum, meaning that most transfers precede the speciation of 

apicomplexa.  Not surprisingly 69% of LGTs among T. gondii enzymes are shared 

with plastid containing organisms.  However to what extent this is LGT or ancestral 

is debatable, since the phylogenetic relationship between apicomplexa and 

photosynthetic organisms is not fully understood.  Enzymes of bacterial origin are 

also observed at a high frequency (18%).  The full set of enzyme LGT events can be 

found in Supplementary Table 3.2 

 

3.3.2. Automated identification of LGT candidates: plant, bacterial, and possible 

metazoan transfers into the apicomplexa 

Table 3.1 outlines the results of the pre-processing and Horizstory runs.  Starting 

from 3757 and 4437 ortholog that contain T. gondii and P. falciparum genes (of 

which 2497 overlap), only 1552 and 1520 respectively are left as possible candidates 

for LGT after following the steps outlined in experimental procedures.  1096 of the 

LGT candidate groups overlap between the two species.  This represents a 34-41% 

frequency, too high according to the estimates obtained from enzymes for T. 
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gondii.

 

Table 3.1.  Pre-selection of probable LGT events.  Number of orholog groups selected at each step 

is shown. Ortholog groups containing T. gondii and/or P. falciparum were obtained from OrthoMCL-

DB V1.0 and progressively pruned to: extend beyond apicomplexa, have between 4-100 sequences 

and have robust MSA. Incompatible gene trees containing apicomplexa in the edit path were 

determined using Horizstory.  

 

The LGTsmart run further reduced probable LGT events to 653 for P. falciparum 

and  665 for T. gondii, from which only  95 and  191 respectively were considered 

high-confidence (TC >0.7, bootstrap >70) (Figure 3.6), a total of 229 LGT events 

considering overlaps (LGT events shared by the two species).  This represents ~15% 

frequency, similar to what was found for enzymes.  However, only ~6% is of high 

confidence. 
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Figure 3.6. Genome-wide detection of LGT events. Results of LGTsmart run according to the four 

predefined sources: Bacteria, Plants/Algae, Fungi and Metazoa. In bold: high ranking genes 

(bootstrap>70, TC>0.7), between parenthesis: all genes classified for that source. Pf: P. falciparum. 

Tg: T. gondii. Taxon abbreviations provided in supplementary table 3.1 

 

Looking at the complete dataset, metazoans seem to be the most frequent source of 

transfer.  However, when only high-confidence events are considered their frequency 

is comparable to transfers shared with plastid-containing organisms.  It is important 

to note that LGTsmart, or tree incompatibility, cannot determine directionality of the 

event.  Plastid-containing organisms are a large source of probable LGT, which is 

not a surprise considering the known acquisition of the apicoplast by apicomplexa 

and the fact that according to the reference species tree, they are phylogenetically the 

closest related group.  The seemingly high frequency of metazoan genes shared with 

apicomplexa is interesting and unexpected and suggest that there might have been 
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lateral exchange of genes between apicomplexa and metazoans at some point in time. 

The full set of LGTsmart predictions is available in Supplementary Table 3.3. 

 

Knowing when the LGT events happened can shed further light onto their role in 

apicomplexan evolution.  The combined set of 226 LGT events can be mapped onto 

the apicomplexan phylogeny according to criteria described in “experimental 

procedures”.  The mapping defines the putative “acquisition time” of the LGT events 

during apicomplexan evolution.  Figure 3.6 depicts such mapping of high-

confidence LGTsmart events.  Results suggest that most transfers happened a long 

time ago in apicomplexan evolution, as examples in Figures 3.7 and 3.8 show. 

Plasmodium falciparum

Plasmodium knowlesii

Plasmodium yoelii

Theileria parva

Toxoplasma gondii

Cryptosporidium parvum

Apicomplexa
73

Coccidia
117

Plasmodia
22

Aconoid
7

Pfa
10

 

Figure 3.6. Mapping of high-confidence LGT events into the Apicomplexan phylogeny adapted 

from figure 3.1. The 229 LGT events were mapped within subclassifications of the apicomplexa (in 
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red) according to experimental procedures and represent the acquisition time (during apicomplexan 

evolution) of the gene in question. 

LytB

Plants

Acquisition 
time: 
Apicomplexa

Bacteria

Source:BACTERIA

 

Figure 3.7. Lateral gene transfer of LytB between bacteria and apicomplexa. LytB functions in the 

nonmevalonate isoprenoid biosynthesis pathway. In Escherichia coli LytB is associated with penicillin 

tolerance and the stringent response. The node supporting the LGT event has a bootstrap of 96, there‟s 

a single descendant of that node: Chlamydophila pneumoniae. Taxonomic consistency is 1. The 

acquisition time was defined relative to the apicomplexan phylogeny. Taxon abbreviations provided 

in supplementary table 3.1 
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Figure 3.8. Lateral gene transfer of Formin binding protein 3 between apicomplexa and a metazoan 

ancestor. Also known as Huntingtin interacting protein C, they are nuclear localized proteins known 

to interact with the spliceosome.  The node supporting the LGT event has a bootstrap of 76, the 

descendants of that node include all metazoans in OrthoMCL-DB 1.0, and Taxonomic consistency is 

1. The acquisition time was defined relative to the apicomplexan phylogeny. Taxon abbreviations 

provided in supplementary table 3.1 
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To further investigate the possible functions associated with high confidence LGT 

events, these were categorized by GO annotations for all T. gondii and P. falciparum 

genes. Supplementary table 3.3 summarizes the results of LGT functional 

classification (annotated and/or predicted GO BP).  122 genes could not be mapped 

to any GO BP category.  LGT events with predicted and/or annotated GO BP terms 

(107) were mapped to the GO slim categories as indicated in experimental 

categories.  An overwhelming majority of LGT transfers (79) could be classified to 

function in metabolic processes.  Similarly 82 of the LGT events can be mapped to 

an EC number.  These results suggest that LGT events involve predominantly 

enzymes, or genes involved in metabolic processes.  Interestingly of the 79 LGT 

events with “metabolic process” as functional annotation, the majority (49) is of 

plastid origin and all bacterial transfers belong to this category. 

 

3.4. Discussion. 

Lateral gene transfer has been a recognized driving force for functional innovation in 

bacteria (Smets and Barkay 2005).  The estimated contribution to the evolution of 

eukaryotes has been highly controversial.  Given the functional complexity of 

multicelullar organisms and the frequent compartmentalization of somatic and germ 

line cells, it is hard to postulate mechanisms that will lead to the stable inheritance of 

foreign DNA, even if foreign DNA is abundantly present.  Unicellular eukaryotes on 

the other hand are not constrained by the same forces and our work supports the 

hypothesis that LGT was a very important contributor to the acquisition of genes 
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during apicomplexan evolution.  The frequency estimated from the manual curation of 

enzymes is about 20%, which is comparable to what has been observed for bacteria.   

 

Genome-wide analysis is usually subject to the biases of the methods used, which are 

generally based on phylogeny reconstruction.  Due to the large datasets, it is usually 

impractical to manually check each phylogeny and measures of incompatibility with a 

reference tree and the length of edit paths that convert one to the other are usually used 

as proxies for the likelihood of an LGT event.  In our analysis we took this procedure 

one step further by creating LGTsmart, which effectively summarizes the data 

contained in the tree for a species of interest regarding whether or not it shares genes 

with pre-defined taxonomically consistent possible sources of transfer.  The data can 

then be ranked according to bootstrap support.   

 

The results from our genome-wide analysis indicate, after all processing, that the 

frequency of LGT is ~18% for T. gondii (665 out of 3757) and ~15 % for P. 

falciparum  (653 out of 4437), which is similar to what was found for manual curation 

of enzymes.  The confident set however reduces that to ~5%.  Interestingly, most 

examples of confident LGTs are involved in metabolic processes according to 

functional annotation.  This suggests that the frequency of transfer between enzymes is 

higher than for other types of genes.  Enzymes may be more likely to be transferred 

because they are more likely to confer the functional advantage by themselves and are 

easily incorporated into pre-existing regulatory networks.  The other interesting aspect 

about apicomplexan LGTs is that for the most part they seems to have been acquired a 
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long time ago, and are currently shared by both species studied, questioning whether 

LGT is currently a source of functional innovation.  Finally, although a great number 

of the transfers seem to have come from plastid containing organisms (not surprising 

considering the origin of the apicoplast) plastid-like LGTs are almost as frequent as 

metazoan-like LGTs.  These metazoan-like transfers seem to have preceded metazoan 

and apicomplexan phylum diversification, and may have been early events in the 

adaptation of life as a metazoan parasite.  Both plastid and metazoan-like genes 

constitute cases that warrant further study.  One from a drug-target development 

perspective whiles the other from a host-pathogen interaction point of view. 
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4. EXPANDED GENE FAMILIES IN THE APICOMPLEXA, AND 

THE IMPORTANCE OF SECRETED KINASES IN T. GONDII. 

 

4.1. Introduction 

Gene duplication is an important mechanism by which an organism can acquire novel 

functions, including adaptive traits that will be beneficial for survival. The 

apicomplexa have evolved novel mechanisms for invasion and intracellular survival, 

the most notable example being the apical complex which includes specialized 

secretory organelles such as rhoptries and micronemes.  Proteins secreted from 

micronemes facilitate attachment of extracellular parasites to the host-cell membrane, 

and subsequent secretion from rhoptries is thought to be responsible for establishment 

of the intracellular parasitophorous vacuole (PV) that mediates communication with 

the host cell (Carruthers and Sibley 1997; Bradley and Sibley 2007).  Not surprisingly 

proteins secreted through these organelles include several expanded gene families, 

such as the STEVOR family of variable surface antigens in P. falciparum.  In contrast, 

known surface antigens in T .gondii are for the most part Glycophosphatidylinositol 

(GPI)-anchored and not secreted through specialized organelles (Pollard, Onatolu et 

al. 2008).  The only expanded gene family in T. gondii known to be associated with 

the apical complex is a ~12 member family of  rhoptry associated proteins that contain 

putative kinase domains (El Hajj, Demey et al. 2006), although many of these lack a 

signature catalytic amino acid triad (Hanks and Hunter 1995) and are therefore 

expected to be inactive.  Rhoptry proteins (ROPs) were originally identified by 
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subcellular fractionation (Sadak, Taghy et al. 1988), but their precise molecular 

function(s) have been difficult to define, particularly as orthologs are not evident in 

other species (Boothroyd and Dubremetz 2008).  Recent work on ROP16 and 18 (both 

predicted to be active kinases based on the conservation of their catalytic residues; (El 

Hajj, Lebrun et al. 2007) has shown that the former is secreted into the infected cell 

and alters host gene expression (Saeij, Coller et al. 2007) , while the latter is an 

important virulence determinant (Saeij, Boyle et al. 2006; Taylor, Barragan et al. 

2006). Our preliminary analysis on apicomplexan ortholog groups shows that, 

although most species-specific paralogs are surface antigens, for T. gondii protein 

kinases are the second most abundant functional category, including 5 ortholog groups 

and at least 34 genes.  However, besides a few examples, there is no information 

regarding the complete complement of protein kinases (the kinome) in the T. gondii 

genome.  Therefore, to further understand the role of the T. gondii-specific expanded 

paralogs it is important to first define the T. gondii kinome. 

 

Traditional kinase domain analysis indicates that all eukaryote protein kinases (ePKs) 

are phylogenetically related (Hanks and Hunter 1995).  While there are a few 

examples of secreted kinases in bacterial pathogens (Walburger, Koul et al. 2004) 

(Galyov, Hakansson et al. 1993), ePKs are generally cytosolic, and play key roles in 

signal transduction.  More recently, genome sequencing projects combined with state 

of the art bioinformatics searches have allowed definition of the putative kinome for 

various species and shown that in fact ePKs have arisen by duplication from a single 

common ancestor to all eukaryotes (Hunter and Plowman 1997; Plowman, 
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Sudarsanam et al. 1999; Manning, Whyte et al. 2002), helping to elucidate the 

molecular players involved in signaling pathways.  As described below, we have 

exploited the recently-completed T. gondii genome to identify 159 putative ePKs, 

including 108 that are predicted to be active.  The most remarkable feature of the T. 

gondii kinome is the abundance of potentially secreted kinases.  Moreover, in our 

work we show that most of the secreted kinases belong to a single family (designated 

ROPK) of 44 members, which includes all T. gondii-specific paralogs mentioned 

above as well as proteins ROP16 and ROP18.  Orthologs of most ROPK proteins are 

also found in Neospora caninum, and several are recognizable in Eimeria spp.  ROPK 

proteins were not identified in Plasmodium, although these parasites possess another 

family of secreted kinases (FIKK; (Nunes, Goldring et al. 2007) whose members can 

be found in all apicomplexa.  Transgenic expression studies indicate that most (quite 

possibly all) ROPK proteins are secreted, and target to the PV membranes (PVM and 

PV tubule vesicular network).  Comparative genomic approaches indicate that the 

ROPK family has undergone rapid evolution.  The ROPK family also exhibits an 

unusual degree of differential expression between strains of T. gondii and/or during 

differentiation, suggesting that these proteins are likely to be under selection.   

 

In order to prioritize candidates for experimental validation we integrated the 

evolutionary analysis, functional genomic data and transgenic expressions studies.  As 

a results we selected two novel ROPK proteins for further study: ROP21, because this 

protein traverses the PV and enters into the host cell cytoplasm; and ROP38, which is 

a remarkable example of evolutionary selection, is the only ROPK gene significantly 
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induced during parasite differentiation, and (along with ROP18) provides the most 

dramatic example of strain-specific regulation.  The avirulent Veg strain of T. gondii 

expresses high levels of ROP38, while the virulent RH strain expresses almost nearly 

undetectable levels of this protein.  Infection of mammalian cells with RH strain 

engineered to over express ROP38 significantly alters the expression of ~1200 host 

genes (382 >2-fold), usually manifested as a suppression of host genes that are 

normally induced by RH infection.  Functional clustering of these regulated genes 

show that ROP38 has a dramatic effect on transcription factors, signaling and 

regulation of cell proliferation and apoptosis.  Genes down-regulated > 4 fold by 

ROP38 include transcription factors c-fos and EGR2 and other early response genes 

such as CXCL1 and NAMPT.  This observation is consistent with the manipulation of 

host-cell MAPK cascades, in particular ERK signaling. 

 

4.2. Experimental procedures 

 

4.2.1.  Expanded gene families in Apicomplexa 

In order to explore which classes of genes are expanded in Apicomplexan parasites, 

the OrthoMCL database (http://www.orthomcl.org) was mined for the presence of 

ortholog groups that had at least three sequences from T. gondii or P. falciparum 

respectively and whose phylogenetic pattern was restricted to either only 

Apicomplexan sequences, only T. gondii sequences or only P. falciparum sequences. 

The same analysis was performed for Homo sapiens and Mus musculus for reference.  

Functional annotation of ortholog groups that were expanded only on T. gondii and 

http://www.orthomcl.org/
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only in P. falicparum was performed by searching for over- represented PFAM 

domains (http://pfam.sanger.ac.uk).  

 

4.2.2.  Protein kinases in the T. gondii genome 

The complete set of protein coding genes (www.toxodb.org) was searched for the 

presence of protein kinase domains using the HMMer package by Sean Eddy (Eddy 

1998) and the  protein kinase Hidden Markov Model  (HMM) PF00069 extracted 

from Pfam (http://pfam.sanger.ac.uk),  using a HMM score cutoff of -150, e-value 

less than 1.  The matches were expanded to include all orthologs according to Ortho-

MCL DB (http://www.orthomcl.org)   Presence or absence of the proteins kinase 

catalytic triad (KDD) was determined by manual inspection.  Active kinases were 

defined as those possessing a catalytic triad with HMM score greater than -100.  

Pseudokinases were defined as those that had one or several of the catalytic residues 

mutated and/or an HMM score less than -100.  We identified 159 putative ePKs, 

including 108 that are predicted to be active. 

 

4.2.3.  Multiple sequence alignment and phylogeny reconstruction 

Multiple sequence alignment (MSA) of all the active kinases was performed using 

only the kinase domain as determined by the HMM Pfam match.  All sequences were 

aligned using HMMer (Eddy 1998) with PF00069 as reference.  Correct position of 

the 12 kinase subdomains was determined by manual inspection and linking regions 

between subdomains were removed from the alignment.  Phylogeny reconstruction 

was performed using PHYML 3.0 (Guindon and Gascuel 2003; Guindon, Delsuc et 

http://pfam.sanger.ac.uk/
http://pfam.sanger.ac.uk/
http://www.orthomcl.org/
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al. 2009), runs with 100 and 1000 bootstrap replicates were performed, yielding 

compatible results. The kinomes of human, Saccharomyces cerevisiae and P. 

falciparum were mined to select experimentally validated kinases representative of 

the major kinase groups.  These sequences were included in the MSA and tree to 

facilitate classification of the T. gondii active kinases.  Due to the high amount of 

divergence of the pseudokinases, their classification was determined using an 

iterative process, to allow the individual classification of each sequence.  For each 

pseudokinase, the kinase domain was added to the set of 108 active kinases, and the 

MSA and ML tree (bootstrapped 100 times) was recalculated as described above.  A 

new set of 51 trees was produced and used to independently assign a group 

classification to each pseudokinase. 

 

4.2.4.  Identification of ROPK family members 

In order to define the breadth of the ROPK family, a ROPK specific HMM 

(ROPK_HMM) was built using  HMMer (Eddy 1998).  Only the kinase domain 

region of the multiple sequence alignment of all active ROPKs as defined by the 

monophyletic branch on the kinome tree (49.m03275, 49.m03276, 49.m03277, 

540.m00203, 20.m05875, 20.m03896, 55.m05046, 55.m04788, 55.m08191, 

55.m10291, 55.m04748, 59.m06126, 57.m01774, 42.m03546, 583.m05545) was 

used to build HMM.  This model was then used to perform a genome-wide search 

and 35 hits were found.  Truncated members (insertions and deletions within the 

kinase domain) of the ROPK family are likely to be missed due to their expected 

lower HMM scores.  As an alternative strategy, truncated members were defined as 
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those with higher sequence identity (assessed by BLAST) to any of the above-

mentioned hits than any other sequence in the kinome and the family was expanded 

to a total of 44 members. 

 

4.2.5.  N. caninum orthologs and analysis of divergence 

Neospora caninum (NC_LIV strain) ortholog sequences were obtained by 6 frame 

translation of syntenic regions (www.toxodb.org).  MSA of the ROPK family was 

performed using full length protein sequences using MUSCLE (Edgar 2004).  

Columns with gaps in more than 90% of the sequences were removed from the 

alignment for phylogeny reconstruction, which was performed using PHYML 3.0 

with 100 bootstrap replicates.  Pairwise alignments of amino acid sequences of T. 

gondii and N. caninum orthologs were performed using MUSCLE. When 

duplications occurred after speciation all paralogs were used in the alignment.  

Coding sequence (CDS) alignments were obtained by overlay onto the AA 

alignment.  CDS alignments were fed into PAML (Yang 1997) codeml, where nested 

models M7 and M8 were used to perform a likelihood ratio test to determine site-

specific positive selection. 

 

4.2.6.  Molecular and immunological methods 

Full length candidate genes (55.m05046, 25.m01771, 55.m08191, 49.m03277, 

55.m04748, 49.m03159, 52.m01543, 20.m05875, 49.m03275, 55.m08224, 

80.m02343) as well as ROP16 and ROP18 controls were amplified using gene 

specific oligos  from a T. gondii random primer-amplified cDNA library and 

http://www.toxodb.org/
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subcloned into the NheI/BglII cloning sites in ptub-HA/sagCAT (Nishi, Hu et al. 

2008).  The identity and sequence fidelity of all subclones were confirmed by 

sequencing.  Transfections were performed as previously described (Roos, Donald et 

al. 1994) and transfected parasites were seeded in 6-well plates containing cover 

slips to facilitate sample processing and microscopic observation.  

Immunofluorescence assays (IFAs) were performed as follows: 3-5x10
5
 parasites 

were inoculated onto confluent human foreskin fibroblasts (HFF) monolayers grown 

on 22 mm glass coverslips for 24hs. Coverslips were then fixed in 3.7% 

paraformaldehyde and permeabilized with 0.25% Triton X-100 in PBS (phosphate-

buffered saline).  Primary antibodies used in this study were a mouse monoclonal 

anti-TgROP2/3/4 (1:50,000, provided by Jean François Dubremetz) and a mouse 

monoclonal anti-HA conjugated with Alexa 488 (Roche; 1:1,000).  Secondary 

antibodies were anti-mouse Alexa 594, (Molecular Probes; 1:5,000).  For DNA 

labeling, coverslips were incubated after permeabilization in 2.8 µM 4', 6-diamidino-

2-phenylindole dihydrochloride (DAPI, Invitrogen) in PBS for 5 minutes and washed 

twice with PBS.  Samples were visualized on a Leica DM IRBE inverted microscope 

equipped with a motorized filter wheel, a 100-W Hg-vapor lamp and an Orca-ER 

digital camera (Hamamatsu).  Image acquisition and manipulation were all carried 

out using Openlab software (Improvision). Stable transgenic lines expressing 

49.m03275 (RH-ROP38) and 55.m05046 (RH-ROP21) under a constitutive tubulin 

promoter were obtained by Chloramphenicol selection and further cloning after by 

limiting dilution.  IFAs of stable lines were carried out as described above. 
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For western-blot analysis of phosphorylated ERK, RH, Veg and the RH-ROP38 

parasites were grown and harvested from HFF cells.  To harvest the parasites, 

contents of T25 flasks were needled passed, filtered and resuspended in CO2 

equilibrated Opti-MEM and cells were infected at a 5:1 MOI.  HFF cells were serum 

starved overnight in OPTI-MEM media before infection.  Time points were taken at 

1, 6, and 10 hours after infection.  Lysates from each time point were obtained 

directly from T25 flasks on ice using RIPA buffer plus protease and phosphatase 

inhibitors (Sigma phosphatase inhibitor cocktail 2 P5726 and Roche complete mini 

protease inhibitor tablets) followed by immediate freezing.  Protein quantification 

was done using the Bradford protein quantification method.  Samples for loading 

were prepared by resuspending the lysate in Invitrogen NuPage LDS buffer and 

addition 1:100 mercaptoethanol, followed by 5 minute incubation at 85 ºC.  Equal 

protein concentrations (4 μg) were loaded into NuPage 10% BT SDS-page gel and 

run for 45 minutes and the gel was transferred into a 0.2 μm nitrocellulose membrane 

using Bio-RAD semi-dry transfer system.  The membrane was incubated one hour in 

BSA 10% solution (PBS 1X), followed by one hour incubation with the following 

primary antibodies: mouse monoclonal anti-diphosphorylated ERK 1&2 (Sigma, 

1:4000) and mouse monoclonal anti-α-tubulin (Sigma, 1:7500).  After washes, the 

membrane was incubated with anti-mouse HRP conjugated antibody (1:3000).  After 

5 min incubation with Immobilon Western Chemiluminescent HRP substrate 

(Millipore), the membrane was developed using Kodak BioMaxMR Film with 2 

minutes exposure.   

 

4.2.7.  Parasite expression analysis 
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To generate a profile of transcriptional expression, strains of T. gondii were cultured 

in vitro using standard culture conditions.  RH, GT1 (Type I), Prugniaud, ME49 

(Type II) and Veg (Type III) parasites were cultivated in and harvested from HFF 

cells.  RNA was isolated using the Qiagen RNeasy kit (Valencia, CA) according to 

manufacturer‟s instructions. RNA quality was ascertained with a Nanodrop 

spectrophotometer (Wilmington, DE) for 260/280 ratio and confirmed with an 

Agilent Bioanalyzer.  The Affymetrix Expression 3‟ One-Cycle amplification kit was 

used to prepare labeled cRNA, which was hybridized according to manufacturer‟s 

instructions to the T. gondii Affymetrix microarray (Bahl A, et al, manuscript in 

preparation).  A confocal scanner was used to collect fluorescence signal at 3µm 

resolution after excitation at 570 nm.  The signal from two sequential scans was 

averaged for each microarray feature. Robust Multiarray Analysis (RMA) 

normalization was used to calculate the relative amount of RNA for each gene, and 

expressed as log2 values.  Three replicates of each experiment were used to assign a 

p-value and log fold change (logFC) between strains or time points during 

differentiation using the limma package from R (Bioconductor).  Tachyzoite gene 

expression was determined for RH, GT1, Prugniaud, ME49 and Veg strains.  

Bradyzoite differentiation data was obtained after alkaline induction of the 

Prugniaud strain.  Time points after alkaline induction were taken at 0 (tachyzoites) 

12, 18, 24, 30, 42, 48 and 72 hours.  To establish the relationship between fold 

expression levels and the statistical significance of differential expression call we 

carried out a power analysis of all strain pair-wise comparisons.  LogFC was plotted 

against corresponding p-values for all pair-wise comparisons.  Our analysis showed 
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that using a cutoff of 2 fold for differential expression, we had a false discovery rate 

(FDR) of 8% and 1% at p–values 0.01 and 0.05 respectively.  The FDR increased 

beyond 10% (p-value 0.01) if the fold expression difference was less than 2-fold.  

Hence, differential expression was defined as a difference of 2-fold or more between 

strains.  

 

4.2.8.  Host-cell expression profiling 

To generate a profile of transcriptional expression of infected host-cells, strains of T. 

gondii were cultured in vitro using standard culture conditions.  RH, Veg, N. 

caninum LIV, RH-ROP21 and RH-ROP38 parasites were grown in and harvested 

from HFF cells, from independent flasks for each replicate  (3 replicates for RH , 

RH-ROP21 and Veg infected cells and 4 replicates for uninfected and RH-ROP38 

infected cells).  RNA isolation of HFF infected cells and quality control was 

performed as described in section 4.2.7.  Only samples with comparable ratios of 

parasite to host RNA were used for hybridization. 

Samples were hybridized to HumanRef8_V2 and HumanRef8_V3 Illumina 

microarrays according to manufacturer‟s instructions.  Arrays were scanned using 

Illumina‟s BeadScan and analyzed using Illumina Proprietary software 

(GenomeStudio-Gene Expression Module).  Due to incompatibilities between V2 

and V3 probes, only 15554 of the 22000 human genes were analyzed across all the 

samples.  Genes were considered expressed in at least one of the tested conditions if 

they had an Illumina detection p-value lower than 0.05.  Differential expression 

analysis was performed using Illumina custom model using uninfected HFF cells and 
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RH infected cells as references on two independent analyses.  Differentially 

expressed genes were defined as those with an Illumina differential expression score 

>|30|, equivalent to a nominal p-value of 0.001. 

 

Datasets for functional annotation were defined as sets of genes differentially 

expressed (up or down) more than 2-fold in RH infected versus uninfected cells, Veg 

infected versus uninfected cells and RH-ROP38 versus RH infected cells at Illumina 

differential expression score >|30|.  Functional annotation enrichment and fuzzy 

heuristical clustering was performed using the Database for Visualization and 

Integrative Discovery as described by Dennis and co-workers (Dennis, Sherman et 

al. 2003; Huang da, Sherman et al. 2009). The following sources of functional 

annotation were used: GO Biological process, GO Molecular function, KEGG 

pathways, Biocarta pathways, InterPro and PFAM domains and SwissProt and 

Protein Information Resource keywords.  Enrichment for each term was defined 

relative to the background of 15554 Illumina V2 and V3 combined probes and was 

defined as a p-value <0.05 with at least three genes in per term per dataset.  Fuzzy 

heuristical clustering was done using a minimum kappa similarity of 0.3-0.35.  Only 

functional annotation clusters with enrichment p-value geometric mean of at least 

0.05 were considered.  
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4.3. Results 

 

4.3.1.   Apicomplexan parasites have evolved a unique repertoire of kinases. 

Analysis of ortholog groups that have specifically expanded in apicomplexa 

indicates that there are 22 groups (211 genes) in T. gondii and 14 groups (339 genes) 

in P. falciparum (Table 4.1).  In P. falciparum, all groups with an identifiable PFAM 

domain were reported surface antigens according to PFAM classification, while 

~40% of the genes have no known function.  In T. gondii only 20% of the genes have 

no PFAM domain associated with them, while most expanded groups were either 

SRS surface antigens or protein kinases.  Little is known about kinases in T. gondii, 

thus exploring the full complement of kinases (the kinome) will provide much 

needed context to understand the function of the T. gondii-specific expanded groups. 
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Table 4.1 Distribution of PFAM domain functions for T. gondii and P. falciparum specific 

expanded (n>3 genes) ortholog groups  

 

4.3.2.  The T. gondii kinome contains 108 putative kinases and 51 

pseudokinases 

Bioinformatic analysis of the T. gondii genome identifies a total of 159 eukaryotic 

protein kinases (ePKs) including 108 predicted to be active based on their HMM 

score (against Pfam domain PF0069) and the presence of a potential catalytic triad 

within the predicted kinase subdomains.  Representatives for previously-defined ePK 
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subfamilies (Hanks and Hunter 1995) were extracted from the kinomes of human 

(Manning, Whyte et al. 2002), Saccharomyces cerevisiae (Hunter and Plowman 

1997) and P. falciparum (Ward, Equinet et al. 2004) and used as seeds for the 

classification of T. gondii sequences.  Phylogenetic reconstruction placed most of the 

active kinase sequences into established ePK groups, as shown in Figure 4.1 and 

Supplementary table 4.1 and table 4.2.  
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Figure 4.1. The T. gondii Kinome.  Classification of the 108 active ePKs predicted from the 

T. gondii genome, based on phylogenetic relationships to reference sequences.  Leaves are labeled 

according to phylogenetic origin: black, human and yeast; blue, P. falciparum; red, T. gondii.  

Colored arcs highlight major kinase groups:  AGC, CMGC, CAMK, TKL, CK1, STE (Hanks & 

Hunter 1995; Manning et al 2002).  Apicomplexan specific groups ROPK (shaded pink) and FIKK 

are labeled in red; red dots indicate kinases with predicted secretory signal sequences.  Black dots 

indicate nodes with >50% bootstrap support.  

 

The putative active T. gondii kinome contains representatives from most of the major 

kinase classes, including: 10 cyclic nucleotide regulated kinases (AGC), 20 cyclin 

dependent kinases and close relatives (CMGC, including CDK, MAPK and GSK), 

20 calcium/calmodulin regulated kinases (CaMK), three casein kinase-like (CK1) 

proteins, eight tyrosine kinase-like (TKL) proteins and one member of the MAP 

kinase kinase group (MAPKK, also known as yeast sterile kinases; STE).  Additional 

kinases (grouped as „Other‟ in Table I, in keeping with standard nomenclature; 

Hanks and Hunter 1995) include nine Nima/NEK kinases, one ULK, one Aurora, 

two Wee kinases, and three homologs of PIK3R4 (although two exhibit different 

architecture than observed in animals and fungi).  Two atypical (non-ePK) RIO 

kinases were also detected (not shown).  More than half of the „Other‟ kinases in the 

T. gondii genome are taxon-specific, i.e. apparently restricted to apicomplexa in their 

phylogenetic distribution. The T. gondii genome is also predicted to include 51 

pseudokinases (Johnson, Noble et al. 1996), defined as inactive based on the absence 

of a complete catalytic triad and/or extremely low HMM scores.  Only four of these 

could be classified into the major kinase groups (two CMGCs, one CaMK and one 
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AGC).  It is also interesting to note that most of the pseudokinases are taxon specific.  

See Supplementary table 4.1 for a complete classification of T. gondii ePKs. 

 

In order to understand how kinases have evolved in the Protozoa, as opposed to more 

extensively studied plant, animal, and fungal species, we compared the T. gondii and 

P. falciparum kinomes with available kinome analyses for the kinetoplastida 

Trypanosoma cruzi, Trypanosoma. brucei, and Leishmania major (Parsons, Worthey 

et al. 2005), and the amoeba Dictyostelium discoideum (Goldberg, Manning et al. 

2006), in addition to the plants Oryza sativa and Arabidopsis thaliana (Dardick, 

Chen et al. 2007), fungus Saccharomyces cereviseae, and animals Drosophila 

melanogaster (Manning, Plowman et al. 2002), Caenorhabditis elegans (Plowman, 

Sudarsanam et al. 1999), and Homo sapiens, as shown in Table 4.2.  

 

Table 4.2 Comparative kinomics.  The T. gondii genome is predicted to encode 108 kinases 

and 51 pseudokinases (parentheses), which have been classified into groups defined for the human 
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kinome (Manning et al. 2002) based on phylogenetic analysis.  Among the „Other‟ kinases that do not 

cluster with the above groups, „Taxon-specific‟ indicates those found in a single taxonomic group; 

most of the apicomplexan-specific kinases cluster in expanded gene families.  Numbers are 

approximate for plant genomes, due to the difficulties in distinguishing between genes and alleles in 

polyploid taxa; information on active vs.inactive kinases has only been reported for T. gondii and H. 

sapiens.  

 

 Although their predicted proteomes differ by <25% in size (EuPathDB.org), the T. 

gondii kinome (including both kinases and pseudokinases) is almost double the size 

of the P. falciparum kinome, but both species exhibit a similar distribution of kinases 

among the major groups.  The apicomplexan kinome is dominated by CMGCs and 

CamKs, but lacks tyrosine kinases (TK) and receptor guanylate cyclases (RGC); 

only a single STE kinase (MAPKK) was identified, in T. gondii.  Consistent with 

secondary endosymbiotic history of the apicoplast (Foth and McFadden 2003), we 

detected three T. gondii kinases of probable plastid origin (two CAMKs: 48.m00100, 

42.m00005 and one AGC: 57.m01866). 

 

Perhaps the most striking feature of the apicomplexan kinome is the large fraction of 

kinases that do not fall within traditional groups.  This is not simply a function of 

divergence from the better-studied human and fungal systems: „Other‟ kinases 

represent ~55% of the apicomplexan kinome, vs. ~37% for the kinetoplastida, ~30% 

for unicellular unikonts (D. discoideum and S. cereviseae) and ~20% for metazoa.  

Most of these „Other‟ kinases are taxon-specific, usually at the species level: 11 are 

shared between apicomplexa (orthologs of P. falciparum PFB0605w [PfPK7], 
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MAL7P1.91 [PfEST], MAL7P1.18, PF11_0060, PFI1280c, PF11_0464, and the 

inactive kinases PFF1370w, MAL8P1.203, PF13_0166, PF14_0264, and PF14_0652 

were identified in T. gondii), but 51 were unique to T. gondii, and 24 unique to P. 

falciparum.  Most of the active „Other‟ kinases included in Figure 4.1 cluster within 

the FIKK family of P. falciparum (Ward, Equinet et al. 2004; Nunes, Goldring et al. 

2007) or a novel T. gondii family that includes the recently-described virulence 

factor ROP18 (Saeij, Boyle et al. 2006; Taylor, Barragan et al. 2006; El Hajj, Lebrun 

et al. 2007) and all expanded ortholog groups described above. 

 

ROP18 is known to be secreted -- an unusual attribute for ePKs, but one which is 

shared by the FIKK family of P. falciparum.  Considering signal peptide predictions 

for the entire T. gondii kinome (159 kinases and pseudokinases), 27 contained 

predicted N-terminal signal peptides; for the active kinases in Figure 4.1, the 

presence of a signal peptide is indicated by red dots.  Interestingly, most of the 

SignalP+ active kinases group together with ROP18.  This enrichment suggests that 

the expansion and diversification of secreted kinases in T. gondii is likely to have a 

single origin and that most secreted kinases are functionally related, as is also the 

case for the P. falciparum FIKK family. 

 

4.3.3.  The ROPK family: a coccidian-specific family of secreted kinases 

As shown in Table 4.2, many of the unclassified T. gondii-specific kinases appear to 

be closely related but lack homologs in other apicomplexan parasite species (P. 

falciparum, C. parvum or T. annulata; (Chen, Mackey et al. 2006).  This group 
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includes ROP18 (Taylor, Barragan et al. 2006; El Hajj, Lebrun et al. 2007; Saeij, 

Coller et al. 2007) and several other known rhoptry proteins (see below) as well as 

several uncharacterized active kinases and has therefore been designated the ROPK 

family.  In order to further define this family, we used the monophyletic group of 

active kinases highlighted in Figure 1 to construct a family-specific profile Hidden 

Markov Model (HMM).  Applying the ROPK HMM to the entire T. gondii genome 

clearly identifies a group of 35 genes with an HMM score >100; application to the T. 

gondii kinome alone yielded identical results.  Figure 4.2 presents a plot of HMM 

scores for Pfam domain PF00069 vs. the ROPK HMM.  In order to capture 

degenerate ROPK genes (with low HMM scores attributable to truncations, 

insertions or deletions – either real or in silico), we devised an alternative search 

strategy, identifying 10 additional family members: three with long insertions (>3 

kb) within the kinase domains (ROP33, ROP34 and ROP46), and seven with 

truncated kinase domains (five not recognized by PF00069; see Table 4.4).  In all, 

the T. gondii ROPK family includes at least 45 members.  Note that this is likely to 

be an underestimate, as several ROPK genes are tandemly repeated (e.g. ROP2) 

and/or associated with contig breaks in the genome (e.g. ROP5), suggesting 

sequence assembly errors due to duplication.  In order to avoid biasing general 

conclusions regarding this family, truncated ROPK proteins (but not pseudokinases) 

were excluded from the further analyses described below.  
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Figure 4.2   Defining the T. gondii ROPK family of secreted kinases.  A group-

specific HMM was constructed for the active ROPK genes (Fig. 4.1), and applied to the entire T. 

gondii genome (see Methods).  Pink shading indicates genes that were clearly distinguished from 

other kinases defined by Pfam 00069, including both ROP2A & 2B (tandem duplication) and ROP4 

& 7 (misannotated as a single gene in ToxoDB).  Ten additional genes were also identified as 

probable ROPKs: 2 contain a truncated kinase domain (filled arrowheads), 3 contain internal 

insertions (open arrowheads), and 5 were not scored by Pfam 00069 (Supplementary Table 4.2).  

Red indicates the presence of a predicted signal sequence.  In aggregate, the ROPK family contains at 

least 45 members, including the vast majority of secreted kinases in T. gondii. 

 

The predicted ROPK family incorporates all previously reported kinase-like rhoptry 

proteins, including ROP18 (see above), ROP16 and the ROP2 family (El Hajj, 

Demey et al. 2006), but more than doubles the number of previously known 
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potentially secreted kinases.  Orthologs were also identified in Neospora caninum, 

and Eimeria tenella, although a complete characterization of E. tenella ROPKs is not 

currently possible due to incomplete sequence assembly. 

 

The enrichment of N-terminal signal peptides noted above is particularly evident in 

the extended ROPK family, which includes 24 of the 33 T. gondii kinases and 

pseudokinases predicted to be secreted based on SignalP HMM (8/15 active, 16/18 

inactive).  Among the 35 non-degenerate ROPK family members (pink box in 

Figure 4.2), 22 contain an obvious N-terminal signal peptide (red), two (ROP26 & 

28) are predicted to contain a signal anchor (Supplementary table 4.2), and 

experimental reevaluation of two (ROP4 & 7) has demonstrated the presence of 

signal sequences originally missed (Carey, Jongco et al. 2004).  Signal sequence 

identification depends on accurate 5‟ end prediction, which is notoriously difficult in 

large eukaryotic genomes (Liu, Crammer et al. 2008).  Comparison with syntenic 

orthologs in the N. caninum genome identifies one clear case of a signal sequence 

missing in the T. gondii gene model (ROP45).  In order to determine the correct 5‟ 

ends for the remaining eight genes, six were subjected to 5‟ rapid amplification of 

cDNA ends (RACE), identifying three additional signal sequences (ROP31, 32 & 

37) and three cases where incomplete assembly of the T. gondii genome precludes 

determination of the full-length mRNA sequence (ROP29, 30 & 41).  In sum it is 

likely that all ROPK family members contain a signal peptide. 
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In order to evaluate the accuracy of these predictions, 11 genes -- including eight 

newly identified ROPKs (ROP19, 20, 21, 22, 23, 25 & 38) and four proteins 

previously associated with the rhoptries through proteomic analysis (ROP17, 24, 39 

& 40; (Bradley, Ward et al. 2005) -- were engineered as recombinant hemagglutinin 

(HA)-tagged fusion proteins for expression in T. gondii.  Immunofluorescence 

studies on transiently-transfected parasites (Figure 4.3) show that all of these 

constructs traffic to the parsitophorous vacuolar membrane (PVM) or the PV 

network, and nine could also be visualized within the rhoptries.  ROP21 & 22 

showed an apical localization pattern distinct from rhoptries, micronemes or dense 

granules, but both were observed in the PVM; low levels of ROP21 were also seen in 

the host cell cytoplasm.  Rhoptry localization was never observed inside intracellular 

parasites prior to parasite replication, suggesting efficient secretion during invasion 

(Dubremetz 2007).  
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Figure 4.3.  Localization of ROPK proteins.  A, Epitope-tagged ROP38 (labeled with anti-

HA; green) colocalizes with ROP2/3/4 (labeled with antibody to the native antigen; red), as indicated 

by filled arrowheads.  ROP24 was also secreted outside of the parasite, where it forms patches on the 

parasitophorous vacuole membrane (open arrowheads).  Similar results were obtained for seven 

additional ROPK proteins (ROP17, 19, 20, 23, 25, 39 & 40; Supplementary Figure 4.1). B, ROP21 

(which does not localize to the rhoptries) can be observed within the host cell cytoplasm (arrows).  
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4.3.4.  The ROPK family is under diversifying selection 

Multiple sequence alignment of the ROPK family (Supplementary Figure 4.2) 

shows a high degree of divergence (16% average pairwise sequence identity).  

Conservation, including two distinctive cysteines, is concentrated within the N-

terminal portion of the kinase domain that encompasses the activation loop and 

substrate-binding lobe in other ePKs.  Considerable degeneracy is observed at the 

initial position of the „KDD‟ catalytic triad, accounting for the large number of 

pseudokinases.  With exception of ROP16, the activation loop of all active ROPKs 

includes a Ser or Thr, whose phosphorylation is known to be responsible for 

regulation in other ePKs.  

 

Although ROPKs are highly divergent, the phylogenetic tree (Figure 4.4) can be 

divided into two main clades.  One contains most of the previously identified rhoptry 

proteins (ROP2, 4, 5, 7, 8 & 18), many of which were derived from recent 

duplications (ROP4 & 7 on chromosome Ia, ROP8, 2A & 2B on chromosome X, and 

the ROP5 region on chromosome XII).  ROP18 is the only active member of this 

clade (red in Fig. 4.4), half of which have been inactivated in Neospora 

(pseudogenes are indicated by „X‟ on the tree leaves).  The other (more divergent) 

clade contains most of the active kinases, including ROP16 and the majority of the 

novel ROPKs described in this report.  Several members of this clade also result 

from recent duplications: ROP38, 29, 19 and two degenerate ROPKs on 

chromosome VI, and ROP42, 43 & 44 on chromosome Ib. 
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Figure 4.4. Phylogeny of the ROPK family. A. Circles indicate confident bootstrap values 

greater than 50%. N. caninum orthologs are indicated by tick marks, pseudogenes are indicated by 

crosses. Predicted active kinases are shown in red, pseudokinases in blue. Site-specific positive 

selection between N. caninum and T. gondii indicated by purple stars. The ROP18 clade is indicated 

by green background, the ROP16 clade by pink background. Subcellular localization data is based on 

previously published studies (1:(Bradley, Ward et al. 2005), 2: (El Hajj, Demey et al. 2006), 3-5: 

(Saeij, Boyle et al. 2006; Taylor, Barragan et al. 2006; El Hajj, Lebrun et al. 2007), 6:(Saeij, Coller et 

al. 2007)) and this report (*).  It appears likely that the entire ROP-K family (both active and inactive 

kinases) is targeted to the PVM via the rhoptries (see text). B. TgROP38 shows convergent evolution.  
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Amplification of the ROPK family clearly preceded the divergence of T. gondii and 

N. caninum, as most genes are represented by orthologs in both species (Figure 4.4).  

The observed patterns of duplication and inactivation imply different selective 

pressures, however.  Comparing orthologous T. gondii and N. caninum ROPK genes 

indicates that all but one exhibit equal or higher levels of nucleotide sequence 

identity than amino acid conservation, suggesting diversifying selection 

(Supplementary table 4.2).  The ratio of nonsynonymous to synonymous 

substitutions (dN/dS) is commonly used as a marker of evolutionary pressure, with 

values >1 indicating positive selection.  Considering proteins as a whole, no pairwise 

comparison of T. gondii vs. N. caninum orthologs yields dN/dS > 1.  However, 

because selection is only expected to apply to a small subset of amino acids, we also 

employed a likelihood ratio test to assess whether the observed data is better 

explained by models that include or exclude sites with dN/dS > 1, i.e. site-specific 

positive selection (PAML models M7 and M8; (Yang 1997)).  Sixteen ROPK protein 

sets showed signs of site-specific positive selection (p < 0.01), including all of the T. 

gondii specific duplications (Figure 4.4, Supplementary table 4.2).  It has long 

been known that expanded gene families show relaxed constraints and are likely to 

evolve new functions, as is the case with visual and chemosensory receptor genes 

(Horth 2007).  The most interesting example involves ROP38, ROP29 and ROP19, 

where phylogenetic trees based on nucleotide alignments as well as synteny 

information indicate likely independent duplication in both T. gondii and N. 

caninum, but amino acid alignments suggest amino acid sequence conservation 
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between TgROP38 and NcROP19.2 (Figure 4.4), suggesting that whatever ROP38 

function is, it is important enough to be preserved in both species. 

 

Taking advantage of the complete genome sequence available for three 

representative lineages (GT1, ME49, Veg; www.toxodb.org), single nucleotide 

polymorphisms (SNPs) have been identified in thirty ROPKs, revealing that some 

genes are highly polymorphic within the T. gondii population, while others are 

extremely well conserved (Supplementary table 4.2).  The ROPK family is 

significantly more polymorphic than the genome, the secretome (SignalP positive 

proteins), or the kinome as a whole (p = 0.09; Figure 4.5A).  Several ROPKs 

(ROP5, 16, 17, 18, 19, 24, 26, 39 & 40) also show a high ratio of non-synonymous to 

synonymous polymorphisms (Supplementary table 4.2), although more extensive 

sampling would be required to determine whether any of these genes is under selec-

tion at the population level.  In aggregate, analysis of lineage-specific gene 

expansion, positive selection, and polymorphisms argues that the ROP38-ROP29-

ROP19 cluster warrants further study. 

 

4.3.5.  The ROPK family is differentially regulated among T. gondii strains 

and during tachyzoite to bradyzoite transition 

Previous studies on ROP18 have shown that expression levels are an important 

component of the virulence phenotype conferred by this protein (Saeij, Coller et al. 

2007).  We therefore exploited genome-wide expression profiling to identify 

additional members of the ROPK family likely to be functionally significant in 
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parasite biology.  RNA from the rapidly growing tachyzoite stage of five T. gondii 

strains (RH, GT1, PRU, ME49, Veg) was hybridized to a custom Affymetrix 

microarray (www.toxodb.org) containing unique high affinity probe sets 

corresponding to 7582 genes, including 29 ROPKs.  Genes were considered to be 

„expressed‟ at log2 RMA values ≥4, and differential expression was defined as >2-

fold difference between strains (and p-value <0.05).  90% of ROPKs are expressed in 

tachyzoites (average between all strains tested), as shown in Figure 4.5 B.  This is a 

significantly higher fraction than observed for the genome as a whole (75 %), the 

entire list of kinases in Table 4.2 (75%), or all genes encoding an N-terminal signal 

peptide (67%).  Several ROPKs (ROP4/7, 11, 40) are consistently among the most 

highly expressed genes in the genome (Figure 4.5 B), while others exhibit dramatic 

strain-specific differences in expression relative to RH (Figure 4.5 C), including 

ROP18 (>100-fold lower in Veg), ROP38 (up-regulated >64-fold in Veg, and >8-

fold in ME49), and ROP35 (up-regulated >16-fold in Veg). 

http://www.toxodb.org/
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Figure 4.5 Functional genomics of the ROPK family.  Distribution of (A) 

polymorphism densities (SNPs/kb, based on comparison between strains GT1, ME49 and Veg); (B) 

steady-state transcript abundance in tachyzoites (average across strains RH, GT1, ME49, Pru and 

Veg, based on hybridization to an Affymetrix microarray; ToxoDB.org); (C) transcriptional 

regulation between strains (maximal log2 fold-change for any strain relative to RH); and (D) 

transcriptional regulation during tachyzoite-bradyzoite differentiation (Pru strain; 72 hr post-induction 
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by CO2 or pH8.2 treatment [ave]).  In all panels, the distribution of ROPK family members is 

significantly different from that observed for the entire T. gondii genome (ToxoDB.org), the entire 

kinome (Table 1) or the entire secretome (SignalP+); a set of reference markers are provided for 

bradyzoite differentiation (BAG1, enolase2, LDH2 & 3, p18, SRS16A & B, SRS29B, SRS34A).  

Names highlight genes of particular interest: magenta, under selection in A; blue, outliers; red, highly 

up-regulated; green, highly down-regulated.   

 

Differentiation between the acutely lytic tachyzoite form and the latent bradyzoite 

„tissue cyst‟ form of T. gondii is among the most significant (and clinically 

important) events in the biology of this parasite and isolates differ in their cyst-

forming ability both in vivo and in vitro (Dubey, Lindsay et al. 1998).  In order to 

explore changes in gene expression during the tachyzoite-to-bradyzoite conversion, 

differentiation was followed in Prugniaud strain parasites under alkaline conditions 

or CO2 starvation (Bohne, Holpert et al. 1999) using known bradyzoite markers 

(9.m03411, 72.m00004, 80.m00010, 55.m00009, 641.m01562, 72.m00003, 

59.m03410, 44.m00006, 59.m00008, 44.m00009, 641.m01563) as controls.  Genes 

were considered to be differentially regulated if they showed a >4-fold change in 

expression after 72 hours (average of both conditions).  Only 6% of the entire T. 

gondii genome (8% of the secretome, 5% of the kinome) was differentially 

expressed, versus 48% of the ROPK family (Figure 4.5D; Supplementary table 

4.2).  Most of these ROPK genes were down-regulated during differentiation (by as 

much as 50-fold in the case of ROP40), but ROP28 and 38 were induced ~5-fold. 
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4.3.6.  ROP38 dramatically alters host-cell responses to infection and the 

activity of intracellular signaling factors. 

The evolutionary and functional characterization described above demonstrates that 

the ROPK family exhibits various attributes (stage- and strain-specific expression, 

secretion, positive selection) likely to be associated with an adaptive trait.  ROP38 

provides a particularly striking example -- even more so than the ROP18 gene 

previously shown to play an important role in regulating parasite virulence (El Hajj, 

Lebrun et al. 2007).  ROP38 was involved in recent expansion events in both T. 

gondii and N. caninum. The expended sets in both species exhibit hallmarks of 

positive selection and conservation of amino acid sequence at the same time (Figure 

4.4).  ROP38 is also the only ROPK gene that is differentially expressed between 

strains and also induced during differentiation (Figures 4.5C & 4.5D). 

 

In order to explore the significance of ROP38 in parasite biology, RH strain T. 

gondii parasites (which normally express very low levels of ROP38) were 

engineered to express an HA-tagged ROP38 transgene under the control of the 

highly transcribed ß-tubulin promoter (designated RH-ROP38; see Methods).  A 

parallel mutant was engineered to overexpress HA-tagged ROP21 (RH-ROP21), 

which lacks indicators of selection or differential expression (Figures 4.4 & 4.5), but 

appears to traffic into the host cell (at least when overexpressed; Figure 4.3).  

Immunostaining demonstrated association of these proteins with the parasitophorous 

vacuole membranes (PVM and PV network) and microarray analysis showed 

transgene upregulation by >32-fold (Supplementary table 4.3), bringing ROP38 
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expression up to levels typically observed in wild-type Veg strain parasites.  Parallel 

changes were also observed in steady-state transcript abundance for several other T. 

gondii genes, most notably 583.m11383, a coccidian protein of unknown function 

that is strongly up-regulated in both the RH-ROP21 and RH-ROP38 transgenics 

(Supplementary table 4.3).  The replication of both the RH-ROP21 and RH-ROP38 

lines was comparable to wild-type RH strain T. gondii, with a doubling time of 6.8 

hr, in contrast to the much slower replication time of Veg strain parasites serially 

propagated in the lab (Jerome, Radke et al. 1998).  ROP38-RH parasites also retain 

the extremely virulent phenotype characteristic of the RH strain T. gondii (100% 

morbidity within 10 days after intraperitoneal inoculation of Balb/c mice with 100 

tachyzoites), in contrast to the relatively avirulent Veg strain phenotype (Saeij, Boyle 

et al. 2005). 

 

To examine the effects of ROPK gene expression during parasite infection, we 

exploited Illumina arrays for genome-wide analysis of host cell transcript abundance.  

As shown in Figure 4.6A (and Supplementary table 4.4), infection alters steady-

state host gene expression (Blader, Manger et al. 2001): infection with Veg strain 

parasites significantly increased transcript levels for 439 genes, and reduced levels 

for 260.  RH parasites exerted a far more dramatic effect, reproducibly up-regulating 

>5000 genes and down-regulating >1000.  Transcription factors (e.g. c-fos, EGR2), 

cytokines (NAMPT, CXCL1), and kinases (especially those associated with MAPK 

signaling) are prominent among host genes up-regulated by RH strain parasite 

infection (Supplementary table 4.4). 
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Interestingly, ROP38 expression prevented the profound transcriptional induction 

provoked by RH infection, despite the comparable in vitro rate of replication and in 

vivo virulence of these parasites (see above).  The effect of ROP38 transgenic on 

host cell gene expression is best described as a two-fold suppression of the dramatic 

transcriptional effects caused by infection with RH strain parasites (Figure 4.6B), 

including the transcription factors and cytokines previously mentioned. 
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Figure 4.6. The Effect of ROP38 on host gene expression. A:  Expression changes 

induced by infection. Differential expression defined as absolute Illumina DiffScore> 30 (nominal p-

value 0.001) and indicated in green (down-regulation) and red (up-regulation). Changes > 2 fold 

within statistical significance are in red font. B. ROP38 causes a 2 fold global reduction of host 

response to infection. The effect of RH-ROP38 infection when compared to RH (Y-axis) is negatively 

correlated with the effect of RH infection (X-axis), r2=0.59. Genes notably altered are indicated in 

blue. 
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The dramatic effect on host gene expression is specific to the overexpression of 

ROP38.  Infection with the RH-ROP21 line does not produce any changes in host-

gene expression (Figure 4.7) and illustrates the reproducibility of independent 

biological replicates and the fact that not any change in parasite expression causes an 

effect on the host transcriptional profile, even when it is secreted to its cytoplasm. 
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Figure 4.7. Infection with RH-ROP38, but not RH-ROP21, dramatically alters host gene 

expression. Host gene expression in response to RH infection (X-axis) versus RH-ROPK transgenics. 

In red infection with RH-ROP38, in blue RH-ROP21. 

 

To further elucidate the effects of T. gondii ROP38 on human host cells, we 

examined the enrichment of functional annotation associated with parasite-induced 

(or repressed) genes (Dennis, Sherman et al. 2003; Huang da, Sherman et al. 2009) 

(Figure 4.8; Supplementary Table 4.5).  Functional terms associated with the 546 

host genes up-regulated >2-fold during RH strain parasite infection include 

transcription factors and kinases involved in cell cycle control, signaling and 
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proliferation/apoptosis, such as c-fos (Ameyar, Wisniewska et al. 2003), EGR2 

(Bradley, Ruan et al. 2008), the cytokines NAMPT and CXCL1 (Dhawan and 

Richmond 2002; Li, Zhang et al. 2008), and various kinases (Fig 4.7D; Table 4.6).  

EGR2 has previously been shown to be induced by T. gondii rhoptry secretion, 

particularly during infection with RH strain parasites (Phelps, Sweeney et al. 2008).  

Differences in c-fos expression were confirmed by qPCR.  Organellar functions, 

including vesicular transport and mitochondrial metabolism, were enriched among 

the 700 transcripts down-regulated during RH infection.  Veg parasites also induced 

genes related to cell-cycle control, but not those associated with negative regulation 

of apoptosis and did not down-regulate mitochondrial metabolism.  As noted above, 

ROP38 expression generally counteracts the effect of RH infection, down-regulating 

225 genes >2-fold relative to infection with RH parasites (Fig. 4.6A).  Most notably 

host transcription factors and kinases induced by RH that are associated with 

proliferation / repression of apoptosis and up-regulating 158 genes, particularly those 

involved in mitochondrial metabolism (Figure 4.8; Supplementary Table 4.5).  

Thus, the ROP38 transgene has the effect suppressing the effect of RH wild type 

infection. 
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Figure 4.8. Functional annotation clustering of genes regulated by infection. 

Genes upregulated (green) or downregulated (red) in pairwise comparisons of gene expression 

profiles (P-val <0.001, >2X) were mapped to 6 sources of functional annotation using DAVID 

(GO_BO, GO_MF, InterPro, PFAM, BIOCARTA, KEGG_pathways, Swissprot and Protein 

Information Resource keywords). Terms were clustered based on gene overlap (kappa similarity 0.3-

0.35) and p-value of enrichment relative to all measurable genes in the Illumina combined set (15555 

probes) was calculated for each term. Enriched functional annotation clusters were defined as those 

containing p-value for enrichment >0.05.  

 

The ERK-MAPK pathway is known to regulate the expression of both EGR2 and c-

fos in many systems (Pearson, Robinson et al. 2001; Bradley, Ruan et al. 2008).  In 

particular, activation of  the MAP kinases ERK1/2 leads to the coordinated 

regulation of c-fos expression by acting on transcription factors bound at the c-fos 

promoter (such as Elk-1).  C-fos together with c-jun form the AP1 transcription 
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factor that regulates diverse biological functions usually related with the control of 

cell proliferation and the regulation of apoptosis (Figure 4.9A).  It is also known that 

infection with T. gondii RH strain leads to the activation of the MAP kinases ERK in 

human macrophages within an hour of infection (Kim, Butcher et al. 2004) and to its 

repression later on. To further investigate what could be causing the lack of 

induction of c-fos and EGR2 gene expression observed ~24 hours after infection 

with RH-ROP38 and Veg, we decided to look at ERK MAP kinase phosphorylation 

earlier during infection. Western blots using an antibody specific to the 

phosphorylated (activated) form of ERK were performed in lysates from serum 

starved uninfected and cells infected with RH wt, Veg wt and RH_ROP38 at 1, 6, 

and 10 hours after infection (Figure 4.9B).  The levels of P-ERK increase over time 

during Veg infection but seem to be repressed after 6-10 hours of infection with RH 

wild type (as previously reported).  Surprisingly that repression is rescued (partially) 

by the addition of ROP38.  Collectively our results show that overexpression of 

ROP38 affects expression of ERK MAPK regulated genes as well as  of ERK 

activation in the infected host-cell and opens the possibility that MAPK cascades are 

the targets of regulation by at least some of the members of the ROPK family. 
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Figure 4.9. Expression of ROP38 in transgenic T. gondii reverses the 

suppressive effect of RH-strain parasites on host ERK phosphorylation.  A. 

Schematic of the ERK regulation of c-fos expression. B. Immunoblotting using anti-tubulin and anti-

phospho-Erk antibodies for lysates obtained from unifected cell and cells infected with RH wt, RH-

ROP38 and Veg parasites. Cells were serum deprived 12 hours before assays.  

 

4.4. Discussion 

The 108 active T. gondii kinases described in Fig. 1 (based on the presence of a 

putative catalytic triad) constitute the largest Apicomplexan kinome described to date, 
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at least 20% larger than the Plasmodium kinome (Ward, Equinet et al. 2004), although 

smaller than the kinomes of trypanasomatid parasites (Naula, Parsons et al. 2005), and 

<25% of the size of the human kinome (Table 4.2).  This classification confirms 

previous experimental evidence, and greatly expands our knowledge of the signaling 

cascades likely to be present in apicomplexan parasites, including the AGC family of 

cyclic nucleotide-regulated kinases (PKA, PKC, etc), the CMGC family (cyclin 

dependent kinases, MAPK, GSK, etc), and Ca++/calmodulin kinases.  Receptor 

kinases, including tyrosine kinases and receptor guanylate cyclases are completely 

absent (as in other unicellular eukaryotes) and the T. gondii genome is predicted to 

encode only a single STE kinase (such as MEK), suggesting a lack of MAPKK 

activity and questioning whether MAPK cascades as we know it are operational in this 

organism. 

 

Even in instances where parasite enzymes can be classified into one of the major 

kinase groups, they are often highly divergent (78 of the 108 active T. gondii kinases 

lack an obvious ortholog in human or yeast; see Supplementary Table 4.1).  

Approximately 53 kinases are unique to T. gondii, while 25 have orthologs in 

Plasmodium only (among the species shown in Table I).  While protein kinases are 

usually thought as cytplasmic proteins, ~15% of apicomplexan kinases are predicted 

to be secreted outside of the parasite, suggesting the possibility that they act on host-

cell substrates.  Most of these belong to the ROPK family in T. gondii, or the FIKK 

family in P. falciparum. 



91 

 

ROP16, and ROP18 were previously described as members-of the ROP2-family of 

proteins (El Hajj, Demey et al. 2006), which was thought to be comprised almost 

entirely by kinase-like proteins that do not posses catalytic activity (Sinai 2007).  Most 

previously described ROPKs belong to the ROP2 clade (which includes ROP2, ROP4, 

ROP5, ROP7, ROP8, and ROP18) and are mostly inactive.  However, our results 

show that this family is larger than previously thought and contains multiple predicted 

active kinases.  Our study challenges several of the previous assumptions.  The 

number of rhoptry related kinases is much larger than it was previously described 

since it includes at least 44 members (seven truncated).  The ROPK family represents 

almost all secreted kinases in the parasite and the high rate of divergence between 

copies as well as the level of divergence relative to N. caninum strongly suggests 

positive Darwinian selection acting on at least part of the family.  Its complete absence 

in non-coccidian apicomplexans indicates that the expansion is relatively recent, but at 

least as old as the split between Eimeria tenella and T. gondii (assignment of 1 to 1 

orthologs in not possible with the current E. tenella gene models).  Our cell-biological 

studies confirm that most (if not all) members of the family eventually reach the PVM 

and/or the PV network and are thus capable of interacting with host cell components.  

Fifteen of the ROPKs have in fact an intact catalytic triad, suggesting that they are 

capable of phosphorylation, although experimental validation is still needed.  Most of 

the rhoptry related active kinases described in this study are not closely related to 

ROP2, and thus comprise and entirely new spectrum of potential parasite effector 

molecules. 
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ROPKs are in general more likely to be expressed than other genes and seem to show 

an unusual bias regarding differential expression among T. gondii strains. The 

difference is mostly observed in the type III strain Veg.  An already described case is 

the down-regulation of ROP18 in type III strains and its corresponding reduction in 

virulence. Given that the variability in the alleles in the population is very small 

compared to the divergence in the duplicates for most ROPKs, it seems more likely 

that if ROPKs have any influence in invasion, growth, and virulence phenotypes it will 

be due to differences in gene expression.  In fact the dramatic effect on virulence of 

ROP18 is known to be due to expression levels (Saeij, Boyle et al. 2006) not the 

alleles, despite being extremely polymorphic.  This suggests that difference in parasite 

strain gene expression is critical for ROPK function.  ROP38, together with ROP18, is 

the most differentially regulated ROPK gene among all T. gondii strains.  ROP38 in 

contrast to ROP18 is highly conserved, but belongs to the largest tandem duplication 

of ROPKs in the Toxoplasma genome.  

 

It is also evident from our results that most ROPKs are regulated during the 

differentiation process in the type II strain Prugniaud.  Given the fact that other strains 

(with the exception of RH) show similar ability to form cysts in vitro (Fux, Nawas et 

al. 2007), it is likely that regulation during differentiation happens in other strains as 

well.  Our preliminary results show that ROPKs are also regulated in the RH in vitro 

differentiation model.  Regulation of ROPK gene expression thus seems to be linked 

to the differentiation process, which has not been previously reported.  Although most 

ROPKs are down-regulated during the course of in vitro differentiation in Pru, a 
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notable exception again is ROP38 which is induced more than 4 fold 72 hours after 

induction of cyst differentiation (under CO2 starvation and alkaline induction).  This is 

not observed in the RH differentiation model. 

 

Further experiments to explore the potential impact of ROP38 in host responses show 

that increasing ROP38 levels in RH to levels comparable to those expressed by the 

avirulent strain Veg has a dramatic effect on gene expression of infected cells when 

compared to infection with the parental RH wild type strain.  It is not surprising that 

infection elicits a transcriptional response from the host.  Previous studies have shown 

that T. gondii induces changes of ~500 transcripts upon infection with type II strain 

Pru (Blader, Manger et al. 2001).  However to date, only ~88 unique host genes were 

shown to be significantly differentially regulated between T. gondii strains (Saeij, 

Coller et al. 2007).  In this work we show that the response elicited by RH strain 

infection is much more dramatic than the one elicited by Veg.  RH is the most widely 

used strain for both in vitro experiments and although it is known to be highly virulent 

understanding how it affects the host-cell is of utmost importance.  As summarized in 

Figure 4.10, the host transcriptional response is not only dramatic but specific to 

certain groups of genes.  
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Figure 4.10. Model of the effects of T. gondii infection (+/– ROP38) on host cell 

transcripts.  In blue: the effect of wt RH on host transcription. In pink: the effect of addition of 

ROP38 on the RH-induced host response. 

 

Interestingly, addition of a single parasite protein, ROP38, translates into a 2-fold 

reduction of the RH wild type induced response (for both up and down-regulated 

genes), aka a reversal of RH infection induced changes.  In total, expression of 1263 

host genes is significantly changed when ROP38 is added (383 > 2-fold). 

Interestingly, the effect of ROP38 is for the most part a down-regulation of RH-

induced changes.  As shown in Figure 4.8, ROP38 specifically down-regulates 

transcription factors and genes involved in the regulation of apoptosis/proliferation, 

and signaling, genes that RH infection induces very strongly while Veg infection 

doesn‟t induce at all.  Those genes include transcription factors c-fos and EGR2,  
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which has been previously shown to be induced in a rhoptry dependent manner 

(Phelps, Sweeney et al. 2008). Results of functional annotation clustering of 

transcriptional changes argue strongly towards the regulation, directly or indirectly, of 

MAPK cascades.  Indeed, preliminary results show RH- ROP38 ERK phosphorylation 

kinetics more closely resemble the response observed by Veg infection than the 

response observed by the parental RH. 

 

MAP kinases, such as ERK, MEK and Ras are known to be regulated by scaffolding 

proteins which help all the components of the MAP cascade reach higher 

concentrations at particular subcellular locations (Morrison and Davis 2003).  

Scaffolding proteins, such as KSRs, contain pseudo-kinase domains that usually lack 

the catalytic activity; recruitment to the plasma membrane seems to be also essential 

for the function of these proteins.  Several characteristics of the ROPK family (such as 

pseudo-kinase domain and PVM association) suggest that ROPKs may be involved in 

phosphorylation or regulation (such as scaffolding) of host-cell factors.  The 

regulation of such factors will ultimately determine the fate of the parasite (cyst or 

tachyzoite) inside the cell and how likely the parasite is to decrease the fitness of its 

host (virulence). What are the host-cell factors that this family of kinases and kinase-

like proteins regulate remains a mystery.  Given what it is known in the literature 

about c-fos regulation and the fact that T. gondii is known to have potent effect on the 

host MAPK cascades, it seems that MAP kinases are likely to be the targets of 

regulation by at least some ROPKs, in particular ROP38.  It is likely that several 

members of the family play an important role in the interaction with the host-cell.  
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Knock-in and knock-down studies will be necessary to further evaluate the role of all 

uncharacterized ROPKs in the process of invasion, as well as differentiation.  This 

report highlights the power of using an “omics” approach to aid in the discovery of 

novel molecules involved in host-parasite interaction.  Integrating phylogenetics with 

functional genomic analysis and experimental manipulation of transgenic parasites, we 

have considerably expanded the knowledge regarding the use of secreted kinases as 

effector molecules during infection by eukaryotic parasites and have shown that 

ROP38 is a potent inhibitor of host-transcriptional responses upon infection. 
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5. CONCLUSION 

The primary objective of the research presented in this dissertation has been to develop 

and apply methodology for identifying genes and gene families likely to be important 

for understanding organismal evolution.  In particular, we have explored the 

significance of lateral gene transfer and gene duplication as sources of evolutionary 

novelty.  I have focused on the phylum apicomplexa, for several reasons.  First, as 

protozoa, these species exhibit the diversity of genetic and evolutionary complexities 

typical of other eukaryotic taxa (lack of operon structure, frequent paralogous gene 

duplication and neofunctionalization, etc).  Second, complete genome sequences have 

recently become available for several apicomplexans spanning a wide range of 

evolutionary and functional divergence (and at ~20-80 Mb, these genomes are relatively 

small).  Third, these organisms are of considerable practical importance: Plasmodium 

causes malaria, which kills more than 2 million people each year worldwide, and 

Toxoplasma is a leading source of congenital neurological birth defects and a prominent 

opportunistic infection in AIDS; Toxoplasma also offers an experimentally tractable 

system for testing hypotheses in the laboratory.  Finally, previous research has 

demonstrated the importance of genome evolution in the biology of these organisms, 

including expanded gene families involved in host recognition (var genes in P. 

falciparum, SRS genes in T. gondii), and lateral genetic transfer in the origin of the 

apicoplast, an essential organelle acquired via secondary endosymbiosis of an alga and 

retention of the algal plastid; the apicomplexa also offer the prospect of exploring host-

pathogen co-evolution (although largely beyond the scope of the present dissertation). 
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5.1. Exploring the role of LGT in Apicomplexan evolution 

In order to use genome scale phylogenetic tree comparison to define instances of LGT, 

we first explored some of the factors that contribute to the variability in establishing 

true phylogenetic relationships between sequences.  We used OrthoMCL, an algorithm 

that has been shown to achieve the best compromise between sensitivity and 

specificity (Chen, Mackey et al. 2007), to define ortholog groups.  Although the 

grouped genes are assumed to be related by descent, we tested the strength of their 

relationship using multiple sequence alignment robustness as a proxy. Outliers in the 

groups could destabilize the alignment that determines the phylogenetic tree of a set of 

orthologs.  Our results show that most groups need little or no removal of sequences to 

produce robust alignments, independently demonstrating that OrthoMCL performs 

well when defining ortholog groups using multiple complete genomes. However, 

some groups contain many outliers and most groups whose connectivity (the sum of 

average blast e-values for the sequence that has the least number of blast hits in the 

group) is less than 40% need removal of one or more sequences. Our study could not 

establish a relationship between group connectivity and which groups needed removal 

of sequences, since the removal of sequences to achieve a robust MSA seem to be 

group-dependent.  Hence we proposed a conservative approach in which 10% of the 

least connected sequences will be removed from the group if the group connectivity is 

less than 40%.  This approach improves on the quality of MSA, however it risks 

losing potentially useful information.  
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 Preliminary work explored which factors may be important in determining how many 

sequences need to be removed from an ortholog group to be reliable for MSA, and 

explain why some groups are more robust than others.  A regression approach using 

variables related to the connectivity of the group, such as average connectivity of the 

members, standard deviation, minimum connectivity, skew and kurtosis failed to 

accurately predict the number of sequences to be removed.  This suggests that the 

process is determined by more complicated variables.  While we do not yet understand 

all of the factors that govern alignment robustness, the results obtained from this pilot 

study suggest that the heuristics outlined above do allow us to improve the quality of 

alignments produced automatically when dealing with a large number of ortholog 

groups. What are the factors that determine the robustness of a MSA grants further 

study.  

 

Using ortholog groups from OrthoMCL, trimmed as described above, we generated 

phylogenetic trees for every gene in the P. falciparum and T. gondii genome that 

shares an ortholog with non-apicomplexan species.  We then used those trees to detect 

possible instances of lateral gene transfer; which we suspect may have contributed to 

parasite adaptation (based on the demonstrated importance of LGT in these parasites). 

We determined incompatibility between the ortholog group tree and a genome-wide 

species tree derived from the distribution of ortholog groups, using Horizstory 

(MacLeod, Charlebois et al. 2005). 
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 We initially explored the frequency of LGT for metabolic enzymes in T. gondii by 

manual inspection of the above phylogenies, revealing a frequency of LGT on the 

order of ~20%.  This very high frequency is comparable to the proportion of genes 

shared between Thermotoga maritima and Archaea (Nelson, Clayton et al. 1999), 

which is thought to have been critical in allowing this bacterium to survive in high 

temperature environments.  Tree incompatibility alone was not sufficient to infer LGT, 

however, since incompatible tree topologies overestimated the number of transfer 

events defined by manual curation by >50%.  We therefore imposed a further step in 

the processing of the incompatible phylogenies, designated LGTsmart, which extracts 

relevant information from phylogenies, filters improbable events, and ranks the results 

based on properties that suggest LGT is a likely explanation for the observed tree.  

 

 LGTsmart requires previous knowledge of the phylogenetic distribution of the species 

in the tree, i.e. a reference species tree, in order to define transfer events.  The whole-

genome phylogeny shown in Figure 3.1 was used to both define the taxonomic 

“sources” of shared transfer and the phylogeny of the apicomplexan phylum.  After 

running Horizstory the number of probable LGT events was estimated as 34% for T. 

gondii, and 41% P. falciparum.  Applying LGTsmart reduced these numbers to ~18% 

for T. gondii (665 out of 3757) and ~15 % for P. falciparum, a frequency comparable 

to our estimate based on manual curation of T. gondii enzymes. Analysis of high 

confidence events (approximately the top 1/3) reveals interesting aspects of LGT in 

the apicomplexa: most of the transfers happened early in apicomplexan evolution, and 

the majority involve metabolic processes.  Although some global studies have failed to 
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detect functional preference among transferred genes (Choi and Kim 2007), it has long 

been known that not all genes are transferred at equal frequencies; a theory known as 

the “complexity hypothesis” (Jain, Rivera et al. 1999).  This hypothesis states that 

operational genes (those involved in housekeeping and metabolic functions) are 

usually transferred at relatively high frequency, whereas informational genes (those 

involved in transcription, translation, and related processes) are seldom laterally 

transferred. Our results support this theory, since enzymes are a prime example of 

operational genes. 

 

Perhaps the most surprising result of our analysis is the putative origin of LGT in the 

apicomplexa. Although many transfers come from plastid-containing organisms, as 

expected from the known origin of the apicoplast, only 38% of the putative “plastid” 

transfers contain a signal peptide or transmembrane domain and hence are unlikely to 

be associated with the apicoplast.  Their algal origin suggests a novel set of potential 

drug targets, particularly as most are predicted to encode enzymes.  More interesting 

still, an equal number of genes are shared with animals.  Metazoan genes may have 

been acquired during the transition from free-living to parasitic lifestyles, and hence 

constitute a novel set of genes that may be involved in the interaction with the host-

cell. 

 

5.2. The role of expanded gene families in Apicomplexan evolution 

Although LGT seems to have played an important role in apicomplexan evolution, 

gene duplication is a more common source of biological innovation in eukaryotes.  In 



102 

 

order to identify apicomplexan-specific expanded gene families, we again took 

advantage of the ortholog groups present in OrthoMCL, defining expanded groups as 

those with ≥3 sequences in either T. gondii or P. falicparum.  Not surprisingly, most 

such groups are surface antigens, but it is also interesting that we identified a set of 

kinase genes. It was also apparent that several expanded groups shared the same 

functional domain, suggesting that the rapid diversification of paralogs has likely led 

to a single family be distributed through several groups. As a consequence a different 

approach will have to be employed for phylogenomic analysis to take into account the 

higher sequence divergence between paralogs. 

 

Since little is known about T. gondii kinases and signaling cascades, we first defined 

and classified the whole kinome to understand the context of the T. gondii expanded 

kinases.  Eukaryotic protein kinases (ePKs) are known to be related by descent and 

their functional classification follows their phylogenetic divergence (Hanks and 

Hunter 1995). However, this large super-family is comprised of more than one 

ortholog group and difficult to align using the progressive alignment strategies 

typically employed when dealing with one ortholog group at a time.  In order to 

overcome this issue and identify all T. gondii ePKs, we used Pfam HMMs to find and 

align the putative kinases, and primary structural elements to further narrow down 

subsets. Characterization of these groups was obtained by phylogeny reconstruction, 

using experimentally validated kinases from human, yeast and Plasmodium as seeds.  

This analysis yielded 159 putative ePKs in T. gondii, of which 108 were predicted to 
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be active based their HMM score and the presence of a well-established catalytic triad 

within their kinase subdomains.  

 

Phylogenetic reconstruction placed most of these kinases (76%) within well-

established ePK families, with notable expansion of the CaMK (calcium regulated) 

and CMGC kinase (included cell-cycle kinases) groups, and an absence of tyrosine 

kinases.  Many inactive parasite-specific kinases were also noted.  One interesting 

feature of the T. gondii kinome is the abundance of kinases that are predicted to be 

secreted, particularly among a single 44 member family (designated ROPK) that 

includes all of the T. gondii-specific ortholog groups initially identified when looking 

for expanded families.  Previously described members of this family include ROP18 

and ROP16, secreted kinases known to alter parasite virulence and STAT 3/6 

signaling respectively (Saeij, Boyle et al. 2006; Taylor, Barragan et al. 2006; El Hajj, 

Lebrun et al. 2007; Saeij, Coller et al. 2007).  Orthologs of most ROPK proteins are 

also found in Neospora caninum, and several are recognizable in Eimeria, but ROPK 

proteins were not identified in Plasmodium (although these parasites do possess an 

expanded FIKK family of secreted kinases; (Nunes, Goldring et al. 2007) which can 

be discerned in all apicomplexa).  Transgenic expression studies indicate that most 

(quite likely all) ROPK proteins are secreted, and target to the PV membrane (PVM) 

and/or the PV network, indicating that they are potentially in contact with the host-cell 

cytosol.  Comparative genomic approaches indicate that the ROPK family has 

undergone rapid evolution.  The ROPK family also exhibits an unusual degree of 
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differential expression between strains and/or during differentiation, suggesting that 

these proteins are under selection. 

 

In order to assess the significance of this family, two novel ROPK proteins were over-

expressed in transgenic RH parasites: ROP21 traverses the PV and enters into the host 

cell cytoplasm, while ROP38 is the only ROPK gene significantly induced during 

parasite differentiation, provides a dramatic example of strain-specific regulation, and 

exhibits strong evidence of evolutionary selection.  Avirulent Veg strain T. gondii 

expresses high levels of ROP38, while the virulent RH strain expresses almost no 

detectable levels of this transcript.  Infection of mammalian cells with RH strain 

transgenics engineered to over express ROP38 (but not ROP21) significantly alters the 

expression of ~1200 host genes (382 >2-fold), usually manifested as a suppression of 

host genes that are normally induced by RH infection.  Functional clustering of these 

regulated genes show that ROP38 has a sizeable effect on transcription factors, 

signaling and regulation of cell proliferation and apoptosis.  Genes down-regulated > 4 

fold by ROP38 include transcription factors c-fos and EGR2 and other early response 

genes such as CXCL1 and NAMPT.  This observation is consistent with the 

manipulation of host-cell MAPK cascades and in particular ERK signaling, which was 

confirmed through western blots. 

 

Our studies highlight the potential of combining phylogenetics with genome-scale 

analysis and experimental manipulation to elucidate biological function; similar 
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strategies should be generally useful in integrating the diverse range of genomic-scale 

datasets that increasingly characterizes modern biomedical research. 

 

5.3. Future work 

5.3.1. Experimental validation of LGT events. 

Although it is not possible to experimentally verify whether a lateral gene transfer 

event actually happened, if the assumption is that genes were maintained because of 

selective advantage, it is possible to test whether or not the gene is essential for 

parasite function, and whether interfering with that function will hamper parasite 

survival.  Some laterally transferred genes (those identified form bacterial or plant 

origin) are likely to sufficiently different from host-genes that targeting them seems a 

promising criterion for drug targeting prioritization. Indeed, most anti-malarial 

compounds currently in clinical trial target apicoplast components. From the 

perspective of drug target identification, one would like to identify genes that are not 

only essential, but be able to be targeted by small molecules.  Since it is not practical 

to proceed with the molecular characterization of all LGT events reported in this 

work, the implementation of a prioritization scheme based on functional genomic 

data already available should be the first step.  Essential genes should ideally possess 

several of the following characteristics:  

- Be expressed in most if not all strains of the parasite, and specifically in 

the stage used for laboratory manipulations.  This can be verified 

utilizing gene expression profiling data available in www.plasmodb.org 

http://www.plasmodb.org/


106 

 

for P. falciparum or the data presented in chapter 4 for T. gondii 

(currently available through www.toxodb.org)  

- Be conserved in the population.  Extensive SNP data is now available for 

both species as well. 

- If the objective is to find potential drug targets, enzymes will be preferred, 

since they are historically easier to target with small molecules. 

 

The frequency of non-homologous recombination is high in apicomplexan parasites, 

which had rendered knock-out and inducible knock-out experiments quite laborious.  

A recent advance in parasite-molecular biology has revolutionized the way knock-

out studies are done and made obtaining several dozens of knock-outs in a period of 

months possible.  The KU80 gene responsible for nonhomologous end-joining DNA 

repair pathway was disrupted in T. gondii and the efficiency of gene targeting via 

double-crossover homologous recombination at several genetic loci was found to be 

greater than 97% by two independent groups (Fox, Ristuccia et al. 2009; Huynh and 

Carruthers 2009).  Essential genes will not be able to be disrupted completely, so an 

inducible knock-out is needed.  Preliminary work done in the lab has demonstrated 

that the method developed by Banaszynski and co-workers (Banaszynski, Chen et al. 

2006) to regulate protein expression in live cells by fusing proteins to a destabilizing 

domain that targets them to degradation which is inhibited using a small molecule 

(shield-1) is well suited for experiments in T. gondii.  Combining the degradation 

domain-shield1 systems in a KU80 knock-out background will allows us to test the 

importance on parasite survival of a relatively high number of proteins in the future.  

http://www.toxodb.org/
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5.3.2. Integrating genome-wide datasets to understand parasite biology 

Whether is kinases or surface antigens one of the biggest hurdles in studying these 

families is the fact that there are many members in them. Prioritizing which members 

are likely to be functionally relevant is of uppermost importance and has to precede 

functional validation in the laboratory bench.  Several genome-wide datasets, in 

particular genome-wide expression profiling are available for a variety of 

apicomplexan species, hence a similar strategy as the one outlined in this dissertation 

can be used to help prioritize other molecules. The challenge, however, lies on the 

integration of those datasets; hence a systems biology approach is needed. 

Generating functional maps, aka prediction of functional interactions between genes, 

is a powerful approach to understanding unknown protein function that was not 

explored I this dissertation. Using publicly available datasets carries the underlying 

problem of integrating cross-platform experiments. Several advances have been 

made in the area, and the implementation of regularized Bayesian integration 

approaches has been proven successful when mining the human genome 

(Huttenhower, Haley et al. 2009). Similar approaches to data integration in 

Apicomplexa will help prioritize gene family members for experimental evaluation, 

but also likely help predict new functions for the high proportion of “hypothetical” 

proteins present in Apicomplexan genomes. 

 

5.3.3. Mechanisms of ROP38 interference with host-processes.  
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Our work indicates that ROP38 is a parasite-secreted kinase that has a huge impact 

on the host-cell transcriptional response. Our work also indicates that ROP38 has 

been under selection and thus likely serves a function that is important for parasite 

survival. However, what that function is exactly and what is the molecular 

mechanism of ROP38 interference with host-cell processes is still unknown.  Further 

work to elucidate the mechanism of action as proposed in 5.2.2.2 will help better 

understand how parasites manipulate the host environment.  

 

5.3.3.1. Biochemical characterization of ROP38: is the effect on host-gene 

expression dependent on kinase activity? 

Although ROP38 possesses all the characteristics of a catalytically active kinase, 

experimental validation of its capacity to transfer a phosphate is still needed to 

verify whether or not phosphorylation of some substrate could be its mechanism of 

action.  In order to perform classical in vitro kinase assays we first need to obtain 

ROP38 recombinant protein.  Work done in several labs suggests that ROPKs are 

particularly hard to purify using traditional bacterial recombinant expression 

systems.  Although kinase activity has been confirmed for ROP18, only the kinase 

domain was expressed (El Hajj, Lebrun et al. 2007).  So far it has not been possible 

to purify a ROPK full-length protein.  Preliminary work in the lab suggests that 

expression of full-length ROP38 is possible, although purification conditions are 

still being optimized.  Purified recombinant protein will not only allow us to 

proceed with the biochemical characterization of ROP38, but also to obtain 

ROP38-specific antibodies useful for a variety of further applications such as 
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immuno-precipitation experiments to determine ROP38 targets.  Also, all ROPKs 

have been submitted to the Seattle Structural Genomics Center for Infectious 

Disease pipeline for recombinant expression and structure determination (full 

length and kinase domain only). 

 

5.3.3.2. What is/are the target/s of ROP38? 

In order to address this question, a strategy based on complimentary bottom-up and 

top-down approaches is likely more appropriate.  If kinase activity is confirmed, a 

combination of 2-D gel/ mass spectrometry specifically against phosphorylated 

proteins comparing protein lysates from fibroblasts infected with RH and RH-

ROP38 will likely yield a reasonable list of candidates.  Even if  ROP38 turns out 

not to be catalytically active in vitro, the above mentioned experiment will yield a 

more global picture as to what are the components of kinase cascades that are being 

affected (directly or indirectly).  Additionally, a yeast-two hybrid approach using 

ROP38 (or just the substrate binding portion of the kinase domain) as bait against 

human fibroblast extracts will yield a list of proteins that are capable to interact 

with it.  A combination of proteomics and yeast-two hybrid experiments will likely 

yield a manageable list of substrate candidates. 

 

The top-down approaches described above do have potential drawbacks and 

limitations, especially because they only capture static pictures of the biological 

phenomena.  A more traditional bottom-up approach will help to better understand 

the mechanism of action of ROP38.  We have already shown that ROP38 seems to 
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have an effect on ERK phosphorylation.  Further exploration of the dynamics of 

ERK phoshophorylation, as well as other components of the MAPK cascade will 

yield a more accurate picture of how ROP38 controls host-gene expression.  This 

approach will include exploring how ERK phosphorylation in response to infection 

varies over time in response to different parasite MOIs and co-infection 

experiments (to see whether the ROP38 effect is dominant to wt RH), as well as 

following phosphorylation dynamics of MEK, p38 and JNK. 

 

5.3.3.3. What is the effect of ROP38 in vivo? 

Our work indicates that addition of ROP38 to the highly virulent strain RH has no 

apparent effect on parasite virulence in vivo, measured as time to morbidity.  

However, that does not mean that the immune response is not altered when ROP38 

is expressed.  The result of our host-cell expression profiling shows that expression 

levels of cytokines are indeed affected when ROP38 is expressed.  Since our 

experiments were done in fibroblasts, cells used in normally used for in vitro 

culture of T. gondii who nevertheless are not part of the immune response, 

repeating the expression profiling experiments in bone-marrow derived 

macrophages may shed light onto whether this expression changes actually occur in 

infected immuno-reactive cells which may have actual implications for in vivo 

infection.  Protein levels of the cytokines whose expression was affected in infected 

HFF cells can be verified by ELISA on peritoneal fluid of RH and RH-ROP38 

infected mice. Current multiplex assays will allow us to test several of the 

cytokines of interest simultaneously.  
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5.3.4 Exploring other members of the ROPK family 

Although ROP38, together with ROP18 seem to be the most functionally relevant 

members of this family according to our integrative genomic prioritization scheme 

several other members grant further exploration. The fact that several ROPKs are 

now highly conserved in the T. gondii population but evidence of positive selection 

can be found when comparisons with N. caninum are made, suggests that those 

ROPKs mediate functionally important processes that are adaptive to T. gondii. In 

other words a selective advantage that is relevant for T. gondii survival. Those 

ROPKs include: ROP 27, 28, 29, 41, 42, 43, 44 and 45 as well as already 

characterized functionally relevant pseudokinases ROP2 and 8 (see Supplementary 

table 4.2) and ROP38.  Interestingly most of the ROPKs exhibiting this pattern of 

diversification (high compared to Neospora, low within strains), have not been 

previously recognized to members of this family and several are predicted to be 

active. 

 

This dissertation highlights the potential of using comprehensive, highly 

reproducible, genomic-scale datasets to aid in the discovery of biologically 

important molecules.  Phylogenetic tree comparison and the development of a 

simple strategy to rank the differences between species and gene trees, has allowed 

to define the extent of lateral gene transfer in apicomplexa and its possible role in 

parasite evolution.  Comparative genomic approaches defined the parasite kinome, 

revealing the full diversity of rhoptry kinases, and evolutionary genomic analysis of 

positive selection indicates the importance of this family.  Functional genomics 
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datasets helped to prioritize ROPK family members for further exploration, and 

transcriptional profiling of the host cell, coupled with functional clustering, 

highlights pathways likely to be regulated by parasite infection.  In aggregate, 

integrating phylogenetics with genome-scale analysis (and when appropriate 

experimental manipulation of transgenic parasites) has expanded our 

understanding of lateral gene transfer in apicomplexa as well as the potential role of 

secreted kinases as effector molecules during host cell infection. 
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Appendix 1: Methods for calculating synonymous and non-synonymous substitution rates 

and its assumptions 

The following is a detailed description of the methods we used to estimate synonymous and non-

synonymous rates.  In the present it is very difficult to determine which one is better, since their 

performance varies under different situations (Li 1997) 

 

In the so-called “approximate” methods the number of non-synonymous and synonymous 

substitutions can be estimated as: 

 

  d= -3/4 ln (1-4/3 p)  

 

 p is the proportion of non-synonymous and synonymous differences respectively. 

 This method is known as the Nei & Gojobori method (Nei and Gojobori 1986).  Besides 

counting the proportions mentioned, to correct for multiple substitutions per site (multiple hits) a 

simple model of sequence evolution (Jukes 1969)is applied.  In this simple model it‟s assumed 

that the base frequencies are equal and there‟s equal probability of mutation, which allows one to 

estimate the synonymous sites as 1/3 the number of two-fold and all four fold degenerate sites.  

However, when divergence is great d becomes biased (as sites become saturated with many 

substitutions per site).  An additional limitation of the method is that the equilibrium frequency of 

each of the four nucleotides is ¼ (or in other words regardless of the initial condition the 

probability of having any nucleotide at one site will eventually become ¼).  This result implies 

that the expected proportion of identical nucleotides between two random sequences is at least 

25% (Li 1997).  This is relevant because if between two sequences the amount of identical 

nucleotides at a particular site is less than 25% the model is unable to calculate d (is “saturated”).  
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The model can also become saturated if the logarithmic term becomes zero or negative (which 

holds for all other models). 

 

Different models of sequence evolution can be used to account for multiple hits, these include: 

the already described Jukes Cantor model (JC), the Kimura two-parameter model (K2P, that takes 

into account that transitions and transversions occur at different rates), which can be generalized 

to the HKY85 model (to allow for unequal equilibrium base frequencies), the Feldenstein model 

(F84, that divides the process in two components: general and within group) or the most general 

time reversible model (REV or GTR,  which allows unequal base frequencies and 3  substitution 

types, transversions and 2 classes of transitions).   

More sophisticated models usually take into account more realistic features of sequence evolution 

but also require more parameters to be estimated from the data.  

Each model usually defines a matrix (4x4 in the case of nucleotides for example) that specifies 

the probability that one nucleotide will change to another in the next generation, which is 

dependent on the parameters that are added to model the biological situations mentioned before. 

This matrix is known as a Stochastic Matrix and has to follow two conditions, all elements of the 

matrix are nonnegative and all elements in each row add up to one.  Another important 

assumption is that the substitution process is first order Markov Chain, or in other words that the 

current status of the nucleotide depends only on the previous one, but not on the ones before that 

one.  

 

 

Other methods, besides the already discussed Nei and Gojobori (1986), have been developed to 

calculate d (either dN or dS) and they usually use different models of sequence evolution as well 

as different ways to measure the differences between the sequences.  These methods include the 

simple YN00 (Yang and Nielsen 2000) and the sophisticated maximum likelihood (ML) 
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estimator of Goldman and Yang (Goldman and Yang 1994) (Both Implemented by the PAML 

package of Ziheng Yang). 

 

The Goldman and Yang 1994 ML estimator of d is based on the probability of substitution 

between codons i and j (a “codon-based approach”) given by the probability matrix: 

 

P(t)= e 
Q

ij
t
  

 

Where Qij is a 61x61 substitution matrix. 

The elements of the matrix are defined as follows: 

 

The parameter κ is the (mutational) transition/transversion rate ratio, and ω = dN/dS is the non-

synonymous/synonymous rate ratio.  The equilibrium codon frequencies (πj) are calculated using 

the nucleotide frequencies at the three codon positions (codon frequencies are proportional to the 

products of nucleotide frequencies at the three codon positions). 

The log –likelihood function is then given by the multinomial probability as follows: 

 

L (t, κ,ω)=  Σij nij log {πi  pij (t)} 
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where nij is the number of sites occupied by codons i and j
 
in the two sequences.  The codon 

frequencies i are estimated
 
using the observed nucleotide frequencies at the three codon

 
positions 

in the two sequence and pij (t) is given by P(t).  Parameters t, , and  are estimated
 
by 

maximizing the likelihood function numerically, and the estimates
 
are used to calculate dN and 

dS. 

 

The ML methods tend not to be biased if divergence is high (Yang and Nielsen 2000).  However 

the ML method can be too time consuming for certain data sets, while other methods can be 

readily applied, and can be highly affected by sampling errors.  

 

Yang and Nielsen (2000) developed a new approximate method that tries to summarize all the 

probable realistic models of sequence evolution (YN00) 

This method for estimating dN and dS proceeds as follows:
 
 

1. Estimate  from the fourfold-degenerate sites and the
 
nondegenerate sites under the 

HKY85-F84 model using codon
 
frequencies from the real data.  

2.  Count the numbers of synonymous and non-synonymous sites
 
(S and N, respectively) 

using the estimated  and the observed
 
codon frequencies. 

3. Choose starting values for t and  (e.g., using estimates
 
from the NG method). 

4. Count the numbers of synonymous and non-synonymous differences
 
(both transitions and 

transversions) using , the codon frequencies,
 
and the current values of t and .  The 

transition probability
 
matrix P (t) is also calculated using those values and used to weight

 

pathways when the two codons differ at more than one position.  This step generates the 

proportions of transitional (T) and
 

transversional (V) differences for each of the 

synonymous and
 
non-synonymous site classes.
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5.  Correct for multiple hits to calculate dN and dS using
 
counts of sites and differences and 

base frequencies at synonymous
 
and non-synonymous sites.  This step updates t and : t 

= dS x
 
3S/(S + N) + dN x 3N/(S + N), and  = DN/dS. 

6.  Repeat steps 4–5 until the algorithm converges. 

The YN00 method is generally very fast and takes accounts for two major
 
features of DNA 

sequence evolution: transition bias and base/codon
 
frequency bias.  

All the methods give consistent estimates when the divergence is low, but tend not to agree when 

divergence is high, which affects dS more than dN.  As discussed before, both approximate and 

ML methods to account for mutational biases have been developed, basically by specifying a 

particular rate transition matrix that takes those factors into account when establishing the 

different probabilities.  The biggest limitation of all the methods to estimate dN/dS relies on the 

saturation of sites, since most of them assume a single change when estimating parameters from 

the data. As multiple substitutions occur on the same site, the number of substitutions 

(particularly dS) becomes underestimated.  For that reason is generally a good criterion to not 

consider them accurate if they are significantly greater than one (although they can still give 

qualitative information regarding divergence) but this criterion is still debated.  

More complex models have been developed to account for variation of mutation rates among sites 

or in CpG sites, but they are not commonly used (Yang and Swanson 2002).  Recently some 

Bayesian methods have been developed that allow synonymous and non-synonymous 

substitutions to vary independently among sites (Huelsenbeck and Dyer 2004) as well. 

 

Appendix 2: Nested models to test variable selective pressures among sites 

 

There are two approaches to determine variable selective pressures among sites:  to use prior 

knowledge about protein structure to determine which regions will differ in their substitution 
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rates, or to use a statistical distribution to model random variation among sites.  Nielsen and Yang 

(Yang and Nielsen 2002) implemented 13 such models, where continuous distributions are 

approximated by using certain number of discrete categories fixed a priory.  The conditional 

probability of the data is calculated for each category (or site class).  The log-likelihood function 

is still a sum over all the sites in the sequence and assumes each codon evolves independently.  

We will describe nested models 1 and 2 (M1/M2) and nested models 7 and 8 (M7/M8) as 

examples. 

 

 M1 classifies codons in two discrete categories (dN/dS=1, dN/dS <1) and it has two 

parameters 

 M2 classifies codons in three discrete categories (dN/dS=1, dN/dS >1, dN/dS<1) and 

it has three parameters. 

 M7 classifies codons according to a beta distribution limited to 0<dN/dS<1 range, 

and has 10 parameters. 

 M8 (beta+omega) adds another site class to M7 that allows for dN/dS >1, and hence 

has 11 parameters. 

 

Hence M1 is nested regarding M2, and represents the null hypothesis, the same occurs for M7 

regarding M8.  Nested models such as the ones described above are used to assess the 

possibility of positive Darwinian selection by performing a Likelihood ratio test (LRT) 

between the two (if M2 is more likely then there is positive selection at some sites).  The 

likelihood ratio is calculated as follows: 

LR= 2*(lnL0-lnL) 
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This test statistic follows approximately a chi-share distribution, and the significance is 

assessed by comparing significance levels according to a chi-square table, in this case with 1 

degree of freedom.  The test also tells us the proportion of sites under each category.  In order 

to identify those sites in an alignment an empirical Bayes (EB) approach is used to calculate 

posterior probabilities that a site comes from the site class with dN/dS > 1.  (Yang, Wong et 

al. 2005)   
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