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The association of intracellular pathogens with host mitochondria has been observed across taxa, 

from bacterial pathogens, such as Legionella pneumophila and Chlamydia trachomati, to the 

eukaryotic pathogen Toxoplasma gondii. However the functional impact of host mitochondrial 

association (HMA) remains difficult to assess in most of these species because in many cases the 

genes responsible for this phenomenon have not yet been identified. The recent discovery of the 

T. gondii gene responsible for HMA, Mitochondrial Association Factor 1 (MAF1) has provided 

us with the tools to begin to understand the evolution and impact of HMA. Here we use multi-

species sequence analysis to determine that the MAF1 locus is tandemly duplicated and 

diversified in both T. gondii and its nearest extant relative Hammondia hammondi, but not 

another close relative Neospora caninum. Using cross-species complementation we find that T. 

gondii and H. hammondi harbor copies of MAF1 able to mediate HMA, while N. caninum does 

not. We have begun mutational analysis using naturally occurring HMA+ and HMA- paralogs of 

MAF1 in order to determine the portions of MAF1 protein necessary for HMA. Additionally, we 

have identified the first in vivo phenotypes associated with HMA using multiple mouse models, 

for both acute and chronic infection. Taken together these data indicate that HMA likely evolved 

via neofunctionalization of a duplicated ancestral MAF1 gene, and that the neofunctionalized, 

HMA competent copy of MAF1 provides a selective advantage. 
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1.0  INTRODUCTION 

The phylum Apicomplexa encompasses a variety of obligate intracellular pathogens of 

importance to both veterinary and human health. Notable members of the phylum include 

veterinary pathogens Eimeria tenella, Sarcocystis neurona, and Neospora caninum, as well as 

human pathogens such as the causative agent of malaria (Plasmodium spp.), the diarrheal 

pathogen Cryptosporidium spp., and the causative agent of Toxoplasmosis (Toxoplasma gondii). 

1.1 TOXOPLASMA GONDII 

1.1.1 Life Cycle 

T. gondii has a life-cycle typical of tissue-dwelling coccidian parasites. Sexual reproduction 

occurs exclusively in the definitive host, members of the family Felidae [1], while asexual 

reproduction occurs in a variety of intermediate hosts. T. gondii is transmitted to new hosts 

primarily via ingestion of either environmentally stable oocysts shed in cat feces [2] or meat 

from chronically infected hosts [3]. Humans can acquire T. gondii infection by either of these 

routes [4], or congenitally if a woman is infected for the first time while pregnant and infection is 

transmitted to the developing fetus [5].  
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Once an intermediate host ingests an infective form of the parasite, T. gondii 

differentiates into a form of the parasite called the tachyzoite. This life stage causes acute 

infection, replicating quickly, damaging tissue, and stimulating a robust immune response from 

the host [6, 7]. After several days, due to signals and mechanisms that are still largely unknown, 

the tachyzoites differentiate into a slower growing form called a bradyzoite [8]. Bradyzoites 

reside inside tissue-dwelling cysts and are insensitive to all currently approved drug treatments, 

leaving hosts chronically infected for the rest of their lives. If a chronically infected host later 

becomes immunocompromised, due to AIDs or immunosuppressive therapy, these bradyzoites 

are able to differentiate back into tachyzoites. This reactivation of acute infection can have 

devastating results, including brain damage or death [9]. Unlike many of its close relatives, T. 

gondii is able to transmit from one intermediate host to another via carnivory, without 

undergoing the sexual half of the lifecycle [10].  

T. gondii undergoes sexual reproduction following ingestion of either tissue cysts or 

oocysts by the definitive host, members of the Felidae family. The ability of oocysts to infect the 

definitive host is unique to T. gondii compared to closely related species [10]. During sexual 

development in the gut of the cat, T. gondii differentiates into both male and female gametes. 

These gametes fuse to form a zygote, which develops into a premature oocyst and is then shed in 

the feces of the infected cat. Once in the environment the oocysts begin to mature, forming two 

sporocysts contained within the oocyst wall. Each sporocyst contains four sporozoites, which are 

an infective form of the parasite. The maturation process takes 24-48 hours [11], and mature 

oocysts remain environmentally stable and infective for as long as 18 months, depending on 

environmental conditions [12]. The entire lifecycle, including aspects unique to T. gondii 

compared to close relatives, is illustrated in Figure 1-1. 
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Figure 1-1. Life Cycle of Toxoplasma gondii
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1.1.2 Host range and pathogenesis 

Strikingly, T. gondii is capable of infecting virtually any warm-blooded animal, from birds to 

humans [13], and this broad intermediate host range is not only unique in comparison to closely-

related species like Hammondia hammondi and N. caninum, but also with respect to most 

eukaryotic parasites. An estimated one third of the world’s human population is currently 

infected with T. gondii, and while healthy individuals are able to control infection, those with 

compromised immune systems are at risk for developing life-threatening symptoms [14-16]. In 

addition, some T. gondii strains have been found to cause severe, and even fatal, disease in 

immunocompetent adults [17-19]. Acute infection during pregnancy often results in fetal 

abnormalities including blindness, hearing loss, seizures, or severe cognitive disabilities [5, 20]. 

In some cases this results in fetal loss or infant death [21]. T. gondii is also the cause of fetal loss 

in a number of domestic animals including sheep, goats, and pigs [22-25].  

1.1.3 Comparisons to closely related species 

Virulence in humans has never been observed for H. hammondi, which is the most closely 

related extant relative to T. gondii and shares the same definitive host [10, 26]. While it is also 

assumed that H. hammondi is incapable of infecting humans, it is worth noting that given the 

antigenic similarity between these species [27], and that the most commonly used serological test 

for T. gondii infection is based on immunoreactivity to T. gondii surface antigen 1 (p30; SAG1), 

it is certain that if H. hammondi is capable of infecting humans such an infection would be 

misidentified as a T. gondii infection. Development of a serum-based diagnostic test that could 
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distinguish T. gondii from H. hammondi would allow for a direct test of the infectivity of H. 

hammondi in humans.   

While the host range of T. gondii and N. caninum have been extensively studied, less is 

known about the host range in H. hammondi. Most H. hammondi isolates have been obtained 

from infected cats, but a wide variety of animals have been experimentally infected with this 

parasite, including cats, mice, rats, hamsters, and monkeys [28, 29]. Importantly, however, birds 

appear to be refractory to H. hammondi infection [30]. Another important distinction between T. 

gondii and H. hammondi is the inability of H. hammondi to be transmitted (at least 

experimentally) from one intermediate host to the other, and from one definitive host to another 

[10]. In fact this is a key diagnostic feature to distinguish isolates of these parasites in the 

laboratory [10, 31].   

N. caninum does not share the cat as a definitive host, but rather utilizes canines for 

sexual reproduction [32]. Dogs are also intermediate hosts, as N. caninum infection in dogs 

causes a variety of neurological symptoms including encephalitis and ascending paralysis, often 

resulting in death [33, 34]. The known intermediate host range of N. caninum is more restricted 

than that of T. gondii, and consists of dogs, cattle, water buffalo, sheep, goats, and horses [34-

39]. With the exception of dogs and horses, all of these intermediate hosts are members of the 

Bovidae family. N. caninum causes abortion in cattle [40, 41], much like T. gondii infection in 

sheep or goats. Unlike T. gondii, and similar to H. hammondi, there is no evidence that N. 

caninum infects humans [42], however as with H. hammondi the antigenic similarity between T. 

gondii and N. caninum makes it difficult to rule out the possibility of N. caninum infections in 

humans [43]. 
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These overlapping, yet distinct host ranges for T. gondii, H. hammondi, and N. caninum 

have been observed for quite some time (see Table 1), yet the genes (both parasite and host) 

responsible for these differences remain unknown. It should also be noted that while all the host 

range of these parasites overlap, the pathologies and host response in overlapping intermediate 

hosts are not always the same.   

 

Table 1. A summary of the known host range and virulence properties of T. gondii and the closely related 

species H. hammondi and N. caninum 

 Toxoplasma gondii H. hammondi N.  caninum 

Type I Type II Type III 

Definitive host  Felids  Felids Canids 

Intermediate host 
range 

 Mammals, birds  Rodents Bovids, horses 

Disease associated 
with infection in 
intermediate hosts? 

 Yes  No Yes 

Transmission 
dynamics between 
hosts 

                           

Infects humans?  Yes  Unlikely Unlikely 

Disease associated 
with human 
infection? 

 Yes  Unlikely Unlikely 

Virulence phenotype 
in mice 

LD100 = 1 LD50 = 102-104 LD50 = 105-106 Avirulent Avirulent 
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1.1.4 Non-rodent experimental models 

Since both T. gondii and N. caninum can cause spontaneous abortion in livestock, experimental 

infections of sheep, goats, and cattle have been used to understand the pathology and modes of 

transmission of these parasites. Rodent models have also been developed to study infection, 

dissemination and transmission of T. gondii, H. hammondi and N. caninum and will be discussed 

in the next section. 

1.1.4.1 Cattle  The prevalence of T. gondii versus N. caninum infection in cattle is variable by 

region or herd. In some areas, such as Southern Vietnam and Western Thailand, T. gondii is 

more prevalent than N. caninum [44, 45], however in Southern China the prevalence of N. 

caninum infection is slightly higher than that of T. gondii [46]. Natural infection of cattle by T. 

gondii does occur [47, 48], but is not associated with abortion [49]. Experimental infection 

suggests that there is a low rate of abortion in cattle upon T. gondii infection [50], and that this 

rate increases with T. gondii strains that are typically more virulent in mice [51]. Surveys of 

aborted calves show a strong association with N. caninum infection, but no association with T. 

gondii infection [52], and herds with high abortion rates tend to have a high rate of N. caninum 

infection [53]. Experimental infection of pregnant cattle shows that N. caninum infection during 

early gestation is likely to cause abortion [54], however virulence among isolates does vary, and 

less virulent isolates do not appear to cause abortion [55]. While some earlier studies suggested 

that infection late during pregnancy facilitates vertical transmission, but does not cause abortion 

[56], more recent studies show that infection with N. caninum late in gestation can cause 

abortion [57]. There have also been conflicting studies suggesting that horizontal transfer of N. 

caninum infection and abortion does not occur in subsequent pregnancies after initial infection 
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[58], while other studies suggest that chronic infection can lead to recurrent abortions [59]. 

Clearly more experimental work is needed to clarify these conflicting data, and to take into 

account both the genetics of the parasite and the host.  Experimental infections of cattle reveal 

that N. caninum disseminates to a variety of tissues including the heart, lung, kidney, skeletal 

muscle, and perhaps most importantly the brain [43]. In fact, in one study they detected N. 

caninum in the brain and spinal cord, but in no other surveyed location, including the 

gastrointestinal tract, liver, kidney, heart, lung, and skeletal muscle [60].  

The genetic differences between T. gondii and N. caninum responsible for the differences 

in virulence in a bovine host have not yet been identified. It is interesting to note that N. caninum 

appears more virulent in cattle than T. gondii, whereas in most other shared intermediate hosts it 

appears that T. gondii is more virulent than N. caninum.  This could be due to the fact that cattle 

are the natural, and most common, intermediate host for N. caninum and it has evolved 

specialized methods for evading the bovine immune response. Further studies are required in 

order to determine why N. caninum is so successful in the bovine host, whereas T. gondii is not. 

1.1.4.2 Sheep  Surveys of the prevalence of N. caninum and T. gondii in sheep herds show a 

significantly higher proportion of sheep infected with T. gondii than N. caninum [61-64]. A 

combination of serological studies and experimental infections demonstrate the ability of both T. 

gondii and N. caninum to cause abortion in sheep, particularly when infected during early 

pregnancy [65-69]. There is also experimental evidence that both T. gondii and N. caninum cause 

recurrent abortions in chronically infected ewes [70, 71]. Histological studies of aborted fetuses, 

weak lambs, congenitally infected healthy lambs, and experimentally infected ewes show that T. 

gondii and N. caninum dissemination patterns are quite similar [6, 65-67, 72]. Aborted T. gondii-

infected fetuses have lesions primarily in the brain, with some specificity for regions such as the 
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optic tract and rostral margin of the pons [72]. Experimental infection in male sheep (rams) has 

shown that T. gondii does infect the male reproductive organs [73], and T. gondii infection can 

be sexually transmitted from infected rams to uninfected ewes [74, 75], but this has not been 

examined with N. caninum infection.  

Taken together this suggests that although seroprevelence of T. gondii is higher than that 

of N. caninum in domestic sheep, both species are successful parasites of sheep and clearly cause 

similar pathology. This is in stark contrast to experimental infection in cattle, (described above), 

where N. caninum is clearly much more virulent than T. gondii.  

1.1.4.3 Goats The seroprevalence of T. gondii infection in goats is generally much higher than 

that of N. caninum [76-78]. Surveys of aborted goat fetuses suggest that T. gondii infection 

contributes to a number of these abortions [79, 80], and experimental infection confirms that T. 

gondii is capable of causing abortions in goats [81, 82]. There are very few studies examining N. 

caninum infection in goats, compared to the number of studies done in sheep and cattle. 

Experimental infection of pygmy goats during pregnancy suggests that N. caninum infection in 

goats does cause abortion when infection occurs early during gestation, and that abortion in these 

goats does not recur with subsequent pregnancies [83]. As with infection in sheep, T. gondii does 

infect the male reproductive organs [84], and infection can be sexually transmitted [85]. 

As with cattle and sheep, the genetics underlying the pathology differences between N. 

caninum and T. gondii in goats are not known. Additional studies in each of these intermediate 

hosts with genetically engineered parasites may help to uncover the genes responsible for both 

similarities, and differences in host range and host response in T. gondii and N. caninum. 
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1.1.5 Rodent models of infection and disease 

Several rodent models have been developed for studying T. gondii, N. caninum, and H. 

hammondi infections. These are particularly relevant as rodents are a natural intermediate host 

for both T. gondii and H. hammondi, and likely play an important role in the evolutionary history 

of these parasites.  

Multiple mouse strains have been utilized in developing models of T. gondii infection, 

including both outbred (CD-1) and inbred (Balb/c; CBA/J, C57BL6) mouse strains [86, 87], and 

most recently, the house mouse [88]. Pregnant mouse models have also been developed to better 

understand why T. gondii infection causes abortion [7, 89-91]. Mice infected with T. gondii have 

enlarged spleens and lymph nodes, caused in part by an increase in mononuclear phagocytes and 

CD8+ T-cells, which produce Interferon-γ (IFN-γ) [92]. Production of innate immune effectors 

such as Interleukin-12 (IL-12) and IFN-γ increases shortly after infection, and is required for 

host survival and control of parasite growth [91, 93, 94]. Immune-compromised mice (lacking 

both B cells and T cells) that have a larger population of Natural Killer cells, and are therefore 

able to produce higher levels of IFN-γ, have a lower parasite burden [89], once again providing 

evidence that IFN-γ production is essential for mouse survival following T. gondii infection. 

Neutralization of IFN-γ increases parasite burden in these mice, but decreases transmission of T. 

gondii infection to offspring [89]. Symptoms of acute infection by T. gondii generally decrease 

after several weeks, when the adaptive immune system has had time to respond and produce 

antibodies and effector cells to combat T. gondii [7].  

The population structure of T. gondii isolates has been studied extensively in an effort to 

better understand parasite virulence and host interaction. The majority of North American and 

European T. gondii isolates can be grouped into three main linages that vary in virulence, as well 
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as host responses [95, 96]. T. gondii strains exhibit a broad range of virulence in mice, with the 

most virulent type I stains being capable of killing a mouse after infection with a single parasite 

[96, 97]. Less virulent type II and type III strains of T. gondii have 50% lethal doses of greater 

than 103 and 105 parasites, respectively [97]. Some “atypical” T. gondii strains from South 

America, which do not belong to any of the three major linages, have also been shown to be 

highly virulent in mice [98]. Comparisons of these strains and differences in host-response 

following infection have facilitated the discovery of many parasite factors responsible for 

virulence and/or interaction with the host, including rhoptry proteins 5, 16 and 18 (ROPs) [96, 

99-105] and dense granule proteins 15, 24, 25 and MAF1 [106-109]. 

In general, immunocompetent mice experimentally infected by intraperitoneal injection 

of N. caninum tachyzoites exhibit no signs of disease; however, immunosuppression of mice 

using methylprenicolone acetate (MPA) results in a range of neurological symptoms, from a 

slight head tilt to paralysis and death, depending on the dose of immunosuppressant [110]. It also 

appears that subcutaneous injection of tachyzoites in inbred Balb/c mice results in a number of 

neurological symptoms without the use of MPA immunosuppression [111]. IFN-γ-deficient 

mice, as well as mice lacking Toll-like receptor 4 (TLR-4) and a functional IL-12 receptor, are 

also susceptible to N. caninum infection by intraperitoneal injection of tachyzoites [112-115]. In 

these mice, parasites can be found in the pancreas, liver, lung, intestine, heart, and brain, while 

parasites are not detectable in these organs in immunocompetent mice [115]. Infection of 

dendritic cells is likely important for the dissemination of N. caninum within the host, as 

adoptive transfer of N. caninum-infected dendritic cells increases parasite load as well as vertical 

transmission in pregnant mice [116]. Since head-to-head comparisons between T. gondii and N. 

caninum have not been conducted in mice, we tagged N. caninum strain NC-1 [34] with 
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luciferase and compared its proliferation in vivo to a highly avirulent strain of T. gondii, S1T.  

S1T is an F1 progeny clone derived from a cross between a T. gondii type II and type III strain, 

and contains avirulent alleles of all five identified T. gondii virulence factors [117, 118]. Mice 

eventually control parasite proliferation and are able to survive infection with up to 1x106 

tachyzoites of this parasite clone.  Both species proliferate at a similar rate during the first 20 

hours post-infection, but then N. caninum is rapidly controlled while T. gondii S1T continues to 

proliferate (Figure 1-2).  This suggests that the inability of N. caninum to be virulent in wild type 

mice does not have to do with an inability to replicate within mouse cells in vivo, but rather an 

inability to disrupt host innate immune defenses that rapidly control this parasite.  It will be 

interesting in future studies to compare host responses to these two species during the early 

stages of infection.  

Given this attenuated phenotype in mice, several genetically altered mouse models have 

been developed for N. caninum infection with tachyzoites (described above).  However even 

IFN-γ knockout mice are not susceptible to oral infection by N. caninum oocysts [119]. Because 

of this, a gerbil (Meriones unguiculatus) model of infection has been developed, as gerbils are 

highly susceptible to oral infection with oocysts by N. caninum [120].  

Similar to T. gondii, virulence differs among N. caninum isolates, which has been 

revealed by a number of comparisons [111, 121, 122]. The NC-Liverpool strain, isolated from 

the brain tissue of a young dog euthanized after presenting with severe neurological symptoms, 

is a more pathogenic strain than the NC-SweB1 strain, isolated from a stillborn calf [121]. NC-

Nowra, isolated from a congenitally infected calf, is also less pathogenic than LC-Liverpool, but 

does cause some disease in a small portion of infected mice [123]. NC-1 and NC-3 were both 

isolated from the tissues of congenitally infected dogs, and NC-1 is much more pathogenic than 
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NC-3 [111]. No studies have been done to compare the pathogenicity of all N. caninum isolates, 

however these studies suggest a wide range in ability to cause neurological disease when injected 

subcutaneously in Balb/c mice. Genetic crosses in the definitive canine host between these 

strains with distinct phenotypes could potentially lead to the identification of the virulence 

factors responsible. However it is not known if they would be relevant to natural N. caninum 

infections since, in contrast to T. gondii, rodents do not appear to be a relevant host for N. 

caninum in the wild.   

 

 

Figure 1-2. Head-to-head comparison of luciferase-tagged N. caninum and T. gondii in mice. 

Balb/c mice (3 per strain) were intraperitoneally infected with 1 x106 tachyzoites of luciferase-tagged N. caninum 

(strain NC-1) or T. gondii (strain S1T) and in vivo bioluminescence imaging was used to quantify parasite burden 

over the first 96 hours of infection. (A) Average total flux (photons/s) indicating parasite burden over the course of 

infection. All mice survived the infection. (B) Representative images of infections quantified in (A), N. caninum is 

cleared within the first 44 hours of infection. 
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Relatively little work has been carried out in H. hammondi-infected mice, as there is 

currently no way to grow H. hammondi parasites in cell culture in order to perform the same 

types of experiments that have been done with T. gondii and N. caninum. Much of the work has 

been carried out in IFN-γ knockout mice. In parenteral infections in both wild type and IFN-γ 

knockout mice H. hammondi is benign, resulting in chronically-infected mice that show almost 

no symptoms of infection (based on behavioral responses to hyperinflammation or adverse 

neurological symptoms). However oral infections with large numbers of H. hammondi oocysts 

can cause severe disease [10] and even mortality in Swiss-Webster mice. It is important to note 

that IFN-γ KO mice that are chronically infected with H. hammondi are infective to the definitive 

host, and rodents have been found to harbor H. hammondi in the wild [10]. Given that IFN-γ is 

required for control of both T. gondii and N. caninum, it is intriguing that this cytokine is not 

required for control of H. hammondi. This could be due to as yet unidentified host innate 

immune responses, or it could be due to a hard-wired developmental program in H. hammondi 

that results in the spontaneous conversion from rapidly growing tachyzoites to slow-growing, 

encysted bradyzoites. Consistent with this latter explanation, H. hammondi-infected mice have 

orally infective tissue cysts in muscle and other non-CNS tissues in both wild type and IFN-γ KO 

mice, and multiple groups have observed the spontaneous conversion of H. hammondi 

tachyzoites to infectious cysts during cultivation in vitro [10, 124]. Further analyses will be 

necessary to more fully characterize the differences in parasite development between H. 

hammondi and particularly T. gondii. Regardless of the root cause, overall the existing work on 

H. hammondi indicates that it is unique compared to both T. gondii and N. caninum in terms of 

its behavior in immune-deficient mice.  
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1.2 PATHOGEN MANIPULATION OF HOST MITOCHONDRIA 

Mitochondria are traditionally considered the powerhouses of the cell, due largely to the fact that 

they are a major site of ATP synthesis in many eukaryotes. However, it is becoming increasingly 

clear that mitochondria are also responsible for a wide variety of other cellular functions, 

including calcium homeostasis, regulation of apoptosis, and immune signaling [125-127]. Not 

surprisingly, a number of intracellular pathogens, including T. gondii, have been found to 

manipulate mitochondria localization and function.  

1.2.1 Viral manipulations of mitochondrial function 

There is a growing body of literature exploring viral manipulation of mitochondria and their 

many functions. Viruses have been found to manipulate various mitochondrial functions from 

calcium (Ca2+) homeostasis to antiviral signaling. For example herpes simplex virus 1 (HSV-1) 

reduces mitochondrial uptake of Ca2+ [128]. Several hepatitis C virus (HCV) proteins also alter 

Ca2+ homeostasis in different ways at different stages of HCV infection. The core protein 

increases mitochondrial uptake of Ca2+, which in turn increases the production of Ca2+-dependent 

reactive oxygen species (ROS) [129]. The HCV p7 protein localizes to the mitochondria and 

increases Ca2+ flux from the mitochondria to the cytoplasm [130].  

 Viruses can either inhibit or promote mitochondria-mediated apoptotic signaling, often 

through the use of virally encoded B cell lymphoma-2 (Bcl-2) family proteins. Epstein-Barr virus 

(EBV) encodes at least two Bcl-2 homologs, both of which suppress apoptosis by associating 

with pro-apoptotic factors in order to inhibit apoptotic signaling [131, 132].  Hepatitis B virus 
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(HBV) encodes protein X, a pro-apoptotic Bcl-2 homolog that localizes to the mitochondria, 

alters mitochondrial membrane potential, and induces apoptosis [133, 134]. 

In addition to apoptotic signaling, viruses can also inhibit mitochondrial antiviral 

signaling (MAVS). Both HCV and GB virus B (GBV-B) encode NS3/4A proteins that cleave 

MAVS proteins from the outer mitochondrial membrane thus inhibiting the ability to induce 

interferon signaling [135-137]. Alterations of MAVS, as well as apoptotic signaling and other 

mitochondrial functions, allow viruses to increase host cell survival allowing the virus more time 

to replicate and increasing virus survival. 

1.2.2 Bacterial manipulations of mitochondrial function 

Intracellular bacteria also alter host mitochondrial localization, structure, and function. The 

causative agent of Legionnaires’ disease, Legionella pneumophila, is a rod shaped, aerobic, 

intracellular bacterium that replicates inside a Legionella-containing vacuole (LCV), and recruits 

host ER-derived vesicles and mitochondria to the LCV [138]. It has also been found that L. 

pneumophila infection induces apoptosis via the mitochondrial death signaling pathway, which 

can be blocked by overexpression of the anti-apoptotic Bcl-2 [139]. Several proteins secreted by 

L. pneumophila via the Dot/Icm secretion system have been shown to activate caspase 3, 

resulting in apoptosis via the mitochondrial death signaling pathway [140]. However, whether 

any of these proteins are responsible for the recruitment of host mitochondria, or if recruitment 

of host mitochondria and apoptosis are connected remains to be determined. 

 Several species of Chlamydia also associate with host mitochondria [141, 142]. 

Interestingly, Chlamydia trachomatis and Chlamydia pneumoniae, both of which do not 

associate with host mitochondria [141], inhibit apoptosis of infected cells at a step within the 
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mitochondrial death signaling pathway [143]. This suggests that association with host 

mitochondria is not necessary for manipulation of host mitochondrial function during Chlamydia 

infection. The biological impact of association with host mitochondria remains unknown for 

Chlamydia species that do associate with mitochondria, in part because the factor responsible for 

this association remains unknown. 

1.2.3 Association of host mitochondria with T. gondii 

Following invasion of a host cell, the parasitophorous vacuole membrane (PVM) surrounding 

intracellular T. gondii associates with the host mitochondria. While host mitochondrial 

association (HMA) with the PVM of intracellular T. gondii has been observed for decades, the 

parasite gene responsible for this phenotype has only recently been discovered. The 

identification of the parasite protein mitochondrial association factor 1 (MAF1; [106]) provides 

the opportunity to use comparative analyses of T. gondii strains differing only in their expression 

of MAF1, and therefore HMA, in order to determine the functional impact of HMA. Initial 

studies suggest that MAF1-mediated HMA may alter the host innate immune response [106], 

however how HMA evolved, the molecular mechanism of HMA, and the in vivo impact of HMA 

on T. gondii biology remain largely unknown. 

1.3 GENE DUPLICATION AND DIVERSIFICATION 

How species evolve new and diverse traits is a long-standing question in the world of 

evolutionary biology. One way by which new traits arise within a population is gene duplication 
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followed by functional divergence. Gene duplication can occur by several different mechanisms, 

resulting in two or more copies of the same gene, which are then considered paralogs of one 

another. The outcome of these duplication events depends on the evolutionary pressures on the 

population, as well as the cost or benefit of having an extra copy of the original gene. 

1.3.1 Gene duplication 

There are several molecular mechanisms by which a single copy of one or more genes can 

become duplicated within a genome. Polyploidization, or the segregation of two or more 

genomes into a single nucleus, results in whole genome duplication (WGD) [144]. WGD has 

occurred in the evolutionary history of a large variety of organisms from yeast [145] to 

vertebrates [146], although it is most commonly studied in flowering plants due their high 

incidence of polyploidy [147]. While large-scale duplication events, such as WGD, provide a 

large amount of genetic material for subsequent diversification or adaptation, gene duplication 

also occurs on smaller scales. 

Smaller scale gene duplication events include retroposition and unequal crossing over. 

Retroposition occurs when RNA is reverse transcribed into DNA and then inserted into the 

genome [148]. Genes duplicated by retroposition can be found throughout a genome, and are 

marked by a lack of introns and remnants of flanking direct repeats. Unequal crossing over 

during DNA replication can result in the duplication of one or more genes in tandem [149, 150]. 

This can occur between homologous chromosomes during meiosis, when sections of the 

maternal and paternal chromosomes are exchanged unequally. This results in daughter cells with 

copy number variation (CNV) of one or more genes depending on the length of DNA involved in 

the unequal crossover event.  
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Duplicated genes have been identified in T. gondii, and in fact the most potent virulence 

factor during infections in mice is coded for by the tandemly duplicated rhoptry protein 5 

(ROP5) gene [102]. Perhaps even more interestingly, the subset of genes that are duplicated in T. 

gondii are distinctly different from the subset of genes duplicated in N. caninum and H. 

hammondi [151], suggesting that duplicated genes may account for phenotypic differences 

between these species.   

1.3.2 Functional divergence 

Following duplication events, there are a number of possible outcomes for the paralogs. It is 

likely that the majority of gene duplication events are lost within populations, unless by some 

selective advantage, or perhaps random chance, the duplicated gene rises in frequency within the 

population. If having two or more copies of the same gene provides sufficient selective 

advantage due to increased expression of that gene, the paralogs can be maintained within the 

genome without acquiring new functions [148, 152].  Alternatively, a number of proposed 

outcomes following gene duplication fall within the category of functional divergence, where 

paralogs accumulate mutations rendering them functionally distinct from one another. 

There are three proposed categories of functional divergence following a gene 

duplication event: nonfunctionalization, subfunctionalization, and neofunctionalization. 

Nonfunctionalization occurs when a paralog accumulates mutations rendering the gene 

nonfunctional, and is the most common outcome of gene duplication events [153]. Gene 

duplicates can also undergo subfunctionalization, where the two or more paralogs partition the 

functions of the ancestral single copy gene. This is often achieved by complementary 

degenerative mutations, where one copy loses function A and the other copy loses function B, so 
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that the organism must now retain both copies in order to be viable [154]. For example, the 

Zebrafish (Danio rerio) engrailed-1 paralogs, eng1 and eng1b, are expressed in different tissues 

during embryonic development; eng1 is expressed in the pectoral appendage bud, and eng1b is 

expressed in specific neurons in the hindbrain and spinal cord [154]. Vertebrates with only one 

copy of eng1, including the mouse (Mus musculus) and chicken (Gallus gallus), express eng1 in 

both the pectoral appendage bud and specific neurons in the hindbrain and spinal cord [154]. 

These data suggest that following duplication of an ancestral eng1, D. rerio eng1 lost neuronal 

expression while retaining pectoral limb bud expression, and D. rerio eng1b lost pectoral limb 

bud expression while maintaining neuronal expression. This supports the hypothesis that gene 

duplicates can be maintained within a genome by edegenerative mutation [154]. 

Neofunctionalization occurs when a paralog obtains a new function distinct from any 

function associated with the ancestral copy of the gene. There are an increasing number of 

examples of neofunctionization in the literature. A recently discovered example of 

neofuncitonalization is the avoidance of freezing in Antarctic notothenioid fish eggs. The eggs of 

Antarctic notothenioid fishes avoid freezing through the expression of an expanded repertoire of 

zona pellucida proteins (ZPs), which form a protective matrix around the egg [155]. Antarctic 

and sub-Antarctic species of notothenioid fishes have more copies of several families of ZPs 

compared to temperate species, which are able to lower the melting point of ice crystals [155]. 

This suggests that duplicated ZPs acquired the ability to protect eggs from freezing. 

We have recently found evidence that the HMA phenotype observed in T. gondii is a 

result of neofunctionalization of a duplicated gene. Chapter 2 will discuss the evidence for 

neofunctionalization of the MAF1 gene in T. gondii, as well as the selective advantage that led to 

the fixation of this gene in parasite populations. In Chapter 3, I will present mutational analysis 
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of the MAF1 protein using comparative functional and crystallographic data to select residues 

that may be important for association with host mitochondria. Chapter 4 will discuss the impact 

of MAF expression during the chronic stages of T. gondii infection, including alterations in the 

host immune response and the number of tissue cysts in the brains of chronically infected mice. 

Together, this dissertation provides a clear example of neofunctionalization in Apicomplexan 

parasites, and fills a gap in understanding why T. gondii associates with host mitochondria. 
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2.0  THE IMPACT OF TGMAF1 DUPLICATION AND DIVERSIFICATION ON 

HOST MITOCHONDRIAL ASSOCIATION IN TOXOPLASMA GONDII AND CLOSELY 

RELATED SPECIES 

2.1 INTRODUCTION 

Gene duplication and subsequent divergence is one method by which new phenotypes evolve, 

while still maintaining ancestral phenotypes. This is a process known as neofunctionalization, 

whereby a gene duplicate accumulates mutations, ultimately acquiring a new function. Here we 

present evidence for the occurrence of neofunctionalization in the ancestor of Toxoplasma gondii 

and Hammondia hammondi, resulting in the host mitochondrial association (HMA) phenotype.  

The parasite protein responsible for HMA with the parasitophorous vacuole (PV) 

membrane in T. gondii has recently been identified and has been dubbed mitochondrial 

association factor 1 (MAF1; [106]). In this study we show that the MAF1 gene is duplicated, and 

has undergone diversification in T. gondii and H. hammondi compared to another close relative 

Neospora caninum. Diverse copies of MAF1 are differentially expressed across T. gondii strains, 

and the expression of isoforms containing a proline/serine motif correlates with the HMA 

phenotype. Functional studies of diverse MAF1 isoforms cloned from T. gondii and H. 

hammondi reveal differences in the ability of isoforms to mediate HMA, and both T. gondii and 

H. hammondi harbor copies of MAF1 able to mediate HMA. Additionally, expression of an 
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HMA-competent copy of MAF1 in a T. gondii strain that does not normally exhibit HMA 

provides a competitive advantage within a mixed population compared to the wildtype HMA 

negative parasites in vivo. Taken together, these data provide evidence for neofunctionalization 

of an ancestral MAF1 duplicate in the common ancestor of T. gondii and H. hammondi resulting 

the in the HMA phenotype, and provides evidence for the selective pressure that lead to the 

fixation of the new MAF1 gene in T. gondii populations. 

2.2 RESULTS 

2.2.1 MAF1 is uniquely expanded in T. gondii and exhibits inter- and intra-lineage copy-

number variation 

We previously reported that MAF1 is a multicopy locus in T. gondii, and based on 

sequence read coverage exhibits strain-specific copy-number variation between representatives 

of the canonical T. gondii lineages (Types I, II and III: GT1, ME49 and VEG; [106, 151]). We 

have extended these copy number analyses to 5 additional T. gondii clonotypes outside of the 3 

major lineages and also find that MAF1 is similarly expanded in these strains (Figure 2-1). 

Similar to Types I, II and III, there is significant copy number variation between strains at this 

locus, ranging from an estimated 8-10 copies for MAS to 4-6 copies for P89, FOU, VAND and 

RUB (Figure 2-1). While these data provide only an estimate of copy number differences 

between strains, they do confirm that the multi-copy state of the MAF1 locus is conserved across 

highly diverse T. gondii isolates.   
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To further confirm differential expansion of the MAF1 locus in T. gondii and to identify 

differences in MAF1 copy number between them, we performed high molecular weight Southern 

blot analysis of the MAF1 locus in 6 T. gondii strains. These strains comprised 2 each from the 

Type I (GT1, RH), Type II (ME49, PRU) and Type III (VEG, CTG) lineages. Genomic DNA for 

each strain was digested with ScaI, which cuts on either side of the entire locus but not within, 

allowing for locus size (and therefore copy number) to be estimated (Figure 2-2; [102, 151]). 

Sequence coverage analysis shows higher copy number for GT1 compared to ME49 and VEG 

(Figure 2-1), and the Southern blot was consistent with this observation: GT1 has the largest 

MAF1 locus (~44.9 Kb), while the MAF1 loci in ME49 and VEG were smaller (28.4 Kb; Figure 

2-2B). No other bands were visible on the blot (which resolved fragments ranging in size from 

4.9 Kb to 53.9 Kb), indicating that the entire locus was intact for all strains. Moreover, the ScaI 

sites flanking the expanded locus were conserved in all 6 strains tested (Figure 2-3), indicating 

these differences are not due to mutations within the flanking sequences. 

Based on the size of the MAF1 repeat unit (3612 bp) and the known size of the regions 

between the locus and the ScaI sites (see Figure 2-2A), we estimate that there are 6 copies of 

MAF1 in GT1, 4 in RH, ME49, PRU and VEG, and 2 in CTG. MAF1 exhibits copy number 

variation within members of the same clonal lineage (i.e., GT1 vs. RH and VEG vs. CTG), 

suggesting that expanded loci change more rapidly in size and copy number compared to the 

single nucleotide polymorphism rate at single-copy loci, similar to what we have observed 

previously at other expanded loci in T. gondii [151].  

We also performed copy number analysis of the MAF1 loci in both H. hammondi and N. 

caninum, two relatives of T. gondii with distinct virulence and host range phenotypes [10, 156]. 

For H. hammondi, copy number analysis suggested the presence of 2 copies of MAF1, which is 
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consistent with the presence of two predicted MAF1 paralogs in the H. hammondi genome 

(HHA_220950 and HHA_279100). For N. caninum, we predicted the existence of 1 to 2 copies 

of MAF1 (Liverpool strain; Figure 2-1; www.toxodb.org). In version 10.0 of the N. caninum 

genome there is only a single predicted MAF1 ortholog (NCLIV_004730). 

 

 

Figure 2-1. The MAF1 locus exhibits copy number variation across strains of T. gondii and has comparatively 

low copy number in H. hammondi and N. caninum.  

Coverage depth analysis for the MAF1 locus in 8 T. gondii strain types and for the syntenic locus in H. hammondi 

and N. caninum. T. gondii sequences are from ToxoDB v7.3. Portions of the upper left panel of this figure were 

similarly represented in Pernas et al, 2014. Raw reads were plotted as described in Materials and Methods, and 

normalized to the coverage 20 Kb upstream of the repetitive locus. Arrowheads indicate the location of predicted 

http://www.toxodb.org/
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gene sequences based on ToxoDB (v7.3 for T. gondii; v26 for all other species). Asterisks indicate smaller repetitive 

sequence unrelated to MAF1 (see Chapter 6: Materials and Methods for further explanation). 

 

 

 

 

Figure 2-2. The MAF1 locus exhibits copy number variation between T. gondii strains within and between 

strain types.  

(A) Schematic representation of the MAF1 locus showing ScaI restrictions sites outside of the locus, the size of the 

regions flanking the MAF1 locus, and the size of the repeat unit used to estimate copy number based on Southern 

blotting. The most relevant T. gondii ME49 gene name is indicated (from ToxoDB v7.3), although it does not fully 

match the sequenced paralogs. (B) ScaI-digested gDNA from each of 6 T. gondii strains was resolved by PFGE and 

probed with a MAF1-specific probe. The blot shows copy-number variation consistent with predictions from 

sequence coverage analysis for strain types GT1, ME49 and VEG. Copy-number for each strain was determined 

based on the schematic presented in (A). 
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Figure 2-3. ScaI sites are conserved among T. gondii strains used in Southern blot analysis.  

A) Schematic representation of the MAF1 locus showing ScaI restrictions sites used to determine locus size. a, b, c 

and d represent primers used to verify location of the ScaI restriction sites. The most relevant T. gondii ME49 gene 

name is indicated (from ToxoDB v7.3), although it does not fully match the sequenced paralogs. B) A PCR-based 

diagnostic digest was performed to confirm that the ScaI sites were present at the same predicted locations in all 

strains queried. 
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2.2.2 MAF1 paralogs are uniquely divergent and under diversifying selection in T. gondii 

To further characterize the MAF1 locus across strains and species, we sequenced 6 PCR-derived 

MAF1 clones from each of 3 representative strains from the Type I (RH), II (ME49) and III 

(CTG) T. gondii lineages, 13 clones from H. hammondi HhCatGer041, and 10 clones from N. 

caninum strain NC-1 [157]. We found that in T. gondii the MAF1 locus harbors multiple diverse 

paralogs of the MAF1 gene, indicating that the locus has both amplified and diversified. 

Importantly, all cloned T. gondii MAF1 paralogs were distinct from those found in existing 

annotation datasets for the T. gondii genome, including the putative MAF1 paralogs 

TGME49_020950 and TGME49_220950 (Figure 2-4B). Therefore we have resorted to a new 

nomenclature that can be found in Figure 2-4B. In addition to a putative signal peptide, each 

paralog is predicted to encode a single transmembrane domain located in the N-terminal region 

(Figure 2-4A). The most significant distinguishing feature across the sequenced MAF1 paralogs 

is the presence or absence of a repetitive stretch of 4-7 prolines followed by a serine (P{4:7}S), 

as well as the amino acids surrounding the proline motif (~20 N-terminal to the motif and ~10 C-

terminal to the motif). Importantly, the MAF1 paralog that was shown previously to complement 

the host mitochondrial association phenotype in Type II T. gondii (TgMAF1RHb1) also harbors 

this P{4:7}S motif [106]. This motif is either completely missing or repeated up to 6 times 

depending on the paralog (Figures 2-4B and 2-5). 

For RH, 5 of the 6 sequenced clones contain the P{4:7}S motif, while all 6 CTG clones, 

which represent only 2 unique coding sequences, have some form of the repeat motif.  

Interestingly, of the 6 clones sequenced from ME49, 3 are pseudogenes with premature stop 

codons, and all 3 of these clones are predicted to encode MAF1 paralogs with the P{4:7}S motif.  

Of the remaining 3 clones, 2 harbored the P{4:7}S motif while the other did not. Based on amino 
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acid identity of 15 non-pseudogenized genes from RH, ME49 and CTG we identified a total of 8 

unique coding sequences (4 for RH, 2 for ME49 and 2 for CTG). However there is also 

significant variation across these sequences outside of the P{4:7}S motif. We calculated pairwise 

dN/dS ratios for all unique T. gondii paralogs, and find significantly higher dN/dS ratios in 

TgMAF1RHb3 when compared to other RH paralogs as well as those from ME49 and CTG 

(P<0.05; Figure 2-4C). While not significant (P>0.05), TgMAF1ME49b1 also shows a higher 

dN/dS ratio when compared to TgMAF1RHb1 and b2 (Figure 2-4C). Because the dN/dS ratio is 

strongly influenced by the value of dS [158], we also report the Ka/Ks values (Table 2) and the 

individual Ks values (Table 3) for these comparisons. Ka/Ks values were calculated pairwise 

using Kimuras two parameter model [159], and are similar to the dN/dS values as expected. Ks 

values for all comparisons ranged from 0.003 to 0.010. 

When we sequenced 13 distinct clones for the H. hammondi MAF1 locus, we identified 

only 2 distinct sequences. One contained a stretch of 23 prolines in the same region as the 

P{4:7}S motif in T. gondii MAF1 paralogs (Figures 2-4B and 2-5; as found in HHA_220950), 

and the other lacked this proline-rich region (Figures 2-4B and 2-5; similar to HHA_279100).  

This suggests that, consistent with the sequence coverage analysis and genome annotations, the 

MAF1 locus harbors only 2 paralogs in H. hammondi, but that these paralogs also differ in the 

presence or absence of a proline-rich motif. Finally based on the current genome assembly and 

direct sequencing of 10 clones, the sole N. caninum MAF1 paralog (NCLIV_004730) is more 

similar to the T. gondii and H. hammondi MAF1 paralogs that do not have a proline-rich region 

(Figure 2-4B). A maximum likelihood tree of amino acid sequences for all unique MAF1 

paralogs from T. gondii, H. hammondi and N. caninum is shown in Figure 2-4B and illustrates 

these relationships.  
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Given this diversity of sequences both within and between species we have named the 

identified MAF1 paralogs and deposited them in Genbank. As shown in Figure 2-4B, based on 

sequence similarity MAF1 has two major groups, and we have dubbed these “a” and “b”, and all 

of the “a” paralogs lack the P{4:7}S motif. For the “b” paralogs we identified 2 sequences 

without the P{4:7}S motif and have named these “b0”, and then named all other MAF1 paralogs 

with the P{4:7}S motif as b1, b2, etc. (Figure 2-4B). We feel this nomenclature accurately 

reflects the relationships between the various sequences in terms of broad groupings as well as 

the presence or absence of the P{4:7}S motif. From this point onward when we use “MAF1” 

without further indication of paralog, it is because the exact paralog is unknown or the statement 

applies to all known paralogs. Paralogs belonging to the “a” subfamily are most closely related to 

TGME49_279100, and the “b” subfamily is related to TGME49_020950 (www.toxodb.org). All 

MAF1 paralogs are located in tandem on chromosome II as shown in Figure 2-2, and the locus 

was previously identified as Expanded Locus 4 (EL4;[151]). Individual paralog numbers vary by 

strain; identified paralogs are named in Figure 2-4B.  We do not assert that this represents the 

full complement of MAF1 paralogs from all queried strains.  Indeed, further analysis of 

sequences and genomic sequence reads from the strains of interest will be necessary to determine 

this. 

http://www.toxodb.org/
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Figure 2-4. The T. gondii and H. hammondi MAF1 loci harbor two distinct isoforms while only one isoform is 

present in N. caninum.  

(A) Schematic representation of the predicted MAF1 protein.  The signal peptide (SP) was predicted using SignalP 

v4.0 and the putative transmembrane domain (TM) was predicted by TMHMM v2.0.  The proline-rich region (Pro-

Rich) stretches from AA152-164 of TgMAF1RHb1 and is not found within all MAF1 paralogs (e.g., TgMAF1RHa1, 

a2). (B) Phylogram of either cloned MAF1 amino acid sequences from T. gondii, H. hammondi and N. caninum, or 
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those downloaded directly from ToxoDB (with TG Gene numbers).  Cloned sequences of all of the “b” paralogs 

from T. gondii did not match any predicted gene models in ToxoDB in terms of predicted coding region length and 

were left out of the analysis. Paralog family is indicated at the end of each name (e.g., “a1”, “b1”, “b2”, etc.)  (C)  

dN/dS ratio calculations for all T. gondii “b” MAF1 paralogs, including b0.  (*) indicates significant evidence for 

diversifying selection for that particular paralog comparison (P<0.05).   

  

Table 2. KaKs values for T. gondii "b" paralogs including b0 

 RHb3 RHb1 RHb2 RHb0 Me49b1 Me49b0 CTGb1 CTGb2 

RHb3         

RHb1 2.696        

Rhb2 2.696 infinity       

RHb0 0.909 0.908 0.908      

Me49b1 1.365 1.363 1.363 0.918     

Me48b0 0.906 0.905 0.905 0.914 0.915    

CTGb1 1.356 1.354 1.354 0.911 0.915 0.908   

CTGb2 0.609 0.910 0.910 0.919 0.920 0.916 0.913  

 

Table 3. Ks values for T. gondii "b" paralogs including b0 

 RHb3 RHb1 RHb2 RHb0 Me49b1 Me49b0 CTGb1 CTGb2 

RHb3         

RHb1 0.003        

Rhb2 0.003 0       

RHb0 0.009 0.009 0.009      

Me49b1 0.006 0.006 0.006 0.009     

Me48b0 0.009 0.009 0.009 0.009 0.009    

CTGb1 0.006 0.006 0.006 0.006 0.006 0.010   

CTGb2 0.009 0.010 0.010 0.009 0.010 0.009 0.010  



33 

 

Figure 2-5. Alignment of select MAF1 sequences from T. gondii, H. hammondi, and N. caninum.  
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Alignments were performed using CLUSTAL-Omega, and visualized using JalView. Residues are colored by 

percent identity. Sequences in bold were used in complementation experiments in the present study. Portions of 

proteins used as antigens for antibody production are indicated by red (TgMAF1RHb1) and black (TgMAF1RHa1) 

boxes. 

2.2.3 MAF1a and MAF1b gene families have distinct inter-strain transcriptional profiles 

We reported previously that MAF1 transcript levels were of lower abundance in a type II T. 

gondii strain (ME49) compared to Types I and III (RH and CTG, respectively;[106, 160]). The 

previously reported data were derived from spotted cDNA microarray experiments which would 

not distinguish transcripts for MAF1a and b paralogs. Therefore we used the sequence 

alignments shown in Figure 2-4 to determine if probes for the MAF1a and b paralog families 

could be found on the T. gondii Affymetrix array [161] and therefore could be used to assess 

paralog-specific transcript levels. MAF1a was most similar to TGME49_279100 and the MAF1b 

family was most similar to TGME49_220950, respectively (Figure 2-4B; www.toxodb.org).  

Similar to what was reported previously ([106] and Figure 2-6A), we found that MAF1b 

transcript levels were lower in Type II strains (ME49 and PRU; www.toxodb.org and Figure 2-

6A,B) compared to Type I strains (GT1 and RH) and Type III strains (CTG and VEG; Figure 2-

6A,B).  In contrast, we found that transcript levels for TGME49_279100 (MAF1a) were of 

comparatively high abundance (>90th Percentile; data not shown) across all 6 queried T. gondii 

strain types (Figure 2-6B). These data indicate that MAF1a and MAF1b have significantly 

diverged in terms of their transcript abundance in the Type II T. gondii lineage.   

 

http://www.toxodb.org/
http://www.toxodb.org/
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Figure 2-6. Transcript and protein expression analyses of MAF1a and b paralogs.  

A) Spotted cDNA microarray (which would not distinguish MAF1a from MAF1b transcript) data illustrating 

reduced MAF1a/b transcript levels in ME49 compared to RH and CTG.  Two replicates per strain type are shown.  

B) Affymetrix microarray data (derived from probes that were chosen to be unique to each gene, which therefore 

would distinguish between MAF1a and b transcript levels) illustrating similar expression of MAF1a across multiple 

T. gondii strains, and reduced MAF1b transcript levels in Type II T. gondii (Pru, ME49).  Data downloaded from.  
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C) Levels of MAF1b protein were compared among 2 strains each from the 3 predominant lineages of T. gondii 

using polyclonal antibodies against the C-terminus of TgMAF1RHb1.  Expression polymorphism of MAF1 

correlates with strain-specificity of the host mitochondrial association phenotype. SAG1 is used as a loading control. 

D) Densitometric analysis of relative levels of MAF1 in the six strains examined based on the MAF1/SAG1 

intensity ratio.  GT1 was set to 1.  E) Isolation of paralog-specific polyclonal mouse antisera against MAF1a1 and 

b1.  Three mice were exposed to purified MAF1RHb1 and 2 to purified MAF1RHa1 and used to probe blots 

containing the immunizing antigen.  All but mouse 2 had antibodies that were fully specific to the input antigen. 

2.2.4 MAF1a and MAF1b protein expression differs between T. gondii strains 

We previously demonstrated a lack of MAF1 protein expression in TgME49 compared to TgRH 

and TgCTG using a polyclonal anti-MAF1 antibody raised against the C-terminus of 

TgMAF1RHb1 [106]. Using this same antibody, we compared MAF1 protein expression in the 6 

T. gondii strains examined in the Southern blot analysis and observed MAF1b expression in the 

Type I and III strains, but did not detect any MAF1b protein in either of the Type II strains 

(Figure 2-6C,D). Additionally, we observed that MAF1b protein from both Type III strains had a 

slightly higher apparent molecular weight compared to those in the Type I strains (Figures 2-7B 

and 2-6C). This is consistent with the observation that the 2 clones of MAF1b sequenced from 

the CTG strain encode either 4 or 6 P{4:7}S repeat motifs, while the highest number of P{4:7}S 

repeat motifs in RH was 3 (Figures 2-4B and 2-5). To determine if Types I, II, and III all express 

a MAF1a isoform, we generated new polyclonal antibodies against the C-terminus of 

TgMAF1RHa1 (Ser173 to Ser443) or TgMAF1RHb1 (Thr159 to Asp435) (indicated in Figure 2-

5). We exposed 2 mice to the TgMAF1RHa1 and 3 mice to TgMAF1RHb1. Polyclonal serum 

from 4 of the 5 mice was specific for the input antigen, while 1 mouse exposed to 

TgMAF1RHb1 harbored antibodies that bound to both MAF1 paralogs (Figure 2-6E and data not 
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shown). Given the amount of similarity between the two antigens, it is likely that the epitopes 

recognized by sera from most of the mice were derived from the dissimilar regions. Additionally 

it is likely that each polyclonal serum is capable of recognizing multiple “a” or “b” paralogs. In 

Western blots against the input antigen, a higher molecular weight band is detected by all of 

these antisera in addition to the major species at the expected molecular weight (Figure 2-6E).  

The antisera recognize the higher MW band with similar specificity as the purified protein. This 

higher MW band may be a dimer of the purified protein, as it is approximately twice the size of 

the major species, can be seen upon Coomassie staining, and its quantity is reduced after longer 

boiling times of the purified protein (Figure 2-7). Using antibodies from mouse 5 for 

immunofluorescence, we detected MAF1a protein in all three strains, while once again we did 

not detect MAF1b in type II when using antibodies from mouse 1 (Figure 2-8A). We also saw a 

similar pattern of expression by Western blot (Figure 2-8B). The specificity of the MAF1b 

antiserum to MAF1b and not MAF1a was further confirmed by the fact that the MAF1b 

antiserum bound to Type II T. gondii when expressing an ectopic copy of TgMAF1RHb1 (Figure 

2-9).  These data indicate significant strain-specific variation between major clonotypes in both 

MAF1 protein level and in the qualitative nature of the paralogs that are expressed. 
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Figure 2-7. Higher molecular weight band is reduced upon increased boiling of sample. 

A) Coomassie staining of purified TgMAF1RHa1 C-terminus (Ser173 to Ser443) or TgMAF1RHb1 (Thr159 to 

Asp435) where the sample was boiled for 10 minutes (lanes 1 and 2) or 30 minutes (lanes 3 and 4) before being run 

on a gel. The higher MW band is reduced (TgMAF1RHa) or eliminated (TgMAF1RHb1) after 30’ of boiling 

compared to 10’. B) Western blot using mouse 5 antiserum against purified TgMAF1Rha1 C-terminus boiled for 10 

or 30 minutes before loading the gel. There was no higher MW band observed in this blot, which was run on the 

same gel as C. C) Western blot using mouse 1 antiserum against purified TgMAF1RHb1 C-terminus boiled for 10 or 

30 minutes. The higher MW band is reduced after 30’ compared to 10. Additional break down of the sample is also 

observed (lower MW band). 
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Figure 2-8. T. gondii MAF1 paralog expression differs between lineages.  

Polyclonal antibodies were generated specifically against the C-termini of TgMAF1RHa1 or TgMAF1RHb1. (A) 

Protein expression was compared by immunofluorescence across 3 strains representing clonotypes I, II, and III. 

Antibodies against TgMAF1RHa1 detected protein in all 3 strains, while antibodies against TgMAF1RHb1 detected 

protein on in RH and CTG (not ME4). (B) Expression of paralogs confirmed by western blot, blots were stripped 

and probed with antibodies against ROP5 as a loading control. 

 



40 

 

Figure 2-9. Transgenic expression of TgMAF1RHb1 in ME49 detected by paralog-specific antibodies.  

Transgenic TgMAF1RHb1 expression in a TgME49 background detected using the TgMAF1RHb1-specific 

antibody compared to expression of empty-vector transfected TgME49. Expression was detected only in parasites 

transfected with a plasmid containing TgMAF1RHb1. 

2.2.5 T. gondii MAF1 paralogs differ in their ability to mediate host mitochondrial 

association in T. gondii and N. caninum. 

Host mitochondrial association (HMA) is a strain-specific trait in T. gondii (lacking in Type II 

stains; Figure 2-10A), and this trait is consistent with reduced MAF1b transcript and protein 

levels in members of the Type II lineage (Figures 2-8, 2-6A-D). In contrast the MAF1a gene is 

highly expressed at the transcript and protein level equally well across multiple T. gondii strains. 

To determine if the MAF1a and b genes differed in their ability to confer HMA in HMA- 

parasites, we generated N-terminally HA-tagged clones of the 2 paralogs that differed in the 

absence or presence of the P{4:7}S motif (TgMAF1RHa1 and TgMAF1RHb1, respectively). To 

do this we cloned TgMAF1RHa1 in place of TgMAF1RHb1, while retaining the TgMAF1RHb1 

promoter in the construct to ensure equal expression between paralogs. We expressed these 
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genes in both a Type II strain (TgME49) and in N. caninum (NC-1;[157]) and used confocal 

microscopy and mitochondrial staining to determine the impact on HMA. TgMAF1RHb1 

expression was sufficient to mediate HMA in T. gondii strain ME49 (Figure 2-11A) and also in 

N. caninum (Figure 2-11B) 18 h post-infection. In contrast, TgMAF1RHa1 was unable to 

mediate HMA in either TgME49 or N. caninum although its protein localization profile was 

similar to that of MAF1RHb1 (Figure 2-11A,B, bottom panels). We also generated clones of 

TgME49:MAF1RHb1 and NC-1:MAF1RHb1 for electron microscopy. Both wildtype TgME49 

and NC-1 have little, if any, HMA (Figure 2-11C, left panels). However, when these strains 

express MAF1RHb1 they become HMA+ and there is an increase in host mitochondria directly 

adjacent to the PVM (Figure 2-11C, right panels). 

 

 
Figure 2-10. Host mitochondrial association is a feature of T. gondii and H. hammondi infections, but not N. 

caninum. 

(A) NRK-mitoRFP cells were infected with GFP-expressing Type I, II, and III (RH, PRU, CTG) parasites. Type II 

parasites are HMA-, while Types I and III are HMA+. (B) NRK-mitoRFP cells were infected with N. caninum strain 

NC-1. Cells were fixed and counterstained with Hoechst stain. Wild type N. caninum are HMA-. (C) HFFs were 
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infected with H. hammondi sporozoites for 8 days before fixation. Host-mitochondria were visualized using an 

antibody to human MTCO2. H. hammondi is HMA+. 
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Figure 2-11. MAF1RHa1 and MAF1RHb1 differ in their ability to complement HMA in T. gondii and N. 

caninum. 

(A) HFFs were labeled with MitoTracker and infected with parasites transiently transfected with either HA-

MAF1RHa1 or HA-MAF1RHb1. MAF1RHb1 but not MAF1RHa1 is able to confer the HMA phenotype in 

TgME49. (B) Identical results were obtained for N. caninum. Scale bar, 5.0 μm. (C) HA-MAF1RHb1 was 

transfected into either TgME49 (top panels) or N. caninum (bottom panels), and HA-positive clones were isolated 

by limiting dilution.  Wild type (WT, left panels) and TgMAF1RHb1-complemented (right panels) were grown for 

18 h in HFFs and processed for electron microscopy.  Asterisks indicate host mitochondria.  Scale bar:  500 nm. 

 

2.2.6 MAF1b1 from T. gondii and H. hammondi can confer the HMA phenotype in type II 

T. gondii, while TgMAF1b0 and HhMAF1a1 cannot 

HMA is greatly reduced in the closely related N. caninum (Figure 2-10B;[162]), but the HMA 

phenotype of the nearest extant relative of T. gondii, H. hammondi, is unknown. To test this we 

assessed HMA in sporozoite-derived tachyzoites of Hammondia hammondi (strain HhCatEth1; 

[163]), and found clear evidence for HMA in this species (Figure 2-10C). Therefore we 

hypothesized that T. gondii and H. hammondi would harbor MAF1 paralogs that could 

complement the HMA defect in Type II T. gondii, while N. caninum would not. To test this 

hypothesis we cloned N-terminally tagged MAF1 paralogs from T. gondii, H. hammondi and N. 

caninum. For T. gondii, the coding sequences for TgMAF1RHb0 and TgMAF1RHb1 with the 

endogenous promoters were cloned directly from RH strain genomic DNA. Similar constructs 

were made for H. hammondi and N. caninum. Each construct was transfected into the HMA- 

TgME49 strain and the ability of each isoform to mediate HMA was assessed by 

immunofluorescence. Similar to our results with TgMAF1RHa1, TgMAF1RHb0 was unable to 

mediate HMA (Figure 2-12A), indicating that not all “b” paralogs are capable of mediating this 
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phenotype. Importantly, the same was true for HhMAF1a1: when transfected into Type II T. 

gondii this protein did not confer the HMA phenotype, although it did have an localization 

profile that was distinct from other MAF1 paralogs (Figure 2-12C). In contrast, both 

TgMAF1RHb1 (as shown previously) and HhMAF1b1 could confer the HMA phenotype when 

ectopically expressed in Type II T. gondii (Figure 2-12B,D). We quantified percent vacuole 

coverage for 20 vacuoles for each MAF1 paralog using confocal microscopy and found that 

parasites expressing TgMAF1RHb1 or HhMAF1b1 had significantly more vacuole membrane 

associated with host mitochondria than wildtype Type II parasites (Figure 2-12E). The 

localization of TgMAF1RHb0, TgMAF1RHb1 and HhMAF1b are all similar. We also 

performed the same experiment with NcMAF1 (based on NCLIV_ 004730), but we were unable 

to detect any protein following multiple (>3) transfections.  Whether this is due to upstream 

regulatory sequences or some other species-specific factor is unknown. 
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Figure 2-12. T. gondii and H. hammondi harbor MAF1 isoforms that differ in their ability to mediate HMA.  

(A) N-terminally HA-tagged MAF1 isoforms were expressed in TgME49 parasites and HMA was assessed using 

MitoTracker or immunofluorescence assay using antibodies against the mitochondrial marker MTCO2. 
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TgMAF1RHb0 and HhMAF1a1 did not mediate HMA, while TgMAF1RHb1 and HhMAF1b1 are both able to 

mediate HMA. (B) Quantification of percent vacuole coverage, determined by confocal microscopy. Twenty 

vacuoles were quantified for each of the MAF1 paralog indicated, as well as wild-type TgME49. χ2 P-values: 

*0.0144; **0.0005; ***<0.0001. 

 

2.2.7 Expression of TgMAF1RHb1, but not TgMAF1RHa1, in type II T. gondii increases 

competitive advantage during infection 

In order to directly examine the impact of MAF1 in an in vivo infection system, we infected 

Balb/c mice with TgME49 wild-type or a TgMAF1RHb1-complemented line and measured their 

rates of proliferation and dissemination in vivo using bioluminescence imaging [164]. We used a 

sub-lethal dose for a Type II strain (100 tachyzoites; [165]) to allow the mice to survive the full 

course of the infection and enable us to detect any subtle differences in parasite dissemination. 

We observed marginally higher, but statistically insignificant, parasite burdens in infection with 

TgME49:TgMAF1RHb1 (Figure 2-13). Given the marginally higher parasite burden observed in 

mice infected with TgME49:TgMAF1RHb1 compared to wildtype TgME49, we hypothesized 

that this increase in parasite growth, although marginal, could provide a competitive advantage 

during an infection with a mixed population.  To test this hypothesis we created mixed 

populations of TgME49 and TgME49:TgMAF1RHb1, and infected female Balb/c mice with 

these populations of known proportions. Mice were infected with 105 tachyzoites of 1:4 or 4:1 

proportions of TgME49 to TgME49:TgMAF1RHb1 parasites. Initial population proportions were 

quantified by IFA.   Parasite burden was monitored by bioluminescence imaging for 5 days, after 

which mice were euthanized and parasites were collected by peritoneal lavage and the population 

proportions were determined by IFA.  After 5 days the proportion of TgMAF1RHb1-expressing 
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parasites increased significantly, regardless of initial proportion (Figure 2-14A). This 

competitive advantage was not observed when mice were infected with a mixed population of 

TgME49 and TgME49:TgMAF1RHa1 parasites (Figure 2-14A). While we did not notice any 

differences in growth rate in vitro between these strains, we also constructed mixed populations 

of TgME49 and TgME49:TgMAF1RHb1 and maintained them in HFFs by serial syringe lysis 

and passage in vitro for 8 weeks. Population proportions were determined by IFA at days 0, 28, 

and 54-59. In 3 of 4 populations, TgMAF1RHb1-expressing parasites significantly increased in 

proportion compared to their wildtype counterparts (Figure 2-15). However the competitive 

advantage of TgMAF1RHb1 expression appears much greater in vivo than in vitro, as evidenced 

by the 15-fold greater percent change per day of TgMAF1RHb1 expressing parasites within the 

population during in vivo compared to in vitro (Figure 2-14B). 
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Figure 2-13. Complementation with TgMAF1RHb1 has does not have a significant impact on acute virulence 

in vivo during infection in Balb/c mice. 

Balb/C mice were infected intraperitoneally with 100 tachyzoites of luciferase-expressing TgME49 complemented 

with TgMAF1RHb (n=5) or empty vector (TgME49WT, n=4). Parasite burden was measured using in vivo 

bioluminescence imaging (BLI) at 24-hour time-points. (A) Quantitation of parasite burden by in vivo BLI. (B) 

Representative images of parasite burden in mice at days 6, 8 and 10 post-infection. Scale:  photons/sec/cm2/sr x105.  
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Figure 2-14. Expression of TgMAF1RHb1, but not TgMAF1RHa1, in type II T. gondii increases competitive 

advantage.  

(A) Mice were infection with mixed populations of TgME49:EV and TgME49:MAF1 with the indicated isoforms 

and ratios. Infection was allowed to progress for 5 days and population proportions before and after infection were 

quantified by IFA. Both HMA+ and HMA- MAF1 isoforms were assessed. TgME49:TgMAF1RHb1 significantly 

increases in proportion to TgME49:EV. *χ2 P-value <0.05. The proportion of TgMAF1RHa1-expressing parasites 

did not increase during infection. (B) Percent change per day was calculated for the populations that started with 4:1 

TgME49:EV to TgME49:TgMAF1RHb1 both in vitro and in vivo by dividing the total percent increases of 

TgMAF1RHb1-expressing parasites within the populations by the number of days of infection. The first bar of both 
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the in vitro and in vivo infections represent one clone set, while the second bar for each represents a second clone 

set. (C) Representative images of a mixed population from A before and after a 5-day in vivo infection. HA staining 

indicates TgMAF1RHb1-positive vacuoles. 

 

 

Figure 2-15. Expression of TgMAF1RHb1 in Type II T. gondii increases competitive advantage in vitro. 

Mixed populations at the indicated ratios were passed and assayed after 0, 4 and 8 weeks of serial passage using IF 

imaging. TgME49:TgMAF1RHb1 consistently outcompeted TgME49:EV (WT) during in vitro co-infections in 

HFF cells. TgME49:TgMAF1RHb1 increased an average of 1.8-fold over TgME49:EV at 8 weeks post-infection. 

*χ2 p-value < .05X 105. 

2.3 CONCLUSIONS 

The identification of MAF1 as the parasite protein responsible for HMA of intracellular T. gondii 

provides the opportunity to examine the impact of this host-pathogen interaction on parasite 

biology [106]. Here we have traced the evolutionary history of the MAF1 locus with respect to 
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HMA, and for the first time provide evidence of the selective pressure maintaining HMA within 

parasite populations.  

Computational and functional examination of the MAF1 locus in T. gondii, H. hammondi, 

and N. caninum reveals that the MAF1 gene is duplicated, and individual copies of the MAF1 

gene are under diversifying selection. Not all copies of MAF1 mediate HMA, and expressing a 

MAF1 copy capable of mediating HMA provides a selective advantage during acute infection in 

a mouse, while expressing an extra copy of MAF1 that does not mediate HMA does not provide 

a selective advantage during acute infection. These data support our proposed model wherein the 

duplication of an ancestral MAF1 gene (MAF1a) in the common ancestor of T. gondii and H. 

hammondi was followed by diversification and eventual neofunctionalization of a copy of MAF1 

into the paralog that is able to mediate HMA (MAF1b). This model is consistent with the 

observation that both T. gondii and H. hammondi exhibit the HMA phenotype, while the next 

closest relative, N. caninum, does not exhibit HMA. All three-parasite species have at least one 

copy of MAF1, however only T. gondii and H. hammondi have copies of MAF1 that fall into the 

“b” category, and these “b” isoforms are able to mediate HMA while the “a” isoforms are not 

(Figures 2-11, 2-12). The function of the ancestral MAF1a copy remains unknown, however it is 

not essential in vitro[106], and does not mediate HMA (Figure 2-11).  

It is also possible that the observed lack of HMA in N. caninum parasites is due to a 

secondary loss of an HMA+ copy of MAF1, or that the ancestral copy of MAF1 is HMA+ and 

parasite populations are losing the ability to mediate HMA. However, these explanations seem 

less likely for several reasons. Electron micrographs of another Neospora species, Neospora 

hughesi, demonstrate a clear lack of HMA in these parasites [166], providing further evidence 

that HMA evolved in T. gondii and H. hammondi after the split from the Neospora lineage. 
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Further information regarding the presence or absence of a MAF1 gene and the HMA phenotype 

in additional closely related species would help to determine the likelihood that a secondary loss 

of an HMA+ MAF1b copy occurred in N. caninum parasites. It also seems unlikely that the HMA 

phenotype is ancestral, and MAF1 copies are losing the ability to mediate HMA, as there is 

evidence that HMA is selectively advantageous for parasites (discussed below). 

The natural variation in MAF1 protein sequence and ability to mediate HMA provides 

the foundation for future studies regarding the structural aspects and molecular mechanism of 

MAF1-mediated HMA. Broadly, isoforms that are able to mediate HMA fall into the “b” family 

which are distinguished from isoforms in the “a” family by several regions of variability, most 

notably a region containing a proline/serine motif. All isoforms tested that lack this proline-rich 

region were unable to mediate HMA, making it an ideal candidate for mutational analysis, which 

will be discussed in Chapter 3. 

While tracing the evolutionary history of the MAF1 locus with regards to HMA, we were 

also able to find evidence for the selective advantage that likely led to the fixation of the HMA+ 

copy of MAF1 in parasite populations. During initial studies comparing type II parasites 

(TgME49; HMA-) to type II parasites complemented with an HMA+ copy of MAF1 

(TgME49:TgMAF1RHb1; HMA+) we did not observe any significant difference in parasite 

burden or mouse morbidity (Figure 2-13). However, when we competed these HMA+ and HMA- 

parasite strains head-to-head during an acute mouse infection, we observed a significant growth 

advantage for the TgMAF1RHb1-expressing parasites. Over the course of five days, the 

TgMAF1RHb1-expressing parasites outcompeted their HMA- counterparts by 7-10% per day 

(Figure 2-14). This competitive advantage was not observed when we conducted a similar 
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experiment using type II parasite expressing an extra copy of the HMA- isoform, TgMAF1RHa1. 

These data provide evidence that HMA itself provides a selective advantage. 

Despite this clear advantage during acute infection, there is no detectable MAF1b protein 

expression in type II parasites (Figures 2-6C, 2-8). This lack of MAF1b protein correlates with 

the lack of HMA in type II parasites, and demonstrates that MAF1b expression (and therefore 

HMA) is not essential for parasite survival. However, type II parasites do harbor a copy of 

MAF1b that, if expressed would likely mediate HMA based on comparisons to MAF1 isoforms 

of known HMA function. It will be interesting for future studies to examine how and why 

MAF1b protein expression suppressed in type II parasites. 
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3.0  UTILIZING NATURALLY OCCURING APIMAF1 ISOFORMS AND 

MUTATIONAL ANALYSIS TO DETERMINE TGMAF1 RESIDUES NECESSARY FOR 

HOST MITOCHONDRIAL ASSOCIATION IN T. GONDII 

3.1 INTRODUCTION 

 

The association of the parasitophorous vacuole membrane (PVM) of intracellular Toxoplasma 

gondii with host organelles is an intimate interaction, on the order of 12-18nm [167]. In fact, 

electron micrographs reveal that ribosomes are excluded from the space between the rough 

endoplasmic reticulum and the PVM [167]. The identification of mitochondrial association factor 

1 (MAF1) as the T. gondii protein responsible for the association of the host mitochondria with 

the PVM has provided the opportunity to further study this interaction on both a phenotypic and 

molecular level [106]. This chapter will focus on the further elucidation of the molecular 

mechanism behind host mitochondrial association (HMA) by using natural variation in the 

MAF1 protein across Apicomplexan parasites to determine the portions of MAF1 necessary for 

HMA. 

The primary sequence of the MAF1 protein reveals very little about the mechanism 

behind the HMA phenotype. Aside from a predicted N-terminal signal peptide, a putative 

transmembrane helix, and several phosphorylation sites there are no identifiable domains of 
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known or predictable function [106]. To begin to understand the mechanism of MAF1 mediated 

HMA, it is important to identify regions of the MAF1 protein necessary for HMA. The natural 

variation in MAF1 isoforms and their ability to mediate HMA provide the opportunity to use 

sequence and structural comparisons to select candidate residues for mutational analysis.  

Functional studies discussed in Chapter 2, as well as additional unpublished data from the 

lab, have broadly categorized MAF1 isoforms into HMA-competent (HMA+) and HMA-

incompetent (HMA-) isoforms. Comparisons of the primary sequences of HMA-competent and 

HMA-incompetent MAF1 paralogs revealed several regions of dissimilarity, specifically the 

previously observed proline-rich region, as well as several other small regions of sequence 

divergence. Here I used site directed mutagenesis to determine that neither the proline-rich 

region, nor several other residues conserved among HMA-competent MAF1 paralogs are 

necessary for HMA.  

3.2 RESULTS 

3.2.1 Primary sequence alignment of MAF1 isoforms reveals regions of dissimilarity 

In Chapter 2, we determined that MAF1 isoforms across T. gondii, H. hammondi, and N. 

caninum exhibit sequence diversity (Figures 2-4, 2-5), and that not all isoforms mediate HMA 

(Figures 2-11, 2-12). Further examination of the sequence alignment in Figure 2-5 reveals 

several regions of dissimilarity among MAF1 isoforms. Here I have simplified the alignment to 

include only the isoforms for which we have HMA competency data (Figure 3-1). Colored boxes 

have been drawn around the most diverse regions among MAF1 isoforms. The proline-rich 
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region (magenta box) and the residues immediately following (green box) are particularly 

interesting as the MAF1 isoforms that are HMA+ (TgMAF1RHb1 and HhMAF1b1) appear more 

similar to one another and divergent from the HMA- isoforms (TgMAF1RHb0, TgMAF1RHa1, 

and HhMAF1a1). This particular grouping is not evident for the rest of the regions of 

dissimilarity (indicated by the blue, yellow, black, orange, and grey boxes). For these regions 

TgMAF1RHa1 and HhMAF1a1 are more similar to one another, and divergent from 

TgMAF1RHb0, TgMAF1RHb1, and HhMAF1b1. 
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Figure 3-1. Conserved and divergent regions of MAF1.  

Alignment was made using Clustal Omega and visualized with Jalview. Residues are colored by conservation (% 

identity). Colored boxes indicate several different areas with lower levels of conservation. The magenta box 

indicates the previously identified proline-rich region. 

3.2.2 The proline-rich region of TgMAF1RHb1 is not necessary for HMA 

Previous work determined that amino acids in the proline-rich region do not need to be prolines 

in order to mediate HMA (data not shown). However, it is possible that this stretch acts as some 

sort of linker, or that the amino acids immediately surrounding the proline-rich region are 

important for HMA. In order to determine if the proline-rich region is necessary for HMA, I 

mutated residues 131-174 of TgMAF1RHb1 to the corresponding residues of TgMAF1RHb0 

(131-163), this region encompasses the entire magenta box and several residues into the green 

box indicated in the alignment (Figure 3-1). I then expressed the mutant MAF1 protein 

(TgMAF1RHb1Δpro) in type II parasites (Me49), and determined by immunofluorescence assay 

(IFA) that TgMAF1RHb1Δpro was still able to mediate HMA (Figure 3-2). 
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Figure 3-2. The proline-rich region of TgMAF1RHb1 is not necessary for HMA.  

Type II (Me49) parasites were transfected with a plasmid containing an N-terminally HA-tagged copy of 

TgMAF1RHb1 where the proline-rich region of the protein was mutated to the corresponding residues of 

TgMAF1RHb0, thereby eliminating the proline-rich region. Mutant TgMAF1RHb0Δpro region was visualized 

using an antibody against the HA-tag and host mitochondria were visualized using an antibody against the host cell 

mitochondrial marker MTCO2. The mutant lacking the proline-rich region is still able to mediate HMA. 

3.2.3 Structural analysis of the C-terminal domains of TgMAF1RHa1 and TgMAF1RHb1 

shows a high degree of similarity in three dimensions 

There are no domains of known function predicted by the primary sequence of MAF1, however 

crystal structures of the C-termini of TgMAF1RHb1 (HMA+) and TgMAF1RHa1 (HMA-) reveal 

a large amount of structural similarity between the HMA-competent and HMA-incompetent 

isoforms (Parker and Boulanger, unpublished; Figure 3-3). Purified C-termini used for these 

crystallographic studies were the same as those used to generate antibodies in Chapter 2, and are 

indicated by red (TgMAF1RHb1) and black (TgMAF1RHa1) boxes in Figure 2-5. 
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Figure 3-3. Structure of TgMAF1RHb1 and TgMAF1RHa1 c-terminal domains.  

(A,B) Ribbon diagrams of the three-dimensional structure of the C-termini of TgMAF1RHa1 (A) and 

TgMAF1RHb1 (B) determined by x-ray crystallography (Parker and Boulanger, unpublished). (C) An alignment of 

the ribbon diagrams from A and B, illustrating the structural similarity of TgMAF1RHa1 (blue) and TgMAF1RHb1 

(red) C-termini. 
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3.2.4 Conserved residues selected for mutational analysis in the C-terminal domain of 

TgMAF1RHb1 are not required for HMA 

Using the crystal structures of the C-termini of TgMAF1RHa1 and TgMAF1RHb1, as well as 

primary sequence and HMA functionality data discussed in Chapter 2, candidate residues were 

selected for mutational analysis. To be selected for mutational analysis residues must 1) be 

different between TgMAF1RHb0 (HMA-) and TgMAF1RHb1 (HMA+), 2) be conserved among 

TgMAF1RHb1 and all isoforms containing the proline/serine-rich region, and 3) must not be 

conserved among TgMAF1RHb0 and other isoforms lacking the proline/serine-rich region. A 

total of 10 residues fit all three criteria and are surface exposed when mapped to the crystal 

structure (Table 4). Of these 10 residues, seven are located within two beta strands located at the 

N-terminus of the crystalized portion of the MAF1 protein.  

To determine if the identity of these residues is important for HMA, constructs containing 

a mutant copy of TgMAF1RHb1 were expressed in type II parasites (Me49), and ability for these 

mutants to mediate HMA was assessed by IFA. This analysis included a mutant where the entire 

two beta strands located at the N-terminus of the crystalized portion of TgMAF1RHb1 (Q174-

R187) were mutated to the analogous residues of TgMAF1RHb0 (L163-T176) (Figure 3-4A), 

which encompasses all of the seven conserved residues found within that region. An additional 

mutant was made where the serine at position 339 in TgMAF1RHb1 was mutated to a 

phenylalanine, the residue observed at that position in TgMAF1RHb0 (Figure 3-4B). Both 

mutants were able to mediate HMA.  
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Table 4. Conserved MAF1 residues. 

Conserved TgMAF1RHb1 

residue 

Alternate TgMAF1RHb0 or 

TgMAF1RHa1 amino acid 

Glutamine 174 Leucine 

Aspartate177 Proline 

Serine 179 Threonine 

Serine 182 Glycine 

Glycine 183 Aspartate 

Threonine 185 Lysine 

Arginine 187 Threonine 

Alanine 205 Serine 

Aspartate 207 Serine 

Serine 339 Phenylalanine 
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Figure 3-4. Conserved residues in the C-terminal domain are not necessary for HMA.  

Type II parasites (Me49) were transfected with a plasmid containing N-terminally HA-tagged mutant versions of 

TgMAF1RHb1. (A) Ribbon diagram of the C-terminus of TgMAF1RHb1 (red) and the residues mutated to 

TgMAF1RHb0 (blue). This ribbon diagram is rotated along (B) Mutant MAF1 protein was visualized using an 

antibody against the HA-tag, and host mitochondria were visualized using an antibody against the mitochondrial 

marker MTCO2. This mutant MAF1 is able to mediate HMA. (C) Ribbon diagram of the C-terminus of 

TgMAF1RHb1 with the mutated residue at position 339 highlighted in blue. (D) The conserved serine at position 

339 of TgMAF1RHb1 was mutated to the corresponding residue of TgMAF1RHa1, which is a phenylalanine. This 

mutant is also able to mediate HMA. 
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3.3 CONCLUSIONS 

The natural variation in MAF1 protein sequence provides the opportunity to use comparisons 

between HMA-competent and HMA-incompetent isoforms in order to identify the regions of 

MAF1 necessary for association with host mitochondria. Initial attempts to identify regions of 

interest revealed several portions throughout the MAF1 protein with variation between isoforms. 

Of particular interest were the proline-rich region and amino acids immediately following this 

stretch of prolines, as TgMAF1RHb1 and HhMAF1b1 (both HMA+) are more similar to one 

another than the HMA- isoforms TgMAFRHb0, TgMAF1RHa1, and HhMAF1a1. Mutational 

analysis was conducted using comparisons of the primary sequence, as well as information 

gleaned from crystallographic studies. These studies determined that the proline-rich region, as 

well as several conserved residues in the beta strands found at the N-terminus of the crystalized 

portion of MAF1 are not necessary for MAF1-mediated HMA (Figures 3-2, 3-4A). Additionally, 

a surface exposed serine in the C-terminal domain, which is conserved among HMA+ MAF1 

isoforms, is not necessary for HMA (Figure 3-4B). Further mutational analysis must be 

conducted to see if any of the other identified regions of MAF1 diversity are necessary for HMA. 

The remaining regions of sequence divergence indicated in Figure 3-1 do not cluster into 

HMA+ and HMA- isoforms in the same manner as the proline-rich region and surrounding amino 

acids. In fact, for these regions the sequences cluster by “a” and “b” paralog, where 

TgMAF1RHb0 (HMA-), TgMAF1RHb1 (HMA+) and HhMAF1b1 (HMA+) are more similar to 

one another, and TgMAF1RHa1 (HMA-) and HhMAF1a1 (HMA-) are more similar.  

Interestingly, both HhMAF1a1 and TgMAF1RHb0 appear to have altered localization patterns 

compared to TgMAF1RHa1, TgMAF1RHb1, and HhMAF1b1 (discussed briefly in Chapter 2; 

illustrated in Figure 2-12). This suggests that the ability of MAF1 to mediate HMA is dependent 
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on two things 1) proper localization and 2) the correct folding or sequence of the region that 

interacts with the host mitochondria. Previous attempts to C-terminally tag MAF1 constructs 

have resulted in a lack of HMA (data not shown), suggesting the importance of the C-terminus in 

MAF1-mediate HMA. Given these data, the most C-terminal region of should be given high 

priority for future mutational studies. 

The recent identification of the interaction partner on the host mitochondria (SAMM50; 

Kelly and Boothroyd, unpublished) provides the opportunity for additional mechanistic studies. 

Future mutational analysis will be able to include not only HMA functionality assays through 

IFA analysis, but also both in vivo and in vitro assays to determine if these mutations specifically 

interrupt the ability of MAF1 to interact with SAMM50. Additionally, co-crystallographic 

studies with SAMM50 and HMA+ and HMA- isoforms of MAF1 may provide additional 

information on how MAF1 mediates HMA. Further elucidation of how MAF1 mediates HMA 

will provide the foundation for further studies on the functional consequences of HMA on 

parasite biology. 
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4.0  THE EFFECTS OF TGMAF1 EXPRESSION THROUGHOUT THE T. GONDII 

LIFE CYCLE 

4.1 INTRODUCTION 

Chronic T. gondii infection is marked by the presence of slow growing parasites (called 

bradyzoites) within cysts that reside primarily in the muscle and central nervous system tissue, 

including the brain [168, 169]. These tissue cysts are refractory to current drug treatments and 

persist for the life of the infected host [170]. 

Cysts can be found in the brains of infected mice as early as two weeks post infection, 

and the number of cysts in the brains of infected mice reaches a plateau four weeks post infection 

[171].  The majority of cysts in the brain are spheroidal and have a diameter between 5 and 70 

μm [169]. However, large cysts with a diameter greater than 70 μm are observed, and the number 

of observed large cysts is greater 5-8 weeks post infection compared to 3-4 week post infection 

[172]. Cysts remain intracellular and are surrounded by a glycosylated cyst wall [169, 173]. 

A number of cyst wall components and other parasite proteins necessary establish or 

maintain chronic infection have been identified. CST1 is a glycoprotein found within the cyst 

wall, and is responsible for Dolichos biflorus binding to T. gondii cysts [173, 174]. Deletion of 

CST1 results in a thin and fragile cyst wall, as well as reduced cyst numbers in the brains of 

infected mice [175]. The disruption of the bradyzoite pseudokinase 1 (BPK1) gene results in 
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significantly smaller cysts 8 weeks post infection, and these cysts have a reduced ability to cause 

oral infection in mice [176]. There have also been several studies demonstrating the importance 

of secreted rhoptry kinases during chronic infection [177, 178]. 

Studies focusing on the host response during chronic T. gondii infection have identified 

components of the host immune response necessary for controlling chronic infection. Several 

cytokines have been implicated in resistance to toxoplasmic encephalitis (TE), specifically 

Cxcl9, Cxcl10 (a.k.a. IP-10), and Ccl5 (a.k.a. RANTES), as they are expressed during chronic 

infection in mice that are naturally resistant to TE [179]. Interferon-gamma (IFNγ), which is 

necessary for control of acute T. gondii infection [93], is also necessary for control of chronic 

infection. When IFNγ is ablated by antibody injection 10 weeks post infection, there is an 

increase in brain inflammation compared to control mice, and large areas of necrotic brain tissue 

can be observed [180]. 

Previous work has established that TgMAF1RHb1 expression, and therefore host 

mitochondrial association (HMA), alters the host cytokine response [106] and provides a 

competitive advantage during the acute phase of infection in a mouse model (Chapter 2; [181]). 

However, it is possible that MAF1-mediated HMA has additional impacts on parasite biology 

during other phases of infection. Here we provide evidence that MAF1-expression increases cyst 

burden in chronically infected mice and alters host cytokine response throughout chronic 

infection. 



69 

4.2 RESULTS 

4.2.1 Exogenous TgMAF1RHb1 expression in type II parasites increases cyst burden of 

chronically infected CBA/J mice 4 and 8 weeks post infection 

Previous work used a Balb/c mouse model to determine that TgMAF1RHb1 expression and 

subsequent HMA provides a competitive advantage during acute infection (Chapter 2). It is 

difficult to assess chronic infection in a Balb/c mouse, as chronic infection in Balb/c mice results 

in low numbers of brain cysts [182]. In order to assess chronic infection, we used a CBA/J 

mouse model, as CBA/J mice are more susceptible to chronic infection and have higher numbers 

of brain cysts during chronic infection [183, 184]. Since CBA/J mice are more resistant to acute 

infection, I conducted a dose curve with type II (TgME49:EV) and TgMAF1RHb1 

complemented type II parasites (TgME49:TgMAF1RHb1) in CBA/J mice to determine an 

appropriate sub-lethal dose. CBA/J mice were infected with 10, 100, or 1,000 parasites of either 

TgME49:EV or TgME49:TgMAF1RHb1 and acute infection was assessed (3 mice per strain per 

dose). Dose was confirmed by plaque assay (TgME49:EV, 18/100; TgME49:TgMAF1RHb1, 

23/100), and parasite burden was monitored by bioluminescence. As previously observed in 

Balb/c mice (Figure 2-13), there was no significant difference in parasite burden between 

TgME49:EV and TgME49:TgMAF1RHb1 infected mice during acute infection at any dose 

(Figure 4-1), with the exception of a single time point, 7 dpi at a dose of 1,000 parasites, for 

which mice infected with TgME49:EV had significantly higher bioluminescence than mice 

infected with TgME49:TgMAF1RHb1 (p = 0.0004).  

To assess the impact of MAF1 expression on chronic infection, CBA/J mice were 

infected with 1,000 parasites of either TgME49:EV or TgME49:TgMAF1RHb1 and infection 
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was allowed to progress to the chronic stage of infection (10 mice per strain). Mice were then 

euthanized at the indicated times, and brains were removed in order to quantify cyst burden. Cyst 

burden was quantified for half the mice 28 days post infection, and at 56 (experiment 1) or 60 

(experiment 2) days post infection. Each experiment was conducted with independently 

generated TgME49:TgMAF1RHb1 and TgME49:EV clones to control for variation due to 

TgMAF1RHb1 insertion location. For both experiments there was a higher cyst burden in mice 

infected with TgME49:TgMAF1RHb1 compared to mice infected with TgME49:EV (Figure 4-

2). This difference in cyst burden was not significant at 28 days post infection, however the 

observed difference in cyst burden was statistically significant at 56 (p = 0.0082) or 60 (p = 

0.0006) days post infection. For TgME49:TgMAF1RHb1 infected mice, cyst burden was 

significantly higher at 60 days post infection compared to 28 days post infection in experiment 2 

(p = 0.0019); however, only five mice infected with TgME49:TgMAF1RHb1 in experiment 1 

survived acute infection, rendering the sample size too small to achieve statistical significance 

between TgME49:MAF1RHb1 infected mice 28 and 56 days post infection. 
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Figure 4-1. TgMAF1RHb1 expression does not significantly alter parasite burden during acute infection in 

CBA/J mice.  

Female CBA/J mice were infected with 10, 100, or 1,000 parasites of TgME49:EV or TgME49:TgMAF1RHb1 and 

acute infection was monitored by bioluminescence imaging. (A) Quantification of bioluminescence in mice infected 

with 10 or 100 parasites. There was no significant difference in bioluminescence between TgME49:EV- and 

TgME49:TgMAF1RHb1- infected mice at any time at either dose. (B) Quantification of bioluminescence in mice 

infected with 1,000 parasites of TgME49:EV or TgME49:TgMAF1RHb1. Parasite burden is similar between mice 

infected with TgME49:EV and TgME49:TgMAF1RHb1, with the exception of the time point 7 days post infection, 

where mice infected with TgME49:EV had significantly higher bioluminescence compared to mice infected with 

TgME49:TgMAF1RHb1 (* p = 0.0004). (C) Images of infected mice quantified in B on days 3, 6, 9, and 12 post 

infection. 

 

 

 

 

Figure 4-2. TgMAF1RHb1 increases cyst burden in chronically infected CBA/J mice.  

Female CBA/J mice were infected with 1,000 parasites of TgME49:EV or TgME49:TgMAF1RHb1. Dose was 

confirmed by plaque assay (Exp 1: TgMe49:EV 382/1000, TgMe49:MAF1RHb 404/1000; Exp 2: TgMe49:EV 

271/1000, TgMe49:MAF1RHb 364/1000). Half of each group was sacrificed 28 dpi, and the remainder were 
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sacrificed 56 (experiment 1) or 60 (experiment 2) dpi. Brains were removed from sacrificed mice and divided 

sagitally. The left half of each brain was homogenized and cysts were isolated by Percoll gradient before staining 

with rhodamine-conjugated Dolichos biflorus agglutinin. Cysts were then quantified using and inverted fluorescent 

microscope. Mice infected with TgME49:TgMAF1RHb1 had a higher cyst burden than mice infected with 

TgME49:EV. This difference was significant 56 or 60 dpi (*p = 0.0082; ***p =  0.0006). There were also 

significantly more cysts 60 dpi compared to 28 dpi in TgME49:TgMAF1RHb1 infected mice in experiment 2 (** p= 

0.0019). 

 

4.2.2 Serum cytokine levels differ between mice infected with wildtype type II parasites 

and type II parasites expressing TgMAF1RHb1 throughout infection 

Previous work has shown that the host cytokine response is elevated during the acute stage of T. 

gondii infection when TgMAF1RHb1 is expressed [106]. To determine if the host response is 

altered throughout infection, I infected C57BL6/J mice with 1,000 parasites of TgME49:EV or 

TgME49:TgMAF1RHb1 and collected blood samples during chronic infection (10 mice per 

strain). For this experiment, C57BL6/J mice were used as they are susceptible to chronic T. 

gondii infection [183, 184], and C57BL6/J is the background strain for the vast majority of 

knockout mouse strains. Serum cytokine levels were measured by Luminex 0, 21, 28, and 57 

days post infection. Mice infected with TgME49:TgMAF1RHb1 generally had elevated serum 

cytokine concentrations compared to mice infected with TgME49:EV (Figure 4-3; Appendix D). 

Two mice appeared to be uninfected, as there was no observed bioluminescence during imaging 

and there was no interferon-gamma (IFNγ) response, so these mice were eliminated from 

graphical and statistical analyses in Figure 4-3 (mice numbered 2-2 and 3-2; values for these 

mice available in Appendix D).  To determine if the observed differences in cytokine expression 
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were significant, I conducted a two-way ANOVA for each individual cytokine followed by 

multiple comparisons with a Sidak correction to compare the means of TgME49:EV infected 

mice to TgME49:TgMAF1RHb1 infected mice at each time point. There were 13 cytokines with 

at least one significant time point, including two cytokines with two significant time points (IP-

10 and RANTES). At 21 days post infection mice infected with TgME49:TgMAF1RHb1 had 

significantly higher levels of Eotaxin and IP-10 compared to TgME49:EV infected mice. At 28 

days post infection TgME49:TgMAF1RHb1 infected mice had significantly higher levels of G-

CSF, IL-6, IL-10, IL-12p40, IP-10, MCP-1, and RANTES, while at 57 days post infection these 

mice had higher IL-13, LIF, MIG, MIP-1b, RANTES, and VEGF compared to TgME49:EV 

infected mice. If we apply an additional Bonferroni by multiplying each p-value by 32 (the 

number of cytokines analyzed), only three points of comparison are significant. These points are 

IL-10 at 28 days post infection, LIF at 57 days post infection, and VEGF at 57 days post 

infection. 
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Figure 4-3. Serum cytokine levels during chronic infection measured by Luminex. 

Female C57BL6/J mice were infected with 1,000 parasites of TgME49:EV or TgME49:TgMAF1RHb1. Blood samples were taken prior to infection, as well as 

21, 28, and 57 days post infection and processed to obtain serum samples. Serum samples were then analyzed by Luminex for the presence of 32 mouse 

cytokines. For each cytokine, serum levels are given as fluorescence intensity (FI) minus background. Each point represents a single mouse, blue circle indicated 

mice infected with TgME49:EV and red squares indicate mice infected with TgME49:MAF1RHb1. A two way ANOVA followed by multiple comparisons of 

the means of TgME49:EV versus TgME49:TgMAF1RHb1 infected mice was used to determine significant differences in cytokine level for each cytokine at 

each time point. A Sidak correction for multiple comparisons was used. Significant differences indicated by: * p < 0.05; ** p < 0.01; *** p <0.001; **** p < 

0.0001.  
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4.2.3 Screen of Candidate cytokines in vivo 

Candidate cytokines were selected based on Luminex data and presence in the literature 

indicating a possible role during T. gondii infection, with an emphasis on cytokines implicated in 

a possible role during chronic infection. Female RANTES knockout (KO; a.k.a. Ccl5 -/-), IP-10 

KO (a.k.a. Cxcl10 -/-), and NOS2 KO, or wildtype C57BL6/J mice were infected with 1,000 

parasites of TgME49:EV or TgME49:TgMAF1RHb1 and acute infections were monitored by 

bioluminescence imaging (Figure 4-4). Parasite viability was confirmed by plaque assay 

(TgME49:EV, 40/100; TgME49:TgMAF1RHb1, 31/100).  

For the wildtype mice (C57BL6/J) there was a slightly, but not significantly, higher 

parasite burden in TgME49:TgMAF1RHb1 infected mice compared to TgME49:EV infected 

mice, which is consistent with previous data collected from both Balb/c and CBA/J mice 

(Figures 2-13, 4-1, and 4-4A). Ccl5 knockout mice infected with TgME49:TgMAF1RHb1 had a 

slightly higher parasite burden compared to Ccl5 knockout mice infected with TgME49:EV, but 

again this difference was not significant (Figure 4-4B). All Ccl5 knockout mice infected with 

either parasite strain became morbid by 12 DPI, and there was no significant difference in 

survival. For the Cxcl10 knockout mice, there was no significant difference in parasite burden 

for TgME49:EV or TgME49:TgMAF1RHb1 infected mice. In fact for the first 6 days post 

infection, in contrast to what has been observed for multiple wildtype strains of mice, there was 

not even a modestly higher parasite burden for TgME49:TgMAF1RHb1 infected Cxcl10 

knockout mice compared to those infected with TgME49:EV. NOS2 knockout mice infected 

with TgME49:TgMAF1RHb1 had a slightly higher parasite burden than the NOS2 knockout 

mouse infected with TgME49:EV. However, only one NOS2 knockout mouse was successfully 
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infected with TGME49:EV, therefore it was not possible to perform statistics on the NOS2 

knockout mice. All NOS2 knockout mice infected with either parasite strain became morbid by 9 

DPI, however once again the low sample size prevented statistical analysis. 

 

 

 

Figure 4-4. Bioluminescence monitoring of acute infection in cytokine knockout mice.  

Female cytokine KO or wildtype mice were infected with 1,000 parasites of TgME49:EV or 

TgME49:TgMAF1RHb1 and acute infection was monitored by bioluminescence imaging. Parasite viability was 

confirmed by plaque assay (TgME49:EV 40/100; TgME49:TgMAF1RHb1 31/100). (A) For wildtype C57BL6/J, 

luminescence is higher in TgME49:TgMAF1RHb1 infected mice, however there is no significant difference 

between these mice and the TgME49:EV infected controls. (B) Ccl5 (RANTES) KO mice infected with 

TgME49:TgMAF1RHb1 had a slightly higher, but not statistically significant, parasite burden compared to 
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TgME49:EV infected mice. (C) Cxcl10 (IP-10) KO mice infected with TgME49:EV and TgME49:TgMAF1RHb1 

had similar parasite burdens until 7 DPI, when mice infected with TgME49:TgMAF1RHb1 have a slightly, but not 

statically significant, higher parasite burden until 12 DPI. (D) NOS2 KO mice infected with 

TgME49:TgMAF1RHb1 had a higher parasite burden compared to TgME49:EV infected mice. No statistics were 

performed for these mice due to n=1 for TgME49:EV infected NOS2 KO mice. 

4.3 CONCLUSIONS 

Here we provide evidence that TgMAF1RHb1 expression may play a role in the establishment 

and maintenance of chronic T. gondii infection. Type II parasites, such as the TgME49 strain, do 

not normally express a copy of TgMAF1 capable of mediating HMA. Despite this, TgME49 

parasites are quite capable of establishing chronic infection and forming tissue cysts in the brains 

of infected mice. However, the exogenous expression of an HMA-competent copy of TgMAF1 

(TgMAF1RHb1) leads to a higher number of cysts in the brains of chronically infected mice 

when compared to mice infected with wildtype type II parasites. This increase in cyst burden is 

observed at 4 weeks post infection, but is even more pronounced and statistically significant at 8 

weeks post infection. There is also a significant increase in cyst burden from 4 to 8 weeks post 

infection in mice infected with TgME49:TgMAF1RHb1, but this increase over time is not 

observed in mice infected with TgME49:EV.   

 It has traditionally been thought that bradyzoites within tissue cysts remain relatively 

quiescent, and are limited in their replicative capabilities. However, a recent study looking 

directly at bradyzoite division within cysts in vivo has shown that bradyzoites replicate both 

asynchronously and synchronously within mature cysts [172]. Our data showing an increase in 

cyst burden of mice infected with TgME49:TgMAF1RHb1 over time also support the idea that 
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bradyzoites, and perhaps the cysts themselves, grow and divide. However, the mechanism by 

which the cyst burden of TgME49:TgMAF1RHb1 infected mice increases remains unknown. 

Further investigations into the mechanism of increased cyst burden over time in these mice will 

be limited by the lack of technology available to track chronic infection in vivo. The newest 

technology examining replication of bradyzoites within cysts may be useful in determining if 

TgMAF1RHb1 expressing parasites have increased replication rates in vivo compared to 

wildtype type II bradyzoites.  

In addition to a higher number of brain cysts, mice chronically infected with 

TgME49:TgMAF1RHb1 have generally elevated cytokine levels compared to the TgME49:EV 

infected controls. There were 13 cytokines that had a significant difference between 

TgME49:TgMAF1RHb1 and TgME49:EV infected mice during at least one time point. 

Interestingly, IP-10 (Cxcl10) and RANTES (Ccl5) each had two time points with significant 

differences, and both of these cytokines have been implicated in resistance to TE. Despite the 

implication that both Cxcl10 and Ccl5 promote resistance to TE, we see that mice infected with 

TgME49:TgMAF1RHb1 and therefore elevated Cxcl10 and Ccl5, actually have more brain 

cysts, suggesting that the role of these cytokines is perhaps more complicated. 

In the absence of Ccl5, mice infected with either TgME49:EV or 

TgME49:TgMAF1RHb1 become morbid 9-12 days post infection, with no significant difference 

in morbidity between mice infected with either parasite strain. Similar to wildtype mice, we see a 

slightly, but not significantly, higher parasite burden in TgME49:TgMAF1RHb1 infected mice 

compared to mice infected with TgME49:EV. Interestingly, in the absence of Cxcl10, we did not 

observe this slightly higher parasite burden in mice infected with TgME49:TgMAF1RHb1 

compared to TgME49:EV infected mice until 7 days post infection.  



82 

Mice lacking the inducible nitric oxide synthase (NOS2) were also used for this small 

scale in vivo screen. NOS2 KO mice were included because nitric oxide (NO) has been 

implicated in the control of chronic [185], T. gondii infection. In this study NOS2 KO mice 

infected with both TgME49:EV and TgME49:TgMAF1RHb1 became morbid 8-9 days post 

infection, with no significant differences between mice infected with either strain. Similarly to 

the Ccl5 KO and wildtype C57BL6/J mice, there was a slightly higher parasite burden in 

TgME4:TgMAF1RHb1 infected mice, however only one NOS2 mouse was infected with 

TgME49:EV and we were therefore unable to determine if this difference was significant. 

Together these data suggest that TgMAF1RHb1 plays a role in the persistence of chronic 

T. gondii infection, however it does not determine the role of any of the candidate cytokines 

during this process. Many cytokines are likely to have a role in controlling acute infection and 

the loss of those cytokines during acute infection will prevent mice from surviving until chronic 

infection. To avoid this problem, future studies regarding the role of TgMAF1RHb1 expression 

during chronic infection should utilize conditional knockouts or antibody ablation of cytokines 

during chronic infection.  
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5.0  CONCLUSIONS AND FUTURE DIRECTIONS 

Gene duplication, and subsequent diversification, is one mechanism by which new phenotypes 

evolve. The process by which a duplicated gene accumulates mutations and ultimately acquires a 

new function distinct from any ancestral gene functions is called neofunctionalization. Chapter 2 

presents compelling evidence that the HMA phenotype during T. gondii infection evolved via 

neofunctionalization of a duplicated gene.  

The MAF1 gene, which is responsible for the HMA phenotype, is uniquely duplicated 

and diversified in T. gondii, compared to its closest relatives H. hammondi and N. caninum. We 

have shown that both type I and III T. gondii strains and H. hammondi are able to mediate HMA, 

while type II T. gondii strains and N. caninum are not. The presence or absence of the HMA 

phenotype correlates with the expression of “b” type MAF1 paralogs containing a proline-rich 

region. And indeed, “b” paralogs from both T. gondii and H. hammondi (TgMAF1RHb1 and 

HhMAF1b1) are able to mediate HMA when expressed in parasites that do not normally 

associate with host mitochondria, while “a” paralogs from T. gondii and H. hammondi 

(TgMAF1RHa1 and HhMAF1a1) do not mediate HMA. Perhaps most importantly, we have 

determined that expression of an HMA-competent MAF1 paralog provides a competitive 

advantage to parasites that do not normally associate with host mitochondria. This advantage is 

linked to expression of the HMA+ paralog, and exogenous expression of an HMA- paralogs does 

not provide the same advantage. It is therefore likely, that the competitive advantage provided to 
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parasites expressing and HMA+ MAF1 paralog led to the fixation of the HMA phenotype, and 

the neofunctionalized MAF1 gene, in parasite populations. 

The selective advantage of HMA+ parasites compared to HMA- parasites provides 

evidence against the alternative hypothesis that HMA+ MAF1b is the ancestral phenotype and 

that MAF1 paralogs are losing the ability to mediate HMA. This advantage also argues against 

the possibility that N. caninum lacks HMA due to secondary loss of an HMA+ copy of MAF1. 

The apparent lack of HMA in N. hughesi also supports the proposed neofunctionalization model 

where HMA evolved in the ancestor of T. gondii and H. hammondi following the split from the 

Neospora lineage. 

Type II parasite genomes contain multiple copies of MAF1, including copies that are 

predicted to mediate HMA if expressed. However, these potentially HMA+ isoforms are never 

expressed on the protein level. How and why type II parasites silence the expression of 

potentially HMA-competent MAF1 isoforms remains unknown. There are many known 

mechanisms of regulating protein expression before, during, and after transcription, as well as 

during or after translation.  

Given that there is evidence of an antisense transcript across the 3’ end of the MAF1 

gene, it seems likely that MAF1 protein expression is regulated at the transcriptional level. The 

apparent length and location of the antisense transcript suggests a possible long noncoding RNA 

(lncRNA) might be responsible for the lack of MAF1b protein expression in type II parasites. It 

will be interesting for future studies to focus on this potential lncRNA, and the mechanism of 

silencing a potentially HMA+ MAF1 isoforms in the type II parasite linage. It will also be 

interesting to determine what evolutionary pressures or events led to the silencing of these MAF1 

isoforms only in type II parasites. 
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Chapter 3 uses the naturally occurring sequence variation of MAF1 paralogs to identify 

regions of diversity among paralogs that may be important for mediating HMA. Candidate 

residues for mutational analysis were determined by conservation among HMA+ MAF1 isoforms 

compared to HMA- MAF1 isoforms, and informed by structural information obtained from 

crystallographic studies. The regions of diversity tested in Chapter 3 included the proline-rich 

region, a stretch of amino acids comprising two beta sheets immediately C-terminal to the 

proline-rich region, and a serine residue conserved among HMA+ MAF1 isoforms. Surprisingly, 

none of these regions were necessary for HMA, as type II parasites expressing TgMAF1RHb1 

with amino acid substitutions in these regions were able to associate with host mitochondria. 

There are still a number of regions of MAF1 diversity that may prove to be necessary for HMA. 

Future studies should focus on these regions, particularly the region at the C-terminus of the 

protein. The C-terminus is a particularly attractive candidate for mutational analysis, as C-

terminally HA-tagging TgMAF1RHb1 disrupts its ability to mediate HMA (data not shown), 

suggesting that this region may be involved in mediating HMA. It will also be interesting to see 

if the same portions of MAF1 that are necessary for HMA are the portions of MAF1 that interact 

with the host protein SAMM50. 

In Chapter 2 we determined that TgMAF1RHb1 expression, and subsequent HMA, 

provided a competitive advantage during acute infection with a mixed population of both HMA+ 

and HMA- parasites. In Chapter 4 we explore the impact of TgMAF1RHb1 expression during 

chronic infection. We find that TgMAF1RHb1 expression in a type II T. gondii background 

increases the number of cysts during chronic infection 4 and 8 weeks post infection. Perhaps 

most interestingly, the number of cysts in the brains of mice chronically infected with 

TgME49:TgMAF1RHb1 was significantly higher 8 weeks post infection compared to 4 weeks 
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post infection. These data suggest that cysts, or the bradyzoite parasites within the cysts, are 

capable of dividing even after chronic infection has been established. This is consistent with 

recently published work showing that bradyzoites do in fact replicate, even within mature tissue 

cysts [172]. 

We have also determined that the host cytokine response during chronic infection is 

significantly different between TgME49:EV and TgME49:TgMAF1RHb1 infected mice. Several 

of the cytokines that are significantly higher in the serum of TgME49:TgMAF1RHb1 infected 

mice have previously been implicated in control of chronic infection, and were therefore used in 

a small scale in vivo screen. Mice lacking either Ccl5 (RANTES) or NOS2 became morbid 

during acute infection, however there was no difference in morbidity between TgME49:EV and 

TgME49:TgMAF1RHb1 infected mice. Similar to wildtype C57BL6/J mice, there was a slightly 

higher parasite burden for mice infected with TgME49:TgMAF1RHb1 compared to those 

infected with TgME49:EV, but this difference was not significant. With Cxcl10 KO mice, this 

difference was not observed until after 7 days post infection. This suggests some sort of 

interaction between TgMAF1RHb1 expression and Cxcl10, however exactly how the presence or 

absence of Cxcl10 impacts parasite growth with or without TgMAF1RHb1 expression remains to 

be determined. 

Cyst burden increases over time in mice chronically infected with type II parasites 

expressing an exogenous copy of TgMAF1RHb1, and therefore exhibiting HMA. Exactly how 

TgMAF1RHb1 expression leads to more cysts over time remains unknown. Further analysis of 

the differences in cytokine expression during chronic infection between HMA- and HMA+ strains 

may reveal additional candidate cytokines or host pathways manipulated by TgMAF1Rhb1 

expression. The use of conditional knockout mice, or antibody ablation of specific cytokines 
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during chronic infection, will help us to understand the mechanism of increased cyst burden in 

mice infected with TgMAFRHb1-expressing strains. 

While the exact impact of HMA on mitochondrial function remains unclear, known 

mechanisms of mitochondrial manipulation by viral and intracellular bacterial pathogens may 

provide insight into what is happening to host cells when their mitochondria associate with T. 

gondii. For instance, several viruses manipulate Ca2+ homeostasis, altering Ca2+ flux into and out 

of the mitochondria [129, 130]. It is possible that T. gondii mediated HMA disrupts Ca2+ 

homeostasis in host cells. A variety events in the T. gondii life cycle are controlled by Ca2+, 

including invasion, motility, secretion of parasite proteins into the host cell, and egress [186]. If 

MAF1-mediated HMA alters Ca2+ homeostasis in host cells, it might positively impact the ability 

of parasites to perform any of these critical tasks, leading to increased parasite virulence, and the 

observed selective advantage. 

Alternatively, HMA could alter mitochondrial signaling pathways, including apoptotic or 

immune signaling. Viruses manipulate host apoptotic signaling to prevent apoptosis, allowing 

more time for viral replication [131, 132], or to induce apoptosis and facilitate host cell lysis 

[133, 134]. It has been shown that T. gondii infected host cells are resistant to apoptosis triggered 

by several different inducers of apoptosis [187]. It is possible that the association of host 

mitochondria with the vacuole surrounding intracellular T. gondii inhibits the mitochondrial 

apoptotic signaling pathway. This could result in increased parasite survival and therefore 

increased parasite virulence. Interestingly, this hypothesis is supported by a study showing that 

cells infected with a type II strain (ME49) had higher rates of apoptosis compared to a type I 

strain (RH) [188].  
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As for immune signaling, our studies indicate that expression of TgMAF1RHb1 in type II 

parasites results in higher serum cytokine levels of chronically infected mice. It has also been 

shown that mice infected with type II parasites expressing TgMAF1RHb1 have higher serum 

cytokine levels during acute infection compared to mice infected with wildtype type II parasites 

[106]. It is therefore possible that HMA increases mitochondria-mediated immune signaling. 

However, it is important to note that mice infected with type II parasites expressing 

TgMAF1RHb1 have an increased parasite burden, which could explain the increased cytokine 

expression in these mice. Further studies examining the impact of HMA on host cell signaling 

will determine exactly what this parasite phenotype is doing to host cells and how these changes 

to the host cell benefit the parasite. 
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6.0  MATERIALS AND METHODS 

6.1 PARASITE STRAINS AND MAINTENANCE 

All T. gondii and N. caninum parasite strains were maintained by passage in human foreskin 

fibroblasts (HFFs) at 37º C and 5% CO2. HFFs were grown in Dulbecco’s modified Eagles 

Medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM glutamine, and 50 μg/mL 

each of penicillin and streptomycin (CDMEM). Mouse embryonic fibroblasts (MEFs) were 

similarly maintained at 37° C and 5% CO2 in CDMEM, however MEFs were passed at a 1:5 or 

1:10 ratio once confluent. MEFs were allowed to remain confluent for a maximum of 5 days 

before passage. RAW 264.7 cells were maintained at 37° C and 5% CO2 in CDMEM buffered 

with 10 mM HEPES (Gibco).  

To produce H. hammondi oocysts, interferon-γ KO mice were fed 104 H. hammondi 

oocysts and killed ∼60 days postinfection (pi). Muscles from infected mice were then fed to 10- 

to 20-week-old cats, and feces were collected during days 5–11 postinfection. Unsporulated 

oocysts were isolated by sucrose flotation, and the resulting oocysts were allowed to sporulate at 

ambient temperature in 2% H2SO4 [10]. Oocyst preparations were stored at 4° for no longer than 

6 months. Sporulated oocysts (40–80 million) were washed four times in Hank’s Buffered Saline 

Solution (HBSS) and treated with 10% bleach in PBS for 30 min. Pellets were resuspended in 4 

ml HBSS and vortexed at maximum speed along with 1 g of sterile glass beads (710–1180 μM, 
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Sigma) for 30 sec, allowed to cool for 30 sec, and then vortexed for 30 sec again. DNA was 

isolated directly from the pellet of cracked oocysts (containing sporocysts released from the 

oocysts and debris) using the DNAzol reagent (Invitrogen; Carlsbad, CA). 

In other cases, we used the sporocyst preparation to generate in vitro cultures of H. 

hammondi. To do this, we exposed the cracked oocyst preparation to PBS containing trypsin 

(Sigma T4799; 12.5 mg/ml) and taurocholic acid (Sigma T4009; 50 mg/ml) at 37° for 30 min. 

The reaction was quenched by the addition of cDMEM (containing 10% FBS) and we removed 

debris from the preparation by filtration through 5-μm syringe filters (Millipore). The resulting 

sporozoites were used to infect confluent monolayers of HFFs seeded on 12-mm circle glass 

coverslips. Samples were fixed and processed for immunofluorescence (IF) as described below. 

Parasite strains used throughout this dissertation have been included in Table 3. 

 

Table 5. Strains used throughout dissertation. 

Strain name Species Notes 

ME49:TgMAF1RHb1 T. gondii Transgenic type II expressing MAF1 isoform 

TgMAF1RHb1, parent strain ME49ΔHPT:Luc 

ME49:EV T. gondii Empty vector (EV) control, parent strain 

ME49ΔHPT:Luc complemented with HPT 

ME49:TgMAF1RHa1 T. gondii Transgenic type II expressing MAF1 isoform 

TgMAF1RHa1, parent strain ME49ΔHPT:Luc 

ME49:TgMAF1RHb0 T. gondii Transgenic type II expressing MAF1 isoform 

TgMAF1RHb0, parent strain ME49ΔHPT:Luc 

ME49:HhMAF1a1 T. gondii Transgenic type II expressing MAF1 isoform 

HhMAF1a1, parent strain ME49ΔHPT:Luc 

ME49:HhMAF1b1 T. gondii Transgenic type II expressing MAF1 isoform 

HhMAF1b1, parent strain ME49ΔHPT:Luc 
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ME49:TgMAF1RHb1Δpro T. gondii Type II strain expressing a mutant TgMAF1RHb1 

isoform lacking the proline-rich region 

ME49:TgMAF1RHb1:174-187b0 T. gondii Type II strain expressing a mutant TgMAF1RHb1 

isoform where residues 174-187 were substituted 

for corresponding residues found in TgMAF1Rhb0 

ME49:TgMAF1RHb1:S339F T. gondii Type II strain expressing a mutant TgMAF1RHb1 

isoform where serine 339 is mutated to a 

phenylalanine 

ME49ΔHPT:Luc T. gondii Type II strain lacking HPT and expressing 

Luciferase, used as parent strain for transgenic type 

II strains 

CTG ΔHPT:Luc:GFP T. gondii Type III strain lacking HPT and expressing 

Luciferase and GFP, used as parent strain for 

transgenic type III strains 

S1T:dsRed:Luc T. gondii F1 progeny of a II x III cross, lack all known 

virulence factors, expresses dsRed and Luciferase 

S26:dsRed:Luc T. gondii F1 progeny of a II x III cross, lack all known 

virulence factors, expresses dsRed and Luciferase 

S22:dsRed:Luc T. gondii F1 progeny of a II x III cross, lack all known 

virulence factors, expresses dsRed and Luciferase 

S23:dsRed:Luc T. gondii F1 progeny of a II x III cross, has all known 

virulence factors, expresses dsRed and Luciferase 

NC-1ΔHPT:dsRed:Luc N. caninum NC-1 isolate, lacks HPT, expresses both dsRed and 

Luciferase, used as parent train for transgenic 

Neospora strains 

H. hammondi H. hammondi H. hammondi parasites derived from oocysts 
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6.2 SEQUENCE COVERAGE AND COPY NUMBER ANALYSIS 

Copy number analysis was performed as described previously [106, 151]. Briefly, raw sequence 

reads from multiple T. gondii strains and N. caninum (Liverpool strain)[189] were downloaded 

from the NCBI trace archive in fasta format (strains GT1, ME49, and VEG were derived from 

Sanger-based shotgun sequencing; MAS, P89, FOU, VAND, and RUB were generated using 

Roche 454 technology). T. gondii and N. caninum reads were aligned to the T. gondii ME49 

genome (ToxoDB version 7.3; www.toxodb.org) using BLAT (parameters: -fastMap –

minIdentity = 95 –minScore = 90) [190] and coverage was calculated in each 500-bp window 

using coverageBed (from the Bedtools suite) [191]. H. hammondi reads (strain HH34) [192] 

were aligned using Bowtie2 (using default parameters plus –end-to-end) [193],and sequence 

coverage calculations were made using the integrated genome browser (IGB) [194]. All coverage 

and annotation data were then plotted using custom scripts in R statistical software. To do this, 

start and end coordinates of regions of the MAF1 locus were noted and data were normalized to 

the average coverage of ∼20 Kb upstream of the locus [192]. 

6.3 HIGH MOLECULAR WEIGHT SOUTHERN BLOTTING 

Southern blotting was performed as previously described [151]. The six strains of T. gondii used 

were GT1 and RH (type I), ME49 and PRU (type II), and VEG and CTG (type III). Genomic 

DNA from each strain was digested with ScaI restriction enzyme in a 100-µl reaction volume for 

∼12 hr and resolved by pulsed field gel electrophoresis (Bio-Rad CHEF-DR III system). 
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Resolved fragments were probed with DIG-labeled (Roche) MAF1-specific probes followed by 

chromogenic detection as per manufacturer’s protocol. 

6.4 AMPLIFICATION AND CLONING OF MAF1 PARALOGS FROM T. GONDII, 

H. HAMMONDI, AND N. CANINUM 

Due to the fact that the MAF1 locus exhibits significant copy number variation across species 

and strains, we used long-extension PCR and cloning to identify MAF1 paralogs in T. gondii 

(strains RH, ME49, and CTG), H. hammondi (strain HhCatGer041), and N. caninum (strain NC-

1). Long extension PCR was used to minimize the potential for chimera formation between 

different MAF1 paralogs (as described in [106]). For cloned sequences, all polymorphisms were 

validated by querying a local copy of the sequence read database for the presence of that 

polymorphism along with at least 40 bp of flanking sequence (RH was compared to GT1; ME49 

was compared to ME49; CTG was compared to VEG) [192]. This served three purposes: 

validation of SNPs specific to a given clonal lineage, elimination of PCR-derived SNPs, and 

controlled for the possibility of generating interparalog chimeric sequences during PCR 

amplification when the polymophisms were ≤40 bp apart. Since our SNP curation method relied 

on comparing between members of the same clonal lineage (e.g., RH vs. GT1), it is possible that 

some isolate-specific SNPs were artificially eliminated during curation. We did not identify any 

evidence for chimerism in our sequences although this outcome cannot be completely ruled out. 
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6.5 SEQUENCE ANALYSIS 

Coding sequences of MAF1 paralogs from multiple T. gondii strains and other species were 

analyzed using algorithms implemented in MEGA6 [195] as follows: Specifically, coding 

sequences were translated into protein and aligned using Muscle (default settings). Phylogenetic 

trees were constructed using maximum parsimony and the subtree-pruning-regrafting algorithm 

[196]. Search level was 1 and the initial trees were obtained by the random addition of sequences 

(10 replicates were performed). Branch lengths were calculated using the average pathway 

method. All positions containing gaps and missing data were eliminated, and there were a total 

of 359 useful positions in the final dataset. 

We calculated pairwise dN/dS ratios for all “b” paralogs (including the HMA-

incompetent b0 paralogs) to determine if they had been under either positive or purifying 

selection. To do this, we used the modified Nei-Gojobori method with the assumed 

transition/transversion bias of 2 [197], and as above, all positions containing gaps were 

eliminated. All analyses were conducted in MEGA6 [195] and pairwise P-values for dN/dS 

ratios were deemed significant at P < 0.05. 

To calculate pairwise Ka/Ks values for the same sequences used in the dN/dS analysis, 

sequences were aligned using ClustalOmega[198], and all positions containing gaps were 

removed by hand. Sequences were analyzed pairwise using an online KaKs calculation tool 

[159], values reported are Ka/Ks and Ks calculated using Kimuras two parameter model. 
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6.6 GENERATION OF CONSTRUCTS AND TRANSGENIC PARASITES  

Generation of pMAF1RHb1 (N-terminally hemagglutinin (HA)-tagged MAF1b) expression 

construct has been described previously [106]. For pMAF1RHa, the coding sequence for 

MAF1RHa was amplified from RH cDNA, cloned, and then used in a splicing by overlap 

extension (SOE) PCR reaction to fuse the N-terminal portion of MAF1RHb1 gene and the C-

terminal portion of the MAF1RHa1 gene. The specific construct contained the MAF1RHb1 

promoter, start codon, signal sequence, an HA tag (as in [106]), and this was followed by the 

remainder of the C terminus encoding portion of the MAF1RHa1 gene. The TgMAF1RHb0, 

TgMAF1RHb1, HhMAF1a1, HhMAF1b1, and NcMAF1 constructs were made using SOE PCR 

to introduce an HA-tag following the predicted signal peptide for each isoform. Plasmid 

templates for the first round of PCR were generated from genomic DNA, which included 1116 

bp upstream of the start site to include the putative promoter. Transgenic parasite lines were 

generated by transfecting TGME49Δhpt (MΔLuc) and NC-1Δhpt parental strains with 50 µg of 

HindIII-linearized plasmid. Stable expression lines were isolated by selection in mycophenolic 

acid (MPA)/xanthine followed by limiting dilution in 96-well plates. 

6.7 TGMAF1RHA1 AND TGMAF1RHB1 CLONING, PROTEIN PRODUCTION, 

AND PURIFICATION 

A construct encoding the predicted C-terminal domain of TgMAF1RHb1 (Thr159 to Asp435) 

was codon optimized for Escherichia coli and synthesized by GenScript. A construct of 

TgMAF1RHa1 containing the analogous C-terminal domain (TgMAF1RHa1; Ser173 to Ser443) 
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was amplified from T. gondii cDNA. Each construct was subcloned into a modified pET28a 

vector encoding an N-terminal hexa-histidine tag separated from the sequence of interest by a 

tobacco etch virus (TEV) protease cleavage site. Constructs were produced recombinantly in E. 

coli BL21 cells. Following 4 hr of growth at 310 K and 12 hr at 303 K, the cells were harvested 

by centrifugation, resuspended, and lysed using a French press. TgMAF1 proteins were purified 

from the soluble fraction by Ni-affinity chromatography, the His tag was removed by TEV 

protease, and TgMAF1 proteins were further purified by size exclusion chromatography on a 

Superdex 75 16/60 HiLoad column in HBS (20 mM Hepes pH 7.5, 150–300 mM NaCl) with 1% 

glycerol and 1 mM dithiothreitol. 

6.8 IMMUNOFLUORESCENCE ASSAYS AND CONFOCAL MICROSCOPY 

HFFs or NRK-mitoRFP cells were seeded on 12-mm coverslips in 24-well plates and grown to 

∼80% confluency. NRK-mitoRFP cells were infected with N. caninum or T. gondii strains 

expressing GFP and incubated for 8 hr. For HFFs, MitoTracker staining was performed as 

follows: Growth medium on the HFF monolayer was replaced with DMEM containing 

MitoTracker (Red CMXRos, Invitrogen) at a 30-nM concentration and incubated for 30 min at 

37°. Cells were then washed with PBS, infected with parasites in prewarmed DMEM, and 

incubated for 4 hr at 37°. After incubation, the infected cells were washed with PBS, fixed with 

3% paraformaldehyde in PBS for 15 min, and blocked/permeabilized in PBS containing 5% BSA 

and 0.2% Triton X-100. Alternatively, NRK-mitoRFP infected cells were fixed with 3% PFA 

and either mounted directly or Hoechst stained prior to mounting followed by visualization. 

Fixed cells were then immunostained with rat monoclonal anti-HA (3F10 clone, Roche) at 
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1:1000, mouse anti-MAF1a/b polyclonal antibodies at 1:1000, or mouse monoclonal anti-

MTCO2 (ab110258, Abcam) at 1:500. 

6.9 QUANTIFICATION OF VACUOLE COVERAGE 

Percent vacuole coverage was determined using confocal microscopy and ImageJ. Populations 

transfected with HA-tagged TgMAF1RHb1 or HhMAF1b1 were fixed and stained with anti-HA 

and anti-MTCO2 primary antibodies. Confocal images were taken in three channels; 594 (anti-

MTCO2), 488 (anti-HA), and DIC. All three images were converted to 8-bit images and merged 

using ImageJ. Vacuoles were traced while only the DIC and green channels were visible, and 

then pixel intensity along the vacuole was measured in the red channel. Pixel intensities >20 

were considered to be mitochondria. Percent vacuole coverage was calculated by measuring the 

length of the vacuole trace with pixel intensity >20 and dividing it by total vacuole trace length. 

Twenty HA-positive vacuoles were measured for both the TgMAF1RHb1 and HhMAF1b1 

populations. Ten HA-negative vacuoles were measured from each population (20 total) as a WT 

control. 

6.10 WESTERN BLOT ANALYSIS 

Parasites were filtered away from host cell debris and lysed in 1× SDS lysis buffer. Proteins were 

resolved by SDS-PAGE, transferred onto nitrocellulose membrane, and blocked for 1 hr in 5% 

(w/v) milk in TBS-Tween20 (TBS-T). Primary antibody incubation was performed in blocking 
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buffer for 45–120 min followed by three washes in TBS-T. Anti-HA and anti-MAF1 [106] 

antibodies were used at 1:1000 while anti-SAG1 was used at 1:2000 and rabbit anti-ROP5 [99] 

was used at 1:40,000. Anti-TgMAF1RHa1 and anti-TgMAFRHb1 antibodies generated for this 

study were used at a 1:10,000 dilution. Secondary antibody incubation was performed with 

horseradish peroxidase-conjugated secondary antibodies to the respective primary antibodies in 

blocking buffer for 45 min. Bands were visualized with SuperSignal West Pico 

chemiluminescent substrate (Thermo Scientific). Densitometric analysis was performed using 

ImageJ. 

6.11 IN VITRO GROWTH ASSAY 

96-well plates of confluent HFFs were infected with 104 parasites per well of luciferase 

expressing T. gondii (TgS1T, TgS22, TgS23) or N. caninum (NcNC1). Outermost wells were 

excluded to avoid edge effects due to media evaporation. Media was aspirated and cells were 

lysed using 50-100 μL of 1x cell lysis buffer (Promega) at 4, 12, 28, and 48 hours post infection. 

Cell lysate was transferred to a new 96-well plate and samples were stored at -80 degrees until 

all samples were collected. Once all time points were collected, samples were thawed at room 

temperature and centrifuged at 800 xg for 10 minutes to remove bubbles. 50 μL of the luciferase 

substrate, LARII (Promega), was added carefully to avoid introducing bubbles, and relative light 

units were measured using MicroWin2000 software. 
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6.12 IN VITRO INTERFERON-GAMMA INHIBITION ASSAY 

96-wells of confluent host cells (HFFs, MEFs, or RAW 264.7) were treated with increasing 

doses of human (HFFs) or mouse (MEFs or RAW 264.7) recombinant IFN-γ for 24 hours before 

infection with T. gondii (TgS22, TgS23) or N. caninum (NcNC1). Parasites were collected 48 

hours post infection and samples were analyzed as described above for the in vitro growth assay. 

6.13 ASSAY FOR GROWTH IN PRESENCE OF INTERFERON-GAMMA 

96-wells were seeded with MEFs and grown under normal culture conditions (37° C, 5% CO2, 

CDMEM) until confluent. Once confluent cells were allowed to grow an additional 24-48 hours 

maximum prior to infection. Wells were infected with 10,000 parasites of T. gondii  (TgS23) or 

N. caninum (NcNC1, Nc1:TgROP18II, NC1:TgROP5, or Nc1:TgROP18II:ROP5) in 100 μL of 

pre-warmed CDMEM. After 4 hours of infection an additional 100 μL of pre-warmed media was 

added to each well, with or without IFNγ (200 U/mL, for a final concentration of 100 U/mL). 

Media was aspirated at the indicated time points cells were lysed using 100 μL of 1x cell lysis 

buffer (Promega). Lysis buffer was pipetted up and down 3 times before being transferred to a 

fresh 96-well plate so that samples could be stored at -80° C until all time points were collected. 

Samples were analyzed as described above for the in vitro growth assay. 
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6.14 H. HAMMONDI ROP16 PROMOTER ASSAY 

Putative ROP16 promoters for T. gondii (881 bp upstream of the start codon) and H. hammondi 

(865 bp upstream of the start codon) were cloned into vectors upstream of a firefly luciferase 

coding region followed by a T. gondii dihydrofolate reductase 3’ UTR. Mutant T. gondii and H. 

hammondi ROP16 promoter constructs were made using splicing by overlap extension PCR. We 

deleted 16 bp immediately preceding the putative transcriptional start site of TgROP16, and 

similarly inserted 16 bp from the TgROP16 promoter into the HhROP16 promoter. All promoter 

constructs were tested for activity by a dual-luciferase reporter assay.  

15-20 million TgME49 parasites were transfected with 50-70 μg of the ROP16 promoter 

construct along with 20 μg of a vector containing a Renilla luciferase gene under a T. gondii 

tubulin promoter (to normalize for transfection efficiency between experiments). Parasites were 

then lysed using 1 x cell lysis buffer (Promega), and both Firefly and Renilla luciferase activity 

was measured using the Promega dual-luciferase reporter assay system. 

6.15 IN VITRO COMPETITION ASSAY 

An ME49 strain engineered to express an N-terminal HA-tagged Type I (RH) MAF1 

(ME49:TgMAF1RHb1) was mixed with ME49:WT in ratios 4:1 and 1:4. These two mixed 

populations were used to infect human foreskin fibroblast cells at an MOI of 3.  Flasks were 

passed via syringe lysis every 3 days.  At the 0, 4, and 8 week time mark HFFs grown on 12 mm 

glass coverslips were infected at an MOI of 3 and the proportion of HA+ and HA- parasites was 

calculated using immunofluorescence using rat α-HA (as above) and serum from a mouse 
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chronically infected with Toxoplasma gondii at 1:1000 dilution. The ratio of HA+ to HA- was 

determined by counting at least 200 vacuoles.  The entire experiment was repeated two times, 

each time with a genetically distinct clone set (WT and complemented). 

6.16 ANIMAL EXPERIMENTS 

Mouse experiments were performed with 4-8wk old female Balb/c, CBA/J, C57BL6/J, or 

cytokine knockout mice in a C57Bl6/j background, obtained from Jackson Laboratories. All 

animal procedures in this study meet the standards of the American Veterinary Association and 

were approved locally under IACUC protocols #12010130 and #15015428. 

6.17 GENERATION OF POLYCLONAL ANTIBODIES 

Female Balb/c mice were injected intraperitoneally (IP) with 100 µg of either TgMAF1RHa1 

antigen or TgMAF1RHb1 antigen suspended in 100 µL phosphate buffered saline (PBS) and 

mixed 1:1 with Sigma Adjuvant (Sigma) to a final volume of 200 µL. Additional injections of 50 

µg of the appropriate antigen mixed 1:1 with Sigma Adjuvant to a final volume of 200 µL were 

administered 14, 35 and 56 days after the initial injection. Sera were collected prior to initial 

injection, as well as day 31, 81, and 88. All sera were tested for reactivity against both 

TgMAF1RHa1 and TgMAF1RHb1 by Western blot prior to use in western blots or 

immunofluorescence assays. 
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6.18 SERUM COLLECTION 

Blood samples were collected by tail or submandibular bleeding at specified time points. For 

each sample 20-50 μL of whole blood was collected, incubated on ice for 1 hour, and centrifuged 

at 2500 x g for 10 minutes. Alternatively, blood was collected into serum separator tubes, 

allowed to clot for 5-10 minutes, and then centrifuged at 10,000 xg for 10 minutes. In all cases, 

serum supernatant was transferred to a new tube for further analysis, and the pelleted clot was 

discarded. For final time points, blood was collected after euthanasia by cardiac puncture for a 

total volume of 200-500 μL, incubated for 1 hour on ice, and serum was collected as described 

above. 

6.19 ANALYSIS OF CYTOKINE EXPRESSION 

Serum was collected as described above and stored at -80° C until sent for Luminex. Samples 

were analyzed by The UPCI Cancer Biomarkers Facility: Luminex Core Laboratory (supported 

in part by award P30CA047904) for the presence of 32 mouse cytokines. The serum level of 

each cytokine was reported as fluorescence intensity minus background, and cytokine levels 

were analyzed using GraphPad PRISM software. Mice were grouped by parasite strain, and each 

mouse had between one and four time points used in the analysis. A two-way ANOVA was 

performed, followed by multiple comparisons using a Sidak correction. Comparisons were done 

between the means of mice infected with TgME49:EV or TgME49:TgMAF1RHb1 to determine 

significant differences between serum cytokine levels.  
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6.20 PARASITE INFECTION AND BIOLUMINESCENCE IMAGING 

Unless otherwise stated, all infections were achieved by intraperitoneal (IP) injection of 

quantified tachyzoites suspended in 200 μL of PBS. Briefly, well infected flasks were washed 

with fresh CDMEM, then monolayers were scraped from the bottom of the flask and syringe 

lysed by serial passage through a 27 and then 25 gauge needle. Lysed parasites were pelleted by 

centrifugation at 800 x g for 10 minutes, CDMEM was aspirated, and the pellet was suspended in 

1-3 mL PBS. Parasites were then quantified by counting on a hemocytometer and diluted with 

PBS to the appropriate number of parasites per 200 μL. For parasite strains expressing luciferase, 

infections were then monitored by bioluminescence.  

6.21 IN VIVO COMPETITION ASSAY 

Using the same genetically engineered ME49 clone sets, we again created mixed populations at 

ratios of 1:4, 1:1, 4:1, 100% ME49:TgMAF1RHb1, and 100% ME49:WT.  We injected 100,000 

tachyzoites intraperitoneally of these 5 populations into Balb/c mice in 200 µL of PBS (3-5 mice 

per population).  In a separate experiment we transfected ME49 with the same pTgMAF1RHa1, 

and grew the population under MPA/Xanthine selection for 2 weeks, and then injected 100,000 

tachyzoites of this mixed population into Balb/c mice as above.  On the day of injection, we used 

the same parasite preparation to infect HFFs seeded on glass coverslips to quantify the exact 

input proportions using IF imaging as described above.  Parasite burden and location was 

assessed daily for the next five days using in vivo bioluminescence imaging [164] since the 

parental ME49 strain expressed click beetle luciferase off of a DHFR promoter [164]. On day 5 
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pi, all mice were sacrificed and an intraperitoneal lavage was performed in order to harvest 

peritoneal cells and associated parasites. Samples were spun down and resuspended in cDMEM 

and used to infect HFFs.  After 1 passage parasites were used to infect HFFs seeded onto glass 

coverslips coverslips at an MOI of 3 to quantify proportions using IF imaging as above. 

6.22 CYST PURIFICAION 

Mice were euthanized and whole brains were removed. Either the entire brain or the left half was 

stored in PBS with 3% fetal bovine serum (3% FBS) on ice and then at 4º C until processing. 

Brain tissue was homogenized by passage through a 100 μm nylon cell strainer and suspended in 

3% FBS in a 50 mL conical tube. Brain homogenate was pelleted by centrifugation at 1500 x g 

for 15 minutes and 4º C. Excess 3% FBS was removed, leaving ~5 mL of 3% FBS and brain 

homogenate. Cysts were then purified using a Percoll gradient of 5 mL each of 90%/40%/20% 

Percoll diluted in PBS layered into a new 50 mL conical tube. Brains were resuspended in 

PBS/FBS to a total volume of 5 mL, passaged twice through an 18 gauge needle, and then 

layered dropwise on top of the gradient. Gradients were then subjected to centrifugation at 1500 

x g for 15 minutes at 4º C. Following centrifugation the top layer of brain tissue and the 90% 

Percoll layers were removed. Additional 3% FBS was added to the remaining Percoll and 3% 

FBS layers, disrupting the gradient and bringing the total volume to 45 mL. The tubes were 

inverted 2-3 times to insure complete disruption of the gradient before centrifugation at 1500 x g 

for 15 minutes at 4º C. The top 40 mL was then removed, leaving 5 mL of 3% FBS and cysts. 

This 5 mL was mixed and transferred to a new 15 mL conical tube, and 10 mL of 3% FBS was 

added before inverting 2-3 times to mix before centrifugation at 1500 x g for 15 minutes at 4º C. 
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The top 14.5 mL was then removed and the remaining 500 μL was mixed before transferring to a 

1.5 mL Eppendorf tube. An additional 1 mL of 3% FBS was added and tubes were inverted 2-3 

times to mix before centrifugation at 2000 x g for 15 minutes. 3% FBS was carefully removed by 

pipette leaving ~200 μL of 3% FBS and cysts at the bottom of the tube. Purified cysts were then 

stored at 4º C until staining or oral infection. 

6.23 CYST STAINING AND QUANTIFICAION 

A portion of whole brain homogenate or purified cysts were pelleted before resuspension in 100-

250 uL 3% /FBS and incubated at room temperation for 1 hour. Following 1 hour incubation, 

rhodamine conjugated Dolichos biflorus Agglutinin was added (1:500 dilution) and samples 

were incubated for 1 hour at room temperature or 4º C overnight. Samples were then washed 2x 

by adding 1 mL 3% FBS, inverting 6-10 times, and then pelleting at 2,000 xg for 10 minutes. 

Following the second wash, stained cysts were suspended in 200 uL and 50 uL aliquots were 

placed into wells of a 96-well dish. Cysts were counted using an inverted fluorescent 

microscope, and estimated cysts per brain were calculated based on portion of the whole brain 

used for quantification. 
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APPENDIX A 

A COMPARISON OF INTERFERON-GAMMA INHIBITION OF N. CANINUM AND T. 

GONDII GROWTH IN CELL CULTURE 

Despite approximately 85% genomic syntenny [189], T. gondii and N. caninum have 

dramatically different host ranges and disease outcomes in various hosts [199]. Disease 

progression in a mouse model exemplifies this disparity, as even the least virulent strains of T. 

gondii (TgS22 or TgS1T; both lack all known virulence factors [96]) cause disease and 

morbidity when a mouse is infected with a high enough dose (>106 parasites), while N. caninum 

does not cause disease or morbidity, even when mice are infected with >107 parasites [199]. In 

cell culture, T. gondii and N. caninum are both able to invade host cells, grow and divide, and 

eventually lyse their host cells in order to then infect new host cells. In vitro growth rates of 

these parasites are quite similar, despite dramatic differences in vivo. The molecular and genetic 

causes underlying the differences between T. gondii and N. caninum in vivo remain elusive, in 

part due to the lack of an in vitro screening process in order to identify candidate genes. 

In order to develop an in vitro screen to identify candidate genes responsible for the 

differences between T. gondii and N. caninum disease progression in a mouse model, I measured 

the growth of several T. gondii strains (avirulent strain TgS22; virulent strain TgS23) in a variety 
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of cell culture conditions and compared it to the growth of N. caninum under the same 

conditions. Initial comparisons of growth in human foreskin fibroblasts (HFFs) at 37ºC in 5% 

CO2 confirmed that under normal cell culture conditions in HFFs, T. gondii and N. caninum 

grow at similar rates in vitro (Figure 6-1).  

However, growth conditions in HFFs are dramatically different from growth conditions 

in a mouse, which has many different cell and tissue types, as well as both an innate and adaptive 

immune response. In order to better simulate an immune response in vitro, I stimulated host cells 

with recombinant purified Interferon-γ (IFNγ) before or after infecting with T. gondii or N. 

caninum. I did this using HFFs, as well as murine embryonic fibroblasts (MEFs) and a cell line 

derived from murine macrophage isolated from blood (RAW 264.7). In all three cell types, both 

T. gondii and N. caninum growth was inhibited by IFNγ pre-treatment. Regardless of cell type or 

IFNγ dose, growth was similarly inhibited for all parasites (Figure 6-2). Inhibition of parasite 

growth was greater with higher doses of IFNγ, except in the case of RAW cells where even the 

smallest dose of IFNγ inhibited parasite growth as well as the highest dose (Figure 6-2E). 

Treating the cells with IFNγ post-infection yielded varying results. Overall, parasite growth was 

inhibited less by post-treatment than pre-treatment. Interestingly, N. caninum growth was the 

most inhibited, compared to both T. gondii strains, in post-treated HFFs, but the least inhibited in 

post-treated RAW cells (Figure 6-2B,F) 

To determine the impact of IFNγ treatment on growth rate, I conducted a growth assay in 

HFFs, where parasites were allowed to invade host cells for 4 hours prior to IFNγ treatment. 

Consistent with the previous data, T. gondii growth was minimally inhibited by IFNγ treatment 

of host cells 4 hours post infection, while N. caninum growth was greatly inhibited (Figure 6-3). 

These data are consistent with the recent identification of a T. gondii protein (TgIST) responsible 
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for the suppression of interferon-stimulated transcription that is absent in N. caninum [200, 201]. 

Future studies will include the transgenic expression of TgIST in N. caninum parasites to 

determine if TgIST expression is responsible for the observed difference in T. gondii and N. 

caninum growth in the presence of IFNγ. 

Another recently published study suggested that TgROP18, which is a pseudogene in N. 

caninum, is responsible for virulence differences in vivo [202]. While other members of the lab 

are conducting experiments to determine if TgROP18 expression in the N. caninum strain NC1 

increases N. caninum virulence in vivo, I have been testing if TgROP18 expression impacts in 

vitro growth in the presence of IFNγ. To do this I have conducted growth assays of transgenic N. 

caninum expressing TgROP18 cloned from type II T. gondii (TgROP18II) in the presence and 

absence of IFNγ. Transgenic expression of TgROP18II in N. caninum does not alter parasite 

growth inhibition by IFNγ (Figure 6-4A). Because TgROP18 works in concert with TgROP5 in 

T. gondii [100, 203], I also conducted growth assays with transgenic N. caninum expressing 

TgROP5, as well as transgenic N. caninum expressing both TgROP18II and TgROP5. 

Interestingly, when TgROP5 was expressed in N. caninum, there was a lack of IFNγ mediated 

growth inhibition (Figure 6-4B), however when both TgROP18II and TgROP5 were expressed 

together, I once again observed N. caninum growth inhibition in the presence of IFNγ (Figure 6-

4C). This experiment will need to be repeated in order to confirm these results. 
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Figure 6-1. T. gondii and N. caninum growth rates in vitro.   

In vitro growth assay of TgS22, TgS23, and NcNC1. Parasites expressing luciferase were grown in human foreskin 

fibroblasts for the indicated amount of time, lysed and exposed to the luciferin substrate. Relative light units were 

used as a readout for parasite growth. 
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Figure 6-2. T. gondii and N. caninum growth inhibition by IFNγ in vitro.  

Host cells were infected with a virulent strain of T. gondii (S23), an avirulent strain of T. gondii (S22) or N. caninum 

(NC1) in the presence of increasing IFNγ concentrations. Host cells were treated 12 hours before infection (A, C, E) 
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or 12 hours after infection (B, D, F). Parasite growth was measured 48 hours post infection by bioluminescence and 

normalized to an untreated control. Pretreatment of all three host cell types (HFFs, MEFs, and RAW 264.7 cells) 

with IFNγ inhibited growth of all three parasite strains. 

 

 

Figure 6-3. N. caninum growth is inhibited in the presence of IFNγ.  

96-well plates of confluent HFFs were infected with 10,000 parasites per well of either T. gondii (S23) or N. 

caninum (NC1). Parasites were allowed to infect host cells for 4 hours before the addition of IFNγ (dose = 100 

units), or additional pre-warmed media for control wells. Parasites were quantified by bioluminescence for each 

treatment at the indicated time points (n=3). Exponential growth curves were fit to the data using GraphPad Prism. 

Using an extra sum-of-squares F test, the k values for the curves fitting T. gondii growth in the presence or absence 

of IFNγ were not significantly different (p = 0.578), however the k values for the curves fitting N. caninum in the 

presence or absence of IFNγ were significantly different (p = 0.014) 
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Figure 6-4. Impact of transgenic TgROP18II and TgROP5 expression on N. caninum growth inhibition in the 

presence of IFNγ.  

Growth assays were conducted and analyzed in the same manner as in Figure 6-3, this time with transgenic N. 

caninum expressing TgROP18II (Nc1:TgROP18II), TgROP5 (Nc1:TgROP5) or both together 

(Nc1:TgROP18II:TgROP5). The k values for the curves fit to Nc1:TgROP18II and Nc1:ROP18II:ROP5 in the 

presence or absence of IFNγ were significantly different (p = 0.005 and 0.0007, respectively), however the k values 

for the curves fir to Nc1:TgROP5 in the presence or absence of IFNγ were not significantly different (p = 0.740). 
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APPENDIX B 

H. HAMMONDI ROP16 PROMOTER CHARACTERIZAION 

Despite remarkable similarity at the genomic level, Toxoplasma gondii and Hammondia 

hammondi have vastly different host ranges and disease outcomes in infected intermediate hosts. 

The factors, both parasite and host, contributing to these differences remain largely unknown. 

Previous studies utilizing genetic and phenotypic variation between strains of T. gondii have 

identified a number of secreted parasite proteins that interact with and modify the host cell, thus 

contributing to parasite virulence [96, 102, 204]. To determine if these identified factors also 

contribute to phenotypic differences between T. gondii and H. hammondi; studies have assessed 

the ability of H. hammondi copies of each of the identified virulence factors ROP5, ROP16, 

ROP18, and GRA15 to complement T. gondii strains lacking each factor individually. Initial 

studies indicate that H. hammondi copies of both ROP5 and ROP18 are functionally conserved 

when expressed in T. gondii [164]. This appendix contains work that was done to aid in 

determining if H. hammondi harbors a functional copy of ROP16, and was published along with 

work identifying a functional H. hammondi GRA15 [205]. 

Comparisons of the putative promoter region of ROP16 (881 bp upstream of the start 

codon) in T. gondii types I, II, and III to the putative promoter region of the H. hammondi 
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ROP16 (865 bp upstream of the start codon) revealed a 16 base pair deletion just upstream of the 

predicted transcriptional start site. To determine if this deletion altered the ability of this putative 

promoter region to drive gene expression, upstream regions from H. hammondi and T. gondii 

were cloned in front of a firefly luciferase reporter gene and tested for the ability to drive 

luciferase expression. Constructs were co-transfected with a plasmid containing a tubulin 

promoter driven Renilla luciferase to control for transfection efficiency, and promoter activity is 

represented as Firefly over Renilla activity. 

The wildtype promoter region cloned from T. gondii (type II strain, ME49) was able to 

drive significantly higher expression of Firefly luciferase compared to the wildtype promoter 

region from H. hammondi (Figure 6-5; P = 0.008). Additionally, the deletion of those 16 bp from 

the T. gondii promoter significantly reduced promoter activity compared to the wildtype T. 

gondii promoter (P = 0.01). The addition of the 16 bp region to the H. hammondi promoter did 

increase promoter activity, however this increase was not significant when compared to the 

wildtype H. hammondi ROP16 promoter activity (P = 0.3). 

These data suggest that the H. hammondi ROP16 promoter is not functional in a T. gondii 

background, and that the 16 bp deletion just upstream of the transcriptional start site is at least 

partially responsible for the lack of expression. Therefore, further studies assessing the 

functionality of H. hammondi ROP16 were done using a construct where H. hammondi ROP16 

was expressed under the GRA1 promoter [205]. 
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Figure 6-5. Deletion of 16 bp upstream of ROP16 transcriptional start site disrupts expression.  

(A) Alignment of sequence upstream and including the ROP16 transcriptional start site in T. gondii and H. 

hammondi, illustrating the 16 bp deletion in the H. hammondi sequence. Arrow indicates predicted transcription start 

site. (B) Putative ROP16 promoters from type II T. gondii and H. hammondi were cloned upstream of Firefly 

luciferase and co-transfected with a plasmid containing Renilla luciferase under a tubulin promoter into wildtype 

ME49 (T. gondii; type II). Firefly and Renilla luciferase expression levels were measured using a dual luciferase 

reporter assay system. Promoter activity is represented by the ratio of Firefly over Renilla activity. Means with the 

same letter are not significantly different (P > 0.05). 
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APPENDIX C 

LOCALIZATION OF TGME49_203290 

While in some model organisms, such as the budding yeast Saccharomyces cerevisiae, the 

majority of protein coding genes within the genome have known or predicted functions [206], 

most putative protein coding genes within the genome of T. gondii have no known or predicted 

function. Some of these putative protein coding genes have signal peptides or motifs that indicate 

they may be expressed and secreted by the parasite in order to interact with and modulate various 

host cell signaling pathways. One such predicted protein coding gene is annotated on 

ToxoDB.org as TGME49_203290 (203290), which is differentially expressed across T. gondii 

strains, with higher expression in type II strains compared to types I and III. To begin studies on 

203290, I cloned and C-terminally HA-tagged 03290 from both a type II strain (ME49) and a 

type III strain (CTG) and expressed them in opposite backgrounds (the type II version expressed 

in a type III strain and vice versa) to determine localization.  

Interestingly, despite evidence that the type III version of 203290 may not be expressed, 

both the type II 203290 expressed in a type III background and type III 203290 expressed in a 

type II background were expressed and visualized by HA-staining (Figure 6-6). Both versions of 

203290 localize to the vacuole surrounding the parasites and partially co-localize with the dense 
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granule protein GRA7, which is consistent with the recent identification of 203290 as a dense 

granule protein (now designated GRA34; [207]). 

 

 
Figure 6-6. Localization of 203290. 

Type II (ME49) or type III (CTG) parasites were transfected with a C-terminally HA-tagged 203290 cloned from 

type III (CTG) or type II (ME49) genomic DNA, respectively. Transfected parasites were then stained by 

immunofluorescence using an antibody against HA. Parasites were also stained for the dense granule protein GRA7. 
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APPENDIX D 

RAW LUMINEX DATA FROM CHAPTER 4 

This appendix contains data obtained from the Luminex 32-plex mouse cytokine panel of 

TgME49Lev and TgME49:TgMAF1RHb1 infected C57BL6/J mice pre-infection as well as 21, 

28 and 57 DPI. Cytokine measurement is given in fluorescent intensity minus background. The 

cytokines in this panel include: Granulocyte colony-stimulating factor (G-CSF), Eotaxin, 

granulocyte macrophage colony-stimulating factor (GM-CSF), Interferon-gamma (IFNg), 

Interleukin- (IL) 1 alpha (IL-1a), IL-1beta (IL-1b), IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, 

IL-12 beta (IL-12p40), IL-12 heterodimer (IL-12p70), IL-13, IL-15, IL-17, Interferon-gamma 

induced protein 10 (IP-10), keratinocyte chemoattractant (KC; a.k.a. Cxcl1), leukemia inhibitory 

factor (LIF), lipopolysaccharide-induced CXC cytokine (LIX; a.k.a. Cxcl5), monocyte 

chemoattractant cytokine 1 (MCP-1), macrophage colony-stimulating factor (M-CSF), monokine 

induced by gamma interferon (MIG), macrophage inflammatory protein- (MIP) 1 alpha (MIP-

1a), MIP-1 beta (MIP-1b), MIP-2, RANTES, tumor necrosis factor alpha (TNFa), and vascular 

endothelial growth factor (VEGF). “†” denotes data not obtained as mouse became morbid 

during acute infection. “---” denotes data not obtained as mouse was euthanized 28 DPI. Mouse 

2-2 and 3-2 appeared uninfected by bioluminescence and lack of IFNg (*).   
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Table 6. G-CSF 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 208 58 176.5 --- 

1-2 TgME49:TgMAF1RHb1 295.5 † † † 

1-3 TgME49:TgMAF1RHb1 166.5 137.5 564 --- 

1-4 TgME49:TgMAF1RHb1 150.5 184 98 --- 

1-5 TgME49:TgMAF1RHb1 134.5 † † † 

2-1 TgME49:TgMAF1RHb1 91.5 202.5 398.5 167.5 

2-2* TgME49:TgMAF1RHb1 232.5 94.5 106.5 164 

2-3 TgME49:TgMAF1RHb1 71 114.5 140.5 260.5 

2-4 TgME49:TgMAF1RHb1 105 106.5 97.5 95.5 

2-5 TgME49:TgMAF1RHb1 77.5 † † † 

3-1 TgME49:EV 350 122 232.5 --- 

3-2* TgME49:EV 157.5 101 133 --- 

3-3 TgME49:EV 72.5 120 22 --- 

3-4 TgME49:EV 184.5 74.5 63.5 --- 

3-5 TgME49:EV 34.5 30.5 83.5 --- 

4-1 TgME49:EV 266.5 70.5 115.5 138 

4-2 TgME49:EV 99 51.5 68 221 

4-3 TgME49:EV 89.5 21.5 65.5 46 

4-4 TgME49:EV 206.5 150.5 291.5 288.5 

4-5 TgME49:EV 228.5 89.5 141.5 149.5 
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Table 7. Eotaxin 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 563 5966 7355 --- 

1-2 TgME49:TgMAF1RHb1 200 † † † 

1-3 TgME49:TgMAF1RHb1 267.5 5423 6738 --- 

1-4 TgME49:TgMAF1RHb1 132 5459.5 8090.5 --- 

1-5 TgME49:TgMAF1RHb1 171 † † † 

2-1 TgME49:TgMAF1RHb1 149 2330 2372 8840 

2-2* TgME49:TgMAF1RHb1 212 1837.5 641 9127.5 

2-3 TgME49:TgMAF1RHb1 53 541 1121 7800.5 

2-4 TgME49:TgMAF1RHb1 770 3541.5 2597 6440 

2-5 TgME49:TgMAF1RHb1 478.5 † † † 

3-1 TgME49:EV 664 2872.5 6697 --- 

3-2* TgME49:EV 407.5 326 2828.5 --- 

3-3 TgME49:EV 123 1986.5 4293.5 --- 

3-4 TgME49:EV 284 3006.5 4248.5 --- 

3-5 TgME49:EV 205 1191 2359.5 --- 

4-1 TgME49:EV 179.5 591.5 1375 7617 

4-2 TgME49:EV 201 1595 1850 5198 

4-3 TgME49:EV 192.5 1049 1846.5 4030 

4-4 TgME49:EV 429 680 1827 9534 

4-5 TgME49:EV 564.5 693 1151 3412 
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Table 8. GM-CSF 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 3 0 -2 --- 

1-2 TgME49:TgMAF1RHb1 2 † † † 

1-3 TgME49:TgMAF1RHb1 -2 -2 1 --- 

1-4 TgME49:TgMAF1RHb1 0 -2 -5 --- 

1-5 TgME49:TgMAF1RHb1 1 † † † 

2-1 TgME49:TgMAF1RHb1 1 -3 -5 3 

2-2* TgME49:TgMAF1RHb1 -3 -5 -6 5 

2-3 TgME49:TgMAF1RHb1 0 -6 -8 6 

2-4 TgME49:TgMAF1RHb1 -2 -0.5 -1 -2 

2-5 TgME49:TgMAF1RHb1 1 † † † 

3-1 TgME49:EV 4 2 5 --- 

3-2* TgME49:EV 1 -2 -4 --- 

3-3 TgME49:EV -4 10 1 --- 

3-4 TgME49:EV 0 -5.5 -11 --- 

3-5 TgME49:EV -2 -2 -5 --- 

4-1 TgME49:EV -2 -4 -7 1 

4-2 TgME49:EV -6 -8 -9 2 

4-3 TgME49:EV 2 -4 -4 1 

4-4 TgME49:EV 1 -3 -4 5 

4-5 TgME49:EV 2 -2 -4 2 
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Table 9. IFNg 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 4 265.5 938.5 --- 

1-2 TgME49:TgMAF1RHb1 0 † † † 

1-3 TgME49:TgMAF1RHb1 1 135.5 676.5 --- 

1-4 TgME49:TgMAF1RHb1 1 119.5 32.5 --- 

1-5 TgME49:TgMAF1RHb1 0 † † † 

2-1 TgME49:TgMAF1RHb1 1 220 110 301 

2-2* TgME49:TgMAF1RHb1 1.5 -1 0 10 

2-3 TgME49:TgMAF1RHb1 3 25 18 237.5 

2-4 TgME49:TgMAF1RHb1 0 164 86 27.5 

2-5 TgME49:TgMAF1RHb1 3 † † † 

3-1 TgME49:EV 2 138.5 545.5 --- 

3-2* TgME49:EV 0 2.5 3.5 --- 

3-3 TgME49:EV 2 273.5 134.5 --- 

3-4 TgME49:EV 1 155 95 --- 

3-5 TgME49:EV -2 223 271 --- 

4-1 TgME49:EV 0 193 40 405.5 

4-2 TgME49:EV 2 130.5 43 378 

4-3 TgME49:EV -5 65 57 6 

4-4 TgME49:EV 4 183.5 141 124 

4-5 TgME49:EV 4 64 96 310 
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Table 10. IL-1a 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 15 15 61 --- 

1-2 TgME49:TgMAF1RHb1 25 † † † 

1-3 TgME49:TgMAF1RHb1 104 129 134.5 --- 

1-4 TgME49:TgMAF1RHb1 30 160 61 --- 

1-5 TgME49:TgMAF1RHb1 18 † † † 

2-1 TgME49:TgMAF1RHb1 14 33 37 65 

2-2* TgME49:TgMAF1RHb1 39.5 311 24 148.5 

2-3 TgME49:TgMAF1RHb1 30 8 31 116.5 

2-4 TgME49:TgMAF1RHb1 86 72 286 50.5 

2-5 TgME49:TgMAF1RHb1 77 † † † 

3-1 TgME49:EV 73 68 33 --- 

3-2* TgME49:EV 71 43 23 --- 

3-3 TgME49:EV 84 57 20 --- 

3-4 TgME49:EV 16 54 46 --- 

3-5 TgME49:EV 6 33 24 --- 

4-1 TgME49:EV 23 18.5 66 81 

4-2 TgME49:EV 37 44 134 126 

4-3 TgME49:EV 19 12.5 16 69.5 

4-4 TgME49:EV 109.5 26 56 129 

4-5 TgME49:EV 94 23 84 110.5 
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Table 11. IL-1b 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 0 2 1 --- 

1-2 TgME49:TgMAF1RHb1 1.5 † † † 

1-3 TgME49:TgMAF1RHb1 4 3 3 --- 

1-4 TgME49:TgMAF1RHb1 0 4 3 --- 

1-5 TgME49:TgMAF1RHb1 -1 † † † 

2-1 TgME49:TgMAF1RHb1 0 0 1 4 

2-2* TgME49:TgMAF1RHb1 1 0 -1 3 

2-3 TgME49:TgMAF1RHb1 1 2 1 3 

2-4 TgME49:TgMAF1RHb1 1 2 0 -2 

2-5 TgME49:TgMAF1RHb1 1 † † † 

3-1 TgME49:EV 2 9 9 --- 

3-2* TgME49:EV 1 1 1 --- 

3-3 TgME49:EV 0 3 2 --- 

3-4 TgME49:EV -1 0 2 --- 

3-5 TgME49:EV 0 0 0 --- 

4-1 TgME49:EV 0 1 0 1 

4-2 TgME49:EV 1 1 1 2 

4-3 TgME49:EV 0 0 0 3 

4-4 TgME49:EV 14 0 1 1 

4-5 TgME49:EV 2 -1 1 1 
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Table 12. IL-2 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 1 6 13 --- 

1-2 TgME49:TgMAF1RHb1 3 † † † 

1-3 TgME49:TgMAF1RHb1 1 4 42 --- 

1-4 TgME49:TgMAF1RHb1 -1 5 16 --- 

1-5 TgME49:TgMAF1RHb1 1 † † † 

2-1 TgME49:TgMAF1RHb1 -1 2 0 34 

2-2* TgME49:TgMAF1RHb1 0 0 -1 17 

2-3 TgME49:TgMAF1RHb1 0 -1 -1 49 

2-4 TgME49:TgMAF1RHb1 1 3 1 12 

2-5 TgME49:TgMAF1RHb1 1 † † † 

3-1 TgME49:EV 3 5 5 --- 

3-2* TgME49:EV 0 2 3 --- 

3-3 TgME49:EV -1 4 5 --- 

3-4 TgME49:EV -1 -3 0 --- 

3-5 TgME49:EV -2 -2 -3 --- 

4-1 TgME49:EV 1 1 0 10 

4-2 TgME49:EV -0.5 0 1 9 

4-3 TgME49:EV 0 0 -2 3 

4-4 TgME49:EV 2 45 15 36 

4-5 TgME49:EV 1 -1 0 5 
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Table 13. IL-3 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 2 -1 -0.5 --- 

1-2 TgME49:TgMAF1RHb1 2 † † † 

1-3 TgME49:TgMAF1RHb1 0 -1 0 --- 

1-4 TgME49:TgMAF1RHb1 0 -2 0 --- 

1-5 TgME49:TgMAF1RHb1 -1 † † † 

2-1 TgME49:TgMAF1RHb1 0 2 0 2 

2-2* TgME49:TgMAF1RHb1 0 -4 -4 1 

2-3 TgME49:TgMAF1RHb1 -1 -3 -5 8 

2-4 TgME49:TgMAF1RHb1 -1 -2 -1 -4 

2-5 TgME49:TgMAF1RHb1 0 † † † 

3-1 TgME49:EV 0 -1 -1 --- 

3-2* TgME49:EV 2 -3 -3 --- 

3-3 TgME49:EV -2 1 -2 --- 

3-4 TgME49:EV -3 -3 -4 --- 

3-5 TgME49:EV -2 -1 -2 --- 

4-1 TgME49:EV -4 -2 -3 0 

4-2 TgME49:EV -3 -4 -3 -3 

4-3 TgME49:EV 1 -4 0 2.5 

4-4 TgME49:EV 1 0 -1 3 

4-5 TgME49:EV 2 -3 -3 2 
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Table 14. IL-4 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 2 -1 -1 --- 

1-2 TgME49:TgMAF1RHb1 8.5 † † † 

1-3 TgME49:TgMAF1RHb1 7.5 1.5 7 --- 

1-4 TgME49:TgMAF1RHb1 6.5 21 19 --- 

1-5 TgME49:TgMAF1RHb1 4.5 † † † 

2-1 TgME49:TgMAF1RHb1 4.5 0.5 0.5 5.5 

2-2* TgME49:TgMAF1RHb1 1.5 -1.5 -3.5 7.5 

2-3 TgME49:TgMAF1RHb1 4.5 -9.5 -7.5 7.5 

2-4 TgME49:TgMAF1RHb1 0.5 3.5 2.5 0.5 

2-5 TgME49:TgMAF1RHb1 3.5 † † † 

3-1 TgME49:EV 0 25 32 --- 

3-2* TgME49:EV 3.5 1 2 --- 

3-3 TgME49:EV 2 0 3 --- 

3-4 TgME49:EV 2 5.5 3.5 --- 

3-5 TgME49:EV 1.5 -3.5 -6.5 --- 

4-1 TgME49:EV 1.5 1.5 1.5 3.5 

4-2 TgME49:EV 6.5 0.5 -2.5 7.5 

4-3 TgME49:EV 4.5 -0.5 -6.5 0.5 

4-4 TgME49:EV 142.5 0.5 0.5 8.5 

4-5 TgME49:EV 3.5 0.5 -2.5 6.5 
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Table 15. IL-5 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 13 9 17 --- 

1-2 TgME49:TgMAF1RHb1 13 † † † 

1-3 TgME49:TgMAF1RHb1 6 22.5 18 --- 

1-4 TgME49:TgMAF1RHb1 3 31.5 8 --- 

1-5 TgME49:TgMAF1RHb1 7 † † † 

2-1 TgME49:TgMAF1RHb1 8 20 10 15 

2-2* TgME49:TgMAF1RHb1 12 4 2 16 

2-3 TgME49:TgMAF1RHb1 4 9 52 16 

2-4 TgME49:TgMAF1RHb1 10 24 10 2 

2-5 TgME49:TgMAF1RHb1 41 † † † 

3-1 TgME49:EV 24 45 11 --- 

3-2* TgME49:EV 4 16 14 --- 

3-3 TgME49:EV 5 21 22 --- 

3-4 TgME49:EV 7 9 23 --- 

3-5 TgME49:EV 12 9 7 --- 

4-1 TgME49:EV 6 4.5 0 12 

4-2 TgME49:EV 23 21 17 134.5 

4-3 TgME49:EV 8 19 13 66 

4-4 TgME49:EV 151 14 9.5 22 

4-5 TgME49:EV 14 26 7 31 
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Table 16. IL-6 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 6.5 31 144 --- 

1-2 TgME49:TgMAF1RHb1 16 † † † 

1-3 TgME49:TgMAF1RHb1 8 27 145 --- 

1-4 TgME49:TgMAF1RHb1 2.5 39 27 --- 

1-5 TgME49:TgMAF1RHb1 3 † † † 

2-1 TgME49:TgMAF1RHb1 4 34 27 44 

2-2* TgME49:TgMAF1RHb1 5 2 0 12 

2-3 TgME49:TgMAF1RHb1 4 20 6 82.5 

2-4 TgME49:TgMAF1RHb1 1 18 3 32 

2-5 TgME49:TgMAF1RHb1 -1 † † † 

3-1 TgME49:EV 8 34 36 --- 

3-2* TgME49:EV 6 0 4 --- 

3-3 TgME49:EV 2 44 20.5 --- 

3-4 TgME49:EV 2 11 21 --- 

3-5 TgME49:EV 0 20 11.5 --- 

4-1 TgME49:EV 17 15 5 52 

4-2 TgME49:EV 0 8 1 29 

4-3 TgME49:EV 5 21 23 56.5 

4-4 TgME49:EV 42 23 13 86 

4-5 TgME49:EV 3 6 9 30 
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Table 17. IL-7 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 -1 1 8 --- 

1-2 TgME49:TgMAF1RHb1 -3.5 † † † 

1-3 TgME49:TgMAF1RHb1 -3.5 10.5 13 --- 

1-4 TgME49:TgMAF1RHb1 -2.5 -5 8.5 --- 

1-5 TgME49:TgMAF1RHb1 -7.5 † † † 

2-1 TgME49:TgMAF1RHb1 -13.5 -5.5 -3.5 13.5 

2-2* TgME49:TgMAF1RHb1 -5.5 -11.5 -11.5 14.5 

2-3 TgME49:TgMAF1RHb1 -6.5 -15.5 -2.5 45.5 

2-4 TgME49:TgMAF1RHb1 -9.5 -1 -6.5 10.5 

2-5 TgME49:TgMAF1RHb1 -4.5 † † † 

3-1 TgME49:EV 1 1 40 --- 

3-2* TgME49:EV -5.5 0 2 --- 

3-3 TgME49:EV -8.5 -1.5 93.5 --- 

3-4 TgME49:EV -8.5 11.5 6.5 --- 

3-5 TgME49:EV 9.5 28.5 11.5 --- 

4-1 TgME49:EV -9.5 -8.5 -4.5 13.5 

4-2 TgME49:EV -8.5 10.5 -9.5 6.5 

4-3 TgME49:EV -6.5 -12.5 -6.5 7.5 

4-4 TgME49:EV -3.5 5.5 -5.5 56.5 

4-5 TgME49:EV -2.5 -8.5 -7.5 31.5 
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Table 18. IL-9 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 3 5 10 --- 

1-2 TgME49:TgMAF1RHb1 -12 † † † 

1-3 TgME49:TgMAF1RHb1 4 -10 46.5 --- 

1-4 TgME49:TgMAF1RHb1 -1 -4 60 --- 

1-5 TgME49:TgMAF1RHb1 -13.5 † † † 

2-1 TgME49:TgMAF1RHb1 -15 -12 -10 43 

2-2* TgME49:TgMAF1RHb1 -4 -6.5 -10 39 

2-3 TgME49:TgMAF1RHb1 5 -9.5 4 136 

2-4 TgME49:TgMAF1RHb1 -4.5 -15 -14 4 

2-5 TgME49:TgMAF1RHb1 -4 † † † 

3-1 TgME49:EV 10 -2 22 --- 

3-2* TgME49:EV 7 3 9 --- 

3-3 TgME49:EV -6 6.5 29.5 --- 

3-4 TgME49:EV -5 -15 -4 --- 

3-5 TgME49:EV -16 -3 13 --- 

4-1 TgME49:EV -10.5 -7 -14 7 

4-2 TgME49:EV -11 -13 -14.5 31 

4-3 TgME49:EV -15 -10 -1 15 

4-4 TgME49:EV -13 -3.5 -9 6 

4-5 TgME49:EV 2 -12 -6 13 
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Table 19. IL-10 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 27.5 26.5 19.5 --- 

1-2 TgME49:TgMAF1RHb1 31 † † † 

1-3 TgME49:TgMAF1RHb1 37.5 46 53.5 --- 

1-4 TgME49:TgMAF1RHb1 43 28.5 24.5 --- 

1-5 TgME49:TgMAF1RHb1 53 † † † 

2-1 TgME49:TgMAF1RHb1 44 46 43 8 

2-2* TgME49:TgMAF1RHb1 27 20 22 7 

2-3 TgME49:TgMAF1RHb1 59 21 27 14 

2-4 TgME49:TgMAF1RHb1 40 50 54.5 1 

2-5 TgME49:TgMAF1RHb1 48 † † † 

3-1 TgME49:EV 32.5 30.5 30.5 --- 

3-2* TgME49:EV 45 26.5 9 --- 

3-3 TgME49:EV 46.5 39.5 29.5 --- 

3-4 TgME49:EV 38 32.5 -4 --- 

3-5 TgME49:EV 31 39 12 --- 

4-1 TgME49:EV 41 14 -14 3 

4-2 TgME49:EV 40 24 -14.5 3 

4-3 TgME49:EV 45 23 -1 6 

4-4 TgME49:EV 68 48 -9 7 

4-5 TgME49:EV 42 19 -6 6 
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Table 20. IL-12p40 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 -4 9 35 --- 

1-2 TgME49:TgMAF1RHb1 12 † † † 

1-3 TgME49:TgMAF1RHb1 15 16 52 --- 

1-4 TgME49:TgMAF1RHb1 12 5 35 --- 

1-5 TgME49:TgMAF1RHb1 11 † † † 

2-1 TgME49:TgMAF1RHb1 2 3 -8 5 

2-2* TgME49:TgMAF1RHb1 10 4.5 5 14 

2-3 TgME49:TgMAF1RHb1 19 6 10 25 

2-4 TgME49:TgMAF1RHb1 4 16 6.5 3 

2-5 TgME49:TgMAF1RHb1 2 † † † 

3-1 TgME49:EV -4 7 3 --- 

3-2* TgME49:EV 11 2 6 --- 

3-3 TgME49:EV 13 -1 27 --- 

3-4 TgME49:EV 11 -2 2 --- 

3-5 TgME49:EV -5.5 4 6 --- 

4-1 TgME49:EV 7 -1 5 9 

4-2 TgME49:EV 15 -4 -2.5 12 

4-3 TgME49:EV 11 1 8 12 

4-4 TgME49:EV 13 11 22 35.5 

4-5 TgME49:EV 16 -3 1 9 
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Table 21. IL-12p70 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 1 1 3 --- 

1-2 TgME49:TgMAF1RHb1 3 † † † 

1-3 TgME49:TgMAF1RHb1 1 -1 3 --- 

1-4 TgME49:TgMAF1RHb1 -0.5 17 5 --- 

1-5 TgME49:TgMAF1RHb1 0 † † † 

2-1 TgME49:TgMAF1RHb1 0 0 -1 6 

2-2* TgME49:TgMAF1RHb1 0 -2 -2 16 

2-3 TgME49:TgMAF1RHb1 0 -2 -3 6 

2-4 TgME49:TgMAF1RHb1 -1 -1 -1 5 

2-5 TgME49:TgMAF1RHb1 1 † † † 

3-1 TgME49:EV 2 5 9 --- 

3-2* TgME49:EV 0 -1 0 --- 

3-3 TgME49:EV -1 1 1 --- 

3-4 TgME49:EV -1 1 1 --- 

3-5 TgME49:EV -1 -1 -2 --- 

4-1 TgME49:EV -1 0 -1 2 

4-2 TgME49:EV -1 0 0 3 

4-3 TgME49:EV -1 -2 -2 3 

4-4 TgME49:EV 24 2 -2 9 

4-5 TgME49:EV 1 -1 -1 5 
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Table 22. IL-13 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 26 26 39 --- 

1-2 TgME49:TgMAF1RHb1 49 † † † 

1-3 TgME49:TgMAF1RHb1 30 34 55 --- 

1-4 TgME49:TgMAF1RHb1 33 28 53.5 --- 

1-5 TgME49:TgMAF1RHb1 30 † † † 

2-1 TgME49:TgMAF1RHb1 28 30 30 49 

2-2* TgME49:TgMAF1RHb1 29 23 24 32.5 

2-3 TgME49:TgMAF1RHb1 33 18 16 284 

2-4 TgME49:TgMAF1RHb1 28 30 21 15 

2-5 TgME49:TgMAF1RHb1 28 † † † 

3-1 TgME49:EV 29 18 37 --- 

3-2* TgME49:EV 28 19 24 --- 

3-3 TgME49:EV 24 27 35 --- 

3-4 TgME49:EV 30.5 37 26 --- 

3-5 TgME49:EV 22 27 19 --- 

4-1 TgME49:EV 26 32 39 28 

4-2 TgME49:EV 24 28 21 36 

4-3 TgME49:EV 28 27.5 22 22 

4-4 TgME49:EV 31 43 35 82.5 

4-5 TgME49:EV 32 20 16 25 
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Table 23. IL-15 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 16 17 16 --- 

1-2 TgME49:TgMAF1RHb1 17 † † † 

1-3 TgME49:TgMAF1RHb1 19 19.5 27 --- 

1-4 TgME49:TgMAF1RHb1 20 3 29 --- 

1-5 TgME49:TgMAF1RHb1 26.5 † † † 

2-1 TgME49:TgMAF1RHb1 20 16 21 19 

2-2* TgME49:TgMAF1RHb1 16 10 8 14 

2-3 TgME49:TgMAF1RHb1 27 8 26 93 

2-4 TgME49:TgMAF1RHb1 15 26.5 23 9 

2-5 TgME49:TgMAF1RHb1 25 † † † 

3-1 TgME49:EV 17 16 16 --- 

3-2* TgME49:EV 20 14 17 --- 

3-3 TgME49:EV 22 12 18 --- 

3-4 TgME49:EV 19 15 21 --- 

3-5 TgME49:EV 32 29 25 --- 

4-1 TgME49:EV 21 5 5 8 

4-2 TgME49:EV 27 13 14 9 

4-3 TgME49:EV 27.5 14 19 25 

4-4 TgME49:EV 24 23 31 47.5 

4-5 TgME49:EV 22 10 9 6 
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Table 24. IL-17 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 1 0 1 --- 

1-2 TgME49:TgMAF1RHb1 3 † † † 

1-3 TgME49:TgMAF1RHb1 2 4 4 --- 

1-4 TgME49:TgMAF1RHb1 0 13 5.5 --- 

1-5 TgME49:TgMAF1RHb1 1 † † † 

2-1 TgME49:TgMAF1RHb1 1 3 3 12 

2-2* TgME49:TgMAF1RHb1 0 -3 -1 11 

2-3 TgME49:TgMAF1RHb1 1 -1 -2 17 

2-4 TgME49:TgMAF1RHb1 1 3 2 1 

2-5 TgME49:TgMAF1RHb1 4 † † † 

3-1 TgME49:EV 4 7 9 --- 

3-2* TgME49:EV 0 0 1 --- 

3-3 TgME49:EV 1 4 2 --- 

3-4 TgME49:EV 0 3 0 --- 

3-5 TgME49:EV -1 2 0.5 --- 

4-1 TgME49:EV 1.5 1 -1 6 

4-2 TgME49:EV 1 2 0 7 

4-3 TgME49:EV 0 1.5 2 7 

4-4 TgME49:EV 21 6 1 5 

4-5 TgME49:EV 2 -2 -1 6 
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Table 25. IP-10 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 309 4658 4662 --- 

1-2 TgME49:TgMAF1RHb1 140 † † † 

1-3 TgME49:TgMAF1RHb1 11 3440 4584.5 --- 

1-4 TgME49:TgMAF1RHb1 59 4887 4195.5 --- 

1-5 TgME49:TgMAF1RHb1 93 † † † 

2-1 TgME49:TgMAF1RHb1 76 3460 2537 3543.5 

2-2* TgME49:TgMAF1RHb1 113 274 156 567.5 

2-3 TgME49:TgMAF1RHb1 35.5 690.5 1610 5262.5 

2-4 TgME49:TgMAF1RHb1 167 2925 2050 3399.5 

2-5 TgME49:TgMAF1RHb1 184 † † † 

3-1 TgME49:EV 231 2450 3018 --- 

3-2* TgME49:EV 119 289 1128.5 --- 

3-3 TgME49:EV 79.5 3180 2904.5 --- 

3-4 TgME49:EV 105 2107 2812 --- 

3-5 TgME49:EV 54 2217 1987 --- 

4-1 TgME49:EV 144 1135 1123 3441 

4-2 TgME49:EV 144.5 2070.5 1181 3012.5 

4-3 TgME49:EV 176 2480 1537 2782.5 

4-4 TgME49:EV 161 2015 1799 4367 

4-5 TgME49:EV 205.5 1073 1067.5 3018.5 
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Table 26. KC 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 25.5 140 469 --- 

1-2 TgME49:TgMAF1RHb1 41 † † † 

1-3 TgME49:TgMAF1RHb1 27.5 11.5 494.5 --- 

1-4 TgME49:TgMAF1RHb1 7.5 130 72 --- 

1-5 TgME49:TgMAF1RHb1 19.5 † † † 

2-1 TgME49:TgMAF1RHb1 24.5 140.5 182.5 269.5 

2-2* TgME49:TgMAF1RHb1 23 103.5 47.5 240 

2-3 TgME49:TgMAF1RHb1 8.5 85.5 113.5 245 

2-4 TgME49:TgMAF1RHb1 59.5 192.5 352.5 56 

2-5 TgME49:TgMAF1RHb1 44.5 † † † 

3-1 TgME49:EV 58 257 1147.5 --- 

3-2* TgME49:EV 36.5 68 274 --- 

3-3 TgME49:EV 25.5 144 197.5 --- 

3-4 TgME49:EV 23.5 143.5 368 --- 

3-5 TgME49:EV 12.5 78.5 228.5 --- 

4-1 TgME49:EV 43.5 59.5 151.5 502 

4-2 TgME49:EV 31.5 81.5 164.5 133 

4-3 TgME49:EV 27 57.5 175.5 176 

4-4 TgME49:EV 34 232.5 401 362 

4-5 TgME49:EV 52.5 59.5 136.5 247 
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Table 27. LIF 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 -2 2 8 --- 

1-2 TgME49:TgMAF1RHb1 -1 † † † 

1-3 TgME49:TgMAF1RHb1 -2 -2 4 --- 

1-4 TgME49:TgMAF1RHb1 -2 -2 2 --- 

1-5 TgME49:TgMAF1RHb1 -3 † † † 

2-1 TgME49:TgMAF1RHb1 -3 -3 -2.5 22.5 

2-2* TgME49:TgMAF1RHb1 -3 -2 -3 11 

2-3 TgME49:TgMAF1RHb1 -3 -1.5 10 170 

2-4 TgME49:TgMAF1RHb1 -3 -2.5 -2 6 

2-5 TgME49:TgMAF1RHb1 -2 † † † 

3-1 TgME49:EV -1 11 8 --- 

3-2* TgME49:EV -3 -4 -4 --- 

3-3 TgME49:EV -3 0 0 --- 

3-4 TgME49:EV -4 -1 -2.5 --- 

3-5 TgME49:EV 11 11 3 --- 

4-1 TgME49:EV -3 -1 -1 7 

4-2 TgME49:EV -1.5 -3 -2 11 

4-3 TgME49:EV -2 -2 -2 2 

4-4 TgME49:EV -1 -1 -2 26.5 

4-5 TgME49:EV 1 -3 -1 4 
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Table 28. LIX 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 1940 7391.5 3694.5 --- 

1-2 TgME49:TgMAF1RHb1 545.5 † † † 

1-3 TgME49:TgMAF1RHb1 5048 130 3659 --- 

1-4 TgME49:TgMAF1RHb1 1605.5 1799.5 4593.5 --- 

1-5 TgME49:TgMAF1RHb1 227 † † † 

2-1 TgME49:TgMAF1RHb1 278 1589 937.5 6425.5 

2-2* TgME49:TgMAF1RHb1 286 7078.5 967 20249.5 

2-3 TgME49:TgMAF1RHb1 912.5 511 712 5696 

2-4 TgME49:TgMAF1RHb1 3274.5 967 1784 6705.5 

2-5 TgME49:TgMAF1RHb1 1480 † † † 

3-1 TgME49:EV 1907.5 3858 889.5 --- 

3-2* TgME49:EV 2971 17010 2009 --- 

3-3 TgME49:EV 1487.5 5128 3552.5 --- 

3-4 TgME49:EV 109 2623 1301 --- 

3-5 TgME49:EV 1529 3602 2802 --- 

4-1 TgME49:EV 277 268 1458 9439.5 

4-2 TgME49:EV 475 633 937.5 7199.5 

4-3 TgME49:EV 1402 769 1606 6331.5 

4-4 TgME49:EV 3939.5 525 896 6850.5 

4-5 TgME49:EV 1810.5 622.5 8120.5 5871 
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Table 29. MCP-1 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 2 9 116 --- 

1-2 TgME49:TgMAF1RHb1 3 † † † 

1-3 TgME49:TgMAF1RHb1 7 16 166.5 --- 

1-4 TgME49:TgMAF1RHb1 2 9 34 --- 

1-5 TgME49:TgMAF1RHb1 2 † † † 

2-1 TgME49:TgMAF1RHb1 1 7 6 18 

2-2* TgME49:TgMAF1RHb1 2 2 1 13 

2-3 TgME49:TgMAF1RHb1 2 6 3 40 

2-4 TgME49:TgMAF1RHb1 2 10 9 11.5 

2-5 TgME49:TgMAF1RHb1 3 † † † 

3-1 TgME49:EV 4 17 43 --- 

3-2* TgME49:EV 1 2 4 --- 

3-3 TgME49:EV 1 19 19 --- 

3-4 TgME49:EV 0.5 7 9 --- 

3-5 TgME49:EV 1 5 4 --- 

4-1 TgME49:EV 2 3 2 21 

4-2 TgME49:EV 1 3 2 35 

4-3 TgME49:EV 2 2 5 12 

4-4 TgME49:EV 4.5 3 5 16 

4-5 TgME49:EV 2 2 2 20 
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Table 30. M-CSF 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 2 2 6 --- 

1-2 TgME49:TgMAF1RHb1 3 † † † 

1-3 TgME49:TgMAF1RHb1 3 2 7 --- 

1-4 TgME49:TgMAF1RHb1 2 1 9 --- 

1-5 TgME49:TgMAF1RHb1 1 † † † 

2-1 TgME49:TgMAF1RHb1 1 2 2 6 

2-2* TgME49:TgMAF1RHb1 1.5 2 0 7 

2-3 TgME49:TgMAF1RHb1 2 3 1 9 

2-4 TgME49:TgMAF1RHb1 2 3 2 2 

2-5 TgME49:TgMAF1RHb1 2 † † † 

3-1 TgME49:EV 2 2 1 --- 

3-2* TgME49:EV 0 2 2 --- 

3-3 TgME49:EV 2 0 3 --- 

3-4 TgME49:EV 1 2 3 --- 

3-5 TgME49:EV 0 1 2.5 --- 

4-1 TgME49:EV 2 2 2 4 

4-2 TgME49:EV 3 1.5 0 5 

4-3 TgME49:EV 1 5 7 12 

4-4 TgME49:EV 1 8 10 23 

4-5 TgME49:EV 2 0 1 3 



144 

Table 31. MIG 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 32 2940.5 7041 --- 

1-2 TgME49:TgMAF1RHb1 21 † † † 

1-3 TgME49:TgMAF1RHb1 10 1723 9075 --- 

1-4 TgME49:TgMAF1RHb1 11 2404 8182 --- 

1-5 TgME49:TgMAF1RHb1 9 † † † 

2-1 TgME49:TgMAF1RHb1 9 2810 1138 5341 

2-2* TgME49:TgMAF1RHb1 13 62.5 44 416.5 

2-3 TgME49:TgMAF1RHb1 0 459 741 11467.5 

2-4 TgME49:TgMAF1RHb1 57 1399 1147.5 5756 

2-5 TgME49:TgMAF1RHb1 20 † † † 

3-1 TgME49:EV 53 2205.5 4308 --- 

3-2* TgME49:EV 39 75 64 --- 

3-3 TgME49:EV 3 2822.5 5082.5 --- 

3-4 TgME49:EV 12 1033 4673 --- 

3-5 TgME49:EV 11 1362 3147 --- 

4-1 TgME49:EV 14 533 917 3621 

4-2 TgME49:EV 36 1241 664 4450.5 

4-3 TgME49:EV 17.5 635 1960 993.5 

4-4 TgME49:EV 58 698 964 8207 

4-5 TgME49:EV 22 506.5 715 2531 
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Table 32. MIP-1a 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 6 11 9 --- 

1-2 TgME49:TgMAF1RHb1 3 † † † 

1-3 TgME49:TgMAF1RHb1 3 7 11 --- 

1-4 TgME49:TgMAF1RHb1 -1 12 17 --- 

1-5 TgME49:TgMAF1RHb1 0 † † † 

2-1 TgME49:TgMAF1RHb1 -1 1.5 2 31.5 

2-2* TgME49:TgMAF1RHb1 1 -2 -1 10 

2-3 TgME49:TgMAF1RHb1 3 -3 -2 11 

2-4 TgME49:TgMAF1RHb1 4 8 4 4 

2-5 TgME49:TgMAF1RHb1 6 † † † 

3-1 TgME49:EV 4 13 8 --- 

3-2* TgME49:EV 1 8 5 --- 

3-3 TgME49:EV 3 13 5.5 --- 

3-4 TgME49:EV -1.5 0 0 --- 

3-5 TgME49:EV 1 -3 -5 --- 

4-1 TgME49:EV 1 0 -1 9 

4-2 TgME49:EV 0 0 0 12 

4-3 TgME49:EV 0 0 2 5 

4-4 TgME49:EV 5 28 7 13 

4-5 TgME49:EV 4 0 -1 4 
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Table 33. MIP-1b 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 16 30 4.5 --- 

1-2 TgME49:TgMAF1RHb1 13.5 † † † 

1-3 TgME49:TgMAF1RHb1 5.5 7.5 29 --- 

1-4 TgME49:TgMAF1RHb1 8 27 35 --- 

1-5 TgME49:TgMAF1RHb1 9.5 † † † 

2-1 TgME49:TgMAF1RHb1 6.5 -4.5 -1.5 42.5 

2-2* TgME49:TgMAF1RHb1 5.5 -1.5 -0.5 19.5 

2-3 TgME49:TgMAF1RHb1 9.5 3.5 -4.5 56.5 

2-4 TgME49:TgMAF1RHb1 7.5 13.5 4.5 42.5 

2-5 TgME49:TgMAF1RHb1 10.5 † † † 

3-1 TgME49:EV -7 22 19 --- 

3-2* TgME49:EV 8.5 3 3 --- 

3-3 TgME49:EV 5.5 31 5 --- 

3-4 TgME49:EV 7.5 0.5 -8.5 --- 

3-5 TgME49:EV 1.5 4.5 0.5 --- 

4-1 TgME49:EV 3.5 15.5 4.5 15.5 

4-2 TgME49:EV -3.5 -5.5 -9.5 11.5 

4-3 TgME49:EV 10.5 4.5 0.5 16.5 

4-4 TgME49:EV 8.5 19.5 -4.5 49.5 

4-5 TgME49:EV 12.5 -13.5 -12 24.5 
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Table 34. MIP-2 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 4 3 2 --- 

1-2 TgME49:TgMAF1RHb1 3 † † † 

1-3 TgME49:TgMAF1RHb1 5 2 4 --- 

1-4 TgME49:TgMAF1RHb1 2 1 6 --- 

1-5 TgME49:TgMAF1RHb1 2 † † † 

2-1 TgME49:TgMAF1RHb1 1 1 0 19 

2-2* TgME49:TgMAF1RHb1 1 2 0 23 

2-3 TgME49:TgMAF1RHb1 2 3 0 23 

2-4 TgME49:TgMAF1RHb1 2 3 2 7 

2-5 TgME49:TgMAF1RHb1 4 † † † 

3-1 TgME49:EV 3 2 3 --- 

3-2* TgME49:EV 7 3 3 --- 

3-3 TgME49:EV 3 3 1 --- 

3-4 TgME49:EV -1 2 0 --- 

3-5 TgME49:EV -1 2 1 --- 

4-1 TgME49:EV 1 0 0 11 

4-2 TgME49:EV 2 1 0 11 

4-3 TgME49:EV 2 0 -1 11 

4-4 TgME49:EV 4 9 5 26 

4-5 TgME49:EV 3 -2 1 7 
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Table 35. RANTES 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 13 99 1576 --- 

1-2 TgME49:TgMAF1RHb1 11 † † † 

1-3 TgME49:TgMAF1RHb1 9 58.5 1069.5 --- 

1-4 TgME49:TgMAF1RHb1 9 96 1540.5 --- 

1-5 TgME49:TgMAF1RHb1 6 † † † 

2-1 TgME49:TgMAF1RHb1 9 15 38.5 1452 

2-2* TgME49:TgMAF1RHb1 7 14 7 154 

2-3 TgME49:TgMAF1RHb1 6 10 -3 614 

2-4 TgME49:TgMAF1RHb1 10 52 23.5 1262 

2-5 TgME49:TgMAF1RHb1 12 † † † 

3-1 TgME49:EV 14 137 143 --- 

3-2* TgME49:EV 7 13 20 --- 

3-3 TgME49:EV 10 31 696 --- 

3-4 TgME49:EV 6 24 116 --- 

3-5 TgME49:EV 4 24 417 --- 

4-1 TgME49:EV 7 15 22.5 297 

4-2 TgME49:EV 7 16 16 236 

4-3 TgME49:EV 12 6 22 129 

4-4 TgME49:EV 33.5 7 9 1287 

4-5 TgME49:EV 11 16 17 141 
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Table 36. TNFa 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 -1 18 14 --- 

1-2 TgME49:TgMAF1RHb1 1 † † † 

1-3 TgME49:TgMAF1RHb1 6 15 24 --- 

1-4 TgME49:TgMAF1RHb1 -1 16 12 --- 

1-5 TgME49:TgMAF1RHb1 1 † † † 

2-1 TgME49:TgMAF1RHb1 1 11 5 18 

2-2* TgME49:TgMAF1RHb1 1 0 0 6 

2-3 TgME49:TgMAF1RHb1 0 9 2 23 

2-4 TgME49:TgMAF1RHb1 0 12 5 16 

2-5 TgME49:TgMAF1RHb1 1 † † † 

3-1 TgME49:EV 1 7 9 --- 

3-2* TgME49:EV 1 5 1 --- 

3-3 TgME49:EV 1 9 10.5 --- 

3-4 TgME49:EV -0.5 2 4 --- 

3-5 TgME49:EV 0 3 6 --- 

4-1 TgME49:EV 0 3 2 7 

4-2 TgME49:EV 0 10 1 10 

4-3 TgME49:EV 0 3 4 11 

4-4 TgME49:EV 5 47 5 7 

4-5 TgME49:EV 2 6 1 7 
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Table 37. VEGF 

Mouse Parasite Strain Pre-bleed 21 DPI 28 DPI 57 DPI 

1-1 TgME49:TgMAF1RHb1 7 8 22 --- 

1-2 TgME49:TgMAF1RHb1 6 † † † 

1-3 TgME49:TgMAF1RHb1 10 8 66 --- 

1-4 TgME49:TgMAF1RHb1 6 7 139 --- 

1-5 TgME49:TgMAF1RHb1 4 † † † 

2-1 TgME49:TgMAF1RHb1 6 6 5 146 

2-2* TgME49:TgMAF1RHb1 5 4 3 109 

2-3 TgME49:TgMAF1RHb1 8 0 0 335 

2-4 TgME49:TgMAF1RHb1 11 12 4 290 

2-5 TgME49:TgMAF1RHb1 24.5 † † † 

3-1 TgME49:EV 12.5 7 3 --- 

3-2* TgME49:EV 8 5 69 --- 

3-3 TgME49:EV 4 9 5 --- 

3-4 TgME49:EV 7 2 19 --- 

3-5 TgME49:EV 1 3 8 --- 

4-1 TgME49:EV 4 3 2 64 

4-2 TgME49:EV 9 10 3.5 32 

4-3 TgME49:EV 1.5 3 1 3 

4-4 TgME49:EV 17 47 15 248.5 

4-5 TgME49:EV 20 6 2 2 
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