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E aprendes que realmente podes suportar...  

que realmente és forte, e que podes ir muito  

mais longe depois de pensar que não se pode mais. 
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ABSTRACT: 

Toxoplasma gondii is responsible for toxoplasmosis, a zoonosis spread worldwide. This 

PhD thesis aimed to provide a more comprehensive overview of the genetic characteristics 

and virulence of T. gondii strains isolated from humans and animals in Portugal. We enrolled 

T. gondii strains collected from intermediary (farm, urban and sylvatic animals) and the 

definitive (cat) hosts, as well as from human toxoplasmosis. In general, we applied Sag2 and 

microsatellites classical genotyping, next-generation sequencing and inoculation in mice. 

As major results, we highlight: i) the majority of isolated strains were avirulent in mice 

bioassay, where virulent strains belonged almost exclusively to Sag2 type I; ii) type II strains 

were the most identified type in strains from human toxoplasmosis as well as from all animal 

species, followed by type I strains; iii) this is the first report that shows type II T. gondii 

strains isolated from cattle, boars, foxes and hares in north of Portugal and recombinant 

strains isolated both from infected cats and pigeons; iv) the development of a rapid multi-loci-

based NGS scheme, which allowed evaluating multi loci polymorphism and genomic 

mosaicism simultaneously. This schema is now implemented as the surveillance tool in the 

National Reference Laboratory of Parasitic and Fungal Infections (URSZ-INSA) to perform 

molecular surveillance of T. gondii; v) with this extended typing scheme, we identified a high 

rate (63 %) of recombinant strains isolated from humans, which had been previously 

identified as type I and II, as well as new putative genetic markers of virulence. 

Overall, this PhD shed some light on the genetic and virulence diversity of T. gondii 

strains circulating in Portugal and revealed a surprising scenario of rampant genomic 

exchange in this parasite. These data highlight the need for further extended genomic studies 

to better understand the genotype/phenotype associations in this important human pathogen 

and thus contribute to better infection control measures. 
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RESUMO: 

Toxoplasma gondii é o parasita responsável pela toxoplasmose e pode infetar a grande 

maioria dos animais vertebrados, incluindo o Homem. Este parasita tem uma distribuição 

mundial e apresenta um elevado interesse médico e veterinário. A infeção no Homem está 

maioritariamente associada ao consumo de carnes pouco cozinhadas ou cruas e à 

contaminação ambiental, sendo esta infeção na sua maioria assintomática. No entanto, pode 

ser grave ou mesmo levar à morte quando associada ao hospedeiro imunodeprimido ou à 

infeção primária materna por transmissão fetal, podendo ainda causar aborto ou doenças 

congénitas graves (ex. corioretinite, cegueira, linfoadenopatia, etc). A progressão e a 

gravidade da infeção têm sido associadas a diferentes fatores, incluindo características 

genéticas do parasita. Diferentes estudos têm sido desenvolvidos na genotipagem de T. 

gondii, os quais têm revelado que a maioria das estirpes isoladas na Europa e nos Estados 

Unidos da América pertencem ao tipo II e raramente se verificam isolados do tipo I, 

recombinantes ou atípicos. As estirpes recombinantes e atípicas apresentam normalmente uma 

maior gravidade na infeção, podendo levar à morte do hospedeiro imucomprometido ou 

mesmo do imunocompetente. No entanto, em Portugal, o conhecimento da distribuição, do 

tipo e da virulência dos genótipos circulantes é extremamente diminuto quer em humanos 

quer em animais. Para colmatar esta falta de conhecimento no nosso país, esta tese de 

doutoramento teve como objetivo geral a caracterização genética de estirpes de T. gondii de 

origem humana e animal, isoladas em Portugal. Neste sentido, delinearam-se diferentes 

estudos com objetivos específicos, correspondendo a diferentes capítulos desta tese e estando 

alguns deles publicados em jornais científicos. 

No primeiro estudo (capítulo III) pretendeu-se caracterizar geneticamente estirpes de  

T. gondii isoladas de 209 produtos animais provenientes de dois grupos diferentes (silvestres e 

domésticos) da região Norte de Portugal (Grupo I – 12 bovinos, 34 ovinos, 5 caprinos e  

16 porcos, Grupo II – 6 cães errantes, 59 raposas, 49 javalis e 28 lebres). Destes animais, 

serologicamente positivos para IgG anti T. gondii, foram colhidas diferentes amostras, 

nomeadamente coração, cérebro, diafragma e língua. Em todas as amostras foi realizada a 

técnica de PCR clássica do gene B1 onde 89 (43 %) animais revelaram resultados positivos. 

No que se refere à genotipagem de T. gondii realizaram-se PCRs das extremidades 5’ e 3’ do 

gene Sag2 onde 29 % (60/209) dos animais revelaram resultados positivos. Destas 60 estirpes, 

77 % (46/60) pertenciam ao tipo II, 10 % (6/60) ao tipo I e em 13 % (8/60) das amostras não 

foi possível diferenciar o tipo I do tipo II. Neste estudo foi demonstrado pela primeira vez no 
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norte de Portugal a existência de estirpes do tipo II em vacas, javalis, raposas e lebres e foi 

também confirmada a predominância de estirpes do tipo II em porcos nesta mesma região. Foi 

também a primeira vez em que se procedeu à caracterização genética de T. gondii em cabras, 

javalis, raposas e lebres em Portugal. Demonstrou-se assim um maior leque de possíveis 

fontes de infeção para o Homem e para outros animais, bem como a importância da 

contaminação ambiental do ciclo silvático e sinantrópico de T. gondii.  

Estes resultados vieram demonstrar a necessidade de extender os estudos de 

caracterização genética a outros hospedeiros, nomeadamente ao hospedeiro definitivo (gato), 

e a outras regiões do país com maior densidade populacional (capítulo IV). No segundo 

estudo (capítulo IV) pretendeu-se proceder à caracterização genética e fenotípica de estirpes 

de T. gondii isoladas de 41 cérebros de pombos e de 164 cérebros de gatos com anticorpos 

IgG anti-T. gondii provenientes da região de Lisboa. Os gatos e os pombos representam 

excelentes modelos de contaminação ambiental, e o gato é o hospedeiro definitivo de T. 

gondii sendo o único animal com capacidade de excretar oocistos (forma de resistência) nas 

zonas urbanas, logo mais populosas. Os cérebros de gatos e pombos foram colhidos e 

inoculados em ratinhos de laboratório de forma a estudar a virulência das estirpes, onde três 

isolados apresentaram fenótipo de virulência, sendo um proveniente de gato e dois de pombo. 

De forma a determinar o genótipo das estirpes de T. gondii realizaram-se duas técnicas 

distintas, nomeadamente a PCR clássica das extremidades 5’ e 3’ do gene Sag2 e a análise por 

electroforese capilar dos produtos da PCR multiplex de 5 microssatélites (B17, B18, TgM-A, 

W35 e Tub2). Com base no gene Sag2, a genotipagem foi alcançada em 70.7 % (29/41) dos 

isolados de pombos e em 50 % (82/164) dos isolados de gatos. Dos 29 isolados de pombos, 

26 foram identificados como tipo II, dois como tipo III e um como tipo I, enquanto que dos 82 

isolados de gatos, 72 foram identificados como tipo II e em 10 não se conseguiu fazer a 

distinção entre tipo I e tipo II. Com o intuito de aumentar o conhecimento na diferenciação de 

T. gondii, realizou-se a análise por electroforese capilar dos produtos da PCR multiplex de 5 

microssatélites onde se identificaram duas estirpes (uma proveniente de gato e uma de 

pombo) recombinantes que tinham sido anteriormente identificadas como tipo II pela técnica 

de PCR clássica das extremidades do gene Sag2. Neste estudo, foi possível, pela primeira vez, 

identificar os genótipos de T. gondii circulantes no hospedeiro definitivo em Portugal e 

também a existência de estirpes recombinantes a circular neste país. Estes resultados vêm 

reforçar a importância destes animais no ciclo sinantrópico bem como demonstram a 
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importância da contaminação ambiental, neste caso na região de Lisboa, zona mais populosa 

de Portugal.  

Ao estudar estes modelos de contaminação ambiental e possíveis fontes de infeção, quer 

animal quer humana, foram-se estudar também geneticamente e fenotipicamente (análise de 

virulência no ratinho) estirpes circulantes em Portugal isoladas de produtos humanos (capítulo 

V). O estudo da virulência e da diversidade genética de estirpes de T. gondii isoladas de 

produtos humanos nunca tinha sido realizado em Portugal anteriormente. Para alcançar este 

objetivo realizaram-se as mesmas técnicas utilizadas no capítulo anterior. Analisaram-se  

48 estirpes (provenientes de casos de toxoplasmose congénita e adquirida) colhidas durante as 

duas últimas décadas, pertencentes à coleção do Laboratório Nacional de Referência de 

Infecções Parasitárias e Fúngicas do Departamento de Doenças Infecciosas do Instituto 

Nacional de Saúde Doutor Ricardo Jorge (URSZ-INSA). Sete das 48 estirpes (14.6 %) 

analisadas foram virulentas no ratinho de laboratório, em que três foram identificadas como 

tipo I, três recombinantes e uma do tipo II. A genotipagem pela PCR clássica das 

extremidades 5’ e 3’ do gene Sag2 não permite a identificação de estirpes recombinantes, no 

entanto permitiu a identificação de 35 (73 %) estirpes do tipo II e 13 (27 %) estirpes do tipo I. 

Contudo, com a análise por electroforese capilar dos produtos de PCR multiplex dos 5 

microssatélites foi possível a identificação de 10 estirpes (21 %) recombinantes, 

anteriormente identificadas como type II ou como tipo I pela sequenciação das extremidades 

do gene Sag2. Este estudo constitui a primeira evidência de estirpes recombinantes a circular 

em Portugal provenientes da infeção congénita em humanos. 

A identificação destas estirpes recombinantes provenientes da infeção humana gerou o 

interesse em efetuar a caracterização genética mais profunda das estirpes de T. gondii, a qual 

constituiu o objetivo do capítulo VI. Desenhou-se assim uma estratégia de caracterização 

genética, baseada em sequenciação de nova geração (NGS), tendo como alvos vários loci, os 

quais estão distribuídos pelos vários cromossomas e pensa-se estarem associados a funções de 

adaptação e virulência do parasita. A opção por esta abordagem multi-loci prende-se com o 

facto da metodologia de sequenciação total do genoma ter ainda um custo e dificuldade 

técnica muito elevados para T. gondii, uma vez que o genoma deste parasita é constituído por  

14 cromossomas com um total de cerca de 65 Mb. A estratégia implementada permitiu, não só 

descriminar geneticamente a maioria das 68 estirpes estudadas [52 estirpes isoladas de 

produtos humanos em Portugal (48 isolados estudados no capítulo V, mais três novos isolados 

e uma estirpe de referência RH mantida em laboratório por vários anos no URSZ-INSA e  
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16 estirpes de referência mundial (GT1, ME49, VEG, ARI, CAST, COUG, CtCo5, FOU, 

GAB2-2007-GAL-DOM2, MAS, P89, RUB, TgCATBr5, TgCATBr9, TgCatPRC2 e 

VAND)], como também revelou um marcado cenário de mosaicismo genómico. De facto, 

cerca de dois terços (n = 43) das estirpes foram classificadas como recombinantes, sendo que 

esta recombinação parece estar ligada diretamente às linhagens das tipologias I, II e III 

(“archetypes”). As estirpes anteriormente classificadas pela sequenciação das extremidades do 

gene Sag2 como pertencendo ao tipo I revelaram um mosaicismo genómico superior (92 %) 

em relação aos outros tipos, nomeadamente às estirpes do tipo II, das quais 45 % revelaram 

recombinação. Contrariamente ao observado para o tipo I, a maioria das estirpes do tipo II, 

independentemente da recombinação existente, não apresentou virulência no ratinho de 

laboratório. De realçar ainda que, no âmbito da virulência, para além do Sag2, novos loci 

estudados (nomeadamente os alelos tipo I e tipo I-like dos loci Sag1, B17, PK1 e Sag3 e os 

alelos tipo III e III-like do TgM-A) revelaram-se candidatos muito promissores para uma 

rápida identificação de virulência no ratinho de laboratório. Esta abordagem baseada em 

NGS, a qual foi, no decurso deste estudo, já implementada no URSZ-INSA para efeitos de 

vigilância, permitiu também identificar variações no tamanho dos microssatélites, o que 

diminui drasticamente o trabalho do anterior método por deteção através de PCR clássico e 

electroforese capilar.  

Em conclusão, o conjunto dos resultados desta tese contribui para um maior e melhor 

conhecimento da dinâmica da população de T. gondii que circula em Portugal, nomeadamente 

em termos da sua diversidade genética e identificação de recombinação entre estirpes. Em 

última análise, esta tese de doutoramento, em particular a metodologia de NGS recentemente 

implementada, a qual revelou um elevado poder discriminatório e de caracterização genética, 

poderá ser utilizada como uma ferramenta útil para estudos de epidemiologia molecular, os 

quais são fundamentais para o controlo desta importante infeção em saúde pública.  
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NOTES OF THE AUTHOR: THESIS ORGANIZATION  

This PhD thesis is organized in three parts. Its contents are essentially based on four 

manuscripts (listed below) that are presented as individual chapters (III to VI) in PART II, 

where three of them have already been published (the last one was submitted for publication 

at the time this thesis was submitted) in peer reviewed international journals.  

The chapter arrangement does not perfectly reflect the chronological order of the 

manuscripts' publication, not only because some studies were developed simultaneously, but 

also because their publication time depended on the review process and journal requirements. 

In addition, despite of the main goals defined in the beginning of this PhD project, specific 

goals were raised on the course of the results obtained throughout the entire project, which 

influenced the publication priorities. As such, for the sake of clarity, the order of the chapters 

was decided to provide a better understanding of the approaches that were followed to achieve 

the proposed goals instead of reflecting the chronological order of their release to the 

scientific community. The three parts are the following: 

PART I - Presents the literature overview (CHAPTER I) and the major objectives of 

this work (CHAPTER II). It aims to provide the reader with an overview of the state of art 

underlying the subject of this thesis. CHAPTER I addresses a general introduction about 

Toxoplasma gondii, clinical features, biology, life cycle of the parasite, history, general 

geographical mapping, virulence, an approach of some widely used molecular methods to 

detect and differentiate T. gondii, and the epidemiology that concerns serology and 

genotyping of T. gondii in Portugal. CHAPTER II comprises the questions that lead to the 

objectives of this work. 

PART II – This part describes the experimental approaches that were undertaken to 

achieve the proposed objectives. It contains several chapters, where most of them correspond 

to data that were already published in peer-reviewed scientific journals. CHAPTER III – 

Genotyping characterization of Toxoplasma gondii in animals from the North of Portugal. 

Contains a published study that was enriched with additional information. Lopes A.P., 

Vilares A., Neto F., Rodrigues A., Martins T., Ferreira I., Gargaté M.J., Rodrigues M., 

Cardoso L. 2015. Genotyping characterization of Toxoplasma gondii in Cattle, Sheep, Goats 

and Swine from the North of Portugal. Iranian Journal of Parasitology. 10(3):465-72. 

CHAPTER IV – Contains a published study: Vilares A., Gargaté M.J., Ferreira I., Martins 

S., Júlio C., Waap H., Ângelo H., Gomes J.P. 2014. Isolation and molecular characterization 

of Toxoplasma gondii isolated from pigeons and stray cats in Lisbon, Portugal. Veterinary 
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J.P. 2019. Towards a rapid sequencing-based molecular surveillance and mosaicism 

investigation of Toxoplasma gondii. In review at Parasitology Research. 

PART III – This part is constituted by CHAPTER VII that provides a general 

discussion of the results obtained throughout the previous chapters and conclusions. Of note, 

in order to avoid redundancies, this section solely summarizes and discusses the major 

findings of this work because a detailed discussion of specific results was already provided in 

each chapter. It also presents the future perspectives enrolling specific research lines that may 

be addressed on the course of the obtained results. Considering the different layouts required 

by the different journals where the manuscripts were published, including tables, figures and 

references, all chapters were formatted in a unique style, with all references being cited by the 

name of the first author and year of the publication and listed in a single section - 

"References" - according alphabetical order. 
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1.1 General introduction 

T. gondii belongs to the Apicomplexa phylum and it is the causal agent of 

toxoplasmosis. It is a wide spread protozoan parasite of humans and warm-blooded animals, 

including mammals and birds. In humans, this intracellular parasite is commonly acquired by 

the oral ingestion of tissue cysts containing bradyzoites, however it can also be transmitted by 

the ingestion of oocysts containing sporozoites that are the product of a sexual cycle shed by 

cats, the definitive host (Halonen and Weiss, 2013) and which can contaminate water and 

food. Classically, consumption of undercooked meat has been described to be the major risk 

factor for acquisition of toxoplasmosis (Tenter et al., 2000). T. gondii is the only known 

species in the genus Toxoplasma and is considered one of the most successful eukaryotic 

pathogen in the world in terms of the number of host species and percentage of animals 

infected worldwide (Tenter et al., 2000; Grigg and Suzuki, 2003; Su et al., 2010). Serological 

studies suggest that chronic infection rates in humans can vary from less than  

10 % to more than 70 % depending on geographic region and various risk factors (Joynson, 

2003). 

1.2 History 

Toxoplasma gondii was simultaneously described in tissues of different animals by 

Nicolle and Manceaux, and Splendore (Table 1.1). The genus was named by Nicolle and 

Manceaux as Toxoplasma for its bow-like shape (from Greek: toxo = bow or arc; plasma = 

creature). Over the years, different authors described T. gondii-like organisms, however it is 

believed that these cases were likely associated with infection by Leishmania spp. (Weiss and 

Dubey, 2009).  

Janku (1923) and Torres (1927) described similar cases in infants who died with 

convulsions at two days of age. Although Janku only referred to the observed organisms as 

Sporozoa and Torres as Encephalitozoon chagasi, it was Levaditi (1928) who suggested that 

both cases were due to T. gondii. Later, T. gondii still be mistakenly named as E. brumpti 

when identified in the spinal fluid of a 17 year old boy from Corsica who died of meningitis.  

The first viable organism was isolated by Albert Sabin in 1937 from laboratory mice 

during a routine virus testing experiment (Sabin and Olitsky, 1937), and later from humans by 

inoculating infected tissues into mice (Wolf et al., 1940). Sabin speculated that the parasite 

was an important zoonosis and demonstrated that this human strain was neither biologically 
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nor immunologically different from isolates from other animals. It was since then that the 

parasite was progressively recognized as the agent of a widespread zoonosis (Halonen and 

Weiss, 2013). 

In 1939 Sabin isolated and inoculated T. gondii RH (Table 1.1) in mice and on the 

thirteenth day after inoculation, one of the mice exhibited a distended abdomen and a large 

amount of peritoneal exudate in which Toxoplasma organisms (Sabin, 1938) . Reinoculation 

of the tissues from the mice in healthy mice showed that Toxoplasma produced a fatal 

toxoplasmosis. This laboratory strain, it has been passed in mice in many laboratories. After 

these prolonged passages its pathogenicity for mice has been stabilized (Dubey et al., 1977) 

and it has lost the capacity to produce oocysts in cats (Frenkel et al., 1976). 

 

Table 1.1 History of the identification of Toxoplasma gondii. 

Year Authors Host Fact Symptoms References 

1908* 
Nicolle and 
Manceaux 

C. gundi 
First 
identification 

- (Weiss and 
Dubey, 2009) 

1908* Splendor Rabbit 
First 
identification 

-  

1914 Castellani** Child 
Identification in 
smears of blood 

and spleen 

Severe anaemia Fever 
Spleenomegaly 

(Weiss and 
Dubey, 2009) 

1916 Fedorovitch** Child 
Identification in 
blood 

Severe anaemia Fever 
Spleenomegaly 

(Weiss and 
Dubey, 2009) 

1920 
Chalmers and 
Kamar** 

Soldier 
Identification in 
blood 

Chronic headache 

Fever  
Diarrhoea 

(Weiss and 

Dubey, 2009) 

1923 Janku Child 
Identification of 
humans as 

susceptible hosts 

Died with 
convulsions 

(Weiss and 
Dubey, 2009) 

1937 Sabin Mice 
First viable 
organism 
isolated 

- 
(Sabin and 
Olitsky, 1937) 

1939 Sabin Child 
Isolation of RH 
strain 

Encephalitis 
(Sabin, 1941) 

*T. gondii was identified for the first  t ime simultaneously by these authors in different regions; **Authors could miss 

associated Leishmania spp to T. gondii. 
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Other forms of Toxoplasma including tissue cysts were recognized to exist by several 

researchers in 1951, but it was not until the 1960s and 1970s that the parasite was identified as 

a coccidian and Apicomplexa phylum. In 1972, the cat was identified as the definitive host 

harbouring the sexual parasitic cycle and spreading oocysts through faeces (Jewell et al., 

1972). 

The importance of maternal and congenital transmission has long been recognized since 

1939; when a neonate from New York developed toxoplasmosis (Jones et al., 2001), and the 

growing role of Toxoplasma infection in immunocompromised patients was acknowledged in 

the mid-1970s (Luft and Remington, 1992). A more complete appreciation of the symptoms 

associated with acute acquired toxoplasmosis was achieved with the report of outbreaks of 

acute toxoplasmosis in adults in the USA (Teutsch et al., 1979) and Canada (Bowie et al., 

1997). 

1.3 Toxoplasma gondii infection 

1.3.1 Clinical features 

In animal husbandry toxoplasmosis is the major cause of reproductive failure by leading 

to early embryonic and fetal death with abortions and resorption with fetal mummification 

(Dubey and Kirkbride, 1989; Dubey, 2009, 2010a). The severity of infection is associated 

with the stage of gestation at which the livestock becomes infected. The earlier infection in 

gestation, the more severe will be the consequences (Dubey, 2009). However, the majority of 

T. gondii infections in most host species are subclinical or asymptomatic, and chronic (Dubey, 

2010a) and the parasite can remain dormant in the tissues until reactivation or until the host is 

eaten by a predator. Also, the associations of chronic infection with changes in behaviour, 

memory, and neurologic disorders (Berdoy et al., 1995, 2000; Webster, 2001; Torrey and 

Yolken, 2007; Berenreiterová et al., 2011; Dass et al., 2011; House et al., 2011; Pedersen et 

al., 2011; Torrey et al., 2012; Webster et al., 2013) are fascinating, as illustrated for example, 

by the cases of the preys that lost the natural fear of predators (Haroon et al., 2012). 

Consequently, the healthy aspect and the fear loss of preys could increase the perpetuation of 

T. gondii cycle in human’s and in other hosts. 

In humans, toxoplasmosis was implicated, about two decades ago, as the third most 

common cause of food borne infection in the USA (Mead et al., 1999). It is recognized as a 

category B priority pathogen by the National Institutes of Health, Bethesda, USA due to its 



CHAPTER I 

INTRODUCTION 

 

 

8 
 

risk of transmission through contamination of food or water and importance as an 

opportunistic pathogen. Hence, studies performed in T gondii are often used as model to 

related but less tractable pathogens such as Cryptosporidium, another category B Biodefense 

Agent that causes severe diarrheal disease, and Plasmodium, the causative agent of malaria 

(Kim and Weiss, 2004). 

Most human T. gondii infections are often asymptomatic, however, in several of its 

hosts it is associated with congenital infection and abortion (Gilbert et al., 1999; McLeod et 

al., 2006; Oz, 2014). Congenital toxoplasmosis can manifest with severe complications, such 

as miscarriage, fetal developmental retardation, encephalitis, neurological and mental 

illnesses, visual and auditory inflammatory disorders, cardiovascular abnormalities, and pains 

(Gilbert et al., 1999; McLeod et al., 2006; Oz, 2014). In addition, T. gondii can also cause 

encephalitis or systemic infections in the immunocompromised, particularly in individuals 

with HIV/AIDS. Toxoplasma infection was also implicated in etiologies of 

neurodevelopmental and neurocognitive disorders like-schizophrenia (Torrey and Yolken, 

2007). Severe cases of toxoplasmosis have been reported in immunocompetent patients in 

association with atypical T. gondii genotypes (Ajzenberg et al., 2004; Demar et al., 2007; 

Elbez-Rubinstein et al., 2009; Vaudaux et al., 2010; Wendte et al., 2011; Pomares et al., 

2011; Sobanski et al., 2013). Although current available drugs, like pyrimethamine and 

sulphadiazine, can control the proliferative form of the parasite and treat Toxoplasma 

infections, they are poorly tolerated, they have severe side effects such as allergic reactions, 

and they are ineffective against chronic Toxoplasma infections. In addition, resistance to some 

of these drugs has been noted (Aspinall et al., 2002b; Baatz et al., 2006; Blader and Saeij, 

2009). Pathogenesis is typically associated with the ability of these parasites to replicate and 

proliferate within host cells. However, pathogenicity can also vary with the host and the 

morphological stage ingested (Dubey, 2010a; Dubey et al., 2012).  

A study performed in the USA estimated that the annual cost of illnesses caused by 

Toxoplasma is about $3 billion (Hoffmann et al., 2012). A study in ewes (n=1613) from 

Uruguay estimated annual losses due to toxoplasmosis during gestation of 1.4 to 3.9 %, 

accounting to approximately $ 1.4 to 4.7 million (Freyre et al., 1997). The economic losses 

due to lamb mortality and missed lactation are estimated at 10 million Euros per year in Italy 

(Masala et al., 2003). In UK, the impact of toxoplasmosis in sheep industry is between £ 12 

million and £ 24 million each year (http://www.apd.rdg.ac.uk/AgEcon/livestockdisease/index.htm). 

However, clinical and detailed economic information is lacking in Europe and particularly in 

http://www.apd.rdg.ac.uk/AgEcon/livestockdisease/index.htm
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Portugal. Overall, toxoplasmosis results in increased production costs, diminished 

marketability of meat, less replacement animals, retardation of genetic progress and 

constitutes a major source of human infection (Leighty, 1990; Freyre et al., 1997). 

1.4 Biology and Life Cycle  

T. gondii is a tissue cyst-forming coccidia with a heteroxenous life cycle in which an 

asexual reproduction in intermediate hosts is linked to a sexual reproduction in definitive 

hosts (Tenter and Johnson, 1997). 

T. gondii has three morphological stages: tachyzoite (2 x 6 μm), bradyzoite (1-3 x 5-8.5 

μm) and sporozoite (2 x 6-8 μm) (Sabin and Olitsky, 1937; Jones et al., 1972; Cowper et al., 

2012). Bradyzoites and sporozoites are the infective forms typically acquired by ingestion. 

Bradyzoites are enclosed in tissue cysts in chronically infected hosts (Figure 1.1).  

 
Figure 1.1. T. gondii t issue cysts with multiple bradyzoite enclosed in mouse brain cells. 

Note: This figure belongs to the URSZ-INSA acquis. 

 

Eight sporozoites are present in each completed sporulated oocyst (11 x 13 μm), 

millions of which are shed into the environment, unsporulated, by the definitive hosts (felids) 

of the parasite, over 4 days after the first infection. It is an obligatory intracellular parasite of 

the nucleated cells of its hosts. They possess a nucleus, a mitochondrion, a Golgi complex, 

ribosome, an endoplasmic reticulum, and an apicoplast (Roos, 1999). The oocyst is the only 

form of life of the parasite that can persist outside the host for a long period of time (Yilmaz 

and Hopkins, 1972; Frenkel and Dubey, 1973; Dubey, 1998c, 2010a). 

After ingestion, tissue cysts or oocysts invade the host cells and differentiate into 

tachyzoites which divide rapidly within the host cells and together with the host immune 

response are responsible for the clinical manifestations of infection. Tachyzoites infect 
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nucleated host cells and utilize monocytes, macrophages, and dendritic cells as “Trojan 

Horses” to escape the host immune defence (Elsheikha and Khan, 2010), to bypass the blood–

brain barrier (Bierly et al., 2008) and the placenta barricade, and to spread and cause systemic 

disease. 

Tachyzoites differentiate into latent bradyzoites, which can be induced by exposure of 

the organism to stress conditions such as an immune response. Tissue cysts can persist 

indefinitely for the life of the host (Figure 1.2). If an individual becomes 

immunocompromised these tissue cysts serve as a reservoir from which disseminated or local 

infections can develop. Tissue cysts have a predilection for neural and muscle tissue as well 

as the eye in humans, with most cases of reactivation disease presenting as encephalitis or 

chorioretinitis (Kim and Weiss, 2008). 

 

Figure 1.2. Toxoplasma gondii life cycle. Note: Adapted from Nature Reviews 

 

1.5 Molecular epidemiology 

1.5.1 Genotypes 

The genome size of T. gondii is between 60 - 70 Mb. In 2001 only 11 chromosomes had 

been identified (Ajioka et al., 2001) but now it is known that T. gondii genome consists of  
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14 chromosomes (Khan et al., 2005a). In the early days, isolates of T. gondii were grouped 

according to virulence in mice. Later on, the first phylogenetic studies of T. gondii strains 

indicated that their genetic complexity was much smaller than expected (Sibley and 

Boothroyd, 1992a; Dardé et al., 1992) so, for a long time, T. gondii was considered to be 

clonal with three genetic types (Types I, II, III) (Dardé et al., 1992; Howe and Sibley, 1995; 

Ajzenberg et al., 2004) and very small differences between clonal lineages. In fact, 

comparative sequence analysis of individual genes indicated low allelic diversity within the 

clonal lineages (about 1 % divergence). In addition, limited genetic diversity between and 

within clonal lineages indicated that they have evolved quite recently from a common 

ancestor, 10,000 years ago at the most (Su, 2003). Also, recent advances in the knowledge of 

the virulence associated with some genotypes have been achieved (Saeij et al., 2005) with the 

development of new genotyping tools and the multiplication of field studies (Mercier et al., 

2011). Also, recent studies on T. gondii in different animal populations worldwide started to 

reveal the extensive diversity of the parasite (Dubey et al., 2002; Lehmann et al., 2006; Pena 

et al., 2008; Khan et al., 2011a). 

A fourth clonal lineage, designated haplotype 12, is largely confined to North America, 

where it is more common in wild animals (Khan et al., 2011a). Other studies subdivided  

T. gondii in I, II, III and 4 to 14 haplotypes based on only five loci (Khan et al., 2011b; a). 

Also, Su and colleagues classified T. gondii strains into 15 different haplotypes, defining six 

major clades (Figure 1.3) (Su et al., 2012). However, Minot and colleagues showed that the 

observed extent of Toxoplasma genetic diversity does not fit the scenario of the proposed 

haplotypes. Instead, most strains appear to have been originated through recent recombination 

events and it is believed that some of them led to particularly fit genotypes that 

geographically spread or swept (Minot et al., 2012). The majority of genotypes were 

identified either by polymerase chain reaction followed by restriction fragment length 

polymorphism (PCR-RFLP) or by microsatellite analysis using different genetic markers and 

variable number of loci. In America, 85.7 % of parasites were typed by using three to nine 

protein-coding genetic markers by PCR-RFLP, while the majority of T. gondii genotyping in 

Europe (67.4 %, n = 126) and Oceania (100 %, n = 2) was performed by microsatellite 

analysis. All variants from Asia and most from Africa (70.4 %) were identified with one 

coding-gene marker (Rico-Torres et al., 2016). 
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Currently, there is no gold-standard for genotype designation. As long as different 

methods and genes are used to type a variety of isolates, and each method has its own 

classification scheme, genotype designation remains a confusing issue. 

 

Figure 1.3. Population genetic structure of T. gondii. Note: adapted from Su et al 2012. Neighbor-net analysis was conducted 

using 11 multilocus RFLP markers plus 1 marker for the apicoplast and four intron sequences from the 138 representative 
strains representing unique haplotypes. Neighbor-net analysis showed various routes for gene flow between different 

populations (interconnecting lines between representative strains). Six major clades (A through F) are indicated on the basis  

of STRUCTURE analysis. Strains in black lettering do not correspond to major clades. Haplogroups are shown in circled 

numbers. Representative strains for each haplogroup are indicated by yellow boxes.  

 

1.5.2 Genotyping Methods 

Numerous studies of the T. gondii population structure were based on genotyping using 

a single marker, mostly Sag2 (Howe et al., 1997; Fuentes et al., 2001; Sabaj et al., 2010) and 

particularly, due to its polymorphisms and sensitivity, Gra6 (Fazaeli et al., 2000; Messaritakis 

et al., 2008). However, genotyping with a single marker does not allow identification of 

nonclonal strains. To determine more precisely the presence of polymorphisms in the 

population, application of multilocus PCR and microsatellite analysis of multiple markers is 

necessary (Ajzenberg et al., 2005; Su et al., 2006). The paragraphs below describe the most 

used techniques in T. gondii genotyping. 
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1.5.2.1 Multilocus Enzyme Electrophoresis (MLEE) 

MLEE differentiates strains by assessment of differences in migration of metabolic 

enzymes by electrophoresis. These migration differences are determined by the sequences of 

amino acids (molecular weight and enzyme charge) and could be associated to allelic 

variation at the corresponding gene locus. When a group of enzymes are analyzed all together, 

the different migration produces a unique finger print of each strain representing a multilocus 

genotype (Dardé et al., 1988, 1992). 

The first study on strain diversity in T. gondii based on MLEE analysis was developed 

by Dardé et al. (Dardé et al., 1988). Six polymorphic enzymatic systems exhibited 12 

zymodemes with the majority of stocks clustering into three main zymodemes Z1, Z2 and Z3 

(Dardé et al., 1988, 1992; Ajzenberg et al., 2002a). The disadvantages of MLEE are the low 

resolution in  

T. gondii genetic studies, the requirement of large numbers of parasites (approximately 7x10
6
 

tachyzoites) and the purity of the samples (Dardé et al., 1992). 

1.5.2.2 RAPD-PCR 

RAPD-PCR is based on the amplification of genomic DNA using arbitrary primers to 

identify unknown DNA polymorphisms. T. gondii have been classified into virulent and 

avirulent strains based on the murine virulence by RAPD-PCR using arbitrary primers (Guo 

et al., 1997), however nowadays the study of virulence strains require a much more complex 

interpretation. The results of this technique are difficult to reproduce and it requires a high 

DNA purity (Guo and Johnson, 1995; Ferreira et al., 2004). 

1.5.2.3 PCR- RFLP 

The PCR-RFLP is based on the ability of restriction endonucleases to recognize single 

nucleotide polymorphisms (SNPs), digest PCR products and then display distinct DNA 

banding patterns on agarose gels by electrophoresis (Sibley et al., 1992; Howe and Sibley, 

1995). How and Sibley identified for the first time T. gondii genotypes with PCR-RFLP using 

6 markers. Since then, several different sets of multilocus PCR-RFLP markers have been 

developed to genotype T. gondii isolates (Howe and Sibley, 1995). As the conventional 

multilocus PCR-RFLP requires a large amount of DNA, multiplex nested PCR-RFLP was 

developed to overcome this problem. However, the possibility of contamination is high and to 

avoid this problem multiple negative controls must be used in all PCRs (Sibley et al., 1992; 

Cristina et al., 1995; Howe and Sibley, 1995; Khan et al., 2005b; de Melo Ferreira et al., 
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2006; Dubey et al., 2007a; Pena et al., 2008; Soares et al., 2011; Su et al., 2012; Bacci et al., 

2015). 

1.5.2.4 Microsatellite analysis  

Microsatellite sequences are tandem short DNA motif repeats that are widespread in 

eukaryotic genomes and the sequences usually change due to insertion or deletion of repeat 

units. The numbers of repeat units differ in a population, thus producing multiple alleles at a 

microsatellite locus. The tandem repeats in T. gondii are composed of 2 to 6 nucleotides and 

occur 2–20 times (Blackston et al., 2001; Ajzenberg et al., 2002a, 2010; Li et al., 2014). This 

length polymorphism of microsatellite regions can be assessed with fluorescent primers after 

electrophoresis on an automatic sequencer. A total of 5 markers have been used (Tub2, W35, 

TgM-A, B18, B17) to differentiate types I, II, III, recombinants and atypical genotypes 

(Ajzenberg et al., 2002b). More recently, Ajzenberg and colleagues developed a method for 

T. gondii genotyping in a single multiplex PCR assay using 15 microsatellite markers (Tub2, 

W35, TgM-A, B18, B17, M33, IV.1, XI.1, M48, M102, N60, N82, AA, N61, and N83) 

(Ajzenberg et al., 2010). Although microsatellite multiplex has been considered an accurate 

assay to differentiate T. gondii strains and to identify mixed infections (Ajzenberg et al., 

2009; Mercier et al., 2010) the presence of small amounts of DNA (usually from clinical 

samples or wild strains with low rate of taquizoites or cysts) may impair the results 

(Ajzenberg et al., 2010). 

1.5.2.5 Sequencing 

MLST was first proposed in 1998 as a typing approach enabling the unambiguous 

characterization of bacterial isolates in a standardized, reproducible, and portable manner 

using the human pathogen Neisseria meningitides as the model organism (Maiden, 2006). The 

typical MLST for T. gondii is based on DNA sequence polymorphisms of seven housekeeping 

genes, including the single nucleotide polymorphisms (SNPs), deletion and insertion of 

nucleotides (Su et al., 2012). However different virulence loci have been used by different 

authors and also different sequencing approaches, such as Sanger (classic) or NGS (Khan et 

al., 2011a, 2014; Cheng et al., 2015; Lorenzi et al., 2016). Once more, although this approach 

is the most discriminatory method it is hardly applicable to clinical samples, as a large 

quantity of genomic DNA is required for the successful amplification of several loci. 
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1.5.2.6 Serotyping 

Serotyping is a typing method based on a serological test using strain-specific peptides. 

For T. gondii, different authors have used specific peptides derived from dense granule 

antigens, like GRA5, GRA6 and GRA7 (Sousa et al., 2008; Maksimov et al., 2013). 

Serotyping was shown to be capable of distinguishing type II from non-type II infections 

(Kong et al., 2003; Xiao et al., 2009) and may be used to determine which strains are 

associated with symptomatic or asymptomatic infections (Sousa et al., 2008). As serotyping is 

fast, inexpensive, relatively noninvasive, and there is no need to isolate parasites, this 

technique could have the potential to become the method of choice for typing T. gondii in 

humans and animals. However, some limitations arise, such as cross-reactivity issues, the low 

sensitivity of the selected peptides in detecting recombinant strains (Sousa et al., 2009a) and 

the potential no viability of the serum (dead animals). In particular, immunosuppressed 

patients may not produce sufficient specific antibodies to reach the detection threshold (titer 

of 1:64) and infection with the rare genotypes may induce highly different humoral responses 

that may not be detectable using the custom polymorphic polypeptides(Kong et al., 2003). 

1.5.3 Genotypes and virulence  

In terms of mouse virulence, Type I isolates are considered as the most virulent, and can 

lead to death of mice less than 10 days after the first inoculation. In contrast, strains of Type II 

and Type III are avirulent (although type II isolates can cause low virulence in mice) and 

usually cause chronic infection and shaped tissue-cysts. Cystogenic T. gondii strains can be 

grouped according to their virulence, however, all non-cystogenic isolates present high 

virulence in mice (de Melo Ferreira et al., 2006). 

In Humans, type I and recombinant strains isolated from immunocompetent individuals 

have been associated with some severe forms of toxoplasmosis or atypical ocular 

toxoplasmosis (Howe et al., 1997; Fuentes et al., 2001; Grigg et al., 2001a). Also, in southern 

Brazil and French Guiana, atypical strains have been associated with severe disseminated 

disease (Dardé et al., 1998; Blaizot et al., 2019) and with debilitating ocular toxoplasmosis 

and death in healthy adults (Carme et al., 2002; Jones et al., 2006a; b; Demar et al., 2012; 

Silveira et al., 2015). 
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1.5.4 Geographical distribution of T. gondii genotypes 

Several studies have been conducted in diverse countries aiming at analyzing T. gondii 

genotypes of isolates circulating in diverse hosts and countries. Most of them performed a 

multilocus genotyping by PCR and RFLP markers (Sundar et al., 2008; Sun et al., 2013; 

Wang et al., 2015), and less frequently by microsatellite markers (Ajzenberg et al., 2010), 

gene sequencing or NGS (Lorenzi et al., 2016). Studies are most often carried out in birds, as 

sentinels of the environmental contamination (Lehmann et al., 2006), whereas genotypes 

infecting wild species or other domestic animals are less frequently studied. Although 

epidemiological studies presenting genotypes infecting humans may be biased due to travel or 

to consumption of imported food, they usually reflect circulating genotypes (Ajzenberg et al., 

2015).  

In Europe and North America, T. gondii exists as four distinct clonal lineages that show 

marked virulence differences in laboratory mice (Howe and Sibley, 1995; Khan et al., 2011a). 

It is accepted that type II is the predominant type in cases of congenital toxoplasmosis in 

Europe and North America (Howe and Sibley, 1995; Howe et al., 1997; Ajzenberg et al., 

2002b). A fourth clonal lineage, referred to as type 12, has recently been described in North 

America where it is commonly found in wildlife (Khan et al., 2011a). All four clonal lineages 

show evidence of overly abundant, highly similar multilocus genotypes and high levels of 

linkage disequilibrium (i.e., infrequent recombination). While it has been established that type 

II is predominant in Europe and North America (Dardé et al., 1992; Howe and Sibley, 1995; 

Howe et al., 1997), there are significant regional differences. Type I and some recombinant 

strains were isolated from immunocompetent individuals suffering from severe or atypical 

ocular toxoplasmosis in United States (Grigg et al., 2001a). 

One French study has shown that of the 86 isolates (85 %) from cases of suspected and 

confirmed congenital toxoplasmosis and 88 isolates from immunosuppressed patients  

(61.4 %) were type II (Ajzenberg et al., 2002b, 2009). In other studies with 

immunosuppressed patients, also from France, it was shown that type II isolates were also 

predominant, while types I and III were rarely isolated (Howe et al., 1997; Honoré et al., 

2000). Research in congenital toxoplasmosis from Spain and Egypt showed the presence of 

type I (Fuentes et al., 2001; Eldeek et al., 2017), while genotyping of isolates from Crete, 

Cyprus showed the predominance of type III (Messaritakis et al., 2008), however it must be 

noted that these studies have been conducted using only one or four markers.  
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Furthermore, strains of atypical genotypes were isolated from immunocompetent 

patients in French Guiana and Brazil (Carme et al., 2002; Demar et al., 2012; Silveira et al., 

2015). 

1.6 Toxoplasma gondii in Portugal 

1.6.1 T. gondii epidemiology in Portugal 

In Portugal, there is a lack of human data regarding T. gondii as few studies are 

available, and most of them are serological estimates of T. gondii seroprevalence in humans 

(Table 1.2) and in several animal hosts (Table 1.3). 

There were a limited serologic studies performed in humans, in Portugal (Ângelo, 1983, 

2003; Antunes, 1984; Sevivas, 2011; Lopes et al., 2012b; Gargaté et al., 2016), however, only 

two were performed in the general population. The first serological survey reported 47 % of 

seropositivity, which is considered a high value when compared with the one obtained in 

2013 (Ângelo, 1983; Gargaté et al., 2016), where the overall seroprevalence was 22 % 

(Gargaté et al., 2016). Of note, despite this apparent strong decreasing trend of the T. gondii 

seroprevalence in Portugal during the last decades, the risk of congenital toxoplasmosis is 

higher, since these data reveal that the majority of potential pregnant women are thus 

susceptible to primary infection (Table 1.2). 

Table 1.2 Seroprevalence of T. gondii infection in humans from Portugal 

Years Region Population N tested Prevalence

(%) 

Reference 

1981 L Pregnant women 686 64 
(Antunes et al., 
1981) 

1979–1980 
all 
Portugal 

General population 1675 47 (Ângelo, 1983) 

2000 L Imunosupressed VIH 63 57 (Ângelo, 2000) 

2009–2010 N 
Women of 
childbearing age 

401 24 
(Lopes et al., 
2012b) 

2013 
all 
Portugal 

General population 1440 22 
(Gargaté et al., 
2016) 

L: Lisbon; N: North 

 T. gondii antibodies were also detected in cats (Lopes et al., 2008; Duarte et al., 2010; 

Esteves et al., 2014), sheep (Sousa et al., 2009b; Lopes et al., 2012a), cattle (Lopes et al., 

2012a), dogs (Lopes et al., 2011b), wild boar (Lopes et al., 2011a; Coelho et al., 2014), goats 
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(Lopes et al., 2012a), pigs (Sousa et al., 2006; Lopes et al., 2012a; Esteves et al., 2014), 

horses (Lopes et al., 2013), chickens (Dubey et al., 2006; Rodrigues et al., 2019), birds 

(Waap et al., 2008, 2012; Lopes et al., 2011a), genets, wolf, red foxes and badgers (Lopes et 

al., 2011a) (Table 1.3). Waap and colaborators studied a large number of pegeons describing 

a low prevalence rate, however, when considered at flock level, seropositive animals were 

identified in nearly one third of feeding sites sampled, with seroprevalence rates ranging 

between 5 % and 62.5 % (Waap et al., 2008, 2012). In cats, the serological prevalence varied 

from 20 to 44 %; the highest being from stray cats from Lisbon (Table 1.3). The stray cats 

were captured from different areas of Lisbon and revealed the high serological titres, 18000 to 

162000 (Waap et al., 2012). These results may be due to the T. gondii type strains circulating 

or a very high environmental contamination leading to repeated infections in cats (Lopes et 

al., 2014, 2017). In meat animal consumption, T. gondii prevalence varies between 7 % in 

cattle and pigs and 100 % in wild boars (Table 1.3). The three surveys performed in pigs 

demonstrated prevalences between 7 % and 16 %, which are not different from the 

heterogeneous values that have been reported in Europe (Dubey, 2009; Santoro et al., 2017). 

Of note, most authors have used in-house ELISAs and thus these results are difficult to be 

compared due to the need for standardization of cut-off values, antigens and specific 

methodology procedures. In addition to meat from domestic pigs, meat from wild boars may 

also be an important source of T. gondii infection in humans.  

Lopes and collaborators (2011) found 100 % of T. gondii prevalence in wild boars, 

however another study performed also in north of Portugal achieved the prevalence of 21 % 

when increased the number of wild boars studied (Table 1.3) (Lopes et al., 2011a; Coelho et 

al., 2014). In Portugal there is some tradition of wild boar meat consumption. This meat is 

widely used to cook uncontrolled homemade sausages that prepared without any heat 

processing and, therefore, are consumed raw, increasing the likelihood of T. gondii as a 

foodborne pathogen for humans (Coelho et al., 2014). Additionally, infected viscera and 

carcasses left by hunters may pose a threat to scavenging susceptible animal. 

It is believed that in Europe up to 63 % of human toxoplasmosis is attributed to the 

consumption of undercooked or cured meat products, however all the animals, like cats, wild 

animals or birds, could represent the zoonotic transmission but also the environmental 

contamination (Cook et al., 2000; Berger-Schoch et al., 2011; Belluco et al., 2018). 
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Table 1.3 Seroprevalence of T. gondii in animals from Portugal 

Host Years Region Tested 

animals 

(n) 

Prev 

(%) 

Reference 

BIRDS 
     

Booted eagle, Black kite, 

Bubo bubo, Common buzzard, 
Eurasian Falco peregrinus, 
sparrowhawk, Griffin vulture, 

Northern goshawk, Short-toed 
eagle, Tyto alba, White stork 

2008-2010 N and C 52 50 (Lopes et al., 2011a) 

Common pigeon  

(Columba livia) 

NS L 695 5 (Waap et al., 2008) 

2009-2010 L 1507 3 (Waap et al., 2012) 

Chicken (Gallus domesticus) 

NS 

NS 

 

N and C 

C 

 

225 

178 

 

27 

  5,6 

 

(Dubey et al., 2006) 

(Esteves et al., 2012; 

Rodrigues et al., 
2019) 

MAMMALS 
     

Cat 2003-2005 L 231 24 (Duarte et al., 2010) 

(Felis catus) 2004-2005 N 204 36 (Lopes et al., 2008) 

 
2007-2008 L 215 20 (Esteves et al., 2014) 

 
2009-2010 L 423 44 (Waap et al., 2012) 

Dog (Canis familiaris) 2008-2009 N 673 38 (Lopes et al., 2011b) 

Cattle (Bos taurus) 2008-2010 N 161 7 (Lopes et al., 2012a) 

Sheep  2005-2006 N 1467 17 (Sousa et al., 2009b) 

(Ovis aries) 2008-2010 N 119 34 (Lopes et al., 2012a) 

Goat (Capra hircus) 2008-2010 N 184 18 (Lopes et al., 2012a) 

Pig  2004-2005 N 333 16 (Sousa et al., 2006) 

(Sus scrofa) 2007-2008 C and S 381 7 (Esteves et al., 2014) 

 
2008-2010 N 254   10 (Lopes et al., 2013) 

Horse (Equus caballus) 2008-2010 N 173 13 (Lopes et al., 2013) 

Deer, European badger, Genet, 
Red fox, Wolf 

2008-2010 N and C 12 83 (Lopes et al., 2011a) 

Wild boar (Sus scrofa) 2008-2010 N 8 100 (Lopes et al., 2011a) 

 
2011-2012 N 97 21 (Coelho et al., 2014) 

L: Lisbon; C: Centre; N: North; NS: Not stated; Prev: Prevalence 
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1.6.2. Genotypes circulating in Portugal 

Infection with T. gondii can present severe symptoms and the disease may be fatal. 

However, it is generally asymptomatic, making difficult the identification and isolation of  

T. gondii strains in immunocompetent humans and animals, which are mandatory requisites 

for further genotyping procedures. Frequently, complete and accurate genotyping data 

requires DNA extracted from large numbers of viable parasites from cell culture or mouse 

ascitic fluid.  

To our knowledge, genetic studies integrating intermediary and definitive hosts are 

lacking in Portugal, but the three genotypes have already been described in animals (chickens, 

pigs, bovine fetus and pigeons), revealing a majority of type II strains (Sousa et al., 2006, 

2010; Frenkel et al., 2006; Waap et al., 2008; Verma et al., 2015). Of note, some results 

suggesting recombination and other genome rearrangements were already reported as the case 

of four chickens infected with T. gondii strains previously identified as type II and type III by 

PCR- RFLP that were later identified as new genotypes (genotype #254) and having 

combinations of types II and III specific alleles (Verma et al., 2015). 

Globally, there is a lack of data concerning genetic diversity of different loci. The 

scenario in Portugal is even worse than in Europe as only two studies exist. These consisted 

of two limited evaluations in humans performed in France with samples collected in Portugal 

(Sousa et al., 2008; Ajzenberg et al., 2009). One was based on serotyping (antibodies anti-

GRA6) and revealed a majority of type II strains but also an unexpected high prevalence of 

non-type II strains that could not be typed as type I or III with this method. The high number 

of no type II strains showed a different typing profile for these samples when compared with 

French sera (Sousa et al., 2008). The other study enrolled two Portuguese isolates (HIV) 

(Ajzenberg et al., 2009) where both were type II.  

Thus, the understanding of the molecular epidemiology and population genetics of  

T. gondii in Portugal is a mandatory issue. 
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2.1 AIMS AND OUTLINES: 

The main objective of this thesis was to perform a global genetic study of Toxoplasma 

gondii strains isolated from humans and animals in Portugal.  

Considering that there is a lack of knowledge on the molecular characterization of T. gondii 

strains isolated in Portugal, both from human and animal sources, namely on the distribution of 

the different genotypes, on the identification of circulating strains with atypical/recombinant 

genomic backbones, and on the putative association between genotype and virulence, we pursued 

the following specific objectives: 

i) To study the molecular epidemiology of T. gondii strains isolated from animals and 

humans, by the classic Sag2 and microsatellites typing; 

ii) To study virulence differences of isolated T. gondii strains by macroscopic and 

cytological procedures using the mouse model; 

iii) To evaluate major dissimilarities in the genomic backbone of T. gondii circulating 

strains in Portugal; 

iv) To evaluate the extent of the genomic mosaic structures of the two highly virulent 

recombinant strains that were previously isolated at URSZ-INSA; 

 

The results obtained from this thesis may contribute for a better knowledge on the 

dynamics of T. gondii population circulating in Portugal, including the population diversity and 

the identification of sexual recombination. This may ultimate contribute for the development of 

more effective control strategies. 
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3.1 Abstract 

Epidemiological investigations on Toxoplasma gondii infection have found a significant 

association between human toxoplasmosis, consumption of raw or undercooked meat and 

environmental contamination. The present study aimed to characterize genotypes of T. gondii 

strains isolated from 209 animals from the north of Portugal. Different types of samples 

revealing antibodies to T. gondii were used, namely heart, brain, diaphragm and tongue from 

two different groups of animals (Group I – 12 cattle, 34 sheep, 5 goats and 16 pigs, Group II – 

6 stray dogs, 59 foxes, 49 boars and 28 hears). Eighty-nine animals (43 %) yielded positive 

results when B1 classical PCR was performed and Sag2-based genotyping of T. gondii was 

achieved in 29 % (60/209) of the animals. Within the later, 77% (46/60) of strains were type 

II, 10 % (6/60) were type I, and it was not possible to differentiate between Sag2 type I and 

type II alleles in 13% (8/60). Sag2 type II T. gondii strains have been shown for the first time 

to infect cattle, boars, foxes and hares in north of Portugal, and Sag2 type II has also been 

confirmed as the predominant genotype in pigs in the same region. This study constitutes the 

first molecular characterization report of T. gondii in goats, wild boars, foxes and hares from 

Portugal, and expands the range of the potential sources of human infection. Highlighting the 

importance of environmental contamination in the synanthropic and silvatic cycles.  
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3.2 Introduction 

Toxoplasmosis, caused by the protozoan Toxoplasma gondii, is a global parasitic 

zoonosis. Domestic and wild felids are the definitive hosts of the parasite and a great variety 

of other homoeothermic animals constitute intermediate hosts. Herbivores acquire infection 

mainly by the ingestion of oocysts in water or contaminated food. Carnivores and omnivores, 

including human beings, can additionally become infected by ingesting meat with cysts 

(bradyzoites) (Dubey, 2010a). 

Epidemiological investigations have found a significant association between human 

toxoplasmosis and the consumption of raw or undercooked meat or its products (Dubey, 

2010a). Infections with the parasite are also an important cause of foetal mortality in sheep 

and goats (Chanton-Greutmann et al., 2002) and it has originated outbreaks of abortion in 

small ruminant and swine farms, leading to serious economic and reproductive losses (Dubey, 

2009). Most of the identified strains of T. gondii obtained from humans and animals in 

Europe, using polymerase chain reaction-restriction fragment length polymorphism (PCR-

RFLP) and microsatellite analysis, are grouped into one of three clonal lineages of type I, II or 

III (Ajzenberg et al., 2002b, 2004, 2015). These genotypes have been described in animals in 

Portugal, with types II and III being common in pigs and chicken (Sousa et al., 2006; Dubey 

et al., 2006). Studies in other European countries, including France, Spain, Switzerland, and 

Germany, have also revealed a predominance of genotype II in animals (Dumètre et al., 2006; 

Montoya et al., 2008; Berger-Schoch et al., 2011; Herrmann et al., 2013). 

Due to the relatively scarce information on the presence and molecular characterization 

of T. gondii in animals for human consumption in Portugal, this study aimed at detecting 

parasitic DNA in tissues from different animals that were raised, hunted or slaughtered in the 

north of the country and to genetically characterize the isolated T. gondii DNA. 

 

3.3 Methods 

3.3.1 Animals and samples  

Between March 2008 and March 2012, different tissue samples were obtained from 

different animals that were divided in two groups, where group I included slaughter animals 

and group II included wild and stray animals. Sampling was done as following: 
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Group I - Heart tissue samples were obtained from cattle (n = 20), sheep (n = 40) and 

goats (n = 15), slaughtered in abattoirs from the north of Portugal. Heart (n = 4), brain  

(n = 10), diaphragm (n = 6) and tongue (n = 1) tissues were randomly sampled from  

16 slaughtered pigs. All sampled animals had been born and raised in the north of Portugal for 

human consumption. Data collected for each sampled animal included gender, breed, age and 

husbandry system (intensive, semi-intensive or extensive). Twelve cattle, 34 sheep, 5 goats 

and the 16 pigs were seropositive to T. gondii, as determined (Department of Veterinary 

Sciences of UTAD) by an antibody titer ≥ 20 in the modified agglutination test (Lopes et al., 

2012a). Only the samples from these serology-positive animals were used in the present 

study. 

Group II – Heart (n = 77), diaphragm (n = 22), tongue (n = 6), brain (n = 64), pool of 

heart and diaphragm (n = 37) and pool of heart, diaphragm and tongue (n = 15) tissues were 

collected from stray dogs (n = 6), foxes (n = 59), hunted boars (n = 49) and hares (n = 28) 

with positive serology to T. gondii. Tissues from stray dogs and foxes were collected from 

animals sacrificed in the highways. All animals were hunted or collected from the north of 

Portugal, where wild boars and hares were to human consumption. 

Individual tissue samples from the two groups were stored at -20 ºC until DNA 

extraction.  

3.3.2 DNA extraction and identification of T. gondii  

Tissue samples were digested in a trypsin or acid-pepsin solution for 2 hours at 37 ºC, 

washed with PBS, and centrifuged at 2500 rpm for 10 min, with pellets being stored at -20 ºC 

until use. The DNA extraction was performed as previously described by Miller et al. (Miller 

et al., 1988) and the DNA was resuspended in 100 µl of DNAse/RNase free water and stored 

at -20 ºC until use. 

The identification of T. gondii was performed by PCR amplification of the B1 locus, as 

previously described (Jones et al., 2000). 

3.3.3 Genotyping 

Previously described nested PCRs were used to amplify separately the 5’ and 3’ ends of 

the surface antigen 2 gene (Sag2) (Howe et al., 1997). Positive (T. gondii RH DNA) and 

negative (DNAse/RNAse free water or AmpliTaq DNA polymerase
®

 buffer) controls were 

included in every amplification batches. All amplification products were analyzed in 2 % 
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agarose gel electrophoresis with soaking GelRed
TM

 (Biotium, Hayward, USA). Visualization 

of a 241 bp (Sag2 5’ region) or a 221 bp band (Sag2 3’ region) was considered a positive 

result. 

Sequence analysis for comparison of Sag2 genetic profiles was performed in order to 

assess the frequency of T. gondii Sag2 type strains (I, II and III). Thus, PCR products were 

purified with ExoSAP-IT
®

 (Affymetrix, UK) and sequenced using BigDye
TM

 (Applied 

Biosystems, USA), following manufacturer’s instructions and using the internal primers. 

Products were processed in an automatic sequencer 3130 XL Genetic Analyzer (Applied 

Biosystems, USA). The resulting sequences were aligned with MEGA5 software and were 

compared with the sequence data from T. gondii reference strains available from GenBank, 

namely: AM055943.1 RH type I, XM002371960.1 ME49 type II, AF357579.1 NED type III, 

AF357582.1 CASTELLS and AF357580.1 MAS different/atypical strains (GenBank). 

 

3.4 Results 

Regarding Group I, from the 91 studied animals, 67 (73.6 %) were positive for anti-T. 

gondii IgG and 35.8 % (24/67) of these seropositive animals were also found to be positive by 

B1 classical PCR. Sag2 PCR identified 27 % (18/67) of positive animals. Of the 142 animals 

studied from Group II (all with positive anti-T. gondii IgG), 65 (46 %) yielded positive results 

by using the B1 classical PCR (Table 4) and 60 (42.3 %) were Sag2 PCR positive. Sag2 

genotyping allowed the discrimination among the three “classical” T. gondii types for 29% 

(60/209) of the animals and the genotyping success was similar in group I (27 % - 18/67) and 

in group II (30 % - 42/142) (Table 3.1 and Table 3.2). 

Forty six strains from animals were type II, six were type I, and it was not possible to 

differentiate between Sag2 type I and type II alleles in other eight (13 %) out of the 60 

characterized isolates. 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/AM055943.1
https://www.ncbi.nlm.nih.gov/nuccore/AF357579.1
https://www.ncbi.nlm.nih.gov/nuccore/AF357582.1
https://www.ncbi.nlm.nih.gov/nuccore/AF357580.1
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Table 3.1 Sag2 genotype of T. gondii strains from Group I 

 

Strain Gender Breed 
Age group 

(months) 

Husbandry 

system 

MAT 

titter 

Sag2 

Type 

Cattle       

TgPtB1 M Crossbreed [H] 8-12 SI 100 II 

TgPtB2 F Crossbreed [H] 8-12 SI 100 II 

TgPtB3 M Crossbreed [H] 8-12 SI 100 II 

TgPtB4 F Mirandesa [H] 8-12 SI 100 neg 

TgPtB5 M Crossbreed [H] 5-8 SI 100 neg 

TgPtB6 M Arouquesa [H] 5-8 SI 100 neg 

Sheep       

TgPtS1 F Cross of Churra [H] ≥ 19 E 20 II 

TgPtS2 M Churra Terra Quente [H] 7-18 SI ≥ 6400 I or II 

TgPtS3 M Churra Badana [H] ≤ 6 SI 20 II 

TgPtS4 M Churra Terra Quente [H] ≤ 6 SI 20 II 

TgPtS5 M Churra Terra Quente [H] ≤ 6 SI 20 II 

TgPtS6 F Churra Terra Quente [H] ≤ 6 SI 400 I or II 

Goat       

TgPtG1 M Preta de Montesinho [H] ≤ 6 SI 20 I or II 

TgPtG2 M Preta de Montesinho [H] ≤ 6 SI 20 I or II 

TgPtG3 M Preta de Montesinho [H] ≤ 6 SI 20 I or II 

Pig 
      

TgPtP1 M Cross of Bísaro [H] ≤ 3 I 400 I or II 

TgPtP2 F Cross of Bísaro [H] ≤ 3 I 400 II 

TgPtP3 F Cross of Bísaro [H] 4-9 I 20 II 

TgPtP4 F Piétrain [Br] 4-9 I 20 neg 

TgPtP5 F Piétrain [D] 4-9 I 20 II 
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TgPtP6 F Piétrain [D] ≥ 10 I 20 neg 

TgPtP7 F Piétrain [Br] ≥ 10 I 20 I or II 

TgPtP8 F Bísaro [Br] ≥ 10 SI 20 I or II 

TgPtP9 F Bísaro [D] ≥ 10 SI 20 neg 

B: bovine; Br: brain; D: diaphragm; F: female; G: goat; H: heart; M: male; MAT: modified agglutination test; neg:  

negative; P: pig; Pt: Portugal; S: sheep; Tg: Toxoplasma gondii; a 
same individual pig. SI: Semi Extensive; E: Extensive; I: 

Intensive 

 

Table 3.2 Sag2 genotype of T. gondii strains from animals of Group II 

Host 
PCR B1 positive 

% (n) 

PCR Sag2 positive 

% (n) 

Sag2 Type 

I II III 

Dogs  50 (3) 50 (3) 0 3 0 

Foxes  42 (25) 32 (19) 2 10 0 

Boars 35 (17) 37 (18) 2 8 0 

Hares 71 (20) 71 (20) 2 15 0 

Total 46 (65) 42 (60) 6 36 0 

 

Table 3.3 T. gondii strains detected in samples from Group II 

Host 

Product (n) 

PCR B1 

positive % (n) 

PCR Sag2 

positive % (n) 

Sanger 

Sequencing 
Sag2 Type (n) 

Dogs 
 

% % 
 

Br (6) 17 (1) 17 (1) - - 

H (6) 33 (2) 33 (2) 50 (1/2) II 

D (6) 33 (2) 33 (2) 50 (1/2) II 

T (6) 33 (2) 33 (2) 50 (1/2) II 

Foxes  %  
   

Br (50) 38 (19) 22 (11) 64 (7/11) II (5) and I (2) 

H (42) 12 (5) 12 (5) 100 (5/5) II 

H+D+T (15) 20 (3) 20 (3) 100 (3/3) II 

H+D (1) 0 0 - - 

Boars 
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Br (8) 0 0 - - 

H (29) 24 (7) 24 (7) 100 (7/7) II (6) and I (1) 

     

Host 

Product (n) 

PCR B1 

positive % (n) 

PCR Sag2 

positive % (n) 

Sanger 

Sequencing 
Sag2 Type (n) 

D (16) 50 (8) 50 (8) 38 (3/8) II (2) and I (1) 

H+D (8) 38 (3) 38 (3) 33 (1/3) II (1) 

Hares 
    

H+D (28) 71 (20) 71 (20) 85 (17/20) II (15) and I (2) 

Br: brain; D: diaphragm; H: heart; T : tongue. 

 

3.5 Discussion 

The farm animals are an integrative part of human and animal food chain and share the 

same ecosystems than humans, representing a risk of T. gondii transmission. Also, wild boars 

are extensively hunted and consumed by humans. This meat is widely used to make different 

meals and uncontrolled homemade sausages that are prepared without any heat processing. 

Therefore, this meat is consumed raw, increasing the likelihood of T. gondii as a foodborne 

pathogen for humans (Coelho et al., 2014). In contrast, in Portugal, foxes don’t have a major 

role in human food chain and don’t have predators, however they could represent the 

environmental contamination and could take part in scavenging other animals. Different 

approaches have been reported worldwide to identify T. gondii in wild animals. The 

application of these methods has generated invaluable information to enhance our 

understanding of the  

T. gondii prevalence, however, since most studies focused solely on the detection rather than 

on the genetic characterization of T. gondii, the information obtained is limited. In Portugal, 

despite the existence of four seroprevalence studies (Lopes et al., 2011a; b; Coelho et al., 

2014, 2015) the scenario is even worst because the knowledge of genotypes circulating in 

animals is very scarce.  

In the present study, we demonstrated not only the presence of T. gondii in cattle, sheep, 

goats, pigs, dogs, foxes, wild boars and hares but have also identified the archetypes evolved 

in the infection. In group I, 73.6 % (67/91) of studied animals presented positive serology for  

T. gondii and yielded 35.8 % (24/67) molecular positivity by B1 classical PCR. This is in 
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agreement with the wide distribution of T. gondii described in the rest of Europe (Gustafsson 

and Uggla, 1994; Hejlícek et al., 1995; Aspinall et al., 2003; Frölich et al., 2003; Dubey et 

al., 2004a; Hůrková and Modrý, 2006; Dumètre et al., 2006; Richomme et al., 2009; Aubert 

et al., 2010; Bártová et al., 2010; De Craeye et al., 2011; Jokelainen et al., 2011, 2012a; 

Fernández-Aguilar et al., 2013; El Behairy et al., 2013; Machacova et al., 2014; Calero-

Bernal et al., 2015; Kornacka et al., 2016). Of note, although a small number of goats was 

analysed, it is worth mentioning that positive animals were from three geographically distant 

pasture areas, which suggests the existence of a wide distribution of contamination. In pigs, 

for which existence of T. gondii is an indicator of the hygienic status and the risk of infection 

for a given pig farm, the molecular identification of T. gondii in the present study (43.8 %) 

was higher than the one observed in pigs from the centre and south of Portugal (35 %) 

(Esteves et al., 2014). Possible due to hypothesis that environment is more contaminated in 

the north of Portugal than south and because of that, pigs could have itself more cysts which 

facilitates the molecular identification. We observed lower infection rates in sheep than the 

ones reported in several European countries (Armand et al., 2016; Amdouni et al., 2017). 

However, the molecular detection of the parasite in animals for which a positive serology was 

detected is sometimes a tricky task, as described in several studies (Aubert et al., 2010; 

Fernández-Aguilar et al., 2013; Turčeková et al., 2014). In fact, the difficulty of achieving 

reliable results in detecting T. gondii DNA in tissues may be explained due to the juvenile 

animal age, the chosen organ (e.g., liver), or the limited size of the samples (since 100 g of 

beef can contain only one parasite) (Dubey and Thulliez, 1993; Dubey et al., 1995; Gajadhar 

et al., 1998; Esteban-Redondo et al., 1999; Mason et al., 2010; Fernández-Aguilar et al., 

2013). To overcome this problem several authors opt by performing the bioassay (i.e., mice 

inoculation) to increase the number of parasites and thus obtain high-quality DNA, before 

proceeding with the molecular identification and genotyping steps (Dubey et al., 2008; 

Prestrud et al., 2008; Yai et al., 2008). However, as occurred in our study, this is not always 

possible in farm animals and wildlife as sampling activities may occur days after the death of 

the animals, hindering the recovery of viable T. gondii. Furthermore, the bioassay is 

extremely expensive and time-consuming. In these scenarios, B1 PCR may be useful in these 

sort of samples for the identification of the parasite, while Sag2 is widely used for genotyping 

T. gondii strains into one of the archetypal lineages (I, II, III) (Howe et al., 1997). The option 

for the B1-based PCR for identification purposes instead of Sag2-based PCR relies on the fact 

that, similarly to other studies (Lass et al., 2009), the former shows higher sensitivity than the 

latter (in our study, 42.6 % and 37.3 %, respectively). 
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In this study, the majority of isolates from farm animals were type II, mirroring the 

scenario observed in the rest of Europe (Aspinall et al., 2002a; Jungersen et al., 2002; 

Dumètre et al., 2006; Halos et al., 2010; Berger-Schoch et al., 2011), with the exception of 

cattle isolates where the majority of type I strains prevails in Europe (Mahami-Oskouei et al., 

2017; Battisti et al., 2018). Although in the present study only type II strains were identified 

in cattle, Verma and colleagues previously described one type I T. gondii isolated from a 

deceased bovine foetus in Portugal (the only one genotyping report in cattle) (Verma et al., 

2015).  

More unpredictable is the situation in wild life. For example, Italy have highlighted the 

presence of all three clonal genotypes and a number of atypical genotypes with different 

prevalence in wild animals (Mancianti et al., 2013; Verin et al., 2013; Bacci et al., 2015; 

Formenti et al., 2016). A higher prevalence of T. gondii genotype I has been observed in 

omnivorous domestic species, represented by pigs, than in omnivorous and carnivorous 

sylvatic species (wild boars and foxes). In contrast, recombinant genotypes seemed to be 

more prevalent in wildlife than in domestic species (Grigg and Sundar, 2009; Battisti et al., 

2018). However, this apparent increased genetic diversity (e.g. recombinant strains) from 

wildlife samples is not absolute, as studies of wildlife in France, Germany and Norway have 

reported a high prevalence of archetypal strains, where the majority of type II prevails (Dubey 

et al., 2004a; Prestrud et al., 2008; Richomme et al., 2009; Aubert et al., 2010; Herrmann et 

al., 2013) or 50 % in Spain (Calero-Bernal et al., 2015). In our study, in opposition to group I, 

wildlife animals revealed type I strains (although type II strains remains the more prevalent 

type in this group) (Richomme et al., 2009; Calero-Bernal et al., 2015). Type I was detected 

in wild boars, foxes and hares, which is somehow surprising because this genotype is not 

frequently reported in animals in Europe (Berger-Schoch et al., 2011; De Craeye et al., 2011). 

In support of the genotypes heterogeneity of T. gondii in the wild life, fourth clonal type 

strains have been described as the most prevalent in the USA (Dubey et al., 2011a).  

In summary, the present study constitutes the first report of T. gondii genotyping in wild 

animals and goats in Portugal and shows that different animals for human consumption and 

the ecosystem from the north of Portugal are infected and contaminated with T. gondii. Of 

note, studies conducted in the same region showed a low prevalence of anti-T. gondi 

antibodies in women of childbearing age (24.4 %) and 13 % in general population from north 

of Portugal, elevating the risk of primary infection during the pregnancy in this region (Lopes 

et al., 2012b, 2014; Gargaté et al., 2016). The finding of a higher prevalence of type II strains 
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in both domestic and sylvatic animals is not surprising since the moderate virulence of type II 

strains does not lead to a frequent death of the host, allowing the animals to survive until their 

slaughtering or hunting (Weiss and Kim, 2000). Subsequently, it is likely that seropositive 

animals have infective forms in their tissues, and the consumption of undercooked meat or 

meat products from these animals remains a risk factor for humans. Future studies enrolling 

more Portuguese territories and a higher number of animal species will be needed to better 

understand the scenario of T. gondii animal infection and the environmental contamination in 

Portugal, which will be important to control this important infection in both humans and 

animals. 
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4.1 Abstract 

Cats and pigeons are important factors in the epidemiology of Toxoplasma gondii as felids 

are the only definitive hosts that can excrete environmentally resistant oocysts, and pigeons share 

the same places of cats and humans constituting a good model and indicator of the ground field 

contamination. We aimed to study the virulence and genotypes of T. gondii isolated from pigeons 

and stray cats in Lisbon - Portugal. Fresh samples of brain from 41 pigeons and 164 cats 

revealing antibodies to T. gondii were inoculated in mice. Three isolates (one isolated from a cat 

and two isolated from pigeons) were virulent in the mouse model. Sag2-based genotyping of T. 

gondii was achieved in 70.7 % (29/41) of samples isolated from pigeons (twenty-six samples 

were type II, two were type III, and one strain was type I). From the cat brain samples, 50 % 

(82/164) yielded Sag2 positive results, where 72 belonged to genotype II and 10 were no type III 

(it was not possible to discriminate between type I and II). Further genotyping was obtained by 

multiplex PCR of 5 microsatellites (Tub2, TgM-A, W35, B17, B18), allowing the identification 

of two recombinant strains that had been previously identified as type II by Sag2 amplification 

(one isolated from cat brain and the other from pigeon brain). This is the first evidence of 

recombinant strains circulating in Portugal and the first report of T. gondii genotyping from cats 

in this country. This study also highlights the importance of environmental contamination in the 

synanthropic cycle constituting a potential source of human infection. 

  

https://www.ncbi.nlm.nih.gov/pubmed/22341615
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4.2 Introduction 

Toxoplasma gondii is a coccidian and is one of the most worldwide prevalent parasite 

infecting warm-blooded vertebrates (Frenkel et al., 2006; Weiss and Kim, 2007), especially in 

Europe (primarily Southern Europe), South and Central America and Africa (Aubert and Villena, 

2009; Schlüter et al., 2014; Sepúlveda-Arias et al., 2014). The T. gondii infectious stages involve 

the tachyzoites, which facilitate expansion during acute infection, the bradyzoites, which 

maintain chronic infection, and the sporozoites, which are disseminated in the environment 

within oocysts (Dubey, 1998a). The ingestion of undercooked meat containing tissue cysts has 

been considered the most common means for acquisition of toxoplasmosis, followed by the 

ingestion of vegetables or water contaminated with sporulated oocysts (Tenter et al., 2000).  

Felids are the only known definitive hosts that can release oocysts into the environment 

through their faeces (Dubey, 2010a), while tissue cysts containing bradyzoites may be found in 

both intermediate and definitive hosts. Sporulated infective oocysts are extremely robust and, 

under moderate conditions may survive for months or even years in soil (Yilmaz and Hopkins, 

1972). As definitive hosts, stray cats play an important role in the life cycle of T. gondii, 

facilitating the genetic recombination between strains, as well as environmental contamination 

(Howe and Sibley, 1995; Grigg et al., 2001a). The high T. gondii seroprevalence rates found 

among various groups of strict vegetarians (Hall et al., 1999) support the importance of 

environmental or water contamination as a source of human infection (Dubey, 1997; Montoya 

and Liesenfeld, 2004). Subsequently, animal species that feed on contaminated soil are easily 

infected by oocysts present in the environment (soil, food or water). Pigeons share the same 

"habitat" of cats and humans, as flocks are observed in recreational areas such as city parks and 

playgrounds. The interaction between cats, pigeons and humans is quite evident, which favours 

the fecal-oral transmission of T. gondii between the definitive and intermediate hosts. 

The vast majority of T. gondii strains in North America and in some European countries are 

classified into the three known lineages (types I, II and III). However, recent studies revealed that 

strains from South America and Africa are genetically more diverse, including recombinant and 

atypical strains. These strains have been associated with severe acute disseminated toxoplasmosis 

in both immunocompromised and immunocompetent patients (Grigg et al., 2001a; Bossi and 

https://www.ncbi.nlm.nih.gov/pubmed/22341615
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Bricaire, 2004; Lehmann et al., 2006; Cavalcante et al., 2007; Vaudaux et al., 2010; Demar et al., 

2012; Micic et al., 2013). Different studies of T. gondii infection in cats and pigeons have been 

performed since 1972 (Pendergraph, 1972; Kapperud, 1978; Kirkpatrick et al., 1990; Mushi et 

al., 2000; Tsai et al., 2006; Waap et al., 2008, 2012; Salant et al., 2009; Kulasena et al., 2011; 

Yan et al., 2011), however, the methodologies used in those studies are quite variable, as well as 

the positivity criteria and the number of animals that were manipulated. Concerning T. gondii 

genotyping in pigeons, the only study performed so far was conducted in Portugal. It enrolled 695 

pigeons and showed 4.6 % prevalence and a majority of type II strains with no identification of 

atypical or recombinant strains (Waap et al., 2008). Regarding studies in cats, most published 

data show a majority of type II strains (Montoya et al., 2008; Jokelainen et al., 2012b) and one 

study held in China reported a majority of atypical strains (Qian et al., 2012).  

Little is known about the circulating strains in Portugal, either from the point of view of its 

virulence or their genotypic characterization. We have previously analyzed the serological state 

of 1507 pigeons and 467 cats and reported a 2.6 % and 44.2 % prevalence rate, respectively 

(Waap et al., 2012). In the present study, we intended to evaluate the T. gondii genotyping 

distribution in cats and pigeons in Lisbon, and to study the virulence of the isolated strains in 

mice.  

 

4.3 Methods 

4.3.1 Samples 

We studied 41 pigeons and 167 cats seropositive to T. gondii by the modified agglutination 

test (MAT) from 1507 free-living pigeons that were captured from 64 different feeding sites of 

Lisbon, and 467 cats from periodic catches made by Lisbon City Hall services, between 2009 and 

2011 (Waap et al., 2012).  

4.3.2 Sample preparation 

Brain tissues were collected under aseptic conditions and within 24 hours after euthanasia 

from 41 pigeons (including two pigeons with doubtful serology) and from 164 cats that had 

revealed antibodies to T. gondii. Three cats’ brains were discarded as they have not reached the 

https://www.ncbi.nlm.nih.gov/pubmed/22341615
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laboratory in proper conditions. Brain homogenates were prepared from approximately 1 cm
3
 of 

brain tissue and 3 ml of phosphate buffer solution (PBS) at pH 7.4 with 21 G needles, prior to 

their inoculation into mice. We also collected fifteen muscle samples from cats, in aseptic 

conditions, and digested them with acid-pepsin before inoculation and DNA extraction, according 

to a previously described procedure (Dubey, 1998a). 

4.3.3 In vivo assay - Inoculation in mice  

The inoculation, maintenance and euthanasia of mice were performed under the standards 

of the URSZ-INSA, established for the pre- and post-natal diagnosis of toxoplasmosis. These 

guidelines are in accordance with the Protocol of International Guiding Principles for Biomedical 

Research Involving Animals as issued by the Council for the International Organizations of 

Medical Sciences. Briefly, each homogenate was mixed with antibiotics (250 UI / ml penicillin 

and 500 µg / ml streptomycin) and was used to inoculate (1 ml / mouse) two female mice Hsd: 

ICR (CD-1
®

) with negative serology to endoparasites (Harlan Ibérica, Barcelona), by 

intraperitoneal injection. The animals were monitored serologically by MAT, in order to check for 

the presence of T. gondii antibodies at 15, 30, 60 and 90 days post-inoculation (p.i.). At the end of 

this period, mice were euthanized by inhalation of 5 % halothane and confirmed death by 

physical examination. The general morphological state of organs was observed; sample tissues 

were collected from the heart, liver, spleen and brain, and were visualized by optical microscopy 

in order to search for T. gondii cysts. 

4.3.4 DNA extraction and identification of T. gondii  

The DNA was extracted from three different products: the original brain samples from 

pigeons and cats, the muscles from cats treated with acid-pepsin and also the brain samples from 

MAT positive mice. The DNA extraction was performed from 400 µl of each product, with 200 

µl of extraction buffer, 40 µl of proteinase K by QIAamp blood kit (Qiagen, Chatsworth, USA) 

according to the manufacturer’s protocol. The samples were eluted with 50 µl of elution buffer. 

The identification of T. gondii was performed by PCR amplification of the B1 locus, as 

previously described (Jones et al., 2000).  
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4.3.5 Genotype analysis of T. gondii  

For genotyping purposes, all samples (cat and pigeon’s brains and the brains from 

inoculated mice) were subjected to amplification and sequencing of the two ends of Sag2 gene, 

and to a multiplex PCR of five microsatellites: the beta-tubulin (Tub2), the myosin A (TgM-A) 

genes and three EST (W35, B17, B18) markers, as described elsewhere (Howe et al., 1997; 

Ajzenberg et al., 2002a, 2004). For Sag2, the PCR products were visualized in GelRED 

(Biotarget, Lisbon, Portugal) stained 2 % agarose gel electrophoresis, purified and sequenced in 

ABI 3130 xl Genetic Analyzer (Applied Biosystems). For microsatellites, electrophoresis of PCR 

products was performed on the ABI 3130 xl Genetic Analyzer (Applied Biosystems), and the data 

were stored and analyzed with Gene Mapper (version 3.7; Applied Biosystems). MEGA5 

software (Tamura et al 2011) was used to identify the genotypes by comparing the obtained 

sequences with the ones from reference strains available in GenBank. Nucleotide sequence data 

reported in this paper are available in the GenBank™ databases under the accession numbers: 

KJ754389 - KJ754489 and KJ754490 - KJ754499. A conservative approach was used when 

analyzing the data from microsatellites: as none of the generated fragments was sequenced and as 

only atypical strains reveal insertion/deletion or mutation events in microsatellites analysis 

(Ajzenberg et al., 2005), all non-atypical strains were considered to share the same sequence in 

these markers as the reference strain belonging to the same type (I, II or III). This strategy has 

been previously used by other authors (Mercier et al., 2010). 

 

4.4 Results 

4.4.1 Identification of T. gondii  

PCR targeting the B1 gene was performed on T. gondii DNA extracted from brain 

homogenates of 41 pigeons and 164 cats, and from 15 cats muscles, yielding a positivity rate of 

68 % (28/41), 51 % (84/164), and 20 % (3/15), respectively. No inhibitors were found in the 

negative samples. 
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4.4.2 In vivo assay 

For pigeons, the inoculation of brain samples in mice revealed a T. gondii isolation rate of 

58.5 % (24/41), whereas for cats the isolation rate was 11 % (18/164). The inoculation of muscle 

tissues was not successful. All but five inoculated mice, regardless the origin of the sample, 

showed antibodies to T. gondii from the 15
th

 day p.i. One of the exceptions occurred for one 

mouse inoculated with a brain sample from a cat, as it died 48 hours p.i. The "post-mortem" 

microscopy analysis of this mouse’s ascite revealed a large number of bacteria and the absence of 

T. gondii tachyzoites. Three other mice inoculated with samples from cats’ brains yielded positive 

serology after two months p.i. (two mice) or one month p.i. The last scenario was also observed 

for one mouse inoculated with a brain sample from a pigeon. 

In the "post-mortem" analysis of mice with positive serology, the organs were 

macroscopically normal and cysts were found in all brain tissues, with a sole exception 

previously inoculated with a cat’s brain. Three samples (one isolated from a cat and two isolated 

from pigeons) were virulent in the mouse model: one mouse revealed a detour in the spine, 

another one paralyzed on the left side and the other died at 1 month p.i. 

4.4.3 Genotype analysis 

Considering the low sensitivity of the B1 PCR, we opted by performing the Sag2 PCR for 

all 41 homogenates of pigeons brains that were inoculated in mice, as all of them had yielded 

positive serology.  

Sag2 genotyping allowed the discrimination among the three “classical” T. gondii types. 

Twenty-six samples were type II, two were type III, and one strain was type I. Microsatellites’ 

analysis was applied to all samples that had revealed positive results in the Sag2 PCR 

amplification, but showed low sensitivity likely due to the low T. gondii DNA concentration, or 

to the initial organic matrix product. In fact, only 55.2 % (16/29) of Sag2 positive samples were 

also positive by microsatellites’ PCR. This methodology allowed the identification of 12 type II, 

two type III, one type I and one recombinant strain (B17 - II/III, Tub2 - II/III, W35 - II/III, TgM-

A - II, B18 - I/III). Only the latter did not confirm the type previously identified by Sag2 typing 

(Type II) (Table 4.1).   
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Table 4.1. Typeable Toxoplasma gondii isolates from pigeons. 

  
Microsatellites 

  
I II III Rec NT 

Sag2 

I 1 – – – – 

II – 12 – 1
a
 13 

III – – 2 – – 

12 strains were non-typeable for both methods; Rec – recombinant strain, NT – non-typeable. 
a
 B17 – 334 bp (II/III), Tub2 – 289 bp (II/III), W35 – 242 bp (II/III), TgM-A – 202 bp (II), 

B18 – 158 bp (I/III) 

 

As for pigeons, Sag2 PCR was performed for all 179 homogenates from cats (164 from 

brains and 15 from muscles) that were inoculated in mice, as all of them yielded positive serology 

in infected mice. From the brain samples, 50 % (82/164) yielded Sag2 positive results, where 72 

belonged to genotype II and for 10 samples it was not possible to discriminate between type I and 

II due to the impossibility to amplify the 2
nd

 fragment of Sag2 (Table 4.2). 

 

Table 4.2. Typeable Toxoplasma gondii isolates from cats. 

  
Microsatellites 

  
I II III Rec NT 

 
I – – – – – 

Sag2 II 1
a
 16 – – 55 

 
III – – – – – 

 
Non-type III – – – – 10 

82 strains were non typeable for both methods; Rec – recombinant strain, NT – non-

typeable. 
a 

Recombinant strain. 

https://www.ncbi.nlm.nih.gov/pubmed/22341615
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https://www.sciencedirect.com/science/article/pii/S0304401714004439?via%3Dihub#tblfn0005


CHAPTER IV 

Isolation and molecular characterization of Toxoplasma gondii in pigeons and stray cats in Lisbon, Portugal 

 

 

48 
 

Only three muscle samples yielded type results, which matched the genotypes obtained 

with the “corresponding” brains. All 84 B1 PCR positive samples were also positive for Sag2, 

which also recovered two B1 negative samples. The microsatellites typing strategy (applied to all 

86 Sag2 positive samples) was highly inefficient also in samples originated from cats as only 17 

samples were successfully typed. From these 17 samples, 16 were identified as type II strains (in 

agreement with Sag2 typing) and one as type I (previously classified as type II by Sag2), 

indicating that the later was a recombinant strain.  

The differentiation of strains was also performed in mice’s brains inoculated with 

homogenates from cats and pigeons and the results were consistent with those previously 

obtained directly from biological products (brain from cats or pigeons).  

It is worth noting that genotyping was achieved for T. gondii strains from all mice with 

positive serology (24 out of 24 pigeons and 18 out of 18 cats). Concerning all original products 

(brains from pigeons and cats), the genotyping rates were 61 % (25/41) for pigeons, and 42 % 

(69/164) for cats.  

 

4.5 Discussion 

Cats are the major source of transmission of T. gondii, since they are the only urban host 

capable of excreting oocysts to the environment. Subsequently, animal species that feed on 

contaminated soil are easily infected by oocysts presents in the environment (soil, food or water). 

In Lisbon, as in most cities of the world, stray cats proliferate due to the ease of finding 

food, water, and shelter in these urban centres, and thus they may be responsible for serious 

health problems in humans. The distribution of cats depends heavily on socio-demographic 

characteristics of certain Lisbon areas, as the oldest areas of the city register a special abundance 

of stray cats and the subsequent close contact with humans. Pigeons share the same "habitat" of 

cats and humans, as flocks are observed in recreational areas such as city parks and playgrounds. 

The interaction between cats, pigeons and humans is quite evident, which favours the fecal-oral 

transmission of T. gondii between the definitive and intermediate host in the urban cycle. 

Different studies involving ground level feeding animals (such as cats, pigs, and chickens) 

have been performed worldwide revealing the presence of T. gondii (various genotypes were 
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identified in some of those studies) (Dubey et al., 2006, 2007b; Su et al., 2006; Cavalcante et al., 

2007; Salant et al., 2009; Dubey, 2010b; Yan et al., 2011; Qian et al., 2012; Herrmann et al., 

2013). Some T. gondii studies focusing on diverse animals have been conducted also in Portugal, 

but none of them have combined genetic and virulence characterization of T. gondii strains in 

cats. In pigeons, this dual evaluation was previously performed by our group over a very small 

number of samples (Waap et al., 2008). In the present study, we have obtained an isolation rate 

after inoculation in mice of 58.5 % (24/41), which was considerably higher than our previous 

study (39 %; 9/23). Also, it was much more successful than the one performed in Brazil (Godoi et 

al., 2010) enrolling 126 pigeons, where no isolation was achieved. In the latter, 22 (6 %) mice 

died, none of them presented any form of T. gondii, and all the remaining living mice were 

seronegative at the end of the in vivo assay. A possible explanation for the difference in the 

isolation rates could be the amount of brain used and parasite concentration in brain samples, 

which are difficult to control when a small amount of tissue is available for infection (Dubey et 

al., 2005a). 

Concerning the inoculation of biological products derived from the definitive host, the 

isolation rate in vivo was quite low (11 %; 18/164) when compared with previous studies that 

reported isolation rates in mice of 25 % (2/8) (Dubey et al., 2007c) and 32.1 % (36/112)  

(Al-Kappany et al., 2010). Mice inoculated with cats’ muscles showed an isolation rate of 0 %, in 

contrast with a previous study revealing an isolation rate of 52.6 % (10/19) (Dubey et al., 2007a). 

Considering that the brain samples of this group of cats also yielded negative results in this in 

vivo assay, we hypothesize that their infectious load was lower when compared with the 

remainder animals. Although the costs of a laboratory animal care and animal sacrifice remain a 

reality, our data indicate that the genotyping results after mice inoculation may be considerably 

enhanced. 

Regarding the T. gondii identification through PCR directed to the B1 gene, the 

identification rate was again higher (68 %, 28/41) in initial brain homogenates from pigeons than 

from cats (51 %, 84/164). The differences in effectiveness of identification may be due to the low 

concentration of parasites or even to the absence of cysts in the brain area analyzed in cats. In 

fact, the cat’s brain is larger, and the T. gondii appetence to the brain tissue of the definitive host 

seems to be lower than to the intermediate host (Dubey, 1997). Although B1 gene has been 

https://www.ncbi.nlm.nih.gov/pubmed/22341615
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traditionally used for identification purposes (Jones et al., 2000), we opted by performing the 

Sag2 based genotyping in all biological samples (homogenates) as we had obtained positive 

serology in mice that were B1 negative. This strategy seemed adequate, as we were also able to 

use Sag2-based genotyping in one B1 negative T. gondii strain. The T. gondii differentiation by 

Sag2 gene and microsatellites through the use of mice’s brains was easier to perform than in the 

original biological products (brains from pigeons or cats), which was likely due to the fact that 

the mice inoculation enhances the amount of parasites. Another possible explanation is that the 

brain from both pigeons and cats are more fibrous, and thus more difficult to digest.  

The majority of the isolates from both hosts were classified as type II strains, which is 

consistent with what has been reported worldwide (Howe et al., 1997; Fazaeli et al., 2000; 

Honoré et al., 2000; Ajzenberg et al., 2005; Waap et al., 2008). We have also isolated types I, III 

and one recombinant strain in pigeons, whereas in cats only one strain was non-type II (one 

recombinant strain that was type II by Sag2 but type I by microsatellites). Mouse death with the 

type III strain was observed after 48 hours p.i. which was somehow surprising since type III are 

classified as nonvirulent strains (LD50 > 10
5
 parasites) (Science Polymorphic Secreted Kinases 

are key virulence factors in Toxoplasmosis). The identification of type III strains in animals have 

been reported by other authors. In fact, Sousa (2006) revealed that in 37 seropositive pigs four 

out of 15 isolates were type III (11 were type II) (Sousa et al., 2006). In chickens, Dubey (2006b) 

identified four type III out of 12 isolates (eight were type II), where none of the isolates were 

lethal for mice (Dubey et al., 2006). Type I strains have been rarely found (Dubey et al., 2004b; 

Montoya et al., 2008) and none have been previously described in Portugal, except in the 

preliminary study carried out by our team in 2006 (Waap et al., 2008). These strains are usually 

associated with high virulence in humans and generally cause mouse death within days (Sibley 

and Boothroyd, 1992b; Sibley et al., 1999; Grigg et al., 2001b). In the present study, the type I 

strain identified from one pigeon was not isolated in vivo but it was genotyped from the original 

product (the pigeon’s brain). The difficulty of isolation of these strains may be related to the 

small number of cysts present in the different organs, and also because of the virulence of type I 

strains that can cause the death of animals before parasite encystment (Dubey et al., 2005b; c; d). 

Atypical and recombinant strains have been described diverging from the classical phenotype of 

genotypes I, II and III (Ajzenberg et al., 2004; Bossi and Bricaire, 2004; Lehmann et al., 2006; 

https://www.ncbi.nlm.nih.gov/pubmed/22341615
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Cavalcante et al., 2007). Type I or type I-like atypical isolates are more likely involved in severe 

retinochoroiditis in humans (Grigg et al., 2001b) and the atypical isolates often cause severe 

acute disseminated toxoplasmosis in immunocompetent patients (Bossi and Bricaire, 2004). 

Different studies in humans and animals (namely chickens and dogs) have revealed that strains 

from South America and Africa seem to be genetically more diverse, frequently including 

recombinant (Dubey et al., 2007d; Lindström et al., 2008) and atypical strains (Ajzenberg et al., 

2004; Lehmann et al., 2006; Cavalcante et al., 2007). However, a recent study in Italy, have also 

reported the identification of two recombinant strains in goats (Mancianti et al., 2013). In those 

studies as well as in the present work, the microsatellites typing method, which uses one 

multiplex PCR to perform multilocus typing with five markers (Ajzenberg et al., 2005), was an 

essential tool for the identification of recombinant and atypical strains. 

Recombinant strains had never been described in Portugal before and we could expect a  

T. gondii genotype distribution in Portugal similar to the one observed in other European 

countries (Howe et al., 1997; Fazaeli et al., 2000; Honoré et al., 2000; Ajzenberg et al., 2005; 

Waap et al., 2008). However, Portugal has a long history of trade and social interaction with 

South American countries (such as Brazil) and China (where atypical and recombinant strains are 

not uncommon), which involve human migrations, the import of food products (like meat or 

vegetables with the potential of transmitting the parasite), and also the presence of rats and cats 

(T. gondii intermediate and definitive hosts, respectively) in commercial ships. These factors may 

explain the identification of recombinant strains in the present study held in Portugal. 

https://www.ncbi.nlm.nih.gov/pubmed/22341615
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5.1 Abstract  

Toxoplasma gondii is an apicomplexan parasite responsible for toxoplasmosis which 

infects all warm-blooded vertebrates, including mammals and birds. The majority of studies 

conducted in Europe have revealed that more than 80 % of strains isolated from human 

infections belong to genotype II, whereas genotype I and III are responsible for a small 

number of cases. Atypical and recombinant strains are generally associated with more severe 

infections. In Portugal, there is a lack of data concerning genetic diversity, as the classical 

typing studies in humans have never been performed. 

We aimed to determine the Sag2 and microsatellite-based (Tub2, TgM-A, W35, B17, 

B18) genotypes of T. gondii isolated from humans in Portugal, as well as to study their 

virulence in mice. We analyzed 48 strains from congenital and acquired toxoplasmosis 

collected during the last two decades. Sag2-based genotyping of T. gondii was achieved in all 

48 strains where 35 (73 %) were classified as type II and 13 (27 %) were type I. The 

multilocus PCR of 5 microsatellites allowed the classification of 10 strains (21 %) as 

recombinant strains that had been previously identified as type II or I by Sag2 typing. Seven 

out of the 48 strains, including three type I, three recombinant and one type II, were virulent 

in mice. This study constitutes the first evidence of recombinant strains circulating in Portugal 

in humans from congenital infection, highlighting the need for a better evaluation of these 

strains as their phenotype is still barely understood.  
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5.2 Introduction 

Toxoplasma gondii is an obligate intracellular protozoan parasite which is responsible 

for toxoplasmosis in different species of birds and mammals, including humans (Dubey, 

2010a). Infections in healthy adults are generally benign, although toxoplasmic retinitis is a 

frequent cause of serious eye disease in otherwise healthy adults (Gilbert et al., 1999). More 

profound disease occurs in immunocompromised hosts (Luft and Remington, 1992) or as the 

result of congenital infections (Hohlfeld et al., 1989). The primary infection during pregnancy 

is asymptomatic to mother and sometimes to the fetus, however a new born deprived of 

treatment may develop later symptomatology with recurrent ocular toxoplasmosis, which may 

lead to blindness and neurological problems during childhood and adolescence (Montoya and 

Liesenfeld, 2004; Dubey, 2010a; Groër et al., 2011; Tedla et al., 2011; Zhou et al., 2011; 

Horacek et al., 2012). The determinants of disease severity are not well understood, although 

a variety of factors including host genotype, nutrition, immune status, infection load and 

parasite genotype have been suggested to influence the outcome of infection (Sibley et al., 

2002). 

The distribution of T. gondii genotypes varies by geographic region (Lehmann et al., 

2006). A highly clonal population structure has been observed in North America and Europe 

(Fazaeli et al., 2000; Honoré et al., 2000; Ajzenberg et al., 2002b, 2005; Sibley and Ajioka, 

2008; Waap et al., 2008), where the three main clonal lineages that are designated types I, II, 

and III, comprise the vast majority of isolates (Howe and Sibley, 1995; Sibley and Ajioka, 

2008; Khan et al., 2011a). Moreover, a fourth clonal lineage (“haplotype 4”) has been 

described as the most common type in wildlife in North America (Dubey et al., 2011a; 

Rajendran et al., 2012). These findings are based on microsatellite typing, PCR-RFLP, and/or 

on intron sequencing, and isolates have been usually classified into types II and III clonal 

genetic lineages (Waap et al., 2008; Jokelainen et al., 2011; Vilares et al., 2014; Verma et al., 

2015). In both animal and human samples, atypical and recombinant strains have been rarely 

reported (Ajzenberg et al., 2004; Bossi and Bricaire, 2004; Lehmann et al., 2006; Cavalcante 

et al., 2007; Vilares et al., 2014). In the south of Europe (Mediterranean countries), genetic 

diversity seems to be higher, revealing genotype I, III and recombinant strains (Messaritakis 

et al., 2008; Mancianti et al., 2013; Vilares et al., 2014; Bacci et al., 2015). Curiously, 

different studies in humans and animals (namely chickens and dogs) have revealed that strains 

from South America and Africa seem to be genetically more diverse than in European 

countries, frequently including recombinant (Dubey et al., 2007e; f) and atypical strains 
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(Ajzenberg et al., 2004; Lehmann et al., 2006; Cavalcante et al., 2007; Boughattas et al., 

2011). Whereas it has been demonstrated that these genotypes are associated with more 

severe symptoms in immunocompromised hosts, the atypical genotypes are frequently 

associated with severe toxoplasmosis also in the immunocompetent human patients (Grigg et 

al., 2001a; b; Carme et al., 2002; Bossi and Bricaire, 2004; Dubey and Su, 2009; Delhaes et 

al., 2010; Demar et al., 2012).  

In Portugal there is a lack of data regarding the T. gondii genotype distribution in 

humans, and this issue gains special relevance since Portugal has a long history of trade and 

social interaction with Brazil and African countries, involving human and animal migrations 

and also import/export of food products. In fact, only one study has been published involving 

human samples (Sousa et al., 2008), but it was based on serotyping (antibodies anti-GRA6) 

rather than on molecular approaches. That study revealed a majority of type II strains but also 

an unexpected high prevalence of non-type II strains that could not be typed as type I or III. 

The existence of recombinant strains was later reported in animals (Vilares et al. 2014). These 

results suggested the existence of a typing profile different from the one found in the other 

European countries (Sousa et al., 2008). In the present study, we intended to evaluate the  

T. gondii genotyping distribution and study the virulence in mice of strains from the 

collection (1994 until 2014) of the Portuguese National Institute of Health.  

 

5.3 Methods  

5.3.1 Samples 

We studied 48 T. gondii strains collected from different sources: from confirmed 

congenital toxoplasmosis, 16 strains were isolated from 11 placentas (PL), three from 

umbilical cord blood (UCB), and two from baby blood (BB), whereas from suspected 

congenital toxoplasmosis, 31 strains were isolated from 20 PL, five from amniotic fluids (AF) 

and six from UCB. A single strain was isolated from a cerebral biopsy (CB) of a positive HIV 

with cerebral toxoplasmosis (Figure 5). The 48 strains revealed the following geographic 

distribution: 66.7 % were collected from the central region of Portugal, 25 % from the north, 

6.3 % from the south and 2 % from the Azores islands. All strains (collected since 1994 until 

2014) belong to the strain collection of the URSZ-INSA which is the responsible lab in 

Portugal for the pre- and post-natal diagnosis for the toxoplasmosis. 

The inoculation, maintenance and euthanasia of mice were performed according to the 
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Portuguese standards of the NIH, established for the pre- and post-natal diagnosis of 

toxoplasmosis, which are in accordance with the Protocol of International Guiding Principles 

for Biomedical Research Involving Animals as issued by the Council for the International 

Organizations of Medical Sciences. Briefly, all clinical samples were inoculated by 

intraperitoneal injection (1 ml / mouse) in female mice [Hsd: ICR (CD-1®); Harlan Ibérica, 

Barcelona], two each for the AF, BB, UCB and CB and four for PL samples with negative 

serology to endoparasites. AF were centrifuged and resuspended in 1 ml, and PL were pre 

treated with trypsine (1:250) and antibiotics (250 UI/ml penicillin and 500 µg / ml 

streptomycin) before the inoculation. The remainder biological samples were not subjected to 

any pre-treatment protocol. The inoculated animals were monitored serologically by MAT at 

10, 21 and 42 days post-inoculation (p.i.), in order to check the presence of T. gondii specific 

antibodies. At the end of this period, mice were euthanized by inhalation of 5 % halothane and 

confirmed death by physical examination. The general morphological state of organs was 

observed, and sample tissues were collected from the brain, and were visualized by optical 

microscopy in order to search for T. gondii cysts. Although tissues cysts may develop in 

visceral organs, including the lungs, liver, and kidneys, they are more prevalent in the neural 

tissues, including the brain (Suzuki et al., 2010). Intact tissue cysts are believed not to cause 

any harm and can persist for the life of the immunocompetent host without causing a host 

inflammatory response (Dubey, 1998b). 

We defined virulence at isolation (without knowledge of infecting dose) based on the 

mortality of mice within four months of infection and categorized isolates into two groups: 

virulent (death of 100 % of mice) and non-virulent (< 30 % death). In this work we did not 

observe moderate virulence (30 % to less than 100 % mortality). 

5.3.2 T. gondii DNA extraction 

T. gondii DNA was extracted from two different mice samples, namely, the ascitic fluid 

or the brain, depending on the concentration of tachyzoites in microscopy of ascitic fluids. 

The T. gondii DNA extraction from ascitic fluids was performed by boiling one ml of the 

sample for 30 minutes. From tissue cysts (+/- 1 cm
3
), DNA was extracted by using the 

QIAamp DNA mini kit (Qiagen, Chatsworth, USA) according to the manufacturer’s tissue 

protocol, with slight modifications. These consisted of the homogenization of samples with 

200 µl of extraction buffer and 40 µl of proteinase K, and the DNA elution with 50 µl of 

elution buffer.   
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5.3.3 Genotype analysis of T. gondii  

For genotyping purposes, all DNA samples from the inoculated mice were subjected to 

amplification and sequencing of the two ends of Sag2 gene, and to a multiplex PCR of five 

microsatellites. The later included the beta-tubulin (Tub2) and the myosin A (TgM-A) genes 

as well as three expressed sequence tag (W35, B17, B18) markers (Howe et al., 1997; 

Ajzenberg et al., 2002b, 2004). For Sag2, the PCR products were visualized in GelRED 

(Biotium Inc., Fremont, USA) stained 2 % agarose gel electrophoresis, purified and 

sequenced with an ABI 3130xl Genetic Analyzer (Applied Biosystems). For microsatellite 

analysis, capillary electrophoresis of PCR products was performed on the ABI 3130xl Genetic 

Analyzer (Applied Biosystems), and data were stored and analyzed with Gene Mapper 

(version 3.7; Applied Biosystems). MEGA5 software (Tamura et al., 2007) was used to 

identify the genotypes by comparing the obtained sequences with the ones from reference 

strains available in GenBank (ME49 - XM_018781602.1, VEG - LN714498.1, RH - 

AY941252.1 and AY895019.1, RUB - AF357581.1, MAS - AF357580.1). 

 

 

Fig 5.1 – Flowchart of the study. The figure summarizes the mice inoculation results as well as the genotyping data 

concerning exclusively the recombinant strains.  Note: These strains are aligned vertically regarding the biological product 

they were isolated from. PL-placenta; UCB-umbilical cord blood, BB-baby blood, AF-amniotic fluid, CB-cerebral biopsy; 

Vir- virulent strain; Nvir- non-virulent strain; REC-Recombinant strains. 

https://www.ncbi.nlm.nih.gov/nucleotide/1085042395?report=genbank&log$=nuclalign&blast_rank=1&RID=6RHFC6G5014
https://www.ncbi.nlm.nih.gov/nucleotide/820698945?report=genbank&log$=nuclalign&blast_rank=14&RID=6RHFC6G5014
https://www.ncbi.nlm.nih.gov/nucleotide/13957758?report=genbank&log$=nuclalign&blast_rank=9&RID=6RHFC6G5014
https://www.ncbi.nlm.nih.gov/nucleotide/13957756?report=genbank&log$=nuclalign&blast_rank=10&RID=6RHFC6G5014
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5.4 Results 

5.4.1 Inoculation in mice  

Seven (Str_1, Str_3, Str_6, Str_11, Str_13, Str_18, Str_28) out of the 48 strains showed 

to be virulent in mice (Table 5.1 and Fig 5.1), as they killed the mice after the first 

inoculation.  

Considering the location of tissue cysts is we searched for the presence of cysts in mice 

brain and found that, except for ten cases, all were positive. Two of the strains (Str_11, Str_3) 

that did not yield cysts in mice brain were virulent to mice. 

5.4.2 Genotypes analysis  

Sag2 genotyping was achieved in 100 % of samples and allowed the differentiation 

among the three “classical” T. gondii strain types. Thirty-five (73 %) strains were classified as 

type II, where 23 were isolated from mice inoculated with PL, four with AF, two with BB and 

six with UCB. Thirteen (27 %) belonged to type I, where eight strains were isolated from 

mice inoculated with PL, one with AF, one with CB and three with UCB (Table 10). PCR 

multiplex microsatellites analysis was applied to all samples and was highly efficient.  It 

allowed the identification of thirty five (73 %) strains as type II (25 PL, 3 AF, 1 BB and 6 

UCB), six (12.5 %) as type I (1 PL, 1 AF, 1 CB and 3 UCB), one (2 %) as type III (1 PL), and 

six (12.5 %) as recombinant strains (4 PL, 1 AF and 1 BB). Ten strains (21 %) identified by 

microsatellites analysis did not confirm the type previously identified by Sag2 typing. In fact, 

from these 10 samples, three were identified as type II (previously classified as type I by 

Sag2), one as type III (previously classified as type I by Sag2), three as I/III recombinant 

strains (previously classified as type I by Sag2) and three more as I/II recombinant strains 

(previously classified as type II by Sag2) (Table 5.1 and Fig 5.1). 
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Table 5.1 Virulence and genotyping analysis of Toxoplasma gondii strains 

Strain 

number* 
Sample” 

Mice virulence 
(death day after 

the first 
inoculation)

»
 

 

Genotyping
+
 

Str_1 AF V (9) I 

Str_2 UCB NV I 

Str_3 UCB V (9) I 

Str_4 AF NV II 

Str_5 AF NV II 

Str_6 PL V (11) I 

Str_7 PL NV II 

Str_8 PL NV II 

Str_9 PL NV REC I/II 

Str_10 PL NV REC I/III 

Str_11 PL V (7) REC I/III 

Str_12 PL NV II 

Str_13 PL V (42) REC I/III 

Str_14 PL NV II 

Str_15 UCB NV II 

Str_16 PL NV II 

Str_17 PL NV REC I/II 

Str_18 PL V (120) II 

Str_19 UCB NV II 

Str_20 PL NV II 

Str_21 UCB NV II 

Str_22 PL NV II 

Str_23 PL NV II 

Str_24 UCB NV II 

Str_25 PL NV REC I/II 

Str_26 PL NV II 

Str_27 AF NV REC I/II 

Str_28 PL V (10) REC I/II 

Str_29 PL NV II 

Str_30 AF NV II 

Str_31 CB NV I 

Str_32 PL NV II 

Str_33 UCB NV II 

Str_34 UCB NV I 

Str_35 PL NV II 

Str_36 UCB NV II 

Str_37 PL NV II 
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* Strains were numbered solely for simplification purposes considering their complex laboratory designation. 
“
AF - amniotic fluid, UCB - Umbilical cordon blood, PL – Placenta, CB – Cerebral biopsy, BB – Baby blood. 

»
 NV-Non 

virulent; V-Virulent. 
+ 

REC – Recombinant. 

 

5.5 Discussion 

In Portugal, as in most European countries, T. gondii isolates collected from animals 

(which enrol the majority of the studies) with chronic infections have shown remarkably little 

diversity, and type I or recombinant strains have been rarely found (Herrmann et al., 2010, 

2012a, 2013; Vilares et al., 2014). Concerning strains collected from human beings, type II 

predominates in Europe (Howe et al., 1997; Ajzenberg et al., 2005), mirroring the scenario 

found in animals. However, there is a lack of knowledge of the genetic diversity of T. gondii 

strains from human samples in Portugal. The only previously published data concerns the 

report of type II strains in two HIV seropositive individuals (Ajzenberg et al., 2009). In the 

present study, we enrolled 48 T. gondii strains collected throughout about two decades, and 

observed that 67 % (32/48) of strains were classified as type II simultaneously by Sag2 and 

microsatellites procedures, which was quite similar to the genotypes distribution found in 

other European and USA studies (Sibley et al., 2009; Herrmann et al., 2014). The results of 

multilocus genotyping were in agreement with the Sag2 genotyping for 38/48 isolates. The 

ten discrepant strains reinforce the interest of using a multilocus approach. Particularly, seven 

Sag2 type I isolates exhibited a mixture of type I/III or I/II alleles and three type II isolates 

exhibited a mixture of type I/II, being considered as recombinant strains. In this regard, the 

Strain 

number* 
Sample” 

Mice virulence 

(death day after 
the first 

inoculation)
»
 

 

Genotyping
+
 

Str_38 PL NV II 

Str_39 PL NV II 

Str_40 PL NV II 

Str_41 PL NV II 

Str_42 BB NV REC I/II 

Str_43 PL NV 
REC I/II or 

II/III 

Str_44 PL NV II 

Str_45 PL NV II 

Str_46 PL NV II 

Str_47 PL NV II 

Str_48 BB NV II 
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microsatellites typing method, which uses one multiplex PCR to perform multilocus typing 

with five markers (Ajzenberg et al., 2005) was an efficient and essential tool for the 

identification of a molecular epidemiology scenario where 21 % (10/48) of the investigated 

strains were found to be recombinant strains. These were described in Portugal for the first 

time in 2014 (Vilares et al., 2014). We speculate that the higher proportion of type I and 

recombinant isolates in the human Portuguese sampling compared to other European studies 

(Howe et al., 1997; Nowakowska et al., 2006; Ajzenberg et al., 2010) may be explained by 

the fact that Portugal has a long history of trade and social interaction with South American 

countries (such as Brazil) and China (where atypical and recombinant strains are not 

uncommon), which involve human migrations, the import of food products (like meat or 

vegetables with the potential of transmitting the parasite), and also the presence of rats and 

cats (T. gondii intermediate and definitive hosts, respectively) in trading ships. 

Concerning the inoculation in mice, the virulence rate in vivo was quite low, 15 % 

(7/48), which is similar to the one observed in other countries (Ajzenberg et al., 2002b; 

Gebremedhin et al., 2014). Two recombinant type I/III (Str_11, Str_13) and one recombinant 

type I/II (Str_28) were lethal to mice at the first inoculation (Fig 5.1) and two of these 

(Str_11, Str_28) had the ability of transplacental transmission to the fetus. Unexpectedly, two 

type I strains were not lethal to mice, and mice death inoculated with one type II strain was 

observed. One could speculate that these strains may not be typical type I and II strains but 

instead recombinant strains that could not be identified with the limited number of molecular 

markers used. Another explanation for the observed virulence of the type II strain could be an 

elevated parasite load in the inoculum. In fact, the biological samples are inoculated in mice 

according to the standard clinic diagnostic procedures, preventing the a priori determination 

of the number of parasites. 

As concluding remarks, this study presents the first data in Portugal concerning T. 

gondii genotyping of human samples, and reveals the existence of a considerable proportion 

of recombinant strains. The finding of genetic variations in the predominant clonal lineages 

may have important implications for public health as, in the future, drug resistance or immune 

evasion in these lineages must be acquired and they could be responsible for emergent 

toxoplasmosis in different countries. It is thus imperative to better characterize the genetic 

background of these unusual strains, in order to gain more insight into genotype - phenotype 

associations. 
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6.1 Abstract 

Advances in molecular epidemiology of Toxoplasma gondii are hampered by technical and 

cost-associated hurdles underlying the acquisition of genomic data from parasites. In order to 

implement an enhanced genotyping approach for molecular surveillance of T. gondii, we applied 

a multi-locus amplicon-based sequencing strategy (targeting genome-dispersed polymorphic loci 

potentially involved in adaptation and virulence) to samples associated with human infection. 

This approach enabled us not only to genetically discriminate almost all 68 studied strains, but 

also to reveal a scenario of marked genomic mosaicism. Two-thirds (n=43) of all strains could be 

classified as recombinant, although recombination seemed to be linked to the classical archetypal 

lineage. While 92 % of the Sag2 archetype I strains revealed genetic mosaicism, only 45 % of 

Sag2 archetype II strains could be identified as recombinant. Contrarily to the virulence-

associated archetype I, most type II strains (regardless their recombination background) were 

non-virulent in mouse. Besides Sag2, some of the newly studied loci (namely the Type I/I-like 

alleles of Sag1, B17, PK1 and Sag3 and Type III/III-like alleles of TgM-A) constitute promising 

candidates to rapidly infer T. gondii mouse virulence. Our successful attempt to capture 

microsatellite length variation launches good perspectives that the laborious intensive historical 

method can be straightforwardly transfer to more informative next-generation sequencing 

(NGS)/bioinformatics-based methodologies. Overall, while T. gondii whole-genome sequencing 

will be hardly feasible in most laboratories, this study shows that a discrete loci panel has the 

potential to improve the molecular epidemiology of T. gondii towards a better monitoring of 

circulating genotypes with clinical importance. 
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6.2 Introduction 

Toxoplasma gondii is a widespread parasite of animals that causes opportunistic infection 

in humans (Carruthers, 2002). It has two distinct reproductive mechanisms: (a) asexual 

reproduction in intermediate hosts, in which tissue cysts containing haploid parasites infect other 

hosts through carnivorism and (b) sexual reproduction in definitive hosts (felines), shedding 

millions of thick-walled cysts known as oocysts (Dubey, 1995). Oocysts undergo meiosis in the 

environment to form eight haploid sporozoites that are highly infectious to a variety of hosts 

(Elmore et al., 2010). Because a single parasite can produce both micro- and macrogametes and 

self-mate progeny, novel recombined genotypes can only be generated in the rare events in which 

a feline is infected simultaneously with two or more strains (Sibley and Ajioka, 2008).  

Studies on the population genetic structure of T. gondii have revealed complex patterns that 

differ among geographic regions (Sibley and Ajioka, 2008). Early analyses showed that the 

majority of strains isolated in Europe and North America belong to three clonal haplotypes. 

These are types I, II, and III (clonal or archetypal lineages), as defined by the traditional analysis 

of RFLP recognition sites of the 5’ and 3’ ends of Sag2 locus (Dubey et al., 2012), being the type 

II the predominant lineage causing human toxoplasmosis (Hosseini et al., 2019). A fourth clonal 

lineage, prevalent in North America wild animals, from haplogroup (HG) 12, was recently 

described based on the diversity of mutational profiles found in five introns and Sag1, Gra6 and 

Gra7 (Khan et al., 2011a). Strains with atypical or novel allele combinations, based in different 

markers, such as the chromosome Ia and several discrete loci (M6, M33, M48, M95, M163, 

M102) have also been isolated (Lehmann et al., 2006; Khan et al., 2007; Pena et al., 2008). Some 

studies revealed a marked distinctive trend between the Northern Hemisphere, where a few, 

highly clonal and abundant lineages predominate (most from type II) and South America 

countries, where the diversity seems to show greater evidence of recombination. These strains 

isolated in South America date to a much older time period and it is believed that they have 

largely remained genetically isolated from those reported in the North America (Su et al., 2012). 

Noteworthy, type I or type I-like atypical isolates seem to be involved in severe retinochoroiditis 

in humans (Grigg et al., 2001a) and they are often associated with severe acute disseminated 

toxoplasmosis in immunocompetent patients (Bossi and Bricaire, 2004). Recently, although the 

emergence of new haplotypes has been described, Minot and colleagues pointed out that the 
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observed extent of Toxoplasma genetic diversity does not seem to fit the scenario of the proposed 

haplotypes (Minot et al., 2012).The authors argued that observed extent of Toxoplasma genetic 

diversity cannot be explained by the mating of four to six ancestral strains, instead, most strains 

appear to have formed through recent recombination events (Minot et al., 2012). 

In Portugal, there is still an important lack of knowledge about the genotypes diversity of 

circulating strains in humans. In fact, besides a first report of microsatellites-based genotyping of 

two isolates (from HIV-positive patients) in 2009 (Ajzenberg et al., 2009), only in 2017 it has 

been reported the application of classic Sag2-based genotyping and microsatellites size analyses 

to 48 strains from congenital and acquired toxoplasmosis (Vilares et al., 2017). This recent study 

reported the first recombinant strains isolated from congenital toxoplasmosis circulating in 

Portugal, and suggest that large-scale genotyping studies focused on chromosome-dispersed 

analyses may be important for a better understanding of genotype-phenotype associations and 

degree of genetic mosaicism. 

In the last decade, with advances in the high-throughput sequencing technologies, as well 

as the implementation of a genome and functional genomic database (Gajria et al., 2008), it has 

been possible not only to characterize the genome of the three archetypes of T. gondii strains 

(type I/GT1, II/ ME49, and III/VEG), but also  to compare the genome of dozens of globally 

distributed T. gondii isolates (Lorenzi et al., 2016). In general, these genome-scale studies 

highlighted both the complexity of the evolutionary and population dynamics of T. gondii and the 

remarkable mosaicism of its genome, which is shaped by mutational events as diverse as SNP-

based diversification, tandem amplification, or large haploblock inheritance. Still, despite these 

increasing efforts to decode T. gondii genetic diversity, a few important methodological 

hindrances still hamper our ability to investigate which specific genotypic traits are linked to 

differential T. gondii transmission, host range and pathogenicity patterns, such as: i) current 

genotyping methods offer insufficient resolution power to get insight on the T. gondii 

evolutionary dynamics, namely to capture the recombination events; ii) whole-genome 

sequencing (WGS) technologies are not available for less resourced laboratories, and even for 

labs with such resources WGS of T. gondii constitutes a cost-prohibitive and bioinformatically 

defiant task due to its up to 60 Mb genome size spread by 14 chromosomes; and iii) there is a 

lack of harmonized, standardized, reproducible methods (and loci panels) to allow reliable inter-
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laboratory comparisons. In the present study, we combined classical Sag2- and microsatellites-

based typing with a novel amplicon-based sequencing approach targeting several genome 

dispersed loci potentially involved in adaptation and virulence to more profoundly genetically 

characterize strains isolated from humans. While this study constitutes an important first attempt 

to transit to a more discriminatory NGS-based T. gondii genotyping, it contributes to a better 

knowledge about the diversity and genetic mosaicism of T. gondii.  

 

6.3 Methods 

6.3.1 Strains 

The Portuguese National Institute of Health (NIH) holds the largest collection of T. gondii 

strains isolated from humans in Portugal (64 strains collected from 1994 onwards). In this study, 

we were able to study 52 strains, including 48 isolates that had been genotyped by Sag2 

(archetypal types) and microsatellites in 2017 (Vilares et al., 2017), as well as three isolates 

(Str_49, Str_50 and Str_51) and one reference RH strain (maintained for several years in the 

laboratory) for which traditional genotyping (Sag2 and 5 microsatellites) was performed in the 

present study, as previously described (Vilares et al., 2017). 

From the total of 51 selected T. gondii clinical strains, 17 strains are associated with 

confirmed congenital toxoplasmosis (CT) [12 placentas (PL), 3 umbilical cord blood (UCB), and 

2 baby blood (BB)], 33 with suspected CT [22 PL, 5 amniotic fluids (AF), 6 UCB], and one 

strain was collected from cerebral biopsy (CB) from a HIV-positive patient. Most isolates, 70 % 

(36/51), are from the central region of Portugal, 24 % (12/51) from the north, 4 % (2/51) from the 

south and 2 % (1/51) from Azores islands (Supplementary Table S1). Strains were also 

characterized regarding their virulence trait in laboratory mice, and minimal data was also 

collected regarding the associated clinical manifestations in humans (Supplementary Table S1) 

(Vilares et al., 2017). The virulence in mice was defined (without knowledge of infecting dose) 

based on the mortality of mice within four months of infection and the isolates were categorized 

into three groups: “virulent” (death of 100 % of mice); “moderately virulent” (30 % to less than 

100 % mortality) and “not virulent” (< 30 % death) (Supplementary Table S1). DNA samples 

https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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were extracted from the 51 selected T. gondii clinical strains after a single passage in mice (mice 

inoculated with human product) using commercial QIAamp DNA Mini Kit (Qiagen, UK). 

6.3.2 PCR, Sanger sequencing and Next-generation Sequencing 

PCR amplification of seven loci (CB21-4, PK1, L363, Sag1, Gra6, Sag3, M102) located in 

different chromosomes (Chr III, Chr VI, Chr VIIb, Chr VIII, Chr X, Chr XII, Chr VIIa) 

(http://toxomap.wustl.edu/verticalmap08_01-2005high.jpg) were performed to generate high 

quality amplicons for subsequent Sanger sequencing or high-throughput amplicon-based NGS 

(PCR primers are described in Supplementary Table S2). These loci were selected based on the 

following criteria: i) being encoded in different chromosomes (and inserted in phenotypically 

relevant haploblocks); ii) being polymorphic among representative strains of the classical types I, 

II, III; iii) presenting literature support for their potential involvement in adaptation/virulence 

(Khan et al., 2005a; de Melo Ferreira et al., 2006; Ajzenberg et al., 2010; Su et al., 2010; Lauron 

et al., 2015). 

PCR products were visualized in GelRED (Biotarget, Lisbon, Portugal) stained 2 % agarose 

gel electrophoresis, purified and sequenced in ABI 3130xl Genetic Analyzer (Applied 

Biosystems). To perform NGS, purified PCR products from each strain were pooled and purified 

using Agencourt AMPure XP PCR Purification kit, before proceeding to Nextera XT DNA 

Library Preparation (Illumina Inc, San Diego, CA, USA), according to manufacture instructions. 

Libraries were subsequently sequenced (2 x 150 bp paired-end reads) using a MiSeq (Illumina) 

equipment available at the Portuguese NIH. 

6.3.3 Bioinformatics analyses 

Analysis of NGS data was conducted using the mapping-based bioinformatics pipeline 

implemented in INSaFLU (https://insaflu.insa.pt/), which is a web-based platform for amplicon-

based NGS data analysis (Borges et al., 2018). Briefly, the core bioinformatics steps (Borges et 

al., 2018) involved: i) raw NGS reads quality analysis and improvement using FastQC v. 0.11.5; 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc) and Trimmomatic v. 0.27 

(http://www.usadellab.org/cms/index.php?page=trimmomatic), respectively; and, ii) reference-

based mapping, consensus generation and variant detection using the multisoftware tool Snippy 

v. 3.2-dev (https://github.com/tseemann/snippy), using a multi-FASTA file with representative 

http://toxomap.wustl.edu/verticalmap08_01-2005high.jpg
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.usadellab.org/cms/index.php?page=trimmomatic
https://github.com/tseemann/snippy


CHAPTER VI 

Towards a rapid sequencing-based molecular surveillance and mosaicism investigation of Toxoplasma gondii 

 

 

72 
 

sequences of a type II strain of each one of the target amplicons as reference sequence. Single 

Nucleotide Polymorphisms (SNPs) and indels were inspected and confirmed through visual 

inspection using the Integrative Genomics Viewer (http://www.broadinstitute.org/igv). 

Consensus sequences were exclusively validated for locus displaying 100 % of their size covered 

by at least 10-fold of depth of coverage (the mean depth of coverage per sample for validated 

amplicons ranged from ~973 to 7341-fold) (Supplementary Table S3). All raw sequence reads 

used in the present study were deposited in the European Nucleotide Archive (ENA) (BioProject 

PRJEB32939). Detailed ENA accession numbers are described in Supplementary Table S3. 

Alignment of consensus sequences per locus was subsequently performed using MAFFT v. 

7.313 (https://mafft.cbrc.jp/alignment/software/). In order to better integrate the novel sequence 

data on the available T. gondii genome diversity, we analyze 14 additional reference strains for 

which the genome is publicly available at ToxoDB platform (Supplementary Table S4) and RH 

strain maintained in the laboratory (Supplementary Table S1). MEGA 7.0 

(https://www.megasoftware.net/) was further applied to alignment visual inspection/refinement. 

Refined consensus nucleotide alignments used for SNP/indel mapping are available at 

https://doi.org/10.5281/zenodo.3244024. In order to better visualise the genetic mosaicism and 

better link it to both the Sag2 archetypal types and the profiles of the newly sequenced loci, a 

Neighbor-joining phylogenetic tree was generated for Sag2 refined alignment (upon 

concatenation of the two sequenced regions at both 5’ and 3’ ends) using the Kimura 2-parameter 

model (1000 bootstraps) using MEGA. Of note, Sag2 was selected since: i) it is the traditional 

gene used for the archetypal classification in three main types; ii) sequence data was obtained for 

this locus for all isolates; and iii) it revealed the highest discriminatory power among the studied 

genes. Also, to ensure that the SNP/indel genetic diversity found for Sag2 was truly represented 

in the tree, 1bp-indels were artificially replaced by single bases, thus counting as SNPs. 

6.3.4 Allele nomenclature   

Each locus-specific refined nucleotide alignment was manually converted in a MLST-like 

allelic matrix (Supplementary Table S5A), i.e., numerical allele identifiers were attributed for 

each unique sequence profile found for each locus (numerical classification). “1”, “2” and “3” 

allele identifiers were attributed for profiles 100 % matching the profiles observed for 

representative strains of the three classical types GT1 (I), Me49 (II) and VEG (III), respectively, 

http://www.broadinstitute.org/igv
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://mafft.cbrc.jp/alignment/software/
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://www.megasoftware.net/
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.3244024&data=02%7C01%7Canabela.vilares%40insa.min-saude.pt%7C03ea08651aa34da8c96508d6ef2ddbc9%7C22c84608f01d46c5802463cc962e5f51%7C1%7C0%7C636959377583124380&sdata=1DjEBjkhP8hqc8UmKJLMrws5weWu2xs4DGhyqSCSlNQ%3D&reserved=0
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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while the remaining identifiers were attributed sequentially (differential microsatellites lengths 

found for M102 and CB21-4 were not account for this numerical classification - see the last 

section of Material and Methods section). The MLST-like matrix was further used to infer the 

resolution power provided by each locus or combination of loci, by estimating Simpson's Index 

of Diversity (ID) through the web-based framework “Comparing partitions” 

(http://www.comparingpartitions.info/) (Carriço et al., 2006).  

Each locus sequence was additionally subjected to nominal classification. Allele profiles 

other than I, II and III (corresponding to allele numbers 1, 2 and 3, respectively) were inspected 

and nominally classified as Type I-like, Type II-like, Type III-like if they harbor SNPs/indels 

markers of a given classical type and not other type-specific markers from other types (even 

though they may not enroll all markers from that type and/or may present additional SNPs/indels 

that are not observed in any type reference strains) (see Supplementary Table S5B). A few cases 

where these criteria could not be fulfilled were indicated as “not classified” (including intriguing 

rare cases where the locus harbors SNP and/or indels “specific” of different classical types – 

these were labeled as “IntraRec”). SNP/indel profiles detected by Sanger/NGS that were used for 

numerical and nominal classification can be found in detail in Supplementary Table S6. 

Microsatellite-containing loci were additionally classified when the number of tandem repeats 

within the microsatellites does not match the number described for the three archetypes reference 

strains, as historically performed. For the loci enrolled in traditional microsatellites-based 

analyses (B18, B17, TgM-A, Tub2 and W35), the designation “atypical” was kept. For the newly 

sequencing loci also found to harbor microsatellites (M102 and CB21-4; see the last section of 

Material and Methods section), we opted by using the “atypical-like” label to avoid confusion 

with the former.  

6.3.5 Strain nomenclature  

Strains were classified as “I”, “II” and “III” when they presented a “clonal” signature, i.e., 

when all loci were from the same type or type-like. In an opposite scenario, strains were 

classified as “interlocus recombinants” when they simultaneously harbored profiles matching 

more than one classical type or type-like (locus-specific “atypical” or “atypical-like” profiles 

were not considered for this classification, although they were identified) (see details in 

Supplementary Table S5B). To assess the gain introduced by newly sequenced loci in the 

http://www.comparingpartitions.info/
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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identification of interlocus recombinant strains, strains were first classified solely based on the 

traditional Sag2- and microsatellites-based analysis, and then, based on the combination of all 

loci under analysis. In order to better evaluate interlocus recombination (see next section), the 

nominal allele and strain classification were converted into an intuitive color-coded 

representation using Microreact (https://microreact.org/showcase). Finally, the web-based 

framework “Comparing partitions” (http://www.comparingpartitions.info/) was also applied to 

measure the concordance between locus-specific classification and mouse virulence through the 

Adjusted Rand coefficient (Carriço et al., 2006). 

6.3.6 Intra-host heterogeneity targeting tandem repeats of microsatellites  

In order to capture the most abundant repeat number profile within the microsatellites-

containing loci subjected to NGS (M102 and CB21-4), allowing the assessment of potential intra-

patient sub-population diversity, we applied a previously described Python script (Pinto et al., 

2016) directly to NGS reads (after quality improvement with Trimmomatic). This strategy 

consists on the extraction and counting (directly from reads, both forward and reverse) DNA 

sequences (i.e., the microsatellites sequences) that are flanked by two conserved, small DNA 

strings. The defined strings for CB21-4 correspond to the conserved 10bp (alignment position 

“214-CATACAATAT-223” and “257-GTACATTCTT-266”) contiguously flanking each side of 

the tandem repeat region (the repeat unit is “AT”) (alignment available at 

https://doi.org/10.5281/zenodo.3244024). For M102, since the microsatellite (tandem repeat of 

the “AT” unit) is not contiguously flanked by conserved regions for all three “types” 

(Supplementary Table S6), the strings (alignment position “38-CACATATATAC-48” and “98-

CATATATATTTT-108”) (alignment available at https://doi.org/10.5281/zenodo.3244024) were 

defined in order to capture both the tandem repeat and the variable flanking regions. After 

sequence capture, sequence profiles that do not match any of expected tandem repeats profiles 

where excluded, even though the proportion of every single erroneous profile did not exceed 5 % 

of the total counts obtained for each sample. Subsequently, considering the expectedly low 

population size of T. gondii in context of human infection, only validated profiles that account for 

at least 5 % of the filtered counts for each sample are presented. For these two loci, sequences 

representing the most abundant profiles were inserted in the respective alignment of consensus 

sequences (available at https://doi.org/10.5281/zenodo.3244024; Supplementary Table S6).  

https://microreact.org/showcase
http://www.comparingpartitions.info/
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.3244024&data=02%7C01%7Canabela.vilares%40insa.min-saude.pt%7C03ea08651aa34da8c96508d6ef2ddbc9%7C22c84608f01d46c5802463cc962e5f51%7C1%7C0%7C636959377583124380&sdata=1DjEBjkhP8hqc8UmKJLMrws5weWu2xs4DGhyqSCSlNQ%3D&reserved=0
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.3244024&data=02%7C01%7Canabela.vilares%40insa.min-saude.pt%7C03ea08651aa34da8c96508d6ef2ddbc9%7C22c84608f01d46c5802463cc962e5f51%7C1%7C0%7C636959377583124380&sdata=1DjEBjkhP8hqc8UmKJLMrws5weWu2xs4DGhyqSCSlNQ%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.3244024&data=02%7C01%7Canabela.vilares%40insa.min-saude.pt%7C03ea08651aa34da8c96508d6ef2ddbc9%7C22c84608f01d46c5802463cc962e5f51%7C1%7C0%7C636959377583124380&sdata=1DjEBjkhP8hqc8UmKJLMrws5weWu2xs4DGhyqSCSlNQ%3D&reserved=0
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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6.4 Results 

6.4.1 Analysis of the discriminatory power by locus and genotyping strategy 

Genotyping data was collected for 13 loci (dispersed in 9 chromosomes) (Table 6.1) for 68 

T. gondii human strains in order to get insight into the genetic diversity among T. gondii human 

isolates (the strains for which genotypic data could be obtained for each loci is detailed in 

Supplementary Table S5A). This study enrolls 52 strains, which represent about 80 % of the  

T. gondii collection of the Portuguese NIH (including 51 clinical strains and the reference strain 

“RH”) (Supplementary Table S1), as well as 16 additional strains (Supplementary Table S4) 

showing diverse classification (I, II, III and atypical) and for which sequence data could be 

retrieved from public databases for the studied loci (Lorenzi et al., 2016). In addition, it includes 

data generated by three distinct genotyping approaches: detection of classical Sag2 ends “RFLP” 

recognition sites (Classical genotyping) (Howe et al., 1997), microsatellites size analysis and 

nucleotide sequencing methods (Sanger sequencing and NGS) (Table 6.1). 

Table 6.1 T. gondii loci analyzed in the present study. 

 
a
 Number of types obtained upon MLST -like numerical allele classification (see details in Supplementary Table S5). 

b
 

Detection of the traditional RFLP recognition sites (archetypal) after Sanger sequencing.
 c 

211bp from 5' Sag2 end and 148bp 

from 3' Sag2 end (analysis of nucleotide diversity refers to the concatenation of these two regions) .
 d

 Detection of the 

microsatellites length by Sanger Sequencing (diversity within microsatellites was not taken into account for allele numerical 

classification).
 e 

Size range is due to small indelks and/or the differential size of the microsatellites. 

https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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Classical genotyping of Sag2 5’ and 3’ ends allowed the differentiation of the three 

“classical” T. gondii strain types among the 68 studied strains (I, 36.8 %; II, 58.8 %; III, 4.4 %) 

(Supplementary Table S5 and S7). For the 51 clinical isolates from Portugal (thereafter 

designated “PT” isolates), Type II was predominant (71 %; n = 36) followed by type I  

(29 %; n = 15). No type III strains were identified by this Sag2-based classical approach. A 

similarly low discriminatory level was reached by traditional microsatellites-based analyses, with 

no more than 4 genotypes being differentiated per locus (Table 6.1). In contrast, the genetic 

analysis of additional 8 loci by nucleotide sequencing-based methods (Sanger or NGS) 

considerably increased the resolution power, reaching a maximum of 23 distinct allelic types out 

of 68 strains (20 types among the 51 PT isolates) for Sag2 loci (Figure 6.1) (Table 6.1; 

Supplementary Table S5). As previously described (Vilares et al., 2017), virulent strains in mice 

mainly belong to the “classical” type I (Figure 6.1). Of note, classification of genetic profiles 

(alleles) observed for each locus as I (allele identifier “1”), II (allele identifier “2”), and III (allele 

identifier “3”), based on matching profiles observed for representative strains (GT1, Me49 and 

VEG, respectively) revealed that type II was the most frequently observed in 7 out of the 13 loci 

(relative frequencies of allele “2” per locus ranged from 32 to 65 %) (Supplementary Table S7). 

The dominant profile for the other 6 loci (W35, Tub2, B17, Sag1, CB21-4, Sag3) was a non-

matching profile (i.e., a profile other than the 3 “archetypes”). In particular, for W35, Tub2, B17 

and Sag1, the dominant profile was shared by all type II and Type III strains, which could not be 

discriminated by these four loci. Noteworthy, type I was “top 2” in ten loci, including five loci 

where type II was dominant. In an opposite scenario, type III strains revealed a low frequency (< 

6 %) regardless of the loci under analysis, with exception of TgM-A and Sag3 where they 

represented about 16 % of the strains analysed. 
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Figure 6.1. Minimum spanning tree (MST) of the 68 T. gondii isolates based on Sag2 5’ and 3’ ends nucleotide diversity colored 

according to classical genotyping classification (A) and mouse virulence (B). Note: The MST was constructed using the 

goeBURST algorithm implemented in the PHYLOViZ Online platform based on a concatenated nucleotide alignment enrolling 

the two Sag 5’ and 3’ ends for Sag2 locus. Each circle represents a unique SNP/indel profile and the numbers on the connecting 

lines in panel A represent the number of SNP/indel differences between strains. The black outer rings reflect the proportion of PT 

isolates with each profile. V, virulent; NV, non-virulent, NI, no information available. 

 
We also performed a deeper evaluation of the discriminatory power (evaluated by 

Simpson’s Index of Diversity) conferred by each locus individually and by the combination of 

loci analysed by the same genotyping strategy (Figure 6.2).  

 

 

Figure 6.2. Discriminatory power provided by each locus or combination of loci. Note: The graph displays the discriminatory 

power (based on the Simpson's Index of Diversity, with 95  % confidence intervals) and number of different genotypes (numbers 

above the dots) discriminated using allelic profiles of each single locus or combination of loci (organized by genotyping str ategy). 

This comparison exclusively enrolls strains (n = 40) for  which data could be collected for all loci with exception of L363 and 

Sag1 (these loci were excluded since experimental success was considerably low).  
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Considering that no data could be obtained for all loci and for all strains (Table 6.1; 

Supplementary Tables S3 and S5), this analysis enrols 40 strains (including 25 “PT” clinical 

strains) (Supplementary Table S5) for which data could be collected for all loci with exception of 

L363 and Sag1 (these loci were excluded since experimental success was considerably low). As 

expected, both the classical genotyping based on Sag2 ends recognition sites and the 

microsatellites-based strategies conferred low discriminatory resolution, with up to three types 

being discriminated per locus. Still, it is noteworthy that the combination of these profiles 

allowed the discrimination of 16 different types among the subset of 40 isolates. Similarly, 

despite the six newly sequenced loci proved to be polymorphic (8-15 alleles found among the 40 

strains), a higher gain in resolution was obtained when combining their profiles. In fact, their 

concatenation yielded 34 different types (Simpson's ID of 0.985; 95 % confidence interval of 

0.964-1.000), which is very close to the maximum resolution reached when combining all 

profiles (36 types; Simpson's ID of 0.991; 95 % confidence interval of 0.977-1.000) (Figure 6.3). 

Of note, the minimum spanning tree based on concatenated profiles showed a good level of 

concordance not only with both Sag2 classical classification and sequencing-derived alleles, but 

also with mouse virulence profiles.  

 

 

 

 

https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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Figure 6.3. Minimum spanning tree (MST) based on the multi-loci-based combined allelic profiles colored according to classical 

Sag2 archetypes (A), Sag2 sequence alelles (B) and mouse virulence (C). Note: MST was constructed using the goeBURST 

algorithm implemented in the PHYLOViZ Online platform, and is based on combination of allelic profiles obtained for all studied 

loci (Supplementary Table S5A), with exception of L363 and Sag1 (these loci were excluded since experimental success was 

considerably low). It  enrolls 40 strains for which data could be collected for all loci. Each circle represents a unique combined 

allelic profile and the numbers on the connecting lines in panel A represent the allele differences between strains. The blac k outer 

rings reflect the proportion of PT isolates with each profile. Strain’s designation is detailed in panel A. V, virulent; NV, non -

virulent, NI, no information available. 
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6.4.2 Interlocus recombination  

While the strategies focused on the diversity at nucleotide level clearly improved the 

resolution for T. gondii genotyping, their integration with the traditional genotyping data 

consolidated the existence of a scenario of remarkable interlocus recombination (i.e., the same 

strain simultaneously harbored loci with profiles matching more than one classical type or type-

like) (Figure 6.4). In fact, while the combination of the classical Sag2 genotyping and the 

microsatellites approach alone would identify 24 out of 65 strains (36.9 %) as interlocus 

recombinant (“parental” strains assumed as “clonal” are not taken into account for counting), the 

evaluation of all loci under study allowed the identification of a total of 43 (66.2 %) recombinant 

strains, including 29 out of the 51 (56.9 %) strains isolated in Portugal (Table 6.2) (detailed 

classification can be found in Supplementary Table S5B). The most marked gain was observed 

for type I, as seven out of the eight type I strains classified by the traditional approach 

(combination of Sag2 and microsatellites) were indeed found to be recombinant when using the 

extended approach. Of note, although data could not be detected for all loci for all strains, the loci 

involved in this shift were essentially Gra6 and Sag3 – each one exchanged in at least four out of 

the seven recombinant strains. Regarding type II, 11 out of the 32 strains displaying type II/II-like 

profiles (combining Sag2 and microsatellites) could be afterwards identified as recombinant 

strains I/II (Table 6.2). The mostly affected loci here were M102, CB21-4 and Gra6 (each being 

responsible for shifts in at least three strains) (Supplementary Table S5B).  

 

https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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Figure 6.4. T. gondii genetic mosaicism. Note: Schematic representation of the allelic diversity and mosaicism of the 68 T. gondii 

strains (including 51 PT clinical strains) under study. The panel illustrates the nominal allele classification (color -coded) obtained 

for each locus (organized by genotyping strategy, as indicated above the panel), as well as the final strain classificat ion (two right 

columns) obtained after the combination of loci used for traditional Sag2 and microsatellites genotyping (A + B) or the 
combination of all loci (A + B + C). Strains are grouped according with the topology of a Neighbor -joining phylogenetic t ree 

constructed upon concatenation of the two sequenced regions at both Sag2 5’ and 3’ ends, which shows congruence with the Sag2 

archetypes classification (represented by the colored nodes: I, red; II, green; III; blue). All detailed data can be found in  

Supplementary Table S5B. 
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Of note, both inter and intra-chromosomal recombination could be detected. For instance, 

13 out of the 50 strains classified as I, II or III in Gra6 revealed discordant classification in the 

same-chromosome locus TgM-A. It is also noteworthy that the extended strategy allowed the 

identification of ten recombinant I/II/III strains (including two PT strains), which could not be 

detected when exclusively taking into account the classical Sag2- and microsatellites-derived 

profiles (Table 6.2; Supplementary Table S5B).  

 

Table 6.2 Identification of interlocus recombination: use of two traditional loci panels (Sag2 

classical + Microsatellites) versus combination of all loci
a 

  
Sag2 classical + Microsatellites    

 

  
I II III 

Rec 
I/II 

Rec 
I/III 

Rec 
II/III 

Rec I/II 
or II/III 

Rec 
I/II/III 

Total 

C
o

m
b

in
a

ti
o

n
 o

f 
a

ll
 l

o
c
i 

I 1 (1)               1 (1) 

II 
  

21 
(21) 

            21 (21) 

III                 0 (0) 

Rec I/II 6 (5) 
11 

(11) 
  9 (7)         26 (23) 

Rec I/III 1 (0)       4 (2)       5 (2) 

Rec II/III                 0 (0) 

Rec I/II or II/III             2 (2)   2 (2) 

Rec I/II/III     1 (0) 2 (0) 4 (2) 3 (0)     10 (2) 

 
Total 8 (6) 

32 
(32) 

1 (0) 11 (7) 8 (4) 3 (0) 2 (2) 0 (0) 65 (51) 

a
 Strains assumed as parental for type I, II, and III classification are not taken into account for counting. Counts in parenth esis 

refer to PT strains. Light blue cells reflect the recombination "zone", where dark blue highlights recombination strains that  were 

identified solely when combining all loci. 

In general, these data are consistent with a scenario of remarkable genetic mosaicism in 

T. gondii (Figure 6.4). 
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6.4.3 Atypical and atypical-like profiles and insights on microsatellites -driven intra-host 

diversification 

T. gondii strains have been traditionally classified at genetic level as “atypical” when the 

number of tandem repeats within microsatellites-containing loci does not match the number 

described for the three archetypes reference strains (Ajzenberg et al., 2005). In order to keep the 

backwards compatibility with this historical classification, we have also applied it based on the 

diversity found within the loci enrolled in the traditional microsatellites-based analyses (B18, 

B17, TgM-A, Tub2 and W35). Although none of the PT isolates exhibited an “atypical” profile 

for these five loci, these profiles could be observed for six reference strains (Supplementary Table 

S5B; Figure 6.4). It is however worth noting that other references have also been classified as 

atypical when additional loci (not studied in the present study) were taken into account 

(Ajzenberg et al., 2010). While we cannot directly transpose this classification for the two new 

loci sequenced by Sanger/NGS that also reveal tandem repeats (CB21-4 and M102), as the 

methodology is different, the small size of the tandem repeat still allowed verifying whether the 

consensus number of tandem repeats does not match the number described for the three 

archetypes reference strains (these cases were marked as “atypical-like”) (Supplementary Table 

S5 and S6). For CB21-4, 33 (including 26 PT strains) out of the 45 strains (73.3 %) (for which 

the microsatellite length could be evaluated) revealed “atypical-like” microsatellites lengths 

(Supplementary Table S6). For M102, 24/56 (42.9 %) were classified as “atypical-like” strains 

(including 14 PT strains) (Supplementary Table S6). In summary, when combining the 

classification of all microsatellites-containing loci, a total of 43 (including 32 PT strains) out of 

65 (66.2 %) studied strains (excluding three parental strains) revealed at least one locus with 

atypical or atypical-like length (Supplementary Table S5). 

The application of in-depth NGS to the two newly sequenced loci displaying tandem 

repeats (CB21-4 and M102) further allowed us to investigate whether different microsatellites 

sizes were observed within a single sample, which could reflect T. gondii intra-host population 

diversity. While a most abundant profile (assumed as the consensus) was identified for both loci 

for most strains analysed (42 strains for M102 and 32 for CB21-4) (Supplementary Figure 1), we 

observed a scenario of considerable intra-population diversity marked by the co-existence of sub-

populations carrying different microsatellite repeat number. 

https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/open?id=1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/open?id=1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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6.4.4 Insights on the association between loci/strain classification and mouse virulence  

Previous studies (Sibley and Boothroyd, 1992a; Khan et al., 2005a; Vilares et al., 2017) 

have pointed out that most T. gondii strains exhibiting an enhanced virulence in mouse are 

classified as Type I or I-like by the classical Sag2 ends “RFLP” recognition sites genotyping. 

This trend is also observed in the present study (Figure 6.1), with 18 out of 21 (85.7 %) mouse 

virulent strains being Type I or I-like by Sag2 (Supplementary Table S5). From another point-of-

view, 18 out of 25 (72 %) Type I or I-like by Sag2 were found to be mouse virulent. As this could 

find a parallel for other loci, we sought to evaluate the potential correlation between mouse 

virulence and the nominal classification obtained for each individual locus. Interestingly, we 

observed that > 80 % of strains classified as Type I or I-like by using B17, Sag1, PK1 and Sag3 

individually were mouse virulent (although L363 showed the same trend, it was not included 

because there were only three type I strains). The highest Adjusted Rand coefficient (0.742) was 

obtained for Sag1 locus which exclusively discriminates I from II-III profiles. Thirteen out of the 

15 strains with Sag1 type I (for which virulence was determined) were mouse virulent, whereas 

none of the 15 non-type I displayed a virulence profile. Noteworthy, although Type III or III-like 

profiles were unfrequently found, > 80 % strains displaying this classification for TgM-A and 

Sag3 were mouse virulent. In an opposite scenario, Type II or II-like strains are particularly 

overrepresented among non-virulent strains regardless of the locus (more than 75 % Type II or II-

like are non-virulent). Finally, we inspected the concordance between the mouse virulence 

phenotype and the final strains’ classification. Taking into account that 23 out of the 24 Type I/I-

like strains (Sag2 classification only) presented a recombinant profile when combining the 

classification of all analysed loci, most virulent strains (18/21; 85.7 %) were expectedly found to 

be recombinant (5 Rec I/III, 6 Rec I/II and 7 Rec I/II/III strains) (Supplementary Table S5). Only 

51 % of non-virulent strains present a recombinant profile. Also not unexpected, 21 out of 22 

strains (95.5 %) that present a type II or II-like profile throughout all loci displayed a non-virulent 

phenotype in mouse. 
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6.5 Discussion  

The acquisition of genomic data from T. gondii causing human infection is very 

challenging due to the limited access to human tissues for parasite isolation and characterisation. 

Indeed, more than 90 % of existing T. gondii genotyping data is derived from animal sources 

(Robertson et al., 2019). Moreover, our current knowledge about the global T. gondii population 

structure and genetic diversity essentially relies on limited genomic data obtained through the 

analysis of discrete genetic markers (e.g., RFLP markers of Sag2 loci), microsatellites or the 

concatenation of sequence data from a few chromosome-dispersed loci (Ajzenberg et al., 2005, 

2009; Su et al., 2010; Dubey et al., 2011b; Ferreira et al., 2011; Vijaykumar et al., 2018). 

Although these data have historically sustained that T. gondii population can be structured into 

three main archetypal lineages, marked by both low inter- (1 to 3 %) and intra-lineage (< 0.01 %) 

genetic variation and distinct global geographic distribution (Su, 2003; Boyle et al., 2006; Sibley 

and Ajioka, 2008; Dardé, 2008; Minot et al., 2012), our knowledge about the real T. gondii 

genetic landscape is still certainly skewed since T. gondii is known to undergo marked sexual 

recombination. In fact, this cannot be captured by single-loci-based strategies and may be masked 

by the simple concatenation of different loci (even if they have completely different evolutionary 

histories) (Khan et al., 2005b; Grigg and Sundar, 2009; Sibley et al., 2009; Minot et al., 2012). 

Most surveillance laboratories worldwide are still not capacitated to perform sequencing of a 

large loci panels  (Herrmann et al., 2010, 2012b, 2013; Vilares et al., 2014), and WGS of such 

complex parasite is rather cost-prohibitive for routine surveillance purposes in a near future 

(Talundzic et al., 2017). WGS-based studies have however been key for understanding that T. 

gondii presents an evolutionary history marked not only by clonal expansion and selective 

sweeps (Sibley and Ajioka, 2008; Minot et al., 2012), but also inheritance of large haploblocks 

expectedly impacting transmission, host range and pathogenicity (Khan et al., 2005a; Dubey and 

Jones, 2008; Su et al., 2012; Lorenzi et al., 2016). 

In the present study, we gave a little step towards the better characterization of T. gondii 

genetic diversity by applying a novel genotyping NGS-based strategy, and comparing it with 

traditional approaches. We aimed to implement such strategy as the molecular typing tool for 

routine surveillance of T. gondii carried out by the URSZ-DDI. Although a restricted number of 

loci was analyzed, they are genome dispersed and some of them (e.g., Gra6, Sag1 and Sag3) are 



CHAPTER VI 

Towards a rapid sequencing-based molecular surveillance and mosaicism investigation of Toxoplasma gondii 

 

 

86 
 

inserted into genetic inherited haploblocks likely shaping transmission, host range and 

pathogenicity (Lorenzi et al., 2016). This panel enabled not only to substantial increase the 

genetic discriminatory power (Figure 6.3), but also revealed a scenario of marked T. gondii 

genomic mosaicism (Figure 6.4). For example, the combined MLST-like allelic profiling 

increased the resolution power to up to 36 allelic types among 40 strains (Simpson's ID of 0.991), 

whereas no more than three types would have been identified if classical Sag2-based “RFLP” 

classical genotyping or microsatellites locus were analyzed individually. Also, the nucleotide 

sequencing approach alone (34 types; Simpson's ID of 0.985) was considerably more 

discriminatory than the combination of the two traditional methodologies (16 types; Simpson's ID 

of 0.718) (Figure 6.3). Interestingly, individual Sag2 nucleotide sequencing analysis not only 

ensured the backwards compatibility with the Sag2 classical “RFLP recognition sites genotyping” 

(i.e., full congruence with the classification into archetypes I, II and III), but also largely 

increased the discrimination (from three archetypes to 23 distinct allelic types out of 68 strains) 

(Fazaeli and Ebrahimzadeh, 2007) (Figure 6.2).  

Regarding the detection of recombination, although the combination of Sag2 classical 

genotyping and microsatellites have already allowed inferring some degree of mosaicism, our 

approach almost doubled the detection of recombinant strains (a total of 56.9 % of PT strains and 

66.2 % of all strains). This scenario is underestimated, since only a tiny part of the genome was 

studied, and allows us to speculate that virtually all circulating T. gondii strains resulted from 

genetic admixture. The scenario of recombination is particularly marked among strains 

traditionally classified as Type I. In fact, from the 25 type I strains classified solely by Sag2 

classical genotyping, 92 % (23/25) were further classified as recombinant when combining all 

loci (Figure 6.4). This contrasts with Sag2 Type II strains, where only 45 % (18/40) could be 

identified as recombinant. This apparent less recombining character observed for the highly 

prevalent type II strains supports that this lineage might have been involved in selective sweep 

towards clonal expansion driven by a likely more fitted genome make-up (Sibley and Ajioka, 

2008; Minot et al., 2012). Again, this assumption needs validation through large-scale population 

studies enrolling large loci panels (or even WGS). Sag2 Type II strains were also considerably 

less linked to virulence, supporting that their potentially more fitted genome make-up favours the 

parasite maintenance and transmission (instead of promoting enhanced immunopathogenicity and 
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“dead end” infections), and minimize recombination due to its potential fitness cost. Of note, 

whereas Sag2 Type I strains are expectedly overrepresented among mouse virulent strains (Dubey 

et al., 2007a; Eldeek et al., 2017), other loci seemed to be good predictor of mouse virulence. 

That was the case for B17, PK1, Sag3 and Sag1, since 80 % of strains classified as Type I or I-

like by these loci were mouse virulent. Hypothetically, these genes may constitute good 

candidates to integrate markers databases aiming to infer T. gondii virulence through rapid 

molecular screening.  

Our first insights on intra-host diversity were not conclusive at this scale, but showed that 

microsatellites may be drivers of T. gondii population diversification on behalf of host-pathogen 

interaction, considering the observed non-static character of these genomic regions 

(Supplementary Figure S1). In fact, the NGS-based analysis of two loci (CB21-4 and M102) 

harbouring tandem repeats (i.e., microsatellites) showed not only a no conservation of 

microsatellites size among strains from the  same type, but also traces of intra-host sub-

population diversity. This kind of hypermutable regions are common mediators of pathogen intra-

host genetic heterogeneity, a phenomenon highly described in bacteria field (van der Woude and 

Baumler, 2004), but also in some parasites (Gelanew et al., 2014; Pajuelo et al., 2017). In another 

perspective, our novel approach for capturing diversity within a specific microsatellite launches 

good perspectives that the traditional microsatellites analyses, which rely on laborious and error-

prone electrophoresis-based DNA sizing, might be straightforwardly transfer to more 

straightforward, robust and informative NGS/bioinformatics-based methodologies. 

In summary, while the transition to the application of novel sequencing technologies for 

T. gondii genotyping will not likely overcome some important hurdles in a near future, as 

discussed above, this study may represent a straightforward model for acquiring more consistent 

and robust genomic data. In fact, the approach applied here for T. gondii genetic characterization 

(taking advantage of the nucleotide sequencing of Sag2 and seven additional genome-dispersed 

loci, coupled with classical microsatellites-derived data) constitutes a relevant proof-of-concept 

that the establishment of wide multi-locus typing strategies have the potential to improve 

molecular epidemiology of T. gondii towards the identification and monitoring of circulating 

genotypes with clinical and epidemiological importance both locally and globally. In fact, the 

present study corroborates not only the expectation that more prevalent strains (frequently 

https://drive.google.com/drive/folders/1WzXjxuuloXZiXFrPdPMtT_GJ7CsGkU_9
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associated with Sag2 type II profile) revealed a more homogeneous genomic structure (Su et al., 

2012; Minot et al., 2012; Lorenzi et al., 2016), but also that global T. gondii diversity is rampant 

and strongly linked to genetic admixture events (Khan et al., 2005b; Boyle et al., 2006). This 

consolidates that tracking the genetic diversity (and mosaicism) of T. gondii may be of special 

relevance not only for the study of genotype-phenotype associations, but also to strengthen 

molecular epidemiology of T. gondii, which may be useful for both routine surveillance and 

source attribution in eventual outbreak context. 
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7.1 FINAL DISCUSSION AND CONCLUSIONS: 

Since the studies published in the 1990s by Howe, Sibley and Dardé (Dardé et al., 1992; 

Howe et al., 1997), the goal to understand Toxoplasma gondii genotyping persists and much has 

been written about this parasite regarding genetic characteristics such as clonality and 

recombination. T. gondii is widespread in both human and animal hosts, however, most studies on 

T. gondii in Portugal have focussed on serological investigations and some discrete studies 

consisted of genotyping the parasite isolated from animals. In order to overcome this lack of 

information, this PhD thesis aimed to provide a more comprehensive overview of the genetic 

characteristics and virulence of T. gondii strains circulating in Portugal. 

Thus, in chapter III, we performed Sag 2 genotyping in order to identify the T. gondii Sag2 

archetype strains (I, II and III) in farm (cattle, sheep, goats, pigs) and wild animals (stray dogs, 

foxes, boars, hares). While farm animals were slaughtered for human consumption, boars and 

hares play an important role in human food chain as intermediate hosts and they are hunted in 

large scale in Portugal (Coelho et al., 2014, 2015; Lopes et al., 2014). Although stray dogs and 

foxes do not have a role in human food chain and do not have predators, they may reflect the 

environmental contamination and can be a reservoir for the scavenging by other animals. We took 

advantage of the collaboration with a research group from the Department of Veterinary Sciences 

of UTAD, allowing us to have access to 317 samples (from 209 animals representing eight 

species) as part of a seroprevalence study that was on course in the north region of Portugal 

(Lopes et al., 2012a). 

Our study constituted the first molecular characterization report of T. gondii in goats, wild 

boars, foxes and hares in Portugal. The lack of previous evaluations is likely due to the 

difficulties associated with the collection of biological material in perfect conditions to carry on 

this kind of studies. In fact, the collection of enough amount of high quality DNA to characterize 

T. gondii is not always possible, especially in wildlife in which sampling activities and death 

animals may occur in different spaces and time-windows, hampering the recovery of viable  

T. gondii to inoculate in mice. Furthermore, the bioassay in mice is extremely costly and time-

consuming, hampering its use for epidemiological studies enrolling an extensive number of 

samples. Eighty-nine animals (43 %) yielded positive results when B1 classical PCR was 



CHAPTER VII 

DISCUSSION, CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

94 
 

performed, demonstrating that environmental contamination in the synanthropic and silvatic 

cycles constitute a potential source of human infection. Although no information could be 

obtained, the high infection rate observed for farm animals (35,8 %) could eventually be 

explained if no proper control measures were undertaken, such as: i) lack of confinement of farm 

animals; ii) no rodent control; and iii) lack of control for contamination of feed and water for 

farm animals. 

We also observed that the majority of T. gondii strains for which Sag2 classical genotyping 

was successfully applied (29 %; 60/209) were type II (77 %; 46/60), followed by the type I (10 

%; 6/60), where the latter was observed solely in strains isolated from wild species. Sag2 type II  

T. gondii strains were shown here, for the first time, to infect cattle, boars, foxes and hares in 

north of Portugal. As in our study, the predominance of type II T. gondii strains in animals has 

been widely reported by other authors (Aspinall et al., 2002a; Jungersen et al., 2002; Dubey et 

al., 2004a; Dumètre et al., 2006; Prestrud et al., 2008; Richomme et al., 2009; Halos et al., 2010; 

Aubert et al., 2010; Berger-Schoch et al., 2011; Herrmann et al., 2013; VERGARA et al., 2018). 

Noteworthy, in our study type I was detected in wild boars, foxes and hares, which is a 

remarkable finding because this genotype is not frequently reported in animals in Europe 

(Berger-Schoch et al., 2011; De Craeye et al., 2011) with exception of one study conducted in 

Italy. In that study, in opposition to our study, the higher prevalence of genotype I was observed 

at higher rates in omnivorous domestic species, represented by pigs, than in omnivorous and 

carnivorous sylvatic species (wild boars and foxes) (Battisti et al., 2018). However, the 

apparently increased genetic diversity from wildlife samples is not absolute, as studies of wildlife 

in France, Germany and Norway have reported a high prevalence of archetypal strains, where the 

majority of type II prevails (Dubey et al., 2004a; Prestrud et al., 2008; Richomme et al., 2009; 

Aubert et al., 2010; Herrmann et al., 2013; Calero-Bernal et al., 2015). Overall, the results of this 

study highlighted the need to extend such genetic evaluations to other animals and locations, such 

as the focus on the definitive host (cat), particularly in high-density population areas. 

As such, in Chapter IV, we aimed to perform a molecular characterization of T. gondii 

strains collected from stray cats and pigeons from the Lisbon region, since these animals share 

the same "habitat" as humans and feed themselves from the ground, favoring the fecal-oral 

transmission of T. gondii (Waap et al., 2012). Moreover, cats are the definitive host and embody a 
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large responsibility in the spread of this parasite since they are the only felid in urban cycle that 

can shed oocysts (Elmore et al., 2010). We took advantage of the collaboration with the Sanitary 

Control Department of Lisbon City Hall and with INIAV, allowing us to have access to samples 

from 1507 free-living pigeons captured from 64 neighbourhoods of Lisbon, and tissue samples 

from 467 cats (Waap et al., 2012). These animals were captured and killed under the pre-existing 

animal control programs by the city hall services. In Portugal, previous studies focusing genetic 

and virulence characterization of T. gondii strains in cats had never been performed and a first 

evaluation in pigeons was previously achieved by our group over a very small number of samples 

(Waap et al., 2008). 

In the present study, we observed a T. gondii  positivity rate of 68 % (28/41) in pigeons by 

PCR of B1 gene. This value was considerably higher than the one obtained in our previous study 

(39 %; 9/23) (Waap et al., 2008), which may be due either to the dissimilar sample size, or to the 

difficulties associated with the control of the parasite concentration in brain samples (Dubey et 

al., 2005a). In cats, the T. gondii molecular identification by B1 gene was 51 % (84/164), a higher 

value than the ones previously described by other authors (Esteves et al., 2014; Tian et al., 2014). 

The inoculation of brain homogenates from pigeons in mice yielded a T. gondii isolation rate of 

58.5 % (24/41), whereas for cats the value was much lower (11 %; 18/164). This difference was 

expected since the pigeons’ brain favour the isolation of the parasite due to its smaller size 

(yielding a higher concentration of the parasite) and less fibrous character, when compared with 

the cats’ brain. We found three virulent strains (isolated from one cat and two pigeons) out of 42 

(from 24 pigeons and 18 cats) after mice inoculation. The in vivo assays, besides allowing the 

study of strains’ virulence, also facilitated their genetic characterization by improving the parasite 

concentration and sample purity. According to our experience, the T. gondii DNA is more easily 

extracted from the mice brains than from the pigeons and even from the cats’ brains and muscles. 

After recovering the T. gondii strains using essentially the mice bioassays, genotyping of T. 

gondii was achieved in 70.7 % (29/41) in pigeons and 50 % (82/164) in cats by Sag2 classical 

PCR. Once more, the majority of T. gondii strains were type II from both pigeons and cats, 

followed by type I strains. However, additional PCR of 5 microsatellites (Tub2, TgM-A, W35, 

B17, B18), allowed the identification of two recombinant strains (one from a pigeon and one 

from a cat) previously identified as type II by Sag2 amplification. Of note, as expected, the two 

https://www.linguee.pt/ingles-portugues/traducao/neighbourhoods.html
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recombinant and one type I strain were virulent in mice. In this study, we presented the first data 

in Portugal concerning the T. gondii genotyping from the definitive host, and revealed the first 

report of recombinant strains both in cats and in pigeons. 

Although these previous studies were merely humble contributions to a better 

understanding of the toxoplasmosis in animals isolated in Portugal, they constituted the first steps 

towards deciphering the scenario of the genetic diversity of T. gondii circulating in multiple 

animal species that constitute important reservoirs for human infection. In chapter V, we precisely 

focused our efforts in characterizing the T. gondii strains isolated from humans. We analyzed 48 

strains from congenital and acquired toxoplasmosis collected during the last two decades. These 

samples were sent to the URSZ-DDI on behalf of the toxoplasmosis diagnosis (Pre, Post-Natal 

and surveillance of toxoplasmosis). Similarly to the earlier studies described in this PhD thesis, a 

majority of type II strains (73 %; 35/48) were identified by Sag2 classical PCR, mirroring the 

results reported by other authors in Europe that also focused in congenital toxoplasmosis 

(Nowakowska et al., 2006; Ajzenberg et al., 2015). A major outcome of this work was the finding 

of 21 % (10/48) of recombinant strains by PCR targeting five microsatellites (previously used in 

chapter IV, in samples from pigeons and cats) that had been previously identified as type II or I 

by Sag2 classical genotyping. Although type I strains are typically described as more virulent in 

mice than the other archetypes, unexpectedly, this study identified only three type I strains (out of 

6) demonstrating virulence in mice. In contrast, one type II strain killed the mice in 120 days after 

the first inoculation, and kept killing mice in less time in the subsequent passages. We speculate 

that these strains classified as type I and II by classical Sag2 and 5 microsatellites, may 

eventually be recombinant strains if other loci were analyzed. The observed virulence rate of 15 

% (7/48) in the mice bioassay was quite low, but was similar to the one observed in other 

countries enrolling human samples (Ajzenberg et al., 2002b; Gebremedhin et al., 2014). 

The identification of T. gondii strains displaying a recombinant character in both human 

(this chapter) and animal samples (previous chapters) may be of particular relevance, as it is 

believed that they are associated with more severe symptoms in immunocompetent and 

immunocompromised hosts and may pass through the placenta more easily than the archetypal 

strains (Grigg et al., 2001b). Nevertheless, revealing a recombinant character by simply using the 

traditional typing loci is certainly a too modest approach as the probability of finding 
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recombinant strains increases if broader genomic regions are evaluated. As such, in chapter VI, 

we aimed to evaluate the genomic recombination of T. gondii isolated from humans in Portugal. 

We combined classical Sag2- and microsatellites-based typing with additional sequencing 

(Sanger and NGS) of seven loci dispersed by the different T. gondii chromosomes, including 

genes believed to have a role in virulence and adaptation, like CB21-4, PK1, L363, Sag1, Gra6, 

Sag3 and M102 (Khan et al., 2005a; de Melo Ferreira et al., 2006; Ajzenberg et al., 2010). The 

putative identification that virulent genes are transferred between strains may be a strong 

indicator that genome plasticity is a major mechanism used by T. gondii for infection and survival 

purposes. CB21-4 and M102 are microsatellites markers largely used in the differentiation of T. 

gondii, namely in the identification of recombinant and atypical strains (de Melo Ferreira et al., 

2006; Ajzenberg et al., 2010). PK1 encodes a pyruvate kinase that converts phosphoenolpyruvate 

to pyruvate in glycolysis and it is a central metabolic regulator in most organisms (Khan et al., 

2005a; Bakszt et al., 2010). L363 is a possible marker of highly virulent strains with unknown 

function (de Melo Ferreira et al., 2006). Sag1 is the major surface protein of T. gondii and, 

together with Sag3, are involved in parasite-host cell attachment allowing the entry of the parasite 

into host cell (Mineo and Kasper, 1994; Jacquet et al., 2001). Dense granule antigens of T. gondii 

(“GRA”) are engaged not only in virulence, but also in parasite survival (Mercier et al., 2005). 

These GRA constitute an important fraction of antigens that circulate in the bloodstream during 

the first hours following infection (Golkar et al., 2008). IgG antibody response to GRA6 has been 

reported stronger in acute infection than chronic infection (Gatkowska et al., 2006). 

We implemented a rapid NGS-based schema to perform molecular surveillance of T. 

gondii, which allowed evaluating multi loci polymorphism and genomic mosaicism 

simultaneously in a single tube. We highlight the major finding of this study, the identification of 

a high rate (63 %; 43/68) of recombinant strains, where the majority of those had been previously 

identified as type I or II by classical Sag2. Remarkably, the genetic mosaicism was observed 

more frequently in “previous” Sag2 type I strains (92 %) than in type II (45 %) strains. Based on 

the results of mice inoculation, we also concluded that other loci [namely Sag1, B17 

(microsatellite), PK1, Sag3 and TgM-A (microsatellite)] besides Sag2, may also constitute good 

predictors of T. gondii mouse virulence, as specific alleles of those loci seemed to be associated 

with virulence in mice. We also observed a scenario of considerable intra-population diversity 
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when analyzing by NGS the microsatellite profile of M102 and CB21-4, suggesting the existence 

of intra-host adaptation during the infection process. Nevertheless, studies at higher scale, both in 

the number of strains and target loci, would be needed to support such speculation. The results 

from this study raise good perspectives that the laborious intensive historical method can be 

directly transferred to this new methodology (NGS) as the proposed NGS-based approach may 

represent a straightforward model for acquiring more consistent and robust genomic data in a 

laboratory “user-friendly” fashion. In this regard, this new T. gondii genetic surveillance system 

was firmly implemented in the URSZ-DDI in Portugal and is already being used in different 

research studies.  

Overall, this PhD thesis shed some light on the genetic and virulence diversity of T. gondii 

strains infecting animals and humans and revealed a surprising scenario of rampant genomic 

exchange in this parasite, where virtually, all strains possess mosaic chromosomes. Although this 

major finding brings some complexity to the interpretation of the genotype-phenotype 

(“virulence”) association, it is notable that “type-II-like” loci are predominant in the T. gondii  

strains that were analyzed. As such, the high prevalence of these type-II-like strains should not be 

underestimated, as human infections with strains belonging to these genotypes can be fatal or 

even severe. The majority of this potentially dangerous genotype in the environment and in 

different hosts (definitive and intermediate) is both a risk factor and a welfare issue for animals 

and humans. Although the impact of such findings cannot be immediately addressed at this stage, 

future genotype-phenotype association studies enrolling multiple loci may reveal genomic 

structures potentially associated with an increased virulence phenotype, launching basis for the 

development of proper prophylactic or therapeutic measures. 
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7.2 FUTURE DIRECTIONS: 

The ability to acquire knowledge about microorganisms’ genetics has entered into a new level 

due to the rampant progress of sequencing and bioinformatics technologies, which are expected 

to become easily available (at both handling and cost level) to the scientific community in the 

next years. In addition, the investments on the 3R’s allows the increase of knowledge in the 

phenotypic behaviour of microorganisms using, for instance, the cell culture as an alternative 

methodology to mice inoculation. The application of these approaches to T. gondii, even if they 

are still considered a long shot due to the difficulties associated with both the genome size and 

laboratory handling of this parasite, may help the clarification of some of the T. gondii 

recognized enigmas, such as: i) Why type II strains that are avirulent in mice are virulent in 

humans (mainly in ocular disorders); ii) How and which genotypes (i.e., multi-loci based 

genotypes) are responsible for human disease? iii) What justifies the observed genomic 

differences of T. gondii strains in different world regions? iv) Why, in some countries, the 

genotypes isolated from wild animals are so different from the ones isolated in other animals and 

humans that shares the same habitat?  Finally, some new questions show up on the course of this 

Ph.D. thesis, namely those arising from the investigation of the genomic structure of T. gondii 

strains. In particular, it may be speculated that a specific genome make-up or specific 

combination of alleles from multiple loci may underlie the observed phenotypic properties of the 

parasite (e.g., virulence in different hosts). Considering the above exposed aspects and the 

laboratory capacity of the URSZ-INSA, we have two major goals for the near future: 

 

• On behalf of the 3R’s goal (Reduce, Reuse, Recycle ), to reduce the mice used in future 

projects, mainly the ones enrolling genotyping procedures  

Experimental approach: 

- Propagation of multiple T. gondii strains in different cell lines with continuous 

assessment of progeny and virulence. This task is already on course in our lab; 

Major question to be answered: 

- Is it possible to replace the mouse model for T. gondii propagation in order to perform 

typing assays without losing the virulence characteristics? 
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• To better understand the genomic characteristics of T. gondii strains isolated in Portugal. 

Experimental approach: 

- By using the multi-loci NGS-based approach, developed in chapter VI and already 

implemented in the URSZ-INSA, we will assess the genomic profile of T. gondii 

strains isolated from animals; 

Major questions to be answered: 

- Are the genomic profiles of T. gondii strains isolated from animals “similar” to the 

ones observed in strains isolated from humans (identified in chapter VI)? 

- Can we better understand the infection sources responsible for the human infection? 
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Supplementary Table S1. T. gondii isolates from the collection of the URSZ-INSA used in the 

study. 

Id 
sample Host 

Human 

product 

Geographic Mouse 

virulence 

Confirmed Clinical 
Year 

origin CT manifestations 

RH_Lab Human T --- V P Encephalitis 1939 

Str_1 Human AF PT- Lisbon V NI NI 1994 

Str_2
a
 Human UCB PT- Lisbon NV NI NI 1994 

Str_3 Human UCB PT- Setubal V NI NI 1999 

Str_4
a
 Human AF PT- Lisbon NV NI NI 1999 

Str_5
a
 Human AF PT- Coimbra NV NI NI 1999 

Str_6 Human PL PT- Lisbon V NI NI 2000 

Str_7
a
 Human PL PT- Leiria NV NI NI 2000 

Str_8 Human PL PT- Leiria NV NI NI 2000 

Str_9 Human PL PT- Porto NV NV NI 2000 

Str_10
a
 Human 

PL 
PT- 
Santarem 

NV P NI 2000 

Str_11 Human PL PT- Coimbra V P NI 2000 

Str_12 Human PL PT- Lisbon NV NI NI 2000 

Str_13 Human PL PT- Porto V NI NI 2000 

Str_14
a
 Human PL PT- Lisbon NV NI NI 2000 

Str_15
a
 Human UCB PT- Coimbra NV NI NI 2001 

Str_16 Human PL PT- Guarda NV NI NI 2001 

Str_17 Human PL PT- Setubal NV NI NI 2001 

Str_18
a
 Human PL PT- Porto V P NI 2002 

Str_19
a
 Human UCB PT- Lisbon NV NI NI 2003 

Str_20 Human PL PT- Coimbra NV P NI 2003 

Str_21 Human UCB PT- Lisbon NV N NA 2003 

Str_22
a
 Human PL PT- Porto NV NI NI 2003 

Str_23
a
 Human 

PL 
PT- 

Santarem 
NV NI NI 2003 

Str_24 Human UCB PT- Porto NV P NI 2005 

Str_25 Human PL PT- Porto NV P 
Intracranial 

calcifications 
2005 

Str_26
a
 Human PL PT- Coimbra NV P NV 2005 

Str_27
a
 Human AF PT- Lisbon NV NI NI 2005 

Str_28 Human PL PT- Coimbra V P NI 2005 

Str_29
a
 Human PL PT- Porto NV NI NI 2006 

Str_30
a
 Human AF PT- Coimbra NV NI NI 2006 

Str_31 Human T PT- Lisbon V NA NA 2000 

Str_32 Human 
PL 

PT- 
Bragança 

NV P NI 2006 

Str_33
a
 Human UCB PT- Porto NV NI NV 2007 

Str_34 Human UCB PT- Coimbra NV P NI 2007 
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Str_35 Human PL PT- Lisbon NV P 

Intracranial 

calcifications; 
Chorioretinitis 

2007 

Str_36
a
 Human UCB PT- Faro NV P 

Splenomegaly; 
IGR 

2007 

Str_37
a
 Human PL PT- Porto NV N NA 2007 

Str_38 Human 
PL 

PT- 

Santarem 
NV P NI 2007 

Str_39
a
 Human PL PT- Lisbon NV NI NI 2008 

Str_40
a
 Human PL PT- Azores NV NI NI 2008 

Str_41
a
 Human PL PT- Evora  NV NI NI 2010 

Str_42
a
 Human 

BB 
PT- 

Santarem 
NV P NV 2010 

Str_43 Human PL PT- Leiria NV NI NI 2011 

Str_44
a
 Human PL PT- Aveiro NV N NA 2011 

Str_45
a
 Human PL PT- Lisbon NV NI NI 2010 

Str_46
a
 Human PL PT- Porto NV N NA 2012 

Str_47
a
 Human PL 

PT- 
Santarem 

NV P Hidrocephalitis 2012 

Str_48
a
 Human BB PT- Lisbon NV P NV 2012 

Str_49 Human PL PT- Porto NV P NI 2013 

Str_50 Human PL PT- Lisbon NV NI NI 2008 

Str_51 Human PL PT- Lisbon V NI NI 2007 
a
 Strains with data for all loci studied (with exception of Sag1 and L363)  

T : tissues; AF: amniotic fluid; UCB: umbilical cordon blood; PL: placenta; BB: baby blood; PT - Portugal; 

V: virulent (when clinical symptons were reported); NV: not virulent; CT: congenital toxoplasmosis; 
 

P: positive; NI: no information available; N: negative; NA: not applicable (the parasite did not cross the placentar barrier) ;  

IGR: intrauterine growth retardation.  
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