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Toxoplasma gondii, the etiological agent of toxoplasmosis, is a major foodborne parasite 

that can infect all homeothermic animals, including humans. Toxoplasma gondii typically 

leads to asymptomatic infections or mild flu-like symptoms in immunocompetent 

individuals, but it can cause reproductive failure in pregnant women, severe neurological 

and respiratory diseases in immunocompromised individuals, and it is a leading cause of 

posterior uveitis in immunocompetent patients. Moreover, it is a major cause of 

reproductive failure and economic losses in the livestock industry, especially in small 

ruminants. 

Although the contribution of each route of transmission remains unknown, the 

environmental route is more significant than previously believed. In fact, until 2018 

approximately 44.1% of worldwide documented human toxoplasmosis outbreaks were 

linked to oocyst contamination, with the largest outbreak involving more than 900 

confirmed cases. However, this route has been poorly studied and, despite several 

attempts, no source-attributing serological tool is still available. This represents a 

relevant gap to determine the true extent of environmental transmission, hindering the 

development and implementation of effective intervention strategies. 

Based on this, the objective of the present thesis was to enhance our comprehension of 

the role played by various environmental matrices in T. gondii transmission and to 

identify oocyst-specific proteins for developing and validating an oocyst-attributing 

serological test. To achieve this, first, the relevance of the environmental route and the 

potential limitation related to sampling strategies and detection methods employed in 

different environmental matrices was studied (objective 1) through a systematic review 

conducted on the direct detection of T. gondii oocysts in soil, water, fresh produce and 

bivalve mollusks worldwide (sub-objective 1.1). Data regarding sampling strategies, 

oocyst recovery and detection methods, and detection rates, among others, were 

collected and analyzed. A total of 102 out of 3201 articles were selected, with reported 

detection rates between 0.09% (1/1109) and 100% (8/8) based either on bioassay or 

molecular methods. Toxoplasma gondii was detected worldwide in all evaluated 

matrices, including a wide range of fresh produce. Most of the studies were conducted 

in America, mainly in Brazil. However, the absence of standardized methodologies led to 

significant heterogeneity among the published results. These outcomes highlight the 
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significant risk that environmental matrices may pose in the transmission of the parasite, 

emphasizing the need to differentiate between oocyst- and tissue cysts-driven 

infections. 

Subsequently, a restrictive step-by-step workflow was followed herein to develop and 

validate the oocyst-attributing serological test (objective 2). Since no gold standard test 

is available for the serodiagnosis of T. gondii, the characterization of reference serum 

panels was performed through a comparative study of multiple serological tests that 

allowed their diagnostic validation (sub-objective 2.1). The serum panels characterized 

herein corresponded to pigs experimentally infected with oocysts and tissue cysts from 

type II and type III isolates, and sheep experimentally infected with oocysts from type II 

isolates. Blood samples were collected prior to the infection and up to six weeks post-

infection (wpi) (42 pigs: n= 305, 20 sheep: n= 124). Sera from pigs (n= 244), sheep (n= 

239) and goats (n= 434) naturally infected with T. gondii were also included in the 

comparative study to validate the tests with samples that might better mimic what 

happens in the field. Cross-reactivity with anti-N. caninum IgGs was also studied for small 

ruminants. 

In the comparative study, first, a criterion of seropositivity for a tachyzoite based-

Western blot test (WB) (TgSALUVET WB) was established. Later, TgSALUVET WB was 

regarded as reference to preliminarily validate a lyophilized tachyzoite-based enzyme-

linked immunosorbent assay (ELISA) (TgSALUVET ELISA 2.0) and, in the case of pigs, also 

an immunofluorescence antibody test (TgSALUVET IFAT). Then, the in-house tests were 

subjected to a comparative study together with up to four commercial ELISA tests 

(PrioCHECK, IDScreen, Pigtype and IDEXX), using the results obtained by most of them 

as reference. The kinetics of anti-T. gondii IgGs and cross-reactivity with anti-Neospora 

caninum IgGs were evaluated. All tests showed good to excellent performance with all 

serum panels (sensitivity [Se] and specificity [Sp] equal to or above 93%), except for 

PrioCHECK with naturally and experimentally infected pigs (Sp= 72–73%) and for 

TgSALUVET WB in the case of naturally infected pigs (Se= 71%). However, a cutoff value 

readjustment allowed diagnostic performance improvement and data harmonization for 

all ELISA tests. A significant increase in anti-T. gondii IgG levels was recorded from two to 

three wpi with all techniques. Furthermore, cross-reactions between T. gondii antigens 
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and anti-N. caninum IgGs were recorded in all ELISA tests with sheep sera. Thus, 

additional cutoff readjustments were required to avoid false positive results during small 

ruminants testing. 

Afterwards, previously characterized sera from pig and sheep experimentally infected 

with oocysts and tissue cysts were used to develop a source-attributing serological tool 

(sub-objective 2.2). A total of 32 proteins that had been found to be specific to T. gondii 

sporozoites or sporocysts/oocysts walls through an in silico approach based on T. gondii 

omics data were successfully expressed in their recombinant form. Among them, those 

proteins already described in the literature as oocyst-specific markers (TgERP, TgCCp5A, 

TgSporoSAG, TgOWP1, and TgOWP8), were included. The proteins that in the screening 

step with a limited set of sera induced seroconversion and discriminated between 

oocyst- and tissue cyst-derived infections based on WBs (TgCCp5A and TgSR1), were 

selected to develop source-attributing ELISAs for pigs. Unfortunately, when TgCCp5A and 

TgSR1-based ELISAs were validated with all pig serum samples from experimental 

infections conducted with oocysts and tissue cysts (n= 261, up to six wpi), using WB as 

reference, both proteins showed the same limitations of the previously discarded 

proteins: low antigenicity, lack of stage-specificity and unspecific reactivity in non-

infected animals.  

To conclude the search of valuable antigens for oocyst-attributing serological tools, 

additional efforts were dedicated to assessing the usefulness of TgERP, the unique 

protein used in several studies for identifying oocyst-derived infections in animals and 

humans. For this, specific antibodies produced in rabbits against TgERP (anti-rTgERP) or 

sporulated oocysts lysate (anti-TgOocyst) were used as controls. Batch-to-batch 

differences (n= 3) and various ELISA plate systems (in-house and commercial, with and 

without nickel-nitrilotriacetic acid [Ni-NTA]) aiming to improve the protein affinity and 

the orientation of the epitopes, were evaluated. The kinetics of IgG antibodies were also 

evaluated with pig sera. Anti-rTgERP showed positive reactivity with all TgERP batches 

and ELISA plate systems, while positive reactivity was recorded with anti-TgOocyst only 

with one TgERP batch and the conventional plate system (without Ni-NTA). No 

seroconversion was recorded in experimentally infected pigs. 
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In conclusion, environmental matrices (soil, water, fresh produce and bivalve mollusks) 

represent a relevant source of infection worldwide and, therefore, a concern for animal 

and public health. However, further harmonization of sampling strategies and diagnostic 

methodologies is required for future studies. Under this scenario, the development of a 

serological tool with source-attributing value was tackled. Unfortunately, despite the 

extensive work done herein in identifying and screening a wide panel of oocyst-specific 

proteins, no suitable marker for oocyst-attributing serological diagnosis was found and 

led us to also discard TgERP as a valuable marker of oocyst-derived infections. By 

contrast, this thesis allowed the validation of the most widely used conventional 

serological tests in the diagnosis of T. gondii infection in domestic pigs and small 

ruminants and provides practical recommendations to avoid false positive results. These 

findings are significant for advancing research on T. gondii environmental contamination 

and diagnostic serological tools development and validation. 
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Toxoplasma gondii, agente etiológico de la toxoplasmosis, es un parásito de transmisión 

alimentaria que infecta a todos los animales homeotermos, incluyendo a los seres 

humanos. Generalmente causa una infección asintomática o similar a la gripe, pero 

también produce problemas reproductivos en mujeres gestantes, cuadros neurológicos 

y respiratorios graves en individuos inmunodeprimidos y es una de las causas más 

frecuentes de uveítis posterior en pacientes inmunocompetentes. Además, la infección 

por T. gondii es una importante causa de fallo reproductivo en los pequeños rumiantes, 

lo que se traduce en relevantes pérdidas económicas para el sector. 

Aunque se desconoce la contribución de cada ruta de transmisión, la ruta ambiental es 

más importante de lo que se pensaba anteriormente. Aproximadamente, un 44.1% de 

los brotes de toxoplasmosis humana documentados en el mundo hasta el 2018 fueron 

causados por ooquistes, con brotes con más de 900 casos confirmados. Sin embargo, 

este modo de transmisión ha sido poco estudiado y, a pesar de los intentos, aún no se 

dispone de una herramienta serológica que permita diferenciar entre rutas de 

transmisión. Esto impide determinar el verdadero impacto de la ruta medioambiental y 

el desarrollo y la implementación de estrategias adecuadas de intervención. 

Basándonos en esto, el objetivo de esta tesis doctoral fue indagar sobre el papel 

desempeñado por diversas matrices ambientales en la transmisión de la infección por T. 

gondii e identificar proteínas específicas del ooquiste para desarrollar y validar una 

prueba serológica que permita identificar infecciones debidas a la ingestión de 

ooquistes. Para ello, primero se estudió la relevancia de la ruta medioambiental y las 

posibles limitaciones relacionadas a las estrategias de muestreo y los métodos de 

detección empleados en distintas matrices medioambientales (objetivo 1) a través de 

una revisión sistemática sobre la presencia de T. gondii en suelo, agua, productos frescos 

y moluscos bivalvos a nivel mundial (sub-objetivo 1.1). Se recopilaron y analizaron datos 

sobre estrategias de muestreo, métodos de concentración y detección, y tasas de 

detección, entre otros. Se seleccionaron un total de 102 de entre 3201 artículos, con 

tasas de detección entre 0,09% (1/1109) y 100% (8/8) basadas en métodos moleculares 

o bioensayo. Toxoplasma gondii se detectó en todas las matrices estudiadas a nivel 

mundial. La mayoría de los estudios se realizaron en América, principalmente en Brasil. 

Sin embargo, se observó una falta de protocolos estandarizados, lo que se tradujo en 
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una alta heterogeneidad entre artículos. Estos resultados resaltan el potencial riesgo que 

presentan las matrices medioambientales en la transmisión del parásito, destacando 

también la necesidad de diferenciar entre las infecciones debidas a la ingestión de 

ooquistes o de quistes tisulares. 

Posteriormente, se siguió un exhaustivo flujo de trabajo para desarrollar y validar una 

prueba serológica que permitiera identificar infecciones causadas por ooquistes 

(objetivo 2). Dado que no hay una prueba de referencia para el serodiagnóstico de la 

infección por T. gondii, primero se hizo una caracterización de los sueros de referencia 

mediante un estudio comparativo empleando múltiples pruebas serológicas, estudio 

que también permitió la validación de las mismas (sub-objetivo 2.1). Los sueros 

caracterizados procedían de cerdos y ovejas infectados experimentalmente con 

ooquistes o quistes tisulares de genotipos II y III, cuyas muestras de sangre fueron 

tomadas antes de la infección y hasta seis semanas post-infección (spi) (42 cerdos: n= 

305, 20 ovejas: n= 124). En este estudio también se incluyeron sueros de cerdos (n= 244), 

ovejas (n= 239) y cabras (n= 434) infectados naturalmente para validar las pruebas con 

muestras que mimetizan lo que sucede en la naturaleza. También se analizaron las 

reacciones cruzadas con IgGs anti-N. caninum en el caso de pequeños rumiantes. 

En el estudio comparativo, primero se definió un criterio de seropositividad para un 

Western blot (WB) utilizando como antígeno taquizoítos del parásito (TgSALUVET WB). 

Posteriormente, se empleó TgSALUVET WB de referencia para desarrollar y 

preliminarmente validar un enzimoinmunoensayo (ELISA) empleando taquizoítos 

liofilizados como antígeno (TgSALUVET ELISA 2.0) y, en el caso de cerdos, también una 

prueba de inmunofluorescencia indirecta (TgSALUVET IFAT). A continuación, se 

estudiaron las características diagnósticas de estas tres pruebas junto a cuatro pruebas 

ELISA comerciales (PrioCHECK, IDScreen, Pigtype e IDEXX). Los resultados obtenidos por 

la mayoría de las técnicas se emplearon como referencia. Se evaluó la cinética de 

anticuerpos IgG anti-T. gondii y las reacciones cruzadas con IgGs de ovejas frente a 

Neospora caninum. Todas las pruebas mostraron un buen rendimiento diagnóstico con 

todos los sueros de referencia (sensibilidad [Se] y especificidad [Es] igual o superior al 

93%), excepto PrioCHECK en cerdos infectados experimental o naturalmente (Es= 72–

73%) y TgSALUVET WB en cerdos infectados naturalmente (Se= 71%). Sin embargo, un 
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ajuste del punto de corte permitió mejorar las características diagnósticas de las pruebas 

ELISA. Esta similitud en rendimiento se reflejó en las cinéticas de anticuerpos IgG anti-T. 

gondii, con un incremento significativo desde las dos-tres spi en todas las técnicas. 

Además, se registraron reacciones cruzadas con IgGs anti-N. caninum, por lo que, para 

evitar resultados falsos positivos, fueron necesarios ajustes adicionales de los puntos de 

corte en todas las pruebas de ELISA en los pequeños rumiantes. 

Luego, los sueros previamente caracterizados de cerdos y ovejas infectados 

experimentalmente con ooquistes y quistes tisulares se utilizaron para desarrollar una 

herramienta serológica que identificara la ruta de transmisión (sub-objetivo 2.2). Se 

expresaron con éxito en su forma recombinante un total de 32 proteínas que habían 

resultado ser específicas de esporozoítos o paredes de esporoquistes/ooquistes de T. 

gondii en un estudio in silico de datos ómicos. Entre estas proteínas se incluyeron 

aquellas ya descritas en la literatura como marcadores específicos de ooquistes (TgERP, 

TgCCp5A, TgSporoSAG, TgOWP1 y TgOWP8). Las proteínas que, en la etapa de cribado 

con número reducido de sueros, demostraron inducir seroconversión y discriminar entre 

infecciones derivadas de ooquistes y quistes tisulares según las pruebas WB (TgCCp5A y 

TgSR1), fueron seleccionadas para desarrollar ELISAs que permitieran identificar rutas de 

transmisión en cerdos. Desafortunadamente, cuando los ELISAs basados en TgCCp5A y 

TgSR1 se validaron empleando todos los sueros de cerdos infectados experimentalmente 

con ooquistes y quistes tisulares (n= 261, de hasta seis spi), usando de referencia la 

prueba WB, ambas proteínas mostraron los mismos problemas que las proteínas 

previamente descartadas: baja antigenicidad, incapacidad para detectar exclusivamente 

infecciones inducidas por ooquistes y reactividad inespecífica en animales no infectados. 

Para finalizar con la búsqueda de antígenos de valor para el desarrollo de un ELISA que 

permita detectar infecciones inducidas por ooquistes, se realizaron esfuerzos adicionales 

encaminados a reevaluar la utilidad de TgERP, la proteína específica de ooquistes más 

utilizada en estudios previos en humanos y animales. Para ello, se emplearon como 

controles anticuerpos específicos producidos en conejos frente a TgERP (anti-rTgERP) o 

frente al extracto total de ooquistes esporulados (anti-TgOocyst). Se evaluaron las 

variaciones entre lotes (n= 3) y distintos sistemas de placas de ELISA (“in-house” y 

comerciales, con y sin níquel-ácido nitrilotriacético [Ni-NTA]) con el objetivo de mejorar 
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la afinidad de la proteína y la orientación de los epítopos. También se evaluaron las 

cinéticas de los anticuerpos IgGs con sueros de cerdos. El suero anti-rTgERP mostró 

reactividad positiva con todos los lotes de TgERP y sistemas de placas ELISA, mientras 

que el anticuerpo anti-TgOocyst sólo la mostró con un lote de TgERP y el sistema de placa 

convencional (sin Ni-NTA). Utilizando este antígeno no se registró seroconversión en los 

cerdos infectados experimentalmente. 

En conclusión, las matrices medioambientales (suelo, agua, productos frescos y 

moluscos bivalvos) representan una importante fuente de infección a nivel mundial y, 

por lo tanto, un problema en la salud pública y sanidad animal. Sin embargo, se necesita 

una mayor harmonización en las estrategias de muestreo y las metodologías 

diagnósticas para futuros estudios. Partiendo de este escenario, se abordó el desarrollo 

de una prueba serológica que permitiera identificar la ruta de transmisión. 

Desafortunadamente, a pesar del esfuerzo realizado en la identificación y selección de 

un amplio panel de proteínas específicas del ooquiste, ninguna de ellas resultó ser útil 

para la identificación serológica de infecciones causadas por ooquistes, descartando 

también la proteína TgERP como marcador de infecciones inducidas por ooquistes. Sin 

embargo, esta tesis doctoral permitió la validación de las técnicas serológicas 

convencionales más empleadas en el diagnóstico de la infección causada por T. gondii 

en cerdos y pequeños rumiantes domésticos, y proporciona recomendaciones prácticas 

para evitar resultados falsos positivos. Estos hallazgos son importantes para avanzar en 

la investigación sobre la contaminación ambiental por T. gondii y el desarrollo y la 

validación de herramientas serológicas diagnósticas. 
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1. Toxoplasma gondii and toxoplasmosis, a paradigm of the One Health 

initiative 

Toxoplasma gondii is a worldwide distributed foodborne zoonotic pathogen that causes 

toxoplasmosis, a disease with systemic affection that gives rise to a wide spectrum of 

clinical manifestations and responsible for remarkable clinical, social, and economic 

impacts (Dubey, 2021). Toxoplasmosis is usually self-limiting in most of 

immunocompetent humans (Djurković-Djaković et al., 2019), with the presentation of 

flu-like mild clinical signs/symptoms in 10% of them during the acute phase (Montoya 

and Liesenfeld, 2004). However, as it is an opportunistic pathogen, two risk groups 

deserve special attention, pregnant woman and immunocompromised people, who may 

develop reproductive failure and severe respiratory and neurological diseases, 

respectively (Barratt et al., 2010; Berger et al., 2009; Garweg et al., 2022). Toxoplasma 

gondii is a relevant pathogen within the veterinary field, not only owing to its zoonotic 

potential but also due to its substantial impact on the health and reproduction of several 

animal species (Dubey et al., 2020b, 2020a; Innes et al., 2009; Rodrigues Oliveira et al., 

2022; Roe et al., 2013; Salas-Fajardo et al., 2023; Shapiro et al., 2019b). 

Toxoplasma gondii is widely acknowledged as one of the most successful parasites 

(Djurković-Djaković et al., 2019). Its success is attributed to its cosmopolitan distribution, 

as it can infect a broad spectrum of susceptible hosts. It also exploits multiple 

transmission routes and maintains a triad of stages adapted to different spread 

strategies, predation, congenital transmission, and environmental resistance, in a given 

epidemiological scenario. As result, T. gondii stands as a paradigm of the One Health 

initiative (Aguirre et al., 2019; Djurković-Djaković et al., 2019), demanding 

multidisciplinary approaches for its study and the design of effective control and 

prevention strategies. 

Toxoplasma gondii was discovered in 1908 by Nicolle and Manceaux in tissues from a 

North African rodent (Ctenodactylus gundi) used with research purposes at the Pasteur 

Institute in Tunisia and earned its name from its distinctive shape (Τοξο/toxo= bow and 

plasma= image/life in Greek) and the rodent host from where it was isolated. In the same 

year, Splendore also found Toxoplasma in a rabbit in Brazil, although he did not name it 
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(Dubey, 2008). The most important research milestones in the history of T. gondii and 

toxoplasmosis are summarized in Table 1. 

Table 1. Summary of key milestones in the history of Toxoplasma gondii and 

toxoplasmosis (adapted from Dubey, 2008). 

Finding Reference 

Etiologic agent 

Recognition in a rodent and in a rabbit (Nicolle and Manceaux, 1908; Splendore, 1908)  
Name assignment (Nicolle and Manceaux, 1909)  
Isolation from animals and humans (Sabin and Olitsky, 1937; Wolf et al., 1939) 
Identification of definitive and intermediate hosts (Frenkel et al., 1970; Miller et al., 1972) 

Parasite stages 

Tachyzoites 
Ultrastructure (Gustafson et al., 1954; Sheffield and Melton, 

1968) 
Endodyogeny (Goldman et al., 1958)  
Term assignment  (Frenkel, 1973) 

Tissue cysts and bradyzoites 
Recognition and cytologically description (Frenkel, 1956; Frenkel and Friedlander, 1951; 

Levaditi et al., 1928) 
Recognition of digestive enzyme resistance (Jacobs et al., 1960)  
Term assignment and description of tissue cyst (Dubey and Beattie, 1988; Frenkel, 1973) 
Ultrastructure (Ferguson and Hutchison, 1987; Wanko et al., 

1962)  
Oocysts and sporozoites 

Coccidian phases  (Dubey and Frenkel, 1972; Frenkel et al., 1970)  
Morphology (Dubey et al., 1970)  
Ultrastructure (Sheffield, 1970; Speer and Dubey, 2005) 

Transmission 

Congenital 
In humans (Wolf et al., 1939) 
In house mouse (Beverley, 1959) 
In large wild animals (white tailed deer) (Dubey et al., 2008) 

Meatborne 
Suspicion/suggestion (Weinman and Chandler, 1954) 
In humans (Desmonts et al., 1965) 

Environmental 
Demonstration (Hutchison, 1965)  

Genotypes and strains 

Grouped into three clonal types (I, II and III) (Howe and Sibley, 1995; Sibley et al., 1992)  
Genome (Khan et al., 2005) 

Toxoplasmosis 

In humans 
Clinical signs in congenital transmission (Sabin, 1942)  
Postnatal infection in a child (Sabin, 1941) 
Fatal course in adults (Pinkerton and Weinman, 1940) 
Susceptibility of acquired immunodeficiency 
syndrome (AIDS) patients 

(Luft et al., 1983) 

Chronic infections (Kean and Grocott, 1947; Plaut, 1946) 
In animals 

Domestic dog (Mello, 1910) 
Epidemic abortions in sheep (Dubey and Beattie, 1988) 
Marine mammal species (Cole et al., 2000) 
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Finding Reference 

Immunity and protection 

Neutralizing antibodies (Sabin and Ruchman, 1942) 
Anti-T. gondii antibodies kill extracellular, but not 
intracellular parasites 

(Sabin and Feldman, 1948) 

Diagnosis 

Sabin–Feldman dye test (Sabin and Feldman, 1948) 
Direct and modified agglutination tests (DAT, MAT) (Desmonts and Remington, 1980; Dubey and 

Desmonts, 1987) 
Other serological tests (Dubey, 1997; Dubey et al., 1995) 
Polymerase chain reaction (PCR) (Burg et al., 1989) 

 

1.1. Taxonomy, morphology and life cycle 

Toxoplasma gondii is an obligate intracellular parasite, member of the Sarcocystidae 

family, from which only one species has been documented. However, other parts of its 

taxonomy have suffered changes over the years, which are summarized in Table 2.  

Table 2. Toxoplasma gondii taxonomy. 

 Classical1 Classical2 Modern3,4 

Phylum Apicomplexa Apicomplexa* Myozoa 
Infraphylum - - Apicomplexa 
Superclass - - Sporozoa 
Class Conoidasida Coccidia Coccidiomorphea 
Order Eucoccidiorida Eimeriida Eimeriida 
Family Sarcocystidae Sarcocystidae Sarcocystidae 
Genus Toxoplasma Toxoplasma Toxoplasma 
Species gondii gondii gondii 

1Taylor et al., 2016, 2Deplazes et al., 2016, 3Ruggiero et al., 2015, 4Delgado et al., 2022.*Corresponds to 

the subphylum. 

Toxoplasma gondii has a facultative heteroxenous life cycle in which members of the 

Felidae family are the only definitive hosts (DHs) and the rest of homoeothermic animals 

may serve as intermediate hosts (IHs). It presents three distinct infective stages: 

sporozoites (contained within sporulated oocysts), bradyzoites (contained within tissue 

cysts) and tachyzoites. Each of these stages exhibits distinctive elongated and 

arching/bow-like shapes and the presence of the typical apicomplexan apical complex 

where different organelles (rhoptries, conoid, micronemes, among others) are 

presented and related to parasite’s invasion capabilities (Attias et al., 2020) (Figure 1). 
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Figure 1. Infective stages of Toxoplasma gondii (adapted from Attias et al., 2020). 

Oocysts result of the T. gondii sexual replication in the gut of the DHs. Recently shed and 

unsporulated oocysts are ovoid (10 × 12 μm) and contain a diploid cytoplasmatic mass 

protected by a bilayered wall. When they become mature (sporulated) in the 

environment, they take an ellipsoidal shape (11 × 13 μm) and two sporocysts are 

developed within, each containing four banana-shaped sporozoites (2–6 × 8 µm) 

(Dumètre et al., 2013; Freppel et al., 2019) (Figure 1). Tachyzoites and bradyzoites arise 

during asexual replication, which could take place in any tissue of both the DHs and IHs. 

Tachyzoites (tachos= speed in Greek) (2 x 6 µm) are the rapid proliferation stage of T. 

gondii, responsible of the acute phase of the infection and the dissemination through 

host’s organs (Figure 1), while bradyzoites (brady= slow in Greek) (1.5 x 7 µm) are the 

slow-dormant replicating stage that develop during the establishment of a chronic 

infection within tissue cysts. Tissue cysts are particularly present in neural and muscle 

tissues, have an elastic and thin wall without internal septae and cluster up to hundreds 

of bradyzoites reaching different sizes depending on their maturity (5–100 µm) (Figure 

1) (Dubey et al., 1998). 



CHAPTER II: INTRODUCTION 

17 
 

The life cycle of T. gondii typically starts when the DHs, domestic or wild felids, become 

infected by ingesting tissue cysts through contaminated raw meat from chronically 

infected IHs that serve as prey, such as small mammals (e.g., rodents) and birds, even 

though they can also get infected with tachyzoites (e.g., vertical transmission) or 

sporozoites, being both less efficient than bradyzoites in establishing the infection in the 

DHs (Dubey, 2010a). When bradyzoites are released from tissue cysts, they invade the 

epithelial cells of the DHs’ intestines and undergo both asexual and sexual replication 

(Dubey et al., 1998). Unsporulated oocysts result from the gametocytes fusion and are 

later shed with felids’ feces. Once in the environment, oocysts are spread with the aid 

of rainfalls, wind and other factors, and contaminate the soil, water bodies, fresh 

produce and shellfish (Shapiro et al., 2019a). Nevertheless, they only become infectious 

when sporulated, after a few days under certain conditions (around 7 days at 20–25 °C) 

(Freppel et al., 2019) (Figure 2).  

Intermediate hosts can become infected with tachyzoites during pregnancy, via 

placenta. Tachyzoites could be also transmitted in a transfused blood from an 

asymptomatic IH with parasitemia at the moment of the blood collection (Attias et al., 

2020) or the ingestion of contaminated raw milk or cheese from infected food-producing 

animals (Dubey, 2021). In addition, IHs can get infected with sporulated oocysts when 

consuming contaminated food (e.g., vegetables, fruits, shellfish), feed (e.g., pastures 

and forages) and water, or with tissue cysts when consuming raw or undercooked meat 

from other chronically infected IHs (Attias et al., 2020; Montoya and Liesenfeld, 2004) 

(Figure 2). 

The success of each parasite stage at using different sources of transmission and at 

establishing the infection is, at some extend, related to their resistance characteristics. 

For example, oocysts, which are related to the exogenous life cycle of the parasite, are 

resistant to environmental conditions. Actually, numerous studies have demonstrated 

their resistance to commonly used disinfectants, such as bleach, gaseous chlorine, 

ozone, ethanol, and formalin, as well as some temperatures (freezing and up to 45°C), 

representing a challenge for the prevention of toxoplasmosis (Arranz-Solís et al., 2023; 

Freppel et al., 2019; Fritz et al., 2012a). Contrary, bradyzoites and tachyzoites are 



CHAPTER II: INTRODUCTION 

18 
 

susceptible to those conditions, and tachyzoites are less resistant to digestive enzymes 

than bradyzoites (Jacobs et al., 1960). 

 

Figure 2. Life cycle of Toxoplasma gondii. DH: definitive host, IH: intermediate host. 

1.2. Routes of transmission 

The major transmission pathways of T. gondii can be categorized into the following: a) 

the environmental route, involving oocysts that contaminate different environmental 

matrices, b) meatborne route, through tissue cysts that are present in the meat or 

derivates of chronically infected animals, c) maternal-fetal route, through tachyzoites 

via placenta from the mother to the fetus/es. The individual contributions of these 

routes remain unclear, presenting a significant knowledge gap from a One Health 

perspective. This knowledge gap hampers the development and implementation of 

effective intervention strategies for preventing and controlling T. gondii infections. 

In general terms, the maternal-fetal route of transmission is very important due to its 

impact on the fetus/es. Although the incidence rate of human congenital toxoplasmosis 

is difficult to estimate since just a few countries around the world have compulsory 

surveillance in pregnant woman, according to a review, the global estimated incidence 
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rate is 1.5:1000 live birth (Torgerson and Mastroiacovo, 2013), with marked differences 

between regions, from 3.8:1000 births in Panama to 4.5–5.1:100000 births in Greece 

(Dubey et al., 2021). In the European context, congenital toxoplasmosis is a 

communicable disease, but only France, Greece, Slovakia, Slovenia, Austria and Belgium 

have compulsory screening in pregnant women, with 133 confirmed cases (France 

accounting for 83% of them) and an incidence of 5.08:100000 live births for 2020 (ECDC, 

2023). However, in terms of susceptible hosts that can get infected through one pathway, 

the maternal-fetal route could be considered as the less relevant since the transmission 

is limited to the infected mother and her fetus/es, which, based on a systematic review, 

could happen in 20% of infected mothers (Li et al., 2014). Actually, 42–61% of global 

toxoplasmosis cases are foodborne (Hald et al., 2016) and T. gondii is considered the 

third most important foodborne parasite worldwide (WHO and FAO, 2014), putting in 

evidence the relevance of the post-natal transmission through the meatborne and the 

environmental routes. Indeed, based on disability adjusted life years (DALYs), T. gondii 

significantly contributes to the burden of foodborne disease worldwide (≥ 10 DALYs per 

100000 population), especially in Central and Southern America and the Caribbean (20 

DALYs per 100000 population) (Havelaar et al., 2015).  

According to a systematic and a meta-regression about the direct detection of T. gondii 

in meat, global pooled prevalence resulted in 2.6%, 12.3%, and 14.7% for cattle, pigs and 

sheep, respectively, with mice or cat parasite isolation in many cases, while in horse and 

goats the considered studies provided partial indications (Belluco et al., 2016). However, 

Belluco et al. (2016) remarked that this data could be overestimated due to potential 

bias, in addition to the reported high heterogeneity among articles and the significant 

influence of geographical areas, farming systems, animal age, among other variables. 

Respect to environmental matrices, PCR-T. gondii positive samples ranged from 0% (n= 

120) in the United States to 49.82% in France in soil, 7.7% (n= 482) in France to 58.6% 

(n= 46) in Colombia in water, and 0.8% (n= 648) in Italy to 9.7% (n= 216) in Poland in 

fresh produce (Shapiro et al., 2019a). 

There are some available studies about the contribution of different foods as source of 

human infections worldwide. In general, meat has been considered as a primary source 
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for T. gondii, whilst fresh produce, seafood and dairy products have been regarded as 

secondary sources (WHO and FAO, 2014). In agreement, Hoffmann et al. (2017), who 

took into consideration experts elicitations from 14 global subregions, estimated that 

red meats (e.g., from small ruminants, pork and beef) were the most important sources 

of toxoplasmosis cases in all subregions, causing between 50% and 64% of the infections, 

while vegetables contributed to a smaller number of cases, causing up to 23% of the 

infections and with variations between areas. Similarly, most of the worldwide human 

toxoplasmosis outbreaks have been attributed to the consumption of contaminated 

meat (Pinto-Ferreira et al., 2019a). However, as mentioned before, in terms of 

susceptible hosts, the environmental route results more relevant since T. gondii could 

reach a higher number of hosts in a shorter interval time (e.g., through contaminated 

water) compared to the meatborne (Balbino et al., 2022; Minuzzi et al., 2021) (see 

outbreaks information in section 1.3). In addition, the environmental route results more 

challenging than the meatborne route due to the difficulties to inactivate oocysts, which 

resist the common treatments applied in the food industry (Arranz-Solís et al., 2023; 

Freppel et al., 2019). 

It is important to point out that there is no compulsory surveillance in foods and no 

standardized methods for the direct detection of T. gondii in different matrices. Thus, 

available data, even if they are based on published studies or professional experience 

and expertise, could be under or overestimated and might result not comparable. 

Furthermore, most of the accessible information of source attribution is related to 

outbreaks, which not necessarily represents the real scenario of what has happened in 

the global human population infected with T. gondii. On the other hand, it must be 

considered that consumption habits have a great influence on the pattern of foodborne 

T. gondii transmission. 

1.3. Relevance of Toxoplasma gondii infections in human medicine and 

public health 

As mentioned before, most of the infections are self-limiting in immunocompetent 

humans (Djurković-Djaković et al., 2019), but special consideration is warranted for two 

high-risk groups: pregnant women and immunocompromised individuals. Its 
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importance during pregnancy relies on its potential to cause congenital toxoplasmosis, 

with a higher probability of transmission the later the infection occurs, as well as 

reproductive failure, which is more pronounced during the early stages of gestation 

(Rico-Torres et al., 2016). Some of the reproductive failures induced by T. gondii are 

miscarriage, premature birth, stillbirth, malformation, chorioretinitis, calcifications, 

meningoencephalitis, and hydrocephaly, among others. Furthermore, T. gondii can 

cause hearing impairments, seizures, intellectual disabilities, development delays and 

ocular lesions at mid-long term in infected infants that did not show clinical signs at birth 

(Berger et al., 2009; Garweg et al., 2022). On the other hand, toxoplasmosis can also 

have life-threatening consequences in severely immunosuppressed people, in which T. 

gondii replicates and spreads rapidly either due to a recently acquired infection or a 

reactivation of a chronic infection. These individuals can suffer serious neurological, 

ocular, and respiratory diseases, which, in the absence of treatment, can lead to fatality 

(Barratt et al., 2010). 

Around one third of the global human population has specific IgG antibodies against T. 

gondii (Dubey, 2021; Montoya and Liesenfeld, 2004; Rostami et al., 2021), indicating 

past exposure to the parasite. The seroprevalence varies among groups of individuals as 

well as geographical regions. According to a worldwide study on T. gondii 

seroprevalence in humans, which consisted on analyzing data from published systematic 

reviews and meta-analyses until the end of 2018, the highest pooled seroprevalence 

(considering IgG and IgM) was recorded in immunocompromised patients (42%) and 

general population (42%), followed by pregnant woman (40%), blood donors (33%), 

childbearing age woman (32%) and newborns and children (4%) (Rahmanian et al., 

2020). Similar seroprevalence was recorded in a study focused on latent toxoplasmosis 

in pregnant women (33.8%), with significant higher ratios in low-income countries, the 

highest recorded in South America (56.2%) (Rostami et al., 2020). In relation to 

geographical association, based on a systematic review on human observational studies 

that apparently used healthy subjects, seroprevalence ranged from 0.5 to 87.7%, with 

the highest ratios documented in Africa (61.4%), followed by Oceania (38.5%), South 

America (31.2%), Europe (29.6%), the United States/Canada (17.5%) and Asia (16.4%) 

(Molan et al., 2019). However, the data between countries was not balanced and high 
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heterogeneity between studies within classified groups was reported in the majority of 

the cases by Rahmanian et al. (2020). In the European context, based on data from 30 

countries, anti-T. gondii IgG overall prevalence in human population was estimated at 

32.1%, with prevalence rates of 20.1%, 38.5%, 39.7% and 37.5% in the North, West, East 

and South regions, respectively (Calero-Bernal et al., 2023). 

Considering the various methodologies employed across different studies, alongside the 

wide range of serological techniques utilized, it is essential to exercise caution when 

interpreting the data. In addition, it is important to point out that there is no compulsory 

surveillance for T. gondii infection in general population, and just a very few countries 

have established mandatory serological screening for the risk groups (including Brazil 

apart from the European countries mentioned above). Thus, published data is limited in 

terms of studied population segments (Peyron et al., 2017).  

The earliest documented human toxoplasmosis outbreak can be traced back to 1965, a 

period during which environmental transmission had not been elucidated yet (Dubey, 

2021). Since the ecology and epidemiological dynamic of T. gondii is influenced by 

multiple variables, including felids populations and their vicinity to urban areas, human 

population density, hosts susceptibility, T. gondii genotypes virulence, environmental 

conditions, food hygiene, sanitary conditions, and consumption habits, among others 

(Dubey, 2021; Shapiro et al., 2019a; Zhu et al., 2023), the characteristics of human 

toxoplasmosis outbreaks vary between geographical regions. For example, Brazil, which 

is a hotspot for outbreaks and where non-canonical strains are predominant and 

frequently associated to severe clinical signs and mortality even in immunocompetent 

hosts (Demar et al., 2012; Dubey et al., 2012; Vaudaux et al., 2010), it is more likely that 

the infection occurs through the environmental route (Balbino et al., 2022; Shapiro et 

al., 2019a) (Figure 3). This could be attributable to poverty, underserved people, limited 

access to health care, the existence of precarious infrastructure for water and sewage 

treatment (Shapiro et al., 2019a), but it could be also remarkably influenced by 

consumption habits since meat is frequently consumed well-done by Brazilians. 

However, in Europe, where outbreaks occur infrequently and less virulent genotypes are 

predominant, such as type II strains (Fernández-Escobar et al., 2022), the meatborne 

route has been the most frequent one in followed-up outbreaks (Dubey, 2021), probably 
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because the meat is preferably consumed raw or undercooked (Figure 3). Actually, 30–

63% infections in pregnant women in Europe are attributable to the consumption of 

cured or undercooked meat and meat products (Cook et al., 2000). 

Human toxoplasmosis outbreaks have been reported on every continent, except for the 

Antarctic: America (Brazil, French Guiana, Suriname, Panama, the United States and 

Canada), Europe (France and the United Kingdom), Africa (India), Asia (South Korea, 

Turkey) and Oceania (Australia). Among them, outbreaks predominated in America and 

Brazil counted with a greater number of recorded and investigated events (Dubey, 2021; 

Meireles et al., 2015; Pinto-Ferreira et al., 2019a) (Figure 3). 

The symptoms and clinical manifestations were very similar between outbreaks, 

including fever, headache, myalgia, arthralgia, stiff neck, sore throat, vomiting, eye pain, 

blurred vision, rash, sweats, reproductive failure, congenital transmission, and even the 

death of children and apparently non-immunocompromised adults. These symptoms 

and clinical manifestations have not remarkably varied between oocyst- and tissue-cysts 

driven infections (Dubey, 2021), although the incubation time seemed to be shorter in 

tissue cysts-driven infections (Meireles et al., 2015). Furthermore, differences due to 

parasite’s genetic variants have been suggested since, e.g., some genotypes have shown 

significant tropism for the eye structures, inducing more severe ocular lesions (Dubey, 

2021). 

The reported (suspected) source of infection in documented outbreaks has temporarily 

changed; until early in the 90´s most of the outbreaks were attributed to the ingestion 

of meat and derivates that contained tissue cysts. Later, soil, sand and water 

contaminated with oocysts were proposed as the most important sources of infection 

up to 2000. However, recently, from 2010 onwards, many outbreaks have been 

attributed to vegetables and fruits contaminated with oocysts (Pinto-Ferreira et al., 

2019a). This tendency aligns with the discovery of the complete cycle of T. gondii since 

the possibility of getting infected through oocysts intake was not suspected until 1970 

(Dubey, 2021), as well as with the accessible information on T. gondii in different 

environmental matrices since the first studies were published relatively recently, in the 

last decade (Shapiro et al., 2019a). In addition, this temporary change might be also 

linked to variations in consumption habits, e.g., nowadays there is an increased interest 
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in healthy, but easy to prepare dishes, like ready-to-eat leafy greens, which, although 

convenient, can be susceptible to microbial contamination at various stages of the 

production chain (Castro-Ibáñez et al., 2017). 

According to Pinto-Ferreira et al. (2019a), 47.1% (16/34) and 44.1% (15/34) of published 

worldwide outbreaks until early 2018 were tissue cyst- and oocyst-related, respectively. 

Among oocyst-related outbreaks, 46.7% (7/15), 40.0% (6/15), and 13.3% (2/15) were 

due to the consumption of contaminated water, soil/sand, and vegetables, respectively. 

Nevertheless, in the majority of the cases the source of infection was defined in 

retrospective and epidemiological studies since the detection and/or isolation of T. 

gondii from environmental samples failed. Even though most of the recorded outbreaks 

were tissue cyst-related, the highest number of affected people was counted in oocyst-

related outbreaks (Dubey, 2021; Meireles et al., 2015; Pinto-Ferreira et al., 2019a). 

In order to offer up-to-date information about global human toxoplasmosis outbreaks 

within this thesis, available data from three reviews (systematic or not) (Dubey, 2021; 

Meireles et al., 2015; Pinto-Ferreira et al., 2019a) was screened, analyzed and unified 

(duplicates were excluded) to create a map indicating the occurrence of outbreaks and 

the confirmed/presumed source of infection per country, as well as the interval time 

when they occurred and the scope of each source (number of confirmed cases) (Figure 

3). In summary, America continues to be a hotspot for toxoplasmosis outbreaks, where 

Brazil accumulates the highest number of cases (19/56). In addition, the environmental 

transmission route contributed in a great extend to the global occurrence of outbreaks. 

Furthermore, water was identified as the environmental matrix that caused the largest 

outbreak, where more than 900 laboratory-confirmed cases were recorded (Minuzzi et 

al., 2021) (Figure 3). Anyhow, it is important to point out that the real scenario of human 

toxoplasmosis outbreaks is difficult to access since in some cases the information is only 

available as reports at regional or national level and therefore not accessible. 
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Figure 3. Worldwide human toxoplasmosis outbreaks occurred until August 2023. In the 

only study where the source of infection was labeled as “unknown” (circle in yellow), the 

environmental contamination with oocysts was hypothesized as source of infection. 

1.4. Relevance of Toxoplasma gondii infections in animal health 

In Veterinary Sciences, T. gondii is also a notable pathogen due to the following reasons: 

a) infected felids are responsible for the environmental contamination (Shapiro et al., 

2019a; Zhu et al., 2023), b) the infection holds significant clinical relevance for animal 

pets such as cats and dogs (Calero-Bernal and Gennari, 2019), c) T. gondii has been 

identified as a major cause of reproductive failure in small ruminants and therefore a 

cause of great economic losses in the livestock industry (Dubey et al., 2020b, 2020a; 

Innes et al., 2009), d) the meat and meat derivates of infected food-producing animals 

is considered a primary food source of infection for humans (WHO and FAO, 2014), and 

e) T. gondii poses a risk for captive and free ranging wildlife conservation, especially for 

those species considered threatened and endangered (Barbieri et al., 2016; Landrau-
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Giovannetti et al., 2022; Rodrigues Oliveira et al., 2022; Roe et al., 2013; Salas-Fajardo et 

al., 2023; Shapiro et al., 2019b). 

One infected felid can shed millions of oocysts into the environment (Dubey, 1995), and 

the ingestion of a single oocyst may result enough to induce an infection in humans and 

animals (Rousseau et al., 2019a). Thus, the infection in both domestic and wild felids is 

of public health concern. Seroprevalence surveillance has been suggested as a 

monitoring method (Dámek et al., 2023), although seropositivity does not always imply 

oocyst excretion. Based on a systematic review and a meta-analysis, 37.5% (CI95%: 

34.7–40.3) and 64% (CI95%: 60–67.9) of worldwide domestic and wild felids are T. 

gondii-seropositive, respectively (Hatam-Nahavandi et al., 2021). Anyhow, there is still 

much to do in understanding oocysts frequency and quantity shedding in different felids 

populations and regions, which results crucial to identify the load and distribution of 

oocysts in different scenarios and, consequently, the development of proper 

intervention strategies (Shapiro et al., 2019a).  

In addition to the fact that felines contribute to the environmental contamination, at 

least in the case of domestic species, such as cats (as well as dogs), clinical 

manifestations have been described, which are more severe in the case of congenital 

toxoplasmosis, including hepatitis or cholangiohepatitis, pneumonia, encephalitis, 

ascites, lethargy, ocular disease, among others (Calero-Bernal and Gennari, 2019). Thus, 

T. gondii is also a pathogen of interest for veterinarians from a pet care point of view.  

In terms of food-producing animals, T. gondii has been directly and indirectly detected 

in 28.3% of worldwide livestock and poultry based on studies published between 2000 

and 2019 (Hajimohammadi et al., 2022). In relation to specific species of interest, it has 

been reported a pooled global seroprevalence of 19% in pigs (Foroutan et al., 2019), and 

of 33.86% and 31.78% in sheep and goats, respectively (Ahaduzzaman and Hasan, 2022). 

Although no pooled global seroprevalence data is available for chickens and cattle, high 

seropositivity have been documented in chickens, up to 100% (Dubey, 2010b), as well 

as in cattle, up to 91.8% (Dubey, 2010a). In the European context, and specifically related 

to pigs and small ruminants, which are the species of interest for this thesis, 

seroprevalence data from the last decade is summarized in Table 3 and Table 4. 
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Table 3. Toxoplasma gondii seroprevalence in domestic pigs from studies conducted in 

the European countries in the last decade (adapted from Foroutan et al., 2019, and 

updated with additional studies). 

Country 
Serological 

test 
No. positive pigs/ 

No. pigs tested 
Prevalence (%) Reference 

Austria ELISA 91/1368 6.7 (Steinparzer et al., 2015) 

Czech Republic ELISA 21/198 10.6 (Slany et al., 2016) 

Denmark  ELISA 38/254 15.0 (Kofoed et al., 2017) 

 ELISA 73/447 16.3 (Olsen et al., 2020) 

Estonia DAT 22/382 5.8 (Santoro et al., 2017a)  

Finland ELISA 43/1353 3.2 (Felin et al., 2015) 

France MAT 248/3595 6.9 (Djokic et al., 2016)  

Greece ELISA 26/609 4.3 (Papatsiros et al., 2016) 

Ireland LAT 15/317 4.7 (Halová et al., 2013) 

Italy ELISA 20/21 95.2 (Bacci et al., 2015) 

 IFAT 36/498 7.2 (Santoro et al., 2017b) 

 MAT 8/375 2.1 (Papini et al., 2017) 

 ELISA 214/414 51.7 (Pipia et al., 2018) 

 ELISA 14/370 3.8 (Gazzonis et al., 2018) 

 ELISA 56/115 48.7 (Macaluso et al., 2019) 

Latvia ELISA 34/803 4.2 (Deksne and Kirjušina, 2013) 

Poland ELISA 193/760 25.4 (Puchalska et al., 2022) 

Portugal MAT 25/254 9.8 (Lopes et al., 2013) 
 MAT 27/381 7.1 (Esteves et al., 2014) 

Romania IFAT 829/3595 23.1 (Paştiu et al., 2013) 

 IFAT 44/94 46.8 (Paştiu et al., 2019) 

Serbia MAT 12/18 66.7 (Kuruca et al., 2016) 
 MAT 31/182 17.0 (Kuruca et al., 2017) 

Slovakia ELISA 21/970 2.2 (Turčeková et al., 2013) 

Spain ELISA 192/709 27.1 (Hernández et al., 2014) 

 IFAT 301/1200 24.5 (Herrero et al., 2016) 

 DAT 222/2492 8.9 (Pablos-Tanarro et al., 2018) 

 ELISA 79/361 21.9 
(Fernández-Escobar et al., 
2020b) 

Sweden ELISA 55/972 5.7 (Wallander et al., 2016) 

United Kingdom SFT 46/620 7.4 (Powell et al., 2016) 
 MAT 75/2071 3.6 (Limon et al., 2017) 

ELISA: enzyme-linked immunosorbent assay, DAT: direct agglutination test, MAT: modified agglutination 
test, LAT: latex agglutination test, IFAT: immunofluorescence antibody test, SFDT: Sabin-Feldman dye test. 
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Table 4. Toxoplasma gondii seroprevalence in domestic small ruminants from studies 

conducted in the European countries in the last decade (adapted from Ahaduzzaman 

and Hasan, 2022, and updated with additional studies). 

Country Species 
Serological 

test 

No. positive 
animals/ No. 

animals tested 

Prevalence 
(%) 

Reference 

Belgium Sheep ELISA 2400/3170 75.7 (Verhelst et al., 2014) 

Estonia Sheep DAT 667/1599 41.7 (Tagel et al., 2019) 

Greece Sheep ELISA 246/458 53.7 (Anastasia et al., 2013) 

 Goat ELISA 230/375 61.3 (Anastasia et al., 2013) 

 Sheep ELISA 102/360 28.3 (Kantzoura et al., 2013) 

 Goat ELISA 30/179 16.8 (Kantzoura et al., 2013) 

Denmark Sheep DAT 1/155 0.6 (Berg et al., 2021) 

Ireland Sheep LAT 105/292 36.0 (Halová et al., 2013) 

Italy Goat ELISA 19/30 63.3 (Gazzonis et al., 2019) 

 Sheep IFAT 298/502 59.4 (Gazzonis et al., 2015) 

 Goat IFAT 198/474 41.8 (Gazzonis et al., 2015) 

 Sheep IFAT 210/630 33.3 (Cenci-Goga et al., 2013) 

 Goat MAT 77/127 60.6 (Mancianti et al., 2013) 

 Sheep IFAT 214/630 34.0 (Sechi et al., 2013) 

Latvia Sheep ELISA 179/1039 17.2 (Deksne et al., 2017) 

Netherlands Goat ELISA 221/1664 13.3 (Deng et al., 2016) 

Poland Sheep ELISA 30/64 46.9 (Moskwa et al., 2018) 

 Goat ELISA 8/39 20.5 (Moskwa et al., 2018) 

 Goat DAT 51/73 69.9 (Sroka et al., 2017) 

Portugal Sheep MAT 40/119 33.6 (Lopes et al., 2013)  
Goat MAT 34/184 18.5 (Lopes et al., 2013) 

Russia Goat LAT 95/216 44.0 (Shuralev et al., 2018) 

Serbia Goat DAT 316/431 73.3 (Djokić et al., 2014)  
Sheep MAT 432/511 84.5 (Klun et al., 2006) 

Spain Sheep MAT 464/998 46.5 (Jiménez-Martín et al., 2020) 

 Goat MAT 362/945 38.3 (Jiménez-Martín et al., 2020) 

 Sheep MAT 80/194 41.2 (Almería et al., 2018) 

 Goat MAT 5/89 5.6 (Almería et al., 2018) 

 Goat ELISA 43/552 7.8 (Rodríguez-Ponce et al., 2017) 

 Goat ELISA 299/638 46.9 (Díaz et al., 2016) 

 Sheep ELISA 915/2400 38.1 (Díaz et al., 2014) 

 Sheep ELISA 248/503 49.3 (García-Bocanegra et al., 2013) 

 Goat ELISA 124/494 25.1 (García-Bocanegra et al., 2013) 

 Sheep ELISA 213/342 62.3 (Fernández-Escobar et al., 
2020a) 

ELISA: enzyme-linked immunosorbent assay, DAT: direct agglutination test, LAT: latex agglutination test, 
IFAT: immunofluorescence antibody test, MAT: modified agglutination test. 
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The relevance of T. gondii infection in small ruminants extends beyond the potential 

threat their meat and derivates pose to public health since it also has a significant impact 

at reproductive level. In fact, T. gondii is widely acknowledged as one of the most 

important and prevalent reproductive transmissible agents in ewes and goats, causing 

reabsorption, abortion, neonatal death, delivery of stillborn or congenitally infected 

weak or clinically normal offspring, among others (Stelzer et al., 2019). Consequently, 

great economic losses have been estimated in livestock industry, with around 1.5 million 

lambs lost per year in Europe (Innes et al., 2009) and suggested annual cost of 5-15 

million dollars in different countries (Stelzer et al., 2019). 

In relation to wild species, data on T. gondii prevalence is limited and do not provide an 

overall overview about the real situation in this population, what could be influenced by 

the difficulties that sampling implies in these species and so the low number of tested 

samples included in many studies, some of them collected post-mortem. However, 

there is no doubt that T. gondii circulates in different wildlife populations. For example, 

according to a systematic review, T. gondii prevalence ranged from 6% to 100% in wild 

African herbivores, omnivores and carnivores based on direct or indirect detection 

methods (Bokaba et al., 2022). In America, 20.6% of carnivorous wild birds resulted T. 

gondii-seropositive in the United States, with successful parasite isolation in one case 

(Ammar et al., 2021), as well as 17.8% of wolves (Canis lupus), up to 25% of grizzly bears 

(Ursus arctos) and 43.4% of black bears (Ursus americanus) from Alaska (Elmore et al., 

2012). In Europe, 36.5% of wild birds resulted seropositive in a study conducted in 

Portugal (Lopes et al., 2021) and similarly in other countries and continents. Fatal 

toxoplasmosis cases have been reported in captive squirrel monkey (Saimiri boliviensis) 

(Salas-Fajardo et al., 2023), free-ranging marmosets (Callithrix spp.) (Rodrigues Oliveira 

et al., 2022), dolphins (Stenella longirostris and Cephalorhynchus hectori) (Landrau-

Giovannetti et al., 2022; Roe et al., 2013), sea otters (Enhydra lutris nereis) (Shapiro et 

al., 2019b) and monk seals (Neomonachus schauinslandi) (Barbieri et al., 2016), among 

other species, posing a risk for wildlife conservation. Furthermore, wildlife species 

infected with T. gondii whose meat is consumed by humans, such as wild boars, may 

also pose a risk to public health (Dubey, 2021). 
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1.5. Relevant risk factors associated with toxoplasmosis 

Different factors related to food consumption, environment, contact with animals 

(including occupation), personal hygiene, and host status have been significantly 

associated with toxoplasmosis in humans and identified as risk factors. Based on a 

recent systematic review and meta-analysis of case-control, cohort, and cross-sectional 

studies on worldwide human sporadic toxoplasmosis diagnosticated by serological tests 

and published until the end of 2016 (n= 187), the consumption of raw/undercooked 

meat (pork, poultry, beef, processed meat, lamb, and game meat), raw milk, shellfish, 

unwashed vegetables and contaminated water, as well as the contact with soil and 

animals, in particular cats, and the lack of hygiene in food preparation, were identified 

as factors that significantly increase the probability of acquiring toxoplasmosis in adults, 

children and pregnant individuals (Thebault et al., 2021) (Table 5). Furthermore, in the 

particular case of pregnant women, traveling abroad and blood transfusion were two 

additional risk factors significantly associated with toxoplasmosis, along with any 

condition that induce immunosuppression in any host population (Thebault et al., 2021) 

(Table 5). Most of these risk factors coincided with those identified in studies focused 

on the European scenario (Cook et al., 2000; Friesema et al., 2023), although, 

controversially, in one of them no significant association with the consumption of raw 

pork meat, the presence of cats and kittens, cleaning litter tray and cat feed, was 

observed (Cook et al., 2000). 

Regarding risk factors in animals (pets, livestock or wildlife), there is a lack of case-

control studies, and no systematic review or meta-analysis is still available for having a 

global overview in this regard. However, some risk factors associated to toxoplasmosis 

in farm animals are summarized based on a review study (Stelzer et al., 2019): a) age, 

the older the longer the exposure to T. gondii, b) geographical characteristics, which 

influences the distribution and/or survival of T. gondii, c) production system, with 

presumably higher exposure to T. gondii in extensive systems, d) flock size, the smaller 

the higher the risk, probably due to the lower levels of biosecurity, e) presence of other 

animals, including small rodents and cats, with higher risk when their access to flocks is 

not controlled, f) feed and water, with higher risk with open/outdoor feed storage and 

non-potable/treated water. 
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Table 5. Risk factors significantly associated with sporadic Toxoplasma gondii infections 

in humans, based on case-control, cohort, and cross-sectional worldwide studies 

diagnosticated by serological tests and reported until the end of 2016. Data presented 

for stratified populations: mixed (age not defined) and pregnant women (adapted from 

Thebault et al., 2021). 

Population Risk factor 
Pooled odds ratio 

(CI95%) 

Studies 
included/ total 

of studies 
P value 

Heterogeneity 
analysis (I2) 

Food 

Mixed* Dairy 1.56 (1.30–1.88) 18/27 <.0001 76.8 

 Meat 1.76 (1.57–1.97) 66/287 <.0001  

 Produce** 1.87 (1.54–2.28) 37/58 <.0001  

 Seafood 1.70 (1.33–2.18) 4/12 <.0001  
Pregnant Dairy 1.52 (1.12–2.07) 28/44 0.008 69.5 

 Meat 1.96 (1.47–2.61) 65/241 <.0001  

 Produce** 1.65 (1.27–2.15) 34/64 0.001  
All Poor handing*** 2.00 (1.60–2.50) 19/35 <.0001 43.6 

Environment 

Mixed**** Untreated drinking water 1.43 (1.22–1.68) 32/64 <.0001 62.0 

 Farm environment 1.36 (1.15–1.62) 37/62 0.001  

 Playground 1.66 (1.40–1.95) 41/66 <.0001  

 Wastewater 1.52 (1.05–2.21) 4/6 0.028  
Pregnant Untreated drinking water 1.49 (1.28–1.73) 34/54 <.0001 66.5 

 Farm environment 1.80 (1.47–2.22) 32/52 <.0001  

 Playground 1.46 (1.32–1.62) 47/74 <.0001  

 Wastewater 1.86 (1.16–2.99) 07/11 0.01  
Animals 

Mixed Farm animals 1.48 (1.10–2.00) 6/8 0.009 59.1 

 Occupational 2.04 (1.64–2.52) 20/65 <.0001  

 Pets 1.76 (1.50–2.07) 67/137 <.0001  

 Flies/rodents 1.53 (1.25–1.88) 8/13 <.0001  
Pregnant Occupational 1.56 (1.25–1.95) 8/9 0.0001 22.8 

 Pets 1.54 (1.37–1.72) 71/176 <.0001  

 Flies/rodents 1.47 (1.13–1.91) 4/6 0.004  
Personal hygiene 

All Poor personal hygiene 2.02 (1.69–2.42) 3/9 <.0001 0.0 

Travelling 

Pregnant Abroad 1.88 (1.28–2.75) 6/7 0.001 17.9 

Host-specific 

Mixed Immunosuppression 2.41 (1.48–3.91) 14/ 32 0.001 15.5 

Pregnant Blood transfusion 1.79 (1.03–3.09) 6/10 0.039 0.4 

*Oceania excluded (odds ratio of 1 excluded). **Only vegetables were identified as a significant risk factor 
within this category, with a pooled odds ratio of 1.87 (IC95%: 1.49–2.34) for mixed population and of 1.37 
(IC95%: 1.20–1.57) for pregnant women. ***Indicates no handwashing before eating or cooking and no 
knife washing. ****Africa removed (odds ratio of 22). 

The identification of risk factors is crucial for both humans and livestock as it forms the 

foundation for the effective development and implementation of prevention strategies. 

Nevertheless, there are still relevant limitations in identifying these risk factors, 
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remarking the fact that most of the studies rely solely on serological diagnosis, 

employing tests that lack validation or are not validated for the target hosts.  

 

2. Diagnostic approaches under a One Health perspective 

At the very beginning of T. gondii discovery most of the diagnoses were performed post-

mortem, based on bioassay, until 1948 when Sabin and Feldman described the first 

procedure to detect antibodies in living individuals, today known as the Sabin-Feldman 

dye test. This test consists of a complement-mediated cytolysis of tachyzoites coated 

with anti-T. gondii antibodies, what prevents tachyzoites to take up the methylene blue 

stain, thus, being the absence of color indicative of the presence of specific antibodies 

(Sabin and Feldman, 1948). Since this test requires a high amount of live tachyzoites, 

representing a potential risk for operators, special efforts have been done to develop 

accurate serological tests based on inactivated tachyzoites (lysate or soluble extract) or 

recombinant/chimeric proteins, accomplishment that has been notably greater in 

human medicine compared to veterinary medicine (Wyrosdick and Schaefer, 2015). On 

the other hand, the direct detection of the parasite is still of relevance, especially for 

food safety purposes and epidemiological investigations. Although bioassay is usually 

regarded as reference test, it is expensive, time consuming and of ethical concern, thus, 

as with serology, continue efforts have been done to develop sensitive and specific 

techniques to detect T. gondii in different matrices, most of them based on the 

recognition of parasite’s nucleic acids.  

2.1. Direct detection of Toxoplasma gondii in environmental matrices 

Unlike other foodborne pathogens such as Cryptosporidium spp. and Giardia spp., there 

is no established method from the International Organization for Standardization (ISO) 

to detect T. gondii in environmental matrices. This, in addition to the heterogeneous 

distribution of oocysts in the environment, the low expected level of contamination and 

so the large samples size that needs to be tested (e.g., water), still make the detection 

of T. gondii in environmental samples a difficult task (Dumètre and Dardé, 2003; Slana 

et al., 2021). Based on previous studies, general procedures aiming to detect oocysts in 

environmental matrices comprises three key points: i) sampling strategy, ii) oocysts 
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concentration/recovery, and iii) specific detection, that can be interestingly 

complemented with assays targeting oocyst viability and genetic characterization 

(Dumètre and Dardé, 2003; Slana et al., 2021). Each key point is described below: 

a) Sampling strategy: this is a crucial step and should guarantee that the right 

sample was collected under the ideal conditions at the most opportune time and 

place. Some of the variables to be considered in this first step are the presence 

of felids, temperature, humidity, rainfalls, water turbidity, soil/sand moisture, 

depth of sampling collection, number, and size samples, among others (Dumètre 

and Dardé, 2003). Pooled sample collection has been considered on multiple 

occasions for different environmental matrices to enhance the likelihood of 

detecting oocysts due to a more comprehensive representation of 

samples/areas and the advantages this offers in terms of management and cost-

effectiveness (Caradonna et al., 2017; Ribeiro et al., 2015), although it could 

entail the dilution of oocysts. 

b) Oocyst concentration/recovery: since the required sample size is usually large 

due to the low expected level of oocysts contamination (load), and some samples 

contain a high level of detritus that may interfere with the detection, the next 

step consists in concentrating (sometimes purifying) and recovering the oocysts. 

Flocculation, filtration, flotation, centrifugation and immunomagnetic 

separation are some examples of the methods used for these purposes (da Silva 

and Langoni, 2016; Marchioro et al., 2016; Ortiz- Pineda et al., 2020; Wang et al., 

2014). Nonetheless, not all of them are effective/efficient for all type of matrices 

or even within the same type of matrix (Dumètre and Dardé, 2003). Anyhow, 

although this step is recommended, some researchers skip it, as is the case of 

one study carried out on oysters (Silva et al., 2020). 

c) Oocyst detection: although isolating T. gondii through bioassay involving 

laboratory animals is still regarded as the reference method for detecting T. 

gondii, most of the studies are nowadays based on microscopy and/or different 

polymerase chain reaction (PCR) methods (Shapiro et al., 2019a; Slana et al., 

2021) due to the limitations mentioned above and its unsuitability for large-scale 

studies. The most frequently molecular methods used are listed in Table 6. 
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Among the detection techniques, microscopy is the less reliable one since it 

depends on the expertise of the operator, it is time consuming and can lead to 

misdiagnosis due to the structural similarity between oocysts from different 

members of the Sarcocystidae family (Smith, 1981). In the case of molecular 

methods, an additional issue is the presence of PCR inhibitors, something that 

up to date is rarely considered by operators/researchers (Slana et al., 2021).  

d) Oocyst viability: given that microscopy and commonly employed molecular 

techniques fail to offer insights into the infectivity or viability of detected 

oocysts, bioassay methods remain indispensable and irreplaceable. 

Nevertheless, new procedures to determine oocysts viability without requiring 

bioassay are under development, such as propidium monoazide coupled with 

quantitative PCR (qPCR), staining with propidium iodide, and reverse 

transcription quantitative PCR (RT-qPCR) (Kim et al., 2021; Rousseau et al., 

2019b; Ware et al., 2010). However, further studies are still required as, e.g., 

some of these techniques has not been tested in different matrices and, in the 

case of RT-qPCR, it has been shown that it could successfully discriminate 

between viable and non-viable oocysts in seawater and hemolymph, but it did 

not perform well in other oyster matrices (Kim et al., 2023). 

e) Genetic characterization: different methods have been developed and improved 

since the 1980s for this purpose (Dubey, 2008) (Table 6). In environmental 

matrices, this data is rarely documented (Shapiro et al., 2019a) and presents 

relevant challenges due to the quality and quantity of the recovered genomic 

material. In the European context, restriction fragment length polymorphism 

(RFLP) and microsatellite (MS) have been the most frequently used techniques 

in environmental matrices (Fernández-Escobar et al., 2022). To date, the effect 

of the genotype in the transportation and persistence of oocysts in the 

environment remains unknown (Shapiro et al., 2019a). Furthermore, the lack of 

data related to circulating genotypes in environmental matrices hampers the 

clear understanding of the epidemiological dynamics of T. gondii oocysts and 

toxoplasmosis cases in humans and animals within and between geographical 

regions. 
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Table 6. Molecular methods frequently used for the detection and genetic 

characterization of Toxoplasma gondii (adapted from Liu et al., 2015). 

Molecular methods Main purposes DNA target regions Reference 

Conventional PCR Species detection B1 gene, 529 bp repeat element, 
18S rDNA gene, SAG1, SAG2, 
GRA1, ITS1 

(Burg et al., 1989; 

Hurtado et al., 2001) 

Real-time PCR Species detection B1 gene, 529 bp repeat element, 
18S rDNA gene, SAG1 

(Homan et al., 2000) 

Loop-mediated 
isothermal amplification 
(LAMP) 

Species detection 529 bp repetitive element, B1, 
SAG1, SAG2, GRA1, MIC3, oocyst 
wall protein genes 

 (Cao et al., 2014) 

Microsatellite analysis 
(MS) 

Genotyping TUB2, W35, TgM-A, B18, B17, 
M33, IV.1, XI.1, M48, M102, 
N60, N82, AA, N61, and N83 

(Ajzenberg et al., 2010) 

Multilocus sequence 
typing (MLST) 

Genotyping BTUB, SAG2, GRA6, GRA7 and 
SAG3 

(Bertranpetit et al., 2017) 

PCR restriction fragment 
length polymorphism 
(PCR-RFLP) 

Genotyping SAG1, SAG2, SAG3, BTUB, GRA6, 
c22-8, c29-2, L358, PK1 and 
Apico 

(Howe and Sibley, 1995; 
Su et al., 2010) 

Random amplified 
polymorphic DNA-PCR 
(RAPD-PCR)  

Genotyping Genomic DNA (Ferreira et al., 2004) 

High-resolution melting 
(HRM) 

Genotyping B1 gene (Costa et al., 2011) 

PCR: polymerase chain reaction. 

2.2. Serological diagnosis of Toxoplasma gondii infections in humans and 

animals 

Although the diagnosis of T. gondii infections could be established by multiple methods, 

including the amplification of DNA, parasite isolation, histopathology, serology, among 

others (Montoya, 2002), serological tests are the most frequently used techniques to 

initially identify T. gondii infections in both humans and animals (Huertas-López et al., 

2023; Villard et al., 2016). An accurate diagnosis of toxoplasmosis is crucial to implement 

intervention strategies on time, e.g., pharmacological treatment implementation in 

infected pregnant women. However, there is still an absence of multidisciplinary 

integrative research in this field from a One health perspective (Huertas-López et al., 

2023).  

Indirect serological techniques allow the detection of specific antibodies produced 

against T. gondii. IgM antibody isotype appears early, one week after the infection, and 

usually declines in less than a year, similarly to IgA and IgE, although these two last 

isotypes could be also detected in congenitally infected infants and IgE depletion is 
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shorter. Thus, the presence of anti-T. gondii IgM, IgA and/or IgE is usually interpreted as 

an acute infection (Montoya, 2002). However, IgM and IgA results must be analyzed with 

caution since they have been steadily detected years after the acute infection (Bobić et 

al., 1991; Bortoletti Filho et al., 2013; Montoya, 2002). On the other hand, IgG isotype is 

detectable in one to two weeks post-infection on average, and even though it decreases 

after a few months, it remains detectable lifelong (in most of species), indicating 

previous infection (Villard et al., 2016). In contrast, a significant increase of IgG level in 

serial sampling and/or low avidity values are compatible with an acute infection (Villard 

et al., 2016). Based on this, many human diagnostic laboratories suggest analyzing 

different isotypes at the same time with or without an avidity test and serial samplings 

for a better discrimination (Montoya, 2002). 

Apart from the Sabin-Feldman dye test, there are currently a wide variety of serological 

assays used in the diagnosis of toxoplasmosis in humans and animals, listed in Table 7 

together with their most relevant characteristics. Among them, enzyme-linked 

immunosorbent assays (ELISA) are one of the most used ones (Huertas-López et al., 

2023) (Table 7).  

Most of in-house and commercial serological tests are based on tachyzoites lysate or 

soluble tachyzoite extract, which are characterized by a complex mixture of surface 

and/or cytosolic native antigens. However, special effort has been done in the recent 

years in order to improve the performance of the tests and make them more affordable 

by reducing the cost and time of production. In this regard, a high number of proteins 

from different specific parts/structures of the parasite, but also from different parasite 

stages, have been identified and recombinantly or chimerically produced by employing 

different systems (e.g., bacterial: Escherichia coli, yeast: Pichia pastoris or insect cells) 

with His tag, TRX, CKS and GST domains (Ferra et al., 2020; Huertas-López et al., 2021; 

Ybañez et al., 2020) (Table 8). Purified recombinant or chimeric proteins have been used 

single or in combination, offering a higher specificity (Liyanage et al., 2021), avoiding in 

some instances the issue of cross-reactivity, e.g., with closely related parasites such as 

Neospora caninum (Holec-Gąsior et al., 2014). 

Although there are many in-house and commercially available serological tests, a still 

scientific and health care community concern is the fact that there is no consensus on 
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the validation process of the tests and the data interpretation (e.g., positivity criterion). 

Thus, many of the available techniques are not standardized and if they are, scarce data 

is available in relation to their validation process and performance, hampering data 

comparison and reproducibility.  

2.2.1. Specific considerations for the serodiagnosis of toxoplasmosis in humans 

Different serological approaches have been suggested for the serodiagnosis of 

toxoplasmosis in humans based on the conditions of the individuals, especially focused 

on pregnant woman and immunocompromised people. Nevertheless, as most of the 

countries lack mandatory surveillance for the diagnosis of toxoplasmosis, significant 

variations on serological screening approaches could be found both among and within 

regions.  

In general, non-detectable levels of anti-T. gondii IgG and IgM are interpreted as the 

absence of both acute or chronic infection and usually no further analysis is required at 

least in general population that does not present symptoms and clinical signs. However, 

taking France as an example, one of the few countries with a mandatory surveillance 

program for preventing toxoplasmosis, serological screening is suggested monthly or 

every six months for seronegative pregnant woman and immunocompromised 

individuals, respectively (Villard et al., 2016). Figure 4 and Figure 5 summarize the 

serological screening and result interpretation suggested by the French National 

Reference Center for Toxoplasmosis for these two groups of risk under different 

scenarios. 

In addition, some authors have suggested that an increase in avidity values corresponds 

to a decrease in IgA levels and that pregnant women who exhibit detectable IgA 

alongside IgG and IgM are more likely to have an acute infection compared to those with 

undetectable IgA, suggesting therefore the detection of IgA together with IgG and IgM 

for discriminating between acute and chronic infections (Olariu et al., 2019).  
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Table 7. Summary of the main characteristics of commonly employed serological tests for the detection of anti-Toxoplasma gondii antibodies in 

humans and animals. 

Test Antigen  
Antibody 
isotype/s 

Basis Advantage Disadvantage Reference 

Sabin-Feldman dye test 
(SFDT) 

Live tachyzoites IgM/IgG/IgA Staining Does not need species-specific 
conjugate, highly sensitive and 
specific 

Needs live tachyzoites, requires 
experienced operators and a 
microscope, does not identify the 
source of infection 

(Sabin and 
Feldman, 1948) 

Direct agglutination test 
(DAT) 

Formalin-fixed 
tachyzoites 

IgG Agglutination Does not need live tachyzoites, 
species-specific conjugate or 
special equipment, easy to 
perform, cheap, highly sensitive  

Requires large antigen amount, does 
not identify the source of infection, 
the presence of IgM can induce non-
specific agglutination 

(Desmonts and 
Remington, 
1980) 

Modified agglutination 
test (MAT) 

Formalin-fixed 
tachyzoites 

IgG Agglutination Does not need live tachyzoites 
and species-specific conjugate, 
easy to perform, cheap, highly 
specific and sensitive 

Not commercially available in some 
countries, does not identify the 
source of infection, the presence of 
IgM can induce non-specific 
agglutination 

(Desmonts and 
Remington, 
1980; Dubey 
and Desmonts, 
1987) 

Indirect 
hemagglutination assay 
(IHA) 

Tachyzoites lysate IgG Agglutination Does not need live tachyzoites 
and species-specific conjugate, 
easy to perform, cheap, highly 
specific and sensitive 

Less sensitive and specific than MAT, 
not longer commercially available in 
many countries, does not identify the 
source of infection, the presence of 
IgM can induce non-specific 
agglutination 

(Dubey and 
Thulliez, 1989) 

Latex agglutination test 
(LAT) 

Tachyzoites lysate IgM/IgG Agglutination Does not need live tachyzoites 
and species-specific conjugate, 
commercially available 

Less sensitive and specific than MAT, 
does not identify the source of 
infection, the presence of IgM can 
induce non-specific agglutination 

(Dubey and 
Thulliez, 1989) 

Indirect enzyme-linked 
immunosorbent assay 
(ELISA) 

Tachyzoites lysate, 
lyophilized 
tachyzoites, 
recombinant/chimeric 
proteins 

IgM/IgG/IgA/ 
IgE 

Colorimetric Does not need live tachyzoites, 
commercially available 
worldwide, cheap, not time-
consuming, automated reading, 
could be based on different 

Unknown performance in some cases, 
influence of reagents on 
performance, needs species-specific 
conjugate, requires a 

(Álvarez-García 
et al., 2021; 
Huertas-López 
et al., 2023; 
Robert-
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Test Antigen  
Antibody 
isotype/s 

Basis Advantage Disadvantage Reference 

antigens and sample types, 
could be quantitative, usually 
highly sensitive and specific, 
some in-house tests have been 
developed to discriminate 
between oocysts vs. tissue 
cysts-driven infections 

spectrophotometer, can present 
cross-reactivity 

Gangneux and 
Guegan, 2021) 

Immunofluorescence 
antibody test (IFAT) 

Formalin-fixed 
tachyzoites 

IgM/IgG Fluorescence Does not need live tachyzoites, 
easy to perform, cheap, can be 
used to define titers 

Subjective interpretation of results, 
needs species-specific conjugate and 
a fluorescence microscope, not 
commercially available, does not 
identify the source of infection, can 
present cross-reactivity 

(Basso et al., 
2013; Huertas-
López et al., 
2023; Sánchez-
Sánchez et al., 
2019) 

Western blot (WB) Tachyzoites lysate, 
recombinant/chimeric 
proteins 

IgM/IgG Colorimetric Does not need live tachyzoites, 
allows the identification of the 
molecular weight of the 
identified antigen, highly 
specificity. In-house tests have 
been developed to discriminate 
between oocysts vs. tissue 
cysts-driven infections 

Time consuming, requires expertise, 
influence of reagents on 
performance, it is expensive, needs 
species-specific conjugate and special 
equipment, can present cross-
reactivity 

(Álvarez-García 
et al., 2021; 
Basso et al., 
2013; Huertas-
López et al., 
2023)  

Immunochromatography 
(ICT) 

Tachyzoites lysate, 
recombinant proteins 

IgM/IgG Colorimetric Does not need live tachyzoites 
or skilled people or special 
infrastructure or equipment or 
reagents, could be based with 
different sample types. It is 
cheap, rapid, and easy to 
transport and preserve, 
commercially available 

Does not identify the source of 
infection, can present cross-reactivity 

(Khan and 
Noordin, 2020) 

Other techniques such as the microarray and the time-resolved fluorescence immunoassay have been employed.
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Table 8. Summary of recombinant Toxoplasma gondii antigens used in serological tests 

developed for humans and/or animals without the intent to differentiate the route of 

transmission (adapted from Ferra et al., 2020; Liyanage et al., 2021; Ybañez et al., 2020).  

Groups 
Antigen name (other 

identification) 
Parasite stage 

Serological test 
(antibody isotype if 

specified) 

Dense granule 
antigens (GRA) 

GRA1 (P24), GRA2 (P28), 
GRA3, GRA4 (P41), 
GRA5, GRA6 (P32), GRA7 
(P29), GRA8 (P35), 
GRA14, GRA15 

Most of them expressed 
in tachyzoite, bradyzoite 
and/or sporozoite 

ELISA (IgM/IgG), avidity 
(IgG), WB (IgG), ICT 
(IgG) 

Microneme 
antigens (MIC) 

MIC1, MIC2, MIC3, 
MIC10 

Expressed in tachyzoite, 
bradyzoite and/or 
sporozoite 

ELISA (IgM/IgG), avidity 
(IgG) 

Rhoptry antigens 
(ROP) 

ROP1 (P66), ROP2 (P54), 
ROP5, ROP8, ROP9, 
ROP18 

Most of them expressed 
in tachyzoite, bradyzoite 
and/or sporozoite 

ELISA (IgM/IgG), avidity 
(IgG), WB (IgG) 

Surface antigens 
(SAG) 

SAG1 (P30), SAG2 (P22), 
SAG2 A 

Tachyzoite ELISA (IgM/IgG), avidity 
(IgG), WB (IgG), ICT 
(IgG) 

 
SAG2 D, BSR4 Bradyzoite ELISA (IgG) 

Enzymes LDH1 Tachyzoite  ELISA (IgG)  
LDH2 Bradyzoite ELISA (IgG) 

Other antigens  H4, H11 Tachyzoite ELISA (IgG) 
 

M2AP Tachyzoite ELISA (IgG)  
MAG1 Tachyzoite, bradyzoite 

(matrix) 
ELISA (IgG) 

 
AMA1 Tachyzoite (apical 

membrane) 
ELISA (IgG) 

  BAG1 Bradyzoite (cytosol) ELISA (IgG), WB (IgG) 

ELISA: enzyme-linked immunosorbent assay, WB: Western blot test; ICT: immunochromatography. 

 

Serology is considered a valuable tool for the management of toxoplasmosis and 

remains the first-line tests to identity patients at risk due to either reactivation or 

primary infections (Figure 5) and, furthermore, it is probably the only accessible 

diagnostic resource in low-income countries (Dupont et al., 2021). However, there are 

some limitations when used in immunocompromised people, mainly related to the 

immune deficiency itself and therapeutic treatments, such as those containing anti-T 

gondii antibodies. Consequently, techniques like PCRs of blood samples are high 

recommended (Martino et al., 2005).  
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Figure 4. Serological screening and result interpretation for different immunological scenarios in pregnant women based on the recommendations 

from the French National Reference Center for Toxoplasmosis (adapted from Villard et al., 2016). 
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Figure 5. Serological screening and result interpretation for different immunological 

scenarios in immunocompromised individuals based on the recommendations from the 

French National Reference Center for Toxoplasmosis (adapted from Villard et al., 2016). 

In the case of congenital toxoplasmosis, prenatal serodiagnosis has been abandoned 

due to the risk that implies periumbilical fetal blood sampling. Thus, nowadays, the 

prenatal diagnosis is mainly based on ultrasonography and amniocentesis for the direct 

detection of T. gondii. In the case of abortion, tissue and fluid samples could be used for 

the isolation or molecular detection of T. gondii. In newborns, the diagnosis is mainly 

based on the detection of specific IgA and IgM, and preferably of IgA since its detection 

is more sensitive than of IgM, and confirmation 10 days later is highly recommended. 

The solely detection of specific IgG is not useful since they are expected to be present in 

the case of acute or chronic infection in the mother, unless newborns are retested a year 

later and turned IgG-negative, ruling out a congenital toxoplasmosis, together with 

negative IgA and IgM. Seronegative newborns from confirmed infected mothers should 

be followed up for at least a few months and additional evaluations are suggested, such 

as ophthalmologic examination, and tomography, among others (Montoya, 2002).  
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While it is currently feasible to distinguish between acute and chronic infections using 

conventional serological methods, as previously mentioned, serological discrimination 

between oocyst- vs. tissue cyst-driven infections remains a challenging task in the field. 

In addition to the fact that the type and severity of the clinical manifestations in oocyst 

vs. tissue cyst-related infections are not different (Dubey, 2021), the incubation period 

of time of toxoplasmosis is between 7 and 30 days, which means that when the 

symptoms and clinical signs show up, the source of infection could no longer exists or 

could no longer be contaminated, and so the direct detection of T. gondii in suspected 

sources frequently fails, as happened in different toxoplasmosis outbreaks (Dubey, 

2021). Hence, a source-attributing serological test could result extremely useful to 

design and implement efficient prevention and control strategies. 

Creating serological tests capable of pinpointing oocysts as the infection source presents 

a significant hurdle. This is primarily because the exposure time of 

sporozoites/sporocysts/oocysts antigens to the immune system is exceedingly brief. 

Sporozoites initially invade interepithelial cells but rapidly transform into tachyzoites in 

24 hours or less to establish the infection and disseminate throughout the organism 

(Dubey et al., 1998). Moreover, the kinetics of oocyst-specific antibodies remain 

unknown, the immunological response could vary based on the host species, age, the 

parasite dose and strain, among other factors, including cross-reactivity with other 

closely related parasites or even within different stages of T. gondii.  

Anyhow, there have been some attempts to develop oocyst-attributing serological tests, 

extensively reviewed by Álvarez-García et al. (2021). In summary, the first test 

developed was an ELISA based on TgSporoSAG, a predicted sporozoite-specific protein. 

Anti-SporoSAG IgM and IgG were detectable from one to 15 and from 40 to 120 days 

post-infection (dpi) in mice inoculated with oocysts, respectively (Döşkaya et al., 2014). 

However, this data is not conclusive since the authors did not provide information about 

its recognition by mice infected with tissue cysts. Contrary to these results, no reactivity 

to TgSporoSAG was found when using sera from mice experimentally infected with 

oocysts and tissue cysts, rabbits infected with oocysts or naturally infected humans 

(Crawford et al., 2010) (Table 9). 
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Later, another protein predicted to be sporozoite-specific was tested, TgERP, also known 

as TgLEA850 (Arranz-Solís et al., 2023). For the validation of the tests based on TgERP, 

the authors used sera from pigs and mice experimentally infected with oocysts and 

tissue cysts and found reactivity only in oocysts-driven infections up to 8 months after 

the inoculation, as well as in humans who were, confirmed or not, infected with oocysts 

(Hill et al., 2011). Similar conclusions respect to the discriminatory capacity of TgERP 

were drawn by other research groups based on serum (Vieira et al., 2015) or salivary 

(Mangiavacchi et al., 2016) samples from humans naturally infected with T. gondii, 

although no clear conclusions were reached by others (Burrells et al., 2016) (Table 9).  

After that, Santana et al. (2015) tested a sporozoite-specific and an oocyst wall-specific 

antigens, TgCCp5A and TgOWP1, respectively, and observed positive reactivity to 

TgCCp5A only in pigs (from 7 to 28 dpi) and mice experimentally infected with oocysts 

compared to those infected with tachyzoites and tissue cysts, as well as in naturally 

infected chickens and pigs, while no reactivity to TgOWP1 was recorded with sera from 

pigs experimentally infected with oocysts. More recently, Liu et al. (2019) corroborated 

the oocyst-attribution usefulness of TgCCp5A and another oocyst-specific protein, 

TgOWP8, but using only sera from natural infections (Table 9). 

Despite the progress made in source-attributing serology, relevant limitations were 

found among these studies: a) just a few of them used sera from animals experimentally 

infected with oocysts and tissue cysts, which are ideal to determine stage-specificity, b) 

some of them only used serum samples from humans, who could be reinfected with 

different stages through their lifetime, c) reference serum samples were characterized 

using one or two in-house or commercial tests with unknown diagnostic performance, 

d) no reference test was defined in most of the cases to develop and standardize the 

new oocyst-attributing serological tests, e) no consensus criteria nor exhaustive 

workflow were followed. Hence, further studies are required to confirm the usefulness 

of already employed antigens under different conditions and to find new candidates 

following a step-by-step pipeline as suggested by Álvarez-García et al. (2021).
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Table 9. Oocyst-attributing serological tests described in the literature (adapted from Álvarez-García et al., 2021). 

Protein  
(gene ID) 

Protein 
location 

Technique/s 
developed 

Reference sera host  
(N: natural infection, 

E: experimental 
infection) 

Tests used to 
characterize the 
reference sera 

Anti-protein 
antibody kinetics 

Results: useful to 
identify oocyst-driven 

infections? 
Reference 

TgOWP1 
(TGME49_204420) 

Oocyst 
wall 

WB, ELISA Pig (N, Ea), chicken (N, 
Ea) 

STAg WB/ ELISA Not specified  Yes (except for pigs) (Santana et al., 
2015) 

TgOWP8 
(TGME49_271590) 

Oocyst 
wall 

WB, ELISA Humans (N), pig (N, 
Eb), chicken (N) 

GRA7 WB/ ELISA N/A Yes (Liu et al., 2019) 

TgERP/TgLEA850 
(TGME49_276850) 

Sporozoite 
cytoplasm 

WB, ELISA 
  

Humans (N), pig (Ec), 
mice (Ec)  

MAT/ DAT/ SFDT/ 
Diff. ELISA tests* 
 

Pigs: up to 8 mpi 
(presumably IgG) 
Mice: not specified 

Yes  (Hill et al., 2011)  

  ELISA Humans (N) MAT/ commercial 
ELISA/ CMIA  

N/A Yes (Vieira et al., 
2015) 

  ELISA Humans (N) STAg ELISA N/A Not clearly stated** (Burrells et al., 
2016) 

  ELISA Humans (N) Commercial ELISA/ 
CMIA 

N/A Yes (Mangiavacchi et 
al., 2016) 

TgCCp5A 
(TGME49_258400) 

Sporozoite 
cytoplasm 

WB, ELISA Humans (N), pig (N, 
Eb), chicken (N) 

GRA7 WB/ ELISA 
 

N/A Yes (Liu et al., 2019) 

  WB, ELISA Humans (N), pig (N, 
Ea), chicken (N, Ea), 
mice (Ea) 

STAg WB/ ELISA Pig: 7-28 dpi (IgG) 
Mice: 15-30 dpi 
(IgM), 15-60 dpi 
(IgG) 

Yes (Santana et al., 
2015) 

TgSporoSAG 
(TGME49_258550) 

Sporozoite 
surface 

ELISA 
 

Humans (N), mice (Ed), 
rabbits (Ed)  

SAG1 and SRS2 
ELISA 

No reactivity  No (Crawford et al., 
2010) 
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Protein  
(gene ID) 

Protein 
location 

Technique/s 
developed 

Reference sera host  
(N: natural infection, 

E: experimental 
infection) 

Tests used to 
characterize the 
reference sera 

Anti-protein 
antibody kinetics 

Results: useful to 
identify oocyst-driven 

infections? 
Reference 

 
 ELISA Mice (Ee) GRA1 ELISA 1-15 dpi (IgM), 40-

120 dpi (IgG) 
Not conclusive*** (Döşkaya et al., 

2014) 

STAg: soluble tachyzoite antigen, WB: Western blot test, ELISA: indirect enzyme-linked immunosorbent assay, MAT: modified agglutination test, DAT: direct 
agglutination test, SFDT: Sabin-Feldman dye test, Diff.: different, CMIA: chemiluminescent microparticle immunoassay, N/A: do not apply, mpi: months post-
infection, dpi: days post-infection. aChickens infected with STAg and tissue cysts (sampling days not specified), pigs infected with tachyzoites and oocysts (serum 
samples collected at 0, 7, 14, 21, and 28 days post-infection), mice infected with tissue cysts or oocysts (serum samples collected at 0, 15, 30, 45, and 60 days 
post-infection). bPigs infected with tachyzoites (no reactivity with TgOWP8 or TgCCp5A) (sampling days not specified). cPigs infected with oocysts and tissue 
cysts (sampled weekly up to 9 months post-infection), mice infected with oocysts and tissue cysts (sampling days not specified). dMice infected with oocysts 
and tissue cysts, rabbits infected with oocysts (sampling days not specified). eMice infected with oocysts and tissue cysts (samples collected at 0, 1, 2, 3, 6, 10, 
15, 40, and 120 days post-infection). *Based on different antigens. **One positive sample that tested negative in the second sampling. ***TgSporoSAG was 
tested only with sera from oocyst-infected mice. 
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2.2.2. Specific considerations for the serodiagnosis of toxoplasmosis in animals 

Unlike the diagnosis in humans, where established guidelines exist for some countries 

and different antibody isotypes are frequently subjected to analysis, no guidelines are 

available for the serodiagnosis in animals and most of the serological tests already 

employed with diagnostic purposes have been developed and/or validated to detect 

only anti-T. gondii IgGs. Another noteworthy limitation relies on the necessity of species-

specific secondary antibodies (as outlined in Table 7 above), which restricts the number 

of tests developed/validated for species of interest, if available.  

The serodiagnosis in animals serves epidemiological purposes, aiding in the detection of 

the cause of clinical signs, such as in cases of abortions in small ruminants, which can be 

complemented by the direct detection of the parasite. Furthermore, the application of 

serodiagnosis in animals has proven to be useful for assessing the potential risks 

associated with the consumption of specific food-producing animals. Although the 

correlation between the presence of antibodies against T. gondii and the direct 

detection of the parasite in the tissue of infected animals varied between studies, from 

poor to moderate in naturally infected small ruminants, chickens, and pigs, to the 

absence or poor correlation in horses and cattle, it is more likely to directly detect the 

parasite in meat of seropositive animals. For example, T. gondii tissue cysts were 

detected by bioassay or PCR methods in the meat of 39.4% (395/1,002), 53.4% 

(897/1,679) and 58.8% (348/529) T. gondii-seropositive small ruminants, chickens, and 

pigs, respectively (Opsteegh et al., 2017). Based on this, animal serology has been 

suggested by authorities for public health commitments, especially at slaughterhouses 

for pigs and small ruminants (EFSA, 2013, 2011).
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Toxoplasma gondii is a widespread protozoan parasite of importance in public and 

veterinary health. Around one third of the global human population might be infected 

by T. gondii (WHO and FAO, 2014), although flu-like symptoms/ clinical signs are 

developed just by 10–20% of immunocompetent people (Montoya and Liesenfeld, 

2004). However, it poses a major risk for pregnant women due to reproductive failure 

and congenital infections, as well as for immunocompromised people by causing severe 

neurological and respiratory diseases (Innes et al., 2009; Koutsoumanis et al., 2018; 

Lindsay and Dubey, 2020; Rostami et al., 2020; Stelzer et al., 2019). Indeed, T. gondii has 

ranked as the third most important foodborne parasite worldwide (WHO and FAO, 2014). 

Also, it should be noted that it causes frequent reproductive failure in small ruminants 

(Stelzer et al., 2019), what is translated to significant economic losses to the livestock 

industry (Innes et al., 2009). 

Toxoplasma gondii is a paradigm of the One Health approach due to its zoonotic 

relevance, its wide range of susceptible hosts (any homoeothermic species) and the 

multiple potential sources of infection (Djurković-Djaković et al., 2019). The meat route 

through the intake of tissue cysts present in raw or undercooked meat from chronically 

infected food-producing animals or their derivates, the environmental route through the 

ingestion of sporulated oocysts that may contaminate the soil, water, vegetables, fruits 

and bivalve mollusks, and the maternal-fetal route by the transplacental transmission of 

tachyzoites from the mother to the fetus(es), have been reported to predominate in 

humans (Attias et al., 2020). Although the maternal-fetal route tends to cause severe 

consequences, the number of susceptible hosts that the parasite could reach through 

this pathway is limited (fetuses) compared to the meat and environmental routes. Until 

now, the relative contribution of each route of transmission remains unknown. However, 

according to a systematic review, 44.1% (15/34) of worldwide human toxoplasmosis 

outbreaks reported up to 2018 were attributable to the ingestion of oocysts (Pinto-

Ferreira et al., 2019a).  

An increase of the relative importance of the environmental route has been recently 

acknowledged, probably because it has been identified as the cause of the largest human 

outbreaks where around 400–910 toxoplasmosis cases were confirmed (De Moura et al., 

2006; Minuzzi et al., 2021). Nevertheless, relevant gaps related to the identification of 
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oocysts-driven infections are recognized: a) clinical signs show up a few days after the 

exposition and therefore the environmental source might not contain the parasite 

anymore (e.g. contaminated water), b) the majority of diagnostic techniques used to 

detect oocysts in the environment have not been validated for such matrices, c) there is 

a lack of studies on T. gondii detection in environmental samples worldwide, making it 

difficult to assess the risk that each matrix poses, d) there is no available serological 

technique that could discriminate between oocyst- and tissue cyst-driven infections. 

Thus, in many cases, the identification of the source of infection relies on conventional 

serological tests and epidemiological questionnaires. 

The availability of a serological assay capable of identifying oocyst-driven infections is of 

major interest to design and implement prevention and/or control strategies, mainly in 

places with endemic cases or recurrent outbreaks. In this sense, some efforts using 

sporozoite-specific proteins have been carried out, to note TgERP, also known as 

TgLEA850 (Burrells et al., 2016; Hill et al., 2011; Mangiavacchi et al., 2016; Vieira et al., 

2015), TgCCp5A (Liu et al., 2019; Santana et al., 2015) and TgSporoSAG (Crawford et al., 

2010; Döşkaya et al., 2014); or oocyst-specific proteins, such as TgOWP1 (Santana et al., 

2015) and TgOWP8 (Liu et al., 2019). Most of these studies reported promising results, 

although not fully consistent. In fact, relevant limitations have been found in these 

investigations, including the absence of a reference test and appropriate reference 

serum panels, the differences in the experimental design followed (e.g. host species, 

natural vs. experimental infections, parasite stages, doses and strains), and the limited 

number of proteins/antigens tested, among others, what led some researchers to 

propose a workflow for studies aiming to identify stage-specific antigens and develop 

source-attributing serological tests (Álvarez-García et al., 2021). 

Within this scenario, the overall aim of this doctoral thesis was to contribute for a better 

understanding of the relevance of different environmental matrices in the transmission 

of T. gondii and to identify a wide set of sporozoite- or sporocyst/oocyst wall-specific 

antigens to further develop and validate a serological assay specifically for diagnosing 

oocyst-driven infections. For the proof-of-concept study, sera from experimental 

infections conducted in sheep and pigs with oocysts and tissue cysts were employed, 

adhering to the recommendations outlined by Álvarez-García et al. (2021) regarding the 
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control serum panels and the reference animal sera. To accomplish this, the following 

specific objectives were pursued:  

Objective 1: To determine the relevance of the environmental route in T. gondii 

transmission and the potential limitations related to the sampling strategies and 

detection methods employed with different environmental matrices. 

➢ Sub-objective 1.1: To perform a comprehensive systematic review about the 

presence of T. gondii oocysts in soil, water, vegetables, fruits, and bivalve 

mollusks worldwide and the different sampling strategies and detection methods 

employed.  

Objective 2: To develop and validate a serological method that discriminate between T. 

gondii oocyst- versus tissue cyst-driven infections. 

➢ Sub-objective 2.1: To develop and harmonize conventional serological tests 

frequently used in the diagnosis of T. gondii infections in three species whose 

meat consumption supposes a burden of infection for humans: pigs, sheep and 

goats, and to properly characterize the serum panels for sub-objective 2.2. 

➢ Sub-objective 2.2: To develop and validate an enzyme-linked immunosorbent 

assay (ELISA) based on T. gondii sporozoite- or sporocyst/oocyst wall-specific 

proteins to differentiate between oocyst- versus tissue cyst-driven infections. 
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Adhering to the doctoral regulations regarding thesis presented in publication/article 

format, the methodology followed to accomplish each objective is summarized below. 

For a more comprehensive understanding, detailed information can be found in the 

respective articles. 

Objective 1: To determine the relevance of the environmental route in T. gondii 

transmission and the potential limitations related to the sampling strategies and 

detection methods employed with different environmental matrices. 

➢ Sub-objective 1.1: To perform a comprehensive systematic review about the 

presence of T. gondii oocysts in soil, water, vegetables, fruits, and bivalve 

mollusks worldwide and the different sampling strategies and detection methods 

employed.  

With this sub-objective we attempted to provide a worldwide overview about the 

presence of T. gondii in environmental matrices, as well as the different sampling 

strategies and detection methods followed in order to determine the relevance of this 

route of transmission and the possible limitations related to the detection of oocysts in 

the environment. For this, we followed the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) guidelines and searched existing literature that 

reported the direct detection of oocysts in soil, water, vegetables, fruits, and bivalve 

mollusks worldwide until the end of 2020, using three widely used databases and more 

than seventeen combinations of search terms. We collected detailed data related to the 

sampling strategy, the recovery and detection methods and detection rates. After the 

data analyses, experimental design improvement opportunities were suggested for 

further studies on T. gondii oocysts environmental contamination to obtained robust and 

comparable results. 

Objective 2: To develop and validate a serological method that discriminate between T. 

gondii oocyst- versus tissue cyst-driven infections. 

➢ Sub-objective 2.1: To develop and harmonize conventional serological tests 

frequently used in the diagnosis of T. gondii infections in three species whose 

meat consumption supposes a burden of infection for humans: pigs, sheep and 

goats, and to properly characterize the serum panels for sub-objective 2.2. 
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With this sub-objective we aimed to offer an updated diagnostic performance of a wide 

panel of serological tests routinely used for the indirect diagnosis of T. gondii infections 

in pigs, sheep and goats and to recommend cutoff readjustments to improve their 

performance and/or avoid cross-reactivity with N. caninum, a closely related parasite, 

based on the purpose of the serological study and the epidemiological scenario. For this, 

we developed and validated three in-house conventional tests (Western Blot [WB], 

enzyme-linked immunosorbent assay [ELISA], and immunofluorescence antibody test 

[IFAT]) using serum panels from pigs, sheep and goats experimentally or naturally 

infected with different stages and strains of T. gondii and included them in a comparative 

study together with four commercial ELISA tests (IDScreen, PrioCHECK, Pigtype and 

IDEXX). In the absence of a gold standard test for T. gondii serodiagnosis, with this 

comparative study we were able to properly characterize the serum panels that were 

used in the next sub-objective, 2.2. 

➢ Sub-objective 2.2: To develop and validate an enzyme-linked immunosorbent 

assay (ELISA) based on T. gondii sporozoite- or sporocyst/oocyst wall-specific 

proteins to differentiate between oocyst- versus tissue cyst-driven infections. 

The purpose of this sub-objective was to identify T. gondii sporozoite- or 

sporocyst/oocyst wall-specific proteins (proteins of interest [POIs]) with source-

attribution capacity using a genome-wide in silico prediction approach and to later 

develop and validate an ELISA test that could differentiate oocyst-driven infections from 

tissue cyst-driven infections. For this, we applied a suggested workflow to screen a wide 

panel of proteins or hypothetical proteins that were predicted to be oocyst-specific 

based on T. gondii omics data. The screening of candidates was conducted using POI-

WBs. This involved analyzing a few selected well-characterized serum samples collected 

before and after the infection from wide serum panels of pigs experimentally infected 

with oocysts and tissue cysts (two panels) or sheep experimentally infected with oocysts 

(one panel) from different genotypes. Those POIs that induced seroconversion and were 

stage-specific, with concordance in the case of pig serum panels, were used for the 

development of an ELISA. Then, all samples from selected serum panels were analyzed 

by selected POI-WB and POI-ELISA to reach the validation step. Cross-reactivity with anti-

N. caninum IgGs was also tested for selected POIs. Further effort was done to provide 
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evidence of the low value of non-selected POIs that were previously described in the 

literature as valuable source-attributing proteins for serological diagnosis, with special 

focus on TgERP, which was the most frequently cited protein, and for which we included 

two additional serum controls and studied multiple variables, such as batch-to-batch 

variation and ELISA plate systems.
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Objective 1: To determine the relevance of the environmental route in T. gondii 

transmission and the potential limitations related to the sampling strategies and 

detection methods employed with different environmental matrices. 

➢ Sub-objective 1.1: To perform a comprehensive systematic review about the 

presence of T. gondii oocysts in soil, water, vegetables, fruits, and bivalve 

mollusks worldwide and the different sampling strategies and detection methods 

employed.  

The outcomes from this sub-objective were published in the following open access 

article (paper No. 1): López-Ureña, N.M., Chaudhry, U., Calero-Bernal, R., Cano-Alsua, S., 

Messina, D., Evangelista, F., Betson, M., Lalle, M., Jokelainen, P., Ortega-Mora, L.M., 

Álvarez-García, G., 2022. Contamination of Soil, Water, Fresh Produce, and Bivalve 

Mollusks with Toxoplasma gondii Oocysts: A Systematic Review. Microorganisms 10, 

517. https://doi.org/10.3390/MICROORGANISMS10030517/S1. Microorganisms journal 

had an impact factor of 4.5 and was classified as Q2 in 2022. 

Abstract: Toxoplasma gondii, a significant foodborne pathogen, has been associated 

with oocyst-induced toxoplasmosis outbreaks or endemic cases. Despite this, the 

environmental transmission route's relevance has not been thoroughly explored. In 

response, a comprehensive systematic review was conducted on T. gondii oocyst 

contamination in soil, water, fresh produce, and bivalve mollusks, adhering to PRISMA 

guidelines. A total of 102 out of 3201 articles were selected, with 34 focusing on soil, 40 

on water, 23 on fresh produce, and 21 on bivalve mollusks. Toxoplasma gondii was 

detected in all matrices, with detection rates that ranged between 0.09% and 100% 

based bioassay or PCR-based methods. However, there was a high heterogeneity (I2 = 

98.9%), influenced by diverse sampling strategies and diagnostic methodologies. The 

study underscores the need for harmonized approaches in detecting T. gondii in 

environmental matrices to ensure robust and comparable results. 

These findings were presented as an online oral communication in the 13th European 

Multicolloquium of Parasitology (October 2021) and the Apicowplexa virtual meeting 

(June 2022), as well as an online poster communication in the One Health European Joint 

Programme Annual Scientific Meeting (April 2022).
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Objective 2: To develop and validate a serological method that discriminate between T. 

gondii oocyst- versus tissue cyst-driven infections. 

➢ Sub-objective 2.1: To develop and harmonize conventional serological tests 

frequently used in the diagnosis of T. gondii infections in three species whose 

meat consumption supposes a burden of infection for humans: pigs, sheep and 

goats, and to properly characterize the serum panels for sub-objective 2.2. 

The outcomes from this sub-objective related to the tests used in pigs were published in 

the following open access article (paper No. 2): López-Ureña, N.M., Calero-Bernal, R., 

González-Fernández, N., Blaga, R., Koudela, B., Ortega-Mora, L.M., Álvarez-García, G., 

2023. Optimization of the most widely used serological tests for a harmonized 

diagnosis of Toxoplasma gondii infection in domestic pigs. Veterinary Parasitology 322, 

110024. https://doi.org/10.1016/j.vetpar.2023.110024. This journal had an impact 

factor of 2.6 and was classified as Q1 (veterinary Sciences) and Q2 (Parasitology) in 2022. 

Abstract: The intake of T. gondii tissue cysts through raw or undercooked pork meat is 

identified as one of the main infection sources for humans. Although serology is 

purposed in this species with public health commitment, there is a lack of comparative 

studies that offer updated diagnostic performance. Thus, herein three in-house 

serological tests (TgSALUVET WB, ELISA 2.0 and IFAT) were developed and preliminary 

validated with sera from experimentally infected pigs (n= 202) for later being included a 

comparative study together with three commercial ELISA tests (IDScreen, PrioCHECK and 

Pigtype), using an additional panel of sera from natural infections (n= 244). All tests 

showed good to excellent diagnostic performance and agreement with all serum panels, 

except for PrioCHECK that showed low specificity and agreement in all cases, and 

TgSALUVET WB, which presented lower sensitivity with sera from natural infections. 

However, the ELISA tests cutoff readjustment allowed an improvement on performance 

and data harmonization.  

These findings were also presented as oral communication in a research dissemination 

day for doctoral students at the Veterinary Faculty (UCM), VI VETINDOC, in Spain 

(October 2020), and as an online poster communication in the 13th European 

Multicolloquium of Parasitology (October 2021).
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Objective 2: To develop and validate a serological method that discriminate between T. 

gondii oocyst- versus tissue cyst-driven infections. 

➢ Sub-objective 2.1: To develop and harmonize conventional serological tests 

frequently used in the diagnosis of T. gondii infections in three species whose 

meat consumption supposes a burden of infection for humans: pigs, sheep and 

goats, and to properly characterize the serum panels for sub-objective 2.2. 

The outcomes from this sub-objective related to the tests used in small ruminants 

(sheep and goats) were published in the following open access article (paper No. 3): 

López-Ureña, N.M., Calero-Bernal, R., Vázquez-Calvo, Á., Sánchez-Sánchez, R., Ortega-

Mora, L.M., Álvarez-García, G., 2023. A comparative study of serological tests used in 

the diagnosis of Toxoplasma gondii infection in small ruminants evidenced the 

importance of cross-reactions for harmonizing diagnostic performance. Research in 

Veterinary Science 165, 105052. https://doi.org/10.1016/j.rvsc.2023.105052. This 

journal had an impact factor of 2.4 and was classified as Q1 (Veterinary Sciences) in 2022. 

Abstract: Toxoplasma gondii is a significant zoonotic foodborne parasite transmitted 

through undercooked meat from small ruminants. While serology is proposed as an 

epidemiological indicator, the diagnostic performance of available tests is currently 

uncertain. Hence, herein was defined a criterion of positivity for in-house Western blot 

test (TgSALUVET WB) considering cross-reactivity with anti-N. caninum IgGs. Then, this 

test was used to initially validate an in-house ELISA test based on lyophilized tachyzoites 

(TgSALUVET ELISA 2.0) for goats and sheep. After that, both in-house tests were 

subjected to a comparative study together with four commercial ELISA tests (IDScreen, 

PrioCHECK, Pigtype and IDEXX) using sera from sheep experimentally and naturally 

infected with T. gondii, and cross-reactivity with anti-N. caninum was also analyzed. All 

tests showed good to excellent performance with sera from experimental or natural 

infections, although this parameter could be improved with a cutoff readjustment. 

However, cross-reactivity with anti-N. caninum IgGs was observed in all ELISA tests, and 

so an additional cutoff readjustment was required to avoid false positive results. 

These outcomes were also presented as an oral communication in an Apicowplexa 

virtual meeting (February 2021).

https://doi.org/10.1016/j.rvsc.2023.105052
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Objective 2: To develop and validate a serological method that discriminate between T. 

gondii oocyst- versus tissue cyst-driven infections. 

➢ Sub-objective 2.2: To develop and validate an enzyme-linked immunosorbent 

assay (ELISA) based on T. gondii sporozoite- or sporocyst/oocyst wall-specific 

proteins to differentiate between oocyst- versus tissue cyst-driven infections. 

The outcomes from this sub-objective related to the identification of oocyst-specific 

proteins and the development of a oocyst-attributing serological test were published 

in the following open access article (paper No. 4): López-Ureña, N.M., Calero-Bernal, R., 

Koudela, B., Cherchi, S., Possenti, A., Tosini, F., Klein, S., San-Juan-Casero, C., Jara-

Herrera, S., Jokelainen, P., Regidor-Cerrillo, J., Ortega-Mora, L.M., Spano, F., Seeber, F., 

Álvarez-García, G., 2023. Limited value of current and new in silico predicted oocyst-

specific proteins of Toxoplasma gondii for source-attributing serology. Frontiers in 

Parasitology, Section of Parasite Diagnostics, 2. DOI: 10.3389/fpara.2023.1292322. This 

is a new journal within the prestigious Frontiers editorial, thus data on impact factor and 

quartile is not available yet. 

Abstract: The One Health approach seeks to identify postnatal toxoplasmosis resulting 

from the consumption of tissue cysts or sporulated oocysts through the application of 

serological tools. This study was the first to assess the source-attribution potential of a 

wide range of identified in silico predicted sporozoite- or oocyst/sporocyst wall-specific 

proteins using T. gondii omics data and strict validation guidelines, which included the 

employment of a wide well-characterized serum panels of pigs and sheep experimentally 

infected with oocysts and tissue cysts (38 pigs and 20 sheep sampled from 0 to 6 weeks 

50 post-infection [wpi], n= 385). A total of 32 proteins, including those previously 

described, were screened by Western blot using selected samples prior and after the 

infection from both abovementioned species. Only two proteins, TgCCp5A and TgSR1, 

were nominated for an ELISA development for pigs since they induced seroconversion 

and showed to be stage specific. However, when the complete pig serum panels were 

tested by both techniques, both proteins resulted low antigenic and lacked stage-

specificity. Thus, no useful oocyst-attributing antigen has been identified for serological 

tools. 
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These outcomes were also presented as an oral communication in 2nd Environmental 

Toxoplasmosis Workshop and the 16th Biennial International Congress on Toxoplasmosis 

in California (May 2022), as well as in the VIII VETINDOC in Spain (June 2022), winning in 

this last event the second-best oral communication. They were also presented as a 

poster communication at the 15th International Congress of Parasitology in Copenhagen 

(August 2022) and at the Apicowplexa meeting in Bern (October 2022). 
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Objective 2: To develop and validate a serological method that discriminate between T. 

gondii oocyst- versus tissue cyst-driven infections. 

➢ Sub-objective 2.2: To develop and validate an enzyme-linked immunosorbent 

assay (ELISA) based on T. gondii sporozoite- or sporocyst/oocyst wall-specific 

proteins to differentiate between oocyst- versus tissue cyst-driven infections. 

The outcomes from this sub-objective related to the determination of the diagnostic 

value of TgERP for oocyst-attributing serological test will be published as a short 

communication article (paper No. 5): 

- Authors: Nadia-María López-Ureña, Frank Seeber, Furio Spano, Bretislav Koudela, 

Rafael Calero-Bernal, Pikka Jokelainen, Luis-Miguel Ortega-Mora, Gema Álvarez-

García. 
- Title: A thorough approach provides evidence for low diagnostic value of TgERP 

(TgLEA850) protein as a serological indicator for Toxoplasma gondii oocyst-

derived infection. 

Abstract: The sporozoite-specific protein TgERP, also known as TgLEA850, was initially 

described as a useful antigen for oocyst-attributing serological tests. However, a 

recent rigorous screening of a wide panel of predicted oocyst-specific proteins did 

not find evidence for truly useful proteins for these purposes, including TgERP. To 

confirm this, herein were included two valuable rabbit positive serum controls: one 

against the recombinant protein (anti-rTgERP) and another against the native protein 

contained within sporulated oocysts lysate (anti-TgOocyst). Recombinantly histidine-

tagged TgERP was expressed in Escherichia coli. Batch-to-batch variation between 

three distinct TgERP preparations were assayed. In addition, a conventional 

microplate system was compared with different commercial and in-house nickel-

nitrilotriacetic acid (Ni-NTA) coated plates aiming at improving protein affinity and 

epitopes orientation. Specific anti-rTgERP IgG responses were also evaluated with 

reference sera from pigs experimentally infected oocysts and tissue cysts. Anti-

rTgERP exhibited positive reactivity across all TgERP batches and plate systems. In 

contrast, positive reactivity with anti-TgOocyst was observed only with a specific 

TgERP batch and the conventional plate system (without Ni-NTA). No seroconversion 
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was recorded in experimentally infected pigs. These results provided evidence of the 

limited diagnostic value of TgERP to detect oocyst-derived infections.  

The draft of the manuscript was included as an Appendix 1 within this doctoral 

thesis. 

These results have been presented as a poster communication in the annual meeting 

of the European Veterinary Parasitology College in Paris (June 2023). 
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The extent of the disease burden associated with oocyst-borne toxoplasmosis in humans 

is barely unknown. However, the infection is present in both vegetarians and non-

vegetarians, evidencing that the foodborne infection is not exclusively associated to 

carnivorism (Dubey, 2010a). Moreover, in the last decades the relevance of oocyst-

derived infections has notably increased, supported by numerous reports documenting 

the presence of T. gondii in diverse environmental matrices and several oocyst-borne 

outbreaks attributed to contaminated water or fresh produce in Brazil (Pinto-Ferreira et 

al., 2019a; Shapiro et al., 2019a). Accordingly, the present doctoral thesis has attempted 

to cover several gaps concerning the presence of T. gondii in environmental matrices and 

the possible limitations related to experimental design and methodologies (objective 1), 

as well as the identification of oocyst-specific antigens to develop and validate an oocyst-

attributing serological test (objective 2).  

For these purposes, first, a systematic review about the direct detection of T. gondii 

oocysts in soil, water, fresh produce, and bivalve mollusks was performed, considering 

worldwide published data until the end of 2020 (sub-objective 1.1, paper No. 1). 

Although previous studies reviewed, systematically or not, available data on T. gondii 

oocysts occurrence in these environmental matrices (Berrouch et al., 2020; Hohweyer et 

al., 2013; Kakakhel et al., 2021; Maleki et al., 2021; Nayeri et al., 2021; Shapiro et al., 

2019a; Slana et al., 2021), this was the first systematic review that reported detection 

rates in all environmental matrices and covered the sampling strategies and detection 

methods followed, which is crucial for reporting robust, reliable and comparable results 

(Dumètre and Dardé, 2003).  

Herein, soil, water, fresh produce, and bivalve mollusks samples were considered 

contaminated by T. gondii based on molecular or bioassay methods in all continents, 

except for Antarctic, where no studies had been conducted. The detection rates ranged 

between 0.09% (1/1109) and 100% (8/8), with all type of matrices testing positive to T. 

gondii worldwide, encompassing a diverse range of fresh produce. Most of the studies 

were performed in America, specifically in Brazil. However, a high heterogeneity among 

the different studies was found, mainly related to the diverse sampling strategies and 

diagnostic methods followed. Environmental variables were scarcely documented 

although it is widely known that rainfalls, humidity and temperature notably influence 
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the oocysts distribution with, e.g., an increase of T. gondii-positive samples during rainy 

seasons in some studies conducted on soil, water, fresh produce and bivalve mollusks 

(Ajmal et al., 2013; Gao et al., 2016; Hernandez-Cortazar et al., 2017; Miller et al., 2008; 

Shapiro et al., 2019a; Wells et al., 2015). Seasonality can additionally affect the 

efficiency/efficacy of the recovery methods by altering the sample composition as 

evidenced with water (Shaw et al., 2008), as well as the survival/viability of oocysts in 

the case of dry and warm environments (de Wit et al., 2020; Lélu et al., 2012). Similarly, 

the presence of felines or feline’s feces in the sampling areas was barely specified in 

selected studies, even though it has been documented that soil contamination with 

oocysts declines with increasing distance from the core areas of cat home ranges 

(Gotteland et al., 2014) and that high detection rates (19%) in vegetables has been 

associated with areas where actively oocyst-shedding cats were previously identified 

(6%) (Lilly and Webster, 2021). Moreover, previous studies referred that the type of 

samples influenced on the efficiency of oocyst recovery and/or detection with, e.g., 

higher rates of recovery in soil samples that had lowest sand content (Lélu et al., 2011), 

membrane saturation in turbid water (Blaizot et al., 2020), more or less abundance of 

PCR inhibitors (e.g., polysaccharides), adhesion force and presence of foam-forming 

substances based on the type of fresh produce (e.g., saponins in spinach) (Slana et al., 

2021), and higher or lower detection rates based on the type of tissue/organ analyzed 

from bivalve mollusks (Arkush et al., 2003; Palos-Ladeiro et al., 2015; Shapiro et al., 

2015). However, the characteristics of collected samples were barely described, not just 

regarding the type of samples (like tap or ground water, or baby or adult greens, among 

others), but also the origin, the treatment if applicable, among others. Furthermore, the 

outcomes from this systematic review emphasize the necessity of controlling and 

determining the specific critical point in the food chain where contamination occurs, as 

ready-to-eat products have tested positive to T. gondii in different studies (Caradonna et 

al., 2017; Marques et al., 2020; Paraoan et al., 2023). 

In terms of methodology, various oocyst recovery processes were applied, including 

washing, sedimentation, flotation, and filtration. Nevertheless, a frequent practice was 

a combination of them. Polymerase chain reaction methods were the most used ones, 

mainly based on the 529 RE and B1 molecular markers. Nevertheless, relevant 
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limitations were found in relation to the detection methods, including lack of 

standardized techniques and of internal amplification controls, as well as the lack of 

viability confirmation, among other facts extensively discussed by Slana et al. (2021). 

Since no basic guidelines are still available for the detection of oocyst in environmental 

matrices, it is recommended to include comprehensive information in publications, 

encompassing experimental design and methodology details. Harmonized protocols 

(e.g., standard operating procedures) are also highly needed. 

Regardless of the multiple limitations and the improvement opportunities detected 

within this systematic review, it also highlights the remarkable level of environmental 

contamination. Unfortunately, there was a lack of multidisciplinary researches and so 

the contribution of T. gondii-positive environmental samples to human toxoplasmosis 

could not be determined, except for very few studies linked to outbreaks, most of them 

from South America (e.g., Blaizot et al., 2020; Coutinho et al., 1982; De Moura et al., 

2006; Pinto-Ferreira et al., 2019b), which represents a major gap for developing and 

implementing proper intervention strategies, especially in those highly endemic regions 

with frequent outbreaks. Based on that, objective 2 was aimed on the development and 

validation of a serological test that could specifically identify oocyst-driven infections. 

Previous attempts have been made to develop a serological test that discriminate 

between oocyst- and tissue cyst-driven infections (Burrells et al., 2016; Crawford et al., 

2010; Döşkaya et al., 2014; Hill et al., 2011; Liu et al., 2019; Mangiavacchi et al., 2016; 

Santana et al., 2015; Vieira et al., 2015), but two relevant issues were identified among 

them: i) the high variability in experimental designs, and ii) the lack of well-characterized 

reference sera derived from animals experimentally infected with oocysts and tissue 

cysts. In response to those limitations, a step-by-step workflow (Álvarez-García et al., 

2021) was followed in this doctoral thesis, which started with the characterization of 

serum panels from pigs and sheep experimentally infected with different T. gondii stages 

and isolates, employing a wide range of in-house and commercial serological tests. This 

task primarily involved validating the most widely used serological tests in domestic pigs 

and small ruminants (sub-objective 2.1, papers No. 2 and 3)  

To achieve this, first, in the absence of a consensus on WB interpretation for pigs and 

small ruminant, an exhaustive analysis was performed using different infection groups 
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to identify immunodominant antigens (IDAs) and define a criterion of seropositivity 

based on IDAs frequency and intensity of recognition in an in-house tachyzoite-based 

WB (TgSALUVET WB). In the case of small ruminants, cross-reactivity with anti-N. 

caninum IgGs was also evaluated for this purpose. Surprisingly, six out of eight and two 

out of five IDAs were recognized prior to the infection in pigs and small ruminants, 

respectively. In the case of pigs, this could be related to cross-reactivity with closely 

related parasites since it is already known that there are conserved or similar proteins 

(antigens) among cyst-forming apicomplexan parasites (Gondim et al., 2017; Lorenzi et 

al., 2016), and antibodies against other parasites were not tested in these pigs prior to 

the infection (e.g., against Sarcocystis spp.). The 30 kDa antigen resulted the most 

frequently cited IDA in WB tests performed in these host species (Basso et al., 2013; 

Conde et al., 2001; Hebbar et al., 2022; Olsen et al., 2022; Pardini et al., 2012; Wastling 

et al., 1994), and in some cases it had been considered as criterion of positivity together 

with at least other antigen (Basso et al., 2013; Olsen et al., 2022; Pardini et al., 2012). 

However, herein it was recognized prior to the infection, but also by anti-N. caninum 

IgGs. Contrary, the 9–10 kDa IDA resulted highly specific as it was recognized only after 

the infection by animals infected with T. gondii. The 9–10 kDa antigen was not described 

in the criterion of positivity employed for pigs (Al-Adhami and Gajadhar, 2014; Basso et 

al., 2013; Olsen et al., 2022; Pardini et al., 2012), although it was considered as an IDA in 

goats (Hebbar et al., 2022; Wastling et al., 1994). Thus, to avoid false positive results, the 

defined criterion of seropositivity for pigs comprised the recognition of three out of eight 

IDAs with medium or high intensity (9–10, 19, 25, 28, 30, 33–35, 43–45 and 69 kDa). In 

small ruminants, a more restrictive criterium was established due to the cross-reactivity 

detected with anti-N. caninum IgGs and it consisted of the recognition of the 9–10 

and/or 24–26 kDa antigens together with two other IDAs (18–20, 30 and 37–40 kDa) 

with medium-high intensity. After this, TgSALUVET WB was regarded as a reference test 

to develop and preliminary validate a novel lyophilized tachyzoite-based ELISA test 

(TgSALUVET ELISA 2.0) for pigs, sheep and goats, and an immunofluorescence antibody 

test (TgSALUVET IFAT) for pigs, both showing good initial diagnostic performance. 

Next, these in-house tests were included in the comparative study together with up to 

four commercial ELISA tests (IDScreen, PrioCHECK, Pigtype and IDEXX). All serological 
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tests showed good to excellent diagnostic performance and agreement with sera from 

pigs and sheep experimentally infected with T. gondii, except for PrioCHECK, which 

showed low diagnostic specificity with pig serum samples, parameter that improved 

after a cutoff readjustment. This similarity on performance was reflected in the kinetics 

of anti-T. gondii IgGs since seroconversion was recorded between two and three weeks 

post-infection in both pigs and sheep, as documented in previous studies conducted in 

domestic pigs with TgSALUVET ELISA 2.0, PrioCHECK and IDScreen (Kauter et al., 2022; 

Largo-de la Torre et al., 2022) and in small ruminants with PrioCHECK (Glor et al., 2013) 

and other in-house ELISA tests (Castaño et al., 2019, 2014; Sánchez-Sánchez et al., 2019), 

although these studies conducted the infections following different experimental 

designs. Moreover, higher levels of anti-T. gondii IgGs were recorded in all tests in pigs 

infected with type III isolates, probably due to the higher virulence and earlier 

dissemination observed in some type III isolates compared to type II isolates (Fernández-

Escobar et al., 2021, 2020b; Largo-de la Torre et al., 2022). 

Similar results were obtained in the comparative study when analyzing samples from 

pigs and sheep naturally infected with T. gondii, except for PrioCHECK and TgSALUVET 

WB, which showed low specificity and sensitivity with pig serum samples, respectively. 

These results pinpoint the relevance of including sera from natural infections during the 

validation of diagnostic assays since they better represent the infection dynamics in the 

field, as suggested by the World Organization for Animal Health (WOAH, 2023). Again, 

cutoff readjustments allowed an improvement in ELISA tests diagnostic parameters and 

a data harmonization. Nonetheless, no improvement was possible for TgSALUVET WB, 

consequently it is not recommended for routinary diagnosis in domestic pigs although it 

proved to be useful as a reference test for the initial validation of serological assays when 

using pig sera from experimental infections.  

The excellent performance showed by TgSALUVET ELISA 2.0 was similar to that reported 

in a study that used lyophilized Besnoitia besnoiti tachyzoites in an ELISA test (García-

Lunar et al., 2017), probably due to the type of antigen. Regarding TgSALUVET IFAT, it is 

very likely that the outstanding performance with all pig serum panels was in part due 

to the consensus criterion between two experienced operators since significant 

discordances have been recorded in previous studies conducted on N. caninum 



CHAPTER VI: GENERAL DISCUSSION 

164 
 

(Campero et al., 2018). Contrary to the outcomes from commercial ELISA tests, previous 

studies that employed sera from naturally infected pigs reported better performance for 

PrioCHECK (Basso et al., 2013), but worst performance for IDScreen and Pigtype 

(Steinparzer et al., 2015). In the case of naturally infected small ruminants, similar 

diagnostic performance to the reported herein was recorded for IDEXX (Mainar-Jaime 

and Barberán, 2007; Opsteegh et al., 2010), but better for PrioCHECK (Glor et al., 2013) 

and worse for IDScreen (Mangili et al., 2009), and no data was available for Pigtype. 

Nevertheless, even they were the same test analyzed herein, performances reported 

between studies might not be comparable due to the different experimental 

designs/approaches followed (e.g., serum samples and reference test(s) used, among 

others) (WOAH, 2023). 

It is worth noting that the issue of cross-reactivity observed with TgSALUVET WB was 

corroborated with the ELISA tests since all of them yielded a notable number of false 

positive results when assessing sheep N. caninum-positive sera. Hence, although the 

cutoffs for ELISA tests used in pigs were adjusted solely to enhance diagnostic sensitivity 

and specificity values and harmonized the data, in the case of small ruminants it is 

advisable to consider further cutoff readjustments based on the specific epidemiological 

context to avoid false positive results. While this is not a novel research subject, as other 

studies have previously documented this issue (Bjerkas et al., 1994; Gondim et al., 2017; 

Huertas-López et al., 2021; Nishikawa et al., 2002; Sánchez-Sánchez et al., 2021), it 

appears to be an aspect that is seldom considered during the development and 

validation of serological tests. This poses a substantial challenge for the livestock industry 

due to the similar clinical signs caused by both closely related pathogens in small 

ruminants (Moreno et al., 2012), as well as to the possibility of co-infections in these 

species (Rossi et al., 2011; Villagra-Blanco et al., 2019). In fact, this is considered as one 

task within the serological test validation (WOAH, 2023) and must be taken into 

consideration in future studies. Based on these outcomes, our recommendation for the 

serodiagnosis of T. gondii in small ruminants is to apply both readjusted cutoffs, the one 

aimed to improve the diagnostic sensitivity and specificity and the one aimed to avoid 

false positive, considering as doubtful those samples with results between both cutoffs, 

which should be reanalyzed by a highly specific technique such as WB. 
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Once the reference serum panels were well-characterized, the next step consisted in 

searching for predicted sporozoite- or oocyst/sporocyst wall-specific proteins for later 

testing their usefulness for source-attributing serological diagnosis (sub-objective 2.2, 

paper No. 4). The similarity between the porcine and human immune systems, exceeding 

80%, underscores the significance of employing this panel of sera (Delgado Betancourt 

et al., 2019; Pabst, 2020) in the development and validation of source-attributing 

serological tools whose ultimate goal is to be used in humans. Thirty two out of 95 

identified in silico POIs from T. gondii omics data were successfully cloned, recombinantly 

expressed, and purified. The identified POIs were absent in accessible tachyzoite and 

bradyzoite proteome datasets (Álvarez García et al., 2021) and should be either secreted 

or surface-exposed, as well as putative abundant in oocysts based on proteomic and 

transcriptomic data (Fritz et al., 2012a, 2012b). Among these POIs were all previously 

described antigens with source-attributing potential: TgERP, TgCCp5A, TgSporoSAG, 

TgOWP1, and TgOWP8 (Burrells et al., 2016; Crawford et al., 2010; Döşkaya et al., 2014; 

Hill et al., 2011; Liu et al., 2019; Mangiavacchi et al., 2016; Santana et al., 2015; Vieira et 

al., 2015). The restrictive step-by-step workflow followed herein (Álvarez-García et al., 

2021) resulted operationally manageable and enabled the generation of robust/ feasible 

results since, although only two (TgCCp5A and TgSR1) out of the 32 POIs passed the 

screening for pigs by inducing seroconversion and showing stage-specificity in WB, in a 

later step, when all samples from both pig serum panels were analyzed by both WB and 

ELISA, three issues were uncovered: i) just a few animals seroconverted, ii) both POIs 

lacked stage-specificity, iii) both POIs showed unspecific reactivity with non-infected 

animals. In addition, both POIs cross-reacted with anti-N. caninum IgGs. Furthermore, 

none of the 32 POIs passed the screening when testing sheep serum samples. These 

results underscore the importance of employing well-characterized serum samples from 

experimental infections conducted with diverse parasite stages to ascertain the stage-

specificity of the proteins, as well as the antibody kinetics. Controversially, only one 

previous study employed sera from pigs experimentally infected with both parasite 

stages (Hill et al., 2011), whereas three of them employed sera from mice infected with 

both stages (Crawford et al., 2010; Döşkaya et al., 2014; Santana et al., 2015). Indeed, in 

some cases, the conclusion regarding the utility of certain antigens in distinguishing 

between transmission routes was contingent upon the findings derived from human sera 
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(Burrells et al., 2016; Mangiavacchi et al., 2016; Vieira et al., 2015), who can be 

reinfected with different parasite stages through their lifetime.  

Herein, the low reactivity against TgCCp5A and TgSR1 was not an issue related to a failure 

in inducing infection after inoculation since all serum panels presented a significant 

increase of anti-T. gondii IgGs by multiple tachyzoite-based serological tests in the 

comparative studies (sub-objective 2.1, papers No. 2 and 3). In fact, seroconversion was 

also confirmed by a sporulated oocysts soluble antigen-based WB test in pigs infected 

with oocysts and tissue cysts, recording similar antigen reactivity in all experimental 

groups compared to TgSALUVET WB (unpublished, Appendix 2). Hence, the most 

relevant limitation in this task might be the short time-lapse available for the immune 

system to recognize sporozoite- and sporocysts/oocyst wall- specific antigens before 

sporozoites turn to fast-replicating tachyzoites, in addition to the non-replicative 

capacity of sporozoites for boosting the immune response (Fabian et al., 2021). 

To finish, despite TgERP did not pass the screening, an extra effort was done to confirm 

or rule out its usefulness for such purposes as it was the most widely used protein for 

source-attributing assays in the literature, demonstrating promising results (Burrells et 

al., 2016; Hill et al., 2011; Mangiavacchi et al., 2016; Vieira et al., 2015) (sub-objective 

2.2, paper No. 5, unpublished, Appendix 1). To accomplish this task and obtain more 

robust data, serum samples from a rabbit subcutaneously inoculated with the 

recombinant (anti-rTgERP) or native antigen contained within sporulated oocysts lysate 

(anti-TgOocyst) were employed as positive controls. In addition, non-previously 

evaluated variables were considered, such as batch-to-batch antigenicity variation and 

different plate systems, which included conventional ones and different commercial and 

in-house Ni-NTA coated plates following the protocols from previous studies (Cressey et 

al., 2008; Paborsky et al., 1996). The goal of Ni-NTA coated ELISA plates was to improve 

protein purity, affinity and epitope exposure. The anti-rTgERP serum showed high 

reactivity with all batches and plate systems, whereas anti-TgOocyst antibody reacted 

positively only with one protein batch and when using the conventional plate system 

(without Ni-NTA). This is a relevant outcome since, although both the recombinant and 

the native antigens were administrated subcutaneously, via that presumably facilitates 

the immune system´s recognition of the antigen compared to the natural oral route of 
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infection with oocysts, lower reactivity was observed with the anti-TgOocyst serum vs. 

the anti-rTgERP serum even with the conventional ELISA plate system. This difference in 

reactivity may be attributed to conformational disparities between the native and the 

recombinant TgERP or their different abundance in the inoculated preparations. 

Consistently, when the pig serum panels from experimental infections were tested with 

the selected protein batch and ELISA test conditions, no IgG seroconversion was 

recorded. A similar scenario was observed when attempting to detect specific IgA 

antibodies. Our results contrast with published data conducted with TgERP using sera 

from pigs infected with oocysts and tissue cysts, where exclusively reactivity was 

observed by oocyst-infected pigs, with detectable antibody until 8 months post-infection 

(Hill et al., 2011). Nevertheless, limited conclusions could be drawn from the rest of 

studies that used TgERP since they were exclusively conducted with human sera (Burrells 

et al., 2016; Mangiavacchi et al., 2016; Vieira et al., 2015). Curiously, when the selected 

batch was employed a year later in the ELISA test, no reactivity or lower reactivity was 

observed with serum samples that previously tested positive with the same batch, 

including positive controls (data not shown). These outcomes could be explained by the 

fact that TgERP is an intrinsically disordered protein, lacking a defined structure (Arranz-

Solís et al., 2023), a characteristic that could impact the immune response at an 

individual level (Uversky and Van Regenmortel, 2021), but also the epitope exposure as 

the conformational structure might change.  

The inclusion of anti-TgOocyst antibody is recommended in further POIs screening since 

it could simplify the restrictive workflow employed herein based on the lack of reactivity 

against TgCCp5A or TgSR1 and the recognition of TgERP in WB (Appendix 3). 

Unfortunately, this reagent was not available at the beginning of this doctoral thesis, but 

the same conclusions would have been reached.  

In summary, this doctoral thesis has offered valuable insights into the environmental 

transmission route and serodiagnosis of T. gondii. First, high level of contamination in 

different environmental matrices and multiple improvement opportunities for 

enhancing the experimental design and implementation of future studies were 

identified. Second, updated data on the diagnostic performance of the most widely used 

serological tests in the diagnosis of T. gondii infections in domestic pigs and small 
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ruminants was provided based on the most comprehensive comparative studies 

performed to date, along with recommendations on cutoff readjustments to harmonize 

data or avoid false positive results in the presence of anti-N. caninum IgGs. These 

comparative studies included new in-house serological tests and allowed to determine 

a restrictive criterion of seropositivity for WBs for pigs, sheep and goats. Third, despite 

the extensive and exhaustive work carried out to identify a wide range of oocyst-specific 

proteins and develop an oocyst-attributing serological tool, which included the 

employment of valuable well-characterized sera from experimental infections 

performed orally with oocysts and tissue cysts or subcutaneously with one of the 

recombinant antigens or sporulated oocysts lysate, no useful antigen could be found to 

estimate the relative importance of oocyst-driven infections through serology. 
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Objective 1: To determine the relevance of the environmental route in T. gondii 

transmission and the potential limitations related to the sampling strategies and 

detection methods employed with different environmental matrices. 

➢ First: Toxoplasma gondii oocysts exhibit a widespread presence in soil, water, 

fresh produce, and bivalve mollusks matrices globally, posing a potential threat 

to animal and public health. Nevertheless, a scarcity of conducted investigations 

persists, and certain regions of the world remain understudied. Furthermore, 

future surveys should be conducted following the One Health approach. 

➢ Second: Caution should be advised in data interpretation given the high 

heterogeneity recorded between studies, mainly related to the different 

experimental designs and detection methodologies employed. Basic guidelines 

are required to obtain robust and harmonized results and to set up a validated 

standard operating procedure. Key points related to sampling strategies, such as 

sample size, origin, season, presence of felines, among others, as well as the 

implementation of artificial oocyst contamination procedures to determine the 

performance characteristics of the detection methods, should be properly 

addressed. 

Objective 2: To develop and validate a serological method that discriminate between T. 

gondii oocyst- versus tissue cyst-driven infections. 

➢ Third: An exhaustive criterion of seropositivity has been established for a 

Western blot test based on tachyzoites (TgSALUVET WB) for pigs, sheep, and 

goats. This criterion not only considered the frequency and intensity of antigen 

recognition, but also cross-reactivity between T. gondii antigens and anti-N. 

caninum IgGs for small ruminants. The test exhibited high specificity, proving 

valuable as a reference test for the initial validation of serological assays, and 

proving to be suitable for discarding false positive results in sheep. However, 

TgSALUVET WB is not recommended for routine diagnosis in domestic pigs. 

➢ Fourth: The newly developed and validated lyophilized tachyzoite-based ELISA 

tests (TgSALUVET ELISA 2.0) are accurate for routine diagnosis as they showed 

excellent diagnostic performance for both pigs and small ruminants. The 
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immunofluorescence antibody test (TgSALUVET IFAT) validated herein for pigs 

also showed excellent diagnostic performance. However, it is not recommended 

for routine diagnosis, unless the results are interpreted by two experienced 

operators. 

➢ Fifth: The evaluated commercial ELISA tests employed in pigs proved to be well-

validated, except PrioCHECK that showed lower diagnostic specificity values. 

Thus, PrioCHECK required a cutoff value readjustment to obtain more reliable 

and comparable data. This readjustment should be considered by diagnostic 

laboratories. 

➢ Sixth: The evaluated commercial ELISA tests used in small ruminants showed 

good to excellent diagnostic performance, although diagnostic parameters could 

be improved with a cutoff readjustment. However, cross-reactivity with anti-N. 

caninum IgGs was recorded in all ELISA tests, including TgSALUVET ELISA 2.0. 

Thus, additional cutoff readjustments were necessary to avoid false positive 

results. Depending on the epidemiological scenario, it may result useful to apply 

both readjusted cutoffs and re-analyze the doubtful samples (with results in 

between cutoffs) with a confirmatory test. 

➢ Seventh: A pioneer in silico approach led us to identify a high number of T. gondii 

predicted sporozoite- and sporocyst/oocyst wall-specific proteins from omics 

available data. The unprecedented effort pursued led us to successfully obtain a 

total of thirty-two recombinant proteins, including the five oocyst-specific 

proteins previously used in source-attributing serological tests (TgERP, 

TgSporoSAG, TgCCp5A, TgOWP1 and TgOWP8). 

➢ Eighth: The restrictive step-by-step workflow followed herein resulted useful to 

screen all predicted sporozoite- and sporocyst/oocyst wall-specific proteins. 

Only two proteins, TgCCp5A and TgSR1, exhibited promising results during the 

screening step with a limited set of pig sera. However, later, when these proteins 

were thoroughly tested by WB and ELISA, they were discarded for the same 

reasons as the other proteins: lack of stage-specificity, low antigenicity, and 

unspecified reactivity with non-infected animals. 
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➢ Nineth: In a last attempt to re-evaluate the source attributing value of TgERP, 

which included the evaluation of different TgERP batches and ELISA plate 

systems to improve epitope exposition, the results confirmed its limited 

diagnostic value in identifying oocyst-driven infections. 

➢ Tenth: The rabbit polyclonal antibody obtained against sporulated oocysts lysate 

(anti-TgOocyst) stands as a valuable reagent that, if included in the workflow as 

an additional reference control, will markedly improve and simplify the process 

for identifying proteins of interest, as well as for developing and validating 

source-attributing serological tests.
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Abstract 

The importance of the environmental route on T. gondii transmission is increasing in 
recent years. The sporozoite-specific protein TgERP, also known as TgLEA850, was 
initially described as suitable for oocysts-attributing serological tests. However, a recent 
exhaustive screening of a wide panel of proteins predicted to be oocyst-specific, 
including TgERP, did not find evidence of their usefulness as oocyst-specific markers for 
serological diagnosis. Thus, our aim was to re-evaluate the robustness of TgERP as a 
serological indicator for oocyst-derived infections. For this, two valuable well-
characterized positive serum controls derived from rabbits inoculated with the 
recombinant or native TgERP, anti-rTgERP and anti-Oocyst, respectively, were 
employed. Batch-to-batch variation between three distinct TgERP preparations was 
assayed by a conventional enzyme-linked immunosorbent assay (ELISA) microplate 
system. After the selection of a TgERP batch, a conventional microplate system was 
compared with different commercial and in-house nickel-nitrilotriacetic acid (Ni-NTA) 
coated plates aiming at improving protein affinity and epitope exposure. Finally, specific 
anti-TgERP IgG responses were evaluated by using reference sera from pigs 
experimentally infected with oocysts and tissue cysts. High reactivity was observed with 
the anti-rTgERP serum with all batches and plate systems, whereas high reactivity with 
the anti-TgOocyst serum was only observed with one TgERP batch in a conventional 
ELISA plate system. Moreover, no seroconversion was recorded with pig sera. The fact 
that TgERP behaves as an intrinsically disordered protein could explain these poor 
reactivities and the differences between tested batches. These preliminary results 
provide evidence for the low diagnostic value of TgERP to serologically detect oocyst-
derived infections.  
 
Keywords: TgERP/TgLEA850, Toxoplasma gondii, ELISA, oocyst-driven infections, 
diagnosis.  
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1. Introduction 

Toxoplasma gondii is a widely 
distributed foodborne apicomplexan 
parasite that infects any warm-blooded 
animal, including humans. It is the cause 
of toxoplasmosis, a disease linked to 
reproductive failure in pregnant woman 
and livestock, especially small ruminants 
(Dubey et al., 2020b, 2020a; Innes et al., 
2009; Rico-Torres et al., 2016), as well as 
to severe neurological and respiratory 
diseases in immunocompromised hosts 
(Barratt et al., 2010), becoming a 
disease of relevance in both human and 
animal health.  

Toxoplasma gondii has three infective 
stages: sporozoites (contained within 
sporulated oocysts), bradyzoites 
(contained within tissue cysts) and 
tachyzoites (Attias et al., 2020), 
responsible for the environmental, 
meatborne and maternal-fetal 
transmission routes, respectively. 
Although the contribution of each route 
of transmission remains unknown, the 
environmental one might be more 
relevant than previously thought, 
causing 44.1% (15/34) of worldwide 
human toxoplasmosis outbreaks until 
2018 (Pinto-Ferreira et al., 2019), with 
more than 900 laboratory confirmed 
cases (Minuzzi et al., 2021). 
Nevertheless, one of the main 
limitations in identifying the source(s) of 
infection is that: i) the incubation time is 
up to 30 days post-infection (Dubey, 
2021) and, therefore, at that moment 
the environmental source could no 
longer be contaminated nor exist; ii) 
there is a lack of standardized methods 
to detect T. gondii in environmental 
matrices. In this scenario, source-
attributing serological tools could help 
to design adequate intervention 
strategies. Several attempts have been 
made with proteins predicted to be 

sporozoite- or sporocysts/oocysts wall-
specifics, with reported promising 
results in many cases (reviewed by 
Álvarez-García et al., 2021). Among 
them, the T. gondii late embryogenesis-
related protein, TgERP, also known as 
LEA850 (Arranz-Solís et al., 2023), has 
been the most cited and employed one, 
and its usefulness has been documented 
under different scenarios (Burrells et al., 
2016; Hill et al., 2011; Mangiavacchi et 
al., 2016; Vieira et al., 2015). 

The TgERP protein was identified by Hill 
et al. (2011) by gel electrophoresis, mass 
spectroscopy and Western blot test 
(WB) and resulted to be abundantly 
expressed in sporozoites compared to 
tachyzoites and bradyzoites. Its 
usefulness to serologically discriminate 
between oocyst- vs. tissue cyst-driven 
infections was confirmed with the 
exclusive TgERP-positive reactivity 
observed with serum samples from pigs 
(up to 8 months post-infection) and 
mice experimentally infected with 
oocysts compared to those infected 
with tissue cysts (Hill et al., 2011), as 
well as with human serum or saliva 
samples from presumed oocyst-derived 
infections (Burrells et al., 2016; Hill et 
al., 2011; Mangiavacchi et al., 2016; 
Vieira et al., 2015). In contrast, a 
recently published article that aimed to 
confirm the serological utility of 
previously described proteins predicted 
to be sporozoite- or sporocysts/oocysts 
wall-specific, including TgERP, as well as 
newly identified ones, failed in finding 
antigens able to serologically detect 
oocyst-driven infections (López-Ureña 
et al., 2023b). The robustness of those 
results relied on the exhaustive step-by-
step workflow followed that included 
the employment well-characterized 
reference serum panels from pigs and 
sheep experimentally infected with 
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oocysts and tissue cysts (López-Ureña et 
al., 2023b). 

Based on this, the objective of this study 
was to re-evaluate the usefulness of 
TgERP as an antigen for oocyst-
attributing serological tests, using two 
additional valuable positive serum 
controls (against recombinant and 
native TgERP) and evaluating further 
variables, such as batch-to-batch 
variation and different enzyme-linked 
immunosorbent assay (ELISA) plate 
systems. 

2. Materials and methods 

2.1. Experimental design 

The workflow followed herein included 
the: a) characterization of two positive 
serum controls produced against the 
recombinant and native TgERP, which 
were employed in the ELISAs, b) the 
evaluation of batch-to-batch variations 
between a newly produced TgERP batch 
vs. two previously produced batches 
using a conventional TgERP-ELISA and 
the positive serum controls, c) 
comparison of a conventional TgERP-
ELISA using Maxisorp plates (NuncTM, 
Thermo Fisher Scientific, 
Massachusetts, U.S.A.) vs. two in-house 
nickel-nitrilotriacetic acid (Ni-NTA) 
coated Maxisorp (NuncTM, Thermo 
Fisher Scientific, Massachusetts, U.S.A.) 
and Corning (Corning Life Sciences, 
Maine, U.S.A.) plates and one 
commercial Ni-NTA coated ELISA plate 
(PierceTM, Thermo Fisher Scientific, 
Massachusetts, U.S.A.) aiming to 
improve TgERP purification and the 
epitopes exposure, using also the 
positive serum controls, d) validation of 
TgERP-ELISA with serum samples from 
pigs orally inoculated with oocysts and 
tissue cysts.  

 

2.2. Production of native antigens 

Toxoplasma gondii tachyzoites were 
cell-cultured, purified, preserved and 
prepared for WB as indicated by López-
Ureña et al. (2023a).  

To produce a lysate of sporulated 
oocysts for rabbit inoculation and to 
obtain a polyclonal anti-sporulated 
oocysts lysate antibody (see section 
2.4.1), a pellet of 2.03 x 108 recently 
obtained and purified T. gondii 
sporulated oocysts from TgShSp1 strain 
(Type II, ToxoDB genotype #3) (Sánchez-
Sánchez et al., 2019) was resuspended 
in 5 mL of cold PBS and subjected to four 
cycles of freezing and thawing in liquid 
nitrogen. Next, the content underwent 
sonication in cycles lasting 50 seconds at 
20% amplitude at 4 °C. A total of ten 
sonication cycles were required until 
complete oocyst, sporocysts and 
sporozoites structures were no longer 
observed under light microscopy. The 
protein concentration in whole oocysts 
lysate extract was determined using 
Bradford (Bio-Rad, California, U.S.A.), 
following manufacturer´s instructions, 
and the preparation was kept in small 
aliquots at –80 °C until use.  

A similar approach was followed for the 
obtention of sporulated oocysts soluble 
antigen for WB, but an additional step 
was included prior to the protein 
quantification, which involved the 
centrifugation of the whole lysate 
extract at 11450 rpm for 30 min at 4 °C 
and the subsequent recovery of the 
supernatant. 

2.3. TgERP expression, purification 
and quantification 

TgERP was expressed, purified and 
quantified as specified by Arranz-Solís et 
al. (2023) and López-Ureña et al. 
(2023b), but with some slight 
modifications, as specified below. 
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BL21 Escherichia coli strain expressing 
pQE90S encoded TgERP-6His tag was 
cultured in 500 mL LB medium 
containing the appropriate antibiotic for 
TgERP selection. The culture was 
incubated at 37 °C at 225 rpm until 
reaching an OD600nm of 0.5–0.7, moment 
when TgERP expression was induced by 
adding isopropyl-β-D-1-
galactopyranoside (1mM final 
concentration). Then, the culture was 
incubated overnight at 28 °C at 225 rpm 
and, after that, cells were pelleted at 
4800 rpm for 20 min at 4°C. 

For TgERP purification, cells pellets were 
resuspended in 10 mL of lysis buffer 
(50 mM sodium phosphate, 300 mM 
NaCl, 10 mM imidazole, pH 8.0) that 
contained cOmpleteTM protease 
inhibitor (Roche, Basel, Switzerland) and 
HS-nuclease (MoBiTec, Goettingen, 
Germany). The content was sonicated 
and subjected to a wet boiling 
treatment at 95 °C for 5 min aiming to 
improve the purification process since 
TgERP is known to be heat-stable 
(Arranz-Solís et al., 2023) and would 
remain in the supernatant when 
centrifuged at 8000 rpm for 10 min at 4 
°C, while contaminants precipitate. The 
recovered supernatant was filtered 
through a 0.45-µm pore membrane and 
purified using PureCube 100 INDIGO Ni-
Agarose (Cube Biotech, Monheim, 
Germany) as specified by the 
manufacturer. The unbounded content 
was discarded using Column PD10- 
Empty (Cytiva, Massachusetts, U.S.A.) 
and washing buffer (50 mM sodium 
phosphate, 300 mM NaCl, 20 mM 
imidazole, pH 8.0). Then, elution buffer 
(50 mM sodium phosphate, 300 mM 
NaCl, 500 mM imidazole, pH 8.0) was 
added to recover bounded TgERP. The 
integrity of recovered TgERP was 
confirmed by SDS-PAGE Coomassie 
staining and WB, using as control an 

anti-6His Tag antibody (Qiagen, Venlo, 
Netherlands). To finish, the buffer was 
changed to PBS using VivaSpin®2 
columns (Sartorius, Göttingen, 
Germany) and the protein was 
quantified using Qubit protein assay kit 
(InvitrogenTM, Thermo Fisher Scientific, 
Massachusetts, U.S.A.), following in 
both cases the manufacturers´ 
instructions.  

This production of TgERP was regarded 
as the most recently obtained batch 
(named as B1). Two additional boiled 
TgERP batches were employed. One of 
these batches had been produced a few 
months earlier (named as B2), while the 
other had been produced two years 
before (named as B3). 

2.4. Serum panels 

2.4.1. Serum samples used as controls 
to develop TgERP-ELISA 

A crude serum from an experimentally 
inoculated rabbit with the recombinant 
form of TgERP (named as anti-rTgERP in 
the following sections) was obtained by 
Preclinics (Germany) for previous 
studies (Fabian, 2021).  

The polyclonal antibody targeting T. 
gondii oocysts derived from a rabbit 
experimentally inoculated with 
sporulated oocysts lysate (named as 
anti-TgOocyst in the following sections). 
For this, an aliquot of the recently 
obtained sporulated oocysts lysate 
(section 2.2), which protein 
concentration was approximately 1 mg/ 
mL, was shipped on dry ice to Rekom 
Biotech S.L. (Granada, Spain), where the 
rabbit inoculation was carried out, 
making use of the animal facilities of the 
Institute of Parasitology and 
Biomedicine López Neyra – CSIC. The 
rabbit was subcutaneously inoculated 
five times, with each injection 
administered approximately every 
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fifteen days. Each injection consisted of 
1 mL of lysate, which contained 500 µL 
of adjuvant. Serum samples were 
collected prior to the first immunization 
and after the second (28 days post-
inoculation [dpi]) and fourth (59 dpi) 
boosters to confirm reactivity against T. 
gondii antigens using an ELISA 
performed by Rekom Biotech S.L. 
(Granada, Spain) based on the 
inoculated lysate and T. gondii 
recombinant antigens SAG1 and GRA7. 
Total rabbit bleeding was conducted 76 
dpi, starting with an initial blood 
collection from the central artery of the 
ear and concluding with a cardiac 
puncture. The collected samples were 
purified by Rekom Biotech S.L. 
(Granada, Spain), although no isotypes 
were characterized. The purified anti-
Oocyst was shipped to SALUVET 
research group and characterized using 
tachyzoite-based and sporulated 
oocysts soluble extract-based WB tests, 
as well as sporulated oocyst-based 
immunofluorescence antibody tests 
(IFAT). 

Two samples were regarded as negative 
controls: a rabbit serum obtained prior 
to the immunization (named as pre-
immune in the following sections), to 
have the same host species as the 
positive serum controls, and a 
commercially available T. gondii-
negative pig serum (Sigma/Merck, 
Darmstadt, Germany) (named as Neg.-
pig in the following sections) in order to 
have the background from the species 
that was used to validate the TgERP-
ELISA.  

In addition, an anti-histidine antibody 
(Qiagen, Venlo, Netherlands) was used 
(diluted at 1/2000) in all ELISA plate 
systems to confirm if the TgERP 
attachment happened from the 6His-tag 
terminal in those plates with Ni-NTA. 

2.4.2. Serum samples used to validate 
TgERP-ELISA 

TgERP-ELISA test validation was 
performed using two serum panels from 
pigs experimentally infected with 
oocysts and tissue cysts from different 
strains of T. gondii (Dámek, 2023; Largo-
de la Torre et al., 2022). These serum 
panels were characterized using different 
tachyzoite-based conventional serological 
tests (López-Ureña et al., 2023c, 2023a) 
and were used in the previous study that 
found no specific-oocyst protein useful for 
source-attributing serology (López-Ureña 
et al., 2023b). 

In summary, Panel 1 corresponded to 
prepubertal sows that were orally 
inoculated with 400 T. gondii oocysts (n= 
3) or 10 tissue cysts (n= 3) from type II 
isolate (CZ-Tiger strain, ToxoDB RFLP 
genotype #3), and 400 T. gondii oocysts 
(n= 3) or 10 tissue cysts (n= 2) from type 
III isolate (CZ-Šimková strain, ToxoDB #2), 
bled at 0, 2, 4 and 6 weeks post-infection 

(wpi) (n= 44) (Dámek, 2023). Panel 2 
corresponded to three-months-old 
female pigs inoculated orally with 1000 
oocysts from the isolates TgShSp1 (type 
II, ToxoDB #3, n= 5) and TgShSp24 (type 
III, ToxoDB #2, n= 5), as well as non-
infected pigs (n= 3), bled at -4, 0, 4, 7, 
14, 21, 28 and 42 dpi (n= 103) (Largo-de 
la Torre et al., 2022). 

2.5. Serological tests 

2.5.1. Sporulated oocyst-based 
immunofluorescence antibody tests 

A total of 300 sporulated oocysts from 
TgShSp1 strain (Type II, ToxoDB 
genotype #3) (Sánchez-Sánchez et al., 
2019), previously inactivated at 60 °C for 
1 min, was fixed per 4-mm well and 
acetone permeabilized at –20 °C for 30 
min. After a wash with Milli-Q water, 8 
µL/well of anti-TgOocyst antibody 
diluted at 1/100, 1/500, 1/1000, 1/2000 
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and 1/4000 in PBS was added and 
incubated in a dark chamber for 30 min 
at 37 °C. Then, three washes were 
performed with PBS, each of 10 min, 
and 8 µL/well of fluorescein 
isothiocyanate (FITC)-conjugated 
secondary antibody (IgG) diluted at 1/80 
in 0.2% Evans Blue Dye PBS was added 
(Sigma/Merck, Darmstadt, Germany). 
The slides were incubated and washed 
under the same conditions, including an 
additional wash with Milli-Q water. The 
slides were dried in dark at room 
temperature and cover slides were fixed 
with FluoroshieldTM (Sigma/Merck, 
Darmstadt, Germany). In addition, a 
previously described agarose-based 
IFAT was followed to immobilize oocysts 
(Fabian et al., 2021), diluting serum 
samples at 1/10, 1/25, 1/50 and 1/100, 
Alexa568nm-conjugated anti-rabbit IgG 
(InvitrogenTM, Thermo Fisher Scientific, 
Massachusetts, U.S.A) at 1/500 and a 
FITC-conjugated Maclura pomifera 
lectine at 1/100 (CiteAb, Bath, England). 
Pre-immune serum was included as 
negative control. 

2.5.2. Tachyzoite- and sporulated 
oocysts soluble antigen-based WB tests 

Tachyzoite-based WB test was 
performed as indicated by López-Ureña 
et al. (2023a). A similar approach was 
followed for the sporulated oocysts 
soluble antigen-based WB, but using 
100 µg/single-well comb of the antigen, 
also under reducing conditions. 
Peroxidase conjugated anti-rabbit 
antibody (IgG) was employed at 1/1000 
(Sigma/Merck, Darmstadt, Germany) 
and the 4-chloro-1-naphthol reaction 
(Thermo Fisher Scientific, 
Massachusetts, U.S.A.) was stopped 
with Milli-Q water based on the 
colorimetric reactivity of the anti-
TgOocyst antibody.  

 

2.5.3. TgERP-ELISA tests 

The conventional TgERP-ELISA was 
performed as detailed by López-Ureña 
et al. (2023b), with minor modifications. 
For coating, 0.2 µg/well of TgERP was 
employed and the reaction was stopped 
when the anti-rTgERP serum (diluted at 
1/2000) reached an optical density at 
620 nm (OD620nm) of 0.4–0.5 based on 
pilot experiments (data not shown). 

For the Ni-NTA-TgERP-ELISA tests, two 
previously in-house published protocols 
were merged (Cressey et al., 2008), and 
two different ELISA plates were tested, 
Maxisorp (NuncTM, Thermo Fisher 
Scientific, Massachusetts, U.S.A.) and 
Corning (Corning Life Sciences, Maine, 
U.S.A.). The protocol was as follows: the 
wells were coated overnight with 100 
µL/well of 10 mM N,N-bis 
[carboxymethyl] lysine (NTA) (Merck, 
Darmstadt, Germany) diluted in 0.1 M 
sodium dihydrogen phosphate 
monohydrate solution (Carl Roth, 
Karlsruhe, Germany), pH 8. After three 

washed with 0.05% PBS Tween 20 (PBS-

T), the plates were blocked at room 
temperature with 300 µL/well of 3% 
bovine serum albumin (BSA) PBS-T (Carl 
Roth, Karlsruhe, Germany). Then, the 

plates were washed with a series of 
buffers: i) 500 mM imidazole PBS-T 
(Merck, Darmstadt, Germany), ii) PBS-T, 
iii) 100 mM EDTA PBS-T (Carl Roth, 

Karlsruhe, Germany), pH 8.0, and iv) 

PBS-T. Later, 200 µL/well containing 10 
mM nickel sulfate (Fluka, North 
Carolina, U.S.A.), diluted in MilliQ water, 
was added and incubated at room 
temperature for 20 min. Subsequently, 
the plates were washed with PBS-T 
followed by two washes with PBS, pH 
7.4. After this, the plates were ready to 
be coated with TgERP. The following 
steps were the same used for the 
conventional TgERP-ELISA.  
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In the case of the commercial Ni-NTA 
plates (PierceTM), the manufacturer´s 
instructions were followed. 

2.6. Data analyses 

Significant differences between and 
within TgERP batches or ELISA plate 
systems were determined by comparing 
the mean OD values of three to four 
replicates of the serum controls in a 
two-way ANOVA, followed by a Tukey's 
multiple comparison test if applicable 
(GraphPad Prism software, version 
8.0.1). The kinetics of specific IgG 
antibodies against TgERP, as well as the 
capacity of TgERP to discriminate 
between oocyst- vs. tissue cyst-driven 
infections, were thoroughly examined 
with the newly developed TgERP-ELISA 
using serum Panels 1 and 2. To discern 
seroconversion, the mean OD value 
from each experimental group was 
compared between sampling 
weeks/days using a two-way ANOVA 
with repeated measures, followed by a 
Dunnett's multiple comparison test 
when applicable. The same approach 
was followed to determine differences 
between experimental groups within 
sampling weeks/days, and Tukey's 
multiple comparison test was employed 
when necessary. Sphericity was not 
assumed, and the Geisser-Greenhouse 
correction was automatically applied to 
ensure the accuracy of the results. 
Differences were considered significant 
when the P values were lower than 0.05. 

 

 

 

3. Results 

3.1. Anti-TgOocyst showed reactivity 
against T. gondii oocysts and tachyzoites 

Rekom Biotech S.L. (Granada, Spain) 
reported seroconversion in the rabbit 
inoculated with sporulated oocysts 
lysate at 28 dpi onwards based on 
sporulated oocysts lysate-, SAG1- and 
GRA7-based ELISA tests. These results 
were confirmed by our laboratory using 
the conventional oocyst-based IFAT 
(without agarose). With this IFAT, IgG 
titers of 1/500 and 1/1000 were 
recorded at 28 and 59 dpi with the crude 
serum, respectively. After its 
purification, the anti-TgOocyst showed 
high reactivity at 1/20 dilution in a T. 
gondii tachyzoite-based and sporulated 
oocysts soluble antigen-based WB tests 
(Figure 1A-B), and titers of 1/1000 or 
1/10 in a conventional or agarose 
oocyst-based IFAT, respectively (Figure 
1C). 

3.2. Recognition of TgERP by the anti-
TgOocyst antibody was dependent on 
the TgERP batch 

Anti-rTgERP detected all TgERP batches 
whereas anti-TgOocyst only showed a 
positive reaction against B1. Significant 
differences in reactivity (expressed as 
OD values) were found for B1 vs. B2 or 
B3 with both anti-rTgERP and anti-
TgOocyst (Figure 2A). Differences in OD 
values between anti-TgOocyst and pre-
immune serum were recorded only with 
B1 (P< 0.0001), while differences in OD 
values between anti-rTgERP and pre-
immune serum were recorded with all 
TgERP batches (P< 0.0001).  
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Figure 1. Toxoplasma gondii antigen recognition with the anti-TgOocyst antibody in 
tachyzoite-based (A) or sporulated oocysts soluble antigen-based (B) Western blot tests. 
Agarose oocyst-based immunofluorescence antibody test using anti-TgOocyst antibody 
(C). MW: molecular weight, M: molecular weight marker, C-: pre-immune serum control, 
C+: anti-TgOocyst antibody control, MPL: fluorescein isothiocyanate-conjugated 
Maclura pomifera lectine. Scale bar: 5 µm. 

 

Similarly, differences in OD values 
between anti-TgOocyst and anti-rTgERP 
were recorded with all batches, but 
were less significant in the case of B1 
(B1: P= 0.0155, B2 and B3: P< 0.0001). 
Based on this, TgERP B1 was selected for 
the following experiments. 

3.3. The employment of Ni-NTA-
based ELISA plates did not improve the 
recognition of TgERP by anti-TgOocyst 
antibody 

Anti-rTgERP showed significant OD 
differences in reactivity in conventional 
ELISA plates (Maxisorp without Ni-NTA) 
vs. any Ni-NTA-based ELISA plates, and 
in Ni-NTA Maxisorp plates vs. Ni-NTA 
Corning plates, while anti-TgOocyst 
showed significant difference in 
reactivity only between the 
conventional ELISA plate and the Ni-
NTA-based ELISA plates (Figure 2B). 

Differences in OD values between the 
pre-immune serum and the anti-rTgERP 
serum were recorded with the 
conventional ELISA plates (P< 0.0001), 
Ni-NTA Corning plates (P< 0.0001) and 
Ni-NTA Pierce plates (P= 0.0045). 
However, significant differences 
between the OD values obtained with 
pre-immune serum and anti-TgOocyst 
antibody were only observed when the 
conventional ELISA plates were used (P< 
0.0001). Positive reactivity with the anti-
histidine antibody was only observed in 
the conventional ELISA plates. Based on 
this, the conventional ELISA plate 
system was selected for the following 
assays. 
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3.4. No seroconversion was recorded 
in TgERP-ELISA test with sera from 
experimentally infected pigs 

A non-significant increase in IgG levels 
against TgERP was observed after the 

infection when all serum samples from 
Panels 1 and 2 were analyzed by the 
newly developed TgERP-ELISA test 
(Figure 2C).  

 

   

 

Figure 2. TgERP-ELISA tests based on different TgERP batches (A) and ELISA plate 
systems (B), and kinetics of specific IgG antibodies against TgERP using sera from pigs 
experimentally infected with oocysts and tissue cysts from type II and type III isolates 
(C). Significant differences were identified as follows: *= P< 0.05, **= P< 0.01, ***= P< 
0.001 and ****= P< 0.0001. Ns: not significant. One negative control from Panel 2 
showed almost twice higher optical density prior to the infection respect to 42 dpi and 
was excluded for the statistical analysis and the antibody kinetics graphs. 

 

4. Discussion 

This is the first study where additional 
specific sera controls and ELISA 
variables were used to re-evaluate the 
robustness of TgERP as a specific 
serological indicator for oocyst-derived 

infections. In this last attempt, two well-
characterized positive serum controls 
derived from rabbits subcutaneously 
inoculated with the recombinant and 
native antigen, TgERP or sporulate 
oocysts lysate, respectively, were 
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obtained, characterized and used. 
Furthermore, additional ELISA variables 
were tested, including the analysis of 
different batches of TgERP and different 
ELISA plate systems (with and without 
Ni-NTA). Unfortunately, the outcomes 
of this study corroborated the lack of 
oocyst-attributing serological value of 
TgERP, as previously pointed out by 
López-Ureña et al. (2023b) after 
following an exhaustive workflow and 
the use of well-characterized reference 
pig and sheep serum panels. 

In this previous study, TgERP was 
identified as a sporozoite-specific 
protein though an in silico approach, but 
after a first screening with selected 
reference sera, TgERP was not selected 
as a suitable marker of oocyst-derived 
infections due to its low antigenicity and 
lack of stage specificity (López-Ureña et 
al., 2023b).  

Interestingly, different reactivity against 
TgERP was observed herein with the 
anti-rTgERP and anti-TgOocyst controls. 
The rabbit anti-TgERP serum showed 
high reactivity with all batches and plate 
systems, whereas the anti-TgOocyst 
antibody only showed a positive 
reaction against the recently produced 
batch when using the conventional 
plate system (without Ni-NTA coating). 
This is a relevant outcome since, 
although both the recombinant and the 
native antigens were administrated 
subcutaneously, via that presumably 
facilitates the immune system´s 
recognition of the antigen compared to 
the natural oral route of infection with 
oocysts, lower reactivity was observed 
with the anti-TgOocyst serum vs. the 
anti-rTgERP serum even with the 
conventional ELISA plate system. The 
abundance of TgERP in the preparations 
inoculated to the rabbits could explain, 
at some extend, differences in reactivity 

within ELISA conditions between anti-
rTgERP and anti-TgOocyst, but not the 
differences between batches and ELISA 
plate systems for a specific serum 
control. These differences are more 
likely to be related to the possible 
conformational variation during TgERP 
expression in procaryotic cells or to the 
fact TgERP is an intrinsically disordered 
protein, lacking a defined structure 
(Arranz-Solís et al., 2023), which could 
impact the immune response on an 
individual level (Uversky and Van 
Regenmortel, 2021), but also the 
epitope exposure. 

Accordingly, these results give evidence 
of the importance of including the anti-
Oocyst antibody as positive control, 
which can help in the screening of 
oocysts-specific proteins with putative 
source attribution value. Despite the 
promising results obtained with B1 and 
conventional ELISA plates, no IgG 
seroconversion was recorded with pig 
serum samples (Panels 1 and 2). A 
similar scenario was observed when 
attempting to detect specific IgA 
antibodies (data not shown). These 
results corroborate the results 
published by López-Ureña et al. (2023b), 
but contradict other studies also 
conducted with TgERP employing sera 
from pigs experimentally infected with 
oocysts and tissue cysts, in which 
positive reactivity was exclusively 
observed in oocyst-infected pigs, with 
detectable antibodies until 8 months 
post-infection (Hill et al., 2011). 
Nevertheless, limited conclusions could 
be drowned from the rest of studies that 
used TgERP in serological tests since 
they were exclusively conducted with 
human sera (Burrells et al., 2016; 
Mangiavacchi et al., 2016; Vieira et al., 
2015), who could be reinfected with 
different T. gondii stages through their 
lifetime.  
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Variation between different 
recombinant protein batches and ELISA 
plate systems were not tested in 
previous studies (Burrells et al., 2016; 
Hill et al., 2011; Mangiavacchi et al., 
2016; Vieira et al., 2015) and was not 
observed with a T. gondii recombinant 
multiepitope peptide antigen in a 
serological test developed for pigs (Song 
et al., 2021). Curiously, when the 
selected TgERP batch was employed a 
year later in the ELISA test, no reactivity 
or lower reactivity was observed with 
serum samples that previously tested 
positive with the same batch, including 
positive controls (data not shown). 
Unfortunately, the variation between 
and within batches hampers results 
reproducibility. Again, these outcomes 
could be explained by the intrinsically 
disordered characteristic of TgERP, 
lacking a defined structure (Arranz-Solís 
et al., 2023). 

In conclusion, TgERP lacks value to 
identify oral oocyst-derived infections. It 
is highly recommended to include an 
anti-TgOocyst antibody as a positive 
control in step-by-step workflows, as 
the followed herein, for future studies 
aimed at developing and validating 
oocyst-attributing serological tests. 
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Appendix 2. Reactivity of anti-Toxoplasma gondii IgGs on Western blot tests based on 

Toxoplasma gondii tachyzoites (A) or sporulated oocysts soluble extract (B) in pigs 

experimentally infected with oocysts or tissue cysts from type II and type III isolates at 

six weeks post-infection. 

  

Note: the sporulated oocysts soluble extract-based Western blot test needs to be 

improved to dissolved more efficiently wall structures and insoluble antigens. 
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Appendix 3. Reactivity of the rabbit polyclonal antibody produced against Toxoplasma 

gondii sporulated oocysts lysate (anti-TgOocyst) in a Westen blot tests based on 

TgCCp5A, TgSR1 and TgERP proteins. 

 

MW: molecular weight, M: molecular weight marker, C-: pre-immune serum control, C+: 

rabbit polyclonal antibody produced against sporulated oocysts lysate (anti-TgOocyst). 

Predicted molecular weight of each protein: 50-62 kDa for TgCCp5A, 62-70 kDa for TgSR1 

and 11-13 kDa for TgERP. 
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