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CHAPTER I: ABSTRACT

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 Il and type lll isolates, and sheep experimentally infected with oocysts from type Il
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 1gG 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 1gGs 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 TgOWPS), 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 etioldgico de la toxoplasmosis, es un parasito de transmision
alimentaria que infecta a todos los animales homeotermos, incluyendo a los seres
humanos. Generalmente causa una infeccién asintomatica o similar a la gripe, pero
también produce problemas reproductivos en mujeres gestantes, cuadros neurolégicos
y respiratorios graves en individuos inmunodeprimidos y es una de las causas mas
frecuentes de uveitis posterior en pacientes inmunocompetentes. Ademas, la infeccién
por T. gondii es una importante causa de fallo reproductivo en los pequenos rumiantes,

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

Aunque se desconoce la contribucién de cada ruta de transmisidn, la ruta ambiental es
mas 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 mas de 900 casos confirmados. Sin embargo,
este modo de transmision ha sido poco estudiado y, a pesar de los intentos, aln no se
dispone de una herramienta serolégica que permita diferenciar entre rutas de
transmision. Esto impide determinar el verdadero impacto de la ruta medioambiental y

el desarrollo y la implementacién de estrategias adecuadas de intervencién.

Basandonos en esto, el objetivo de esta tesis doctoral fue indagar sobre el papel
desempeiiado por diversas matrices ambientales en la transmisién de la infeccién por T.
gondii e identificar proteinas especificas del ooquiste para desarrollar y validar una
prueba serolégica que permita identificar infecciones debidas a la ingestién de
ooquistes. Para ello, primero se estudié la relevancia de la ruta medioambiental y las
posibles limitaciones relacionadas a las estrategias de muestreo y los métodos de
deteccién empleados en distintas matrices medioambientales (objetivo 1) a través de
una revision sistematica 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 concentracidon y deteccion, y tasas de
deteccion, entre otros. Se seleccionaron un total de 102 de entre 3201 articulos, con
tasas de deteccién entre 0,09% (1/1109) y 100% (8/8) basadas en métodos moleculares
o bioensayo. Toxoplasma gondii se detectd en todas las matrices estudiadas a nivel
mundial. La mayoria de los estudios se realizaron en América, principalmente en Brasil.

Sin embargo, se observd una falta de protocolos estandarizados, lo que se tradujo en



CHAPTER I: ABSTRACT (SPANISH VERSION)

una alta heterogeneidad entre articulos. Estos resultados resaltan el potencial riesgo que
presentan las matrices medioambientales en la transmision del parasito, destacando
también la necesidad de diferenciar entre las infecciones debidas a la ingestidon de

ooquistes o de quistes tisulares.

Posteriormente, se siguidé un exhaustivo flujo de trabajo para desarrollar y validar una
prueba serolégica que permitiera identificar infecciones causadas por ooquistes
(objetivo 2). Dado que no hay una prueba de referencia para el serodiagnéstico de la
infeccion por T. gondii, primero se hizo una caracterizacion de los sueros de referencia
mediante un estudio comparativo empleando multiples pruebas serolégicas, estudio
gue también permitié la validacion de las mismas (sub-objetivo 2.1). Los sueros
caracterizados procedian de cerdos y ovejas infectados experimentalmente con
ooquistes o quistes tisulares de genotipos Il y lll, cuyas muestras de sangre fueron
tomadas antes de la infeccidn y hasta seis semanas post-infeccidn (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 pequefios rumiantes.

En el estudio comparativo, primero se definié un criterio de seropositividad para un
Western blot (WB) utilizando como antigeno taquizoitos del parasito (TgSALUVET WB).
Posteriormente, se empled TgSALUVET WB de referencia para desarrollar y
preliminarmente validar un enzimoinmunoensayo (ELISA) empleando taquizoitos
liofilizados como antigeno (TgSALUVET ELISA 2.0) y, en el caso de cerdos, también una
prueba de inmunofluorescencia indirecta (TgSALUVET IFAT). A continuacién, se
estudiaron las caracteristicas diagndsticas de estas tres pruebas junto a cuatro pruebas
ELISA comerciales (PrioCHECK, IDScreen, Pigtype e IDEXX). Los resultados obtenidos por
la mayoria de las técnicas se emplearon como referencia. Se evalud 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 diagndstico 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 TgeSALUVET WB en cerdos infectados naturalmente (Se= 71%). Sin embargo, un
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ajuste del punto de corte permitié mejorar las caracteristicas diagndsticas de las pruebas
ELISA. Esta similitud en rendimiento se reflejé en las cinéticas de anticuerpos IgG anti-T.
gondii, con un incremento significativo desde las dos-tres spi en todas las técnicas.
Ademas, 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 pequefios rumiantes.

Luego, los sueros previamente caracterizados de cerdos y ovejas infectados
experimentalmente con ooquistes y quistes tisulares se utilizaron para desarrollar una
herramienta seroldgica que identificara la ruta de transmisidon (sub-objetivo 2.2). Se
expresaron con éxito en su forma recombinante un total de 32 proteinas que habian
resultado ser especificas de esporozoitos o paredes de esporoquistes/ooquistes de T.
gondii en un estudio in silico de datos dmicos. Entre estas proteinas se incluyeron
aquellas ya descritas en la literatura como marcadores especificos de ooquistes (TSERP,
TgCCp5A, TgSporoSAG, TeOWP1 y TgOWPS8). Las proteinas que, en la etapa de cribado
con numero reducido de sueros, demostraron inducir seroconversion y discriminar entre
infecciones derivadas de ooquistes y quistes tisulares segun las pruebas WB (TgCCp5A 'y
TgSR1), fueron seleccionadas para desarrollar ELISAs que permitieran identificar rutas de
transmisién 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 proteinas mostraron los mismos problemas que las proteinas
previamente descartadas: baja antigenicidad, incapacidad para detectar exclusivamente

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

Para finalizar con la busqueda de antigenos 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 proteina especifica de ooquistes mas
utilizada en estudios previos en humanos y animales. Para ello, se emplearon como
controles anticuerpos especificos 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 niquel-acido nitrilotriacético [Ni-NTA]) con el objetivo de mejorar
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la afinidad de la proteina y la orientacion de los epitopos. También se evaluaron las
cinéticas de los anticuerpos IgGs con sueros de cerdos. El suero anti-rTgERP mostré
reactividad positiva con todos los lotes de TgERP y sistemas de placas ELISA, mientras
que el anticuerpo anti-TgOocyst sélo la mostré con un lote de TSGERP y el sistema de placa
convencional (sin Ni-NTA). Utilizando este antigeno no se registré seroconversién en los

cerdos infectados experimentalmente.

En conclusion, las matrices medioambientales (suelo, agua, productos frescos vy
moluscos bivalvos) representan una importante fuente de infeccidn a nivel mundial vy,
por lo tanto, un problema en la salud publica y sanidad animal. Sin embargo, se necesita
una mayor harmonizacién en las estrategias de muestreo y las metodologias
diagndsticas para futuros estudios. Partiendo de este escenario, se abordé el desarrollo
de una prueba serolégica que permitiera identificar la ruta de transmisidn.
Desafortunadamente, a pesar del esfuerzo realizado en la identificacién y seleccién de
un amplio panel de proteinas especificas del ooquiste, ninguna de ellas resultd ser util
para la identificacién serolédgica de infecciones causadas por ooquistes, descartando
también la proteina TgERP como marcador de infecciones inducidas por ooquistes. Sin
embargo, esta tesis doctoral permitid la validacién de las técnicas serolégicas
convencionales mas empleadas en el diagndstico de la infeccidén causada por T. gondii
en cerdos y pequefios rumiantes domésticos, y proporciona recomendaciones practicas
para evitar resultados falsos positivos. Estos hallazgos son importantes para avanzar en
la investigacién sobre la contaminacidn ambiental por T. gondii y el desarrollo y la

validacién de herramientas serolégicas diagndsticas.

10



CHAPTERII:
INTRODUCTION






CHAPTER 1I: INTRODUCTION

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 (Djurkovi¢-Djakovi¢ 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
(Djurkovié-Djakovié 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; Djurkovi¢-Djakovi¢ 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 (Tofo/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, [ and IlI) (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 (Luft et al., 1983)
syndrome (AIDS) patients
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 (Sabin and Feldman, 1948)
intracellular parasites
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.

Classical® Classical? Modern3#
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

Taylor et al., 2016, 2Deplazes et al., 2016, 3Ruggiero et al., 2015, *Delgado 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 x 12 um) 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 x 13 um) and two sporocysts are
developed within, each containing four banana-shaped sporozoites (2—6 x 8 um)
(Dumeétre 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 um) 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 um) 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 um) (Figure
1) (Dubey et al., 1998).
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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-Solis et al., 2023;

Freppel et al., 2019; Fritz et al.,, 2012a). Contrary, bradyzoites and tachyzoites are
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susceptible to those conditions, and tachyzoites are less resistant to digestive enzymes

than bradyzoites (Jacobs et al., 1960).

Environment

Parasite
stages

Unsporulated
oocyst

Sporulated
oocyst

Tachyzoite

A

Humans Animals

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, ¢) 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-Solis 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 (Djurkovi¢-Djakovic 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 1gG 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 Il strains (Fernandez-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-lbanez 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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Identified/presumed source of infection

No. of outbreaks @ Vil ® Meat
- @ Vegetables @ Soil/sand
1 19 @ Water Unkown

.o

No. of confirmed cases per

Global contribution of each
source of infection

source of infection (Min. - Max.) No. of outbreaks per
* Milk:2-10 time interval

* Meat:1-105 * 1965 -1980: 16

* Vegetables: 11-74 * 1981-1995: 16

* Soil/sand: 1-171 * 1996 - 2010: 16

* Water: 9-931 ¢ 2011-2023:8

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, 2020a3;
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 (Damek 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
asin 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  No. po?itive pigs/ Prevalence (%) Reference
test No. pigs tested
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 (Halova 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 Kirjusina, 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 (Pastiu et al., 2013)
IFAT 44/94 46.8 (Pastiu 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 (Turcekova et al., 2013)
Spain ELISA 192/709 27.1 (Hernandez et al., 2014)
IFAT 301/1200 24.5 (Herrero et al., 2016)
DAT 222/2492 8.9 (Pablos-Tanarro et al., 2018)
Fernandez-Escobar et al.,
ELISA 79/361 21.9 (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).

No. positive

Country Species Serological animals/ No. Prevalence Reference
test animals tested (%)
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 (Halova 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 (Djokic et al., 2014)
Sheep MAT 432/511 84.5 (Klun et al., 2006)
Spain Sheep MAT 464/998 46.5 (Jiménez-Martin et al., 2020)
Goat MAT 362/945 38.3 (Jiménez-Martin et al., 2020)
Sheep MAT 80/194 41.2 (Almeria et al., 2018)
Goat MAT 5/89 5.6 (Almeria et al., 2018)
Goat ELISA 43/552 7.8 (Rodriguez-Ponce et al., 2017)
Goat ELISA 299/638 46.9 (Diaz et al., 2016)
Sheep ELISA 915/2400 38.1 (Diaz et al., 2014)
Sheep ELISA 248/503 49.3 (Garcia-Bocanegra et al., 2013)
Goat ELISA 124/494 25.1 (Garcia-Bocanegra et al., 2013)
Sheep ELISA 213/342 62.3 (Fernandez-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).

. Studies .
Population Risk factor Pooled odds ratio included/ total P value Heterog_enezlty
(Closx) . analysis (12)
of studies
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 436

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 (ICas%: 1.49-2.34) for mixed population and of 1.37
(ICos%: 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 (Dumétre 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

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

a)

b)

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 (Dumeétre
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.

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 (Dumétre 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).

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).

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
guantitative PCR (gPCR), 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).

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 (Fernandez-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, (Burg et al., 1989;
18S rDNA gene, SAG1, SAG2, Hurtado et al., 2001)
GRA1, ITS1
Real-time PCR Species detection B1 gene, 529 bp repeat element, (Homan et al., 2000)
18S rDNA gene, SAG1
Loop-mediated Species detection 529 bp repetitive element, B1, (Cao et al., 2014)
isothermal amplification SAG1, SAG2, GRA1, MIC3, oocyst
(LAMP) wall protein genes
Microsatellite analysis Genotyping TUB2, W35, TgM-A, B18, B17,  (Ajzenberg et al., 2010)
(MS) M33, IV.1, XI.1, M48, M102,
N60, N82, AA, N61, and N83
Multilocus sequence Genotyping BTUB, SAG2, GRA6, GRA7 and  (Bertranpetit et al., 2017)
typing (MLST) SAG3
PCR restriction fragment Genotyping SAG1, SAG2, SAG3, BTUB, GRA6, (Howe and Sibley, 1995;
length polymorphism c22-8,c29-2, L358, PK1 and Su et al., 2010)
(PCR-RFLP) Apico
Random amplified Genotyping Genomic DNA (Ferreira et al., 2004)
polymorphic DNA-PCR
(RAPD-PCR)
High-resolution melting Genotyping Bl gene (Costa et al., 2011)
(HRM)

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-Lépez 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-Lépez 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 Igk 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 (Bobic 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-Lépez 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-Lépez et al., 2021;
Ybafiez 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-Gasior 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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serological tests for the detection of anti-Toxoplasma gondii antibodies in

Test Antigen .Antlbody Basis Advantage Disadvantage Reference
isotype/s
Sabin-Feldman dye test  Live tachyzoites IgM/IgG/IgA Staining Does not need species-specific  Needs live tachyzoites, requires (Sabin and
(SFDT) conjugate, highly sensitive and  experienced operators and a Feldman, 1948)
specific microscope, does not identify the
source of infection
Direct agglutination test  Formalin-fixed IgG Agglutination Does not need live tachyzoites, Requires large antigen amount, does  (Desmonts and
(DAT) tachyzoites species-specific conjugate or not identify the source of infection, Remington,
special equipment, easy to the presence of IgM can induce non-  1980)
perform, cheap, highly sensitive specific agglutination
Modified agglutination Formalin-fixed IgG Agglutination Does not need live tachyzoites =~ Not commercially available in some (Desmonts and
test (MAT) tachyzoites and species-specific conjugate, countries, does not identify the Remington,
easy to perform, cheap, highly  source of infection, the presence of 1980; Dubey
specific and sensitive IgM can induce non-specific and Desmonts,
agglutination 1987)
Indirect Tachyzoites lysate IgG Agglutination Does not need live tachyzoites  Less sensitive and specific than MAT,  (Dubey and
hemagglutination assay and species-specific conjugate,  not longer commercially available in Thulliez, 1989)
(IHA) easy to perform, cheap, highly  many countries, does not identify the
specific and sensitive source of infection, the presence of
IgM can induce non-specific
agglutination
Latex agglutination test  Tachyzoites lysate IgM/1gG Agglutination Does not need live tachyzoites  Less sensitive and specific than MAT,  (Dubey and
(LAT) and species-specific conjugate,  does not identify the source of Thulliez, 1989)
commercially available infection, the presence of IgM can
induce non-specific agglutination
Indirect enzyme-linked Tachyzoites lysate, IgM/IgG/IgA/  Colorimetric  Does not need live tachyzoites, Unknown performance in some cases, (Alvarez-Garcia
immunosorbent assay lyophilized IgE commercially available influence of reagents on et al., 2021;
(ELISA) tachyzoites, worldwide, cheap, not time- performance, needs species-specific ~ Huertas-Lépez
recombinant/chimeric consuming, automated reading, conjugate, requires a et al.,, 2023;
proteins could be based on different Robert-
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Test Antigen Anthdy Basis Advantage Disadvantage Reference
isotype/s
antigens and sample types, spectrophotometer, can present Gangneux and
could be quantitative, usually cross-reactivity Guegan, 2021)
highly sensitive and specific,
some in-house tests have been
developed to discriminate
between oocysts vs. tissue
cysts-driven infections

Immunofluorescence Formalin-fixed IgM/1gG Fluorescence Does not need live tachyzoites, Subjective interpretation of results, (Basso et al.,

antibody test (IFAT) tachyzoites easy to perform, cheap, can be  needs species-specific conjugate and  2013; Huertas-

used to define titers a fluorescence microscope, not Lépez et al.,
commercially available, does not 2023; Sanchez-
identify the source of infection, can Sanchez et al.,
present cross-reactivity 2019)

Western blot (WB) Tachyzoites lysate, IgM/IgG Colorimetric  Does not need live tachyzoites, Time consuming, requires expertise,  (Alvarez-Garcia
recombinant/chimeric allows the identification of the  influence of reagents on et al., 2021;
proteins molecular weight of the performance, it is expensive, needs Basso et al.,

identified antigen, highly species-specific conjugate and special 2013; Huertas-
specificity. In-house tests have  equipment, can present cross- Lépez et al.,
been developed to discriminate reactivity 2023)
between oocysts vs. tissue
cysts-driven infections
Immunochromatography Tachyzoites lysate, IgM/IgG Colorimetric  Does not need live tachyzoites  Does not identify the source of (Khan and
(ICT) recombinant proteins or skilled people or special infection, can present cross-reactivity Noordin, 2020)

infrastructure or equipment or
reagents, could be based with
different sample types. It is
cheap, rapid, and easy to
transport and preserve,
commercially available

Other techniques such as the microarray and the time-resolved fluorescence immunoassay have been employed.

39



CHAPTER 1I: INTRODUCTION

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; Ybafiez et al., 2020).

. Serological test
Antigen name (other g

Groups identification) Parasite stage (antibody' i'sotype if
specified)
Dense granule GRAL1 (P24), GRA2 (P28), Most of them expressed ELISA (IgM/1gG), avidity
antigens (GRA) GRA3, GRA4 (P41), in tachyzoite, bradyzoite (lgG), WB (IgG), ICT
GRAS5, GRA6 (P32), GRA7 and/or sporozoite (IgG)
(P29), GRAS (P35),
GRA14, GRA15
Microneme MIC1, MIC2, MIC3, Expressed in tachyzoite, ELISA (IgM/IgG), avidity
antigens (MIC) MIC10 bradyzoite and/or (1gG)
sporozoite

Rhoptry antigens ROP1 (P66), ROP2 (P54), Most of them expressed ELISA (IgM/IgG), avidity

(ROP) ROP5, ROP8, ROP9, in tachyzoite, bradyzoite (IgG), WB (IgG)
ROP18 and/or sporozoite
Surface antigens SAG1 (P30), SAG2 (P22), Tachyzoite ELISA (1gM/IgG), avidity
(SAG) SAG2 A (IgG), WB (IgG), ICT
(1gG)
SAG2 D, BSR4 Bradyzoite ELISA (1gG)
Enzymes LDH1 Tachyzoite ELISA (IgG)
LDH2 Bradyzoite ELISA (IgG)
Other antigens H4, H11 Tachyzoite ELISA (1gG)
M2AP Tachyzoite ELISA (1gG)
MAG1 Tachyzoite, bradyzoite ELISA (1gG)
(matrix)
AMA1 Tachyzoite (apical ELISA (IgG)
membrane)
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 Alvarez-Garcia 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 (Doskaya 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-Solis 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,

TgOWPS, 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, €) 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 Alvarez-Garcia et al. (2021).
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Table 9. Oocyst-attributing serological tests described in the literature (adapted from Alvarez-Garcia et al., 2021).

Reference sera host

Tests used to

Results: useful to

Protein Prot?m Technique/s  (N: natural_ infection, characterize the A'ntl-pro'tem' identify oocyst-driven Reference
(gene ID) location developed E: experimental antibody kinetics . .
) . reference sera infections?
infection)
TgOWP1 Oocyst WB, ELISA Pig (N, E?), chicken (N, STAg WB/ ELISA Not specified Yes (except for pigs) (Santana et al.,
(TGME49_204420)  wall E?) 2015)
TgOWP8 Oocyst WB, ELISA Humans (N), pig (N, GRA7 WB/ ELISA N/A Yes (Liu et al., 2019)
(TGME49_271590)  wall E®), chicken (N)
TgERP/TgLEAS50 Sporozoite WAB, ELISA Humans (N), pig (E€),  MAT/ DAT/ SFDT/ Pigs: up to 8 mpi Yes (Hill et al., 2011)
(TGME49_276850)  cytoplasm mice (E€) Diff. ELISA tests* (presumably IgG)
Mice: not specified
ELISA Humans (N) MAT/ commercial N/A Yes (Vieira et al.,
ELISA/ CMIA 2015)
ELISA Humans (N) STAg ELISA N/A Not clearly stated** (Burrells et al.,
2016)
ELISA Humans (N) Commercial ELISA/  N/A Yes (Mangiavacchi et
CMIA al., 2016)
TgCCp5A Sporozoite WB, ELISA Humans (N), pig (N, GRA7 WB/ ELISA N/A Yes (Liu et al., 2019)
(TGME49_258400) cytoplasm E®), chicken (N)
WB, ELISA Humans (N), pig (N, STAg WB/ ELISA Pig: 7-28 dpi (IgG) Yes (Santana et al.,
E?), chicken (N, E?), Mice: 15-30 dpi 2015)
mice (E?) (IlgM), 15-60 dpi
(1gG)
TgSporoSAG Sporozoite ELISA Humans (N), mice (E¢), SAG1 and SRS2 No reactivity No (Crawford et al.,
(TGME49_258550)  surface rabbits (E9) ELISA 2010)
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Reference sera host

Protein Protein Technique/s  (N: natural infection, Tests us.ed to Anti-protein . Res.ults: useful 1:'0
. . characterize the . .. identify oocyst-driven Reference
(gene ID) location developed E: experimental antibody kinetics . .
. . reference sera infections?
infection)
ELISA Mice (E®) GRA1 ELISA 1-15 dpi (IgM), 40- Not conclusive*** (Doskaya et al.,
120 dpi (IgG) 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. 2Chickens 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). ®Pigs infected with tachyzoites (no reactivity with TgOWP8 or TgCCp5A) (sampling days not specified). Pigs 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). “Mice infected with oocysts
and tissue cysts, rabbits infected with oocysts (sampling days not specified). *Mice 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. **QOne 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 1gGs. 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 (Djurkovi¢-Djakovié 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; Doskaya et al., 2014); or oocyst-specific proteins, such as TgOWP1 (Santana et al.,
2015) and TgOWPS (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 (Alvarez-Garcia 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 Alvarez-Garcia 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-
WaBs. 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 POls 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 1gGs was also tested for selected POls. Further effort was done to provide
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evidence of the low value of non-selected POls 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): Lopez-Ureiia, N.M., Chaudhry, U., Calero-Bernal, R., Cano-Alsua, S.,
Messina, D., Evangelista, F., Betson, M., Lalle, M., Jokelainen, P., Ortega-Mora, L.M.,
Alvarez-Garcia, 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 (12 =
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 13" 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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Toxoplasmosis is one of the most important opportunistic parasitic diseases affecting
humans and animals worldwide and is caused by the obligate intracellular protist Toxo-
plasma gondii. Clinical manifestations associated with toxoplasmosis are various, and they
include ocular disease [1,2], pneumonia [3,4], and encephalitis in immunocompromised
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patients [1,5]. Toxoplasma gondii infection can also cause spontaneous abortion, congenital
malformations, and stillbirth in both humans and animals [6,7].

Domestic and wild felids are the specific definitive hosts of T. gondii, whereas warm-
blooded vertebrates, including humans, are intermediate hosts [8]. Up to 70% of the cat
population is infected with T. gondii [9], and the infected cats can shed millions of oocysts
in their feces. The subsequent development of sporulated oocysts in the environment de-
pends on temperature and humidity [10,11].

Humans, as well as animals, can become infected with T. gondii through the con-
sumption of raw or undercooked meat of infected animals harboring the tissue-dwelling
stages of the parasite (bradyzoites contained within tissue cysts) [12] as well as via con-
genital transmission and blood transfusion by the active replicative stages of the parasite
(tachyzoites) [10]. Another important route of human and animal infection is through the
ingestion of sporulated T. gondii oocysts present in the environment, contaminating soil,
water, and feed and food, including fresh produce and seafood [13]. According to a sys-
tematic review of studies carried out up to March 2018, 44.1% (15/34) of documented
worldwide outbreaks were oocyst-related [14].

Soil contamination is a significant source of human infection, with soil of public
parks, schools, gardens, and farms considered particularly important. Oocysts can be dis-
tributed within the soil by arthropods, earthworms, wind, and rain [7], and the sporulated
oocysts are highly resistant and can persist infective in soil for up to two years [11].

Waterborne infections associated with T. gondii oocysts are nowadays considered in-
creasingly significant due to evidence of large-scale outbreaks [7,13]. Water in irrigation
systems, rivers, lakes, beaches, and coasts, as well as wastewater and groundwater can be
contaminated with the environmentally resistant oocysts. Moreover, oocysts can survive
various inactivation procedures using chemical reagents, including sodium hypochlorite
and chlorine [15,16]. Oocysts remain viable in water for 18 months at 4 °C after exposure
to 2% sulfuric acid [7,17], for 15 and 54 months at 20-25 °C and 4 °C in fresh water, respec-
tively, and around 6 months in artificial seawater (15 ppt) at the same temperatures [18].

In recent years, T. gondii infection cases linked to fresh vegetable consumption have
been on the increase [14]. Oocyst contamination of fresh vegetables may occur through
cultivation in contaminated soil or using contaminated water for irrigation or washing.
As testing for parasite contamination in fresh produce is neither regulated nor mandatory,
the increased popularity of consumption of raw and ready-to-eat vegetables may pose a
new potential risk for consumers who could be accidentally exposed to oocysts, since most
post-harvest processing measures do not guarantee the complete removal of oocysts or
their effective inactivation [16,19].

Toxoplasma gondii oocysts can also enter the marine environment through improper
disposal of sewage, inefficient treatment plants, water discharge, and water runoff [20],
and they can cause infections in marine animals and the contamination of marine fauna
[21,22]. Consistently, oocysts have been detected in wild and commercial bivalve mollusks
in several countries. Bivalves continuously filter large volumes of water and concentrate
microorganisms [23]. They can retain viable T. gondii oocysts for 85 days following uptake
[24]. Thus, they are considered good biological indicators of parasitic contamination of
aquatic environments and could pose another risk for consumers when consumed under-
cooked or raw [18,25].

Environmental contamination with T. gondii oocysts is understudied and likely un-
derestimated, which is partly due to the lack of suitable harmonized sampling approaches
and detection methods. Studies on cat feces or susceptible intermediate hosts have been
used as a substitute to predict the level of environmental contamination [26,27], but they
may have inadequate power to accurately assess contamination. Due to limited baseline
data on oocyst occurrence in environmental samples, accurate estimation of the contami-
nation in the environment requires large sample sizes and sample volumes, which may
contain small quantities of oocysts of different ages [7]. Limitations in oocyst recovery and
detection methods, in combination with various sampling strategies, have made it

66



CHAPTER V: RESULTS (PUBLICATIONS)
Sub-objective 1.1: systematic review on environmental contamination

Microorganisms 2022, 10, 517 3 of 44

difficult to ascertain the contribution of environmental contamination with T. gondii oo-
cysts to human infections. Indirect methods for discriminating between infections caused
by oocysts vs. tissue-dwelling stages of T. gondii have been developed but have not been
widely applied [28].

Another important challenge to full evaluation of the relevance of T. gondii oocyst
infection route is the assessment and quantification of oocyst viability and therefore infec-
tivity for humans and animals. So far, the only reliable method is based on mouse bioas-
say, i.e., experimental administration of oocysts to mice and detection of infection in tis-
sues [8], although new approaches based on molecular methods have been proposed and
are under evaluation for their applicability [29-31].

To date, reviews on T. gondii environmental contamination of one [18,32] or more
matrices [7], and systematic reviews covering one matrix exist [9,33-35]; however, they
mainly focused on detection rates or analytical methods. Thus, this article aims to provide
a more complete, comprehensive systematic review of the existing literature on environ-
mental contamination with T. gondii oocysts, including available data on sampling strate-
gies, and identifying relevant knowledge gaps and limitations in relation to sampling
strategies and methods for the recovery and detection of T. gondii oocysts in soil, water,
fresh produce, and bivalve mollusks. Finally, based on the observations, recommenda-
tions are suggested for future studies on environmental contamination with T. gondii 0o-
cysts.

2. Materials and Methods
2.1. Literature Search and Eligibility Criteria

A systematic review of the prevalence of T. gondii oocysts in soil, water, fresh produce
(vegetables and fruits), and bivalve mollusks worldwide was performed; all papers pub-
lished, with no restriction on language, until the end of 2020 were included, following the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [36].

The databases used were PubMed, Web of Science, and Scopus. In all cases, a combi-
nation of three search terms was employed and included “Toxoplasma” and “oocysts” or
“oocyst” and “vegetables” or “fruits” or “ready to eat” or “salads” or “greenery” or “wa-
ter” or “soil” or “bivalves” or “mussels” or “clams” or “oysters” or “abalone”. In view of
the diversity of terms yielding eligible studies, an additional search was performed using
related terms such as “food” or “products” or “otters”. Additionally, the bibliographies
of the selected articles were screened to identify studies to include (Supplementary Table
S1).

The articles were selected using the following inclusion criteria: worldwide studies
reporting direct detection of T. gondii oocysts in one of the matrices of interest (soil, water,
fresh produce, and bivalves) with full text available. Exclusion criteria were the follow-
ing: methodological studies aiming only to the development or improvement of oocyst
recovery or detection methods (i.e., using artificial spiking of matrices), studies performed
on other matrices, studies without available full text, studies published after 2020, and
duplicates.

2.2. Selection Process and Data Extraction

Three investigators carried out the initial screening focusing on title and abstract, and
based on this, eligible articles were preselected and subjected to an in-depth review to
confirm if they met the selection criteria. Subsequently, data extraction was carried out by
two co-authors, and a third co-author resolved discrepancies.

For data extraction, one data sheet per matrix was created in Microsoft Excel 2013.
For all matrices, the data sheet included sample type/details and origin, sampling year
and season, period, country and continent, samples by categories (n), total number of sam-
ples, sample units, presence of cats in the sampling area, association with human T. gondii
infection or toxoplasmosis (outbreaks or sporadic cases), positive samples by categories
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(number and percentage), total number of positive samples (number and percentage),
sample collection and preparation, cocyst recovery and detection methods, DNA extrac-
tion method and molecular markers used, oocyst quantification (mean, median, and
range), analytical sensitivity (Se), additional molecular methods used, source of infor-
mation, journal subject area, and other parasites investigated (Supplementary Tables 52—
S5).

Specific columns were also included in the spreadsheets according to the type of ma-
trix. For soil, there were columns related to sampling site, sample size, and depth of sam-
ple collection (cm). Columns related to the type of aquifer, the uses, and the treatment
received were added for water, and matrix composition, product type (organic, conven-
tional or both), and product presentation (bulk, packaged, or ready-to-eat (RTE)) for fresh
produce. Finally, for bivalves, columns related to sampled species, sampling site, speci-
men length (cm), depth of collection (cm), and type of tissue or material analyzed were
added.

When a study analyzed two or more matrices, data were extracted and considered
separately for each matrix. The data extracted were limited to the information provided
in the articles.

2.3. Data Analyses

Several studies reported oocyst detection by light microscopy or direct visualization
of T. gondii oocysts by autofluorescence using an epifluorescent microscope as the only or
initial screening method. However, since these techniques cannot prove the identity of T.
gondii oocysts due to their shape and size similarity with several genera and species of the
Sarcocystidae family, and because oocyst wall autofluorescence is not an exclusive feature
of T. gondii, data based on microscopy findings were extracted and included in Supple-
mentary Tables 52-55, but they were not considered for data analyses. Accordingly, only
data based on molecular and bioassay methods were included in the Results and Discus-
sion sections. Moreover, only data from individual experimental samples were included
in the analysis, not data from pooled samples. Regarding fresh produce, it was not always
clear whether pooled samples were analyzed. Thus, if the mass of the sample analyzed
was greater than the sample unit mass, it was considered to be a pool and was conse-
quently excluded (e.g., sample units of 3600 g of lettuce [37] or 1000 g of strawberries [38]).

For the evaluation of heterogeneity and pooled estimates, detection rates reported in
each study were combined per matrix (soil, water, fresh produce, bivalve mollusks), using
STATA 15.0 software (StataCorp, Texas, the United States) and a restricted maximum like-
lihood method with a random effects model. A Forest plot was created for easy data de-
viation within matrix type (Supplementary Figures S$1-54). The inverse variance index (I?)
was used to quantify heterogeneity [39,40]. In addition, study bias and heterogeneities at
the study level were calculated by Egger’s test, funnel plots (Supplementary Figure S5),
and Cochran’s Q test, respectively [41].

3. Results and Discussion
3.1. Literature Search and Article Selection

A total of 3201 articles were obtained from the search process, and 321 were prese-
lected based on their titles or abstract and removal of duplicates. Finally, 102 articles were
included for data extraction (Figure 1; Supplementary Table S1). Among them, 13 articles
focused on the analysis of two or more matrices and 34 articles reported data on soil, 40
reported data on water, 23 reported data on fresh produce (vegetables and fruit), and 21
reported data on bivalve mollusks. An attempt to gather more data on 1. gondii oocyst
prevalence was undertaken by collecting gray literature (e.g., unpublished scientific in-
formation, including reports from governmental agencies, thesis dissertations, conference
proceedings) using an online survey administered to experts in the field. The search
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yielded seven reports not published in English-language peer-reviewed journals with
very limited information on the sampling strategies and methodologies employed [42].

5 Database searches Cited by articles from databases
n=3,165 n=36
| |
: ‘
© Before the preselection
n=3,201

» ! Articles excluded i
] After the preselection .| (duplicates or did not pass |
§ n=321 ! the first screening) !
4 l : n=2,880 ;
z ! Articles excluded i
3 Selected ! (did not meet all eligibility |
) DEIOS $z#— T TT T TTTssTTeeeesos et criteria) !
o ! o 1

‘ i n=219 '

Databases or cited in articles obtained from there
n=102

3 Artictes by type of matre ssiysed (13
.g articies analysed more than one matria)
2 | ! } l
Soil Water Vegetables/ fruits Bivalve mollusks
n=34 n=40 n=23 n=21

Figure 1. Four-step flow diagram of the systematic review of the presence of Toxoplasma gondii co-
cysts in soil, water, vegetables, fruit, and bivalve mollusks worldwide until the end of 2020.

3.2. Toxoplasma gondii Oocyst Detection in Environmental Matrices

Different environmental matrices have received increasing attention over the past 50
years. The studies included were conducted on soil (1 = 34) between 1971 and 2019, water
(1 =40) between 1992 and 2019, fresh produce (1 = 23) between 2006 and 2019, and bivalves
(n = 21) between 2002 and 2018. Soil was first investigated early in the 1970s immediately
after the full life cycle of T. gondii was described and the environmentally resistant stage,
the oocyst, was discovered [43]. Later, in the 1990s, the first reports of the presence of T.
gondii in water were published. More recently, in the 2000s, studies have been conducted
in bivalve mollusks and fresh produce.

The timeline of the studies included here appears to be in accordance with our in-
creased understanding of the importance of other food and waterborne zoonotic protists
(particularly Cryptosporidium spp., but also Giardia duodenalis and Cyclospora cayetanensis)
and the detection of outbreaks. Indeed, from the 1990s onwards, numerous studies
demonstrated the presence of Cryptosporidium spp. in public water supplies and recrea-
tional and river water sources [44], together with two massive outbreaks of cryptosporid-
iosis in humans associated with water supplies in Georgia and Milwaukee in the United
States [45,46], among others. Moreover, water-related toxoplasmosis outbreaks were doc-
umented earlier than fresh produce-related outbreaks [14]. Finally, the first studies con-
ducted on mollusks and fresh produce from 2002 or 2006 onwards coincide with similar
investigations carried out in other food and waterborne protists. Late in the 1990s, it was
reported that bivalves could act as mechanical vectors of Cryptosporidium spp. oocysts due
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to their survival in estuarine waters for several weeks [47], which led to further studies on
different bivalve species. Since 2000, both Cryptosporidium spp. and T. gondii have been
more extensively studied in fresh vegetables and fruit [33]. A recent review stated that
5.9% (2/34) of oocyst-related outbreaks were attributable to fresh produce consumption,
with both types of fresh produce, vegetables and fruit, as sources of oocysts in outbreaks
occurring since 2009 [14].

Toxoplasma gondii was detected in different environmental matrices worldwide using
molecular methods (e.g., PCR and loop-mediated isothermal AMPlification, LAMP) or
bioassays, which are sensitive and specific methods, as shown in Tables 1-4 and Figure 2.

The presence of T. gondii oocysts in soil was detected in 28 out of 34 studies in the
following countries: Brazil (n = 5), China (n = 7), Costa Rica (1 = 1), France (n = 3), French
Guiana (1 = 1), Iran (n = 3), Iraq (n = 1), Mexico (n = 1), Panama (n = 1), Pakistan (n = 1),
Poland (n = 1), the Netherlands (1 = 1), and the United States (1 = 2) with overall detection
rates ranging from 1.0% (7/700) [48] to 100% (5/5) [49], both from China (Table 1 and Fig-
ure 2; Supplementary Table S2).

France Scotland (UK) The Netherlands Germany Poland  Czech Republic Greece Italy

4D 360/918 @ 124/1,427 4B 5/166 #3120 A18/101 & o/18 #1/20 & o/119
@ 47/656 # 81/351 Wy 7/93 a 43/409
W 9/50
:P:;'; Bulgaria
Wo/1 #§8/70
Serbia
Portugal
”o i /‘1; & 3/20
Canada Russia
W 3/916 &2/16
Hawaii <, Japan
(USA) &0/
4 0/120
China
United States * 3,185/12,835
4D 27/482 3/117
(X 479/3,708 X 813611
Mexico Pakistan
4 8/68 ’ ) 4 41/250
& 4 «‘ & 21/50
Colombia French Guiana Brazil Suriname Rwanda Turkey Iraq Iran New Zealand
# 31/86 (France) #1571 480/5  §0/30  §7/60 Me278/1117 4@B181/542 (R 13/104
B 9/53 & o/n2 & 2% ‘
& e =W 13/266
- 4 W Q ]
Soil  Water Fresh produce Bivalve mollusks

Figure 2. Worldwide detection of Toxoplasma gondii oocysts in environmental matrices based on
molecular methods (PCR, gPCR, and LAMP) in studies published by the end of 2020. Results are
presented as positive samples/total of samples collected. Articles that analyzed pooled samples and
did not specify how the number of positive individual samples was estimated were excluded.

Water was the environmental matrix most extensively studied worldwide with 25
out of 40 articles reporting T. gondii-positive samples in Brazil (n = 6), Colombia (n = 2),
Egypt (n = 1), France (1 = 2), French Guiana (France) (n = 1), Germany (1 = 1), Greece and
Bulgaria (n = 1), Iran (1 = 1), Mexico (n = 1), Pakistan (n = 1), Poland (n = 3), Russia and
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Bulgaria (1 = 1), Scotland (1 = 1), Serbia (n = 1), Spain (n = 1), and Turkey (n = 1). Overall,
detection rates ranged from 5% (1/20) in Greece [50] to 100% (8/8) in Brazil [51], and most
studies reported a detection rate below 20% (Table 2 and Figure 2; Supplementary Table
S3).

Altogether, twenty-three studies were conducted on fresh produce matrices that
were classified as leafy greens, non-leafy vegetables (including root crops), herbs, and
fruit. Positive samples were reported in all fresh produce matrices in 13 articles from Bra-
zil (n =2), Canada (1 = 1), China (1 = 1), Colombia (1 = 2), the Czech Republic (n=1), Egypt
(n=1), Italy (n = 1), Pakistan (n = 1), Poland (n = 1), Spain and Portugal (n = 1), and Swit-
zerland (1 = 1) (Table 3 and Figure 2). Detection rates in fresh produce ranged from 0.3%
(3/1171) in Canada [52] to 50.0% (13/26) in Portugal [37], and in the majority of studies,
detection rates were below 10% (Table 3 and Figure 2, Supplementary Table 54).

Finally, the presence of T. gondii oocysts in bivalves was reported in 19 out of 22 stud-
ies in Brazil (n =4), China (1 =2), France (n = 1), Italy (n = 3), New Zealand (n = 1), Tunisia
(1 =1), Turkey (1 = 2), and the United States (1 = 5), with detection rates that varied from
0.1% (1/1109) [21] to 46.3% (19/41) [53), both in the United States, and from 1.3% (2/160) to
31.0% (19/60) in pooled samples from Brazil [54] and the United States [55], respectively.
In most studies, the detection rates were below 7% (Table 4 and Figure 2, Supplementary
Table S5).
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Table 1. Worldwide detection of Toxoplasma gondii oocysts in soil based on molecular and bicassay methods in articles published up to the end of 2020.
Sampling Strategy Methods Used Results Sources
Sampling Location (Coun- .. Nocob Gam-fmaple Ausot FOI' Presence of Hinkyifh e Oocyst Recovery Method Detection Methods Togtive
try) Sample Origin ples Col-  lected/Sample Size Cats Man To)foplas- . (Molecular Target) Samples
lected Analyzed (Depth) mosis * (%)
Brazil Dairy farm 5 500 g/500 g (no data) Yes Yes Wash, filtration, centrifu- Mouse bioassay: Sabin 1 (20.0) [56]
gation, flotation, centrifu- Feldman dye test and
gation, wash, and centrif- brain smear confirmed
ugation by bioassay in cats
Brazil Paddocks from os- 40 250 g/25g (5-10cm) Nodata* No Wash, filtration, centrifu- PCR, qPCR (529 RE 13 (325)* [57]
trich farms gation, flotation, centrifu- and 185 rRNA)
gation, wash, and centrif-
ugation
Brazil Elementary public 31 1000 g/no data (5cm) Nodata  No Flotation and centrifuga- Mouse bioassay: 7(22:6) (58]
schools tion squash
Mouse bioassay: histo- 0
pathology
Mouse bicassay: im- 10 (32.3)
munohistochemistry
Mouse bioassay: indi- 8 (25.8)
rect fluorescent anti-
body test (IFAT)
Brazil Sheep farms 10, each inoc- 1 g/1 g (no data) Yes No Wash, flotation, and cen- PCR (529 RE) 0 [59]
ulated in 5 trifugation Mouse bioassay IP/PO-IP: 6 (30.0),
mice PCR (529 RE) PO: 7 (23.3)
Mouse bioassay IP/PO-IP: 14 (70.0),
IFAT PO: 19 (63.3)
Brazil Sludge from a cistern,11 500 mL and 100 g/no  Yes Yes Centrifugation and flota- PCR (529 RE) 0 [60]
and soil from green- data (no data) tion
houses and vegetable
gardens
Brazil Horticultural proper- 10 10 g/10 g (from sur-  Yes No Wash and centrifugation PCR (529 RE) 2 (20" [61]
ties face)
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Sampling S!n!e&y Methods Used Results Sources
Sampling Location (Coun- . . Mo of Sem" Sampls Asssunt .Col- Presence of Link wiflv Het Oocyst Recovery Method Detection Methods Positive
try) Sample Origin ples Col-  lected/Sample Size Cats Tan 'l'o:foplas- B (Molecular Target) Samples
lected Analyzed (Depth) mosis * (%)
China Schools, parks, farms, 2100 20gmodata(5cm) Nodata No Wash, flotation, centrifu- PCR, Semi-nPCR, 230(109)¢ [62]
and coastal beaches gation, wash, and centrif- nPCR
ugation (529 RE, B1, and ITS-1)
China Public parks 252 No data/05g (5cm) Yes No No data PCR (Bl and 529 RE) 41 (16.3)¢ [63]
LAMP (MIC3, F3, B3, 58(23.0)
BIP, FIP, LD, BF)
China Pig farms 95 Nodata/05g(5cm) Yes No No data PCR (Bl and 529 RE) 20 (21.1) [64]
LAMP (MIC3, F3, B3, 36(37.9)
BIP, FIP, LD, BF)
China Urban areas (foci of 9420 20 g/4 replicates of 5 g Yes No Wash, flotation, centrifu- qPCR (529 RE) 2853 (30.3) [65]
human habitation, (10 cm) gation, wash, and centrif-
gravel, sand, indus- ugation
trial and commercial
land, woodland,
grassland)
China Swine hoggery 5 Nodata/05-5g(no Nodata No Ultrasonic treatment and Mouse bioassay: Sabin 5 (100) * [49]
data) sugar flotation Feldman dye test and
kitten bioassay
China Schools, parks, and 268 No data/5 g (no data) Nodata  No Wash, filtration, centrifu- Semi-nested PCR (529 34 (12.7)¢ [66]
grazing area gation, flotation, wash,  RE)
and centrifugation, pre-
sumably
China Chicken farms (free- 700 10-15g/10-15 g (from Nodata  No No data PCR (ITS-1) 7(1)¢ [48]
range and scale surface)
farms)
Costa Rica Yard and coffee plan- 15 10g/10 g (from sur-  Yes No Wash, centrifugation, flo- Mouse bioassay: Dye 4(26.7)* 67]
tation face or 5-7 cm) tation, centrifugation test and squash
France Areas around a hos- 117 200-300 g/10 g (2cm) Yes No Wash, filtration, centrifu- qPCR (529 RE) 11(94)® [68]

pital where cats defe-
cate

73

gation, flotation, and cen-
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Sampling Strategy Methods Used Results Sources
Sampling Location (Coun- . . N of Sam- Sunsply Amsuas ‘Col- Presence of Link weithy Kixs- Oocyst Recovery Method Detection Methods Tositive
) Sample Origin ples Col-  lected/Sample Size Cats ™Man Toxoplas- A (Molecular Target) Samples
) lected  Analyzed (Depth) mosis + 8¢ (%)
France Village areas, crop 243 20 g/4 replicates of 5 g Yes No Wash, flotation, centrifu- qPCR (529 RE) 71(292)  [69]

France

French Guiana (France)

Hawaii (USA)

Iran

Iran

Iran

Iraq

field, grassland, for-
est
Dairy farms 558

Areas around houses 53
and random sites
University campus 120
and a natural area re-
serve

Urban and rural areas192

Sand pits, play- 200
grounds, public

parks, and areas

around rubbish

dumps

Rubbish dumps, chil- 150
dren’s playground,
parks and public

places

Private gardem, 1117
schools, agricultural
lands, territory of

waste dumps, aban-
doned lands where
children sometimes

play, playgrounds,

and parks

(up to2 cm)

20g/5g(2cm) Yes

No data/20 g (no data) Yes

No data/20 g (10 cm) Yes

300-500 g/7 g (no Yes
data)

400 g/40g (2-5cm)  Yes

300 g/no data (3 cm)

300g/40g (2-5cm)  Yes

No data

74

No

No

No

No

gation, wash, and centrif-

ugation

Wash, centrifugation, flo- qPCR (529 RE)
tation, wash, and centrifu-

gation

Wash and centrifugation PCR (529 RE)

278 (49.8) [12)

9(17.0)™ (70

Wash, centrifugation, flo- PCR (GRA6) 0 [71)
tation, centrifugation,

wash, and centrifugation

Wash, centrifugation, flo- nPCR (529 RE)
tation, centrifugation,

wash, and centrifugation

Wash, filtration, centrifu- PCR (GRA6)
gation, flotation, and cen-

trifugation

150 (78.1)  [72)

189)¢ (73]

Wash, centrifugation, flo- PCR (B1)
tation, and centrifugation

13(87)¢  [74)

No data nPCR (B1) 278 (249)® [75]
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Sampling Strategy Methods Used Results Sources
Sampling Location (Coun- .. No. o S Susiple Amount Fol- Presence of Loale veiths Kl Oocyst Recovery Method Detection Methods Positive
try) Sample Origin ples Col-  lected/Sample Size Cats ™Man Tmfoplas- A (Molecular Target) Samples
lected Analyzed (Depth) mosis * (%)
Mexico Playground boxes 68 10 g/10 g (<2 cm, 2-10 Yes No Wash, centrifugation, flo- nPCR (SAGI) 8(11.8) (76]
cm or until reaching tation, wash, and centrifu-
rock bottom) gation
Panama Outdoor children’s 924 30g/30 g (nodata)  Yes Yes Wash, centrifugation, flo- Mouse bioassay: direct 10 (1.1) [77]
play areas tation, and centrifugation agglutination test
Pakistan Homes, gardens, 250 ¢ 300 g/no data (2-5 cm) Yes No No data PCR (B1, 529 RE) Bl =41 78]
public enclosures, (16.4)"
and backyards from 529 RE=41
urban and rural areas (16.4)
Poland Sand pits, rubbish 101 300g/40g(2-5cm)  Yes No Wash, centrifugation, flo- PCR (B1 and 200-300 18(17.8)¢ [79]
dumps and sand tation with centrifugation, REP)
heaps attachment to a glass slide
and wash of the glass slide
Suriname Different areas from a5 200 g/50 g (no data)  Yes Yes Flotation (no more infor- gqPCR (B1) 0 [80]
village mation is given)
The Netherlands Residential gardens 166 ¢ 100 g/25 g (5 cm) No data No Magnetic capture qPCR (529 RE) 5(3.0) [81])
and a limited number
of playgrounds
The United States Cities, state parks, 482 20-50 g/replicates of 5 Yes No Wash, flotation, centrifu- nPCR (ITS1) 27(56)¢  [82]
public playgrounds, g(2-5cm) gation, wash, and centrif-
and community gar- ugation
dens
The United States Pig farms 79 250 g/250 g (no data) Yes No Wash, filtration, centrifu- Mouse bioassay- 1(1.3) [83]

gation, flotation, wash,
and centrifugation

squash and serology

* Cats were observed near the feed tanks, but no information is provided about their presence in the paddocks, and it is not clear how far the feed tanks were from
the sampling area. ' Oocyst recovery method specified step by step. * Investigations linked with human toxoplasmosis: outbreaks, endemic or sporadic cases (IgG
and/or IgM tested and/or clinical signs/symptoms documented). * Detection rate not given, calculated based on the data provided. <Stated that 500 soil samples
were collected, but results corresponded to 250 samples.  Positive samples were sequenced and/or genotyped. “ A total of 148 out of 166 samples collected yielded
interpretable results by qPCR, but the results were based on the 166 samples collected. ! According to Table 3 of the original manuscript, 501 samples were collected,
but 482 samples were considered in the text. Mouse bioassay IP: inoculated intraperitoneally, mouse bioassay PO: peroral. IFAT: indirect immunofluorescence
test. LAMP: loop-mediated isothermal amplification. Articles with results only or also based on microscopy assay or other methods that were not specified:

[49,57,60,80,84-86).
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Table 2. Worldwide detection of Toxoplasma gondii oocysts in water based on molecular and bioassay methods in articles published up to the end of 2020.

Sampling Strategy Methods Used Results Reference
5 Sample Volume Col-
Sampling Lo- . - . . . .
cation (Cotin: P No. of P lected (Sample Vo.l- Water  Presence of Link with Hm?mn Oocyst Recovery  Detection Methods Positive Samples (%)
Details Collected ume Analyzed) (Li- Treatment Cats T 1 ¥ Method * (Molecular Target)
try) b
ters—L)
Brazil Water 1750 L filtered 50 per well No data No data Yes (endemic toxo-Filtration Chicken bioassay: 3 (37.5)* 187]
from through 17 mem- plasmosis area) MAT 0
wells branes and inoc- Molecular (no data)
ulated into 8
chickens
Brazil Irrigation 3 10 No data Yes Yes Filtration, wash, and PCR (529 RE) 1(33.3)" [88]
and mu- centrifugation
nicipal
water
Brazil Water 3 10-20 No data Yes Yes Filtration, wash, and PCR (529 RE) 0 [60]
from cis- centrifugation
terns
Brazil Irrigation 10 0.01 No data Yes No Filtration, wash, and PCR (529 RE) 2(20.0) [61]
water centrifugation
Brazil Drinking 4650 L filtered No data Untreated Yes Yes Filtration and centrifu- PCR (BI) Positive by at least 1 assay ¢ [89]
water  through 56 mem- gation Mouse, chicken, pig
branes and cat bioassays
Brazil Surface 39 20 No data Nodata No Filtration, wash, and qPCR (B1) 3(7.7) [90]
water centrifugation
used to
produce
drinking
water
Brazil Drinking 8 Given ad libitum to  Treated No data Yes Directly Piglet bioassay: IFAT 8 (100) [51]
water the piglets (process not Piglet bioassay: tissue5 (62.5)
specified) PCR (529 RE)

Piglet bioassay: tissue5 (62.5) *
mouse bioassay and
PCR (529 RE)
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Sampling Strategy Methods Used Results Reference
. Sample Volume Col-
SamplingLo- o, sle No.of Samples lected (Sample Vol-  Water P f Link with H Oocyst R Detection Methods
cativin (Couhs P 0.0 p e ample Vol ater resence of Link wi uman ocyst Recovery etection Metho Positive Samples (%)
) Details Collected ume Analyzed) (Li- Treatment Cats Toxoplasmosis * Method * (Molecular Target)
2 ters—L)
Brazil Farm wa- No data (0.003) No data No data Yes No Flotation and centrifu- PCR (529 RE) No data [59]
ter gation Mouse bioassay
Canada Un- 11 Mean of 1051 Untreated Nodata Yes Filtration, wash, cen- Mouse bioassay: mi- 0 [91]
treated trifugation, flotation, croscopy from tissue
water wash, and centrifuga- and MAT
that sup- tion
plied mu-
nicipal
drinking
water
treatment
plants
Colombia Water 40 02or4 Boiled and Nodata  Yes Sedimentation by cen- nPCR (B1) 4(10.0) b [92]
others not trifugation with for-
specified malin-ether
Colombia Surface 46 10 Untreated Nodata No Sedimentation by cen- nPCR (B1) 27 (58.6) 93]
water be- and treated: trifugation with for-
fore and coagulation, malin-ether
during flocculation,
treat- sedimenta-
ment, in tion, filtra-
the treat- tion, and
ment chlorination
plant net-
work and
from
homes
Czech Repub-Irrigation 18 10 No data Notdata No Filtration, wash, and qPCR(Bland329 0 [94]
lic and vege- centrifugation RE)
tables
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Sampling Strategy Methods Used Results Reference
. Sample Volume Col-
SamplingLo- ¢, le No.of Samples lected (Sample Vol- ~ Water P £ Link with H Oocyst R Detection Methods
cabion (Couns P 0.0 P ample Vol ater resence of Link with Human ocyst Recovery etection Metho Positive Samples (%)
) Details Collected ume Analyzed) (Li- Treatment Cats Toxoplasmosis * Method * (Molecular Target)
b ters—L)
washing
water
Egypt Irrigation 54 No data No data Nodata No Filtration and centrifu- Mouse bioassay- 9(16.7) [95]
water gation smears and MAT
France Wastewa-35 20 Treated and Nodata  No Filtration, wash, cen- PCR (529 RE) 0 [96]
ter untreated trifugation, immuno-
(process not magnetic separation of
specified) Cryptosporidium spp.
and G. duodenalis, cen-
trifugation, and flota-
tion
France Un- 139 100 (7-100) No data Nodata No Filtration, wash, cen- qPCR (B1) 10 (8.0)¢ [97]
treated trifugation, immuno- Mouse bioassay- ag- 0
surface, magnetic separation of glutination test and
ground, Cryplosporidium spp.  smear
and pub- and G. duodenalis, flo-
lic drink- tation, centrifugation,
ing water wash, and centrifuga-
tion
France Un- 482 5-100 No data Nodata No Filtration, wash, cen- PCR (B1 and 529 RE) 37 (7.7) * [98]
treated trifugation, immuno-
surface, magnetic separation of
ground, Cryplosporidium spp.
and pub- and G. duodenalis, cen-
lic drink- trifugation, flotation,
ing water and centrifugation
French Gui- Water 6 10 No data Yes Yes Filtration and presum- PCR (529 RE) 1(16.7) b [70]
ana (France) from cis- ably wash, centrifuga-
terns, lit- tion, flotation, centrif-
tle ugation, wash, and
streams, centrifugation
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Sampling Strategy Methods Used Results Reference
. Sample Volume Col-
SamplingLo- o \ple No.ofS lected (Sample Vol- ~ Water P f Link with H Ooeyst R Detection Methods
cabion (Couns P 0. 0! p e ample Vol ater resence of Link wi uman ocyst Recovery etection Metho Positive Samples (%)
) Details Collected ume Analyzed) (Li- Treatment Cats Toxoplasmosis * Method * (Molecular Target)
2 ters—L)
and
brooks
Germany Wastewa-25 1 Untreated Nodata No Filtration (sieve and  PCR (B1) 0 [99]
ter and treated: cellulose filters), wash,
mechanical and centrifugation
and biologi-
cal treat-
ments
Germany Variable: 95 5-2500 Treated and Nodata  No Flocculation for LAMP (B1) 8(84) [100]
drinking untreated WWTPs, filtration for
water (process not drinking, groundwater
and oth- specified) and surface water,
ers not then centrifugation
specified and flotation for sam-
ples
Greece River, 20 10 No data Nodata No Flocculation, centrifu- nPCR (188 rRNA)  1(5)* [50]
Bulgaria reservoir, 34 gation, discontinuous 3(88)"
Japan well, 6 sucrose gradients, 0
spring, wash, and centrifuga-
tap, sew- tion
age, and
recrea-
tional wa-
ter
Iran Natural 34 5 No data No data No Filtration, wash, cen- LAMP (B1) 2(5.8) [101]
water trifugation, and flota-
tion
Italy Wastewa-119 10-20 Sand, mem- No data No Filtration, wash, cen- qPCR (Bl-multiplex) 0 [102]

ter

brane-biore-
actor, plug-
flow reactor,
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trifugation, and flota-
tion
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Sampling Strategy Methods Used Results Reference
. Sample Volume Col-
SamplingLo- o npl lected (Sample Vol-  Water P f Link with H Oocyst R Detection Methods
cation (Coun- % et 27 ek St e oot S Positive Samples (%)
) Details ume Analyzed) (Li- Treatment Cats T . Method * (Molecular Target)
o ters—L)
and mem-
brane ultra-
filtration
Mexico Public 74 5 ChlorinationNo data  No Filtration, wash, cen- nPCR (SAGI1) 4(54) [103)
drinking trifugation, flotation,
water centrifugation, wash,
and centrifugation
Pakistan Drinking, 500 No data No data Nodata No Flocculation or filtra- PCR (B1 and 529 RE) 41 (8.2)* 78]
recrea- tion
tional,
and irri-
gation
water
Poland Drinking 114 5 No data Yes Yes Filtration, wash, cen- PCR (no data) 31(272) [104]
water trifugation, flotation
with centrifugation,
wash, and ccntril’uga-
tion
Poland Drinking 201 5 No data Yes Yes Filtration, wash, cen- PCR (B1) 43 (21.4) b« [105]
and natu- trifugation, flotation Mouse bioassay of 14 Tissue PCR: 9 (64.3), aggluti-
ral water with centrifugation, PCR positive sam-  nation test: 3 (21.4)*
wash, and centrifuga- ples-tissue PCR or
tion agglutination test
Poland Bathing 36 50 No data No data No Filtration, wash, and nPCR (B1) 7(194)¢ [106]
and centrifugation
drinking
water
Russia Natural 16 No data No data No data No Flocculation, wash, nPCR (185 rRNA) 2(125)* [107]
Bulgaria water 36 and discontinuous su- 5(139)*

crose gradient
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Sampling Strategy Methods Used Results Reference
. Sample Volume Col-
SamplingLo- ¢, le No.of Samples lected (Sample Vol- ~ Water P £ Link with H Oocyst R Detection Methods
cativin (Couhs P 0.0 p ample Vol ater resence of Link with Human yst Recovery etection Metho Positive Samples (%)
) Details Collected ume Analyzed) (Li- Treatment Cats Toxoplasmosis * Method * (Molecular Target)
= ters—L)
LAMP (B1) 9(56.3)"
16 (44.4) ¢
Rwanda Irrigation 30 1 Untreated Nodata No No data PCR (529 RE) 0 [108]
and post- those from
harvest rivers, la-
washing goons,
water marshlands,
and lakes
Scotland Public 1427 Up to 1000 No data Nodata No Filtration, centrifuga- qPCR (529 RE) 124 (8.8) <= [109]
water tion, immunomagnetic
supply separation of Cryplos-
poridium spp. and cen-
trifugation
Serbia Surface 20 10 No data Nodata No Filtration, wash, and PCR (529 RE) 3(15.0)¢ [110)
water centrifugation
from riv-
ers
Spain pre-  Irrigation 3 15 No data Nodata No Centrifugation qPCR (I8SrRNA)  1(33.3)" [111]
sumably water
Turkey Natural 60 10 No data Nodata No Flocculation, centrifu- nPCR (185 rRNA) 7 (11.7) < [112]
water gation, wash, and dis- LAMP (B1) 15(25.0)
continuous sucrose
gradient
The United Presuma- No data 0.05 No data Yes No Centrifugation Mouse bioassay-ag- No data [83]
States bly drink- glutination test and
ing water examination
for ani-
mals

'Oocyst recovery method specified step by step. * Investigations linked with human toxoplasmosis: outbreaks, endemic, or sporadic cases (IgG and/or IgM tested
and/or clinical signs/symptoms documented). * Detection rate not given, calculated based on the data provided. © Positive samples were sequenced and/or geno-
typed. ¢ A total of 125 out of 139 samples collected yielded interpretable results. The detection rate was based on the interpretable results. © A total of 480 out of
482 samples collected yielded interpretable results. The detection rate was based on the interpretable results. ‘ Reported one detection rate for both countries: nPCR
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=7/52 (13.5%), LAMP = 25/52 (48.0%). Detection rates for each country based on the data providcd. 5 A total of 1411 out of 1427 samples collected yielded inter-
pretable results. The detection rate was based on the interpretable results. » Six samples were positive by nPCR (mentioned in the abstract); however, detection
rates were recalculated according to the results included in the text and tables (7 positive samples). LAMP: loop-mediated isothermal amplification. Articles with
results only or also based on microscopy assay or other methods that were not specified: [78,86,96,99,104,105,107,113-117).
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Table 3. Worldwide detection of Toxoplasma gondii oocysts in fresh produce (vegetables and fruit) based on molecular and bioassay methods in articles published
up to the end of 2020.

Sampling Strategy Methods Used Results Reference
Product
Sampling Production Type Presentation N B Sample Mass Col- Pretence ot Linked with Oocyst Recovery Detection Positive
Location Matrix (Organic and/or  (Bulk, Pack- ples Collacted lected (Sample Mass Cats Human Toxo- Method * Methods (Mo- Samples
(Country) Conventional) aged or Ready Analyzed) plasmosis * lecular Target) (%)
to Eat—RTE)
Brazil Lettuce No data No data 4 No data Yes Yes Wash, scraping, PCR(529RE) 0 [88]
and centrifugation
Brazil Crisp lettuce, Organic and con- No data 220¢ 50g No data No Wash, filtration, PCR(Bland 9(3.8) [118]
regular lettuce, ventional and centrifugation 529 RE)
chicory, rocket,
and parsley
Brazil Vegetable No data No data 11 50g Yes Yes Wash, filtration, PCR (529 RE) 0 [60]
clumps (no and centrifugation
more details
given)
Brazil Crisp lettuce, Organic No data 42 50g Yes No Wash, filtration, PCR (529 RE) 4(9.5)¢ [61]
arugula, chic- and centrifugation
ory, chives,
purple lettuce,
spinach, and
chard
Canada Variable * Organic and con- Bulk and pack- 1171 35+05g Nodata No Wash, centrifuga- qPCR (185 3(03)"° [52]
ventional aged tion, and flotation rDNA)
China Lettuce, pak  No data No data 279 No data Nodata No Wash, flocculation,qPCR (B1) 10(36)* [19]
choi, Chinese and centrifugation
cabbage, rape,
asparagus,
Chrysanthemum

coronarium, en-
dive, Chinese

chives, cabbage,

red cabbage,
and spinach
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Sampling Strategy Methods Used Results Reference
Product
Sampling Production Type Presentation Notof Siis: Sample Mass Col- Pisisinice of Linked with Ovgut Becniny, Detection Positive
Location Matrix (Organic and/or  (Bulk, Pack: ples Collected lected (Sample Mass Human Toxo- Mothod ¢ Methods (Mo- Samples
(Country) Conventional) aged or Ready Analyzed) plasmosis * lecular Target) (%)
to Eat—RTE)
Colombia  Lettuce, cab- No data No data 30 200g No data Yes Wash, sedimenta- nPCR (B1) 1(3.3) [92]
bage, cucum- tion/centrifugation
ber, carrot, and with formalin
tomato ether
Colombia  Strawberries  No data Bulk and pack- 120 250 g (3 replicates of Nodata  No Wash and centrifu-qPCR (529 RE- 6 (5.0)" [119]
aged 30g) gation multiplex)
Czech Re-  Carrot, cucum- No data Bulk and pack- 292 100 g Nodata No Wash and centrifu-gPCR (Bl and 28 (9.6)®  [94]
public ber, lettuce aged (just for gation 529 RE)
(butterhead let- lettuce)
tuce, iceberg
lettuce, little
gem, and lollo
lettuce)
Egypt Lettuce, carrot, No data No data 54 150g Nodata No Wash, filtration, Mouse bicas- 7 (13.0) [95]
and cucumber and centrifugation say: smears +
MAT
Italy Mix salad: curlyNo data RTE 648 (72 pools) 100 g Nodata No Wash and centrifu-qPCR (B1) 5(0.8)"° [120]
and escarole gation
lettuce, red rad-
ish, rocket
salad, and car-
rots
Pakistan Apple, banana, No data No data 250 No data No data No No data PCR(Bland 12(48)* 78]
guava, cabbage, 529 RE)
brinjal, and to-
mato
Poland Strawberries, No data No data 216 1-20 units, 500-1000 Yes (in No Wash, flocculation, qPCR (B1) 21 (9.7 [38]
radish, carrot, 8 farms-home and centrifugation
and lettuce gardens)
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Sampling Strategy Methods Used Results Reference
Product
Sampling Production Type Presentation Notof Siis: Sample Mass Col- Pisisinice of Linked with Ovgut Becniny, Detection Positive
Location Matrix (Organic and/or  (Bulk, Pack- ples. Collected lected (Sample Mass Human Toxo- Mothod ¢ Methods (Mo- Samples
(Country) Conventional) aged or Ready Analyzed) plasmosis * lecular Target) (%)
to Eat—RTE)
Spain Lettuce, carrot, Organic and con- Bulk, pack- 9 64-3600 g Nodata No Wash, centrifuga- PCR (529 RE) 2(22.2)% [37]
Portugal parsley, water- ventional aged, and RTE 26 tion, immunomag- 13 (50.0) b4
cress, coriander, netic separation of
mix salad, aru- Cryptosporidium
gula, strawber- spp. and G. duode-
ries, raspber- nalis
ries, and blue-
berries
Switzerland Lettuce (differ- No data No data 100 900-1800 g (pools of Nodata  No Wash, filtration, PCR (B1) 6(6.0) b [121)
ent types, but 9 lettuce) and centrifugation
not specified)

'Oocyst recovery method specified step by step. ¥ Types of fresh produce analyzed: arugula/baby arugula, kale, spinach/baby spinach, romaine, chard, leaf lettuce
(green and red), spring mix, leafy green mixes (mix of 2 or more leafy green types), any dandelion, collards, rapini, escarole and marche. * Investigations linked
with human toxoplasmosis: outbreaks, endemic, or sporadic cases (IgG and/or IgM tested and/or clinical signs/symptoms documented). * Positive samples were
sequenced and/or genotyped. < According to the abstract, a total of 238 samples were collected, but the sum of each type of vegetable collected corresponded to
220 samples. ¢ Fourteen positive samples were reported in the text, but there were 15 positive samples in the tables, and detection rates by country were not given.
¢Detection rate not given, calculated based on the data reported. Articles with results only or also based on microscopy assay or other methods that were not

specified: [120,122-129].
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Table 4. Worldwide detection of Toxoplasma gondii oocysts in bivalve mollusks based on molecular and bioassay methods in articles published up to the end of

2020.
Sampling Strategy Methods Used Results Reference
Sampling X Type of Tissue or Detection Meth-  Positive
Locati Sample Type (Scientific Names)  Samples Collected S;mplel U:; 13 pe: Postoe Material Ana- 00(:::;;0:,“}' ods (Molecular  Samples
(Country) ple Mass (Leagth) lyzed Targetif Apply) (%)
Brazil Opysters (Crassostrea rhizophorae), 80 pools 5-15 units/pool Whole oyster or  Wash, filtration, nPCR (B1) 2(25) [130]
mussels (Mytella guyanensis) mussel centrifugation, Mouse bioassay- 0
wash, and centrifu- smear + IFAT
gation
Brazil Qysters (Crassostrea rhizophorae) 208 pools of each tissue 3 units/pool (no data) Gills and digestiveNot performed *  PCR (529 RE) 0 [131]
glands nPCR (SAG1) 17 (8.1)®
Brazil Opysters (Crassostrea spp.) 120 pools 10 units/pool (no data)  Gills, gastrointesti-Not performed *  nPCR (B1) 7(58)°" [132]
nal tract, and in-
tervalvular liquid
Brazil Opysters (Crassostrea spp.) 80 pools of each tissue 5 units/pool (no data) Gills and digestive Not performed* nPCR (SAG1) 2(25)® [54]
glands (visceral
mass)
China Opysters (not specified) 998 1 unit (no data) Hemolymph, di- Centrifugation SeminPCR (B1) 26(26)" [133])
gestive glands and
gills
China Mussels (Mytilus edulis) 2215 1 unit (no data) Gills, digestive ~ Not performed*  SeminPCR (Bl) 55(25)* [134]
glands and hemo-
lymph
China Oysters (Concha ostreae) 398 1 g/sample (no data) Digestive tract tis- Not performed *  PCR (ITS1) 0 [135]
sues
France Mussels (Dreissena polymorpha) 96 pools 9 units/pool (18-25 mm) Whole mussel Enzyme digestion, qPCR (529 RE) 3(3.1) [136]
centrifugation
Italy Mussels (Mytilus galloprovincialis) 409 25 mg (>5 cm) Digestive gland  Not performed*  gPCR (B1) 43(10.5)* [137)
Italy M 1 (Mytilus gallop ialis, 135 pools 10 g (no data Intestinal tissues Wash, filtration, End-point PCRs  10(74)" [138]
Muytilus edulis) centrifugation, (B1 and 529 RE)
wash, and centrifu-
gation
Italy Opysters (Crassostrea gigas), mussels 62 pools of each tissue  11-30 units/pool (no data) Digestive glands, For hemolymph: nPCRand FLAG- 2(3.2) [139]
(Mytilus galloprovincialis), clams gills and hemo-  flotation, centrifu- qPCR (B1)
lymph gation, wash, and
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Sampling Strategy Methods Used Results Reference
Sampling . Type of Tissue or Detection Meth-  Positive
Locati Sample Type (Scientific N ) Samples Collected S;:‘:‘ig:::::;‘;:l;“ Material Ana- Oocg:{s:;::io:'ery ods (Molecular ~ Samples
(Country) P lyzed Targetif Apply) (%)
(Tapes philippinarum, Tapes decus- centrifugation. Not -
satus) specified for diges-
tive glands and gills
New Zea- Mussels (Perna canaliculus) 104 1 unit (no data) Hemolymph Centrifugation nPCR (dhps) 13 (125 (23]
land
Tunisia Clams (Ruditapes decussatus), oys- 87 pools 9-18 units/pool (no data) No data Wash, filtration, qPCR (B1) 4(4.6) [140]
ters (Pinctada radiata), mussels centrifugation,
(Mytilus galloprovincialis, Perna wash, and centrifu-
perna) gation
Turkey Mussels (Mytilus galloprovincialis) 53 pools 15 units/pool (5-8 cm) Gills and digestiveFiltration and cen- qPCR (B1) + HRM 5(94)* 141}
system trifugation
Turkey Mussels (Mytilus galloprovincialis) 53 pools 15 units/pool (no data)  Gills and digestiveFlotation or filtra- qPCR + HRM (B1) 7 (13.2) [102]
Italy 60 pools 500 g (no data) system tion and centrifuga- 0
Hemolymph, gills tion
and digestive
glands
The United Oysters (Crassostrea virginica) 1440 50~100 mg Mantle, gillsand Not performed*  qPCR (ITS1) 446+ (31.0) [55]
States wet weight of total tissue rectum
(no data)
The United Mussels (M. californianus), gaper 1109 50 mg of digestive tissue Hemocytes and  Not performed*  qPCR (185 rRNA) 1(0.1)*» [21]
States t clams (Tresus nuttallii), pismo clams or 50-100 pL of pelleted  digestive gland
(Tivela stultorum) hemolymph (no data)
The United Mussels (Mytilus californianus) 959 1 unit (no data) Hemolymph Centrifugation nPCR (ITS1and 13(14)*  [22]
States ! B1)
The United Mussels (Mytilus spp.) 41 1 unit (no data) Hemolymph, gills Filtration and cen- gPCR and end- 19 (46.3)** [53]
States and digestive trifugation point PCR (529 RE)
glands
The United Clams (Mya arenaria), mussels 159 1 unit (no data) Digestive gland, Not performed*  PCR (GRA6) 0 [142)
States (Geukensia demissa, Mytilus edulis), mantle, gills, foot,
oysters (Crassostrea virginica) and siphon
The United Mussel (Mytilus californianus) Analyzed pools, but the 30 units/pool (23 cm) Hemolymph Not performed *  PCR (ITS1,529bp 13(1.5)> [117]
States exact number was not and B1)
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Sampling Strategy Methods Used Results Reference
Sampling . Type of Tissue or Detection Meth-  Positive
Location Sample Type (Scientific Names)  Samples Collected Sample Vnity pes Fool pe Material Ana- Oocyst Recovety ods (Molecular ~ Samples
Sample Mass (Length) Method * 2 .
(Country) lyzed Target if Apply) (%)

Specified (total of units =

959)
'Oocyst recovery method specified step by step.? Presence of cats in the sampling area reported by previous studies. * Samples were analyzed without a preceding
oocyst recovery/concentration process. * Positive samples or detection rates not specified, calculated based on the data provided. * Positive samples were sequenced
and/or genotyped. < Detection rate based on the total of individual samples collected, not based on analyzed pools, HRM: high-resolution melt curve. FLAG:
fluorescent amplicon generation. IFAT: indirect immunofluorescence test. None of the articles were linked to human toxoplasmosis.
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Most studies were focused on a few countries, so data cannot be extrapolated to other
areas. The fact that most of the studies included in this systematic review were performed
in North and South America could be linked to the frequency of oocyst-associated toxo-
plasmosis outbreaks, which were documented as early as 1966 in these regions [143]. Bra-
zil is the country most represented in the studies, which is likely because it is a hotspot
for outbreaks and the presence of a wide variety of strains that appear more virulent [7].

It is noticeable that very few studies addressed T. gondii infection using a multisec-
toral and transdisciplinary approach, according to the One Health concept. Indeed, only
13 of the selected articles studied the association between oocyst detection in environmen-
tal matrices with human T. gondii infection and toxoplasmosis (outbreaks, endemic, or
sporadic cases), most of them from North and South America. Five of these studies fo-
cused on soil [56,60,70,77,80], with three of them reporting positive samples; 10 were in
water [51,60,70,87-89,91,92,104,105], with eight reporting positive samples; and three
were on fresh produce [60,88,92], with one reporting positive samples and the other re-
porting negative samples, but suggesting that the occurrence of toxoplasmosis was con-
nected with vegetable consumption in a restaurant [60] (Tables 1-4).

3.3. Sampling Strategies

The studies selected were not comparable due to the large differences between them.
When analyzing pooled detection rates by matrix type, a high degree of heterogeneity was
observed (I2=98.9%, p < 0.001) due to the different sampling and methodological ap-
proaches adopted among the 64 studies included here (Table 5). Fresh produce stood out
as the least heterogeneous matrix (I*=78.2%, p <0.001). Nevertheless, this might be a con-
sequence of the small number of studies selected (n= 8) because most of the available sur-
veys analyzed pooled samples and were excluded. A larger number of studies (n = 28)
were considered for water. However, high heterogenicity was obtained (I*= 85.4%, p <
0.001) even though sampling strategies were adopted from standardized protocols for
other waterborne parasites such as Cryptosporidium spp. and G. duodenalis [144]. As ex-
pected, similar results were found when analyzing heterogeneity by Cochran’s chi-
squared (Q = 6679.21 (d.f. = 74), P< 0.001). In addition, the first approach to estimate the
sampling bias showed a significant influence (Egger’s test = 4.41, p < 0.001), which pro-
vides additional statistical evidence of heterogeneous sampling strategies and methodol-
ogies [41,145] (Tables 1-4; Supplementary Figures S1-54). Such bias was also evident in
the funnel plots constructed for each of the matrices (Supplementary Figure S5). Never-
theless, we did not exclude any of the studies aiming to show a detailed overview of the
investigations carried out up to date. Thus, harmonized procedures should be imple-
mented in future studies.

89



CHAPTER V: RESULTS (PUBLICATIONS)
Sub-objective 1.1: systematic review on environmental contamination

Microorganisms 2022, 10, 517 27 of 44

Table 5. Subgroup analysis for comparison of the occurrence of Toxoplasma gondii oocysts detected
by molecular methods in each matrix.

Maty  NO-of Studies  Pooled Detection Hetesogeneity Test Egger's Test
Included Rates (95% CI) I (%) Q) Q/df Q-p(P) " p

Soil 25 17.3 (11.0-23.7) 993 338803 24 <0001 108 0292

Water 28+ 9.2 (6.3-12.0) 854 20509 23 <0001 233 0030

B ’e;:;’:" 8» 52 (1.7-8.8) 782 36.76 8 <0001 909 <0.001

Hevalve ool 10« 6.8 (4.4-92) 98.8 75799 9 <0001 282 0030
lusks

Total 71* 12.0 (10.0-14.0) 989 667921 74 <0001 441 <0001

I3, inverse variance index; Q, Cochran’s X%; Q-P p-value of Q-tests. * Few articles analyzed samples
from more than one country. * Excluded: [59,89] (the number of positive samples was not specified).
b Excluded: [60,78,92,119-121] (analyzed pooled samples). < Excluded: [54,102,117,130-132,136,138~
140,141] (analyzed pooled samples).

3.3.1. Soil

Soil samples were grouped into different categories according to their origin, which
was mainly based on their proximity to urban areas and the presence of domestic and
wild felids: public parks and playgrounds, schools, gardens, backyards, and houses (in-
cluding vegetable gardens/orchards), livestock farms, crop fields and grasslands, and for-
ests (Table 1, Supplementary Table S2). In general, the detection rates in soil near urban
areas were between 1.1% (10/924) in playgrounds [77] and 94.1% (16/17) in vegetable gar-
dens [72]. On livestock farms, detection rates ranged from 1.0% (7/700) [48] to 100% (5/5)
[49], in crop fields and grasslands from 20.0% (2/10) [61] to 32.4% (274/845) [65], and in
forests from 32.1% (26/81) [69] to 85.7% (6/7) [72] (Supplementary Table S2).

The higher detection rates reported in livestock farms, vegetable gardens, and forests
may be explained by the presence of felines, since 20 out of 23 articles that documented
the presence of cats near the sampling area also reported positive samples. There is evi-
dence that T. gondii oocyst contamination is more common at known cat defecation sites
than at other sites [68], and in farms with higher cat densities [63]. In a study in eastern
France, soil contamination with oocysts decreased as the distance from core areas of cat
home ranges increased [69]. In studies reporting the presence of cats, the detection rates
ranged from 1.1% (10/924) [77] to 78.1% (150/192) [72], whereas they ranged from 1.0%
(7/700) [48] to 100% (5/5) [49] in studies where no information was provided. For further
studies that aim to determine the risk that the presence of cats poses to T. gondii environ-
mental contamination, quantitative data on cat colonies would help to better interpret the
results obtained.

The prevalence of oocyst-shedding cats may vary with seasonal reproductive pat-
terns, and the likelihood of exposure to T. gondii may be influenced by climatic conditions
[62]. There is evidence that season and extreme weather events are variables that influence
T. gondii contamination. T. gondii oocysts remain viable for a long period of time in moist
soil conditions and mild temperatures. For example, significant levels of rainfall may lead
to humidity, precipitation, and excess runoff, and thus, exposure to T. gondii oocyst is in-
creased [12,21]. In contrast, drier conditions and hot temperatures reduce the persistence
(and viability) of T. gondii oocysts in the soil [82,146]. A handful of studies have investi-
gated the effects of climate conditions and season on soil contamination with T. gondii
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oocysts. Soil, temperature, and humidity were found to be associated with oocyst contam-
ination in Harbin, China [65]. In another study from China, soil contamination was more
common in a sub-tropical climate [62]. In three studies, oocyst positive soil samples were
found more frequently in autumn [48,62,82]. In contrast, a gradual decrease in soil detec-
tion rates from spring to winter was reported in Wuhan, China [63], and levels of soil
contamination were higher in the summer season than in the spring in Mazandaran Prov-
ince, Iran [72]. Local variations in climate may explain the seasonal differences observed,
and this highlights the importance of recording climatic conditions when undertaking en-
vironmental sampling.

Other sampling variables to be considered are the number of samples collected that
ranged from 5 [56] to 9420 [65], the mass of soil sampled that varied from 1 g [59] to 1000
g [58] and the sampling depth that ranged between 2 and 10 cm (Table 1). However, this
information was not provided in some articles, and thus, comparison between articles was
not possible.

Currently, there is a lack of knowledge on the nature or extent of any effect of soil
type on T. gondii oocyst survival. The biological, chemical, and physical parameters of soil
may vary with soil type and sampling season and therefore affect oocysts’ viability, re-
covery, and detection. An experimental study conducted with T. gondii oocysts and dif-
ferent types of artificial and natural soil matrices demonstrated that the efficiency of oo-
cyst recovery is affected by the soil characteristics, with significantly higher efficiency
from samples that had the lowest sand content [147], which was probably due to the struc-
tural damage caused by mixing before and during the flotation procedure, as documented
previously for Cryptosporidium spp. [148]. Therefore, all these parameters should be doc-
umented to facilitate the development of risk assessment and management strategies
aimed at detecting T. gondii oocysts, estimating the environmental contamination burden,
and reducing public health risks [62].

3.3.2. Water

Regarding investigations on the occurrence of T. gondii oocysts in water, specific sam-
pling variables were considered: the water origin (groundwater: wells; surface: rivers,
beaches, lakes, pools; wastewater; piped water: from homes or public drinking water),
uses (recreational: swimming and/or playing sports; irrigation/washing; potable water)
and water treatment (boiling, chlorination, filtration) (Table 2, Supplementary Table S3).

Toxoplasma gondii detection rates ranged from 5.4% (4/74) [103] to 37.5% (30/80) [104]
in groundwater water, 5.0% (5/100) [98] to 76.9% (10/13) [93] in surface water, 10.0% (1/10)
[50] to 42.9% (3/7) [107] in wastewater, and 2.3% (1/44) [97] to 17.9% (5/28) in piped water.
Lower T. gondii detection rates in drinking water and groundwater compared to surface
water have been reported previously [78]. This could be due to the water treatment re-
ceived or natural filtration through soil, stones, and organic matter, respectively. How-
ever, this last hypothesis will depend on the characteristics of the ground, since material
of smaller diameter could retain more oocysts, as experimentally proven for Cryptosporid-
ium spp. oocysts [149]. It is also possible that inhibitors that might affect molecular tests
are more likely present in groundwater or wastewater, leading to an underestimation of
the contamination with oocysts. Surface water may be directly in contact with definitive
host feces or accumulated rainfall runoff from surfaces, leading to higher oocyst contam-
ination.

The public health importance of different contaminated water sources is determined
by their uses. In relation to this, one article reported 9.0% (9/100) recreational water sam-
ples to be oocyst positive [78], while the detection rates were between 16.7% (9/54) [95]
and 50.0% (1/2) [88] in irrigation/washing water, and 2.3% (1/44) [97] and 100% (8/8) [51]
in potable water. The origin of these samples was not specified in all cases; the recreational
water corresponded to lakes and pools, the irrigation/washing water was from a river,
and in one study, the potable water corresponded to water kept in tanks/towers from
houses, in fountains, and from the water and sewage company. One study with 100% of
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positive potable water samples was linked to a human toxoplasmosis outbreak in Santa
Maria, Brazil, which was one of the largest studies worldwide with around 902 confirmed
cases [51] and one of the few that used piglet bioassay for parasite detection; thus, oocysts
infectivity was confirmed.

Previous studies have stated that untreated surface irrigation water is a relevant
source of waterborne pathogens including T. gondii [111] and that human T. gondii infec-
tion seropositivity is significantly more frequent among those consuming unboiled water
[104]. Herein, three out of eight articles that analyzed treated water clearly specified the
treatment received, all from North and South America, with detection rates of 5.4% (4/74)
in chlorinated water [103], 6.0% (2/30) in boiled water [92], and 60.0% (12/20) in water from
the distribution system of a treatment plant after a coagulation, flocculation, sedimenta-
tion, filtration, and chlorination process [93]. However, oocyst viability was not assessed
in these studies, and it is documented that sporulated oocysts lose their infectivity at 60
°C for 1 min [150], while treatments such as chlorination, ultraviolet (UV), and ozone are
not effective [151]. One study that analyzed treated water reported 100% (8/8) of positive
samples by piglet bioassay, which were linked to a human toxoplasmosis outbreak, but
water treatment was not specified [51]. This finding could indicate that not all treatments
used are effective or that treated water may become contaminated, which is more likely
in countries with inadequate water supply systems. Thus, in addition to avoiding the con-
tamination of stored water (tanks, cisterns, and others), the effectiveness of treatments and
the post-treatment handling are both crucial factors to be considered in the prevention
and control of water-related toxoplasmosis.

The number of samples collected was extremely variable: from three irrigation, mu-
nicipal, and/or cistern water samples [60,88,111] to 1427 public water supply samples
[109]. In addition, the sample volume ranged from 0.01 L [61] to up to 2500 L [100]. The
analysis of large volumes is necessary because of the low oocyst load expected. However,
water turbidity due to organic matter can also have an impact, since this can lead to mem-
brane saturation [70] and increase the possibility of the presence of inhibitors affecting the
molecular tests.

Altogether, nine articles recorded the presence of cats in the sampling area, and six
of them reported positive samples [61,70,88,89,104,105] (Table 2). However, no clear asso-
ciation was established. One article suspected that reservoir contamination was due to a
cat from the area that gave birth to kittens that lived on the top of the reservoir, but they
could not be caught, and so it was not possible to confirm this hypothesis [89]. Since most
of the studies did not specify whether cats were present, it was not possible to determine
if reported detection rates were influenced by this variable. Moreover, the presence of cats
alone is insufficient to explain the results, since infected cats can shed oocysts that could
contaminate areas located far away from the sampling sites through water currents.

Detection rates by sampling season were not documented in most studies. One study
in Scotland (UK) reported a higher number of positive samples in autumn compared to
summer [109], and other studies in Mexico and Brazil found positive samples only during
the rainy season [90,103]. In addition, a study in French Guiana, linked to a human toxo-
plasmosis outbreak, stated that climate changes, mainly flooding and warming, were the
prelude to the event [70]. Therefore, it seems that there is a positive association between
wet seasons and the presence of oocysts in water samples; however, further studies are
required to confirm this. A higher probability of detecting Cryptosporidium spp. and G.
duodenalis in fresh surface water during and after extreme weather events has been also
documented, with mean odds ratios of 2.61 (95% Cl = 1.63—-4.21) and 2.87 (95% Cl = 1.76—
4.67), respectively [152]. Accordingly, apart from classical climatologic parameters such
as temperature and humidity, extreme weather events might strongly influence oocyst
presence, and this should be taken into account in risk assessments.

3.3.3. Fresh Produce
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Regarding fresh produce, sampling strategies varied in terms of matrix composition,
number and mass of samples, season, origin (growing location: gardens/orchards, open
fields, green houses; market: local markets and fairs, supermarkets, or restaurants), pro-
duction type (organic versus conventional), and product presentation (bulk, prepacked,
and RTE) (Table 3, Supplementary Table S4).

Fresh produce is a heterogeneous matrix that was divided into four distinct catego-
ries in this study: leafy greens including mixed salads (n = 13), non-leafy vegetables in-
cluding root crops and others (brinjal, asparagus, beet, radish, carrot, chives, chili, tomato;
n=9), herbs (basil, dill, chicory, coriander, thyme, parsley; n = 3), and fruit (apple, banana,
guava, blueberry, raspberry, and strawberry; n = 3). Leafy greens included different types
of lettuce, chicory, rocket (syn. Arugula), watercress, chard, spinach/baby spinach, and
Brassica vegetables (cabbage, red cabbage, rape, pak choi). Lettuce was investigated in 12
studies, but a harmonized nomenclature was not found, since the type of lettuce was not
specified in seven studies, whilst in others, the authors mentioned romaine, red and green
leaf lettuce, regular lettuce, curly lettuce, butterhead lettuce, iceberg (syn. Crisp) lettuce,
little gem, lollo lettuce, escarole, or simply “varieties of lettuce”. In addition to this, 13
studies analyzed one type of sample, whereas three studies analyzed a mix of vegetables.
The composition of fresh produce might influence the possibility of being contaminated
with oocysts, since the production process and growing period differ notably between
baby leaves, grown and cut leafy greens, roots, and fruit.

According to the product presentation, three studies analyzed a mixture of leafy
greens, and two of them were specifically RTE products, with detection rates of 0.8%
(5/648) [120] and 33.3% (2/6) [37]. Apart from these mixed salads, samples of arugula and
watercress were also RTE, with 66.7% (2/3) of positive samples only in the last case [37].
The differences in detection rates may be at least partially explained by the number of
samples collected and tested. Itis clear that current RTE production processes do not guar-
antee a product free from parasites of fecal origin, as not only T. gondii but also Cryptos-
poridium spp., G. duodenalis, Cyclospora cayetanensis, Blastocystis hominis, and Dient ba
fragilis have been detected in RTE products, [120]. By contrast, a recent study performed
in Italy did not detect T. gondii in 324 locally produced RTE mixed salads [153]. However,
Echinococcus granulosus was detected in one sample, providing evidence for the risk of
being contaminated with parasites of fecal origin [153].

The number of samples analyzed varied from one study to another, from one aru-
gula, spinach, or chard sample [37,61] to 387 baby spinach samples [52], and three pools
of cabbages [92] to 100 pools of lettuces [121] for leafy greens, from five chive [61] to 18
asparagus samples [19], and one pool of carrots [37] to 109 pools of cucumbers [94] for
roots and other types of fresh produce, from three coriander [37] to 16 Chrysanthemum
coronarium samples for herbs [19], and from two pools of raspberries or blueberries [37] to
120 pools of strawberries for fruit [119]. Moreover, six [37] to 648 mixed salad samples
were analyzed [120]. In general, the sample amount ranged from one to 20 units or 35 to
3600 g. Since no validation data of the detection methods used for pooled samples were
reported, pooling may also have influenced the sensitivity of the detection assays.

Seasonal oocyst detection rates were reported in a few studies on fresh produce with
inconclusive results. One study reported a higher detection rate in autumn compared to
summer in Switzerland [121], while others reported higher detection rates in samples col-
lected in summer [19,120] or in autumn/winter [37], but in most of these studies, there
were no significant differences in detection rates. As discussed previously, extreme
weather effects should be also recorded.

Altogether, four articles specified the type of production, and T. gondii was detected
in both organic and conventional fresh produce [37,52,61,118]. One study performed sta-
tistical analysis and reported no significant differences between the two types of produc-
tion [37]. Similarly, no significant differences were reported between conventional and
organic samples in a recent study performed in the United States [154]. Moreover, the
sampling locations were diverse, and 1. gondii was detected in samples collected from
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open fields, community fairs, storage, local markets, farmlands, school restaurants, and
supermarkets [19,37,52,61,92,118]. A relevant issue that could favor or hamper oocyst con-
tamination through cat feces may be growing the vegetables in open fields vs. in green-
houses. Unfortunately, although a greenhouse origin was recorded for one study [19],
whether the vegetables were grown in open fields or in greenhouses was not specified in
other studies.

Data on water sources, irrigation systems, and types of fertilization was limited or
not provided in studies included here. Nevertheless, these variables have been identified
as relevant risk factors for other foodborne pathogens and may explain some figures re-
ported by the EFSA [155]. A study from the Czech Republic specified that vegetables were
irrigated with water from rivers, lakes, or wells and washed with water from the distri-
bution system or wells [94]. Another study from Egypt also stated that the vegetables were
irrigated with water from river canals [95]. Water samples were tested in both studies, and
T. gondii was detected in one of them [95], while oocysts were detected in fresh produce
in both cases (Table 3). The presence of T. gondii oocysts in soil and surface water used for
fresh produce production and processing (including packinghouse operations) suggests
that there may be a risk of contamination of these products, as previously reported for
Cryptosporidium spp. and G. duodenalis in the fresh produce industry [156]. Organic ferti-
lizer (compost/sludge/manure) might not pose a major risk for T. gondii since cat feces are
not usually used as fertilizer. In contrast, it is likely that access of cats to crops and weather
events spreading oocysts pose a risk for the presence of T. gondii oocysts on fresh produce.
Thus, oocyst contamination is more unlikely to occur in greenhouses vs. open fields,
where the access of cats can be more easily restricted and fresh produce is protected from
weather events. One study stated that vegetables grown close to farms are at higher risk
of T. gondii contamination, which is probably due to the presence of felines [38]. The pres-
ence of cats was a variable recorded in four of the selected studies [38,60,61,88], but only
two of them reported positive samples [38,61].

3.3.4. Bivalve Mollusks

Different genera of clams, oysters, and mussels were analyzed worldwide to deter-
mine the presence of 1. gondii. Detection rates varied between 3.6% (1/28) [139] and 6.6%
(4/61) [140] in pooled clams (Ruditapes decussatus) from Italy and Tunisia, respectively,
1.3% (2/160) [54] and 31.0% (446/1440) [55] in different species of pooled or individual
oysters (Crassostrea spp.) from Brazil and the United States, 1.4% (13/959) [22] and 46.3%
(19/41) [53] in individual samples of different species of mussels (Mytilus spp.) from the
United States, and 3.1% (3/96) in pooled zebra mussels (Dreissena polymorpha) from France
[136] and 12.5% (13/104) in individual samples of New Zealand mussels (Perna canaliculus)
from New Zealand [23] (Table 4, Supplementary Table S5).

It has been reported that filtering activity is multifactorial and affected by bivalve
genera, variations in salinity (fluctuates more in coastal marine areas), temperature, level
of contamination, and kinetics of parasite diffusion, among other factors [18]. In the stud-
ies reviewed here, the same genera of bivalves were collected in different parts of the
world, in different locations (coastal, bay or beach, farms and depuration plants, mar-
kets/outlets, water treatment plant discharge points), seasons, and at different depths.
Moreover, there were other variations in sampling, e.g., pooled samples vs. individual
samples, and different tissues selected for oocyst detection. This variation hampers com-
parisons between studies.

Regarding sampling location, detection rates varied from 1.4% (13/959) in Muytilus
californianus samples [22] to 31.0% (446/1440) in Crassostrea virginica [55] samples from
coastal sites in the United States, 1.3% (2/160) [54] to 16.6% (1/6) [139] in pools of
Crassostrea spp. from farms in Brazil and Italy, respectively, 2.5% (55/2215) to 125%
(13/104) in individual samples of Mytilus edulis [134] and Perna canaliculus [23] from mar-
kets/outlets in China and New Zealand, respectively, and 3.1% (3/96) in pools of Dreissena
polymorpha from different discharge points of wastewater treatment plants in France [136].
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The latter study was the only one that documented the depth of the sample collection,
which was 20-100 cm. The results from the coastal sites may be influenced by several
aspects, including seasonality, human settlements due to the presence of domestic cats,
and industrial wastewater. Proximity to freshwater runoff has been associated with the
presence of pathogens, including T. gondii, in bivalves [117].

In relation to seasonality, T. gondii oocyst contamination in bivalves was more fre-
quent in spring and autumn compared to other seasons in Italy [138], in summer com-
pared to winter in New Zealand [23], and during the wet season in the United States
[22,117]. This could be explained by region-specific weather patterns in each country, so
that higher contamination coincides with the rainy season. Extended dry periods may lead
to a greater accumulation of oocysts on land that can be mobilized into runoff in subse-
quent periods of heavy rainfall.

The anatomical regions analyzed were documented in some articles that investigated
the presence of T. gondii based on molecular assays, but few of them reported the positive
samples by tissue type. Most studies analyzed the digestive glands, followed by gills and
the hemolymph (Table 4). The digestive glands and hemolymph seem to be appropriate
target organs according to the few spiking studies done. Toxoplasma gondii was most often
detected in digestive glands compared with hemolymph or gills after experimental con-
tamination under laboratory conditions carried out in mussels [157]. In a later experi-
mental infection done in zebra mussels followed by a depuration process, the greatest
concentrations of T. gondii DNA were observed in hemolymph and mantle tissues [158].
In field studies, there is evidence that oocysts are more frequently detected in the digestive
system and/or hemolymph than in the gills [134,141]. However, other studies only found
positive gills [54,139] or a higher frequency of positive gills compared to digestive samples
[131]. Thus, the three tissues, or at least gills and digestive glands, should be analyzed
independently or in pools to optimize parasite detection, since oocyst concentration may
vary in these tissues with time post-infection [157]. Indeed, it is recommended to pool the
gills and digestive tract, since this strategy optimizes parasite detection in mussels and
clams based on the literature published in the presence of T. gondii, as well as Cryptospor-
idium spp. and G. duodenalis, in marine mollusks [18]. Conversely, other researchers sug-
gest the use of hemolymph instead of all tissues due to the presumed presence of lower
levels of inhibitors and less viscous material, which may improve the sensitivity of the
technique [22].

Another important sampling variable is the number of samples analyzed, which var-
ied from 41 [53] to 2215 [134] samples, and from 53 [141] to 208 [131] pools composed of
three [131] to 30 [139] units per pool. On the other hand, only a handful of articles (n = 3)
reported the length of the samples collected, which were longer than 5 cm in the case of
Muytilus galloprovincialis, with similar detection rates in two studies, 10.5% (43/409) of indi-
vidual samples [137] and 9.4% (5/53) of pools [141], and 18-25 mm in the case of Dreissena
polymorpha, with 3.1% (3/96) of positive pools [136].

None of the studies determined the relationship between the presence of oocysts in
bivalves and human toxoplasmosis cases caused by their consumption. There is no esti-
mate of the number of T. gondii outbreaks associated with consumption of shellfish, in-
cluding bivalves. According to a study performed in the United States, the consumption
of raw oysters, clams, and mussels was identified as a risk for recent T. gondii infection
(OR =2.22, 95% CLs 1.07-4.61) [159].

Although the viability of the oocysts detected is unknown, and the only attempt to
isolate T. gondii by mouse bioassay was not successful [130], bivalves cannot be ruled out
as a potential source of infection to humans when they are consumed raw or undercooked.
Moreover, it was previously suggested that the sampling strategy should focus on edible
mollusk species raised under controlled conditions to better estimate the load and infec-
tivity of filtered parasites that may pose a risk for consumers [18].

3.4. Toxoplasma gondii Oocyst Detection Methodology
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A lack of harmonized methods for detecting T. gondii oocysts was observed in all
environmental matrices (Tables 1-4), and it has been extensively discussed for fresh pro-
duce [9]. This issue is supported by the high degree of heterogeneity reported in Section
3.3, and it is also reflected in the range of analytical sensitivities reported for the detection
of spiked oocysts in environmental samples in a limited number of studies. In soil sam-
ples, ranges of 10-1000 oocysts or 5-50 tachyzoites could be detected in 1 to 300 g by PCR,
gqPCR, and nPCR [12,66,79]. The analytical sensitivity in water was 1-1000 oocysts per L
by PCR and qPCR [90,97,98]. In the case of fresh vegetable samples, the sensitivity re-
ported was 10 oocysts per 30 g of sample [119], and the number of spiked oocysts detected
in bivalve tissues was in the range of 5-1000 oocysts in hemolymph per mL or sample by
nPCR [22,23] and 100 oocysts in gill tissue by real-time PCR [53].

The recovery of T. gondii oocysts and parasite detection are two key sequential
steps. Higher variability among different matrices was observed regarding oocyst recov-
ery compared with oocyst detection methods. In fresh produce and bivalve mollusks, a
first key point for oocyst recovery was the sampling of individual vs. pooled samples. The
analysis of pooled samples may facilitate oocyst detection [120,139], but the recovery and
detection methods should be standardized in order to determine the maximum number
of samples included in the pool to detect the minimum number of oocysts established by
spiking assays. Accordingly, spiking experiments are highly recommended to evaluate
the oocyst recovery rate as well as PCR analytical sensitivity and specificity in these com-
plex matrices.

Second, the most extensively used recovery methods for soil and fresh produce were
a combination of washing and centrifugation steps that may also include filtration or flo-
tation. Large volumes can be a limiting factor, and filtration has been suggested for fresh
produce when working with large volumes of wash buffer or samples [9]. Filtration was
the preferred method for water and bivalve samples in combination with centrifugation
and/or flotation, although the direct analysis of samples, without a previous oocyst recov-
ery/concentration procedure, was also frequent in bivalves (Tables 1-4). A filtration—cen-
trifugation method is the basis of the official USEPA method 1623 recommended by the
U.S. Environmental Protection Agency (EPA) to evaluate waterbome parasites, such as
Cryptosporidium spp. and G. duodenalis, in drinking water. However, this method also in-
cludes an immunomagnetic separation (IMS) step with specific commercial antibodies. A
few specific polyclonal antibodies directed against T. gondii oocyst wall components have
been generated that could be used for this purpose [160,161], but unfortunately, there is
no commercially available anti-T. gondii oocyst antibody. Although several IMS methods
have been developed [162,163], improvement of the recovery rate with IMS needs to be
demonstrated for environmental matrices [18]. A recent study has achieved a proof-of-
principle method for oocyst capture and separation from water using lectin magnetic sep-
aration that was later followed by qPCR, and this could be considered in future studies
[164].

Recovery efficiency can be also influenced by the formation of foam that can be a
challenge in handling fresh produce matrices rich in saponins [9]. It is unclear how differ-
ent buffers employed for oocyst recovery could work with the different matrices and with
the different mixes of vegetables analyzed. Thus, the avoidance of detergents in washing
buffers (at least for fresh produce) should be considered. In order to confirm the use of
appropriate buffers and efficient separation methods, spiking experiments with oocysts
should be done in order to maximize the efficiency of oocyst recovery during the method
standardization process [165].

Regarding detection methods, PCR was extensively employed and predominated vs.
microscopy and bioassay methods (Tables 1-4). The sensitivity of different PCR tech-
niques can be influenced by the different assays used to rupture the robust oocyst wall,
the presence of PCR inhibitors, and the PCR protocols/procedures. Different methods to
achieve efficient rupture of the oocyst wall such as bead beating, ultrasound, and freeze-
and-thaw have been discussed [9], and many of the PCR-based studies reviewed here
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described the use of freeze-and-thaw or bead beating prior to DNA extraction that may
increase analytical sensitivity [9]. In addition, the inclusion of an internal DN A amplifica-
tion control (IAC) is recommended [9], as the presence of PCR inhibitors has been reported
in soil, water (e.g., organic material), fresh produce, and bivalves, and IAC is mandatory
for the detection of foodborne pathogens according to ISO 22174: 2005. It was rare for
studies to report the use of an IAC (soil: [12,81], water: [109], fresh produce: [19,94], bi-
valves: [139]). Instead, some studies used commercial kits that included an appropriate
PCR inhibitor removal step [53] or bovine serum albumin (BSA) [50,63,66,69,72,97,98,109],
but the inhibition problem was not always solved.

DNA amplification methods (conventional PCR, nested PCR, qPCR, LAMP) targeted
either B1, SAGI, 18sRNA, ITS-1, MIC3, GRA6, and 529RE markers [9]. The most com-
monly employed marker was Bl (in water, fresh produce, and bivalves) followed by
529RE (in soil), and a combination of both. This finding can be easily explained by the fact
that sensitivity is increased when targeting multi-copy loci (B1, 529 RE, and ITS1) com-
pared with single-copy gene targets (e.g., SAG1 and GRAG), as shown previously [22].
These PCR methods display high sensitivity but might lack in specificity as previously
evidenced [22,166]. In fact, qPCR targeting the B1 gene and 529RE without probes cross-
reacted with Sarcocystidae members [167]. Thus, powerful discrimination techniques are
necessary to avoid false positive results and confirm species identity [22,37,121]. In this
regard, the use of TagMan probes in qPCR guarantees high specificity [9]. Alternative
methods should be also taken into consideration. Amplicon sequencing and Restriction
Fragment Length Polymorphism (RFLP) analyses have been used in some of the studies
to confirm positive results (Tables 14, Supplementary Tables S2-55).

Toxoplasma gondii genotyping could help not only to confirm results but also to iden-
tify circulating genotypes. Genotyping tools (PCR-RFLP, microsatellite typing, PCR se-
quencing) were applied for this purpose in some studies, but in some instances, they were
unsuccessful [19,119] or results were not reliable (e.g., based on a single marker [168]). The
low oocyst burden observed in the environmental matrices (Supplementary Tables $S2-55)
could limit the success of typing methods [169,170]. Currently, it is accepted that if sam-
ples are not fully characterized at the genotype level (https://toxodb.org/, accessed on 1
January 2022), the information gathered is not reliable enough for drawing robust conclu-
sions [171,172]. Indeed, literature reviews have shown the low reliability of molecular data
from environmental samples [8,172], since an unexpectedly high proportion of genotype
I and non-canonical strains have been reported, which contrasts with the findings in sam-
ples from other sources such as domestic animals and humans from the same areas [172].
Therefore, additional efforts should be invested into unraveling the genotypes circulating
in environmental matrices following an accurate and commonly accepted approach.

Finally, parasite quantification was not routinely carried out and was only estimated
in a few studies conducted on soil, fresh produce, and bivalves. The limited data reported
on parasite quantification were variable, as parasite load was referred to as the number of
oocysts per g, per sample, per mL or uL, per DNA volume, or tachyzoite-equivalent cop-
ies. The quantity of T. gondii oocysts in soil varied from 11 to 2275 oocysts per mL [57] and
8 to 478 oocysts per 30 g of sample [81]. In fresh produce, the ranges were 1.31- 900 oocysts
per g of sample [94], 62-554 oocysts per g of vegetable matter [120], 0.6-179.9 oocysts
(mean of 23.5 + 12.1 oocysts per g) [37], <10-20 oocysts per sample (mean of three oocysts
per sample) [38], and 0.3-27,640 oocysts per sample [19]. On the other hand, in bivalves,
it ranged from 6 to 30 oocysts per sample [141] or per 5 pL of DNA [102], 1250 to 77,500
oocysts per sample (x = 24,694, SEM = 14,254 5) [140], 0.001 to 219 copies per uL of DNA
[55], and 0.14 to 1.18 copies per g [137]. Means of 40-546 tachyzoite equivalents per mL
were reported [139], as were Ct means of 39.1-40.7, which were equivalent to 0.1-1.4 oo-
cysts [136]. However, the effect of matrix, as well as the effect of the performance of the
reagents used and the lack of validation of the procedures, make the quantification ques-
tionable. Despite these variable results, parasite load was occasionally very high in the

97



CHAPTER V: RESULTS (PUBLICATIONS)
Sub-objective 1.1: systematic review on environmental contamination

Microorganisms 2022, 10, 517 35 of 44

three matrices. Ideally, in this scenario, parasite viability should be estimated to define
more clearly the risk that these matrices pose for humans.

Viability assays can be employed as detection methods and mouse bioassay has been
suggested as a reference test for parasite detection, as mice are highly susceptible species
to T. gondii infection [173]. In addition, bioassay methods can help to check the infectivity
of the oocysts, and mouse bioassay has been widely employed for this purpose. The anal-
ysis of the literature evidenced that 15 of the studies attempted to isolate viable parasites
mainly by bioassay in mice but also in pigs, chickens, and cats, and 11 obtained positive
results (Tables 14, Supplementary Tables 52-S5). Although standardized bioassay meth-
ods are needed [173], due to ethical concerns, new alternative techniques are required to
discriminate between viable and inactivated oocysts. To date, there are some new pro-
posals to estimate oocysts viability: propidium monoazide coupled with qPCR [29,31],
staining with propidium iodide [31], reverse transcription quantitative PCR (RT- qPCR)
[31,174], reverse transcription PCR (RT-PCR), excystation and dyes [175], and cell culture
after oocysts excystation [174]. However, further studies are necessary to standardize
these processes for different matrices and guarantee their correct performance.

4. Conclusi and Considerations for Future Research

The worldwide detection rates reported for the different environmental matrices cov-
ered in this systematic review, together with the published reports of confirmed human
toxoplasmosis outbreaks due to contaminated soil, water, and fresh produce, provide ev-
idence that environmental contamination with T. gondii oocysts poses a risk to public
health. This is supported by the oocyst load/burden detected in different studies, which
should not be underestimated given the fact that a single oocyst can cause infection, and
that oocysts can persist in the environment for months or years, including in the marine
environment [31]. Moreover, environmental oocyst contamination is a major source of in-
fection for animal hosts, including animal hosts raised and hunted for human consump-
tion [176-178]. This exemplifies that T. gondii is a pathogen that needs to be addressed
using a One Health approach.

The timeline of the studies conducted on the different matrices is noteworthy. Fresh
produce has been investigated only recently, and the number of studies is still limited.
The timeline appears to be in line with the increasingly understood importance of other
food- and waterborne zoonotic protists, in particular Cryptosporidium spp. Geographical
gaps were also evident; many areas of the world of the world are significantly underrepre-
sented in the studies: for example, sub-Saharan Africa. The overall detection rates of T.
gondii were highly variable for each matrix, which can be partially explained by the dif-
ferent sampling strategies and methodologies employed. Differences in T. gondii detection
in fresh produce have been attributed to variables such as the geographical location and
methods used for parasite detection [9,33], which could also apply to other environmental
matrices. Thus, it is important to consider both the sampling strategy and the methodol-
ogy, as they can potentially influence parasite detection success and hamper comparisons
between different studies. Regarding the sampling strategy, sampling areas, sample type,
number, and mass or volume must be based on previous studies and available data such
as reported toxoplasmosis cases in humans and animals, reported detection rates in envi-
ronmental samples, expected detection rates, variability, and others. Regarding method-
ologies employed for environmental matrices, the most crucial steps to be considered are
the spiking assays and the inclusion of an IAC to validate the recovery and detection
methods. This would enable an estimation of analytical sensitivity and specificity and
avoid false negatives results so that correct interpretation of the results would be guaran-
teed. Well-documented and standardized bioassays and genotyping methods will also
help to determine the risk of exposure and how T. gondii circulates in the environment.
Unfortunately, consensus guidelines have not yet been proposed by the scientific commu-
nity. In the meantime, it would be advisable to include as much information as possible
in publications, including details of experimental design and methodology.
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More studies on T. gondii in environmental matrices are needed, and the focus should
be on the gaps identified in this review. The impact of water contamination can be high,
since its consumption is not limited by eating habits, as happens for vegetarians with
meat-borne toxoplasmosis cases. In addition, water can contaminate soil, seafood, or fresh
produce. Significant detection rates were found in surface water, in samples collected after
a long treatment process, in irrigation/washing, and potable water. Moreover, the survival
of oocysts in soil and the widespread consumption of minimally processed fresh produce
and bivalves support the recommendation that T. gondii, as well as other cyst/oocyst form-
ing protist parasites, should be included in regular food and water quality control guide-
lines within the food sector. Meanwhile, basic measures should be adopted by consumers
such as washing of hands after handling soil or cat feces, washing fresh produce with
clean water regardless of product presentation, and proper cooking of bivalves.

Altogether, the relative contribution of different environmental matrices as T. gondii
sources of infection to humans and animals remains unknown. Baseline data for risk as-
sessment are limited and challenging to compare, since results may be influenced by sam-
pling and methodological variables. Moreover, risk factors have not been adequately ad-
dressed in the context of the whole food chain including agricultural production and pro-
cessing (incorporating soil, water, fresh produce including RTE products, and bivalves)
given the limited and heterogeneous literature published. As an example, future work
should investigate oocyst detection at the different steps of the RTE production workflow
to implement mitigation strategies that might also help to avoid contamination with a
wide variety of protozoa, helminths, fungi, and insects [179] and reduce infection risk for
humans. Surveillance studies should ideally be accompanied by viability and genotyping
assays to accurately determine the potential risk for consumers and enable tracing the
sources. In general, all gaps identified evidenced the need to implement standardized pro-
cedures that could help to establish an ISO method and harmonize future studies focusing
on environmental matrices. In Figure 3, we summarize the key aspects that should be
considered when designing and implementing a study investigating 1. gondii contamina-
tion of environmental matrices. As a minimum, these aspects should be explicitly ad-
dressed when reporting on the outcomes of such a study. Additional data to be considered
could be extracted from systematic reviews and meta-analyses of risk factors for human
infection with T. gondii (e.g., [180-182]). Similarly, the present review could also help fur-
ther meta-analyses of risk factors in humans to identify relevant data. We appreciate the
challenge of designing an adequately powered study, taking into account the multiple
factors we have highlighted that can influence oocyst detection in environmental matrices.
However, through the implementation of well-designed studies in the future, it will be
possible to assess the contribution of different environmental matrices as sources of T.
gondii infection to humans and animals and provide appropriate advice to policy makers,
food producers, and consumers.
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Figure 3. Workflow and key considerations for standard sampling strategies and detection methods
for Toxopl, gondii in envi tal matrices.
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CHAPTER V: RESULTS (PUBLICATIONS)

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): Lépez-Urefia, N.M., Calero-Bernal, R.,
Gonzalez-Fernandez, N., Blaga, R., Koudela, B., Ortega-Mora, L.M., Alvarez-Garcia, 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 13% European

Multicolloquium of Parasitology (October 2021).
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ARTICLE INFO ABSTRACT

The intake of Toxoplasma gondii tissue cysts through raw or undercooked pork meat is one of the main infection

Taxoplasma gondii sources for humans. Thus, surveillance is recommended to control and prevent infection in domestic pigs.
o S . the lack of studies h the updating of their and the comp of
Seralogical diagnosis data. Therefore, the aim of this study was to develop and validate three in-house tests and
g_’mm'“ gty accomplish a comparative analysis of the most widely used serological tests employed in pigs. A panel of sera
Western blot from pigs experimentally infected with either cocysts or tissue cysts from type Il and Il isolates (n = 158) was
IFAT used to develop and validate a tachyzoite-based Western blot assay. Then, this technique was used as a reference
lo dzve!op and preliminary validate a lyophilized tachyzoite-based enzyme-linked immunosorbent assay and an

tibody test. Next, a smdyo{d)ethmmhmm!amandmmew\ddyused

I ELISAs (IDX PrioCHECK™ and Pigtype®) was lished with the ab d sera

together with an additional serum panel of pigs experimentally infected with oocysts from the type Il isolate (n =
44) and a panel of naturally infected pigs (n = 244). The results obtained by the majority of the tests were
ded as refe and data anal included TG-ROC and agr tests. Finally, the kinetics

d anti-T. gondii IgGs from experimentally infected pigs was analyzed. Excellent sensitivity (Se) and specificity
(Sp) valm( 93%) and moderate to near perfect ageemem (k = 0.63-0.91) were observed using sera from
ions without ng further except for PrioCHECK (100% Se, 73% Sp).

Howe\ver the Se of IDScreen® (87%) and TgSALUVET WB (719%) and the Sp of PrioCHECK (72%) were slightly
or notably reduced when sera from naturally infected animals were analyzed, which also influenced the keppa
values (k = 0.30-0.91). Cutoff readjustments increased the Se and Sp values to equal to or above 97% for all
tests, except for TgSALUVET WB, which can be used as a reference for initial validation of tests, but it is not

recommended for routine di sis. S Was ded from two weeks post-infection by most of the
tsls,wiﬂlslgniﬂmnllyhlgherlgﬁle\‘elsinsemfmnpigsinfecmdwimmeT gondii type 1l vs. type Il isolate.
Again, diffe ding the test employ wene observed. Differences in the diagnostic performance among
tests evidenced the need to h l hni to obtain ble and reliable results.
1. Introduction is estimated that, at present, one-third of the global human population is
chronically mfcctcd, with 90% of asymp in i
Toxoplasma gondii, the etiological agent of pl is, is a comp individuals (McCall et al., 2022). However, clinical infections
worldwide distributed apicomplexan parasite that can infect any warm- may include reproductive fail in pregnant women, especially during
blooded animal, including humans (Dubey, 2022). It has globally ranked primary infections, such as abortion and ocular disease, as well as en-
as the third most important foodborne parasite (WHO and FAO, 2014). It cephalitis, pneumonia, and death in i p P
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(Koutsoumanis et al., 2018; Rostami et al., 2020; WHO and FAO, 2014).
Thus, T. gondii is an opportunistic pathogen of concern for public health
that should be approached through a One Health perspective.

There are three major routes of transmission for humans: the meat
route through the ingestion of undercooked or raw meat containing
tissue cysts; the i I route through the ¢ ption of
sporulated oocysts that ¢ soil, water, vegetables, fruits and
bivalves; and the maternal-fetal route by tachyzoites that pass from the
mother to the fetus through the placenta (Almeria and Dubey, 2021;
Attias et al., 2020; Dubey, 2009; Lopez-Urena et al., 2022). Up to 47.1%
(16/34) of reported toxoplasmosis ou!breaks from 1960 to March 2018
were associated with the p of i d meat and deri-
vates (Pinto-Ferreira et al., 2019). In particular, pigs have been recog-
nized as the principal food source of T. gondii, responsible for 41% and
50% of the cases in studies conducted in the United States and the
Netherlands, respectively (Koutsoumanis et al., 2018).

In pigs, serology has been rec ded as an ef gical in-
dicator for T. gondii infection with food safety purposes (E¥SA, 2011).
Indeed, a literature review indicated that T. gondii tissue cysts could be
detected by bioassay or PCR methods in the meat of 58.8% (348/529) of
T. gondii-seropositive pigs (Opsteegh et al., 2017). A wide variety of
serological techniques have been used for the detection of anti-T. gondii
antibodies in p:gs, including enzyme-linked immunosorbent assay
(ELISA), i ence antibody test (IFAT), Western blot (WB),
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PrioCHECK™ and Pigtype®) and three in-house serological tests
(TgSALUV'EI' WB, TgSALUVET ELISA 2.0 and TgSALUVET IFAT) were
compared and validated by analyzing a wide panel of sera from exper-
il lly and lly infected pigs. Finally, the influence of parasite
stage and isolate on the kinetics of anti-T. gondii IgGs was studied for
each test with sera from experimental infections.

2. Materials and methods
2.1. Panels of sera

Different serum panels obtained from pigs either experimentally or
naturally infected with T. gondii were used in the different steps of this
study (Fig. 1). Serum samples were obtained from the jugular vein and
kept at — 80 °C until use.

2.1.1. Sera from pigs experimentally infected with Toxoplasma gondii
Two panels of sera from pigs experimentally infected with T. gondii
were used. These experiments were performed considering the European
regulations, as well as the animal welfare and the good practices guid-
ance for animals used for experi | research and other scientific
practices, European Directive 2010/63/EU. The procedures were
approved by the Ministry of Education, Youth and Sports from the Czech
chubhc (PP 55/2016) (Damek, 20234) and the Agency for Food,

indirect hemagglutination assay (IHA), modified agglutination test

(MAT), Sabin-Fieldman dye test (DT), latex agglutination test (LAT)
(Dubey et al., 2020) and protein microarray-based assay (Loreck ef al,
2020). ELISA methods are the most widely used tests (Huertas-Lopez
et al, 2023; Livanage et al., 2021), especially commercial ready-to-use
kits, followed by MAT (Dubey et al., 2020) and IFAT (Huertas-Lopez
et al, 2023). In contrast, WB has been poorly used (Al-Adhami and
Gajadhar, 2014; Basso et al,, 2013; Garcia et al., 2008; Huertas-Lopez
et al., 2023) and has been recognized as a highly specific test. However,
to date, there is no commonly adopted IFAT cutoff or WB positive
pattern criterion. Moreover, the usefulness of WB for daily diagnosis
purposes is unclear. In addition, despite the wide variety of serological
tests used worldwide, the lack of ¢ ive studies hampers the

P

updating of their performance and the comparison of lence
data. Onlyarestrlctcd numberofscmlogical tests havcbecntomparcd
and the main limitati d are as follows: i) ¢ ial tests

1 and Occ | Health & Safety (ANSES) from France
(APAFIS No 14, 363—20!8032908554996v3) (Damek et al, 2023a,
2023b).

Panel 1 included sera from prepubertal Dan Hybrid-LY sows orally
infected with 400 oocysts or 10 tissue cysts from either type II (CZ-Tiger
isolate, ToxoDB#3, n = 6 and 7, respectively) or type 11l (CZ-Simkova
isolate, ToxoDB#2; n = 6/group) isolates. Samplings were carried out
prior to the infection and weekly from one to six weeks post-infection
(wpi), with a few exceptions in which the samples were collected only
in some weeks (n = 158) (Damek, 2027 m) 'lhesescrawcreusedmstepl
to define the pattern of T. gondii tac ition by
TgSALUVET WB, as well as to validate the TgSALUVET EUSA 2.0 and
TgSALUVET IFAT, and in step 2 related to the comparative study
(Fig. 1).

Panel 2 was composed of sera obtained from three 97-day-old Large
White female pigs orally infected with 1000 ococysts of the clonal type 11

have been 1 I

ly d; ii) in the ab of a gold dard test,
either in-house or commercial tests have been employed as a reference
technique with unknown diagnostic performance data (Al-Adhami and
Gajadhar, 2014; Garcia et al., 2006; Hill et al., 2006; Steinparzer et al.,
2015); iii) sera from experi lly and lly infected pigs were
only used by Hill et al. (2006) vs. most studies that employed either sera
from exp lly infected animals (Al-Adhami and Gajadhar, 2014;
Garcia et al., 2006) or sera from natural infections (Basso et al., 2013;
2004; Kunic et al., 2022;

Cubas-Atienzar et al.,, 2019; Damriyasa et al,,
Limon et al., 2017; Pablos-Tanarro et al., 2018; Papatsiros et al., 2016;
Pardini et al., 2012; Steinparzer et al., 101 5); and iv) the influence of
T. gondii doses and isolates/strains k In this context, the
European Food Safety Authority (EFSA) pointed out the need for ring
trials of the most widely used serological techniques to unify criteria and
obtain comparable results since some of the tests and antigens currently

fi e strain ME49 (ToxoDB #1). Sampling was carried out at 0, 2, 5,
9, 12, 14, 19, 26, 33, 40, 47, 54, and 58 days post-infection (dpi). One
noninfected pig was used as a negative control, and blood samples were
collected at 0, 26, 40, 47 and 54 dpi (n = 44) (Damck et al,, 20234,
202:b). This panel of sera was used in step 1 for the initial validation of
TgSALUVET ELISA 2.0 and TgSALUVET IFAT and in step 2 in the
comparative study (Fig. 1).

2.1.2. Sera from pigs naturally exposed to Toxoplasma gondii
Panel 3 consisted of sera collected from slaughtered Black Iberian
pigs (50% cross with Duroc-Jersey breed) dunng 2019-2020. These pigs
had been reared in different sy g from ive to semi-
extensive regimes in farms allocated wuhin the Dehesa ecosystem,
composed mostly of acorn Mediterranean forest in the Extremadura
region (southwestern Spain) (n = 244). Ten positive and 10 negative

accessible are not validated or dardized, and no dard sera P
samplsareavmlable(&sr\ 2011).

Ac , herein, a comg study of the most widely used

logi ‘0r-"_ for the di sis of T. gondii infections in do-

mestic pigs following World Org for Animal Health (WOAH)
guidance (WOAH, 2023; 2021; 2018) was performed. First, the criterion
of seropositivity was defined for a tachyzoite-based blot assay
(TgSALUVET WB), which was later used as a reference test to develop
and preliminary validate a lyophlhzed !achyzmte«bascd ELISA (TgSA-
LUVET ELISA 2.0) and an i ence antibody test (TgSA-
LUVET IFAT). Next, three commercial ELISA kits (lDScn-.cnm

les from this panel, based on TgSALUVET WB results, were used to
test the precision of TgSALUVET ELISA 2.0 (inter- and intraplate vari-
ability) (step 1). The whole panel was included in the comparative study
(step 2) (Fig. 1).

Parasite culture and antigen preparation were performed as previ-
ously described by Garcia-Lunar et al. (2017) with slight modifications.
Briefly, T. gondii tachyzoites from the type Il ME49 strain were cultured
in a monolayer of the VERO-81 cell line using DMEM (Dulbecco’s
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A) Development and initial validation of in-house tests
Definition of
seropositivity criterion Preliminary validation
TESALUVET ELISA 2.0
TESALUVET W TgSALUVET IFAT
Pigs experimentally infected | @, = = = = —
with T, gondii oocysts and L’J GROC suatyans -
tissue cysts from type Il and :
- Pigs experimentally infected with T. gondif
it solates {Panel 1) + oocysts from type Il isolate (Panel 2)
.Comparative study
Validation of all tests
IDScreen, PrioCHECK, Pigtype,
TgSALUVET WB, TgSALUVET ELISA &’
2.0, TgSALUVET IFAT
_______ Plgs experimentally
Results of the majority of 7 T TeoCeies >y infected with T ool
the tests regarded as ~ —»/ Agreomant tests {Panels 1.and 2)
reference \ 1gGs kinatics
Theas _‘- ST Pigs naturally
________ N exposed to T. gondii
(_ Costirsachutmane _;(Specisl®)
B) Isolates  Parasite dose and stage Breed Samplings
Panel 1
400 10 tissue
CZ-Tiger (type lf) ~ 90€ysts  cysts
4 0,1,2,3,4,5and 6 wpl
and €Z-3imkova Y —@—. &
(type 1) _@ PO. in=2%8)
Panel 2
e 1,000 oocysts 0,2,5,9,12, 14,19, 26,
(type 1) —w_. 33, 40, 47, 54 and 58 dpi
Noninfected =4)
{n=1)
Fig. 1. A) kflow followed in this study, including the serum panels used in each step. B) 1 design of pi f mplgs.PO Per os.
Wpi: weeks po: Dpi: days po A checklist of the items included in the dards for rep: g di. accuracy studies (Kos s etal, 2017)

has been provided as Supplementary Table 1.

Modified Eagle's Medium - high glucose, Sigma®, Ref. 6429) supple-
mented with 10% fetal bovine sera (FBS) and 1% antibiotics (Lonza,
Ref. H317-745E). Fetal bovine serum was seronegative for 7. gondii and
other closely related parasites (Besnoitia besnoiti and Neospora caninum)
to avoid cross-reactivity (Garcia-Lunar et al, 2015). At 72h
post-infection (hpi), the culture was scraped off, and the parasites were
purified using 3-pm Mlllipom filters (Mxlhpcm: Ref. TSTPOZSOO) and
counted in a b were pelleted by centrifu-
gation at 1350 x g for 15 min (mm) at 4 °C. For TgSALUVET WB, pellets
of 1 x 10° tachyzoites were kept at — 80 °C until use. For TgSALUVET
ELISA 2.0, glass vials, each with 1 x 10® tachyzoites in 4 mL of PBS,
were stored at — 80 °C until being lyophilized (Garcia-Lunar et al.,
2017). For the TgSALUVET IFAT, pellets of 1 x 10 tachyzoites were
resuspended in 1 mL of cold PBS, 5 uL of 37-38% formaldehyde (Pan-
Reac AppliChem, Ref. 131328.1211) was added, and the vials were
stored at 4 “C until use.

ck

2.3. Serological techniques

Three commercial ELISA kits (IDScreen, PrioCHECK and Pigtype)
and three in-house tests (TgSALUVET WB, TgSALUVET ELISA 2.0, and
TgSALUVET IFAT) were included in this comparative study (Fig. 1A,
Table 1). Commercial tests were used as specified by the manufacturers
instructions.

2.3.1. Western blot (T; UVET WB)

Aliquots of 2 x 10 tachy were in g buffer
(final concentration: 10% glycerol, 50 mM TRIS at pH 6.8, 2% SDS,
0.05% bromophenol blue and 100 mM DTT). The samples were sub-
jected to a cold wet ultrasonic bath for 15 min, followed by a wet bath at
100 °C for 5 min. Then, the samples were loaded in a one-well comb ina
15% polyacrylamide gel for electrophoresis at 150 V (constant) for
approximately 1.5h in a Mini Protean® Tetra System (Bio-Rad Labo-
ratories). P d protein dards (Precision Plus Protein™ Kalei-
doscope™, Bio-Rad Laboratories, Ref. 1310375) were added to one side
of each gel to estimate the molecular weight of the antigens. After that,

PSR
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Table 1
Serological techniques used for the detection of anti-Toxoplasma gondii IgGs in d ic pigs included in this ive study.

Technique Antigen Target species Sample type Sample Cutoff Diagnastic

dilution: type performance*

ID Screen® Toxoplasmasis P30 Ruminants, swine, dogs, Serum, plasma and meat 1/10: serum S/P% < 40, > 50 Se~ 100%,
Indirect Multi species cats juice and plasma Se 100%"
(IDScreen) 1/2: meat juice

PrioCHECK® Porcine Tachyzoite** Pigs Serum, plasma and meat 1/50: serum PP > 20 Not spen'ﬁd'
Toxoplasma Ab Kit juice and plasma
(PrioCHECK) 1/10: meat

juice

Pigtype® Ab i Cattle, sheep, goats, cats, Serum, plasma (meat 1/100: serum S/P 2034 Not specified”
Indical Bioscience/ Qiagen dogs, foxes, pigs and wild juice only from pigs and  and plasma
(Pigtype) boars wild boars) 1/10: meat

Jjuice

TgSALUVET WB (reduced Tachyzoites Pigs Serum 1720 To be determined To be determined in
conditions) in this study this study

TgSALUVET ELISA 2.0 Lyophilized Pigs Serum 1/100 To be determined  To be determined in

tachyzoites in this study this study

TgSALUVET IFAT Tachyzoites Pigs Serum 1/100 and 1/ To be determined To be determined in

200 in this study this study

Se: sensitivity, Sp: specificity. S/P%, PP and RIPC= ([sample OD- negative control OD]/[positive control OD- negative control OD]) x 100, S/P = ([sample OD-
negative control OD)/ [positive control OD- negative control OD]). *A to the vided in the user's manual within the kit. **No more details were
provided. *** Short protocol suggested in the manual was followed. “Based on 33 positive samples from France and 300 negative samples tested (animal species not

specified). Intra-plate nepeambillty 3-4%, inter-plate reproducibility= 4-6%. "No data available in the kit manual, only available in an online flyer from Ther-

Fisher (https://www.th h

‘'order/catalog/product/es/es/7610230); sera: Se= 98% and Sp= 100% (based on 50 positive and 270 negative porcine
samples), meat juice: Se= 97%, Sp= 100% (based on 33 positive and 116 nega

variation= 6.8%.

"

the anti; were d to a 0.2-ym nitrocellul 1} (Bio-
Rad, Ref 1620112) in a Mini Protean II™ (Bio-Rad Laboratories) at
400 mA (constant) for 1 h. The membranes were stained with 0.1% Red
Ponceau (Sigma Ref. P3504) to visualize the electrotransferred protein
bands. Next, the membranes were washed with 0.05% TBS-Tween 20
(TBS-T) and blocked with 5% powdered skim milk TBS-T for 2 h at room
temperature. Then, they were washed three times for 5 min each with
TBS-T, carefully dried with filter paper, and stored in dry filter paper and
plastic bags (Ziploc) at — 20 “C until further use.

Fori blots, the b were soaked in TBS-T and cut into
strips of approximately 1-2 mm. The strips were placed on stands with
individual rails. Serum samples were diluted at 1/20 in blocking solu-
tion, added to separate rails with a strip and incubated in a rocker for
1.5h at room temperature. After that, three washes with TBS-T for
5 min each were performed. Then, protein G conjugated with peroxidase
(Sigma Ref. P8170) was added at a dilution of 1/600 in TBS-T and
incubated under the same conditions and protected from light. Finally,
two washes of 5 min cach were performed with TBS-T followed by an
additional wash with TBS. The reaction was revealed using 4-chloro-1-
naphthol solution (Thermo Scientific, Ref. 34010) and stopped with
Milli-Q water using the colorimetric reaction of the positive and nega-
tive controls as a reference, which were initially selected from pigs
naturally exposed to T. gondii (Panel 3) based on this technique; these
results were later confirmed by all included serological tests in the
comparative study. The strips were placed in a template and scanned
with the GS-800 Calibrated Densitometer (Bio-Rad) for analysis.

2.3.2. Lyophilized tachyzoite-based ELISA (TgSALUVET ELISA 2.0)

A lyophilized T. gondii tachyzoite-based ELISA was developed and
validated for diagnostic purposes and previously used for analyzing the
kinetics of anti-T. gondii 1gGs in experimentally infected piglets (Lar-
go-de la Torre et al., 2022). The detailed protocol is as follows. Initially,
1x10° T gondii tachyzoites diluted in 100pL of 0.IM
carbonate-bicarbonate, pH 9.6, were added per well in 96-well plates
(Thermo Scientific MaxiSorp, Ref. 442404) and kept at 4 “C overnight.
After three washes with 0.05% PBS-Tween 20 (PBS-T), the plates were
blocked with 300 pL per well of 5% powdered skim milk PBS-T and
incubated at room temperature for 2 h. Then, they were washed, and
100 pL of diluted sera at 1/100 in blocking solution was added per well.

using as refe IFAT, WB ad ELISA. “Microtiter plate coefficient of

After 1 h of incubation at 37 °C and three washes, 100 pl of protein G
with peroxidase (Sigma—Aldrich, Ref. P8170), diluted at 1/6000 in
PBS-T, was added per well and incubated for 1 h under the same con-
ditions. Next, the plates were washed, and 100 pL of TMB Ultra was
added per well (Thermo Fisher, Ref. 34028). The reaction was stopped
by adding 100 pL/well of 2 N sulfuric acid after 10 min. The final optical
density (OD) was read at 450 nm using a microplate reader (Multiscan
RC 6.0, Labsystems). The results were interpreted as the relative index
percent (RIPC): ([sample OD- negative control OD)/[positive control
OD- negative control OD]) x 100. The same sera samples used as positive
and negative controls in TgSALUVET WB were used for the TgSALUVET
ELISA 2.0 test.

2.3.3. Immunofluorescence antibody test (TgSALUVET IFAT)

A total of 8 x 10* formalin-fixed tachyzoites were added per 4-mm
well (Thermo Scientific Diagnostic chroscope Shdes, Ref. ER-311B-
CE24), dried at room p fixed with acetone
(PanReac AppliChem, Ref. 211W7.1211) at — 20 "C for 10 min. Next,
the slides were washed with Milli-Q water for 10 min under movement
(100 rpm) and dried at room temperature. Positive and negative con-
trols were diluted at 1/100, samples were diluted at 1/100 and 1/200 in
PBS, and 8 pL of each was placed in the wells. The slides were incubated
in wet, dark chambers for 30 min at 37 “C. After that, a quick wash with
PBS was performed, followed by two additional washes of 10 min each
in a rocker. Rabbit anti-pig IgG (whole molecule) FITC antibody (Sigma,
Ref. F1638) was diluted at 1/64 in 0.2% Evans Blue Dye PBS, and 8 pL
was added per well. The samples were incubated and washed under the
same conditions, with an additional final wash of 10 min with Milli-Q
water. The slides were dried at room temperature in the dark, and the
cover slides were fixed with Fluoroshield™ (Sigma, Ref. F6182). The
same serum controls used in the TgSALUVET WB were included in each
slide for TgSALUVI-.'I‘ IFAT. Sampl:s were classified as positive if more
than 50% of the tachyzoi d complete peripheral intense fluo-
rescence, and the results were based on the consensus of two experi-
enced operators, with the samples whose results were discrepant being
classified as doubtful.
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2.4. Data analysis

The molecular weight of the detected proteins by TgSALUVET WB
was estimated using Quantity One 4.5.1 software (Bio-Rad). Immuno-
dominant antigens or fractions (IDAs) were identified by their frequency
and intensity of recognition, and this was achieved by two operators to
avoid bias. A chi-square test was performed to identify differences be-
tween experimental groups in the frequency of recognition of each
identified antigen. Sera collected at 6 wpi (Panel 1) were used for this
purpose. The intensity was scaled as weak (+), medium (++) or high
(+++). A two-way analysis of variance (ANOVA) with repeated mea-
sures, followed by a post hoc Tukey or Dunnett test if applicable
(GaphPad Prism), was performed to confirm significant differences in
the total antigens and IDAs recognized after the infection with respect to
prior to the infection, as well as between experimental groups (Panel 1).
Differences were considered significant when the P values were lower
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significant when the P values were lower than 0.05.

3. Results

21. P of anti ition and establish

criterion for TgSALUVET WB

of the serop

A serum sample from an expcnmental.ly mfemed pig (Panel 1) at 6
wpi with the highest ber of ized was regarded as a
reference to determine the mean molecular wenght (MW) valuc of the
detected antigens (Fig. 2A). Up to 17 antigens were by
seropositive animals with molecular weights that ranged between 9 and
82 kDa (Fig. 2A). The frequency and intensity of antigen recognition are
shown in Table 2. Eight IDAs were identified (9-10, 19, 25, 28, 30,
33-35, 43-45, and 69 kDa). These IDAs were detected by all infected
pigs from at least one of the experimental groups at 6 wpi with a medium

than 0.05. When the criterion of positivity was defined, if a mi h or high i (Fig. 2A). chenhdcs.M%oﬂhcplgscnmmgmud
result was observed between both operators, the sample was regarded as the 19 kDa antigen with medi prior to the infection, as well
doubtful by TgSALUVET WB. as the 25, 28, 30, 33-35, 39, and 43-45 kDa antigens, but with lower

TgSALUVET ELISA 2.0 precision was determined by analyzing each freq y and/or i rates. Only two IDAs, the 9-10 and 69 kDa
sample in triplicate in three different ELISA plates. The intraplate co- were not recognized prior to the infection, and the 9-10 kDa

Aard

&

efficient of variation (CV) was determined as follows: mean ([
deviation of the three repli ODs/meanotheﬂuecrcphcaleons]x

100). The interplate CVwas determined as follows: mean ([stand

was gnized with a higher frequency and intensity (Table 2).
A glvcn sample was classified as positive if at least three IDAs were

deviation of the OD mean of each sample from each plate/mean of the
OD mean of each sample from each plate] x 100). lnrra and interplate
CVs below 20% were d to have ac P bility
(Jacobson, 1998). A preliminary TgSALUVET ELISA 2.0 cutoff selection
was perf d with a p ic two-graph receiver operating
characteristic (TG-ROC) analysis with SigmaPlot 12.0 software. Serum
panels from experimental infections and TgSALUVET WB as a refi e

recognized with or high i since the recognition of three
IDAs with medium or high intensity was observed only in seropositive
samples (Fig. 2B, Table 2). Furthermore, the presence of these IDAs was
not dependent on the exp 1 group (stage and isolate) (P > 0.05),
except for the 28 kDa antigen, which was recognized by up to 100% of
the pigs infected with the type Il isolate vs. 17-50% of the pigs infected
with the type Il isolate (Table 2).

, statistically significant differences in the total number of

test in the ab of a gold dard hod were used to obtain a
proof-of-concept Se and Sp results.

The TgSALUVET IFAT cutoff was defined by performing an agree-
ment test between the IFAT results with respect to the results obtained
with TgSALUVET WB with sera from experimental infections. Cohen’s
Kappa coefficients were analyzed by the WinEpi platform (Thrusfield
et al., 2001) (http://www.winepi.net/) using a confidence level of 95%.
The results were expressed as kappa (k) values, and the serum dilution
that presented the highest agreement was selected for the comparative
study. Then, the initial diagnostic performance of TgSALUVET IFAT was
defined using TgSALUVET WB as reference test in the WinEpi platform,
with a confidence level of 95%.

For the comparative study, TG-ROC analyses were performed using
SigmaPlot 12.0 Software, with a confidence level of 95%, independently
for samples from experimentally (Panels 1 and 2) and naturally (Panel 3)
infected pigs. For this, each sample was classified as positive, negative,
ordoubtﬁdbascdomhemmofnmtofﬂuetsts(atlcast by four out of
six ). les with positi n:suhsbythmeu:chmqusand
ncgaﬂvemﬂlsbythcmharhmc hniques were consi d doubtful
and were excluded from the analysis. For qualitative assays such as
TgSALUVET WB and TgSALUVET IFAT, the diagnostic performance was
determined using WinEpi as described before but using the results from
the majority of the tests as a refe test. The ag; among tests
was assessed before and after the TG-ROC analysis by analyzing Cohen’s
Kappa coefficients as specified above.

Anti-T. gondii IgG levels for each experimental group and each week/
day of sampling were compan:d (Panels 1 and 2) For Panel l a mixed-
effects analysis with and le ¢ was
performed to confirm dlfferences within and betwccn cxpcnmcmal
groups based on parasite stage and isolate, followed by a Tukey test if
applicable. For the results obtained with Panel 2, a one-way ANOVA was
used to compare the differences in infected pigs among sampling days,
followed by a Dunnett test. These tests were performed using GraphPad
Prism, version 8.0.1, not assuming sphericity and applying a Geisser-
Greenhouse correction if recommended. Differences were considered

recognized antigens and IDAs were recorded from 2 wpi onward
compared with sampla prior to the infection (Fig. 3). After 2 wpi, the

ber of recog igens increased weekly, with significant dif-
ferences in all cases at any sampling week vs. 6 wpi. When considering
T. gondii stages and isolates, significant differences between experi-
mental groups were detected from 3 or 4 wpi in the number of IDAs and
total recognized antigens, respectively. In detail, a higher number of
recognized antigens was observed in pigs infected with the type 1I
isolate than in those infected with the type Il isolate as follows: any stage
of type Il isolate vs. oocysts type Il isolate at 4-5 wpi, tissue cysts type II
isolate vs. oocysts type I isolate at 6 wpi, and tissue cysts type Il isolate
vs. tissue cysts type Il isolate at 5-6 wpi (P < 0.05) (Fig. 3A). Similarly, a
higher ber of recognized IDAs was ded in pigs infected with the
type II isolate as follows: tissue cysts from the type Ill isolate vs. oocysts
from the type II isolate at 3 wpi, any stage from the type III isolate vs.
oocysts from the type Il isolate at 4-5 wpi, and tissue cysts from the type
Il isolate vs. tissue cysts from the type I isolate at 3 and 5 wpi (P < 0.05)
(¥ig. 3B).

Finally, based on the criterion of positivity, P

pigs were recorded from 2 wpi onward in Panels 1 and 2.

AT

3.2. Optimization and diagnostic performance of TgSALUVET ELISA 2.0

The coefficients of variation for the intra- and interplate repeatability
were 3.6% and 4.8%, respectively. Six out of 202 samples belonging to
serum Panels 1 and 2 were excluded from the TG-ROC analysis due to
doubtful results obtained with the TgSALUVET WB reference test (No. of
sera samples included in the TG-ROC analysis based on TgSALUVET WB:
negative= 81, positive= 115). The area under the curve (AUC) was 0.97
(Closs: 0.95-0.99), and 95% Se (Closes: 89-98) and 95% Sp (Clasee:
88-99) were obtained for the selected cutoff, RIPC < 15.27- > 31.09.
Using this cutoff, seropositivity was recorded from 2 wpi or 19 dpi on-
ward in Panels 1 and 2, respectively, with 7.4% doubtful results.
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Fig. 2. gondii tachyzoi
recognized by experimentally infected pigs at
six weeks post-infection. A) + : positive control
serum, -: negative control serum, R: positive
control serum used as reference where “* "
shows a high recognition (+++) of 19 kDa an-
tigen, medium recognition (++) of 23 kDa an-
tigen and a weak recognition (+) of 19kDa
antigen. B) Positive (+), negative (-) and
doubtful (+/-) sera from experimentally infec-
ted pigs with either oocysts or tissue cysts from
type II or III isolates at six weeks post-infection
based on the defined positivity criteria: recog-
nition of at least three immunodominant anti-
gens (IDAs) with medium or high intensity.
MW: molecular weight. IDAs are shown in bold
letters.

Oocysts Tussue cysts
9-10 | (type Il) (type ll)
Table 2
F and of of gondii tach antigen

byseraﬁompigexperhmmﬂyhfeaedwilhdmetoocymadmncyﬁsfmm
type Il and Il isolates at six weeks post-infection.

Antigens  Oocysts Tissue Oocysts Tissue X Prior to
(kDaYy type I cysts type 11 cysts infection
isalate type II isolate type I
isolate isolate
81 50/++ 50/ B/+ 50/++ A 36/+
+++
69 17/++ 33/++ 75/++ 100/ Ns o
+++
60 o 17/++ o 17/++ Ns o
51 83/++ 17/++ 50/++ 67/++ hadadBIRR ) VA 2 2
4345 33/++ 33/+ 100/++ 100/ Ns 50/+
++
39 17/+ 33/+ o 33/++ i 23/++
33.3s 50/+ 67/++ 75/+++ 100/ Ns 23/+
+++
30 B3/++ 83/++ 100/ 100/ 23/++
4+ +++
28 17/+++ S50/++ 75/++ 100/ ] 14/+
P
25 50/++ 83/4++ 7S5/+++ 100/ Ns 4/+
+++
23 o 33/+ 0 33/+ Ns 0
19 67/++ 67/++ 75/++ 100/++ Ns 64/++
9-10 67/4+ B3/++ 100/ 100/ Ns o
+++ +++
‘Mum;mkhc(hncompdsedmthsnmmdgmkband.x"chl-
square test. are d in bold letters. Fre-

quency: percentage. Intensity: +++ (hlsh), ++ (medlum). + (weak). The in-
tensity was the mean within each 1 group. Ns:
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3.3. Validation of TgSALUVET IFAT

A better agreement between TgSALUVET IFAT and TgSALUVET WB
was obtained for 1/200 (k=0.80) vs. 1/100 (k=0.74) cutoff.
Accordingly, a 1/200 cutoff was selected for the comparative study
(Supplementary Table 2), with an initial diagnostic performance of 99%
Se (Close: 97-101) and 78% Sp (Closs: 69-87) when using TgSALUVET
WB as a reference test. Based on this cutoff, seropositivity was also
recorded from 2 wpi onward in pigs from Panels 1 and 2.

Tssue cysts
ltvpe Ill) (type lll)
3.4. Comparative study

All ELISA tests showed high Se and Sp values (97-100%) for the
cutoffs suggested by the manufacturers with sera from experimentally
infected pigs, except for PrioCHECK, which showed 73% Sp (Fig. 4A).
Moreover, TgSALUVET WB and TgSALUVET IFAT also showed good
diagnostic performance (Se= 95%, Sp= 100% and Se= 99%, Sp= 93%,
respectively). Since doubtful results were obtained with IDScreen
(0.99%; 2/202) and TgSALUVET ELISA 2.0 (7.43%; 15/202), the cutoffs
were readjusted to avoid doubtful results and maintain good diagnostic
performance (Se= 99%, Sp= 100% and Se= 97%, Sp= 100%, respec-
tively). On the other hand, the PrioCHECK cutoff was also readjusted to
increase Se and Sp up to 97% (Fig. 4A). After cutoff value readjustments,
the diagnostic performance of TgSALUVET WB and TgSALUVET IFAT
was hardly modified (Se= 91%, Sp= 100% and Se= 100%, Sp= 91%,
respectively). The cutoffs, Se and Sp, as well m the AUC valucs for each
ELISA, are shown in Fig. 4A. ized i ng confi-
dence intervals for each parameter is available in Supph-mtmdn
Table 3. All tests also showed good to near perfect agreement before the
TG-ROC analysis (k =0.80-0.91) with sera from experimental in-
fections, except for PrioCHECK with moderate agreement in all pairwise
comparisons (k = 0.63-0.75) that improved after the cutoff readjust-
ment (k = 0.79-0.92) (Table 3).

When TG-ROC analyses were carried out with sera from naturally
infected pigs, several tests showed lower Se and/or Sp values (TgSA-
LUVET WB: Se= 71%, Sp= 99%; PrioCHECK: Se= 100%, Sp= 72%;
IDScreen: Se= 87%, Sp=100%; TgSALUVET ELISA 2.0: Se= 100%, Sp=
92%). Pigtype and TgSALUVET IFAT maintained good diagnostic per-
fomame(W%ScandSp andW%SeanleO%Sp, respectively).
Cutoff readj d the d performance of all tech-
niques, with Se and Sp valucs equal (o or higher than 97%, except for
TgSALUVET WB, whose Se value increased up to 79%. The cutoffs, Se
and Sp, as well as the AUC values for each ELISA, are shown in Fig. 4B.
Summarized information regarding confidence intervals is for each
parameter avaxlable as Supplementary Table 3. Low to moderate

techniques was observed, and PrioCHECK showed
the lowest agreement (k = 0.30-0.46), while TgSALUVET IFAT showed
the highest kappa values (k = 0.70-0.91). After the cutoff readjustment,
only IDScreen and TgSALUVET IFAT reached moderate to good agree-
ment in some pairwise comparisons (Table 3).
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Fig. 3. Kinetics of total (A) or (B) antigen by sera from experimentally infected pigs by TgSALUVET WB. IDAs: immunodominant
ti; i differences b each week with respect to prior to the infection are identified as follows (Dunnett’s multiple comparison test):

* =P < 0.05 **=P < 0.01, *** = P < 0.001 and ****= P < 0.0001.

3.5. Kinetics of
tests

ibody levels in experimentally infected pigs by ELISA

In general terms, a significant increase in anti-T. gondii IgGs was
detected in both panels of sera from 2 to 3 wpi with respect to samples
prior to the infection, except in Panel 2 for PrioCHECK, which showed an
carlier increase in IgG levels (from 9 dpi), and Pigtype and TgSALUVET
ELISA 2.0, which showed a delayed increase in IgG levels (from 26 dpi).
Similar seroconversion results at approximately 2 wpi were obtained
regardless of the cutoffs employed (initial vs. readjusted cutoffs). How-
ever, when the cutoff suggested by PrioCHECK was used, three animals
from Panel 1 were seropositive prior to infection, and seroconversion
was recorded earlier, from 1 wpi.

When the kinetics of IgGs were studied between experimental groups
(sera from Panel 1), a significantly higher level of antibodies was
detected in pigs infected with the type III isolate by all ELISA tests as
follows: pigs infected with any stage of the type III isolate vs. oocysts
from the type 1l isolate at 2-4 and 6 wpi for IDScreen, 2-6 wpi for
Pigtype, and 3-6 wpi for TgSALUVET ELISA 2.0; tissue cysts from the
type Il isolate vs. oocysts from the type Il isolate at 5 wpi for IDscreen,
5-6 wpi for PrioCHECK and 2 wpi for TgSALUVET ELISA 2.0; and tissue
cysts from the type 111 isolate vs. tissue cysts from the type Il isolate at 4
wpi for IDScreen and 3-5 wpi for Pigtype (Fig. 5A). Nevertheless, no
significant differences were observed between groups infected with
oocysts and tissue cysts from the same genotype.

4. Discussion

Herein, a comparative study of a wide set of serological techniques
used for the detection of anti-T. gondii IgGs in domestic pigs has been
performed, including routinely used commercial ELISA kits (IDScreen,
Pno(md(andhgtypc),aswellaslhmmbmsemctho&(WB ELISA
and IFAT) that were previ lid d di perfor-
mance data are offered, and new cutoffs are suggested to obtain
harmonized results. For this study, sera from pigs experimentally
infected with different stages and isolates of T. gondii, as well as from
pngsnaturallycxposedloT gondii, were analyzed by all the above-

gical tests. My , differences in the levels of anti-T.
gondii 1gGs regarding the T. gondii stage and isolate were investigated for
all tests.

The developed in-house WB and ELISA tests showed good to excel-
lent proof-of-concept diagnostic performance in their initial validation.
Moreover, TgSALUVET IFAT was a highly specific test. Toxoplasma

d. Upd

the recognition of the 30 kDa antigen in addition to the 22kDa or
42 kDa antigens under ducing conditions to be positive (Basso
et al., 2013; Pardini et al., 2012). In contrast, Al-Adhami and Gajadhar
(2014) classified a sample as positive if the pattern of antigen recogni-
tion was similar to that shown by the positive control, where the 150,
100, 79, 45, 39, 35, 30 and 24 kDa antigens were recognized. Recently, a
« ial WB kit validated for h was adapted to pig sera, and
the recognition of the 30 kDa anugcn together with either the 31 kDa or
33 kDa antigen was considered a positive result (Olsen et al., 2022). In
this scenario, herein, an exhaustive analysis with a wide panel of sera
from experimentally infected pigs using different parasite stages and
uola:s has been used to dcﬁnc a criterion of positivity based on the
y and i ity of ition. The 9-10, 19, 25, 28, 30,
33—35 43-45 and 69 kDa bands were 1dmliﬁcd as IDAs, and only the
9-10 and 69 kDa IDAs were not recognized prior to infection. Therefore,
we established a restrictive criterion of positivity that consisted of the
recognition of at least three of the IDAs (9-10, 19, 25, 28, 30, 33-35,
43-45 and 69 kDa) vm.h medium or high intensity to avoid false-positive
results. The of anti prior to can be due to
cross-reactivity with closely related p since some p are
conserved among Apicomplexan parasites (Lorenzi et al, 2016). For
ple, anti-N. cani; ibodies present in small ruminant sera
cross-reacted with the 30kDa T. gondii surface antigen (known as
TgSAG1 or SRS29B) (Huertas-Lopez et al., 2021; Sanchez-Sanchez et al.,
2021). In fact, TgSAG1 is highly immunogenic (Velmurugan et al., 2008)
and is used in serological tests (e.g., IDScreen). Thus, WB results based
solely on recognition of the 30 kDa antigen should be interpreted with
caution.

The establishment of a restrictive criterion of positivity for TgSA-
LUVET WB allowed the definition of a cutoff value for two additional in-
house tests, namely TgSALUVET ELISA 2.0 and TgSALUVET IFAT.
TgSALUVET ELISA 2.0 was previously used to analyze the kinetics of
anti-T gondii IgGs in experimentally infected piglets with oocysts from
type Il and type 11l isolates (Largo-de la Torre et al., 2022), but there was
a lack of validation for positive and negative discrimination. To date,
this is the first ELISA that employs T. gondii lyophilized tachyzoites for
diagnostic purposes in swine. Traditionally, whole or soluble tachyzoite
extracts have been used as antigens in ELISA tests, and uniquely in the
case of the closely related parasite B. besnoiti, a lyophilized
tachyzoite-based ELISA was developed (Garcia-Lunar et al, 2017). In
that case, an increased Sp was reported compared to a soluble
extract-based ELISA, likely due to an enrichment of membrane vs.
cytosolnc anﬁgem (Garcfa-Lunar et al, 2017). The TgSALUVET IFAT

gondii-based WBs have been previously developed for pig sera. |
they have been performed under different conditions, and to date, tlu:rc
is no consensus on the criterion of positivity. Some authors considered

ially sh d excellent Se, with lower Sp. Since a limitation claimed
for IFAT is the subjective results, consensus from two or more experi-
enced operators is strongly recommended to avoid subjectivity and
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Fig. 4. Two-graph receiver
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Table 3
Agreement (kappa value) among techniques using sera from 7 ! gondii lly or infected pigs before (b) and after (a) the TG-ROC analysis.
infecti PrioCHECK Pigtype TgSALUVET ELISA 2.0 TgSALUVET WB TgSALUVET IFAT
b a b a b a b a b a b a
IDScreen 1.00 1.00 0.7 0.90 0.90 0.90 091 0.90 0.83 084 085 0.90
PrioCHECK 0.71 0.90 1.00 100 0.72 0.86 0.67 0.92 0.63 0.79 0.75 0.90
Pigtype 0.90 0.90 0.72 0.86 1.00 1.00 091 0.91 0.82 o082 0.86 0.86
TgSALUVET ELISA 2.0 0.91 0.90 0.67 0.92 0.91 091 1.00 1.00 0.89 0.81 085 0.86
TgSALUVET WB 0.83 0.84 0.63 0.79 0.82 082 0.89 0.81 1.00 1.00 0.80 0.80
TgSALUVET IFAT 0.85 0.90 0.75 0.90 0.86 0.86 085 0.86 0.80 0.80 1.00 1.00
Natural infections IDScreen PrioCHECK Pigtype TgSALUVET ELISA 2.0 TgSALUVET WB TgSALUVET IPAT
b a b a b a b a b a b a
IDScreen 1.00 100 0.36 0.82 0.74 0.77 0.65 0.79 073 0.63 0.91 0.80
PrioCHECK 0.36 0.82 1.00 1.00 043 071 0.46 0.78 0.30 071 0.39 0.82
Pigtype 0.74 0.77 043 0.71 1.00 1.00 0.72 0.75 0.64 0.64 077 077
TgSALUVET ELISA 2.0 0.65 0.79 0.46 0.78 0.72 0.75 1.00 1.00 055 073 070 0.86
TgSALUVET WB 0.73 0.63 0.30 0.71 0.64 0.64 055 0.73 1.00 1.00 073 073
TgSALUVET IFAT 0.91 0.80 0.39 0.82 0.77 0.77 0.70 0.86 073 0.73 1.00 1.00

The lowest kappa values (k < 0.80) are marked in bold letters.
The highest kappa values (k > 0.80) are marked in bold letters.

TgSALUVET 2.0

* Oocysts type Il sclate
® Taswe cysts trpe U isclate
« Oocysts type Iil soiate
* Tawoe crats type N isclate
oo Irised cutol

Reagpstes cusol

PR RIRRP RN
Guys postinfection

AEARL LA 2 L4 1% L ]
Days postnfection

od
LIS PORO TS
Days poatintection

1 2 3
Woeks postinfection

TgSALUVET 20

5 -
BANNISIFIPP PP
Days postenfecton

Fig. 5. Anti- Tamplm'nugmdhlgGkh\emsumsesedbydiﬂ'mmELISMlnplgsexpedmnmﬂyWecledwhhT gondii. Data are presented as the mean in S/P%, PP,

S/P or RIPC (as sp

iation (SD). Placed horizontally: A) Panel 1: significant differences between

gmup:

test,

the highest P value within sampling week; *= P < 0.05, **= P < 0.01

by
uperimenmlgmupswimlnsampungweeksﬂ‘ukeys Itipl

and"'—Peoool) B) Panel 2: significant diﬂ'etmosbemeenﬂlelgcmnlevelsatodpnvs 2-58 dpi (Dunnett's multiple comparisons test; *= P < 0.05,

=P <0.01,**=P < 0.001 and ****=
somesnmpllng days.

obtain reliable and comparable results by IFAT tests, as done herein.
Indeed, a pr y study of serological tests employed in
the diagnosis of bovine neosporosis evidenced high discrepancies among
IFAT tests (Campero et al., 2018).

These results, together with the results obtained with commercial
ELISAs in the comparative study, showed the useful of sera from
lly infected Is for the valid, of serological tests. In
general terms, all tests showed excellent diagnostic performance when

g sera from experi | infections; thus, the cutoffs recom-
ded by the turers can be employed, except for PrioCHECK
(Se= 100%, Sp= 73%, k = 0.63-0.75). Good diagnostic performance
with sera from experimental infections is expected since these sera are
from controlled infections and homogeneous experimental groups.
Accotdlngly, the dlagnusuc performance of these scrologlcal tests could
..,.:smdyof logical tests used
fnr the d i of bovme , which also included sera sam-
ples from experimental infections and used the results obtained by the
majority of the tests as a reference, also showed good to excellent test

interl

experi
P

P < 0.0001). No comparisons were carried out between infected and noninfected pigs since there were missing samples on

performancc (Al\'an'z-(;ar(’m et al., 2013; von Blummdvr et al., 2004).
I g the diagnosis of T. gondii i ion, in
with thae outcoms, lower Se values have been reported in previous
comparative studies of different tests when using sera from experimental
infections, probably due to the different techniques used as references,
for which initial validation and performance were not clearly stated in
all cases. Among them, a MAT and a rhoptry ELISA showed Se values of
87% and 94%, respectively, but 100% Sp in both cases when an IFAT
was used as a reference (Garcia et al., 2006). Al-Adhami and Gajadhar
(2014) also reported 85-89% Se and 94-97% Sp for an in-house ELISA
when SafePath ELISA, MAT and WB were used as references.
Nevertheless, as expected, the scenario changed when sera from
naturally infected pigs were employed following the WOAH recom-
mendations (WOAH, 2023), which better mimics what may occurs in the
field (unknown stage, doses and route, presence of co-infections, among
other variables). The results evidenced the need for cutoff readjust-
ments, especially for PrioCHECK and IDScreen, since a decrease in both
the diagnostic performance and agreement was recorded. There are a

119



NM. Lipes-Urenia et al

few comparative studies of commercial tests that analyzed sera from
naturally infected pigs. IDScreen was used more frequently, but with
variable results, probably due to the different tests employed as refer-
ences. For example, in contrast to our results, IDScreen showed lower Se
when compared to a commercial MAT (Toxo-Screen DA Biomérieux)
(Se= 57%, Sp= 99%) (Steinparzer et al., 2015), but high agreement
(k = 0.96) when compared to an IFAT kit (Fuller Laboratories, Fullerton
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results.

Multiple variables, such as the ref e sera, the and
the antigen used, influence the performance of a test and !haefon: are
key points to be considered when validating a logical technique
(WOAH, 2021). quortunatcly, there is no sem pancl that can represent
all target infected p ions and envi c (WOAH,
zou‘»)orcommonlyacccptcd f e tests. Ci quently, in this

ive study, we used different panels of sera and employed the

hadol

diei

CA) (Papatsiros et al, 2016), or low to di
(k = 0.39-0.68) when compared to the same commercial M.AT kit
(Cubas-Atienzar et al., 2019; Pablos-Tanarro et al., 2018; \nmpdr/( T

et al., 2015). Other ¢ ial tests p d were Prio-
CHECK and Pigtype. In contrast to our rsults, PrioCHECK obtained
lower Se and higher Sp values compared to a commercial MAT (Se=
65%, Sp=97%, k = 0.62), while Pigtype showed the worst perf
compared to the same test (Sp= 57%, Sp= 99%, k = 0.64) (Steinparzer
et al., 2015). However, better performance was reported for PrioCHECK
in a comparative study with an in-house TgSAG-1-ELISA, WB and IFAT
that used a Bayesian latent class approach, with 99% Se and 93% Sp
(Basso et al.. 2013). In the present study, PrioCHECK was the test that
showed the lowest Sp (72-73%), as well as the lowest agreement
(k = 0.30-0.75) regardless of the serum panel employed. Based on the
comparative study, Pigtype and TgSALUVET IFAT were initially well
lidated since they mai d high Se and Sp values and did not
require cutoff readjustment with any serum panel. Finally, despite the
low Se value obtained with TgSALUVET WB in natural infections even
after the ELISA cutoff readjustments (Se= 79%), the criterion of posi-
tivity could not be ch d since a lower i ity and freq; y of IDAs
recognition was observed with this serum panel. For example, it was
found that the 9—10kDa anrigcn, which was frequently detected with
dium-high i in lly infected pigs (Table 2), was
pmsenlinlessthanSMofscmposumpngsfmmPamleasedonlhc
defined criterion of positivity. Thus, our results demonstrate that
TgSALUVET WB could be used as a reference test in an initial validation
of serological techniques, but it is not recommended for routine
serodiagnosis.

All in-house and commercial tests detected seroconversion at 2-3
wpi on average, except for PrioCHECK, which was earlier and could be
directly related to its high Se but low Sp. Comparable anti-T. gondii IgG
kinetics have been reported in other studies based on some of the ELISAs
tested here and performed with pigs experimentally infected with
T. gondii oocysts. One of them documented seroconversion from 1.5 to 2
wpi until the end of the experiment (8-30 wpi) based on PrioCHECK or
IDScreen (Kauter et al., 2022), whereas the other reported a significant
lgG increase ﬁ'om 14 dpi based on TgSALUVET ELISA 2.0 prior to its

ion for di P (Largo-de la Torre et al, 2022).
Interestingly, all F.LISA tst; as well as TgSALUVET WB, sh d

msults obtained by most of the included tests as reference criteria, an
approach that seems to be appropriate for further studies. The usefulness
ofthcdxﬂeren! su-mnpanelshasb:mdxscumcd above. However, other
more isticated statistical ap ches, such as the Bayesian Latent
ClassModcls,amhxghly-n ded in the ab of agold dard
test (Johnson et al., 2019; Kostoulas et al., 2017). On the other hand,
limited conclusions could be drawn with respect to the influence of the
antigen employed since the different tests that showed good diagnostic
performance employed different antigens (Table 1). Nevertheless, it was

ported for small r that false-positive reactions can be found
with anti-N. caninum antibodies in TgSAG1-based tests (WB and
IDScreen) due to cross reactions (Huertas-Lopez et al, 2021;
Sanchez-Sanchez et al, 2021). To date, there are only a few studies
about N. caninum seroprevalence in domestic pigs (Damriyasa et al.,
2004; Lopes et al., 2021; Villa et al., 2022), probably because it has low
relevance in this species since its ¢ ibution to inducing P
infections and reproductive failures in natural infections is still unclear
(Snak et al., 2019). However, the presence of anti-N. caninum antibodies
in naturally exposed domestic pigs has been documented (Damriyasa
et al., 2004; Lopes et al., 2021; Villa et al., 2022), so cross-reactivity with
this parasite, as well as with other closely related ones, should be
considered in future studies.

It must be taken into consideration that serum, plasma, or meat juice
can be used in some of the commercial ELISA kits, and different per-
formances have been observed in the same test based on the type of
sample (Garcia et al., 2008). Thus, similar approaches should be fol-
lowed with any other sample types (e.g., meat juice, whole blood) and
with sera from other host species considering the multispecies specifi-
cations of some of the ¢ cial ELISA kits eval d here.

5. Summary and conclusions

We offer updated performance information of widely employed
serological tests, including c ilabl hods that are
accessible for research and di In this comp
study, all tests proved to be wcll validated when analyzing sera from
experimental infections, except for PrioCHECK, but several ELISAs

Ty
dally
i 1ah

significantly higher levels of anti-T. gondii IgGs in pigs infected with the
type Ill isolate with respect to the type Il isolate, with an earlier igG level
increase detected with IDScreen, Pigtype and TgSALUVET ELISA 2.0,
from 2 wpi onward, but a more delayed increase with TgSALUVET WB
and PrioCHECK, from 3 and 5 wpi, respectively. The higher antibody
levels associated with the type Il isolate could be explained by the
higher virulence and earlier dissemination of this isolate. This was
demonstrated previously in a mouse model where higher rates of mor-
tality and morbidity of type Il were shown compared to those with a set
of type Il isolates (Fernandez-Escobar et al., 2021, 2020). Higher viru-
lence and earlier dissemination have also been documented in type I vs.
type I isolates in a piglet model of toxoplasmosis, with higher temper-
atures for a longer period in pigs infected with the type 1l isolate, as well
as a higher frequency of detection and parasite burden quantified by
qPCR in mice inoculated with tissue originating from pigs infected with
the type 11l isolate (Largo-de la Torre et al., 2022). In this experiment,
pigs infected with the type Il isolate also showed higher IgG levels with
respect to the other group based on TgSALUVET ELISA 2.0, while no
significant differences were recorded between groups when using Prio-
CHECK (Largo-de la Torre et al,, 2022), which agrees with the present

quired further readj for sera originating from natural in-
fections to obtain harmonized data. TgSALUVET WB, which turned out
to be useful as a reference test for an initial validation of serological
techniq is not rec ded for munnc dlagnosxs. These results
must be taken into ¢ ion for iological surveys and studies
that aim to evaluate IgG kinetics bascd on different stages or isolates
since some tests were more sensitive than others in detecting vananons
among experimental groups. The blish of an inter
network for creating a common well-characterized serum biobank
would favor future test validations.
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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):
Lépez-Urefia, N.M., Calero-Bernal, R., Vazquez-Calvo, A., Sdnchez-Sanchez, R., Ortega-
Mora, L.M., Alvarez-Garcia, 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 1gGs. 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 1gGs 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).
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ARTICLE INFO ABSTRACT

Keywords: Toxoplasma gondii is a major foodborne zoonotic pathogen that can be d through the of
Toxoplasma gondii raw or und ked meat of small amnngo!hers Serology has been suggested as an epidemiological
ELISA indicator and several tests are there is no parative study with the most used
:’;‘;’:ﬂ::‘am ones. Therefore, the objective of this study was to develop and validate two in-house tests (Western blot
ik pebiondass -TgSALUVET WB- and ELISA -TgSALUVET ELISA 2.0-) and perform a comparative study including such tests and
Cross-reactions four commercial ELISA kits (IDScreen®, PrioCHECK®, Pigtype® and IDEXX). First, a specific pattern of recog-
nition of immunodominant antigens by TgSALUVET WB was determined with serum panels of noninfected sheep
and sheep infected with T. gondii or Neospora caninum. Next, TgSALUVET WB was used as a reference to pre-
liminary validate TgSALUVET ELISA 2.0 using sera from sheep and goats naturally infected with T. gondii. Then,
the abovementioned sheep serum panels were analyzed by all tests and subjected to TG-ROC analyses and
ag) tests, and y with the anti-N. caninum IgGs was studied.
All the techniques were accurate mough for the cutoff values initially suggested with all serum panels (Se and
Sp > 94%) except for PﬂoCHI-I:K:R whkh showed 83% Sp. , a cutoff readj d their
b anti-N. cani bodies and T. gmdl antigens
were detected with all tests. Thus, a second cutoff readjustment was carried out and the use of both readjusted
cutoff values is ded to obtain ble data and avoid false-positive results.
1. Introduction h horizontal of T. gondii mainly occurs through the
« of sporulated oocysts that i soil, water, vege-
Toxoplasma gondii, the ca agent of pl is, is a wide- tables, ﬁ'\ms and bivalves (environmental route) or tissue cysts con-
spread apicomplexan parasite able to infect any warm-blooded anunal tained in raw or undercooked meat (meat route) (Dubey, 2021; Pinto-
species, including b T L is is usually asymp in Ferrelra et al., 2019). Primary infections in humans and small ruminants

immunocompetent hosts, with an estimation of one-third of the global
human population chronically infected or having had past episodes of
contact with the i ); A llus is is of concern since it
can induce severe resp I and ocular d in
immunocompromised people, as well as ncpmducuvc failures in preg-

nant women, mainly via primary infection (WHO, and FAQ, 2014). In

during gestation may also lead to vertical transmission by tachyzoites
that reach the fetus/es through the placenta, causing severe harm such
as congenital malformation, ocular disease, hydrocephaly, abortion,
reabsorption, and neonatal death, among others (Innes et al., 2009;
Koutsoumanis et al., 2018; Lindsay and Dubey, 2020; Stelzer et al.,

2019). In this context, T. gondii is a perfect paradigm of a pathogen
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whose control should be achieved through a One Health approach
(Djurkovic-Djakovic et al., 2019).

Small domestic ruminants are highly susceptible to T. gondii in-
fections. Indeed, T. gondii has been identified as one of the most common
and important reproductive transmissible agents in ewes and goats
(Stelzer et al, 2019), which translates to great economic losses for
producers, with approximately 1.5 million lambs lost per year in Europe
(Innes et al., 2009). In addition, T. gondii infections in small ruminants
are of public health concern since the consumption of raw or under-
cooked sheep/lamb meat has been identified as a primary food source of
infection (WHO, and FAO, 2014) and a risk factor associated with acute
toxoplasmosis in humans (Odds Ratio = 3.6-3.9 (95% (I 1.3-9.8,
1.9-8.0)) (Belluco et al,, 2017; Friesema et al, 2023). Furthermore,
T. gmdu has been identified asa hxgh priority in meat inspections based
on ing biological hazards in small rumi (EFSA, 2013a), with
global poolad semptevalence of 33.86% and 31 .78% in sheep and goats,
respectively (Ahaduzzaman and Hasan, 202

logy is a valuabl gy for 3--_\;theinf¢climwilha
public health commitment (EFSA. 2013b). Accordingly, serological
techniques are the most commonly used tools for the diagnosis of
T. gondii i i in small rumi (Dubey et al., 2020a, 2020b).

Research in Veterinary Science 165 (2023) 105052

information. Furthermore, cross-reactivity with closely related parasites
is of major concern in small ruminants. For example, there is increased

idence of the rel of Neospora c infection in sheep and the
coexistence of T. gondii and N. caninum infections in flocks (Gharckhani
et al., 2018; Gondim et al., 2017; Gonzalez-Warleta et al., 2014; Sun
et al,, 2020; Villagra-Blanco et al., 2019). Second, a few limitations have
been identified concerning the comparative studies carried out to date:
a) the initial diagnostic perfi of the eval d techniques was not
always specified, b) the majority of the studies arbitrarily defined an in-
house technique as a reference test, ¢) the serum panel consisted of a low
number of sera, initially characterized with a limited set of serological
tests (Glor et al., 2013; Mainar-Jaime and Barberan, 2007; Mangili et al.,
2009; Opsteegh et al., 2010), and d) commercial ELISA tests have barely
been luated (within parative studies) despite being very
frequently used since not all laboratories are specialized in the devel-

P and validation of logical tests (Glor et al., 2013; Opsteegh
et al., 2010).

Therefore, the objective of this study was to compan: the perfor-
mance of a wide panel of serological tech ly used for the

detection of anti-T. gondii 1gGs in small donusnc rurmnants For Ihis, a
total of 840 wdl-d:amctmzcd serum ples from experi and

However, there are several issues that h !hc interp ion of lly infected Is were employed Inmally,twam—hmsc tests, a
serological results and that could lead to misdiag; Firn diagnosti Western blot (WB) and a lyophilized tachyzoite-based ELISA, were
performance and analytical specificity data are not always ilabl dardized. Second, the ab d in-house tests and the most
and the scarce ber of comparative studies hinders access to updated frequently used and/or known commercial ELISA kits (IDScreen,

: Reference test TgSALUVET

TgSALUVET WB :
BSA ELISA 2.0
(criterion of seropositivity) (preliminary validation)

(panel 1) or N. caninum (panel 3)
Sheep naturally infected with T. gondil
(implying parasite isolation) (panel 2)

Development and
preliminary validation

specificity performance of in-house tests

Sheep experimentally infected with T. gondii

Sheep naturally exposed
to T. gondii (panel 4)
Goats naturally exposed
to T. gondii (panel 5)

Tests validation for sheep

Resultsbythe TgSALUVET WB, TgSALUVET
o majority of the ELISA 2.0, IDScreen,
g tests PrioCHECK, Pigtype, IDEXX
é Sheep experimentally infected 1
>5 with 7. gondii (papety) ¥
'g Sheep naturally exposed to T. Cutoff read)ustmems to
k7 gondii (panel 4) § harmonize data
%
8 Cross-reactivity with anti-N. caninum 1gGs
£
S 3 TgSALUVET WB, TgSALUVET New cutoff
E=] ELISA 2.0, IDScreen, i i
E- - '. J Used Initial cutoffs and ! to avoid cross- |
2 PHOCHECKa lepe: IDEXX readjusted cutoffs in | reactivity
< Sheep experimentally infected point 2
with N. caninum (panel 3)
Fig. 1. 1 design folk d in this . A checklist of the items included in the dards for rep: di; i studies (Kos-
toulas et al 2017) has been provided as Supp!ementary Table 1.
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PrioCHECH, Pigtype and IDEXX) were compared. Finally, cross-
reactivity with the anti-N. caninum IgGs was investigated in all tests.

2. Materials and methods

2.1. Experimental design and panels of sera

The experimental design that was followed and the tests that were
evaluated in this study are shown in Fig. 1 and Table 1, respectively. The
sera panels employed in each step of the workflow are detailed below:

and Barberan

2.1.1. Pattern of recognition of i d igens and criterion of
seropositivity for TgSALUVET WB

Panel 1 (n = 124) consisted of samples from 14 Rasa Aragonesa breed
sheep that had been orally inoculated with 10 T. gondii oocysts
(TgSpSh1, genotype 1I) at 90 days of gestation, as well as sera from 6

i lated preg sheep. pling was carried out at -2, 3, 8,12,
and 14 days post-infection (dpi). In addition, serum samples from 9 of
these animals (six infected and three noninfected sheep) were also
collected at 21 and 27 dpi (Vallejo-Blanco et al., 2023). Samples
collected prior to the infection tested negative for N. cani by a
specific soluble antigen-based ELISA (Sanchez-Sanchez et al, 2021a;
Vallejo-Blanco et al, 2023) and were kept at —80 “C until analysis.
Negative (n = 20, prior to the infection) and positive (n = 9, from 27 dpi)
serum samples from this panel were used to define the pattern of
recognition of T. gondii tachyzoite i domi igens (IDAs) by
TgSALUVET WB and the criterion of seropositivity. All the serum sam-
ples were also included in the comparative study of all the serological
tests (see Section 2.3).

Panel 2 consisted of 17 sheep naturally infected that tested positive
for T. gondii by a soluble antigen-based ELISA. In all these animals,
T. gondii was isolated by mouse bioassay from myocardial tissue
(Fernandez-Escobar et al, 2020). These samples tested negative for
N. caninum by a specific soluble antigen-based ELISA (Sanchez-Sanchez
et al., 2021a) and were kept at —80 “C until use. This panel of sera was
employed to define the pattern of recognition of T. gondii tachyzoite
IDAs by TgSALUVET WB and the criterion of seropositivity.

Panel 3 was composed of 26 serum samples from sheep inoculated
intravenously with N. caninum tachyzoites (Sanchez-Sanchez et al,
2018, 2021b). All of them tested positive for N. caninum by a specific
soluble antigen-based ELISA (Sanchez-Sanchez et al., 2021a), with low
(RIPC = 3549, n = 8), medium (RIPC = 50-79, n = 7) and high
(RIPC>80, n = 11) IgG levels. This sera panel was used to test cross-
reactivity between anti-N. caninum IgGs and T. gondii tachyzoite IDAs
in TgSALUVET WB to define the criterion of seropositivity for TgSA-
LUVET WB. It was also used in the comparative study to eval CTOSS-
reactivity in all the ELISA tests.

Reference

‘This study
This study

To be determined in

this study

To be determined in

this study

»
g
5

£

Diagnostic

performance
Not specified
Not specified
Not specified

ative study.

Cutoff

pasitive), > 100 (pasitive)

Se: sensitivity, Sp: specificity, $/P%, PP and RIPC « ([sam ple OD- negative control OD]/[positive control OD- negative control OD]) x100,S/P « ([sam ple OD- negative control OD]/[ positive control OD- negative control

o)),

To be determined in this
To be determined in this
40, = 50

study

study
S/P% <
>
SP=03
§/P%<20, > 30 (weak

Tuded in this

Sample dilution

100, meat juice: 1/10
Serum and plasma: 1/
100, meat juice: 1/10

Serum and plasma: 1/
1/400

Serum and plasma: 1/
10, meat juice:1/2

/20
1100

for pigs and wild baars)
Serum and plasma

Serum, plasma and meat
juice
Cattle, sheep, goass, cats, dogs,  Serum, plasma (meat julce

faxes, pigs and wild boars

Small ruminants

Serum, plasma and meat
Juke

Sample type
Serum
Serum

2.1.2. Development and initial validation of TgSALUVET ELISA 2.0

Panel 4 (n = 239) was composed of serum ples from sheep
naturally exposed to T. gondii. These samples were collected at two
slaughterhouses in Spain (Fernandez-Escobar et al, 2020). All sera
tested negative for N. caninum by a specific soluble antigen-based ELISA
(Sanchez-Sanchez et al., 2021a) and were kept at —80 “C. This panel was
used to develop and validate TgSALUVET ELISA 2.0. This panel was also
included in the comparative study. The precision of TgSALUVET ELISA
2.0 was tested using TgSALUVET WB-positive (n = 11) and -negative (n
= 11) serum samples from Panel 1.

Panel 5 (n = 434) was composed of serum samples from goats
naturally exposed to T. gondii These samples were collected from
different flocks with a previous history of T. gondii-associated abortions.
These samples tested negative for N. caninum by a specific soluble
antigen-based ELISA (Sanchez-Sanchez et al., 2021a) and were kept at
—80 “C until use. This panel was used to test the suitability of TgSA-
LUVET ELISA 2.0 for goats, using TgSALUVET WB as a reference.

6.8%.

Sheep and goats
Sheep and goats
Ruminants, swine, dogs, cats
Small rum inants

Host species

Not specified **

tachyzoites
Tachyzolte'
Tachyzaite

Antf
Tachymites
Lyaphilized
P30

* Based on 33 positive samples from France and 300 negative samples tested (the origin species was not specified). Intra-plate repeatability= 3-4%, inter-plate reproducibility « 4-6%.

" Microtiter plate coefficient of variation

™ Only specified that the microtiter plates are coated with inactivated antigen. The short protocol described by the manufacturer was followed for Pigtype.

" According to the information provided within the kit.
" No additional details provided.

Technkue
TgSALUVET WB
TEgSALUVET

ELISA 20
IDScreen
PricCHECK
Pigtype

IDEXX

Serological techniques used for the detection of anti-Toxoplasma gondii 1gG in small d

Table 1
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2.1.3. Comparative study of all serological tests

The sera from sheep experi lly and y infected with
T. gondii were analyzed sep ly in the ¢ study (Panels 1
and 4, respectively). In addition, the sera from sheep experimentally
infected with N. caninum were included in this step to test cross-

reactivity in all the ELISA tests (Panel 3).

2.2. Parasite culture and antigen production

Toxopl gondii tachyzoites of the ME49 strain were cultured in
the Vﬂl0~81 cell line with a multiplicity of infection (MOI) of 4:1,
parasite:cell, with DMEM (Dulbecco's Modified Eagle Medium — high
glucose, Sigma®, Ref.6429) supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics (Lonza, Ref. H317-745E). The FBS used tested
negative for T. gondii, itia besnoiti and N. c to avoid cross-
reactivity (Garcia-Lunar et al, 2015). After 72 h, the culture was sy-
ringed 3 times through a 25G (0.5 x 16 mm) needle, and tachyzoites
were purified using 3-pm  Whatman®  filters  (Millipore,
Ref. TSTP02500), quantified and centrifuged at 1350 xg for 15 min at
4 °C. Pellets of 1 x 10® tachyzoites were kept at —80 “C until use for
TgSALUVET WB. For TgSALUVET ELISA 2.0, glass vials with 1 x 10%
tachyzoites in 4 mL of phosphate-buffered saline (PBS) were stored at
—80 “C until being lyophilized as specified in a previous study (Garcia-

Lunar et al., 2017; Lopez-Urena et al., 2023).

2.3. Serological techniques

The main characteristics of the serological tests evaluated in this
comparative study are shown in Table 1.

2.3.1. TgSALUVET WB

Antigen preparation, as well as the electrophoresis and electro-
transfer of proteins were carried out following the procedure described
by Sanchez-Sanchez et al. (2019b), with a few changes mentioned
below. Aliquots of 2 x 107 tachyzoites were subjected to a cold wet
ultrasonic bath for 15 min, followed by a wet bath at 100 °C for 5 min, in
loading buffer under reducing conditions (10% glycerol, 6.8 pH 50 mM
TRIS, 2% SDS, 0.05% bromophenol blue and 100 mM DTT final con-
centration). Then, the content was transferred to a 15% polyacrylamide
gel and then to a 0.2-ym nitrocellulose membrane (Bio Rad labora-
tories). Membranes were cut into strips (1-2 mm each) and placed on
stands with individual rails. Samples diluted at 1/20 in blocking solu-
tions (5% powdered skim milk 0.05% tris-buffered saline-Tween 20
(TBS-T)) were added in separate rails and incubated for 1.5 h at room
temperature. After that, three washes with TBS-T, each for 5 min, were
performed, and the secondary antibody was added diluted at 1/1000 in
TBS-T (monoclonal anti-goat/sheep IgG antibody conjugated with
peroxidase, Sigma, Ref. A9452). It was incubated and washed under the
same conditions, including one additional wash with TBS. The bounded
antibodies were revealed using 4-chloro-1-naphthol solution (Thermo
Scientific, Ref. 34010) and stopped with ultra-pure water based on the
reaction developed in the positive controls. The strips were scanned with
the GS-800 Calibrated Densitometer (Bio-Rad) for further analysis. The
positive and negative controls used were obtained from Pand l

The analysis of the pattern of recognition of i an-
tigens (IDAs) was performed by two apcnen(ed operators to avoid bias.
Herein, the antigens of 9-10, 18-20, 24-26, 30 and 37-40 kDa were
considered IDAs based on previous studies performed with small rumi-
nant serum samples and T. gondii-based Western blot tests (Wastling
et al, 1994; Conde et al, 2001). The criterion of seroposmvny was
established based on the IDAs freq and i of
(see Section 2.4).

2.3.2. TgSALUVET ELISA 2.0
The assay was carried out following a previous described procedure
with a few modifications (Lopez-Urena et al, 2023). Ninety-six-well
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microtiter plates (Thermo Scientific, Fisher Brand Maxisorp®, MA,
USA, Ref. 10554831) were coated with 1 x 10° lyophilized tachyzoites
per well in 0.1 M carbonate buffer (pH 9.6) (100 pL/well) overnight at
4 °C. The plates were then washed three times with 0.05% PBS-Tween
20 (PBS-T) and blocked with 5% powdered skim milk PBS-T for 2 h at
room temperature (300 pl/well). After that, 100 pL per well of sera
controls and samples diluted at 1/100 in blocking solution was placed
per well and incubated at 37 “C for 1 h. Three additional washes were
performed under the same conditions, and 100 pL of diluted secondary
antibody at 1/10000 in PBS-T was dispensed per well (monoclonal anti-
goat/sheep 1gG ibod j d with peroxi Sigma
Ref. A9452) and incubated at 37 C for 1 h. For the detection of bound
antibodies, the plates were washed again, and 100 pL of ABTS® (Roche,
11684302001) was added per well. The reaction was stopped with 100
pL per well of 0.3 M oxalic acid, when the OD of the positive control was
between 1 and 1.1. Data were normalized as relative index percentage
(RIPC) with the following formula: ([sample OD- negative control OD]/
[positive control OD- negative control OD]) x 100. Here, the same
positive and negative controls employed for TgSALUVET WB were used.

2.3.3. Commercial ELISA tests

Four commercially available ELISA tests used to detect anti-T. gondii
1gGs in small ruminants were included in this oompaxauve study D
Screen® pl is Indirect Multispecies (|
France); PrioCHECK® Toxoplasma Ab SR (Prionics, Switzerland) Pig-
type® Toxoplasma Ab (Indical Bioscience, Germany) and IDEXX Tox-
otest Ab (IDEXX Laboratories, Inc., the United States), named IDScreen,
PrioCHECK, Pigtype and IDEXX, respectively. The facturers’ pro-
tocols were followed, and the characteristics of the ELISA tests are
summarized in Table 1.

2.4. Data analysis

The frequency and intensity of IDAs recognition were used to define
the criterion of seropositivity for TgSALUVET WB. The intensity of
recognition was classified as high (+++), medium (++) or low (+). The
frequency of the recognition of each IDA corresponding to the different
panels of sera employed was compared by a contingency test (Fisher's
exact test). This analysis was performed with GraphPad Prism, version
8.0.1.

To determine the precision of TgSALUVET ELISA 2.0, four replicates
of each su-umsamplewmmnmthma plate, and three different plates

were analyzed in parallel. The following f la was used to determine
the intraplate cocfﬁcncm of (CV): mean ([: dard deviation of
the three replicate ODs/mean of the three replicate ODs] x 100). The
interplate CV was determined as foll mean ([: dard deviation of

the OD mean of each sample from each plate/mean of the OD mean of
each sample from each plate] x 100). Coefficients of variation below
20% were interpreted as acceptable (Jacobson, 1998). Diagnostic per
¢ and preliminary cutoff were d by a nonp
two-graph recewer operating characteristic (TG-ROC) analysis wilh
SigmaPlot 12.0 Software, and the WinEpi platform (Thrusficld et al,
2001) (http://www.winepinet/), using TgSALUVET WB as reference
test.

For TG-ROC analyses, the result obtained by the majority of the tests
(four out of six techniques) was regarded as a ref ¢ in the
comparative study. If a serum sample was positive by three tests and
negative by the other three tests, it was considered doubtful and was
excluded from the analysis. After that, an agreement test, expressed as
kappa values, was performed using the WinEpi platform with a confi-
dence level of 95%.

The kinetics of anti-T. gondii 1gGs was also studied for all tests using
serum Panel 1. Significant differences between noninfected and infected
sheep within sampling days were analyzed with a mixed-effects analysis,
followed by Sidak's multiple comparison test if applicable, using
GraphPad Prism, version 8.0.1. Sphericity was not assumed, and the
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Geisser-Greenhouse  correction was  automatically applied when

Fisher's exact test was performed for each ELISA to determine if the
presence or absence of anti-N. caninum IgGs had a significant influence
on the number of false-positive results in T. gondii-based ELISA tests.

Significant differences were considered when P values were lower
than 0.05.

3. Results
3.1. Pattern of recognition of i e igens and criterion of
positivity for T¢SALUVET WB

The 18-20, 24-26, 30 and 37-40 kDa IDAs were recognized with
high intensity for 100% of sheep experimentally infected with T. gondii
at 27 dpi (Panel 1), as well as for all the sheep naturally infected with
T. gondii (Panel 2), while the 9-10 kDa IDA was recognized with high
and medium intensity for 100% and 82.4% of the sheep from Panel 1 (at
27 dpi) and Panel 2, respectively (Table 2, Fig. 2). Remarkably, the 30
and 37-40 kDa IDAs were recognized with medium and low i for
90% and 40% of the noninfected sheep, respectively. Furthermore, for
all sheep experimentally infected with N. caninum (Panel 3) the 30 and
37-40 kDa IDAs were recognized with high i ity, and, respectively,
for 30.8% and 11.5% of sheep experimentally infected with N. caninum
the 18-20 and 24-26 kDa IDAs were recognized with low i
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Se and 98% Sp when using the abovementioned cutoff value and
TgSALUVET WB as a reference test.

3.3. Comparative study

All the ELISA tests showed high Se and Sp values when sera from
experimentally infected sheep were analyzed (Panel 1) (Se and Sp values
equal to or higher than 94%, AUC = 1; Fig. 3A, no doubtful results were
observed by the majority of the tests). TgSALUVET WB showed 100% Se
and 94% Sp. The highest diagnostic performance corresponded to
IDScreen and TgSALUVET ELISA 2.0, followed by PrioCHECK. In gen-
eral terms, moderate to perfect agreements were also recorded (k =
0.78-1.00), and after cutoff readjustments, Se, Sp and kappa values
reached almost perfect values (Fig. 3A; Table 3).

Seroconversion was recorded from 21 dpi when the initial ELISA test
cutoff values were considered (Fig. 4). Seroconversion was detected
earlier when the mean levels of anti-T. gondii 1gGs were compared be-
tween noninfected and infected sheep during the experimental assay,
with a significant increase in IgG levels starting at 12 dpi with Prio-
CHECK and TgSALUVET ELISA 2.0, 14 dpi with IDScreen and Pigtype,
and 21 dpi with IDEXX (Fig. 4).

All the ELISA tests also showed excellent d rf e
when analyzing sera from sheep naturally infected (Pane.l 4) (Se and Sp
values equal to or higher than 95%, AUC = 1; Fig. 3B, and only 4 out of

whereas the 9-10 kDa IDA were recognized for none of the shccp
experimentally infected with N. caninum. Nonsignificant differences
were observed in the frequency of recognition of the 30 kDa antigen
between the noninfected sheep and the sheep infected with either
T. gondii or N. caninum. Moreover, the 9-10, 18-20 and 24—26 kDa IDAs
showed significant differences in the freq, vy of

sheep naturally infected with T. gondii and sheep u:pcnmentally infec-
ted with N. caninum (Table 2). Thus, based on these results, the recog-
nition 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 was
established as a criterion of seropositivity. Accordingly, none of the
sheep experimentally infected with N. caninum tested positive by
TgSALUVET WB (Table 2, Fig. 2). Seroconversion was recorded from 14
dpi onward in Panel 1 based on TgSALUVET WB.

3.2, TgSALUVET ELISA 2.0 initial validation

The mean CV values for the intra and interplate repeatability for
'VET ELISA 2.0 were 4.59 (standard deviation (SD) = 0.02) and

9.48 (SD = 0.05), respectively. This ELISA test showed a high perfor-
mance with an AUC of 0.99 for the preliminary cutoff defined,
RIPC>19.18, with 93% Se and 96% Sp based on the TG-ROC analysis
from sheep naturally infected with T. gondii (Panel 4) and using TgSA-
LUVET WB as a reference test. Seroconversion was recorded from 21 dpi
onward in Panel 1 when applying the defined cutoff. Furthermore,
TESALUVET ELISA 2.0 was suitable for goats (Panel 5), showing 100%

239 samples that resulted doubtful based on the results obtained by the
majority of the tests), except for PrioCHECK, whmh showcd 83% Sp.
Pigtype was the test that sk d the best di e, fol-
lowed by IDScreen and TgSALUVET ELISA 2.0. TgSALUVET WB pre-
sented 94% Se and 97% Sp. The kappa values are shown in Table 3 (k =
0.73-0.98), with PrioCHECK presenting the lowest values (k =
0.73-0.80). Both the performance and agreement of the tests improved
when their cutoff values were readjusted based on the TG-ROC analyses,
with 98-100% Se and Sp and 0.84-1.00 kappa values (Fig. 3B, Table 3),
except for TgSALUVET WB with 93% Se. The cutoff, Se, Sp and AUC
values are specified for each ELISA in Fig. 5B.

All the ELISA tests showed false-positive results with the anti-N.
caninum 1gGs (Panel 3) when using the cutoff values suggested by the
manufacturers, as follows: IDScreen (14/26), PrioCHECK (13/26), Pig-
type (11/26), IDEXX (6/26) and TgSALUVET ELISA 2.0 (6/26)
(Table 4). False-positive results ined when the readjusted cutoff
values were applied (Table 4). There was a significant association be-
tween the number of false-positive results and the presence of anti-
N. caninum 1gGs when using both the initial and readjusted cutoff values
(Table 4). Consequently, new cutoff readjustments were required for all
the ELISA tests to avoid false-positive results, as detailed in Table 4.

When both readjusted cutoff values were applied to TgSALUVET
ELISA 2.0 using the goat serum panel (Panel 5), whether it was the one
meant to obtain comparable data among tests or the one targeted to
avoid cross-reactivity with the anti-N. caninum IgGs, TgSALUVET ELISA
2.0 maintained excellent performance, with 100% Se and 94% Sp and
99% Se and 99% Sp, respectively.

Table 2
Freq and of of P gondii (IDAs) by TgSALUVET WB.
IDAs Noninfected sheep T. gondii infected sheep N. caninum infected sheep c
) ® © ® b
n =20 . ) n=9 ) o n=17 n=26 Significance
Fregn y y F
37-40 40/ + 100/ +++/** 100/ +++/ **** 100/ +++/ **** ns
30 90/ ++ 100/ +++/ns 100/ +++/ns 100/ +++/ns ns
24-26 o 100/ +++/ **** 100/ +++/ **** 115/ +/ns i
18-20 0 100/ +++/ **** 100/ +++/ **** 308/ +/ ** e
9-10 o 100/ +++/ **** 82,4/ ++/ **** 0/ ns e

A: sera collected prior to the infection (Panel 1). B: sera collected at 27 days post-infection (Panel 1). C: sera from Panel 2. D: sera from Panel 3. Frequency: percentage
(%). Intensity: +++ (high), ++ (medium), + (low), mean within each group. For statistical analyses, columns B, C, D were compared to column A or column C to
column D. ns: no significant differences. Significant differences are represented as follows: * = P < 0.05, ** = P < 0.01, *** = P < 0.001, and **** = P < 0.0001.
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by TgSALUVET WB. (A) Sera from T. gondii experimentally infected sheep; (B) Sera from T. gondii

naturally infected sheep. Toxoplasma gondii was isolated by mouse bioassay from myocardial tissue from all positive samples; (C) Sera from Neospora caninum
experimentally infected sheep; MW: molecular weight. IDAs are marked in bold letters. M: molecular weight marker, C+: T. gondii positive control serum. C-: T. gondii
negative control serum. Strips with a “+" or “-" were classified as positive or negative for T. gondii, respectively. In the strip identified with “@", antigens with a “*"
above show low intensity for the 10 kDa band, medium intensity for the 28 kDa band and high intensity for the 18-20 kDa band.

4. Discussion

A comprehensive comparative study was carried out in terms of the
number ofscmlognal tests included and the range of reference serum

tests, such as IDScreen (Sanchez-Sanchez et al.,
GRA8 chimeric gen-based time lved fluorescence immuno-
assay (Huertas-Lopez et al, 2021). The 30 kDa antigen has been
described as an IDA together with others: 11-13, 18, 24, 34 and 42 kDa

2021b) and a SAG1-

panels employed. We have developed and validated two in-h sero-

P
logical techniques that were later included in the comparative study
together with four commercially available ELISA tests. All the tests
showed good diagnostic performance and agreement when using sera
from both experimental and natural infections, although further read-
justments improved Se and Sp values. However, all the ELISA tests
h dahigh ber of false-p: results when N. caninum-positive

sera were tested. Thus, additional cutoff value readjustment was sug-
gested based on the epidemiological scenario.
The two in-house tests developed herein

+ q 5

in sheep sera (Wastling et al., 1994) and 28 and 34 kDa (Conde
et al, 2001) or 12, 17, 23, 32, 55 and 75 kDa antigens in goats sera
(Hebbar et al., 2022). Thus, it should be considered together with more
specific IDAs in the criterion of seropositivity. In this regard, the 9-10
kDa IDA was the most specific antigen, as similarly reported by Lopez-
Urena et al. (2023)).

TgSALUVET ELISA 2.0 also showed high initial diagnostic perfor-
mance for both sheep and goats, as corroborated later in the compara-
tive study. 111@: results were expected, as lyophilized tachyzoites have

performance and can be md:snncﬂy employed with m or (zpn.nc
sera. For TgSALUVET WB, we established an exhaustive and restrictive
criterion of seropositivity, and the remarkable cross-reactions found
between T. gondii antigens and anti-N. caninum antibodies were
considered. Lopez-Urena et al. (2023) recently defined a criterion of
positivity for pig sera that consisted of the recognition of three out of
eight IDAs (9-10, 19, 25, 28, 30, 33-35, 43-45, and 69 kDa). Despite the
similarities found between both studies with commonly reported IDAs,
the criterion established with pig sera was less restrictive, including
additional IDAs, which muld be cxplam:d by the fact that cross-
reactions were not studi of cross-reactivity
shm:ldno(hed»scardedsmcemoslofsucthAswmalsomcogmzcd
pnorloInfemonmpugs,cxn:eptfonhc‘)—lOandb?kDalDAs,andms-

reactions with other apicomp F ] in this species
were not i i d (e.g., Cystoisospora suis, Sarcocystis spp.). Hebbar
et al. (2022) also studied cross-reactivity between anti-N. canis 1gGs

been previ loy mELlSAlmsthalwuchxghlysamnveand
spec:ﬁc ((n‘((]d Lur‘rxr et al., 2017; Lopez-Ureda et al., 2023). This pre-
liminary validation was carried out considering TgSALUVET WB as
reference since this test mitigate the i 1ssuc of false-positive reactors based
on the specific criterium of serop ity blished herein. Althougk
IFAT has been regarded as refi on several oc this assay may
yield false- posmvc results and is funhcr hampered by subjectivity in
result interp ion as it is op pendent (Campero et al., 2018).
Similarly, MAT was not d d ble as refe e test due to its
susceptibility to cross-reactivity issues with closely related Apicom-
plexan parasites (Mazuz et al., 2018).

We have compared a wide set of serological techniques, including in-
house assays and commercial ELISA tests. This is the first time that the
performance of Pigtype has been studied, whereas IDScreen, PrioCHECK
and IDEXX had already been included in previous comparative studies.
Herein, all tests showed good to excellent diagnostic performance and

gardless of the serum panel tested, with the exception of

and T. gondii antigens in goats by WB and reported minimal cross
reactivity at 1/200 serum dilution. However, whether sensitivity could
be compromised was not studied. Herein, the most problematic IDAs in
terms of cross-reactivity were those corresponding to 30 and 37-40 kDa;
thus, the unique recognition of these IDAs cannot be considered a cri-
terion of seropositivity. Cr tivity anti-N. canij 1gGs
and T. gondii protein SAG1, which has a predictable molecular weight of
30 kDa, was previously described for other T. gondii-based serological

PnoCHECK, which presented a slight decrease in Sp and K values with
respect to the other tests when analyzing serum samples from sheep
naturally infected with T. gondii. However, a further improvement of all
the ELISA tests was possible by readjusting their cutoff values, obtaining
better performance and more harmonized results. Slight differences in
terms of time of seroconversion were observed in the ELISA tests with
sera from experimental infections, with time of seroconversion being
earlier when considering a significant increase of IgG levels between
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Fig. 3. TG-ROC graphs of four commercial and one in-house ELISA tests based on the reference criterion, using serum samples from sheep experimentally (Panel 1)
(A) or naturally (Panel 4) (B) infected with Toxoplasma gondii. Cutoff, sensitivity (Se), specificity (Sp), and the area under the curve (AUC) values are shown for each

ELISA test.
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Table 3
Agr logical techni using sera from Toxoplasma gondii-infected sheep before (b) and after (a) the TG-ROC analyses and cutoff value
readjustment.
Experimental infections (Panel 1) IDScreen PrioCHECK Pigtype IDEXX TgSALUVET ELISA 2.0 TgSALUVET WB
b a b a b a b a b a b a
IDScreen 1.00 1.00 0.97 097 0.97 1.00 0.96 0.97 1.00 1.00 0.83 083
PrioCHECK 097 097 1.00 1.00 0.94 097 093 1.00 097 097 0.86 0.86
Pigtype 097 100 0.94 097 100 1.00 0.96 0.97 0.97 1.00 0.80 083
IDEXX 0.96 0.97 0.93 1.00 0.96 097 1.00 1.00 0.96 097 0.78 0.86
TgSALUVET ELISA 2.0 1.00 100 097 097 0.97 1.00 096 0.97 1.00 1.00 0.83 083
TgSALUVET WB 083 0.83 0.86 086 0.80 083 0.78 0.86 083 083 1.00 1.00
Natural IDScreen PrioCHECK Pigtype IDEXX TgSALUVET ELISA 2.0 TESALUVET WB
Infections (Panel 4)
b a b a b a b a b a b a
IDScreen 1.00 1.00 0.79 0.95 0.96 099 0.89 0.97 0.91 1.00 0.84 088
PrioCHECK 0.79 095 1.00 1.00 0.80 0.94 0.74 0.95 0.75 0.95 0.73 084
Pigtype 0.96 0.99 0.80 0.94 1.00 1.00 0.92 0.96 0.93 0.99 0.87 087
IDEXX 0.89 097 0.74 095 092 0.96 1.00 1.00 0.98 097 0.88 0.89
TgSALUVET ELISA 2.0 0.91 1.00 0.75 0.95 093 099 098 0.97 1.00 1.00 0.89 088
TgSALUVET WB 0.84 0.88 0.73 0.84 0.87 0.87 0.88 0.89 0.89 088 1.00 1.00

The lowest kappa values (below 0.80) based on the cutoff values suggested by the manufacturers are marked in bold letters.

! d proportion of false-positive results (15-65%) regardless of the

noninfected and infected sheep, from 12 to 21 dpi dep g on the
ELISA test, compared to seropositivity based on their initial cutoff
values, from 21 dpi in all the ELISA tests, as similarly observed with
PrioCHECK by Glor et al. ( ’(ll 11 Differences can be also explained by

the different experi: foll d (e.g., dose, strain) since

canvary‘ 12 dpi and 21 dpi even if the same
test/antigy loyed as reported by other authors when using a
T. gondii solubl: anugcn -based ELISA test (Castano et al., 2014, 2019;

Sanchez-Sanchez et al., 2019a).
Regarding the results obtained with sera from naturally infected
sheep, IDScreen showed higher performance vs. PrioCHECK, which
h d lower Sp c d with previous studies. Mangili et al. (2009)
reported 83% Se for IDScreen whcn compared to an IFAT. In contrast,
PrioCHECK showed 93-100% Se and Sp values when compared to an in-
house IFAT and a commercial indirect hemagglutination test (ELLH.A
Toxo, ELITech Group, Switzerland) (Glor et al., 2013). These differences

cutoff value employed. Accordingly, additional cutoff values were pro-
posed to avoid false-positive results. The study of cross-reactions be-
tween anti-N. caninum antibodies and T. gondii antigens is highly
recommended to obtain accurate results since N. caninum is an Apli-
complexan parasite closely related to T. gondii, both with an orthologous
cluster of proteins (Lorenzi et al, 2016). Cross-reactivity between
T. gondii and N. caninum was observed as early as 1994 (Sjerkas et al,
1994) and has been continuously documented in different studies
(Gondim et al., 2017; Huertas-Lopez et al., 2021; Nishikawa et al., 2002;
Sanchez-Sanchez et al., 2021b). Furthermore, N. caninum has also been
identified as an imp cause of tive failure in small rumi-
nants (Moreno et al., 2012; Sdnchez-Sanchez et al,, 2018, 2021a), and
N. caninum and T. gondii coinfections in small ruminant flocks have been
noted (Moreno et al., 2012; Rossi et al., 2011; Sun et al., 2020; Villagra-
Blanco et al,, 2019). However, cross-reactivity with other closely related

could be explained by the different sera and tests used as refe
Furthermore, IDEXX showed similar results, as reported by other re-
searchers, with 85-91% Se and 97-98% Sp (Mainar-Jaime and Bar-
beran, 2007) or 91-92% Se and 97-99% Sp (Opstecgh et al., 2010), with
both studies based on a Bayesian approach.

Finally, the cross-reactivity observed between anti-N. caninum anti-
bodies and a high number of 7. gondii antigens by TgSALUVET WB was
reflected in the results obtained with all the ELISA tests that showed an

F such as H dia spp. and Sarcocystis spp., cannot be ruled
out since antibodies against such parasites were not tested prior to the
infection in the sera panel employed. The existence of false-positive
results with IDScreen has already been reported (Sanchez-Sanchez
et al., 2021D), but this troubleshooting seems to be common to all the
ELISA tests evaluated. Whether the nature or type of antigen might in-
fluence the results should be clarified since the antigens used in the tests
evaluated were either a recombinant SAG1 protein, whole-tachyzoite
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Fig. 4. Kinetics of anti-Toxoplasma gondii 1gGs by all the ELISA tests using serum samples from sheep experimentally infected with Texoplasma gondii oocysts (Panel

1). Significant differences were analyzed within ling days b infected and infected groups for each ELISA test and were identified as follows (Sidak's
multiple comparisons tests): * = P < 0.05, **: P < 0.01, *** = P < 0.001, and **** = P < 0.0001.

Table 4
Cr i b ti-Neosp inum 1gG and gondii anti in gondii-based ELISA tests according to the different cutoff values
employed.
ELISA tests Positive-N. caninum serum samples (Panel 3, n ~ 26) that tested positive by T. gondii-based ELISA tests
Initial cutoff values First readjusted cutoff values Second readjusted cutoff values
Cutoff value* n P Cutoff value” n 14 Cutoff n
IDScreen (S/P%) < 40, > 50 14 <0.0001 > 7649 4 0.1213 >99.23 [
PrioCHECK (PP) >20 13 0.0001 >3353 5 0.0593 > 5391 o
Pigtype (S/P) >03 1 0.0010 N/A 11 0.0010 > 048 0
TDEXX (S/P%) <20, > 30 6 0.0287 > 1380 17 <0.0001 > 69.08 o
TgSALUVET 2.0 (RIPC) 19.18 6 0.0287 > 1361 10 0.0024 >3221 o
N/A: do not apply. S/P%, PP and RIPC = ([sample OD- negative control OD]/[positive control OD- negative control OD]) x 100, S/P = ([sample OD- negative control
ODI/[posmve comml OD— nagadve mmml oD]).
’l'he P g P are specified in Fig. 5.
" Thedi ic perfi were as follows: [DScreen= 99% Se, 100% Sp; PrioCHECK= 88% Se, 100% Sp; Pigtype= 94% Se, 100% Sp; IDEXX= 72%

Se, 100% Sp; TgSALUVET ELISA 2.0= 86% Se, 100% Sp. The negative serum samples used as control in this analysis (Panel 1 prior to the infection, n= 20) tested
negative in all ELISA tests when applying the initial or both readjusted cutoff values.

extract or lyophilized tachyzoites. It has been claimed that recombinant higher diagnostic performance. Moreover, cross-reactions between anti-
or chimeric antigens might be more specific (Liyanage et al., 2021). For N. caninum antibodies and T. gondii antigens harm the analytical speci-
example, Holec-Gasior et al. (2014) reported the absence of false- ficity more than initially thought and should be considered when
positive results with an ELISA based on T. gondii GRA1, P22 and ROP1 defining a criterion of seropositivity by WB and when using such sero-

recombinant proteins or on four lent chimeric proteins (AMAIN- loglml lsts for dnagnosuc purposes. To distard false-positive reactors, a
SAG2-GRAI-ROP1, AMAIC-SAG2-GRA1-ROP1, AMAI SAGZ-GRAI- ion for diagnosti ies could be the use of
ROP1, and SAG2-GRA1-ROP1-GRA2) when testing N. cani P bmh readjusted cutoff values estimated with sera from naturally infec-

sheep sera. However, the characteristics of these sera were not ted sheep, and those samples with results in between (doubtful results),
d (e.g., expe: l or natural infection origin and IgG should be further analyzed by a specific and confirmatory WB test. The
levels). These results contrast with the results presented herein since employment of well-characterized sera, including false-positive re-

IDScreen, which initially showed the highest number of false-positive actors, should be an ial for future hod de-
results, was the only ELISA based on a recombinant protein, P30 (SAG1). velopments or validation studies carncd out in small ruminants.
In y, all the logical tests compared herein are accurate Supplementary data to this article can be found online at https:/ /doi.
gh for logical diagnosis of T. gondii infection in small rumi- 0rg/10.1016/j.rvsc.2023.105052.

nants. However, ideally, readjusted cutoff values are recommended for a
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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): Lopez-Ureia, 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.,
Alvarez-Garcia, 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 2" Environmental
Toxoplasmosis Workshop and the 16% 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 15™ International Congress of Parasitology in Copenhagen

(August 2022) and at the Apicowplexa meeting in Bern (October 2022).
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Toxoplasma gondii is a zoonotic parasite infecting all warm-blooded animals,
including humans. The contribution of environmental contamination by T. gondii
oocysts to infections is understudied. The aim of the current work was to explore
T. gondii serology as a means of attributing the source of infection using a robust
stepwise approach. We identified in silico thirty-two promising oocyst-specific
antigens from T. gondii “omics data, recombinantly expressed and purified them
and validated whether serology based on these proteins could discriminate
oocyst- from tissue cyst-driven experimental infections. For this, three well-
characterized serum panels, sampled from O to 6 weeks post-infection, from
pigs and sheep experimentally infected with T. gondii oocysts or tissue cysts,
were used. Candidate proteins were initially screened by Western blot with sera
from pigs or sheep, infected for different times, either with oocysts or tissue
cysts, as well as non-infected animals. Only the recombinant proteins TgCCp5A
and TgSR1 provoked seroconversion upon infection and appeared to
discriminate between oocyst- and tissue cyst-driven infections with pig sera.
They were subsequently used to develop an enzyme-linked immunosorbent
assay test for pigs. Based on this assay and Western blot analyses, a lack of stage
specificity and low antigenicity was observed with all pig sera. The same was true
for proteins TgERP, TgSporoSAG, TgOWP1 and TgOWPS, previously described as
source-attributing antigens, when analyzed using the whole panels of sera. We
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conclude that there is currently no antigen that allows the discrimination of T.
gondii infections acquired from either oocysts or tissue cysts by serological tests.
This work provides robust new knowledge that can inform further research and
development toward source-attributing T. gondii serology.

KEYWORDS

Toxoplasma gondii, oocyst-specific proteins, diagnosis, serology, antigen prediction

1 Introduction

Toxoplasma gondii (Apic ) is a cosmopolitan
intracellular protist resp for p which is
considered to cause the third highest disease burden associated
with food-borne infections in humans (EFSA Panel on Biological
Hazards et al, 2018). Clinical toxoplasmosis usually occurs during the
acute phase caused by tachyzoites (fast-replicating stage). The
infection is usually mild for healthy and i
individuals, but may cause e.g. ocular disease (Gomez- \larm and
de-la-Torre, 2020). However, especially immunosuppressed
individuals are at risk of severe, even fatal, toxoplasmosis. When
the infection occurs in pregnant women, it can lead to abomon
stillbirth, and fetal malfor Human ¢ ital 1
accounts for 5.8 cases per 100,000 live births, andlusrank:damong
the top causes of disease burden in EU/EEA when disability-adjusted
life years are considered (Cassini et al, 2018).
Tgondnhaaau'nplcxllﬁcydc.mlhamdchoslnngcand
various routes of Therefore, its control a One
Health approach. Members of the Felidae family act as definitive hosts
(DH), while almost all homeothermic animals may serve as
intermediate hosts (IH) (Dubey, 20212). All three stages of the
parasite (oocyst, tachyzoite and bradyzoite) are infective to the hosts,
but with differences in infectivity efficiency to IH and DH (reviewed by
Dubey, 20214). When DH ingest raw or undercooked tissues derived
from IH and harboring bradyzoites-containing tissue cysts, the
parasite can start both asexual and sexual multiplication in the small
intestine, leading to the formation of oocysts. DH shed oocysts that are
resistant to environmental stresses and that, upon sporulation, become
infectious. Qocysts can contaminate soil, water bodies, vegetables,
fruits and shellfish, constituting an environmental reservoir and a
source of infection. While |achyzm|m are usually associated with the
vertical (congenital) route of i bradyzoites and oocysts are
ponsible for most hori I (p 1) issions. Although
the importance of both routes has been acknowledged (Pinto-Ferreira
e al, 2019 Dubey, 2021b; Lopez-Urefia et al, 2022), the relative
importance of meat-borne vs. oocyst-driven transmission of T. gondii
is still unknown. Available literature indicates that 30-60% of
infections could be attributed to the meat route vs. 6-17% to the
environmental one (Cook et al. 2000; Hald et al, 2016). A recent case-
control study carried out in the Netherlands indicated a significant risk
of acute toxoplasmosis through the consumption of raw or
undercooked meat or meat products (Fricsema ef al. 2023). In

‘hl
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« in a highly endemic country such as Brazil, a compilation
of outbreaks data indicated that the suspected meat-source accounted
for 21.4%, whereas the environmental route was suspected in 45.2% of
toxoplasmosis cases (Balbino et al, 2022). Furthermore, available data
on global human pl i breaks showed that 47.1% were
associated with tissue cyst and 44.1% with oocyst ingestion (Pinto-
Ferreira et al, 2019).

A major objective of the One Health ayproadusl.hepr:vmnonol
T. gondii infections by designing idiscipli
strategies able to tackle the main transmission routes. Stage-specific
serology could be highly useful to inform efficient interventions, and
not only for humans but also for animals along the food chain. Several
attempts have been made to discriminate T. gondii infections caused
by oocysts vs. tissue cysts through serology. The antigens evaluated
and serological assays used have been extensively reviewed (Alvarcs
Garcs et al, 2021). However, validated hods are still i
Several oocyst wall-specific proteins (TgOWPL-12; (Possenti et .|J
20105 Salman et al, 2017)) and sporozoite-specific proteins (TGERP,
TgSporoSAG, TgCCp5A; Radke et al, 2004; Hill et al, 2011; Santana
et al, 2015) have been proposed as antigens that could serve as
indicators for an oocyst-derived infection. However, conlnd:ctory
results have been obtained when evaluating their p ial di
value. In humans, TGERP was identified as an carly infection marker
(Il et al, 2011) and an indicator of envi I ¢
with oocysts (Vieira et al, 2015; Mangiavacchi et al, 2016), whereas
TgCCp5A was recognized by human sera in a toxoplasmosis outbreak
(Santana et al, 2015). TgSporoSAG was later described as non-
immunogenic in humans (Crawford et al, 2010). The assumed low
level of immune stimulation by oocysts in the small intestine (Fabian
et al, 2021) and the different experimental designs and procedures
used by various authors indicate that it is difficult to identify antigens
capable of differentiating infection routes. Accordingly, the search for
such proteins should be pursued using a more standardized validation
workflow (Alvarez Garcia et al,, 2021).

The present study was a comprel i of stage-
specific serology aimed at identifying sporozoite- or oocyst/
sporocyst wall-specific antigens. It was based on a genome-wide
in silico prediction approach for proteins likely to be exposed to the
immune sy , followed by the evaluation of the derived
recombinant proteins for their diagnostic potential in terms of
source attribution. To this end, reference pig and sheep serum
panels were selected and used in a rig lidati kflow that
ing of ins-of-i (POIs), devel

P
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of POI-based enzyme-linked immunosorbent assay tests (ELISA)
and evaluation of their analytical specificity.

2 Materials and methods
2.1 Bioinformatic analyses

2.1.1 Selection of proteins-of-interest

T. gondii protein candidates were identified in silico for oocysts-
specific diagnostic purposes based on findings obtained from large-
scale protein microarray approaches to identify antigens of
diagnostic value from pathogens (Liang and Felgner, 2015) and
taking into account the possibilities and challenges discussed
previously (Alvarez Garcia et al, 2021). Accordingly, such
p b being sp or oocyst/sporocyst wall-
specific, should be either secreted or surface-exposed and of
relatively high abundance. Additionally, antigenicity prediction
was further considered. The starting set of 8,284 annotated
proteins and the algorithms and additional sources used for
filtering have been previously described by us and are available as
Supplementary Table 2 in Alvarez Garcia et al. (2021) (Figure 1).

S

1id
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services.healthtech dtu.dk/services/BepiPred-3.0); EpiDope
(Collatz et al, 2021) and DiscoTope 3 using the AlphaFold 2
mode (Hoie et al, 2023); (https://services healthtech.dtu.dk/
services/DiscoTope-3.0). For seven proteins (TGME49_205658,
TGME49_223700, TGME49_228240, TGME49_235200,
TGME49_235315, TGME49_235390, TGME49_264070) no
DiscoTope 3 predictions were performed due to the size
restriction of <1,280 amino acids (aa) of AlphaFold 2/UniProt

dels and thus availabl pl

As another criterion we used a

structures for these proteins.
of 4 o

¥

either as a graphical representation of consecutive six or more
disordered residues along the aa sequence of a given p

(described in Arranz-Solis et al, 2023), based on the consensus
disorder predictions from MobiDB (Piovesan et al, 2020), or the
pLDDT score provided by DiscoTope 3, a per-residue measure of
AlphaFold2's model accuracy. A score of <0.5 can be regarded as a
strong predictor of disorder (Jumper et al, 2021). Disordered regions
of proteins can be fairly antigenic (MacRaild et al, 2016; Uversky
and Van Regenmortel, 2021), also reflected eg. in some TgGRA
proteins in Supplementary Figure 1. The algorithm-specific values
for each individual aa were combined into a single graph for each
protein and represented the individual scores along the protein

The final 90 ¢ were then lly curated for ¢ y
and further checked based on literature data. Their designation as
being Coccidia- or T. gondii-specific was based on Ortholog Group
assignments from OrthoMCL DB (https://orthomcl org), which can
be accessed for each gene from Supplementary Table 1. They were
verified by BLAST searches within ToxoDB (https://toxodb.org).

2.1.2 Epitope predictions

We used the following algorithms for prediction of either linear
or 3D epitopes, respectively, based on whole primary protein
sequences: BepiPred 3 (Clifford et al, 2022); (https:/

quence. For BepiPred 3 and EpiDope, the default thresholds of
0.15 and 0.82, respectively, are indicated. No threshold exists for
DiscoTope 3 (but we used 0.25 for calculation of the combined
epidope prediction score (cEPS)), instead, higher values are better,
but should be considered together with the quality of the AlphaFold2
model. For calculation of ¢EPS see Supplementary Figure 1B

2.2 Cloning of selected protein candidates

T. gondii nucleotide sequences encoding selected full-length
proteins or portions thereof were amplified by PCR using as

annotated & quality-checked proteins from ToxoDB Vers. 36
8284

ysts by p

2565
absent in known tachyzoite proteomes

331

predicted signal peptide

90

manual curation

prioritized by:
_expression level
antigenicity

start

FAGURE 1

Selection and pnoritizing scheme for the in sifico prediction of T_ gondi
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template either the genomic DNA of strain ME49 (type II) or a
lambdaTriplex ¢cDNA library from partially sporulated oocysts (strain
VEG, type III), kindly provided by Dr. M. White (Montana State
University, MT, USA). Leader peptides, as predicted by SignalP 5.0,
(https://services healthtech.diu.dk/services/SignalP-5.0/) were always
excluded from the amplified DNA regions. Amplicons were either
cloned via Gibson assembly (NEB) in frame with the N-terminal six
histidine tag (6His tag) encoded by the pQESOL (Qiagen) expression
vector, linearized with restriction enzymes BamHI and HindlIl, or
ligated at the appropriate restriction sites of plasmid pQE30 in frame
with the N-terminal 6His tag. Gene-of-interest (GOI)-specific primers
(Supplementary Table 2) consisted of a 22-28 nt sequence
complementary to the open reading frame of interest preceded by
the respective sequences complementary to the ends of the linearized
plasmid. Alternatively, for doning into pAviTag-C-Kan (Lucigen) as
fusion with a C-terminal 6His tag, we first generated pAviTag-cedB. It
contains the ¢ lectable cedB toxin amplified from pDONR221
(Invitrogen), which was inserted into pAviTag-C-Kan according to the
manufacturer’s protocol, using primers rkil and rki2. For dloning of the
GOIs, pAviTag-ccdB was linearized with Sapl, thereby releasing the
cedB insert, and the amplified GOI open reading frames were inserted
via Gibson assembly using the respective primers given in
Supplementary Table 2. A similar approach was followed to done
GOIs as N-terminal fusions with MBP and C-terminal 6His tag.
pAviTag-MBP-SAG! (Klen et al, 2020), cut with BamHI and Pstl
to release the SAG] insert, was used as template for the insertion of
cedB via homologous recombination using pri rki3 and rki4. This
resulted in pAvi-MBP-ccdB. For in-frame dloning of GOIs into this
plasmid, we amplified it using primers rki5 and rki6 (thereby releasing
ccdB) and combined the amplicon with the genes amplified with the
respective GOl-specific primers (Supplementary Table 2) using Gibson
assembly. The correct insertion of the amplicons in all assembled
expression vectors was verified by sequencing.

2.3 Expression and purification of proteins-
of-interest

Consistent with the prediction rate of several algorithms
(fDETECT; Meng et al, 2017, or Protein-Sol; Hebditch et al,
2017), that indicated low solubility for more than half of the 95
selected proteins (data not shown), only 32 proteins could be
sufficiently purified. The pQESOL encoded proteins were expressed
in the Escherichia coli strain DHS5alpha for 3 hrs at 37 °C upon
addition of 1 mM isopropyl-B-D-1-galactopyranoside. The
histidine-tagged polypeptides were purified from total bacterial
lysates by nickel affinity chromatography under denaturing
conditions (8 M urea, 0.1 M sodium phosphate, 0.01 M Tris, pH
8.0) and successively dialyzed against multiple changes of PBS, pH
7.2. The concentration of the recombinant proteins was determined
by the Bradford method (Bio-Rad). For pAviTag-based proteins, E.
coli T7 Shuffle (NEB) was used as an expression host. Their
induction and subsequent purification were done as described
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(Qiagen). They usually reached a purity of 90-95% as judged by SDS-
PAGE (data not shown).

2.4 Experimental design for proteins-of
interest screening and ELISA development

We followed a recommended workflow for the screening of T.
gondii oocyst stage-specific antigens aiming at the development of a
serological tool with source-attribution usefulness (Alvarez Garcia
et al, 2021). The experimental design is detailed in Figure 2. Three
panels of sera from either experimentally infected pigs (panels 1 and
2) or sheep (panel 3), previously well-characterized by a battery of
conventional serological tests (Largo-de la Torre et al, 2022; Lopez-
Urenia et al, 20233 Lopez-Urena et al, 2023b; Supplementary
Figure 2, and Supplementary Table 3), were used. First, a
selection of pig and sheep sera were used as reference for the
screening of the POIs by WB: three pigs infected with oocysts and
two pigs infected with tissue cysts, up to 3 weeks post-infection
(wpi) (panel 1), ii) one non-infected pig and two pigs infected with
oocysts, up to 42 days post-infection (dpi) (panel 2) and iii) one
non-infected sheep and two sheep infected with oocysts, up to 21
dpi (panel 3). For both pig and sheep reference sera, POIs were
considered as putative candidates for source-attribution based on
two main criteria: i) the detection of seroconversion (reactivity
exclusively after the infection) and ii) reactivity to a protein band
compatible with the molecular weight predicted for the
recombinant polypeptide. Further criteria for antigen selection
using pig sera were the ability to differentiate between oocyst- vs.
tissue cysts-driven infection and the concordance between the two
pig serum panels. Selected POIs were used to develop and optimize
an ELISA test. Then, the whole set of samples from serum panels
were analyzed by POI-based WBs and the newly developed POI-
based ELISAs, and POI-based WBs were regarded as reference fora
TG-ROC analyses and further POI-based ELISAs standardization.
After analyzing the pattern of recognition by both POI-based
techniques using all serum samples from selected panels, a POI
was regarded as environmental source-attributing if it continued to
be recognized only by Is infected with oocysts after the
infection (up to 6 wpi for pig sera from panel 1, 42 dpi for pig
sera from panel 2 and 21 dpi for sheep sera from panel 3). The
kinetics of anti-POIs IgGs was later studied. In parallel, cross-
reactivity of anti-Neospora caninum antibodies (IgGs) was tested by
the POI-based WBs (Figure 2).

2.4.1 Serum panels

The experimental infections were performed for unrelated
previous studies under the corresponding regulations (panel 1:
approved by the Ministry of Education, Youth and Sports from
Czech Republic, PP 55/2016; panel 2: approved by the Animal
Welfare C of the C y of Madrid from Spain,
PROEX 293.7/20, PROEX 290.4/20 and PROEX 062/19; panel 3:

previously (Klein et al. 2020). For all purified p their
integrity and identity were subsequently determined by SDS-

pproved by the Animal Ethic C from the Spanist
National Research Council (CSIC), 1063/2021). In the absence of

PAGE and Western blot (WB) analysis using anti-6His antibodi
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sheep, multiple commercial and in-house conventional serological
tests were used for the characterization of the different available
panels of sera (Largo-de la Torre et al, 2022; Lopez-Urefia et al,,
20232; Lopez-Urena et al, 2023b; Supplementary Figure 2, and
Supplementary Table 3). Commercial and in-house serological tests
were performed as specified by the manufacturers and Lopez-Ureaa
et al (20234; 2023b), respectively. Different host- and parasite-
dependent factors were considered as they can greatly influence the
immune response elicited by parasite antigens: two parasite
infective stages (sporulated oocysts and tissue cysts), different
inoculation doses, parasite strains, animal breeds and ages.
Samples were classified as positive or negative based on the
majority criteria (result obtained by most of the tests),
seroconversion was recorded at 2-3 wpi and higher antibody
levels corresponded to groups inoculated with type III isolates
(Largo-de la Torre et al, 2022; Lopez-Uresia et al,, 2023a; Lopez-
Urena et al, 2023b; Vallejo et al,, 2023).

Panel 1 consisted of orally inoculated prepubertal sows with 400
T. gondii oocysts (n= 6) or 10 tissue cysts (n=7) from type Il isolate
(CZ-Tiger strain, ToxoDB RFLP genotype #3), and 400 T. gondii
oocysts (n= 6) or 10 tissue cysts (n= 6) from type III isolate
(Simkova strain, ToxoDB22, isolated from feces of a domestic cat
(Felis catus), Damek (2023)), respectively. Blood samples were
collected weekly (from 0 to 6 weeks), with a few excep when

F
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ELISAs. For the screening of POIs and the development of the POI-
based ELISAs, sera from three and two pigs infected with oocysts
(type II and III) or tissue cysts (type III), respectively, from 0, 1, 2
and 3 wpi, were selected.

Panel 2 was composed of non-infected (n= 3) and orally
inoculated three-months-old female pigs with 1,000 oocysts from
the isolates TgShSp1 (type II, ToxoDB#3, n= 5) and TgShSp24 (type
111, ToxoDB#2, n= 5), bled at -4, 0, 4, 7, 14, 21, 28 and 42 dpi (n=
103) (Largo-de la Torre el al, 2022). This panel of sera was
characterized within this study (Supplementary Figure 2) and pigs
seroconverted from 14 dpi by most of the serological tests (positive:
n= 40, negative: n= 63, and no doubtful results). This panel was
used for the screening of POIs, the development of POI-based
ELISAs and further analyses. For the screening of POIs and the
development of the POI-based ELISAs, sera from one non-infected
and two infected pigs (with both isolates), from all sampling days,
were used.

Panel 3 consisted of sera from non-infected (n= 6) and

Xp lly infected § sheep (n= 14) orally inoculated
with 10 T: gondii cocysts from the isolate TgShSp1 (type II, ToxoDB
#3, n= 124) bled at -2, 3, 8, 12, and 14 dpi, with 6 of these sheep also
sampled at 21 and 27 dpi (Vallejo et ol 2023). This panel of sera was
characterized by Lopez-Ureria et al (2023h) and seroconversion was

ded from 21 dpi based on most of the tests (positive: n= 18,

B

the samples were not collected in all sampling weeks (n= 158). This
panel was previously characterized by Lopez-Urenia et al (2023a),
and based on the results from most of the tests from that study,
seroconversion was recorded from 2 wpi (positive: n= 97, negative:
n= 48, doubtful; n= 13). In addition, all serum samples were
analyzed by a WB based on soluble antigen from sporulated
oocysts, and seroconversion was also recorded from 2 wpi in all
I groups (unpublished data). This panel was used for
the screening of POIs and the development of the novel POI-based

exper
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negative: n= 106, and no doubtful results). It was used for the screening
of POIs, the development of POI-based ELISAs and further analysis.
Sera from one non-infected and two infected sheep from -2, 8, 14 and
21 dpi were used for the screening of the POIs and the development of
POI-based ELISAs.

Panel 4 consisted of twenty-three serum samples from sheep
naturally infected with N. from semi-i flocks. All
these samples tested p by a N. cani tachy based WB
under reducing conditions and a N. caninum tachyzoite soluble
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antigen-based ELISA, but were found negative by a T. gondii
lyophilized tachyzoite-based ELISA and a T. gondii tachyzoite
based-WB under reducing conditions (Sanchez-Sanchez et al,
2021). This panel of sera was used to test for cross-reactivity of
selected POIs with anti-N. caninum IgGs by POIs based-WBs. The
sera employed were grouped based on the level of anti-N. caninum
IgGs as follows: low (RIPC= 37-60, n= 5), medium (RIPC= 61-89,
n= 10), and high (RIPCz 90, n= 8).

2.4.2 Protein-of-interest-based Western
blot tests

All POIs were quantified using the Bradford method (Bio-Rad),
following manufacturer’s instructions. Appropriate amounts (5-15
ug) of each POI were resuspended in loading buffer (10% of
glycerol, 50 mM of TRIS pH 6.8, 2% of SDS, 0.05% of
bromophenol blue and 100 mM of DDT), and incubated at 100°C
for 5 min. Following resolution by SDS-PAGE on one-comb 15%
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added. The plates were incubated and washed as described above
and then 100 pL/well of TMB Ultra were added (Thermo Scientific).
The reaction was stopped after 10 min of RT incubation by adding
100 pL of 2 N sulfuric acid, and optical densities were immediately
read at 450 nm using a microplate reader (Multiscan RC 6.0,
Labsystems). Positive and negative controls were selected based
on the results from the screening of WBs from each selected POL
Results were interpreted as relative index percent (RIPC): ({sample
OD-negative control OD}/[p control OD- control
OD]) x 100.

The average coefficient values (CV) of the intra- and inter-plate
repeatability of the CCp5SA-ELISA were below 5 (standard deviation
(SD)= 0.01). TgCCp5A-ELISA showed an area under the curve
(AUC) of 0.82 with 80% sensitivity (Se) and 74% specificity (Sp) for
the selected cut-off, RIPC= 23.69, using as reference TgCCpSA-WB
(TgCCpSA-WB results, positive: n= 55, negative: n= 206). For the
TgSRI-ELISA, the mean CV values of intra- and inter-plate

B

polyacrylamide gels along with a p. ined protei dard
(Precision Plus Protein™ Kaleidoscopcm. Bio-Rad), the POIs
were transferred to a 0.2 pm nitrocellulose membrane and
visualized by staining with 0.1% Ponceau Red (Sigma). Then, the
membranes were blocked for 2 h at room temperature (RT) with 5%
of skimmed milk in 0.05% TBS-Tween 20 (TBS-T), washed three
times, each for 5 min, and kept at -20°C until use. For the screening
of serum panels, samples were diluted 1/20 in blocking solution and
incubated for 1.5 h at RT (1-2 mm membrane strips were used).
After three washes with TBS-T, each for 5 min, peroxidase-
conjugated secondary reagents were added (pigs: peroxidase-
conjugated protein G at 1/600 (Sigma); sheep: peroxidase-
conjugated monoclonal anti-goat/sheep IgG at 1/1,000 (Sigma))
and incubated for 1.5 h. Then, the strips were washed as described
above, and finally with TBS. Bound primary antibodies were
visualized colorimetrically using a 4-chloro-1-naphthol solution
(Thermo Scientific). The reaction was stopped after 30 min of
incubation at RT by adding ultra-pure water. The nitrocellulose
strips were scanned using a GS-800 Calibrated Densitometer (Bio-
Rad) for further analysis. In the case of TgOWPS, one important
limi was the recognition of multiple bands, which hampered
the interpretation of the results. Thus, we only considered the
recognition of a 70 kDa band corresponding to TgOWPS predicted
molecular weight.

2.4.3 Protein-of-interest-based ELISAs

After testing several experi | variables, the ELISA
conditions yielding the better discrimination between reference
serum samples before and after infection were selected. Briefly,
100 pLiwell of up to 4 pg/mL of individual POIs (TgCCpSA and
TgSR1) diluted in cold PBS were used to coat 96 wells plates
(MaxiSorpm. Thermo Scientific) overnight at 4°C. Then, the
plates were washed three times with 0.05% PBS-Tween 20 (PBS-
T) and blocked with 300 pL/well of 5% w/v powdered skim milk in
PBS-T for 2 h at RT. The plates were subsequently washed and 100
pL/well of 1/100 diluted serum samples in blocking solutions were
incubated for 1 h at 37 °C. Following three washes, 100 pL/well of 1/
3,000 diluted peroxidase-conjugated Protein G in PBS-T were
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repeatability were also below 5 (SD= 0.001). TgSR1-ELISA
showed an area under the curve (AUC) of 0.97 with 100% Se and
85% Sp for the cut-off selected, RIPC= 24.78, using as reference
TgSR1-WB (TgSR1-WB results, positive: n= 17, negative: n= 243).

2.5 Data analysis

For the precision (intra- and inter-plate variability) of POI-
based ELISAs, positive and negative controls were tested in
triplicate, with three different plates for each selected POL The
coefficient of variation (CV) was determined as follows: mean
([standard deviation of the three replicate ODs/mean of the three
replicate ODs] x 100), or mean ([standard deviation of the OD
mean of each sample from each plate/mean of the OD mean of each
sample from each plate] x 100). The POI-ELISAs cut-off values were
defined with a non-parametric two-graph receiver operating
characteristic (TG-ROC) analysis, performed with SigmaPlot 12.0,
using as reference test the POI WB.

Anti-POIs IgG kinetics were studied with serum panels from
experimental infections based on the defined cut-off values, as well as
based on statistically significant differences. For the statistical analysis,
all animals that tested positive for the POIs prior to infection, based on
the established cut-off values for each ELISA, were discarded. A two-
way ANOVA or a mixed-cffects analysis with multiple compari
and repeated measures was performed with two different approaches: i)
comparing the mean RIPC of each sampling day/week after the
infection with respect to the RIPC prior to infection within each
experimental group to confirm seroconversion; ii) comparing the mean
RIPC between experimental groups within each sampling day to
confirm if there were differences based on the stage and isolate of T.
gondii. When applied, the analysis was followed by a Tukey test. These
analyses were done using GraphPad Prism, version 8.0.1, and
differences were considered statistically significant when P values
were lower than 0.05. The same approach was followed for the
characterization of sera from panel 2, which included the kinetics of
anti-T. gondii 1gGs by different conventional ELISA tests
(Supplementary Figure 2).
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3 Results
3.1 In silico selection of antigen candidates

We filtered our previously curated set of 8,284 annotated proteins
(Alvarez Garcia et al, 2021) taken from ToxoDB (www.toxodb.org)
(Harb and Roos, 2020) for oocyst- spenﬁc proteins which were absent
in available tachyzoite and brady p d and which
should be either secreted or surface-exposed and of relatively high
abundance (Figure 1). This resulted in 331 proteins, of which 90 had a
predicted signal peptide (determined with SignalP 5.0). After manual
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In contrast, none of the POIs passed the initial screening when
using sera from sheep (panel 3) (Table 1). Based on these results,
TgCCpSA and TgSR1 were selected for the development of a
source-attributing ELISA for pigs.

3.3 TgCCp5A and TgSR1 lack source-
attribution properties

Kliched

To quantify logical we a specific
TgCCp5SA-ELISA (see section 243) The analysis of all serum

ples from both pig panels (n= 261) by TgCCpSA-ELISA and

curation, five more sequences were added, resulting in 95 candid.
proteins (Supplementary Table 1). They contained three antigens that
have previously been reported to distinguish cocyst- from tissue cyst-
derived infection, e.g. TGERP (TGME49_276850) (Fill et al, 2011);
TgCCpSA (TGME49_258400) (Suntana «f al. 2015) and TgOWPS
(TGMEA9_271590) (Liv et L, 2019). In a final step we prioritized their
cloning and expression according to their putative abundance in
oocysts, using respective data from p ic and transcriptomi
studies when available (Fritz et al. 20124; Fritz et al, 2012b). Finally,
we evaluated the presence of predicted linear B cell epitopes using two
algorithms, BepiPred2 (Jespersen et al, 2017) and EpiDope (Collatz
et al, 2021). However, this was not followed further (see Discussion
section) and did not influence our prioritization.

Using as templates T. gondii genomic DNA or a ¢cDNA library
from partially sporulated oocysts, we attempted PCR amplification of
the full-length coding sequences, or parts thereof, of 83 out of the 95
selected genes. Of these 83 candidates, 50 (60%) did not reach the
serological screening phase, either because of PCR failure or due to no/
very low bacterial expression level. The pwmﬁcalum of badcnally
expressed proteins in sufficient for ical was

successfully achieved for 32 antigens (see section 3.2 and hn‘c 1).

3.2 Selection of two putative oocyst-
specific serological markers by applying
our criteria

A total of 32 POIs were initially screened by WB with the subset
of experimentally infected animals. Most of the POIs were
discarded for the following reasons: i) they were not recognized at
any sampling day by WB, ii) they were recognized prior to infection,
iit) they did not discriminate between oocysts- and tissue cysts-
driven infections, and/or iv) they showed discrepant reactivity with
pig sera from panels 1 and 2 (see section 2.4.1 for panel description)
(lank 1). Nolcworthv. applying these criteria we excduded four

from experimental steps, which had been
ptcvmusly reported as anu;,ens with source-attributing potential,
i.e., TGERP (LEA850) (Hiill et al,

et al,

2011; Vieira et al,, 2015; Burrells
2016; Mangiavacchi et al, 2016), TgSporoSAG (Crawford
2010; Dogskaya et al,, 2014), TgOWPI (Santana et al, 2015)
and TgOWPS (Liu et al, 2019). The recombinant proteins
TgCCpSA and TgSR1 reacted stage-specifically with pig sera from
both panels (2/3 pigs from panel 1 and 1/2 pigs from panel 2) only
after infection, indicating seroc of the ls (Table 1).

et al,
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TgCCp5A-WB revealed a lack of stage specificity and low antigenicity
of this POL reflected by 28% (7/25) of pigs from panel 1 and 10% (1/
10) from panel 2 giving positive results prior to infection. Thus, these
samples were excluded from the seroconversion analysis.
Seroconversion was recorded in 50% (5/10) and 67% (4/6) of pigs
infected with oocysts and tissue cysts from panel 1, respectively, and
in 44% (4/9) of infected pigs from panel 2. In addition, a high
variability within experimental groups was observed: i) a few animals
seroconverted to TgCCp5A; ii) the RIPC values remarkably varied
within the groups (Figure 3). A similar scenario was observed with
TgCCpSA-WB (see Figure 3 description).

Notably, compared to prior infection, none of the experimental
groups from panels 1 and 2 showed a significant increase of anti-
TgCCp5A IgGs by ELISA throughout the sampling period, except
for panel 1 at 4 wpi in pigs infected with type II tissue cysts.
Considering differences between experimental groups within a
sampling week, there was a significant higher level of anti-
TgCCp5SA IgGs in pigs infected with type II tissue cysts with
respect to pigs infected with oocysts from the same isolate at 0, 3
and 4 wpi (P< 0.05) (Figure 3).

We also developed a TgSR1-ELISA (see section 2.4.3). When its
cut-off was applied, 36% (9/25) of infected pigs from panel 1 and
10% (1/10) of infected pigs from panel 2 tested positive prior to
infection. When these animals were excluded, 14% (1/7) of pigs
from panel 1 infected with oocysts and 57% (4/7) of those infected
with tissue cysts seroconverted, in contrast to 11% (1/9) of infected
pigs from panel 2. A high variability among experimental groups
was also observed, and a similar scenario was recorded with TgSRI1-
WB (see Figure 3 description).

A non-significant increase of anti-TgSR1 IgGs was observed by
SRI-ELISA in the different experimental groups after the
infection (Figure 3).

3.4 Failure of previously described proteins
with source-attribution properties to meet
our criteria

In our study, TGERP consistently showed low i genicity
and lacked stage-specific recognition. Only three pigs from panel 1
tested positive by TgERP-WB at 3 wpi, all of them had been infected
with tissue cysts. Although two pigs from panel 2 reacted with
TgERP at 4 dpi and 7 dpi, another five oocyst-infected pigs from the
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NA
NA
NA
NA
NA

167 (18-167)
407 (24-07)

112 (23-12)

+Cells in green indicate afirmative answer to the column question and white cells indicate a negative answer, thus two consecutive cells in oocysts-infected groups is an expected result for an oocyst-specific marker as long as there is a white cell in the “recognition afier the
infection” column for the tissue cytst. mfected group; *Putative localization; ** Serum samples from the non-infected sheep (negative control) also showed reactivity to these antigens, reason why they were not selected; NA: not available; WB: Western blot test.

TABLE 1 Continued
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same panel reacted with TgERP prior to infection, as well as two
non-infected pigs included in the negative control group.

Despite its higher antigenicity, TgSporoSAG was not considered
suitable as a source-attributing indicator. In panel 1, 77.8% (7/9)
and 72.7% (8/11) of pigs infected with oocysts or tissue cysts tested
positive, respectively, from 1 wpi to 6 wpi. In panel 2, 100% (10/10)
of infected pigs seroconverted from 4 dpi to 42 dpi. However, also
one non-infected pig serum reacted with TgSporoSAG, starting at
21 dpi until the end of the experiment.

On the other hand, only 18.2% (2/11) and 16.7% (2/12) of pigs
infected with oocysts or tissue cysts from panel 1 developed
antibodies against TgOWP1 by WB, respectively, from 2 to 6 wpi,
and 10% (1/10) of infected pigs from panel 2 seroconverted at
14 dpi.

TgOWPS was recognized by 14% (1/7) of pigs from panel 1
infected with tissue cysts, while none of the pigs infected with
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oocysts tested positive. In addition, some pigs showed reactivity
prior to infection. In panel 2, 37.5% (3/8) of infected pigs recognized
TgOWPS, starting 4 dpi, and two infected and three non-infected
pigs recognized TgOWPS prior to infection.

4 Discussion

The difficulty to discriminate between infections from the meat-
borne route vs. the environmental route is one of the most relevant
gaps for the prevention and control of T. gondii infections from a
One Health perspective. Stage-specific serology could be a game-
changer to fill this knowledge gap. It could be applied to humans as
well as animals along the food-chain, to inform interventions
targeting the relevant transmission routes. Indeed, a few
sporozoite- or oocyst/sporocyst wall-specific proteins have been
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suggested as putative diagnostic markers for this purpose (reviewed
by Alvarez Garcia et al, 2021). This study represents the first
attempt, using strict guidelines for the validation of diagnosti
tests (Newberry and Colling, 2021), to evaluate the source-
attribution potential of previously described and novel predicted
sporozoite- or oocyst/sporocyst wall-specific proteins.

At the beginning of this study we used the two most recent
algorithms at the time for linear B-cell epitope prediction,
BepiPred2 (Jespersen et al, 2017) and EpiDope (Collatz et al,
2021), for of the icity of our ¢
However, we found contradicting predictions by both methods
for many proteins (data not shown). This prompted us to leave this
approach aside for our selection scheme. However, the description
of AlphaFold2 in late 2021 (Jumper et al, 2021) has changed the

ially, making the prediction of conformational
epitopes feasible also for those putative antigens where only the
primary amino acid e is known. C ly, this resulted

in the recent description of DiscoTope 3 (Haoie et al, 2023), an
algorithm that aims to identify confor | B-cell epitopes from
AlphaFold2-predicted 3D protein structures. Therefore, we were
interested to see retrospectively if our prioritization scheme would
have been influenced by this and two other recently described
methods. One is the “Antigenic Protein and Peptide Ranker’
(APRANK), aimed at prioritizing putative antigens of several
pathogens, including T. gondii, based on in silico analyses (Ricc
ctal, 2021). The other is the recently improved BepiPred algorithm
(V3) (Cliffiord et al., 2022). As explained in detail in Supplementary
Figures 1A-E, our dataset of 95 candidates (Supplementary Table 1)
showed that there is only little overlap (6 out of 95; Supplementary
Figure 1D) where all three algorithms allowed the calculation of a
epitope prediction score (¢EPS), which allows the comparison of the
algorithms (see Materials and Methods section). No significant
correlations between the different scores could be observed
(discussed in Supplementary Figure 15 and data not shown). In
conclusion, we probably would have made the same (possibly false)
decisions in case we had included Discotope 3, Bepipred 3 or
EpiDope for our prioritization. Our results and those from other
studies (Galanis et al, 2021; Batisti Biffignandi et al, 2023; Cia et al.,
2023) indicate that despite recent improvements in the algorithms,
making antigenicity predictions the basis for a priori selection of
candidates for serological assays is of limited use. Their utility lies
more in the verification of epitopes of known antigenic proteins.
There have been previous studies that reported on T. gondii
antigen discovery using either protein (Liang el al., 2011; Felgner
etal, 2015; Doskaya et al, 2018) or peptide microarrays (Maksimov
et al, 2012; Arranz-Solis et al, 2019; Arranz-Solis et al., 2021), but

without a special emphasis on stage-specificity. None of the reactive
polypeptides (exon products) of the protein arrays described by
Dioskaya et al. (2018), which could still be retrieved from current
ToxoDB (196 out of the previously reported 240 IDs) and that were
probed with sera from mice either infected with tissue cysts or
oocysts, met our selection criteria. Comparing the APRANK scores
of these 196 proteins with those of our 95 candidates, also shows
that their criteria (based on GO terms “outer membrane; heat-shock

1 1

protein; chap port p 4 P
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t brane protein; lipoprotein or virulence associated
protein” (Doskaya et al, 2018)) resulted in inferior scores
(Supplementary Figure 1E).

For specific diagnosis of oocyst-derived infections, herein a set
of complementary in silico tools focused on the identification of
predicted sporozoite- or oocyst/sporocyst wall-specific antigens. It
resulted in a total of 32 candidates (POIs) that could be expressed
and purified in sufficient amounts for further testing. We did not
filter the candidates for being specific for T. gondii or other Coccidia
(n= 48) (Supplementary Table 1), but rather chose to show their
specificity during later steps of the experimental analysis once
promising antigens would have been identified. Among those 32
proteins, five proteins tested in previous studies were included:
TgERP, TgCCp5A, TgOWPI, TgSporoSAG and TgOWPS
(Crawford et al,, 2010; Hill et al, 2011; Santana et al, 2015;
Vieira et al,, 2015; Burrells et al, 2016; Mangiavacchi et al,, 2016;
Liu et al, 2019).

We followed our very detailed and robust workflow to screen
such antigens and develop an ELISA test able to identify oocyst-
derived infections (Alvarez Garcia et al, 2021). Accordingly, several
limitations identified in earlier work were tackled systematically: i)
the employment of different panels of reference serum samples
from experi lly infected Is that were previously well-
characterized through a battery of serological tests; ii) the use of a
POI-based WB as a confirmatory test in combination with the
development of a POI-based ELISA, and iii) the study of cross-
reactions with the closely related Sarcocystidae parasite N. caninum.
This restrictive criterion aimed at screening stage-specific immune
responses in two relevant target species, pig and sheep. Sera from
both are adequate reagents for testing the POI’s antigenicity since
both species are relevant T. gondii IH. Moreover, pigs and humans
share similar immunological features (Delgado Betancourt et al,
2019). This is the first study where sheep sera were used and where
isolates of predominant archetypal types II and I1I were employed
as inoculum in pigs. Moreover, up to now, studies that employed
sera from experimental infections comparing both transmittable
parasite stages are limited to one study carried out with pig sera
(Hill et al, 2011) and three studies based on mouse sera (Crawlord
et al., 2010; Déskaya et al., 2014; Santana et al., 2015). In addition,
all serum panels used herein had been previously characterized,
avoiding bias due to differences in diagnostic performance of tests

(Lopez-Ureiia et al., 2023a; Lopez-Urena et al,, 2023b).

In the initial screening, TgCCpSA and TgSR1 showed
promising results with pig sera. However, only 1 or 2 out of up to
3 animals infected with oocysts from each panel detected the
proteins (Table 1), indicating low i genicity. Accordingly,
when TgCCp5A and TgSR1 were subjected to a more detailed
analysis with the whole set of pig sera, the lack of stage-specificity
and unspecific recognition by non-infected animals finally
discredited these proteins as reliable source-attribution markers.
In addition, all sera from N. caninum-infected sheep cross-reacted
with TgCCpSA and TgSRI, which is not surprising given the
marked conservation of both proteins across the Phylum
Apicomplexa (Supplementary Table 1). Thus, testing cross-
reactivity with closely related parasites is recommended in further
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studies. While TgSR1 was evaluated for the first time, reactivity of
sera from different species (pig, chicken, and humans) against
TgCCp5A was previously evaluated by others (Santana et al,
2015; Liu et al, 2019). Importantly, none of these studies had
used sera from pigs experimentally infected with both parasite
stages, which is a crucial control. In a previous study, sera from
naturally infected pigs were reported to show a significant increase
in anti-TgCCp35A IgGs at 7 and 14 dpi (Santana et al, 2015). Others
found 12% (11/90) of positive field pigs reacting with TgCCpSA
(Liu et al, 2019). However, the time post-infection and the parasite
stage involved was unknown since serum samples were from
animals with natural infections. Further shortcomings were a lack
of reference tests for sera characterization (Santana et al., 2015; Liu
et al, 2019) and a higher IgM response with soluble tachyzoite
antigen compared to TgCCp5A. Although TgCCpSA was
recognized by human IgM and IgG in a toxoplasmosis outbreak,
this was not seen by all sera (Santana et al, 2015). In addition, Liu
ct al. (2019) provided data of reactive sera from human patients
with unknown clinical and serological history.

On the other hand, TgERP, TgSporoSAG, TgOWP! and
TgOWPS, reported in the literature as antigens able to serologically
identify oocyst-driven infections, were excluded from the initial
screening. TGERP (also called TgLEASS50; Arranz-Sobs et al, 2023),
has been employed in several studies in humans and raised hopes about
its source-attributing potential (Fill et al, 2011; Viera et al, 2015
Burrells et al, 2016; Mangiavacchi et al, 2016; EFSA Panel on
Biological Hazards et al, 2018). However, in the present study,
TgERP showed limited antibody recognition and lack of stage-
specificity. Other authors previously showed that TgERP was not
exclusively recognized in oocyst-derived infections in humans (11l
et al, 2011), providing limited evidence for environmental
contamination with oocysts. In the same study, pig serology
indicated recognition of TGERP by sera from animals infected with
oocysts vs. tissue cysts (Hill et al, 2011). This contrasts with the low
reactivity and lack of stage specificity observed in our study with this
protein. A low i genicity might be explained by the animal
breed and age, but also by the antigens’ time of exp tothei
system as mentioned above. Moreover, a recent report has shown that
TgERP is an intrinsically disordered protein, lacking a defined structure
(Arranz-Solis et al, 2023), which might infl ethei
at the individual level (Uversky and Van Regenmaortel, 2021).

In our hands, TEOWP1 and TgOWPS also showed limited
antibody recognition and lack of stage specificity. In contrast, two
previous studies reported recognition of TSOWP1 by sera from free-
range chickens as an indicator of oocyst-driven infections, although not
for pigs infected with oocysts (Santana et al, 2015; Liv et al, 2019). In
addition, TgSporoSAG was recognized by most infected pigs of panels
1 and 2, but it also failed to differentiate between oocyst- and tissue
cyst-driven infections. A significant increase of anti-TgSporoSAG
antibodies at 40 and 120 dpi in mice infected with oocysts was
previously reported (Dogkaya et al. 2014), but the stage-specific
response was not evaluated. This ¢ with a p study
which reported a lack of reactivity of TgSporoSAG when tested with

P
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sera from oocyst-infected mice or naturally infected humans (Crawdord
et al, 2010). The reasons for this discrepancy are undlear but could lie

in the different expression sy wployed to produce recombinant
TgSporoSAG (bacteria vs. insect cells), possibly leading to differently
folded protein forms.

Following the abo d strict kflow, no 2
with source attributing value was identified. This could be due to
the short time period before sp ites cease 10 exp stage-
specific antigens and differentiate into tachyzoites and the non-
replicative nature of the sporozoite itself, excluding “antigen
amplification” and thus the boosting of the immune response
(Fabian et al, 2021). A major strength of this work was the use of
validated reference sera from experi lly infected animal
previously not available. Systematic step-by-step approaches, as
the one followed here, are rec ded for further studies
before human serum samples can be used for final validation.
Their drawback, as with any serum from natural infections, is
that adults could have been exposed to different T. gondii stages
during their lifeti king analyses very complex. The ulti
goal would be the use of serological tests to detect human oocyst-
driven infections (e.g. outbreaks, seroconversion in pregnant
women) to prioritize intervention strategies.

The conclusion from this extensive work exploring source-
attributing serology is that there is currently no antigen that
allows robust estimates of the proportion of T. gondii infections
acquired from oocysts by serological tests. This work provided solid
new insights that can be used for further research and development
of serological source-attributing approaches for T. gondii.
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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-Maria Lépez-Urefia, Frank Seeber, Furio Spano, Bretislav Koudela,
Rafael Calero-Bernal, Pikka Jokelainen, Luis-Miguel Ortega-Mora, Gema Alvarez-

Garcia.
- Title: A thorough approach provides evidence for low diagnostic value of TSERP

(TSLEA850) protein as a serological indicator for Toxoplasma gondii oocyst-

derived infection.

Abstract: The sporozoite-specific protein TZERP, 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 TSERP 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. gondiiin 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

(Dumetre 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; Doskaya 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 (Alvarez-Garcia 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 1gGs 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 1gGs 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
(TeSALUVET 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 (Castafio et al., 2019, 2014; Sanchez-Sanchez et al., 2019),
although these studies conducted the infections following different experimental
designs. Moreover, higher levels of anti-T. gondii 1gGs were recorded in all tests in pigs
infected with type Il isolates, probably due to the higher virulence and earlier
dissemination observed in some type lll isolates compared to type Il isolates (Fernandez-

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 (Garcia-
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
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(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 Barberan, 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-Lopez et al., 2021; Nishikawa et al., 2002; Sanchez-Sanchez 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 (Alvarez Garcia 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 POls were all previously
described antigens with source-attributing potential: TgERP, TgCCp5A, TgSporoSAG,
TgOWP1, and TgOWPS8 (Burrells et al., 2016; Crawford et al., 2010; Doskaya 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 (Alvarez-Garcia 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 POls 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 POls
lacked stage-specificity, iii) both POIs showed unspecific reactivity with non-infected
animals. In addition, both POls cross-reacted with anti-N. caninum 1gGs. Furthermore,
none of the 32 POls 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; Doskaya 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 1gGs 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 TSERP 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-
Solis 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 POIls 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 1gGs. 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 1gGs 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 1gGs 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, TgsOWP1 and TgOWPS).

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.

173






CHAPTER VIlI:
BIBLIOGRAPHY






CHAPTER VIII: BIBLIOGRAPHY

Aguirre, A.A., Longcore, T., Barbieri, M., Dabritz, H., Hill, D., Klein, P.N., Lepczyk, C.,
Lilly, E.L., McLeod, R., Milcarsky, J., Murphy, C.E., Su, C., VanWormer, E., Yolken,
R., Sizemore, G.C., 2019. The One Health Approach to Toxoplasmosis:
Epidemiology, Control, and Prevention Strategies. Ecohealth 16, 378-390.
https://doi.org/10.1007/s10393-019-01405-7

Ahaduzzaman, M., Hasan, T., 2022. Seroprevalence of Toxoplasma gondii infection
in sheep and goats from different geographical regions of the world:
Systematic review and meta-analysis. Transbound Emerg Dis.
https://doi.org/10.1111/tbed.14753

Ajmal, A., Maqgbool, A., Qamar, F., Ashraf, K., Anjum, A., 2013. Detection of
Toxoplasma gondii in environmental matrices (water, soil, fruits and
vegetables). Afr J Microbiol Res 7, 1505-1511.
https://doi.org/10.5897/AJMR12.925

Ajzenberg, D., Collinet, F., Mercier, A., Vignoles, P., Dardé, M.L., 2010. Genotyping
of Toxoplasma gondii isolates with 15 microsatellite markers in a single
multiplex PCR assay. J Clin Microbiol 48, 4641-4645.
https://doi.org/10.1128/JCM.01152-10/ASSET/6CD4C7FD-5E84-47C0-813B-
6BDA12C2AC3D/ASSETS/GRAPHIC/ZJM9990902700001.JPEG

Al-Adhami, B.H., Gajadhar, A.A., 2014. A new multi-host species indirect ELISA using
protein A/G conjugate for detection of anti-Toxoplasma gondii |gG antibodies
with comparison to ELISA-IgG, agglutination assay and Western blot. Vet
Parasitol 200, 66—73. https://doi.org/10.1016/J.VETPAR.2013.11.004

Almeria, S., Cabezén, O., Paniagua, J., Cano-Terriza, D., Jiménez-Ruiz, S., Arenas-
Montes, A., Dubey, J.P., Garcia-Bocanegra, I., 2018. Toxoplasma gondii in
sympatric domestic and wild ungulates in the Mediterranean ecosystem.
Parasitol Res 117, 665-671. https://doi.org/10.1007/500436-017-5705-6

Alvarez-Garcia, G., Davidson, R., Jokelainen, P., Klevar, S., Spano, F., Seeber, F., 2021.
Identification of Oocyst-Driven Toxoplasma gondii Infections in Humans and
Animals through Stage-Specific Serology—Current Status and Future
Perspectives. Microorganisms 2021, Vol. 9, Page 2346 9, 2346.
https://doi.org/10.3390/MICROORGANISMS9112346

Ammar, S., Wood, L., Su, C., Spriggs, M., Brown, J., Van Why, K., Gerhold, R., 2021.
Toxoplasma gondii prevalence in carnivorous wild birds in the eastern United
States. Int J Parasitol Parasites wildl 15, 153-157.
https://doi.org/10.1016/J.1JPPAW.2021.04.010

Anastasia, D., Elias, P., Nikolaos, P., Charilaos, K., Nektarios, G., 2013. Toxoplasma
gondii and Neospora caninum seroprevalence in dairy sheep and goats mixed
stock farming. Vet Parasitol 198, 387-390.
https://doi.org/10.1016/j.vetpar.2013.09.017

177



CHAPTER VIII: BIBLIOGRAPHY

Arkush, K.D., Miller, M.A., Leutenegger, C.M., Gardner, |.A., Packham, A.E.,
Heckeroth, A.R., Tenter, A.M., Barr, B.C., Conrad, P.A., 2003. Molecular and
bioassay-based detection of Toxoplasma gondii oocyst uptake by mussels
(Mytilus  galloprovincialis). Int J Parasitol 33, 1087-1097.
https://doi.org/10.1016/S0020-7519(03)00181-4

Arranz-Solis, D., Warschkau, D., Fabian, B.T., Seeber, F., Saeij, J.PJ., 2023. Late
Embryogenesis Abundant Proteins Contribute to the Resistance of Toxoplasma
gondii Oocysts against Environmental Stresses. mBio 14.
https://doi.org/10.1128/mbio.02868-22

Attias, M., Teixeira, D.E., Benchimol, M., Vommaro, R.C., Crepaldi, P.H., De Souza,
W., 2020. The life-cycle of Toxoplasma gondii reviewed using animations.
Parasit Vectors 13, 1-13. https://doi.org/10.1186/513071-020-04445-
Z/FIGURES/9

Bacci, C., Vismarra, A., Mangia, C., Bonardi, S., Bruini, I., Genchi, M., Kramer, L.,
Brindani, F., 2015. Detection of Toxoplasma gondii in free-range, organic pigs
in Italy using serological and molecular methods. Int J Food Microbiol 202, 54—
56. https://doi.org/10.1016/].ijfoodmicro.2015.03.002

Balbino, L.S., Bernardes, J.C., Ladeia, W.A., Martins, F.D.C., Nino, B. de S.L., Mitsuka-
Bregand, R., Navarro, I.T., Pinto-Ferreira, F., 2022. Epidemiological study of
toxoplasmosis outbreaks in Brazil. Transbound Emerg Dis 69, 2021-2028.
https://doi.org/10.1111/tbed.14214

Barbieri, M., Kashinsky, L., Rotstein, D., Colegrove, K., Haman, K., Magargal, S.,
Sweeny, A., Kaufman, A., Grigg, M., Littnan, C., 2016. Protozoal-related
mortalities in endangered Hawaiian monk seals Neomonachus schauinslandi.
Dis Aquat Organ 121, 85-95. https://doi.org/10.3354/dao03047

Barratt, J.L.N., Harkness, J., Marriott, D., Ellis, J.T., Stark, D., 2010. Importance of
Nonenteric Protozoan Infections in Immunocompromised People. Clin
Microbiol Rev 23, 795-836. https://doi.org/10.1128/CMR.00001-10

Basso, W., Hartnack, S., Pardini, L., Maksimov, P., Koudela, B., Venturini, M.C.,
Schares, G., Sidler, X., Lewis, F.I., Deplazes, P., 2013. Assessment of diagnostic
accuracy of a commercial ELISA for the detection of Toxoplasma gondii
infection in pigs compared with IFAT, TgSAG1-ELISA and Western blot, using a
Bayesian latent class approach. Int J Parasitol 43, 565-570.
https://doi.org/10.1016/J.1JPARA.2013.02.003

Belluco, S., Mancin, M., Conficoni, D., Simonato, G., Pietrobelli, M., Ricci, A., 2016.
Investigating the Determinants of Toxoplasma gondii Prevalence in Meat: A
Systematic Review and Meta-Regression. PLoS One 11, e0153856.
https://doi.org/10.1371/journal.pone.0153856

178



CHAPTER VIII: BIBLIOGRAPHY

Berg, R.P.K.D., Stensvold, C.R., Jokelainen, P., Grgnlund, A.K., Nielsen, H. V., Kutz, S.,
Kapel, C.M.0., 2021. Zoonotic pathogens in wild muskoxen (Ovibos moschatus)
and domestic sheep (Ovis aries) from Greenland. Vet Med Sci 7, 2290-2302.
https://doi.org/10.1002/vms3.599

Berger, F., Goulet, V., Le Strat, Y., Desenclos, J.-C., 2009. Toxoplasmosis among
pregnant women in France: Risk factors and change of prevalence between
1995 and 2003. Rev Epidemiol Sante Publique 57, 241-248.
https://doi.org/10.1016/j.respe.2009.03.006

Berrouch, S., Escotte-Binet, S., Harrak, R., Huguenin, A., Flori, P., Favennec, L.,
Villena, 1., Hafid, J., 2020. Detection methods and prevalence of transmission
stages of Toxoplasma gondii, Giardia duodenalis and Cryptosporidium spp. in
fresh vegetables: a review. Parasitology 147, 516-532.
https://doi.org/10.1017/50031182020000086

Bertranpetit, E., Jombart, T., Paradis, E., Pena, H., Dubey, J., Su, C., Mercier, A.,
Devillard, S., Ajzenberg, D., 2017. Phylogeography of Toxoplasma gondii points
to a South American origin. Infection, Genetics and Evolution 48, 150-155.
https://doi.org/10.1016/j.meegid.2016.12.020

Beverley, J.K.A., 1959. Congenital transmission of toxoplasmosis through successive
generations of mice. Nature 183, 1348-1349.

Bjerkas, 1., Jenkins, M.C., Dubey, J.P., 1994. Identification and characterization of
Neospora caninum tachyzoite antigens useful for diagnosis of neosporosis.
Clinical Diagnostic Laboratory Immunology 1, 214-221.
https://doi.org/10.1128/cdli.1.2.214-221.1994

Blaizot, R., Nabet, C., Laghoe, L., Faivre, B., Escotte-Binet, S., Djossou, F., Mosnier,
E., Henaff, F, Blanchet, D., Mercier, A., Dardé, M.L., Villena, I., Demar, M., 2020.
Outbreak of Amazonian Toxoplasmosis: A One Health Investigation in a
Remote Amerindian Community. Front Cell Infect Microbiol 10, 401.
https://doi.org/10.3389/FCIMB.2020.00401/BIBTEX

Bobi¢, B., Sibali¢, D., Djurkovi¢-Djakovié, O., 1991. High Levels of IgM Antibodies
Specific for Toxoplasma gondii in Pregnancy 12 Years after Primary Toxoplasma
Infection. Gynecol Obstet Invest 31, 182-184.
https://doi.org/10.1159/000293151

Bokaba, R.P., Dermauw, V., Morar-Leather, D., Dorny, P., Neves, L., 2022. Toxoplasma
gondii in African Wildlife: A Systematic Review. Pathogens 2022, Vol. 11, Page
868 11, 868. https://doi.org/10.3390/PATHOGENS11080868

Bortoletti Filho, J., Araujo Junior, E., Carvalho, N. da S., Helfer, T.M., Nogueira Serni,
P. de O., Nardozza, L.M.M., Moron, A.F., 2013. The Importance of IgG Avidity
and the Polymerase Chain Reaction in Treating Toxoplasmosis during

179



CHAPTER VIII: BIBLIOGRAPHY

Pregnancy: Current Knowledge. Interdiscip Perspect Infect Dis 2013, 370769.
https://doi.org/10.1155/2013/370769

Burg, J.L., Grover, C.M., Pouletty, P., Boothroyd, J.C., 1989. Direct and sensitive
detection of a pathogenic protozoan, Toxoplasma gondii, by polymerase chain
reaction. J Clin Microbiol 27, 1787-1792.
https://doi.org/10.1128/jcm.27.8.1787-1792.1989

Burrells, A., Opsteegh, M., Pollock, K.G., Alexander, C.L., Chatterton, J., Evans, R.,
Walker, R., McKenzie, C.-A., Hill, D., Innes, E.A., Katzer, F., 2016. The prevalence
and genotypic analysis of Toxoplasma gondii from individuals in Scotland,
2006-2012. Parasit Vectors 9, 324. https://doi.org/10.1186/s13071-016-1610-
6

Calero-Bernal, R., Gennari, S.M., 2019. Clinical Toxoplasmosis in Dogs and Cats: An
Update. Front Vet Sci 6. https://doi.org/10.3389/fvets.2019.00054

Calero-Bernal, R., Gennari, S.M., Cano, S., Salas-Fajardo, M.l., Rios, A., Alvarez-
Garcia, G., Ortega-Mora, L.M., 2023. Anti-Toxoplasma gondii antibodies in
European residents (2000-2020): A systematic review and meta-analysis.
Pathogens, 12 (12): 1430. https://doi.org/10.3390/pathogens12121430.

Campero, L.M., Moreno-Gonzalo, J., Venturini, M.C., Moré, G., Dellarupe, A.,
Rambeaud, M., Echaide, I.E., Valentini, B., Campero, C.M., Moore, D.P., Cano,
D.B., Fort, M., Mota, R.A., Serrano-Martinez, M.E., Cruz-Vazquez, C., Ortega-
Mora, L.M., Alvarez-Garcia, G., 2018. An Ibero-American inter-laboratory trial
to evaluate serological tests for the detection of anti-Neospora caninum
antibodies in cattle. Trop Anim Health Prod 50, 75-84.
https://doi.org/10.1007/511250-017-1401-X/TABLES/6

Cao, L., Cheng, R,, Yao, L., Yuan, S, Yao, X., 2014. Establishment and application of
a loop-mediated isothermal amplification method for simple, specific,
sensitive and rapid detection of Toxoplasma gondii. ) Vet Med Sci 76, 9-14.
https://doi.org/10.1292/jvms.13-0275

Caradonna, T., Marangi, M., Del Chierico, F., Ferrari, N., Reddel, S., Bracaglia, G.,
Normanno, G., Putignani, L., Giangaspero, A., 2017. Detection and prevalence
of protozoan parasites in ready-to-eat packaged salads on sale in Italy. Food
Microbiol 67, 67-75. https://doi.org/10.1016/J.FM.2017.06.006

Castano, P., Fernandez, M., Regidor-Cerrillo, J., Fuertes, M., Horcajo, P., Ferre, .,
Ferreras, M.C., Ortega-Mora, L.M., Pérez, V., Benavides, J., 2019. Peripheral
and placental immune responses in sheep after experimental infection with
Toxoplasma gondii at the three terms of gestation. Vet Res 50, 66.
https://doi.org/10.1186/s13567-019-0681-8

Castafio, P., Fuertes, M., Ferre, |., Fernandez, M., Ferreras, M. del C., Moreno-
Gonzalo, J., Gonzdlez-Lanza, C., Katzer, F., Regidor-Cerrillo, J., Ortega-Mora,

180



CHAPTER VIII: BIBLIOGRAPHY

L.M., Pérez, V., Benavides, J., 2014. Placental thrombosis in acute phase
abortions during experimental Toxoplasma gondii infection in sheep. Vet Res
45, 9. https://doi.org/10.1186/1297-9716-45-9

Castro-lbanez, 1., Gil, M.l.,, Allende, A., 2017. Ready-to-eat vegetables: Current
problems and potential solutions to reduce microbial risk in the production
chain. LWT - Food Science and Technology 85, 284-292.
https://doi.org/10.1016/j.lwt.2016.11.073

Cenci-Goga, B.T., Ciampelli, A., Sechi, P., Veronesi, F., Moretta, |., Cambiotti, V.,
Thompson, P.N., 2013. Seroprevalence and risk factors for Toxoplasma gondii
in sheep in Grosseto district, Tuscany, Italy. BMC Vet Res 9, 1-9.
https://doi.org/10.1186/1746-6148-9-25/TABLES/2

Cole, R.A., Lindsay, D.S., Howe, D.K., Roderick, C.L., Dubey, J.P., Thomas, N.J,,
Baeten, L.A., 2000. Biological and molecular characterizations of Toxoplasma
gondii strains obtained from southern sea otters (Enhydra lutris nereis). )
Parasitol 86, 526—530. https://doi.org/10.1645/0022-3395(2000)086

Conde, M., Molina Caballero, J.M., Rodriguez-Ponce, E., Ruiz, A., Gonzalez, J., 2001.
Analysis of 1gG response to experimental infection with RH Toxoplasma gondii
in goats. Comp Immunol Microbiol Infect Dis 24, 197-206.
https://doi.org/10.1016/50147-9571(00)00027-8

Cook, A.l.C., Gilbert, R.E., Buffolano, W., Zufferey, J., Petersen, E., Jenum, P.A,,
Foulon, W., Semprini, A.E., Dunn, D.T., 2000. Sources of Toxoplasma infection
in pregnant women: European multicentre case-control study. European
Research Network on Congenital Toxoplasmosis. BMJ 321, 142-147.
https://doi.org/10.1136/bmj.321.7254.142

Costa, J.-M., Cabaret, O., Moukoury, S., Bretagne, S., 2011. Genotyping of the
protozoan pathogen Toxoplasma gondii using high-resolution melting analysis
of the repeated B1 gene. J Microbiol Methods 86, 357-363.
https://doi.org/10.1016/j.mimet.2011.06.017

Coutinho, S.G., Lobo, R., Dutra, G., 1982. Isolation of Toxoplasma from the Soil
during an Outbreak of Toxoplasmosis in a Rural Area in Brazil. J Parasitol 68,
866. https://doi.org/10.2307/3280995

Crawford, J., Lamb, E., Wasmuth, J., Grujic, O., Grigg, M.E., Boulanger, M.J., 2010.
Structural and functional characterization of SporoSAG: a SAG2-related surface
antigen from Toxoplasma gondii. Journal of Biological Chemistry 285, 12063—
12070. https://doi.org/10.1074/jbc.M109.054866

Cressey, R., Pimpa, S., Chewaskulyong, B., Lertprasertsuke, N., Saeteng, S.,
Tayapiwatana, C., Kasinrerk, W., 2008. Simplified approaches for the
development of an ELISA to detect circulating autoantibodies to p53 in cancer
patients. BMC Biotechnol 8, 16. https://doi.org/10.1186/1472-6750-8-16

181



CHAPTER VIII: BIBLIOGRAPHY

da Silva, R.C., Langoni, H., 2016. Risk factors and molecular typing of Toxoplasma
gondii isolated from ostriches (Struthio camelus) from a Brazilian
slaughterhouse. Vet Parasitol 225, 73-80.
https://doi.org/10.1016/).VETPAR.2016.06.001

Damek, F., Swart, A., Waap, H., Jokelainen, P., Le Roux, D., Deksne, G., Deng, H.,
Schares, G., Lundén, A., Alvarez-Garcia, G., Betson, M., Davidson, R.K., Gyorke,
A., Antolov3, D., Hurnikova, Z., Wisselink, H.J., Sroka, J., van der Giessen, J.W.B.,
Blaga, R., Opsteegh, M., 2023. Systematic Review and Modelling of Age-
Dependent Prevalence of Toxoplasma gondii in Livestock, Wildlife and Felids in
Europe. Pathogens 12, 97. https://doi.org/10.3390/pathogens12010097

De Moura, L., Garcia Bahia-Oliveira, L.M., Wada, M.Y., Jones, J.L., Tuboi, S.H., Carmo,
E.H., Ramalho, W.M., Camargo, N.J., Trevisan, R., Graca, R.M.T,, Da Silva, A.J,,
Moura, I., Dubey, J.P,, Garrett, D.O., 2006. Waterborne toxoplasmosis, Brazil,
from field to gene. Emerg Infect Dis 12, 326—-329.
https://doi.org/10.3201/E1D1202.041115

de Wit, L.A., Kilpatrick, A.M., VanWormer, E., Croll, D.A., Tershy, B.R., Kim, M.,
Shapiro, K., 2020. Seasonal and spatial variation in Toxoplasma gondii
contamination in soil in urban public spaces in California, United States.
Zoonoses Public Health 67, 70-78. https://doi.org/10.1111/ZPH.12656

Deksne, G., Kirjusina, M., 2013. Seroprevalence of Toxoplasma gondii in Domestic
Pigs (Sus scrofa domestica) and Wild Boars (Sus scrofa) in Latvia. Journal of
Parasitology 99, 44—47. https://doi.org/10.1645/GE-3187.1

Deksne, G., Ligere, B., Sneidere, A., Jokelainen, P., 2017. Seroprevalence and Factors
Associated with Toxoplasma gondii Infections in Sheep in Latvia: Latvian Dark
Headed Sheep Breed Associated with Higher Seroprevalence. Vector-Borne
and Zoonotic Diseases 17, 478-482. https://doi.org/10.1089/vbz.2016.2003

Delgado Betancourt, E., Hamid, B., Fabian, B.T., Klotz, C., Hartmann, S., Seeber, F,,
2019. From Entry to Early Dissemination—Toxoplasma gondii’s Initial
Encounter With Its Host. Front Cell Infect Microbiol 9.
https://doi.org/10.3389/fcimb.2019.00046

Delgado, I.L.S., Zuquete, S., Santos, D., Basto, A.P,, Leitdo, A., Nolasco, S., 2022. The
Apicomplexan Parasite Toxoplasma gondii. Encyclopedia 2, 189-211.
https://doi.org/10.3390/encyclopedia2010012

Demar, M., Hommel, D., Djossou, F., Peneau, C., Boukhari, R., Louvel, D., Bourbigot,
A-M., Nasser, V., Ajzenberg, D., Darde, M.-L.,, Carme, B., 2012. Acute
toxoplasmoses in immunocompetent patients hospitalized in an intensive care
unit in  French Guiana. Clin Microbiol Infect 18, E221-31.
https://doi.org/10.1111/j.1469-0691.2011.03648.x

182



CHAPTER VIII: BIBLIOGRAPHY

Deng, H., Dam-Deisz, C., Luttikholt, S., Maas, M., Nielen, M., Swart, A., Vellema, P,,
van der Giessen, J., Opsteegh, M., 2016. Risk factors related to Toxoplasma
gondii seroprevalence in indoor-housed Dutch dairy goats. Prev Vet Med 124,
45-51. https://doi.org/10.1016/j.prevetmed.2015.12.014

Deplazes, P., Eckert, J., Mathis, A., von Samson-Himmelstjerna, G., Zahner, H., 2016.
Parasitology in Veterinary Medicine. Wageningen Academic Publishers, The
Netherlands. https://doi.org/10.3920/978-90-8686-274-0

Desmonts, G., Couvreur, J., Alison, F., Baudelot, J., Gerbeaux, J., Lelong, M., 1965.
Etude epidemiologique sur la toxoplasmose: de l'influence de la cuisson des
viandes de boucherie sur la frequence de I'infection humaine. Rev. Fr. Etudes
Clin. Biol. 10, 952-958.

Desmonts, G., Remington, J.S., 1980. Direct agglutination test for diagnosis of
Toxoplasma infection: method for increasing sensitivity and specificity. J Clin
Microbiol 11, 562-568. https://doi.org/10.1128/jcm.11.6.562-568.1980

Diaz, J.M., Fernandez, G., Prieto, A., Valverde, S., Lago, N., Diaz, P., Panadero, R.,
Lépez, C., Morrondo, P., Diez-Bafios, P., 2014. Epidemiology of reproductive
pathogens in semi-intensive lamb-producing flocks in North-West Spain: A
comparative serological study 200, 335-338.
https://doi.org/10.1016/j.tvjl.2014.02.022

Diaz, P.,, Cabanelas, E., Diaz-Cao, J., Vifia, M., Béjar, J.P., Pérez-Creo, A., Prieto, A.,
Lépez, C., Panadero, R., Fernandez, G., Diez-Baiios, P., Morrondo, P., 2016.
Seroprevalence of Toxoplasma gondii and Neospora caninum in goats from
north-western Spain. Annals of Agricultural and Environmental Medicine 23,
587-590. https://doi.org/10.5604/12321966.1226851

Djokic, V., Fablet, C., Blaga, R., Rose, N., Perret, C., Djurkovic-Djakovic, O., Boireau,
P., Durand, B., 2016. Factors associated with Toxoplasma gondii infection in
confined farrow-to-finish pig herds in western France: An exploratory study in
60 herds. Parasit Vectors 9, 466. https://doi.org/10.1186/s13071-016-1753-5

Djoki¢, V., Klun, I., Musella, V., Rinaldi, L., Cringoli, G., Sotiraki, S., Djurkovié-Djakovic,
0., 2014. Spatial epidemiology of Toxoplasma gondii infection in goats in
Serbia. Geospat Health 8, 479. https://doi.org/10.4081/gh.2014.37

Djurkovi¢-Djakovié, O., Dupouy-Camet, J., Van der Giessen, J., Dubey, J.P., 2019.
Toxoplasmosis: Overview from a One Health perspective. Food Waterborne
Parasitol 15, e00054. https://doi.org/10.1016/j.fawpar.2019.e00054

Doskaya, M., Caner, A., Can, H., Giilge iz, S., Gedik, Y., Déskaya, A.D., Kalantari-
Dehaghi, M., Giiriiz, Y., 2014. Diagnostic Value of a Rec-ELISA Using Toxoplasma
gondii Recombinant SporoSAG, BAG1, and GRA1 Proteins in Murine Models
Infected Orally with Tissue Cysts and Oocysts. PLoS One 9, e108329.
https://doi.org/10.1371/journal.pone.0108329

183



CHAPTER VIII: BIBLIOGRAPHY

Dubey, J.P.,, 2021. Outbreaks of clinical toxoplasmosis in humans: five decades of
personal experience, perspectives and lessons learned. Parasit. Vectors 14,
263. https://doi.org/10.1186/s13071-021-04769-4

Dubey, J.P., 2010a. Toxoplasmosis of animals and humans, Second Edition. ed. CRC
Press, Taylor and Francis Group, Beltsville, Maryland, U.S.A.

Dubey, J.P.,, 2010b. Toxoplasma gondii Infections in Chickens (Gallus domesticus):
Prevalence, Clinical Disease, Diagnosis and Public Health Significance.
Zoonoses Public Health 57, 60-73. https://doi.org/10.1111/j.1863-
2378.2009.01274.x

Dubey, J.P., 2008. The History of Toxoplasma gondii- The First 100 Years. Journal of
Eukaryotic Microbiology 55, 467-475. https://doi.org/10.1111/j.1550-
7408.2008.00345.x

Dubey, J.P., 1997. Validation of the specificity of the modified agglutination test for
toxoplasmosis in pigs. Vet Parasitol 71, 307-310.
https://doi.org/10.1016/5S0304-4017(97)00016-2

Dubey, J.P., 1995. Duration of Immunity to Shedding of Toxoplasma gondii Oocysts
by Cats. J Parasitol 81, 410. https://doi.org/10.2307/3283823

Dubey, J.P., Beattie, C.P., 1988. Toxoplasmosis of Animals and Man. CRC Press, Boca
Raton, Fl.

Dubey, J.P.,, Desmonts, G., 1987. Serological responses of equids fed Toxoplasma
gondii oocysts. Equine Vet J 19, 337-339. https://doi.org/10.1111/).2042-
3306.1987.TB01426.X

Dubey, J.P.,, Frenkel, J.K., 1972. Cyst-induced toxoplasmosis in cats. J Protozool 19,
155-177. https://doi.org/10.1111/).1550-7408.1972.TB03431.X

Dubey, J.P, Lago, E.G., Gennari, S.M., Su, C., Jones, J.L., 2012. Toxoplasmosis in
humans and animals in Brazil: high prevalence, high burden of disease, and
epidemiology. Parasitology 139, 1375-424.
https://doi.org/10.1017/50031182012000765

Dubey, J.P,, Lindsay, D.S., Speer, C.A., 1998. Structures of Toxoplasma gondii
tachyzoites, bradyzoites, and sporozoites and biology and development of
tissue cysts. Clin Microbiol Rev. https://doi.org/10.1128/cmr.11.2.267

Dubey, J.P.,, Miller, N.L., Frenkel, J.K., 1970. The Toxoplasma gondii oocyst from cat
feces. ) Exp Med 132, 636—662. https://doi.org/10.1084/jem.132.4.636

Dubey, J.P., Murata, F.H.A., Cerqueira-Cézar, C.K., Kwok, O.C.H., 2020a. Public health
and economic importance of Toxoplasma gondii infections in goats: The last
decade. Res Vet Sci 132, 292-307. https://doi.org/10.1016/j.rvsc.2020.06.014

184



CHAPTER VIII: BIBLIOGRAPHY

Dubey, J.P,, Murata, F.H.A., Cerqueira-Cézar, C.K., Kwok, O.C.H., Su, C., 2020b.
Economic and public health importance of Toxoplasma gondii infections in
sheep: 2009-2020. Vet Parasitol 286, 109195.
https://doi.org/10.1016/j.vetpar.2020.109195

Dubey, J.P., Murata, F.H.A., Cerqueira-Cézar, C.K., Kwok, O.C.H., Villena, I., 2021.
Congenital toxoplasmosis in humans: an update of worldwide rate of
congenital infections. Parasitology 148, 1406-1416.
https://doi.org/10.1017/50031182021001013

Dubey, J.P., Thulliez, P., 1989. Serologic diagnosis of toxoplasmosis in cats fed
Toxoplasma gondii tissue cysts. J Am Vet Med Assoc 194, 1297-9.

Dubey, J.P,, Thulliez, P., Weigel, R.M., Andrews, C.D., Lind, P., Powell, E.C., 1995.
Sensitivity and specificity of various serologic tests for detection of Toxoplasma
gondii infection in naturally infected sows. Am J Vet Res 56, 1030-6.

Dubey, J.P., Velmurugan, G.V., Ulrich, V., Gill, J., Carstensen, M., Sundar, N., Kwok,
O.C.H., Thulliez, P., Majumdar, D., Su, C., 2008. Transplacental toxoplasmosis in
naturally-infected white-tailed deer: Isolation and genetic characterisation of
Toxoplasma gondii from foetuses of different gestational ages. Int J Parasitol
38, 1057-1063. https://doi.org/10.1016/j.ijpara.2007.11.010

Dumeétre, A., Dardé, M.-L.L., 2003. How to detect Toxoplasma gondii oocysts in
environmental samples? FEMS Microbiol Rev 27, 651-661.
https://doi.org/10.1016/5S0168-6445(03)00071-8

Dumeétre, A., Dubey, J.P., Ferguson, D.J.P., Bongrand, P., Azas, N., Puech, P-H., 2013.
Mechanics of the Toxoplasma gondii oocyst wall. Proceedings of the National
Academy of Sciences 110, 11535-11540.
https://doi.org/10.1073/pnas.1308425110

Dupont, D., Fricker-Hidalgo, H., Brenier-Pinchart, M.-P., Garnaud, C., Wallon, M.,
Pelloux, H., 2021. Serology for Toxoplasma in Immunocompromised Patients:
Still Useful? Trends Parasitol 37, 205-213.
https://doi.org/10.1016/j.pt.2020.09.006

ECDC, 2023. Congenital toxoplasmosis- Annual Epidemiological Report for 2020.

EFSA, 2013. Technical specifications on harmonised epidemiological indicators for
biological hazards to be covered by meat inspection of domestic sheep and
goats. EFSA Journal 11, 3277. https://doi.org/10.2903/j.efsa.2013.3277

EFSA, 2011. Technical specifications on harmonised epidemiological indicators for
public health hazards to be covered by meat inspection of swine. EFSA Journal
9. https://doi.org/10.2903/J.EFSA.2011.2371

185



CHAPTER VIII: BIBLIOGRAPHY

Elmore, S.A., Jenkins, E.J., Huyvaert, K.P.,, Polley, L., Root, J.J., Moore, C.G., 2012.
Toxoplasma gondii in Circumpolar People and Wildlife. Vector-Borne and
Zoonotic Diseases 12, 1-9. https://doi.org/10.1089/vbz.2011.0705

Esteves, F., Aguiar, D., Rosado, J., Costa, M.L., de Sousa, B., Antunes, F., Matos, O.,
2014. Toxoplasma gondii prevalence in cats from Lisbon and in pigs from
centre and south of Portugal. Vet Parasitol 200, 8-12.
https://doi.org/10.1016/j.vetpar.2013.12.017

Fabian, B.T., Lepenies, B., Schares, G., Dubey, J.P.,, Spano, F., Seeber, F., 2021.
Expanding the Known Repertoire of C-Type Lectin Receptors Binding to
Toxoplasma gondii  Oocysts Using a Modified High-Resolution
Immunofluorescence Assay. mSphere 6.
https://doi.org/10.1128/mSphere.01341-20

Felin, E., Jukola, E., Raulo, S., Fredriksson-Ahomaa, M., 2015. Meat Juice Serology
and Improved Food Chain Information as Control Tools for Pork-Related Public
Health Hazards. Zoonoses Public Health 62, 456-464.
https://doi.org/10.1111/zph.12174

Ferguson, D.J.P,, Hutchison, W.M., 1987. An ultrastructural study of the early
development and tissue cyst formation of Toxoplasma gondii in the brains of
mice. Parasitol Res 73, 483-491. https://doi.org/10.1007/BF00535321

Fernandez-Escobar, M., Calero-Bernal, R., Benavides, J., Regidor-Cerrillo, J.,
Guerrero-Molina, M.C., Gutiérrez-Expodsito, D., Collantes-Fernandez, E.,
Ortega-Mora, L.M., 2020a. Isolation and genetic characterization of
Toxoplasma gondii in Spanish sheep flocks. Parasit Vectors 13, 1-14.
https://doi.org/10.1186/5S13071-020-04275-Z/FIGURES/2

Fernandez-Escobar, M., Calero-Bernal, R., Regidor-Cerrillo, J., Vallejo, R., Benavides,
J., Collantes-Fernandez, E., Ortega-Mora, L.M., 2021. In vivo and in vitro
models show unexpected degrees of virulence among Toxoplasma gondii type
Il and lll isolates from sheep. Vet Res 52. https://doi.org/10.1186/513567-021-
00953-7

Fernandez-Escobar, M., Calero-Bernal, R., Regidor-Cerrillo, J., Vallejo, R., Benavides,
J., Collantes-Fernandez, E., Ortega-Mora, L.M., 2020b. Isolation, Genotyping,
and Mouse Virulence Characterization of Toxoplasma gondii From Free
Ranging Iberian Pigs. Front Vet Sci 7.
https://doi.org/10.3389/FVETS.2020.604782

Fernandez-Escobar, M., Schares, G., Maksimov, P., Joeres, M., Ortega-Mora, L.M.,,
Calero-Bernal, R., 2022. Toxoplasma gondii Genotyping: A Closer Look Into
Europe. Front Cell Infect Microbiol 12.
https://doi.org/10.3389/fcimb.2022.842595

186



CHAPTER VIII: BIBLIOGRAPHY

Ferra, B., Holec-Gasior, L., Grazlewska, W., 2020. Toxoplasma gondii Recombinant
Antigens in the Serodiagnosis of Toxoplasmosis in Domestic and Farm Animals.
Animals (Basel) 10, 1-27. https://doi.org/10.3390/ANI110081245

Ferreira, A., Vitor, R., Carneiro, A., Brandao, G., Melo, M., 2004. Genetic variability
of Brazilian Toxoplasma gondii strains detected by random amplified
polymorphic DNA-polymerase chain reaction (RAPD-PCR) and simple
sequence repeat anchored-PCR (SSR-PCR). Infection, Genetics and Evolution 4,
131-142. https://doi.org/10.1016/j.meegid.2004.03.002

Foroutan, M., Fakhri, Y., Riahi, S.M., Ebrahimpour, S., Namroodi, S., Taghipour, A.,
Spotin, A., Gamble, H.R., Rostami, A., 2019. The global seroprevalence of
Toxoplasma gondii in pigs: A systematic review and meta-analysis. Vet Parasitol
269, 42-52. https://doi.org/10.1016/j.vetpar.2019.04.012

Frenkel, J.K., 1973. Toxoplasma In and Around Us. Bioscience 23, 343-352.
https://doi.org/10.2307/1296513

Frenkel, J.K., 1956. Pathogenesis of toxoplasmosis and of infections with organisms
resembling Toxoplasma . Ann. N.Y. Acad. Sci. 64, 215-251.

Frenkel, J.K., Dubey, J.P., Miller, N.L., 1970. Toxoplasma gondii in Cats: Fecal Stages
Identified as Coccidian Oocysts. Science (1979) 167, 893-896.
https://doi.org/10.1126/SCIENCE.167.3919.893

Frenkel, J.K., Friedlander, S., 1951. Toxoplasmosis. Pathology of neonatal disease,
pathogenesis, diagnosis, and treatment. Public Health Service Publication No.
141.U.S. Govt. Printing Office, Washington, D. C. 1-150.

Freppel, W., Ferguson, D.J.P., Shapiro, K., Dubey, J.P., Puech, P-H., Dumeétre, A,,
2019. Structure, composition, and roles of the Toxoplasma gondii oocyst and
sporocyst walls. The Cell Surface 5, 100016.
https://doi.org/10.1016/j.tcsw.2018.100016

Friesema, I.H.M., Hofhuis, A., Hoek-van Deursen, D., Jansz, A.R., Ott, A., van
Hellemond, J.J., van der Giessen, J., Kortbeek, L.M., Opsteegh, M., 2023. Risk
factors for acute toxoplasmosis in the Netherlands. Epidemiol Infect 151, e95.
https://doi.org/10.1017/50950268823000808

Fritz, H.M., Bowyer, PW., Bogyo, M., Conrad, P.A., Boothroyd, J.C., 2012a. Proteomic
Analysis of Fractionated Toxoplasma Oocysts Reveals Clues to Their
Environmental Resistance. PLoS One 7, e29955.
https://doi.org/10.1371/journal.pone.0029955

Fritz, H.M., Buchholz, K.R., Chen, X., Durbin-Johnson, B., Rocke, D.M., Conrad, P.A.,
Boothroyd, J.C., 2012b. Transcriptomic Analysis of Toxoplasma Development
Reveals Many Novel Functions and Structures Specific to Sporozoites and
Oocysts. PLoS One 7, €29998. https://doi.org/10.1371/journal.pone.0029998

187



CHAPTER VIII: BIBLIOGRAPHY

Gao, X., Wang, Hongbin, Wang, Huan, Qin, H., Xiao, J., 2016. Land use and soil
contamination with Toxoplasma gondii oocysts in urban areas. Sci Total
Environ 568, 1086—1091. https://doi.org/10.1016/).SCITOTENV.2016.06.165

Garcia-Bocanegra, |., Cabezén, 0., Hernandez, E., Martinez-Cruz, M.S., Martinez-
Moreno, A., Martinez-Moreno, J., 2013. Toxoplasma gondiiin ruminant species
(cattle, sheep, and goats) from Southern Spain. Journal of Parasitology 99,
438-440. https://doi.org/10.1645/12-27.1

Garcia-Lunar, P., Ortega-Mora, L.M., Schares, G., Diezma-Diaz, C., Alvarez-Garcia, G.,
2017. A new lyophilized tachyzoite based ELISA to diagnose Besnoitia spp.
infection in bovids and wild ruminants improves specificity. Vet Parasitol 244,
176-182. https://doi.org/10.1016/J.VETPAR.2017.07.029

Garweg, J.G., Kieffer, F., Mandelbrot, L., Peyron, F., Wallon, M., 2022. Long-Term
Outcomes in Children with Congenital Toxoplasmosis—A Systematic Review.
Pathogens 11, 1187. https://doi.org/10.3390/pathogens11101187

Gazzonis, A.L., Marangi, M., Villa, L., Ragona, M.E., Olivieri, E., Zanzani, S.A,,
Giangaspero, A., Manfredi, M.T., 2018. Toxoplasma gondii infection and
biosecurity levels in fattening pigs and sows: serological and molecular
epidemiology in the intensive pig industry (Lombardy, Northern Italy). Parasitol
Res 117, 539-546. https://doi.org/10.1007/500436-017-5736-Z/TABLES/4

Gazzonis, A.L., Veronesi, F., Di Cerbo, A.R., Zanzani, S.A., Molineri, G., Moretta, |.,
Moretti, A., Fioretti, D.P,, Invernizzi, A., Manfredi, M.T., 2015. Toxoplasma
gondii in small ruminants in Northern Italy — prevalence and risk factors.
Annals of Agricultural and Environmental Medicine 22, 62-68.
https://doi.org/10.5604/12321966.1141370

Gazzonis, A.L., Zanzani, S.A., Villa, L., Manfredi, M.T., 2019. Toxoplasma gondii in
naturally infected goats: Monitoring of specific IgG levels in serum and milk
during lactation and parasitic DNA detection in milk. Prev Vet Med 170,
104738. https://doi.org/10.1016/).PREVETMED.2019.104738

Glor, S.B., Edelhofer, R., Grimm, F., Deplazes, P., Basso, W., 2013. Evaluation of a
commercial ELISA kit for detection of antibodies against Toxoplasma gondii in

serum, plasma and meat juice from experimentally and naturally infected
sheep. Parasit Vectors 6, 85. https://doi.org/10.1186/1756-3305-6-85

Goldman, M., Carver, R.K., Sulzer, A.J., 1958. Reproduction of Toxoplasma gondii by
internal budding. J Parasitol 44, 161-71.

Gondim, L.F.P., Mineo, J.R., Schares, G., 2017. Importance of serological cross-
reactivity among Toxoplasma gondii, Hammondia spp., Neospora spp.,
Sarcocystis spp. and Besnoitia besnoiti. Parasitology 144, 851-868.
https://doi.org/10.1017/5S0031182017000063

188



CHAPTER VIII: BIBLIOGRAPHY

Gotteland, C., Gilot-Fromont, E., Aubert, D., Poulle, M.L., Dupuis, E., Dardé, M.L.,
Forin-Wiart, M.A., Rabilloud, M., Riche, B., Villena, I., 2014. Spatial distribution
of Toxoplasma gondii oocysts in soil in a rural area: Influence of cats and land
use. Vet Parasitol 205, 629-637. https://doi.org/10.1016/j.vetpar.2014.08.003

Gustafson, P. V, Agar, H.D., Cramer, D.l., 1954. An electron microscope study of
Toxoplasma. Am J Trop Med Hyg 3, 1008-22.

Hajimohammadi, B., Ahmadian, S., Firoozi, Z., Askari, M., Mohammadi, M., Eslami,
G., Askari, V., Loni, E., Barzegar-Bafrouei, R., Boozhmehrani, M.J., 2022. A
Meta-Analysis of the Prevalence of Toxoplasmosis in Livestock and Poultry
Worldwide. Ecohealth 19, 55-74. https://doi.org/10.1007/s10393-022-01575-
X

Hald, T., Aspinall, W., Devleesschauwer, B., Cooke, R., Corrigan, T., Havelaar, A.H.,
Gibb, H.J.,, Torgerson, P.R., Kirk, M.D., Angulo, F.J., Lake, R.J., Speybroeck, N.,
Hoffmann, S., 2016. World Health Organization Estimates of the Relative
Contributions of Food to the Burden of Disease Due to Selected Foodborne
Hazards: A Structured Expert Elicitation. PLoS One 11, e0145839.
https://doi.org/10.1371/journal.pone.0145839

Halovd, D., Mulcahy, G., Rafter, P.,, Turéekovd, L., Grant, T., de Waal, T., 2013.
Toxoplasma gondii in Ireland: Seroprevalence and Novel Molecular Detection
Method in Sheep, Pigs, Deer and Chickens. Zoonoses Public Health 60, 168—
173. https://doi.org/10.1111/j.1863-2378.2012.01514.x

Hatam-Nahavandi, K., Calero-Bernal, R., Rahimi, M.T., Pagheh, A.S., Zarean, M.,
Dezhkam, A., Ahmadpour, E., 2021. Toxoplasma gondii infection in domestic
and wild felids as public health concerns: a systematic review and meta-
analysis. Sci Rep 11. https://doi.org/10.1038/541598-021-89031-8

Havelaar, A.H., Kirk, M.D., Torgerson, P.R., Gibb, H.J., Hald, T., Lake, R.J., Praet, N.,
Bellinger, D.C., de Silva, N.R., Gargouri, N., Speybroeck, N., Cawthorne, A,,
Mathers, C., Stein, C., Angulo, F.J., Devleesschauwer, B., 2015. World Health
Organization Global Estimates and Regional Comparisons of the Burden of
Foodborne Disease in 2010. PLoS Med 12, e1001923.
https://doi.org/10.1371/journal.pmed.1001923

Hebbar, B.K., Roy, M., Mitra, P., Chavhan, K., Chaudhari, S., Shinde, S., Deshmukh,
A.S., 2022. Seroprevalence, risk factors, and serological cross-reactivity for
diagnosis of Toxoplasma gondii and Neospora caninum infections in goats in
India. Microb Pathog 173, 105780.
https://doi.org/10.1016/).MICPATH.2022.105780

Hernandez, M., Gémez-Laguna, J., Tarradas, C., Luque, |., Garcia-Valverde, R.,
Reguillo, L., Astorga, R.., 2014. A serological survey of Brucella spp.,
Salmonella spp., Toxoplasma gondii and Trichinella spp. in Iberian fattening

189



CHAPTER VIII: BIBLIOGRAPHY

pigs reared in free-range systems. Transbound Emerg Dis 61, 477-481.
https://doi.org/10.1111/tbed.12049

Hernandez-Cortazar, I.B., Acosta-Viana, K.Y., Guzman-Marin, E., Ortega-Pacheco, A,,
Segura-Correa, J.C., Jimenez-Coello, M., 2017. Presence of Toxoplasma gondii
in Drinking Water from an Endemic Region in Southern Mexico. Foodborne
Pathog Dis 14, 288-292. https://doi.org/10.1089/fpd.2016.2224

Herrero, L., Gracia, M.J., Pérez-Arquillué, C., Lazaro, R., Herrera, M., Herrera, A.,
Bayarri, S., 2016. Toxoplasma gondii: Pig seroprevalence, associated risk
factors and viability in fresh pork meat. Vet Parasitol 224, 52-59.
https://doi.org/10.1016/j.vetpar.2016.05.010

Hill, D., Coss, C., Dubey, J.P., Wroblewski, K., Sautter, M., Hosten, T., Mufoz-Zanzi,
C., Mui, E., Withers, S., Boyer, K., Hermes, G., Coyne, J., Jagdis, F., Burnett, A.,
McLeod, P., Morton, H., Robinson, D., McLeod, R., 2011. Identification of a
Sporozoite-Specific Antigen from Toxoplasma gondii. Journal of Parasitology
97, 328-337. https://doi.org/10.1645/GE-2782.1

Hoffmann, S., Devleesschauwer, B., Aspinall, W., Cooke, R., Corrigan, T., Havelaar,
A., Angulo, F., Gibb, H., Kirk, M., Lake, R., Speybroeck, N., Torgerson, P., Hald,
T., 2017. Attribution of global foodborne disease to specific foods: Findings
from a World Health Organization structured expert elicitation. PLoS One 12,
e0183641. https://doi.org/10.1371/journal.pone.0183641

Hohweyer, J., Dumétre, A., Aubert, D., Azas, N., Villena, I., 2013. Tools and methods
for detecting and characterizing Giardia, Cryptosporidium, and Toxoplasma
parasites in marine mollusks. J Food Prot 76, 1649-1657.
https://doi.org/10.4315/0362-028X.JFP-13-002

Holec-Gasior, L., Ferra, B., Hiszczyriska-Sawicka, E., Kur, J., 2014. The optimal
mixture of Toxoplasma gondii recombinant antigens (GRA1, P22, ROP1) for
diagnosis of ovine toxoplasmosis. Vet Parasitol 206, 146-152.
https://doi.org/10.1016/j.vetpar.2014.09.018

Homan, W.L., Vercammen, M., De Braekeleer, J., Verschueren, H., 2000.
Identification of a 200- to 300-fold repetitive 529 bp DNA fragment in
Toxoplasma gondii, and its use for diagnostic and quantitative PCR. Int J
Parasitol 30, 69—-75. https://doi.org/10.1016/50020-7519(99)00170-8

Howe, D.K., Sibley, L.D., 1995. Toxoplasma gondii Comprises Three Clonal Lineages:
Correlation of Parasite Genotype with Human Disease. J Infect Dis 172, 1561—
1566. https://doi.org/10.1093/INFDIS/172.6.1561

Huertas-Lopez, A., Alvarez-Garcia, G., Sdnchez-Sdnchez, R., Cantos-Barreda, A.,
Ibafiez-Lépez, F.J., Martinez-Subiela, S., Cerdn, J.J., Martinez-Carrasco, C.,
2023. A systematic review and meta-analysis of the serological diagnosis of
Toxoplasma gondii infection highlight the lack of a One Health integrative

190



CHAPTER VIII: BIBLIOGRAPHY

research. Res Vet Sci 155, 137-149.
https://doi.org/10.1016/J.RVSC.2023.01.005

Huertas-Lopez, A., Martinez-Subiela, S., Cerdn, J.J., Vazquez-Calvo, A., Pazmifio-
Bonilla, E.D., Lépez-Urefia, N.M., Martinez-Carrasco, C., Alvarez-Garcia, G.,
2021. Development and validation of a time-resolved fluorescence
immunoassay for the detection of anti-Toxoplasma gondii antibodies in goats.
Vet Parasitol 293, 109432. https://doi.org/10.1016/J.VETPAR.2021.109432

Hurtado, A., Aduriz, G., Moreno, B., Barandika, J., Garcia-Pérez, A.L., 2001. Single
tube nested PCR for the detection of Toxoplasma gondii in fetal tissues from
naturally aborted ewes. Vet Parasitol 102, 17-27.
https://doi.org/10.1016/S0304-4017(01)00526-X

Hutchison, W.M., 1965. Experimental Transmission of Toxoplasma gondii. Nature
1965 206:4987 206, 961-962. https://doi.org/10.1038/206961a0

Innes, E.A., Bartley, P.M., Buxton, D., Katzer, F., 2009. Ovine toxoplasmosis.
Parasitology 136, 1887—1894. https://doi.org/10.1017/50031182009991636

Jacobs, L., Remington, J.S., Melton, M.L., 1960. The resistance of the encysted form
of Toxoplasma gondii. ) Parasitol 46, 11-21.

Jiménez-Martin, D., Garcia-Bocanegra, I., Almeria, S., Castro-Scholten, S., Dubey,
J.P., Amaro-Lépez, M.A., Cano-Terriza, D., 2020. Epidemiological surveillance
of Toxoplasma gondii in small ruminants in southern Spain. Prev Vet Med 183,
105137. https://doi.org/10.1016/j.prevetmed.2020.105137

Kakakhel, M.A., Wu, F., Anwar, Z., Saif, ., Akbar, N. ul, Gul, N., Ali, I., Feng, H., Wang,
W., 2021. The presence of Toxoplasma gondii in soil, their transmission, and
their influence on the small ruminants and human population: A review.
Microb Pathog 158, 104850. https://doi.org/10.1016/J.MICPATH.2021.104850

Kantzoura, V., Diakou, A., Kouam, M.K., Feidas, H., Theodoropoulou, H.,
Theodoropoulos, G., 2013. Seroprevalence and risk factors associated with
zoonotic parasitic infections in small ruminants in the Greek temperate
environment. Parasitol Int 62, 554-560.
https://doi.org/10.1016/j.parint.2013.08.010

Kauter, J., Damek, F., Schares, G., Blaga, R., Schott, F., Deplazes, P., Sidler, X., Basso,
W., 2022. Detection of Toxoplasma gondii-specific antibodies in pigs using an
oral fluid-based commercial ELISA: Advantages and limitations. Int J Parasitol.
https://doi.org/10.1016/].ijpara.2022.11.003

Kean, B.H., Grocott, R.G., 1947. Asymptomatic toxoplasmosis. Am. J. Trop. Med.
Hyg. 27, 745-748.

Khan, A., Taylor, S., Su, C., Mackey, A.J.,, Boyle, J., Cole, R., Glover, D., Tang, K.,
Paulsen, LT.,, Berriman, M., Boothroyd, J.C., Pfefferkorn, E.R., Dubey, J.P,

191



CHAPTER VIII: BIBLIOGRAPHY

Ajioka, J.W., Roos, D.S., Wootton, J.C., Sibley, L.D., 2005. Composite genome
map and recombination parameters derived from three archetypal lineages of
Toxoplasma gondii. Nucleic Acids Res 33, 2980-92.
https://doi.org/10.1093/nar/gki604

Khan, A.H., Noordin, R., 2020. Serological and molecular rapid diagnostic tests for
Toxoplasma infection in humans and animals. European Journal of Clinical
Microbiology & Infectious Diseases 39, 19-30.
https://doi.org/10.1007/s10096-019-03680-2

Kim, M., Rueda, L., Packham, A., Moore, J., Wuertz, S., Shapiro, K., 2023. Molecular
detection and viability discrimination of zoonotic protozoan pathogens in
oysters and seawater. Int J Food Microbiol 407, 110391.
https://doi.org/10.1016/j.ijffoodmicro.2023.110391

Kim, M., Shapiro, K., Rajal, V.B., Packham, A., Aguilar, B., Rueda, L., Wuertz, S., 2021.
Quantification of viable protozoan parasites on leafy greens using molecular
methods. Food Microbiol 99, 103816.
https://doi.org/10.1016/).FM.2021.103816

Klun, 1., Djurkovi¢-Djakovi¢, 0., Kati¢-Radivojevi¢, S., Nikoli¢, A., 2006. Cross-
sectional survey on Toxoplasma gondii infection in cattle, sheep and pigs in
Serbia: Seroprevalence and risk factors. Vet Parasitol 135, 121-131.
https://doi.org/10.1016/j.vetpar.2005.08.010

Kofoed, K.G., Vorslund-Kieer, M., Nielsen, H.V., Alban, L., Johansen, M.V., 2017. Sero-
prevalence of Toxoplasma gondii in Danish pigs. Vet Parasitol Reg Stud Reports
10, 136-138. https://doi.org/10.1016/J.VPRSR.2017.10.004

Koutsoumanis, K., Allende, A., Alvarez-Orddnez, A., Bolton, D., Bover-Cid, S.,
Chemaly, M., Davies, R., De Cesare, A., Herman, L., Hilbert, F,, Lindqvist, R.,
Nauta, M., Peixe, L., Ru, G., Simmons, M., Skandamis, P., Suffredini, E., Caccio,
S., Chalmers, R., Deplazes, P., Devleesschauwer, B., Innes, E., Romig, T., van der
Giessen, J., Hempen, M., Van der Stede, Y., Robertson, L., 2018. Public health
risks associated with food-borne parasites. EFSA Journal 16.
https://doi.org/10.2903/j.efsa.2018.5495

Kuruca, L., Klun, 1., Uzelac, A., Nikoli¢, A., Bobi¢, B., Simin, S., Djurkovié-Djakovi¢, O.,
Lalosevié, V., 2016. Detection of Viable Toxoplasma gondii in Free-Range Pigs
from the Special Nature Reserve of Zasavica. Contemporary Agriculture 65, 1—
6. https://doi.org/10.1515/contagri-2016-0010

Kuruca, L., Klun, 1., Uzelac, A., Nikoli¢, A., Bobi¢, B., Simin, S., LaloSevi¢, V., Lalosevic,
D., Djurkovi¢-Djakovi¢, O., 2017. Detection of Toxoplasma gondii in naturally
infected domestic pigs in Northern Serbia. Parasitol Res 116, 3117-3123.
https://doi.org/10.1007/s00436-017-5623-7

192



CHAPTER VIII: BIBLIOGRAPHY

Landrau-Giovannetti, N., Waltzek, T., Lépez-Orozco, N., Su, C., Rotstein, D., Levine,
G., Rodrigues, T., Silva-Krott, I., Humann, C., West, K., 2022. Prevalence and
genotype of Toxoplasma gondii in stranded Hawaiian cetaceans. Dis Aquat
Organ 152, 27-36. https://doi.org/10.3354/dao03699

Largo-de la Torre, A., Diezma-Diaz, C., Calero-Bernal, R., Atencia-Cibreiro, G.,
Sanchez-Sanchez, R., Ferre, I., Regidor-Cerrillo, J., Ortega-Mora, L.M., 2022.
Archetypal type Il and Il Toxoplasma gondii oocysts induce different immune
responses and clinical outcomes in experimentally infected piglets. Front
Immunol 13. https://doi.org/10.3389/fimmu.2022.1021556

Lélu, M., Gilot-Fromont, E., Aubert, D., Richaume, A., Afonso, E., Dupuis, E.,
Gotteland, C., Marnef, F., Poulle, M.L., Dumetre, A., Thulliez, P., Dardé, M.L,,
Villena, 1., 2011. Development of a sensitive method for Toxoplasma gondii
oocyst extraction in soil. Vet Parasitol 183, 59-67.
https://doi.org/10.1016/J.VETPAR.2011.06.018

Lélu, M., Villena, |., Dardé, M.L., Aubert, D., Geers, R., Dupuis, E., Marnef, F.,, Poulle,
M.L., Gotteland, C., Dumeétre, A., Gilot-Fromonta, E., 2012. Quantitative
estimation of the viability of Toxoplasma gondii oocysts in soil. Appl Environ
Microbiol 78, 5127-5132. https://doi.org/10.1128/AEM.00246-
12/ASSET/768D3D1B-E5CE-476E-BB8C-
B6D13761EBD2/ASSETS/GRAPHIC/ZAM9991034470006.JPEG

Levaditi, C., Schoen, R., Sanchis Bayarri, V. 1928. Lencephalo-myelite
toxoplasmique chronique du lapin et de la souris. C. R. Soc. Biol. 99, 37-40.

Li, X.-L., Wei, H.-X., Zhang, H., Peng, H.-J., Lindsay, D.S., 2014. A Meta Analysis on
Risks of Adverse Pregnancy Outcomes in Toxoplasma gondii Infection. PLoS
One 9, e97775. https://doi.org/10.1371/journal.pone.0097775

Lilly, E.L., Webster, N.J., 2021. Detection of Toxoplasma gondii oocysts on organic
and conventionally grown produce. Food Microbiol 99.
https://doi.org/10.1016/J.FM.2021.103798

Limon, G., Beauvais, W., Dadios, N., Villena, I., Cockle, C., Blaga, R., Guitian, J., 2017.
Cross-Sectional Study of Toxoplasma gondii Infection in Pig Farms in England.
Foodborne Pathog Dis 14, 269-281. https://doi.org/10.1089/fpd.2016.2197

Lindsay, D.S., Dubey, J.P., 2020. Neosporosis, Toxoplasmosis, and Sarcocystosis in
Ruminants: An Update. Veterinary Clinics of North America - Food Animal
Practice. https://doi.org/10.1016/j.cvfa.2019.11.004

Liu, Q., Wang, Z.-D., Huang, S.-Y., Zhu, X.-Q., 2015. Diagnosis of toxoplasmosis and
typing of Toxoplasma gondii. Parasit Vectors 8, 292.
https://doi.org/10.1186/s13071-015-0902-6

193



CHAPTER VIII: BIBLIOGRAPHY

Liu, X.-Y., Wang, Z.-D., El-Ashram, S., Liu, Q., 2019. Toxoplasma gondii oocyst-driven
infection in pigs, chickens and humans in northeastern China. BMC Vet Res 15,
366. https://doi.org/10.1186/s12917-019-2121-4

Liyanage, K.L.D.T.D., Wiethoelter, A., Hufschmid, J., Jabbar, A., 2021. Descriptive
Comparison of ELISAs for the Detection of Toxoplasma gondii Antibodies in
Animals: A Systematic Review. Pathogens 10, 605.
https://doi.org/10.3390/pathogens10050605

Lopes, A.P., Dubey, J.P., Neto, F., Rodrigues, A., Martins, T., Rodrigues, M., Cardoso,
L., 2013. Seroprevalence of Toxoplasma gondii infection in cattle, sheep, goats
and pigs from the North of Portugal for human consumption. Vet Parasitol 193,
266-269. https://doi.org/10.1016/j.vetpar.2012.12.001

Lopes, C., Brandao, R., Lopes, A.F.,, Sargo, R., Casero, M., Nunes, C.,, Silva, F., Dubey,
J.P., Cardoso, L., Lopes, A.P., 2021. Prevalence of Antibodies to Toxoplasma
gondii in Different Wild Bird Species Admitted to Rehabilitation Centres in
Portugal. Pathogens 2021, Vol. 10, Page 1144 10, 1144.
https://doi.org/10.3390/PATHOGENS10091144

Lorenzi, H., Khan, A., Behnke, M.S., Namasivayam, S., Swapna, L.S., Hadjithomas,
M., Karamycheva, S., Pinney, D., Brunk, B.P.,, Ajioka, JW., Ajzenberg, D.,
Boothroyd, J.C., Boyle, J.P., Dardé, M.L., Diaz-Miranda, M.A., Dubey, J.P,, Fritz,
H.M., Gennari, S.M., Gregory, B.D., Kim, K., Saeij, J.PJ., Su, C., White, M.\W.,
Zhu, X.Q., Howe, D.K., Rosenthal, B.M., Grigg, M.E., Parkinson, J., Liu, L.,
Kissinger, J.C., Roos, D.S., Sibley, L.D., 2016. Local admixture of amplified and
diversified secreted pathogenesis determinants shapes mosaic Toxoplasma
gondii genomes. Nat Commun 7. https://doi.org/10.1038/NCOMMS10147

Luft, Benjaminl., Conley, F., Remington, JackS., Laverdiere, M., Levine, JeromeF,,
Strandberg, DonaldA., Wagner, KennethF., Craven, PhillipC., File, ThomasM.,
Rice, N., Meunier-Carpentier, F., 1983. Outbreak of central-nervous-system
toxoplasmosis in Western Europe and North America. The Lancet 321, 781-
784. https://doi.org/10.1016/5S0140-6736(83)91847-0

Macaluso, G., Di Bella, S., Purpari, G., Giudice, E., Mira, F., Gucciardi, F., Marino,
A.M.F., Russo, C., Gdbmez-Morales, M.A., Guercio, A., 2019. Evaluation of a
commercial enzyme-linked immunosorbent assay (ELISA) for detecting
antibodies against Toxoplasma gondii from naturally and experimentally
infected pigs. Infect Dis 51, 26-31.
https://doi.org/10.1080/23744235.2018.1490026

Mainar-Jaime, R.C., Barberan, M., 2007. Evaluation of the diagnostic accuracy of the
modified agglutination test (MAT) and an indirect ELISA for the detection of
serum antibodies against Toxoplasma gondii in sheep through Bayesian
approaches. Vet Parasitol 148, 122-129.
https://doi.org/10.1016/j.vetpar.2007.05.018

194



CHAPTER VIII: BIBLIOGRAPHY

Maleki, B., Ahmadi, N., Olfatifar, M., Gorgipour, M., Taghipour, A., Abdoli, A,,
Khorshidi, A., Foroutan, M., Mirzapour, A., 2021. Toxoplasma oocysts in the soil
of public places worldwide: a systematic review and meta-analysis. Trans R Soc
Trop Med Hyg 115, 471-481. https://doi.org/10.1093/TRSTMH/TRAA133

Mancianti, F., Nardoni, S., D’Ascenzi, C., Pedonese, F., Mugnaini, L., Franco, F., Papini,
R., 2013. Seroprevalence, Detection of DNA in Blood and Milk, and Genotyping
of Toxoplasma gondii in a Goat Population in Italy. Biomed Res Int 2013, 1-6.
https://doi.org/10.1155/2013/905326

Mangiavacchi, B.M., Vieira, F.P., Bahia-Oliveira, L.M.G., Hill, D., 2016. Salivary IgA
against sporozoite-specific embryogenesis-related protein (TEERP) in the study
of horizontally transmitted toxoplasmosis via T. gondii oocysts in endemic
settings. Epidemiol Infect 144, 2568-2577.
https://doi.org/10.1017/50950268816000960

Mangili, P.M., Vesco, G., Feliziani, F., Paoloni, A., Menichelli, M., Cagiola, M., Marini,
C., Pourquier, P, Papa, P, 2009. Development and evaluation of the
performance of an in-house ELISA to be used for the indirect diagnosis of
toxoplasmosis in sheep.

Marchioro, A.A., Tiyo, B.T., Colli, C.M., De Souza, C.Z., Garcia, J.L., Gomes, M.L,,
Falavigna-Guilherme, A.L., 2016. First Detection of Toxoplasma gondii DNA in
the Fresh Leafs of Vegetables in South America. Vector-Borne and Zoonotic
Diseases 16, 624—626. https://doi.org/10.1089/vbz.2015.1937

Marques, C.S., Sousa, S., Castro, A., Da Costa, J.M.C., 2020. Detection of Toxoplasma
gondii oocysts in fresh vegetables and berry fruits. Parasit Vectors 13, 1-12.
https://doi.org/10.1186/5S13071-020-04040-2/TABLES/3

Martino, R., Bretagne, S., Einsele, H., Maertens, J., Ullmann, A.J., Parody, R.,
Schumacher, U., Pautas, C., Theunissen, K., Schindel, C., Munoz, C., Margall, N.,
Cordonnier, C., 2005. Early Detection of Toxoplasma Infection by Molecular
Monitoring of Toxoplasma gondii in Peripheral Blood Samples after Allogeneic
Stem Cell Transplantation. Clinical Infectious Diseases 40, 67-78.
https://doi.org/10.1086/426447

Meireles, L.R., Ekman, C.C.J., de Andrade, H.F, Luna, E.J. de A., 2015. Human
toxoplasmosis outbreaks and the agent infecting form. Findings from a
systematic review. Rev Inst Med Trop Sao Paulo 57, 369.
https://doi.org/10.1590/S0036-46652015000500001

Mello, U., 1910. Un cas de toxoplasmose du chien observe a Turin. Bull. Soc. Pathol.
Exot. Fil. 3, 359—-363.

Miller, M.A., Miller, W.A., Conrad, P.A., James, E.R., Melli, A.C., Leutenegger, C.M.,
Dabritz, H.A., Packham, A.E., Paradies, D., Harris, M., Ames, J., Jessup, D.A,,
Worcester, K., Grigg, M.E., 2008. Type X Toxoplasma gondii in a wild mussel

195



CHAPTER VIII: BIBLIOGRAPHY

and terrestrial carnivores from coastal California: new linkages between
terrestrial mammals, runoff and toxoplasmosis of sea otters. Int J Parasitol 38,
1319-1328. https://doi.org/10.1016/J.1JPARA.2008.02.005

Miller, N.L., Frenkel, J.K., Dubey, J.P., 1972. Oral infections with Toxoplasma cysts
and oocysts in felines, other mammals, and in birds. J Parasitol 58, 928—37.

Minuzzi, C.E., Fernandes, F.D., Portella, L.P., Braunig, P., Sturza, D.A.F., Giacomini, L.,
Salvagni, E., Ribeiro, J. dos S., Silva, C.R., Difante, C.M., Farinha, L.B.,
Menegolla, I.A., Gehrke, G., Dilkin, P., Sangioni, L.A., Mallmann, C.A., Vogel,
F.S.F., 2021. Contaminated water confirmed as source of infection by bioassay
in an outbreak of toxoplasmosis in South Brazil. Transbound Emerg Dis 68,
767-772. https://doi.org/10.1111/tbed.13741

Molan, A., Nosaka, K., Hunter, M., Wang, W., 2019. Global status of Toxoplasma
gondii infection: systematic review and prevalence snapshots. Trop Biomed 36,
898-925.

Montoya, J., Liesenfeld, O., 2004. Toxoplasmosis. The Lancet 363, 1965-1976.
https://doi.org/10.1016/50140-6736(04)16412-X

Montoya, J.G., 2002. Laboratory Diagnosis of Toxoplasma gondii Infection and
Toxoplasmosis. J Infect Dis 185, S73—-S82. https://doi.org/10.1086/338827

Moreno, B., Collantes-Fernandez, E., Villa, A., Navarro, A., Regidor-Cerrillo, J.,
Ortega-Mora, L.M., 2012. Occurrence of Neospora caninum and Toxoplasma
gondii infections in ovine and caprine abortions. Vet Parasitol 187, 312—-318.
https://doi.org/10.1016/J.VETPAR.2011.12.034

Moskwa, B., Kornacka, A., Cybulska, A., Cabaj, W., Reiterova, K., Bogdaszewski, M.,
Steiner-Bogdaszewska, Z., BieR, J., 2018. Seroprevalence of Toxoplasma gondii
and Neospora caninum infection in sheep, goats, and fallow deer farmed on
the same area. J. Anim. Sci 96, 2468—2473. https://doi.org/10.1093/jas/sky122

Nayeri, T., Sarvi, S., Daryani, A., 2021. Toxoplasma gondii in mollusks and cold-
blooded animals: a systematic review. Parasitology 148.
https://doi.org/10.1017/5S0031182021000433

Nicolle, C., Manceaux, L., 1909. Sur un protozoaire nouveau du gondi. C. R. Seances
Acad. Sci. 148, 369-372.

Nicolle, C., Manceaux, L., 1908. Sur une infection a' corps de Leishman (ou
organismes voisins) du gondi. C. R. Seances Acad. Sci. 147, 763-766.

Nishikawa, Y., Claveria, F.G., Fujisaki, K., Nagasawa, H., 2002. Studies on serological
cross-reaction of Neospora caninum with Toxoplasma gondii and Hammondia
heydorni. ) Vet Med Sci 64, 161-164. https://doi.org/10.1292/IVMS.64.161

Olariu, T.R., Blackburn, B.G., Press, C., Talucod, J., Remington, J.S., Montoya, J.G.,
2019. Role of Toxoplasma IgA as Part of a Reference Panel for the Diagnosis of

196



CHAPTER VIII: BIBLIOGRAPHY

Acute  Toxoplasmosis during Pregnancy. J Clin  Microbiol 57.
https://doi.org/10.1128/JCM.01357-18

Olsen, A., Nielsen, H\V.,, Alban, L., Houe, H., Jensen, T.B., Denwood, M., 2022.
Determination of an optimal ELISA cut-off for the diagnosis of Toxoplasma
gondii infection in pigs using Bayesian latent class modelling of data from
multiple diagnostic  tests. Prev Vet Med 201, 105606.
https://doi.org/10.1016/).PREVETMED.2022.105606

Olsen, A., Sandberg, M., Houe, H., Nielsen, H.V., Denwood, M., Jensen, T.B., Alban,
L., 2020. Seroprevalence of Toxoplasma gondii infection in sows and finishers
from conventional and organic herds in Denmark: Implications for potential
future  serological surveillance. Prev Vet Med 185, 105149.
https://doi.org/10.1016/j.prevetmed.2020.105149

Opsteegh, M., Maas, M., Schares, G., van der Giessen, J., 2017. Relationship
between seroprevalence in the main livestock species and presence of
Toxoplasma gondii in meat (GP/EFSA/BIOHAZ/2013/01) An extensive literature
review. Final report. EFSA Supporting Publications 13.
https://doi.org/10.2903/SP.EFSA.2016.EN-996

Opsteegh, M., Teunis, P., Mensink, M., Zlichner, L., Titilincu, A., Langelaar, M., van
der Giessen, J., 2010. Evaluation of ELISA test characteristics and estimation of
Toxoplasma gondii seroprevalence in Dutch sheep using mixture models. Prev
Vet Med 96, 232-240. https://doi.org/10.1016/J.PREVETMED.2010.06.009

Ortiz- Pineda, C., Guiguet- Leal, D.A., da Silva- Fiuza, V.R., Jose, J., Borelli, G., Durigan,
M., Pena, H.F.J., Bueno Franco, R.M., 2020. Toxoplasma gondii oocysts, Giardia
cysts and Cryptosporidium oocysts in outdoor swimming pools in Brazil.
Zoonoses Public Health 67, 785-795. https://doi.org/10.1111/ZPH.12757

Pablos-Tanarro, A., Ortega-Mora, L.M., Palomo, A., Casasola, F., Ferre, |., 2018.
Seroprevalence of Toxoplasma gondii in Iberian pig sows. Parasitol Res 117,
1419-1424. https://doi.org/10.1007/500436-018-5837-3

Paborsky, L.R., Dunn, K.E., Gibbs, C.S., Dougherty, J.P., 1996. A nickel chelate
microtiter plate assay for six histidine-containing proteins. Anal Biochem 234,
60-5. https://doi.org/10.1006/abio.1996.0050

Pabst, R., 2020. The pig as a model for immunology research. Cell Tissue Res 380,
287-304. https://doi.org/10.1007/s00441-020-03206-9.

Palos-Ladeiro, M., Bigot-Clivot, A., Aubert, D., Villena, |., Geffard, A., 2015.
Assessment of Toxoplasma gondii levels in zebra mussel (Dreissena
polymorpha) by real-time PCR: an organotropism study. Environmental
Science and Pollution Research 22, 13693-13701.
https://doi.org/10.1007/s11356-015-4296-y

197



CHAPTER VIII: BIBLIOGRAPHY

Papatsiros, V.G., Athanasiou, L. V., Stougiou, D., Papadopoulos, E., Maragkakis, G.G.,
Katsoulos, P.D., Lefkaditis, M., Kantas, D., Tzika, E.D., Tassis, P.D., Boutsini, S.,
2016. Cross-Sectional Serosurvey and Risk Factors Associated with the
Presence of Toxoplasma gondii Antibodies in Pigs in Greece. Vector Borne
Zoonotic Dis 16, 48-53. https://doi.org/10.1089/VBZ.2015.1845

Papini, R., Di Ciccio, P., Marangi, M., Ghidini, S., Zanardi, E., Vergara, A., Giangaspero,
A., Nardoni, S., Rocchigiani, G., Mancianti, F., lanieri, A., 2017. Occurrence of
Toxoplasma gondii in carcasses of pigs reared in intensive systems in Northern
Italy. J Food Prot 80, 515-522. https://doi.org/10.4315/0362-028X.JFP-16-314

Paraoan, C.E., Villanueva, R.M., Obusan, M.C., 2023. Molecular Detection and
Prevalence of Toxoplasma gondii in Ready-to-eat Vegetables and Oysters in
Central Luzon, Philippines. Philipp J Sci 152.
https://doi.org/10.56899/152.05.36

Pardini, L., Maksimov, P., Herrmann, D.C., Bacigalupe, D., Rambeaud, M., Machuca,
M., Moré, G., Basso, W., Schares, G., Venturini, M.C., 2012. Evaluation of an in-
house TgSAG1 (P30) IgG ELISA for diagnosis of naturally acquired Toxoplasma
gondii infection in pigs. Vet Parasitol 189, 204-210.
https://doi.org/10.1016/J.VETPAR.2012.04.014

Pastiu, A.l., Cozma-Petrut, A., Mercier, A., Balea, A., Galal, L., Mircean, V., Pusta, D.L.,
Bogdan, L., Gyorke, A., 2019. Prevalence and genetic characterization of
Toxoplasma gondii in naturally infected backyard pigs intended for familial
consumption in Romania. Parasit Vectors 12, 1-9.
https://doi.org/10.1186/513071-019-3842-8/FIGURES/2

Pastiu, A.l.,, Gyorke, A., Blaga, R., Mircean, V., Rosenthal, B.M., Cozma, V., 2013. In
Romania, exposure to Toxoplasma gondii occurs twice as often in swine raised
for familial consumption as in hunted wild boar, but occurs rarely, if ever,
among fattening pigs raised in confinement. Parasitol Res 112, 2403-2407.
https://doi.org/10.1007/5S00436-013-3353-Z/TABLES/1

Peyron, F., Mc Leod, R., Ajzenberg, D., Contopoulos-loannidis, D., Kieffer, F.,
Mandelbrot, L., Sibley, L.D., Pelloux, H., Villena, I., Wallon, M., Montoya, J.G.,
2017. Congenital Toxoplasmosis in France and the United States: One Parasite,
Two Diverging Approaches. PLoS Negl Trop Dis 11, e0005222.
https://doi.org/10.1371/journal.pntd.0005222

Pinkerton, H., Weinman, D., 1940. Toxoplasma infection in man. Arch. Pathol. 30,
374-392.

Pinto-Ferreira, F., Caldart, E.T., Pasquali, A.K.S., Mitsuka-Bregand, R., Freire, R.L,,
Navarro, I.T., 2019a. Patterns of Transmission and Sources of Infection in
Outbreaks of Human Toxoplasmosis. Emerg Infect Dis 25, 2177-2182.
https://doi.org/10.3201/E1D2512.181565

198



CHAPTER VIII: BIBLIOGRAPHY

Pinto-Ferreira, F., Mitsuka-Bregand, R., Monica, T.C., Martins, F.D.C., De Matos,
L.R.N., Mareze, M., Nino, B.D.S.L., Narciso, S.G., Freire, R.L.,, Navarro, I.T,,
2019b. Investigation and environmental analysis of samples from outbreak of
toxoplasmosis at research institution in Londrina, Parana, Brazil, 2016. Rev
Bras Parasitol Vet. 28, 518-521. https://doi.org/10.1590/51984-29612019044

Pipia, A.P., Varcasia, A., Dessi, G., Panzalis, R., Gai, C., Nonnis, F., Veronesi, F.,
Tamponi, C., Scala, A., 2018. Seroepidemiological and biomolecular survey on
Toxoplasma gondii infection on organic pig farms. Parasitol Res 117, 1637—-
1641. https://doi.org/10.1007/s00436-018-5823-9

Plaut, A., 1946. The problem of human Toxoplasma carriers. Am. J. Pathol. 22, 427—-
531.

Powell, L.F., Cheney, T.E.A., Williamson, S., Guy, E., Smith, R.P., Davies, R.H., Wyllie,
S., Paiba, G., Tayleur, J., Howell, M., Armstrong, D., Bailey-Beech, E., Tedder, R.,
Guy, Edward, Batey, N., 2016. A prevalence study of Salmonella spp., Yersinia
spp., Toxoplasma gondii and porcine reproductive and respiratory syndrome
virus in UK pigs at slaughter. Epidemiol Infect 144, 1538-1549.
https://doi.org/10.1017/50950268815002794

Puchalska, M., Wisniewski, J., Klich, D., Gotab, E., Jaiczak, D., Sokotowska, J.,
Urbanska, K., Anusz, K., 2022. A serological survey of Toxoplasma gondii in
polish pigs from organic farms, other housing systems and in pigs of different
age groups. Acta Vet Scand 64. https://doi.org/10.1186/513028-022-00623-4

Rahmanian, V., Rahmanian, K., Jahromi, A., Bokaie, S., 2020. Seroprevalence of
Toxoplasma gondii infection: An umbrella review of updated systematic
reviews and meta-analyses. J Family Med Prim Care 9, 3848.
https://doi.org/10.4103/jfmpc.jfmpc_753_20

Ribeiro, L.A., Santos, L.K.N.S.S., Brito, P.A., Maciel, B.M., Da Silva, A. V,,
Albuquerque, G.R., 2015. Detection of Toxoplasma gondii DNA in Brazilian
oysters (Crassostrea rhizophorae). Genet Mol Res 14, 4658-4665.
https://doi.org/10.4238/2015.MAY.4.25

Rico-Torres, C.P., Vargas-Villavicencio, J.A., Correa, D., 2016. Is Toxoplasma gondii
type related to clinical outcome in human congenital infection? Systematic and
critical review. European Journal of Clinical Microbiology & Infectious Diseases
35, 1079-1088. https://doi.org/10.1007/s10096-016-2656-2

Robert-Gangneux, F., Guegan, H., 2021. Anti- Toxoplasma 1gG assays: What
performances for what purpose? A systematic review. Parasite 28, 39.
https://doi.org/10.1051/parasite/2021035

Rodrigues Oliveira, A., Ritter, J.M., Oliveira dos Santos, D., Pizzolato de Lucena, F,,
Aquino de Mattos, S., Parente de Carvalho, T., Bullock, H., Giannini Alves
Moreira, L., Magalhdes Arthuso Vasconcelos, I., Barroso Costa, F., Alves da

199



CHAPTER VIII: BIBLIOGRAPHY

Paixdao, T., Santos, R.L, 2022. Pathology and epidemiology of fatal
toxoplasmosis in free-ranging marmosets (Callithrix spp.) from the Brazilian
atlantic forest. PLoS Negl Trop Dis 16, e0010782.
https://doi.org/10.1371/journal.pntd.0010782

Rodriguez-Ponce, E., Conde, M., Corbera, J.A., Jaber, J.R., Ventura, M.R., Gutiérrez,
C., 2017. Serological survey of antibodies to Toxoplasma gondii and Neospora
caninium in goat population in Canary Islands (Macaronesia Archipelago,
Spain). Small Ruminant Research 147, 73-76.
https://doi.org/10.1016/j.smallrumres.2016.11.020

Roe, W.D., Howe, L., Baker, E.J., Burrows, L., Hunter, S.A., 2013. An atypical genotype
of Toxoplasma gondii as a cause of mortality in Hector’s dolphins
(Cephalorhynchus hectori). Vet Parasitol 192, 67-74.
https://doi.org/10.1016/j.vetpar.2012.11.001

Rossi, G.F., Cabral, D.D., Ribeiro, D.P., Pajuaba, A.C.A.M., Corréa, R.R., Moreira, R.Q,,
Mineo, TW.P., Mineo, J.R., Silva, D.A.O., 2011. Evaluation of Toxoplasma gondii
and Neospora caninum infections in sheep from Uberldndia, Minas Gerais
State, Brazil, by different serological methods. Vet Parasitol 175, 252-259.
https://doi.org/10.1016/J.VETPAR.2010.10.017

Rostami, A., Riahi, S.M., Esfandyari, S., Habibpour, H., Mollalo, A., Mirzapour, A.,
Behniafar, H., MohammadiMoghadam, S., Azizi Kyvanani, N., Aghaei, S.,
Bazrafshan, N., Ghazvini, S., 2021. Geo-climatic factors and prevalence of
chronic toxoplasmosis in pregnant women: A meta-analysis and meta-
regression. Environ Pollut 288.
https://doi.org/10.1016/J.ENVPOL.2021.117790

Rostami, A., Riahi, S.M., Gamble, H.R., Fakhri, Y., Nourollahpour Shiadeh, M.,
Danesh, M., Behniafar, H., Paktinat, S., Foroutan, M., Mokdad, A.H., Hotez, P.J.,
Gasser, R.B., 2020. Global prevalence of latent toxoplasmosis in pregnant
women: a systematic review and meta-analysis. Clinical Microbiology and
Infection 26, 673-683. https://doi.org/10.1016/j.cmi.2020.01.008

Rousseau, A., Escotte-Binet, S., La Carbona, S., Dumetre, A., Chagneau, S., Favennec,
L., Kubina, S., Dubey, J.P.,, Majou, D., Bigot-Clivot, A., Villena, I., Aubert, D.,
2019a. Toxoplasma gondii oocyst infectivity assessed using a sporocyst based
cell culture assay combined with quantitative PCR for environmental
applications. Appl Environ Microbiol 85. https://doi.org/10.1128/AEM.01189-
19

Rousseau, A., Villena, I.,, Dumétre, A., Escotte-Binet, S., Favennec, L., Dubey, J.P,,
Aubert, D., La Carbona, S., 2019b. Evaluation of propidium monoazide—based
gPCR to detect viable oocysts of Toxoplasma gondii. Parasitol Res 118, 999—
1010.

200



CHAPTER VIII: BIBLIOGRAPHY

Ruggiero, M.A., Gordon, D.P.,, Orrell, T.M., Bailly, N., Bourgoin, T., Brusca, R.C,,
Cavalier-Smith, T., Guiry, M.D., Kirk, P.M., 2015. A higher level classification of
all living organisms. PLoS One 10.
https://doi.org/10.1371/journal.pone.0119248

Sabin, A.B., 1942. Toxoplasmosis. A recently recognized disease of human beings.
Adv. Pediatr. 1, 1-53.

Sabin, A.B., 1941. Toxoplasmic encephalitis in children. J. Am. Med. Assoc. 116,
801-807.

Sabin, A.B., Feldman, H.A., 1948. Dyes as microchemical indicators of a new
immunity phenomenon affecting a protozoon parasite (Toxoplasma). Science
(1979) 108, 660-663.

Sabin, A.B., Olitsky, P.K., 1937. Toxoplasma and Obligate Intracellular Parasitism.
Science (1979) 85, 336—338. https://doi.org/10.1126/science.85.2205.336

Sabin, A.B., Ruchman, ., 1942. Characteristics of the Toxoplasma neutralizing
antibody. Proc. Soc. Exp. Biol. Med. 51, 1-6.

Salas-Fajardo, M., Benavides, J., Azevedo, A., Figueiras, P., Monteiro, M., Orge, L.,
Mendonca, P., Carvalho, P.,, Waap, H., Ortega-Mora, L.M., Calero-Bernal, R.,
2023. Fatal toxoplasmosis in a captive squirrel monkey (Saimiri boliviensis) in
Portugal. Vet Res Commun. https://doi.org/10.1007/s11259-023-10179-x

Sanchez-Sanchez, R., Ferre, ., Re, M., Pérez-Arroyo, B., Cleofé-Resta, D., Garcia,
V.H., Diaz, M.P.,, Ferrer, L.M., Ruiz, H., Vallejo-Garcia, R., Benavides, J.,
Hulverson, M.A., Choi, R., Whitman, G.R., Hemphill, A., Van Voorhis, W.C,,
Ortega-Mora, L.M., 2021. A short-term treatment with BKI-1294 does not
protect foetuses from sheep experimentally infected with Neospora caninum
tachyzoites during pregnancy. Int J Parasitol Drugs Drug Resist 17, 176—185.
https://doi.org/10.1016/J.1JPDDR.2021.10.001

Sénchez-Sanchez, R., Ferre, |., Regidor-Cerrillo, J., Gutiérrez-Expdsito, D., Ferrer,
L.M., Arteche-Villasol, N., Moreno-Gonzalo, J., Miiller, J., Aguado-Martinez, A.,
Pérez, V., Hemphill, A., Ortega-Mora, L.M., Benavides, J., 2019. Virulence in
Mice of a Toxoplasma gondii Type Il Isolate Does Not Correlate With the
Outcome of Experimental Infection in Pregnant Sheep. Front Cell Infect
Microbiol 8. https://doi.org/10.3389/fcimb.2018.00436

Santana, S.S., Gebrim, L.C., Carvalho, F.R., Barros, H.S., Barros, P.C., Pajuaba,
A.C.A.M., Messina, V., Possenti, A., Cherchi, S., Reiche, E.M. V., Navarro, I.T.,
Garcia, J.L., Pozio, E., Mineo, TW.P,, Spano, F., Mineo, J.R., 2015. CCp5A Protein
from Toxoplasma gondii as a Serological Marker of Oocyst-driven Infections in
Humans and Domestic Animals. Front Microbiol 6.
https://doi.org/10.3389/fmicb.2015.01305

201



CHAPTER VIII: BIBLIOGRAPHY

Santoro, A., Tagel, M., Must, K., Laine, M., Lassen, B., Jokelainen, P., 2017a.
Toxoplasma gondii seroprevalence in breeding pigs in Estonia. Acta Vet Scand
59, 82. https://doi.org/10.1186/s13028-017-0349-1

Santoro, A., Veronesi, F., Milardi, G.L., Ranucci, D., Branciari, R., Diaferia, M.,
Gabirielli, S., 2017b. Sequence variation in the B1 gene among Toxoplasma
gondii isolates from swine and cats in Italy. Res Vet Sci 115, 353-355.
https://doi.org/10.1016/j.rvsc.2017.06.025

Sechi, P., Ciampelli, A., Cambiotti, V., Veronesi, F., Cenci-Goga, B.T., 2013.
Seroepidemiological Study of Toxoplasmosis in Sheep in Rural Areas of the
Grosseto  District, Tuscany, Italy. Ital J Anim Sci 12, e39.
https://doi.org/10.4081/ijas.2013.e39

Shapiro, K., Bahia-Oliveira, L., Dixon, B., Dumetre, A., de Wit, L.A., VanWormer, E.,
Villena, 1., 2019a. Environmental transmission of Toxoplasma gondii: Oocysts
in water, soil and food. Food Waterborne Parasitol 15, e00049.
https://doi.org/10.1016/j.fawpar.2019.e00049

Shapiro, K., Vanwormer, E., Aguilar, B., Conrad, P.A., 2015. Surveillance for
Toxoplasma gondii in California mussels (Mytilus californianus) reveals
transmission of atypical genotypes from land to sea. Environ Microbiol 17,
4177-4188. https://doi.org/10.1111/1462-2920.12685

Shapiro, K., VanWormer, E., Packham, A., Dodd, E., Conrad, P.A., Miller, M., 2019b.
Type X strains of Toxoplasma gondii are virulent for southern sea otters
(Enhydra lutris nereis) and present in felids from nearby watersheds.
Proceedings of the Royal Society B: Biological Sciences 286, 20191334.
https://doi.org/10.1098/rspb.2019.1334

Shaw, N.J., Villegas, L.F., Eldred, B.J., Gaynor, D.H., Warden, P.S., Pepich, B. V., 2008.
Modification to EPA Method 1623 to address a unique seasonal matrix effect
encountered in some U.S. source waters. J Microbiol Methods 75, 445-448.
https://doi.org/10.1016/j.mimet.2008.07.021

Sheffield, H.G., 1970. Schizogony in Toxoplasma gondii: an electron microscope
study. Proc. Helminthol. Soc. Wash. 37, 237-242.

Sheffield, H.G., Melton, M.L.,, 1968. The Fine Structure and Reproduction of
Toxoplasma gondii. ) Parasitol 54, 209. https://doi.org/10.2307/3276925

Shuraley, E.A., Shamaeyv, N.D., Mukminov, M.N., Nagamune, K., Taniguchi, Y., Saito,
T, Kitoh, K., Arleevskaya, M.l.,, Fedotova, AYu., Abdulmanova, D.R,
Aleksandrova, N.M., Efimova, M.A., Yarullin, A.l., Valeeva, A.R., Khaertynov,
K.S., Takashima, Y., 2018. Toxoplasma gondii seroprevalence in goats, cats and
humans in Russia. Parasitol Int 67, 112-114.
https://doi.org/10.1016/j.parint.2017.10.014

202



CHAPTER VIII: BIBLIOGRAPHY

Sibley, L.D., LeBlanc, A.J., Pfefferkorn, E.R., Boothroyd, J.C., 1992. Generation of a
restriction fragment length polymorphism linkage map for Toxoplasma gondii.
Genetics 132, 1003-1015. https://doi.org/10.1093/GENETICS/132.4.1003

Silva, C.M., Silva, A.L.P., Watanabe, K.F.C., Bezerra, N.P.C., Bezerra, D.C., Gomes,
H.M., Freire, T.B., Dos Santos, L.S., Neta, AV. de C,, Silva, E.M.C., Coimbra,
V.C.S., 2020. First report of detection of Toxoplasma gondii DNA in oysters
(Crassostrea sp.) in the state of Maranhdo. Rev Bras Parasitol Vet 29, 1-6.
https://doi.org/10.1590/51984-29612020050

Slana, |., Bier, N., Bartosova, B., Marucci, G., Possenti, A., Mayer-Scholl, A.,
Jokelainen, P., Lalle, M., 2021. Molecular Methods for the Detection of
Toxoplasma gondii Oocysts in Fresh Produce: An Extensive Review.
Microorganisms 9, 167. https://doi.org/10.3390/MICROORGANISMS9010167

Slany, M., Reslova, N., Babak, V., Lorencova, A., 2016. Molecular characterization of
Toxoplasma gondii in pork meat from different production systems in the
Czech Republic. Int J Food Microbiol 238, 252-255.
https://doi.org/10.1016/j.ijffoodmicro.2016.09.020

Smith, D., 1981. The Sarcocystidae: Sarcocystis, Frenkelia, Toxoplasma, Besnoitia,
Hammondia, @ and  Cystoisospora. Protozool 28, 262-266.
https://doi.org/10.1111/j.1550-7408.1981.tb02848.x

Speer, C.A., Dubey, J.P., 2005. Ultrastructural differentiation of Toxoplasma gondii
schizonts (types B to E) and gamonts in the intestines of cats fed bradyzoites.
Int J Parasitol 35, 193-206. https://doi.org/10.1016/J.1JPARA.2004.11.005

Splendore, A., 1908. Un nuovo protozoa parassita de’ conigli. incontrato nelle
lesioni anatomiche d’une malattia che ricorda in molti punti il Kala-azar dell’
uomo. Nota preliminare pel. Rev. Soc. Scient. Sao Paulo 3, 109-112.

Sroka, J., Kusyk, P., Bilska-Zajgc, E., Karamon, J., Dutkiewicz, J., Wdjcik-Fatla, A.,
Zajac, V., Stojecki, K., Rézycki, M., Cencek, T., 2017. Seroprevalence of
Toxoplasma gondii infection in goats from the south-west region of Poland and
the detection of T. gondii DNA in goat milk. Folia Parasitol (Praha).
https://doi.org/10.14411/fp.2017.023

Steinparzer, R., Reisp, K., Griinberger, B., Kofer, J., Schmoll, F., Sattler, T., 2015.
Comparison of Different Commercial Serological Tests for the Detection of
Toxoplasma gondii Antibodies in Serum of Naturally Exposed Pigs. Zoonoses
Public Health 62, 119-124. https://doi.org/10.1111/ZPH.12122

Stelzer, S., Basso, W., Benavides Silvan, J., Ortega-Mora, L.M., Maksimov, P,
Gethmann, J., Conraths, F.J., Schares, G., 2019. Toxoplasma gondii infection
and toxoplasmosis in farm animals: Risk factors and economic impact. Food
Waterborne Parasitol 15, e00037.
https://doi.org/10.1016/j.fawpar.2019.e00037

203



CHAPTER VIII: BIBLIOGRAPHY

Su, C., Shwab, E.K., Zhou, P., Zhu, X.Q., Dubey, J.P.,, 2010. Moving towards an
integrated approach to molecular detection and identification of Toxoplasma
gondii. Parasitology 137, 1-11. https://doi.org/10.1017/50031182009991065

Tagel, M., Lassen, B., Viltrop, A., Jokelainen, P., 2019. Large-Scale Epidemiological
Study on Toxoplasma gondii Seroprevalence and Risk Factors in Sheep in
Estonia: Age, Farm Location, and Breed Associated with Seropositivity. Vector-
Borne and Zoonotic Diseases 19, 421-429.
https://doi.org/10.1089/vbz.2018.2343

Taylor, M.A., Coop, R.L., Wall, R.L., 2016. Veterinary Parasitology, Fourth. ed. Wiley-
Blackwell.

Thebault, A., Kooh, P., Cadavez, V., Gonzales-Barron, U., Villena, I., 2021. Risk factors
for sporadic toxoplasmosis: A systematic review and meta-analysis. Microb
Risk Anal 17, 100133. https://doi.org/10.1016/J.MRAN.2020.100133

Torgerson, P.R., Mastroiacovo, P., 2013. The global burden of congenital
toxoplasmosis: a systematic review. Bull World Health Organ 91, 501-508.
https://doi.org/10.2471/BLT.12.111732

Turéekova, L., Antolovd, D., Reiterova, K., Spisak, F., 2013. Occurrence and genetic
characterization of Toxoplasma gondii in naturally infected pigs. Acta Parasitol
58, 361-366. https://doi.org/10.2478/511686-013-0154-6/METRICS

Uversky, V.N., Van Regenmortel, M.H. V., 2021. Mobility and disorder in antibody
and antigen binding sites do not prevent immunochemical recognition. Crit
Rev Biochem Mol Biol 56, 149-156.
https://doi.org/10.1080/10409238.2020.1869683

Vaudaux, J.D., Muccioli, C., James, E.R., Silveira, C., Magargal, S.L., Jung, C., Dubey,
J.P,, Jones, J.L., Doymaz, M.Z., Bruckner, D.A,, Belfort, J.R., Holland, G.N., Grigg,
M.E., 2010. Identification of an Atypical Strain of Toxoplasma gondii as the
Cause of a Waterborne Outbreak of Toxoplasmosis in Santa Isabel do lvai,
Brazil. J Infect Dis 202, 1226-1233. https://doi.org/10.1086/656397

Verhelst, D., De Craeye, S., Vanrobaeys, M., Czaplicki, G., Dorny, P., Cox, E., 2014.
Seroprevalence of Toxoplasma gondii in domestic sheep in Belgium. Vet
Parasitol 205, 57-61. https://doi.org/10.1016/j.vetpar.2014.07.001

Vieira, F.P.,, Alves, M. da G., Martins, L.M., Rangel, A.L.P., Dubey, J.P., Hill, D., Bahia-
Oliveira/, L.M.G., 2015. Waterborne toxoplasmosis investigated and analysed
under hydrogeological assessment: new data and perspectives for further
research. Mem Inst Oswaldo Cruz 110, 929-935.
https://doi.org/10.1590/0074-02760150262

Villagra-Blanco, R., Barrantes-Granados, O., Montero-Caballero, D., Romero-Zuiiiga,
J.J., Dolz, G., 2019. Seroprevalence of Toxoplasma gondii and Neospora

204



CHAPTER VIII: BIBLIOGRAPHY

caninum infections and associated factors in sheep from Costa Rica. Parasite
Epidemiol Control 4. https://doi.org/10.1016/j.parepi.2019.e00085

Villard, O., Cimon, B., L'Ollivier, C., Fricker-Hidalgo, H., Godineau, N., Houze, S., Paris,
L., Pelloux, H., Villena, |, Candolfi, E., 2016. Serological diagnosis of
Toxoplasma gondii infection: Recommendations from the French National
Reference Center for Toxoplasmosis. Diagn Microbiol Infect Dis 84, 22-33.
https://doi.org/10.1016/j.diagmicrobio.2015.09.009

Wallander, C., Frossling, J., Dérea, F.C., Uggla, A., Vagsholm, I., Lundén, A., 2016.
Pasture is a risk factor for Toxoplasma gondii infection in fattening pigs. Vet
Parasitol 224, 27-32. https://doi.org/10.1016/j.vetpar.2016.05.005

Wang, M., Meng, P, Ye, Q., Pu, Y--H., Yang, X.-Y,, Luo, J.-X., Zhang, N.-Z., Zhang, D.-L.,
2014. Detection of Toxoplasma gondii oocysts in soils in Northwestern China
using a new semi-nested PCR assay. BMC Vet Res 10, 238.
https://doi.org/10.1186/s12917-014-0238-z

Wanko, T., Jacobs, L., Gavin, M.A., 1962. Electron microscope study of Toxoplasma
cysts in mouse brain. J. Protozool. 9, 235-242.

Ware, M\W., Augustine, S.A.J., Erisman, D.O., See, M.J., Wymer, L., Hayes, S.L,,
Dubey, J.P., Villegas, E.N., 2010. Determining UV Inactivation of Toxoplasma
gondii Oocysts by Using Cell Culture and a Mouse Bioassay. Appl Environ
Microbiol 76, 5140-5147. https://doi.org/10.1128/AEM.00153-10

Wastling, J.M., Harkins, D., Buxton, D., 1994. Western blot analysis of the IgG
response of sheep vaccinated with S48 Toxoplasma gondii (Toxovax). Res Vet
Sci 57, 384-386. https://doi.org/10.1016/0034-5288(94)90135-X

Weinman, D., Chandler, A.H., 1954. Toxoplasmosis in Swine and Rodents. Reciprocal
Oral Infection and Potential Human Hazard. Exp Biol Med 87, 211-216.
https://doi.org/10.3181/00379727-87-21337

Wells, B., Shaw, H., Innocent, G., Guido, S., Hotchkiss, E., Parigi, M., Opsteegh, M.,
Green, J., Gillespie, S., Innes, E.A., Katzer, F., 2015. Molecular detection of
Toxoplasma gondii in water samples from Scotland and a comparison between
the 529bp real-time PCR and ITS1 nested PCR. Water Res 87, 175-181.
https://doi.org/10.1016/j.watres.2015.09.015

WHO, FAO, 2014. Multicriteria-based ranking for risk management of food-borne
parasites: report of a Joint FAO/WHO expert meeting. Rome.

WOAH, 2023. Principles and methods of validation of diagnostic assays for
infectious diseases [WWW Document]. WOAH Terrestrial Manual 2023.
Chapter 1.1.6. URL
https://www.woah.org/fileadmin/Home/fr/Health_standards/tahm/1.01.06_
VALIDATION.pdf (accessed 11.13.23).

205



CHAPTER VIII: BIBLIOGRAPHY

Wolf, A, Cowen, D., Paige, B., 1939. Human toxoplasmosis: Occurrence in infants as
an encephalomyelitis verification by transmission to animals. Science (1979)
89, 226-227.
https://doi.org/10.1126/SCIENCE.89.2306.226/ASSET/51A52006-4A4B-46A7-
B528-942599FF0827/ASSETS/SCIENCE.89.2306.226.FP.PNG

Wyrosdick, H.M., Schaefer, J.J., 2015. Toxoplasma gondii: history and diagnostic test
development. Anim Health Res Rev 16, 150-162.
https://doi.org/10.1017/51466252315000183

Ybafiez, R.H.D., Ybariez, A.P., Nishikawa, Y., 2020. Review on the Current Trends of
Toxoplasmosis Serodiagnosis in Humans. Front Cell Infect Microbiol 10.
https://doi.org/10.3389/fcimb.2020.00204

Zhu, S., VanWormer, E., Shapiro, K., 2023. More people, more cats, more parasites:
Human population density and temperature variation predict prevalence of
Toxoplasma gondii oocyst shedding in free-ranging domestic and wild felids.
PLoS One 18, e0286808. https://doi.org/10.1371/journal.pone.0286808

206



APPENDIXES






APPENDIXES

Appendix 1. A thorough approach provides evidence for low diagnostic value of TgERP
(TgLEA850) protein as a serological indicator for Toxoplasma gondii oocyst-derived

infection (article draft, paper No. 5).

209






APPENDIX 1
Sub-objective 2.2: usefulness of TgERP for source-attributing serological tests

A thorough approach provides evidence for low diagnostic value of TgGERP (TgLEA850)
protein as a serological indicator for Toxoplasma gondii oocyst-derived infection

Nadia-Maria Lopez-Urefia?, Frank Seeber?, Furio Spano3, Bretislav Koudela®>®, Rafael
Calero-Bernal?, Pikka Jokelainen?, Luis-Miguel Ortega-Mora?’, Gema Alvarez-Garcia®

ISALUVET, Animal Health Department, Veterinary Faculty, Complutense University of
Madrid, Spain

2FG16 - Mycotic and Parasitic Agents and Mycobacteria, Robert Koch-Institut, Berlin,
Germany

3Unit of Foodborne and Neglected Parasitic Diseases, Department of Infectious Diseases,
Istituto Superiore di Sanita, Rome, Italy

4Central European Institute of Technology (CEITEC), University of Veterinary Sciences
Brno, Czech Republic

>Faculty of Veterinary Medicine, University of Veterinary Sciences Brno, Czech Republic
Veterinary Research Institute, Brno Czech Republic

’Infectious Disease Preparedness, Statens Serum Institut, Copenhagen, Denmark

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 1gG 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 TgGERP 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 TZERP 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, 20203; 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
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sporozoite- or sporocysts/oocysts wall-
specifics, with reported promising
results in many cases (reviewed by
Alvarez-Garcia et al., 2021). Among
them, the T. gondii late embryogenesis-
related protein, TgERP, also known as
LEA850 (Arranz-Solis 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
etal. (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 (Lopez-Ureia
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 (Lopez-Urefia 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, ¢
comparison of a conventional TgERP-
ELISA using Maxisorp plates (Nunc™,
Thermo Fisher Scientific,
Massachusetts, U.S.A.) vs. two in-house
nickel-nitrilotriacetic  acid  (Ni-NTA)
coated Maxisorp (Nunc™, 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
(Pierce™, 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.
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2.2.  Production of native antigens

Toxoplasma gondii tachyzoites were
cell-cultured, purified, preserved and
prepared for WB as indicated by Lopez-
Urefia 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 Il, ToxoDB genotype #3) (Sanchez-
Sanchez 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
guantification, 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,
and quantification

purification

TgERP was expressed, purified and
guantified as specified by Arranz-Solis et
al. (2023) and Lopez-Ureiia et al.
(2023b), but with some slight
modifications, as specified below.
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BL21 Escherichia coli strain expressing
pQE9S0S 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 ODggonm of 0.5-0.7, moment
when TgERP expression was induced by
adding isopropyl-B-D-1-
galactopyranoside (ImMm 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 cOmplete™ 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-Solis 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-um 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, 300mM NaCl, 20mM
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
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anti-6His Tag antibody (Qiagen, Venlo,
Netherlands). To finish, the buffer was

changed to PBS using VivaSpin®2
columns (Sartorius, Gottingen,
Germany) and the protein was

guantified using Qubit protein assay kit
(Invitrogen™, 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 Lépez 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 pL
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.
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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 (Damek, 2023; Largo-
de la Torre et al.,, 2022). These serum
panels were characterized using different
tachyzoite-based conventional serological
tests (Lopez-Urena et al., 2023c, 2023a)
and were used in the previous study that
found no specific-oocyst protein useful for
source-attributing serology (Lépez-Urefa
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 Il
isolate (CZ-Tiger strain, ToxoDB RFLP
genotype #3), and 400 T. gondii oocysts
(n=3) or 10 tissue cysts (n= 2) from type
Il isolate (CZ-Simkova strain, ToxoDB #2),
bled at 0, 2, 4 and 6 weeks post-infection
(wpi) (n= 44) (Damek, 2023). Panel 2
corresponded to three-months-old
female pigs inoculated orally with 1000
oocysts from the isolates TgShSp1 (type
Il, ToxoDB #3, n=5) and TgShSp24 (type
Ill, 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
TgShSpl strain  (Type 1l, ToxoDB
genotype #3) (Sanchez-Sanchez 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
uL/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 ul/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  Fluoroshield™  (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,
Alexasssnm-conjugated anti-rabbit IgG
(Invitrogen™, 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 Lépez-Urefia
et al. (2023a). A similar approach was
followed for the sporulated oocysts
soluble antigen-based WB, but using
100 pg/single-well comb of the antigen,
also under reducing conditions.
Peroxidase  conjugated anti-rabbit
antibody (1gG) 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.
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2.5.3. TgERP-ELISA tests

The conventional TgERP-ELISA was
performed as detailed by Lépez-Ureiia
et al. (2023b), with minor modifications.
For coating, 0.2 ug/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 (ODs20nm) 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 (Nunc™, 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
uL/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 pL/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 pL/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 (Pierce™), the manufacturer’s
instructions were followed.

2.6. Dataanalyses

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.
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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 TEERP 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,

Maclura pomifera lectine. Scale bar: 5 um.

Similarly, differences in OD values
between anti-TgOocyst and anti-rTgERP
were recorded with all batches, but
were less significant in the case of Bl
(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).
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MPL: fluorescein isothiocyanate-conjugated

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
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Figure 2. TGERP-ELISA tests based on different TgERP batches (A) and ELISA plate
systems (B), and kinetics of specific IgG antibodies against TEGERP using sera from pigs
experimentally infected with oocysts and tissue cysts from type Il and type lll 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
Lépez-Urefia 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, TEGERP was not selected
as a suitable marker of oocyst-derived
infections due to its low antigenicity and
lack of stage specificity (Lopez-Ureiia 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
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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 TEERP
expression in procaryotic cells or to the
fact TgERP is an intrinsically disordered
protein, lacking a defined structure
(Arranz-Solis 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 Lépez-Urefia 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-Solis
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 1gGs 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 Il and type lll isolates at
six weeks post-infection.

Bl MW
A vw (kDa)
(kDa)
69
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(type I1) (type Il) (type IlI) (type 11} (type 1) (type I1) (type 1) (type 111)

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 M ¢ e+ ¢ ¢+ ¢ c+
(kDa)
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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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