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ABSTRACT

Toxoplasmosis is among the most widespread and significant parasitic foodborne zoonosis
worldwide, representing a major public health concern due to its cosmopolitan distribution and
its role in causing miscarriages in pregnant women, disease in newborns and children, and life-
threatening conditions in immunocompromised individuals. The main routes of human
infection are the consumption of undercooked meat from livestock and the ingestion of food or
water contaminated with sporulated oocysts from cat faeces. Meat-borne transmission accounts
for most reported human cases, with pork considered one of the most common sources.
However, reliable serological surveillance systems for Toxoplasma gondii (T. gondii) during

routine meat inspection are still lacking.

This study analysed 1621 pig serum samples from fattening pigs and sows collected in 2021
and 2022 in Croatia for the presence of immunoglobulin G (IgG) antibodies against T. gondii
using the modified agglutination test (MAT). Additionally, a risk factor analysis for
toxoplasmosis in the domestic pig population was conducted based on existing questionnaire
data from the biosecurity categorisation of farms. The overall seroprevalence was estimated at
19.68%, with higher seroprevalence of 30.96% in sows compared to 12.21% in fattening pigs.
Titre analysis showed a significant difference in the antibody titres against T. gondii between
fattening pigs and sows, with sows exhibiting 1.87 times higher titres and a stronger average
humoral immune response to the parasite. The variables identified as significant risk factors
increasing the likelihood of toxoplasmosis infection were older age, smaller herd size, keeping

pigs outdoors or indoors with outdoor access, and on-farm feed production.

The main risk factors identified in this study can inform targeted interventions to reduce or
eliminate toxoplasmosis risks on farms, thereby lowering seroprevalence and improving pork
safety for human consumption. They may also be useful in planning a monitoring system for
toxoplasmosis in pigs. The results of this study make a valuable contribution to understanding
swine toxoplasmosis in Croatia as part of the epidemiological chain of human toxoplasmosis,
and highlight the need for, and usefulness of, future research on other production animals using

the same methodology to obtain reliable and comparable results.

Keywords: Toxoplasma gondii, pigs, seroprevalence, risk factors, MAT, biosecurity



PROSIRENI SAZETAK
Uvod

Toksoplazmoza je jedna od najrasirenijih i najznacajnijih zoonoza koje se prenose hranom i
vodom. Invaziju uzrokuje protozoon Toxoplasma gondii, obligatni unutarstani¢ni parazit svih
toplokrvnih zivotinja i ¢ovjeka koji sluze kao posrednici, dok su domace i divlje macke jedini
nositelji. Zbog svog zoonotskog karaktera, ova parazitoza predstavlja vazan javno zdravstveni

vvvvv

komplikacije u trudnica, novorodencadi, djece i imunokompromitiranih osoba.

Najces¢i putevi invazije za posrednike Su ingestija termicki nedovoljno obradenog mesa sa
tkivnim cistama, unos hrane i vode kontaminirane sporuliranim oocistama iz maéjeg izmeta, te
transplacentarni prijenos. Prema podacima Europske agencije za sigurnost hrane (engl. EFSA),
oko 60% slucajeva toksoplazmoze u ljudi u Europi povezano je s konzumacijom termicki
nedovoljno obradenog mesa, pri ¢emu su svinjetina, govedina i janjetina identificirane kao
glavni izvori, a svinjetina se isti¢e kao najvazniji. U zakonodavstvu Europske unije,
toksoplazmoza je prepoznata kao vazna zoonoza koju treba pratiti ovisno o epidemioloskim
prilikama u drzavama c¢lanicama. Medutim kako ne postoji ustaljeni sustav pracenja
kongenitalne toksoplazmoze u ljudi u ve¢ini drzava EU, epidemiolosku situaciju je tesko
procijeniti. Osim toga, u¢inkovit sustav nadzora mesa pozitivnog na T. gondii koje je
namijenjeno ljudskoj prehrani takoder ne postoji. Brojna istrazivanja u Europi procijenila su
seroprevalenciju u svinja i u drugim domac¢im zivotinjama namijenjenih ljudskoj prehrani,
ukljucujuéi identifikaciju ¢imbenika rizika za invaziju s T.gondii. Cilj je bilo prepoznati
kljucne rizi¢ne ¢imbenike, poboljsati zoohigijenske mjere, ¢ime bi se smanjila seroprevalencija
u zivotinja i posljedi¢no rizik za invaziju ljudi.

Za detekciju 1gG protutijela na T. gondii u Zivotinja koristi se viSe seroloskih metoda, od
kojih su najrasireniji komercijalno dostupni enzimski imunosorbentni testovi (ELISA), a zatim
modificirani aglutinacijski test (MAT) 1 indirektni imunofluorescentni test (IFAT). Seroloska
dijagnostika toksoplazmoze opcenito je izazovna zbog nedostatka standardiziranog testa u
vecini zemalja, a to otezava usporedbu rezultata izmedu razli¢itih istraZzivanja i1 izmedu
razli¢itih vrsta Zivotinja. Iako su neka istrazivanja pokazala dobru sukladnost izmedu ovih
testova, MAT se smatra referentnom seroloskom metodom jer nije specifi¢an za pojedine vrste

zivotinja, Sto omogucuje pouzdanu usporedbu izmedu razlic¢itih Zivotinjskih vrsta.



Svinjetina je medu najces¢e konzumiranim vrstama mesa u Hrvatskoj na $to ukazuje
prosjecna potroSnja svjezeg svinjskog mesa u kuéanstvima koja je za 2022. godinu iznosila
17,6 kg po stanovniku. Osim toga u Hrvatskoj je u svinjogojstvu 2024. godine zabiljeZen porast
proizvodnje od 13,3% u odnosu na prethodnu godinu. Ovi podaci jasno ukazuju na vaznost
svinjogojstva u Hrvatskoj. Stoga je razumijevanje epidemiologije toksoplazmoze na hrvatskim
svinjogojskim farmama, kao i uloge rizicnih ¢imbenika, klju¢no za ucinkovitu kontrolu ove
zoonoze. Do danas je u Hrvatskoj obavljeno samo jedno istrazivanje 0 epidemiologiji
toksoplazmoze u svinja, a ono je provedeno na vrlo malom uzorku. Ovo istrazivanje predstavlja
prvo veliko, reprezentativno ispitivanje seroprevalencije toksoplazmoze koriste¢i MAT te

donosi sveobuhvatnu procjenu rizika invazije u populaciji svinja u Hrvatskoyj.
Materijali i metode

U ovom istrazivanju ispitivani su serumi tovljenika i krmaca prikupljeni tijekom 2021. i
2022. godine na prisutnost 1gG protutijela parazita T. gondii. Krv tovljenika i krmaca je
uzorkovana na liniji klanja prilikom iskrvarenja, dok je dio uzoraka seruma krmaca preuzet iz
arhive Hrvatskog veterinarskog instituta. Svi uzorci seruma su nakon pripreme transportirani u
Laboratoire de Santé Animale (ANSES, Maisons-Alfort, Francuska) gdje se za detekciju
protutijela koristio MAT za ¢iju izvedbu je antigen ustupio Centre National de Référence de la
Toxoplasmose (Reims, Francuska). Aglutinacija je o€itana pod povecalom, a uzorak je smatran
pozitivnim ako je aglutinat prekrivao vise od polovice dna jazice mikrotitracijske ploce. Dva
su ispitivaca neovisno ocitavala ploce, a svi uzorci reaktivni pri razrjedenju >1/6 klasificirani

su kao pozitivni.

Procijenjena je ukupna seroprevalencija u svinja, a vrijednosti seroprevalencije su izracunate
1 za svaku kategoriju moguceg rizicnog ¢imbenika. Zatim je provedena deskriptivna statistika
kako bi se ispitala raspodjela seropozitivnih i seronegativnih zivotinja unutar kategorija svakog
moguceg rizicnog ¢imbenika. Potom je ispitana povezanost izmedu svakog pojedinog
¢imbenika 1 seroprevalencije. Kako bi se odabrali potencijalni ¢imbenici rizika relevantni za
epidemiologiju toksoplazmoze, koriStena su odabrana pitanja i dostupni rezultati iz Upitnika za
kategorizaciju (Prilog 1), zajedno s ostalim podacima o svinjama i gospodarstvima. U analizu
su kao moguci ¢imbenici rizika za invaziju T. gondii uvrStene sljedece varijable: kategorija
svinje (tovljenik ili krmaca), dobna kategorija (<12 mjeseci, >12 mjeseci), spol (muski ili
zenski), ukupan broj svinja na farmi (<20, 21-100, >100), biosigurnosna kategorija (0, 1, 2, 3,
4), prisutnost kuénih ljubimaca na farmi (da/ne), zastita od ulaska drugih Zivotinja (da/ne),

drzanje u zatvorenom bez vanjskog ispusta (da/ne), vanjsko drzanje (da/ne), dezinfekcija obuce



pri ulasku u objekt (da/ne), postojanje dezinfekcijske barijere na ulazu u gospodarstvo (da/ne),
proizvodnja hrane na gospodarstvu (da/ne) te pravilno skladistenje hrane uz zastitu od $tetnika
(da/ne). Za procjenu povezanosti pojedinac¢nih ¢imbenika rizika na izglede za seropozitivnost
u svinja ucinjena je univarijatna logisticka regresija. U zavrSnom koraku izraden je
multivarijatni logisti¢ki model, kako bi se utvrdili najvazniji ¢imbenici rizika seropozitivnosti.
Naposljetku je provedena statisticka analiza titra koja je uklju¢ivala usporedbu izmedu skupina

tovljenika i krmaca i procjenu veli¢ine i znacaja razlike izmedu navedenih skupina.
Rezultati

Tijekom razdoblja istrazivanja 2021. i 2022. godine prikupljeno je ukupno 1693 seruma
svinja. Zbog nepotpunih podataka u analizu je uklju¢eno 1621 uzoraka. Ukupna
seroprevalencija procijenjena je na 19,68%. Svi ispitivani ¢imbenici rizika pokazali su

statisticki znacajnu povezanost sa seropozitivnoséu (p < 0,05).

Rezultati pokazuju da krmace imaju viSu seroprevalenciju toksoplazmoze (30,96%) u
usporedbi s tovljenicima (12,21%). Takoder, svinje starije od 12 mjeseci pokazuju veéu
seroprevalenciju (30,94%) u odnosu na mlade zivotinje (7,26%), dok su Zenke ceSce
seropozitivne nego muzjaci (22,17% naspram 13,17%). Nadalje gospodarstva bez dezbarijere
na ulazu ili bez dezinfekcije obuce pri ulasku u objekt imaju visu seroprevalenciju, 35,45% i
38,46% u usporedbi s gospodarstvima koja te mjere provode (14,88% i 16,71%). Svinje drzane
na otvorenom ili u zatvorenom sustavu s vanjskim ispustom imaju gotovo dvostruko visu
seroprevalenciju (33,96% i 31,30%) u odnosu na svinje drZzane u potpuno zatvorenom sustavu
(17,53% 1 15,96%). Sli¢no tome, prisutnost ku¢nih ljubimaca na gospodarstvima povezana je s
gotovo dvostruko ve¢om seroprevalencijom (28,20%) nego na gospodarstvima bez kuénih
ljubimaca (14,54%). Nadalje, gospodarstva s vlastitom proizvodnjom hrane imaju vise nego
trostruko vecu seroprevalenciju (24,51%) u odnosu na gospodarstva koja ne proizvode hranu
(7,42%), a gospodarstva koja pravilno skladiste hranu i $tite je od Stetnika biljeze dvostruko
nizu seroprevalenciju (19,06%) u usporedbi s gospodarstvima koje to ne ¢ine (40,43%). Na
kraju, veli¢ina krda pokazuje obrnut ucinak: mala krda (<20 svinja) imaju seroprevalenciju od
36,67%, srednja krda (21-100 svinja) 26,29%, dok velika krda (>100 svinja) biljeze 11,59%

seropozitivnih svinja.

Deskriptivna statistika biosigurnosnih kategorija je pokazala da je u kategoriji 1 1 4 utvrdena

seroprevalencija od 32,48% i 33,15%, dok je u kategorijama 2 i 3 seroprevalencija bila 22,14%



I 11,57%. Takoder je utvrdena neujednacena veliina uzoraka izmedu biosigurnosnih

kategorija.

Univarijatna logisti¢ka regresija pokazala je da su svi ispitivani ¢imbenici znacajno povezani
s invazijom s T. gondii. Zavr$ni multivarijantni model pokazao je da su dob, veli¢ina uzgoja,
nacin drzanja i vlastita proizvodnja hrane na gospodarstvu neovisni ¢imbenici rizika. Svinje
starije od 12 mjeseci imaju vise nego dvostruko vece izglede za seropozitivnost (OR = 2,32).
Mala gospodarstva (<20) imaju viSe od Cetiri puta veci rizik od velikih (>100) te dvostruko u
odnosu na srednja gospodarstva. Unutarnje drzanje bez vanjskog ispusta djeluje zastitno
(OR =0,55), dok vanjsko drZzanje udvostrucuje rizik (OR = 2,09). Svinje na gospodarstvima

koja proizvode vlastitu hranu imaju 1,63 puta vece izglede za seropozitivnost.
Analiza titra je pokazala da krmace imaju statisti¢ki znacajno visi titar od tovljenika.
Rasprava

U analizi 1621 uzorka seruma svinja u Hrvatskoj utvrdena je seroprevalencija protutijela na
T. gondii od 19,68%, pri ¢emu su krmace imale znatno viSu seroprevalenciju (30,96%) od
tovljenika (12,21%). Dobiveni rezultati razlikuju se od ranijeg manjeg istrazivanja, vjerojatno
zbog razli¢itih na€ina drZanja svinja, veli¢ine uzorka i primjenjene dijagnosticke metode.
Usporedba s medunarodnim istrazivanjima pokazuje da je seroprevalencija toksoplazmoze u
svinja u Hrvatskoj usporediva s globalnim prosjekom (oko 19%) te s rezultatima iz zemalja s
razvijenim svinjogojstvom. Varijabilnost rezultata uglavnom proizlazi iz razlika u sustavu

drZanja, kategorijama svinja, dijagnostickim metodama i primijenjenim cut-off vrijednostima.

Istrazivanjem je utvrdena viSa seroprevalencija u svinja s gospodarstava u biosigurnosnim
kategorijama 1 i 4 (32,48% i 33,15%) u usporedbi s gospodarstvima u kategorijama 2 i 3
(22,14% i 11,57%). Ovo se moze objasniti time $to Su u kategoriji 1 biosigurnosne mjere na
nizoj razini nego u kategorijama 2 i 3, a u kategoriji 4 drzanje svinja na otvorenom omogucuje
mackama direktan pristup i kontaminaciju okoline sporuliranim oocistama. lako bi
gospodarstva u kategoriji 3 trebala imati najviSu razinu zastite, zabiljeZena je seroprevalencija
od 11,57%, $to upucuje na mogucée propuste u provedbi mjera, npr. kretanje u istoj obuci i

pristup macaka dijelovima gospodarstava §to moze dovesti do unosa oocisti u nastambe.

Svih 12 ispitivanih ¢imbenika rizika za invaziju s T. gondii su pokazala statisti¢ki znac¢ajnu
povezanost sa seropozitivnos¢u svinja, pri ¢emu su se u konacnom multivarijatnom modelu
najvaznijima pokazali dob, veli¢ina krda, sustav drzanja te vlastita proizvodnja hrane. U ovom

je istrazivanju utvrdeno da su svinje starije od 12 mjeseci imale vise nego dvostruko vece



izglede (OR = 2,32) za seropozitivnost vjerojatno zbog dulje izloZenosti parazitu. Veli¢ina krda
takoder je imala snazan utjecaj — svinje na malim gospodarstvima imale su viSestruko vece
izglede za invaziju zbog otvorenijeg sustava drzanja i lakSeg pristupa macaka koje
kontaminiraju okoli§ oocistama. Svinje drzane na otvorenom imale su znaéajno visi rizik
(OR =2,09) za invaziju u odnosu na one drzane u zatvorenom sustavu. Isto tako svinje drZzane
u zatvorenom sustavu s pristupom vanjskom ispustu imale su znac¢ajno visi rizik, dok je potpuno
zatvoreni sustav djelovao zastitno (OR = 0,55), vjerojatno smanjuju¢i moguénost kontaminacije
hrane i vode sporuliranim oocistama. Vlastita proizvodnja hrane takoder je povecavala rizik
seropozitivnosti (OR = 1,63), najvjerojatnije zbog mogucnosti kontaminacije iste hrane ili
dodataka prehrani privla¢enjem macaka i glodavaca skladistima hrane. Buduéa istrazivanja

trebaju detaljnije ispitati proizvodnju i skladiStenje hrane, te identificirati kriti¢ne tocke.

Analiza titra pokazala je da krmace imaju 1,87 puta visi titar te da imaju i vecu heterogenost
titra (CV = 4,35) u odnosu na tovljenike (CV =2,11). Visoki titar IgG protutijela tesko je
interpretirati, jer moze ukazivati na akutnu, kroni¢nu invaziju ili reaktivaciju kroni¢ne. Veca
heterogenost kod krmaca najvjerojatnije je povezana sa starijom dobi, razli¢itim fizioloskim i
proizvodnim stadijima. Malo je poznato o dinamici specifi¢nih IgG protutijela na T. gondii u
svinja i potrebna su daljnja istrazivanja S longitudinalnim prac¢enjem titra, koristenjem vise

seroloskih testova, ukljucujuci detekciju IgM protutijela i indeks avidnosti IgG protutijela.
Zakljuéci

Seroprevalencija IgG protutijela na parazita T. gondii u svinja, utvrdena u ovom istraZivanju,
ukazuje na potencijalni rizik za invaziju ljudi, ako se svinjsko meso konzumira nedovoljno
termicki obradeno. Identifikacija kljuénih ¢imbenika rizika za toksoplazmozu kod svinja
omogucuje provodenje ciljane prevencije, smanjenje seroprevalencije na razini gospodarstava
1 time poboljSanje sigurnosti svinjskog mesa za ljudsku potro$nju. Rizici utvrdeni u ovom
istrazivanju mogu se koristiti pri planiranju sustava prac¢enja toksoplazmoze. Preporucuje se i
revizija postojeceg upitnika o kategorizaciji, s pitanjima koja detaljnije ispituju specifi¢ne
¢imbenike rizika. Pracenje, dijagnostika i prevencija ove zoonoze u skladu su s inicijativom
Jedno zdravlje. PredlaZze se standardizirati dijagnosticke metode za Zivotinje (primjerice
primjenom MAT testa), te provesti sli¢na opsezna istrazivanja i kod drugih vrsta domacih

zivotinja u Hrvatskoj koriste¢i MAT.

Kljuéne rije¢i: Toxoplasma gondii, svinja, seroprevalencija, rizi¢ni ¢imbenik, MAT,

biosigurnost
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1. INTRODUCTION

Toxoplasma gondii (T. gondii), a protozoan first described in the early 20th century, has
since become the most intensively studied parasite worldwide and is widely regarded as the
most successful, as it can infect all warm-blooded animals and humans, which serve as

intermediate hosts, while domestic cats and wild felids are definitive hosts (DUBEY 2009).

Toxoplasmosis, the disease caused by T. gondii is classified among the most significant
food- and waterborne parasitic zoonoses and ranks as the fourth most important foodborne
parasitosis globally (FAO/WHO 2014). Although human infections are usually asymptomatic,
the parasite can cause miscarriages in seronegative pregnant women and severe disease in
children, the elderly, and immunocompromised individuals (DUBEY 2021; ROBERT-
GANGNEUX et al. 2018). It is estimated that about one-third of the world's population is
chronically infected with T. gondii (ROSTAMI et al. 2020).

The primary sources of human infection are undercooked meat containing viable tissue cysts,
and food or water contaminated with sporulated oocysts from cat faeces (ALMERIA and
DUBEY 2021). Data from the European Food Safety Authority (EFSA) indicate that
meat-borne infections account for approximately 60% of toxoplasmosis cases in humans in
Europe, with pork, beef, and lamb identified as the main sources (EFSA 2018). Among these,
pork is considered one of the main sources of infection for humans (DJURKOVIC-DJAKOVIC
etal. 2013; DUBEY et al. 2020a). National studies in the United States of America (USA) and
the Netherlands have shown that pork accounts for 41% and 50% of human cases of
toxoplasmosis, respectively (EFSA 2018).

The European Union’s (EU’s) legislative framework on food safety has traditionally focused
on identifying potential public health risks affecting consumers. Within this framework
toxoplasmosis is recognised under the European Directive 2003/99/EC, which classifies it
among zoonoses that require surveillance depending on the epidemiological conditions in
member states. The absence of an effective surveillance programme for Toxoplasma-positive
meat intended for human consumption has been emphasised (EFSA 2007). This lack of
monitoring, together with the EFSA's recommendation to employ serology in pigs as an
epidemiological marker for T. gondii infection in the context of food safety, has prompted
considerable scientific investigations (EFSA 2011). As a result, numerous studies have been
conducted to examine the seroprevalence and associated risk factors of T. gondii infection in
pig populations. These studies aim to identify key predictors and mitigate them through
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improved hygiene and animal husbandry practices, thereby reducing infection in pigs and

consequently lowering the risk of zoonotic transmission.

Among the EU livestock sectors, the pig farming industry is dominant, with a total of 222
million pigs slaughtered in 2024 (EUROPEAN COMMISSION 2025). In 2023, the EU held
the position of the second-largest producer of pigmeat globally, following China, with an annual
production output approaching 21 million tonnes (EUROSTAT 2024). Specifically, in Croatia,
the pig farming industry observed a production increase of 13.3% in 2024 compared to the
previous year, resulting in roughly 1.6 million pigs slaughtered (CROATIAN BUREAU OF
STATISTICS 2025a, 2025b). Pork is among most consumed meats in Croatia, alongside
poultry. In 2022, average household consumption of pork (excluding smoked, salted and cured
products) was 17.6 kg (CROATIAN BUREAU OF STATISTICS 2021). These data highlight
the importance of pig farming in Croatia. A comprehensive understanding of the epidemiology
of toxoplasmosis in Croatian pig farms, including the role of associated risk factors, is therefore
essential for developing effective control strategies against this zoonosis. In the absence of
commercial vaccines for pigs, reliable assessment of infection status can be achieved through

serological detection of T. gondii specific antibodies in animal serum.

Various serological assays have been used to detect anti-T. gondii antibodies in pigs, with
enzyme-linked immunosorbent assays (ELISAS), particularly commercially available ones,
being the most common. These are followed in frequency by the modified agglutination test
(MAT) and the indirect fluorescent antibody test (IFAT) (DUBEY et al. 2020a; HUERTAS-
LOPEZ et al. 2023). Overall, the serodiagnosis of toxoplasmosis in animals and humans is
hindered by a lack of test standardisation in most countries, which complicates comparison of
results across different studies. Although some investigations have shown satisfactory inter-test
concordance, MAT is considered the reference serological assay due to its non-species-specific
nature, which facilitates comparative analysis across various animal species (KLUN et al.
2006).

To date, only one previous study has investigated the epidemiology of toxoplasmosis in pigs
in Croatia, using ELISA to detect T. gondii 1gG antibodies in serum samples; however, it
involved a very small number of animals. The present study is the first large-scale,
representative investigation in Croatia to use the MAT for detecting T. gondii IgG antibodies

in serum samples and to provide a comprehensive risk assessment of T. gondii infection in pigs.



2. LITERATURE REVIEW
2.1. A historical overview of Toxoplasma gondii

It has been more than 110 years since 7. gondii was identified and initially described by
Nicolle and Manceaux (1908 in Tunis) in the gundi, a North African rodent, and in a rabbit in
Brazil by Splendore (1908) (DUBEY 2009). The name Toxoplasma gondii, introduced by
Nicolle and Manceaux, was based on the shape and morphology of the infectious stage: (Greek)
toxon: bow or arc, plasma: creature. The suffix gondii comes from the original host, the gundi

(Ctenodactylus gundi).

The pathogenic potential of 7. gondii was first recognised in the 1920s and 1930s, when it
was established as a ubiquitous protozoan parasite and an important zoonotic and veterinary
pathogen. Early investigations found that in congenitally infected children, the disease
presented with the classic triad of symptoms: hydrocephalus, encephalitis, and
retinochoroiditis. In veterinary medicine, abortions in sheep due to acute toxoplasmosis were

recognised (DUBEY 2022a).

In the 1940s, broad-spectrum sulphonamide antibiotics were found to have anti-Toxoplasma
activity. Subsequently, combination therapy with sulphonamides and the antiparasitic drug
pyrimethamine was introduced and remains the gold standard treatment for toxoplasmosis in
humans (DUBEY 2008).

In the 1950s, ocular toxoplasmosis was described in detail and was attributed to postnatally
acquired T. gondii, in contrast to the previously most commonly recognised mode of
transmission — congenital (WEISS and DUBEY 20009).

From the 1960s to the early 1990s, studies on pregnant women and neonates revealed several
key findings in congenital toxoplasmosis. Fetal damage was most severe when maternal
infection occurred in the first two trimesters, transmission rates depended on the gestational
timing of infection, and women who were seropositive before pregnancy did not transmit the
parasite to the fetus. Additionally, the macrolide antibiotic spiramycin reduced congenital
transmission and proved effective in treating congenitally infected children (WEISS and
DUBEY 2009). Since then, spiramycin has been used prophylactically in early pregnancy to

reduce mother-to-fetus transmission when fetal infection has not been confirmed.



In the 1980s, T° gondii emerged as a one of the major causes of death in humans with acquired
immunodeficiency syndrome (AIDS), confirming the theory that reactivation of chronic
infection is related to immunocompromised states (WEISS and DUBEY 2009; DUBEY 2022a).

Over the years, many modes of transmission were recognised: congenital, carnivorism, and
faecal-oral. In the 1970s, with the discovery of the full life cycle and developmental stages in
the feline intestine, the definitive (cats) and intermediate hosts were defined and transmission

modes better understood (DUBEY 2009).

The diagnosis and investigation of 7. gondii relied primarily on experimental infections in
mice, known as bioassays, until major advances occurred with the development of the first
serological test, the Sabin-Feldman dye test (DT), in 1948, as it is both sensitive and specific,
with no evidence of false results (SABIN and FELDMAN 1948; DUBEY 2008). This test was
based on identifying specific anti-7. gondii antibodies in serum that altered the staining
characteristics of tachyzoites allowing the level of specific antibody to be quantified, thus
becoming the gold standard. It formed the basis of large-scale studies that revealed a high
proportion of humans and domestic animals carrying antibodies to 7. gondii

(FERGUSON 2009; INNES 2010).

Over time, numerous serological tests have been developed for diagnosing toxoplasmosis in
humans and animals. In the late 1960s, the detection of immunoglobulin M (IgM)
antibodies using ELISA and IFAT in neonatal cord blood became valuable for diagnosing
congenital toxoplasmosis, as IgM antibodies, unlike IgG, do not cross the placenta
(DUBEY 2008). The direct agglutination test (DAT), developed in the 1960s and later improved
in the 1980s as the modified agglutination test (MAT), significantly advanced the diagnosis of
toxoplasmosis in both humans and animals, as the MAT does not require species-specific

conjugates (DUBEY 2008).

Another major breakthrough in the diagnosis of toxoplasmosis occurred in the late 1980s,
when the first 7 gondii gene target (B1 gene) was identified for polymerase chain reaction
(PCR), enabling direct detection of the parasite’s deoxyribonucleic acid (DNA) in tissue
samples (DUBEY 2008; INNES 2010).

In the 1990s, identification of specific isoenzymes and comparison of restriction fragment
length polymorphisms enabled the distinction and comparison of various strains (types I, 11, 111,

and atypical). Gene mapping was achieved in 2005, facilitating the study of the pathogenic



potential of different genotypes. Mapping of 7. gondii genes is aiding the search for improved
antigens for diagnosis and protection (DUBEY 2008).

Since 2000, it has been possible to separate proteins from the whole parasite or from specific
subsets, such as excreted-secreted proteins, using electrophoresis, and to identify individual
proteins by mass spectrometry. This approach has greatly facilitated the identification of new
proteins, while proteomic data on the parasite also help to fill gaps in genomic data and improve

gene identification (FERGUSON 2009).

These advancements in molecular biology, protein separation, and proteomics have
collectively supported the development of many different strategies over the last four decades.
The first vaccine, developed in the 1980s, was a live attenuated vaccine based on the tachyzoites
of the cyst-less strain of T. gondii and was specifically designed to prevent congenital
toxoplasmosis in sheep (DUBEY 2008). This vaccine remains the only commericially available
option. Despite extensive efforts by the scientific community to develop new and improved
vaccines for humans, other intermediate hosts, and felids, an effective vaccine for clinical use
is still lacking (MEVELEC et al. 2020; CHU and QUAN 2021).

2.2. Etiology and epidemiology
2.2.1. Taxonomy

Toxoplasma gondii is an obligate intracellular coccidian parasite, with felids serving as the
final host and warm-blooded animals, including humans, as intermediate hosts. T. gondii is the
only species within the genus Toxoplasma. Coccidia represent an important group of animal
parasites, with the oocyst stage being crucial for their development (DUBEY 2022a). T. gondii
has a complex life cycle with three infective stages: (1) tachyzoites, (2) bradyzoites and
(3) oocysts. A detailed taxonomic classification of the genus Toxoplasma can be found in
Figure 1.
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Figure 1. Taxonomic classification of the genus Toxoplasma (CURRENT et al. 1990)



2.2.2. Morphology and pathogenesis

During its life cycle, T. gondii occurs in three developmental stages: tachyzoite, bradyzoite
and oocyst. The three infective stages (tachyzoite, bradyzoite and sporozoite within the
sporulated oocyst) have a similar structure, an elongated shape and a typical apical complex in
the anterior region containing various organelles (Figure 2). The apical complex, which consists
of the cylindrical conoid and secretory organelles (micronemes and rophtries), is essential for
the penetration of the parasite into the host cell (ATTIAS et al. 2020).

1. Pellicle 14. Internal microtubules

2. Conoidal (anterior) end 15. Microtubules of conoid
3. Posterior end 16. IMC

4. Micropore 17. Plasmalemma

5. Rhoptry 18. Apical ring 1

6. Microneme 19. Apical ring 2

7. Apicoplast 20. Polar ring 1

8. Amilopectin granules 21. Polarring 2

9. Dense granules 22. Subpellicular tubules

10. Golgy body

11. Mitochondrion

12. Endoplasmatic reticulin
13. Nucleus

Figure 2. Schematic drawings of T. gondii stages: (a) tachyzoite, (b) bradyzoite, (c) sporozite
and (d) apical complex (DUBEY 2022a)



Tachyzoites are rapidly multiplying forms typically found in acute infections, capable of
proliferating in all nucleated cells of the intermediate host and in the non-intestinal epithelial
cells of the final host. Tachyzoite is crescent in shape, measures 2 X 6 um, and contains a
centrally located nucleus with a pointed anterior end and a rounded posterior end. It has a
complex structure consisting of several organelles and inclusion bodies. The rhoptries are
convoluted, the tachyzoites have only a few micronemes, the dense granules are more numerous
than in the bradyzoites, and the amylopectin granules are few, small, or even absent (Figure 2a)
(ATTIAS et al. 2020). Tachyzoites can enter a host cell by phagocytosis or by active penetration
of the cell membrane, which involves a specific mechanism based on the activity of the actin-
myosin motor embedded in the inner membrane complex of the parasite's cytoskeleton
(DUBEY 2022b). After entering the host cell, the parasite becomes egg-shaped and is
surrounded by a parasitophorous vacuole, formed by both the host cell and the parasite. As the
membrane of the parasitophorous vacuole lacks intramembranous components and host cell
membrane markers, it cannot fuse with other membranes, thus preventing fusion with
lysosomes and potential parasite degradation. In the vacuole, the tachyzoite begins its asexual
reproduction by endodyogeny, a special form of reproduction in which two daughter cells are
generated from one tachyzoite. Infected host cells expand and eventually burst when they are
no longer able to support the growth of tachyzoites, releasing them to infect new cells. The
speed of infection and growth depends on the T. gondii strain and the host cell (DUBEY et
al. 1998).

After several rounds of replication, the tachyzoites transform into the slowly dividing form,
bradyzoites, which form tissue cysts and are characteristic of a chronic infection. Bradyzoites
are crescent-shaped 5-8.5 x 1-3 um in size, and exhibit a pronounced tropism for long-lived
and highly differentiated cells that are less accessible to the the immune system's defence
mechanisms, such as neurons and muscle cells (DUBEY 2022b). They are most commonly
found in the central nervous system, eyes, skeletal muscle, and heart. However, they are also
found, though less frequently, in visceral organs such as the lungs, liver, and kidneys (DUBEY
et al. 1998). The tissue cysts expand as the bradyzoites divide by endodyogeny. The size of
each cyst depends on its age, parasite strain, and type of host cell. Their sizes range from about
5 um in diameter and containing few bradyzoites, to older cysts that can grow up to 60 um and
contain thousands of bradyzoites (DUBEY 2022b) (Figure 3). Under certain conditions, for
example, immunosuppression, the tissue cyst may rupture, allowing bradyzoites to transform

back into tachyzoites, leading to reactivation of a latent infection (repeating the cycle).



Bradyzoites differ slightly morphologically from tachyzoites. They are more slender, the
nucleus is located at the posterior end, rhoptries are electron dense, they have more micronemes,
dense granules are less numerous, while amylopectin granules are more numerous and larger
(Figure 2b) (ATTIAS et al. 2020).

Figure 3. Unstained tissue cyst of T. gondii with a cyst wall (arrow) enclosing hundreds of
bradyzoites (arrowheads) (DUBEY et al. 1998)

Sporozoites are structurally more similar to bradyzoites, measuring 2 x 6-8 pm. They share
a slender, elongated shape, a posteriorly located nucleus, electron-dense rhoptries, and
numerous, relatively large amylopectin granules (Figure 2c) (SPEER et al. 1998). However,
sporozoites have fewer micronemes and more dense granules than bradyzoites, as well as a
substantial number of lipid bodies, which are absent in bradyzoites (DUBEY et al. 1998).
Sporozoites are found within the sporocysts of sporulated oocysts. The sporulated oocyst is
round to ellipsoidal and measures 11 % 13 um in diameter. Each sporulated oocyst contains two
ellipsoidal sporocysts, each measuring 6 x 8 um, and each sporocyst contains four sporozoites
(Figure 4b) (SPEER et al. 1998). Unsporulated oocysts are produced by the parasite's sexual
cycle, which occurs exclusively in the epithelial cells of the cat's small intestine. Oocysts are
subspherical to spherical, measuring 10 X 12 um in diameter, and consist of an oocyst wall with
two colourless layers and a sporont that almost fills the oocyst (Figure 4a) (SPEER et al. 1998).



10um

Figure 4. T. gondii oocysts: (a) nonsporulated oocysts containing oocyst wall (arrow) and
sporont (inside the oocyst), (b) sporulated oocyst with two sporocysts (arrowheads) each

containing four sporozoites (arrows) (DUBEY 2022b)

2.3. Life cycle

The parasite T. gondii has an indirect life cycle involving a definitive host and intermediate
hosts (Figure 5). Domestic and wild felids are the only definitive hosts for T. gondii, where both
sexual and asexual reproduction occur, encompassing the enteroepithelial and extraintestinal
phases of the cycle. In intermediate hosts, reproduction is exclusively asexual and limited to
the extraintestinal phase (DUBEY 2022b).

Following infection via tissue cysts in raw meat or infected rodents and birds, the
enteroepithelial phase begins in the epithelium of the cat's small intestine. This phase involves
a series of asexual divisions known as schizogony, followed by sexual reproduction
(gametogony), which ultimately produces oocysts. During oocyst formation, microgametes
(male gametes) penetrate the macrogamete (female gamete) via flagella to form a zygote. After
fertilisation, a protective wall forms around the zygote; the infected epithelial cell then ruptures,
releasing the oocyst into the intestinal lumen. The prepatent period lasts 3-10 days after
ingestion of tissue cysts (DUBEY 2001). Oocysts are shed into the environment through feline
faeces in an unsporulated form. They measure 10 x 12 pum, are spherical, and consist of a zygote
enclosed by an oocyst wall. In cats infected with T. gondii, oocyst shedding is brief, lasting up
to 13 days, during which oocysts can be detected in faeces by coprological parasitological
examination (DUBEY 2001). Although the exact number of oocysts excreted in the faeces of
naturally infected cats remains unknown, experimental studies in cats have documented
substantial quantities (DUBEY 1995; CORNELISSEN et al. 2014; ZULPO et al. 2018).
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However, there are no precise data on the total number of oocysts that a single cat can shed
following a primary infection. DUBEY (2022b), in his book, suggests that a cat may excrete
more than 500 million oocysts in one day. Notably, once infected, a cat develops immunity to
reinfection, making subsequent oocyst shedding rare and rendering coprological parasitological
testing highly unreliable (DUBEY 1995). Once excreted into the environment, oocysts mature
and sporulate, which takes 1-5 days and results in the formation of two sporocysts within each
oocyst, each containing four sporozoites (DUBEY et al. 1998). At this stage, the now-
sporulated oocyst becomes infective. If ingested by another animal or human, the parasite's
developmental cycle continues in the intermediate host, initiating the extraintestinal phase.
Under the influence of digestive juices, sporozoites are released from the oocyst, penetrate the
intestinal wall, enter the bloodstream, and invade any nucleated cell. Within these cells,
sporozoites transform into rapidly multiplying tachyzoites, which continue to disseminate by
invading new cells and dividing via endodyogeny within vacuoles. The rapid proliferation of
tachyzoites defines the acute phase of toxoplasmosis. During this stage, the parasite can cross
the placenta and infect the foetus, resulting in congenital toxoplasmosis. Notably, transplacental
transmission occurs only during primary infection in intermediate hosts (DUBEY 2022a).
As the host's immune response develops over time, tachyzoites replication slows down, and the
parasites differentiate into slowly dividing bradyzoites. At this point, the infection becomes
chronic. Bradyzoites target various tissues but show pronounced neurotropism and myotropism,
most commonly forming tissue cysts in neural and muscular tissues (DUBEY 2022b). These
tissue cysts are generally believed to persist in a latent state within most hosts for life, but there
are no definitive data on this (TENTER et al. 2000; DUBEY 2022b). The three major routes of
infection for intermediate and definitive hosts are: (1) ingestion of undercooked meat
containing tissue cysts, (2) consumption of food or water contaminated with sporulated oocysts

from cat faeces, and (3) transplacental transmission (Figure 5).
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Figure 5. Life cycle of T. gondii (DUBEY 2022b)



2.4. Tenacity

The viability and infectivity of oocysts and tissue cysts subjected to different physical and
chemical treatments have been extensively studied experimentally, with infectivity of T. gondii

typically assessed by bioassay in mice and cats.
2.4.1. Oocyst

Among the developmental stages of T. gondii, the sporulated oocysts are undoubtedly the
most resistant. The increased resistance of sporulated oocysts compared to non-sporulated
oocysts is probably due to the development of sporocysts during the sporulation process and to
changes in the structure of the oocyst wall. The wall of a sporulated oocyst consists of three
layers and serves as a protective barrier against various physical and chemical influences
(DUBEY et al. 1998). However, much is still unknown about the sporulation and survival of

oocysts under natural conditions.

Experimental studies have shown that sporulation can occur in some cases at temperatures
as low as 4°C, while temperatures of 50°C prevent sporulation within 10 minutes (DUBEY et
al. 1970a; LINDSAY et al. 2002). Experiments by FRENKEL and DUBEY (1973) showed that
non-sporulated oocysts are more sensitive than sporulated oocysts and that freezing is not an
effective method for killing sporulated oocysts. In their experiment, non-sporulated oocysts
survived in an aqueous suspension of cat faeces for 1-7 days at -6°C and -21°C before being
transferred to room temperature to permit sporulation, while sporulated oocysts remained
infectious after 28 days at -20°C. Similar observations were made by KUTICIC and
WIKERHAUSER (1996), who found that oocysts suspended in water at -20°C were inactivated
after three weeks. DUBEY (1998) carried out a further study which showed that sporulated
oocysts are more sensitive to lower than to higher temperatures. After 106 days of exposure at
-5°C and -10°C, sporulated oocysts remained infective in an aqueous medium. At 35°C they
survived for 32 days, but at 55°C they were killed within 2 minutes. Temperature fluctuations
appear to have little effect on the survival of oocysts in soil, and oocysts can remain infectious
even after severe winters, as shown by two studies. Research carried out in Texas showed that
sporulated oocysts could survive in uncovered cat faeces at temperatures ranging from 6°C to
36°C for 46 days, and in covered cat faeces for 334 days, with extreme temperatures ranging
from -6°C to +39°C (YILMAZ and HOPKINS 1972). Another experiment in Kansas showed
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that oocysts in cat faeces buried shallowly in the soil (3-9 cm) survived temperatures of -20°C
to 35°C for up to 18 months (FRENKEL et al. 1975).

T. gondii oocysts have also shown considerable resistance to detergents and disinfectants
such as sodium hypochlorite, 0zone, and other chemicals used in the food and water industries
(DUBEY et al. 1970b; KUTICIC and WIKERHAUSER 1996; WAINWRIGHT et al. 2007).
Consequently, fresh products (fruits and vegetables) have recently been recognised as an
underestimated source of infection for humans (SHAPIRO et al. 2019). Many of these products
are pre-washed and pre-packaged by producers and are sold in stores as 'ready-to-eat' (RTE).
One study found that sporulated oocysts on raspberries stored at 4°C could survive for 8 weeks
(KNIEL et al. 2002). In more recent studies, oocysts have been found in various vegetables,
including RTE salads (CARADONNA et al. 2017; SHAPIRO et al. 2019; SLANY et al. 2019;
CALERO-BERNAL et al. 2025). LACOMBE et al. (2017) investigated the sensitivity of
oocysts on blueberries to gamma radiation and concluded that it could potentially be used
routinely to inactivate oocysts on fruit and vegetables. Ultraviolet radiation also has a
deleterious effect on oocysts, although the effects depend on the dose (WAINWRIGHT et al.
2007; DUMETRE et al. 2008;).

Interestingly, T. gondii oocysts can sporulate and remain viable in salt water for several
months, as demonstrated in an experimental study (LINDSAY et al. 2003). This prolonged
survival and infectious ability may contribute to the infection of cetaceans and other marine
mammals (DUBEY et al. 2020b).

2.4.2. Tissue cyst

Ingestion of viable T. gondii tissue cysts in the edible tissues and organs of mammals and
birds is one of the main route of infection for both humans and animals. Numerous studies have
explored the inactivation of tissue cysts in organs using various physical methods, including
thermal treatment (heating, cooking, freezing), irradiation, high pressure processing and curing.
A comprehensive review of these studies was presented by MIRZA ALIZADEH et al. (2018).
Early reasearch on the effects of freezing on the inactivation of tissue cysts are worth
mentioning. JACOBS et al. (1960) found that tissue cysts in mouse brains frozen at -15°C for
24 and 48 hours lost their infectivity. Similarly, DUBEY(1974) reported that tissue cysts in
mouse brains stored at -9°C or -20°C for three hours to 7 days were no longer infectious. Tissue
cysts in the muscles and brains of experimentally infected pigs also did not survive freezing at
-7°C and -12°C for four days (KUTICIC 1992). However, DUBEY and FRENKEL (1973)
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observed in their experiment that some tissue cysts remained viable for up to 16 days at -16°C,
suggesting that certain T. gondii isolates may have greater resistance to low temperatures.
To reduce the number of viable tissue cysts, it is generally recommended to store meat at —20°C
for at least three days (MIRZA ALIZADEH et al. 2018).

Conventional heat treatment such as cooking and baking, effectively eliminates T. gondii
tissue cysts in foods of animal origin. DUBEY et al. (1970b) demonstrated that tissue cysts
were destroyed after exposure to 55°C for 30 minutes. Similarly, KUTICIC and
WIKERHAUSER (1994) found that tissue cysts in mouse brains cooked at 58°C for 15 to
30 minutes lost their infectivity. Other studies, summerized by MIRZA ALIZADEH et al.
(2018) confirm that cooking meat and meat products at temperatures between 60°C and 70°C

is sufficient to inactivate T. gondii tissue cysts.

High hydrostatic pressure has also been shown to be effective in inactivating tissue cysts of
T. gondii, as well as other foodborne parasites, under laboratory conditions. Studies suggest
that a pressure of 340-400 MPa applied for one minute can inactivate T. gondii in food.
However, this process can negatively affect the colour and texture of food, making it currently
unsuitable for widespread use in the food industry (MIRZA ALIZADEH et al. 2018).

lonising irradiation with gamma rays and X-rays has been investigated in some studies as a
method for inactivating tissue cysts of T. gondii and proven to be successful in most cases
(DUBEY et al. 1986; KUTICIC et al. 1989; CHANG-CUN et al. 1993; DUBEY and THAYER
1994). Notably, WIKERHAUSER et al. (1988) observed that the effective dose of gamma
irradiation depends on the specific T. gondii isolate, as shown in studies with mouse brains.

Several studies indicate that T. gondii tissue cysts do not survive the curing process, with
inactivation depending on factors such as maturation time, storage temperature, and salt
concentration (DUBEY 1997; HILL et al. 2004, 2006). A recent study found that a low NaCl
concentration (1.3%) in dry-cured pork sausage inactivated tissue cysts within the first four
hours of fermentation (FREDERICKS et al. 2019). Similarly, HILL et al. (2018) reported that
bradyzoites in pork sausage were inactivated during the curing process by a salt solution with
a concentration of 1.3% or higher within the first six hours of fermentation. These results
indicate that bradyzoites cannot survive the fermentation process, even at lower salt
concentrations than those commonly used in curing process. Other authors have demonstrated
the susceptibility of tissue cysts to salt concentrations of 2% and above (DUBEY 1997; HILL
et al. 2004; DAMEK et al. 2023). DUBEY (1997) investigated the effects of storing rodent
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brains containing T. gondii tissue cysts in various NaCl solutions at different temperatures and
found that increasing the salt concentration and temperature reduces the survival time of tissue
cysts. HILL et al. (2004) demonstrated the susceptibility of tissue. cysts in mouse brains and
pork loins to a 2% NaCl solution. Similarly, DAMEK et al. (2023) showed that processing with
NaCl content of 2% and above in traditional French dry sausage and processed pork inactivates

tissue cysts.
2.5. Diagnosis

The diagnosis of toxoplasmosis in humans and animals lacks standardisation in most
European countries, particularly regarding the type of tissue examined and the diagnostic
methods used. Bioassays in laboratory animals have traditionally been considered the gold
standard, as they directly confirm the presence and infectivity of T. gondii. However, these
assays are expensive, time-consuming, and impractical for processing large numbers of
samples. Currently, serological tests are the most commonly used method for diagnosing

toxoplasmosis in both humans and animals.

Rapid diagnosis of T. gondii infection is particularly important in humans, as primary
infections can occur in pregnant women, where accurate and timely testing is essential to enable
early treatment and prevent congenital transmission to the fetus. In animals, serological tests
are used to diagnose T. gondii-related abortions in small ruminants and to assess the presence
of the parasite in production animals, as well as the risk of human infection from consumption
of raw or undercooked meat. Various serological tests have been developed to meet this need,
including Sabin-Feldman dye test (DT), indirect fluorescent antibody test (IFAT),
enzyme-linked immunosorbent assay (ELISA), enzyme-linked fluorescence assay (ELFA),
chemiluminiscent immunoassay (CLIA), indirect haemagglutination test (IHA), modified
agglutination test (MAT), Western blot (WB), and others, each with its own advantages and
limitations (LIU et al. 2015).

The DT, developed by Sabin and Feldman over seven decades ago, was long considered the
gold standard for the detection of anti- T. gondii specific antibodies in humans (SABIN and
FELDMAN 1948; REITER-OWONA et al. 1999). The DT uses live T. gondii tachyszoites for
an agglutination reaction, which limits its availability due to the high cost and technical
expertise required for antigen production. As a result, only specialised reference laboratories
can perform the analysis (REITER-OWONA et al. 1999; LIU et al. 2015). This major drawback
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has rendered the DT largely redundant, so that it is rarely used today. In addition, the test has
proved to be unreliable for the diagnosis of toxoplasmosis in cattle (DUBEY et al. 1985).

A recent meta-analysis found that ELISA is the most commonly used test in humans and
animals (HUERTAS-LOPEZ et al. 2023). Various ELISA formats have been developed for the
detection of anti-T. gondii antibodies or antigens, including indirect ELISA, sandwich ELISA,
and dot-ELISA. The indirect ELISA is the most commonly used type for the diagnosis of
toxoplasmosis in many domestic animals, probably due to the availability of species-specific
secondary antibodies (LI'YANAGE et al. 2021). In conventional indirect ELISA, a microtitre
plate is coated with T. gondii antigens and serum samples are applied. Anti-T. gondii antibodies
bind to the coated antigens and are detected with secondary, enzymatically bound antibodies.
After washing out unbound reagents, a substrate is added that produces a colour reaction
indicating the presence of antibodies (YBANEZ et al. 2020) (Figure 6). This method is mostly
used to detect anti-T. gondii IgG or IgM antibodies in humans and animals and shows high
agreement with DT, IFAT and MAT (KLUN et al. 2007; GLOR et al. 2013; DESHMUKH et
al. 2021; HEBBAR et al. 2022; LOPEZ-URENA et al. 2023; KIM et al. 2024). ELISA is easily
implemented and allows rapid processing of large sample sizes, making it ideal for high-
throughput testing. However, standardisation remains a challenge due to varying protocols,
reagents, and diagnostic accuracy across different tests. Numerous ELISA Kits are available for
diagnosing toxoplasmosis in domestic animals, some of which can be used to test both meat
juice and serum. This feature makes ELISA particularly valuable for epidemiological studies,
especially those involving meat intended for human consumption. However, a comparative
study of serological tests for toxoplasmosis in pigs showed differences in performance between
ELISA Kits, highlighting the need for harmonised serological methods to ensure consistent and
reliable results (LOPEZ-URENA et al. 2023). Additionally, the limited availability of
species-specific secondary antibodies for other animals, such as wildlife, restricts the

applicability of the test mainly to domestic animals.
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Figure 6. Schematic diagram of indirect enzyme-linked immunosorbent assay (ELISA)

(LIU et al. 2015)

Besides ELISA, IFAT and the MAT are often used for the diagnosis of toxoplasmosis in
animals (HUERTAS-LOPEZ et al. 2023). IFAT involves incubating serum samples with
inactivated T. gondii tachyzoites, then adding fluorescently labelled antibodies, which are
observed under a fluorescence microscope. This test is commonly used to detect 1gG and IgM
anti-T. gondii antibodies in humans and animals (BACHAN et al. 2018; SROKA et al. 2018;
HEBBAR et al. 2022; SHAMS et al. 2024; VOYIATZAKI et al. 2024). Although the test is
relatively simple and inexpensive, it has some limitations. It requires a fluorescence
microscope, and the results depend on visual interpretation, which can lead to variation. In
addition, fluorescently labelled antibodies are species-specific and suitable conjugates may be

difficult to obtain for some animal species (LIU et al. 2015).

The MAT is one of the most commonly used tests for toxoplasmosis research in animals.
This agglutination test was standardised in the 1980s by DESMONTS and REMINGTON
(1980) and DUBEY et al. (1985), and does not require conjugated secondary antibodies. It uses
formalin-fixed T. gondii tachyzoites (antigen), which are produced in vivo in only a few
specialised laboratories. The diluted sera are applied to U-shaped microtitre plates, followed by
fixed T. gondii tachyzoites. Positive samples form a thin mat of agglutination, while negative
samples form a compact pellet at the bottom of the well. The MAT is versatile, can be applied
to all animal species, and allows for comparable results across species (KLUN et al. 2006).
Besides serum, it can also test muscle juice, as haemolysis does not affect the results
(VILLENA et al. 2012; DJOKIC et al. 2016a). Its simplicity makes it convenient for laboratory
diagnosis and epidemiological studies, including testing large numbers of samples. However,
the test detects only 1gG antibodies and can give false negative results in the early stages of
acute infection (DUBEY 2022a). To date, the MAT has been used in serological studies on
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toxoplasmosis in cattle, pigs, sheep, chickens, dogs, cats, zoo animals, wild animals, and
humans (DUBEY 2022a). The lack of species-specific conjugates makes it particularly valuable
for diagnosing toxoplasmosis in wild and zoo animals (FERNANDEZ-AGUILAR et al. 2013;
TIDY et al. 2017; CANO- TERRIZA et al. 2020; ALMERIA et al. 2021).

In addition, the MAT has been used to assess the risk of human infection with T. gondii
through the consumption of meat from domestic animals in France and Serbia and from wild
boar meat in France and Poland (RICHOMME et al. 2010; KLUN et al. 2011; DJOKIC et al.
2016a; KURUCA et al. 2017; ROQUEPLO et al. 2017; BLAGA et al. 2019; KORNACKA et
al. 2020).

2.6. Toxoplasmosis: a global public health concern

In addition to its previously mentioned significance as a food- and waterborne zoonosis,
toxoplasmosis poses a major public health challenge due to its worldwide distribution. It is
estimated to infect approximately one-third of the world's population (ROSTAMI et al. 2020).
Humans can become infected with T. gondii through three main routes: (1) consumption of
inadequately heat-treated meat containing tissue cysts with bradyzoites; (2) consumption of
food (e.g. fruit and vegetables) and water contaminated with sporulated oocysts; and
(3) transplacental transmission of tachyzoites from mother to foetus (TENTER et al. 2000;
ALMERIA and DUBEY 2021).

Humans are less likely to become infected by consuming raw milk containing tachyzoites or
sporulated oocysts. For example, DUBEY et al. (2014) demonstrated transmammary
transmission of tachyzoites during the acute phase of infection in experimentally infected goats,
suggesting that raw milk and fresh cheese could be potential sources of infection for humans.
Although T. gondii DNA has been detected in milk from goats, sheep, cows, donkeys and
camels in various studies, there is no conclusive evidence of transmammary tachyzoite
transmission, and contamination with oocysts in those studies cannot be excluded
(MANCIANTI et al. 2014; ROCHA et al. 2015; SROKA et al. 2017; IACOBUCCI et al. 2019;
DELJAVAN et al. 2022; CULBASAN et al. 2023; DAHMANE et al. 2025). Additionally, it is
well established that tachyzoites are highly sensitive to gastric juice and do not survive exposure
to gastric pH (DUBEY et al. 1998).

To date, documented cases of acute toxoplasmosis in humans linked to raw milk

consumption have primarily involved goat milk. Evidence from reported outbreaks were often
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described as circumstantial, relying on epidemiological associations rather than definitive
isolation of viable parasite directly from the implicated milk (DUBEY et al. 2014).

Infection can also occur through transfusion of blood donations containing tachyzoites,
organ transplants with tissue cysts, or reactivation of a chronic infection in transplant recipients
(FOROUTAN-RAD et al. 2016; ROBERT-GANGNEUX et al. 2018). These routes of
transmission are rare, as widespread screening of blood and organ donors for specific IgG and
IgM anti-T. gondii antibodies is usually performed, which is mandatory for organ exchange in
many European countries (ROBERT-GANGNEUX et al. 2018). In Croatia, testing of organ
donors has been mandatory since Croatia joined the Eurotransplant programme in 2006
(MIHALJEVIC etal. 2013; EUROPEAN COMMITTEE ON ORGAN TRANSPLANTATION
2022).

Outbreaks of toxoplasmosis in humans are rarely noticed or documented, probably due to
the non-specific nature of the symptoms (EFSA 2018). Most documented water- and foodborne
outbreaks have been reported from Brazil and the USA, with DUBEY (2022a) providing
detailed overview in his book. Waterborne outbreaks are usually associated swith municipal
water reservoirs contaminated with sporulated oocysts, while foodborne outbreaks are primarily
associated with the consumption of undercooked venison, beef or lamb (ALMERIA and
DUBEY 2021; DUBEY 2022a).

As previously mentioned, European legislation and EFSA have acknowledged
toxoplasmosis as an important zoonosis that needs to be monitored in production animals
through meat inspections. In Croatia, the examination of pork for trichinellosis and
cysticercosis is obligatory (ANONYMOUS 2019a). However, such mandatory testing does not

extend to other meatborne parasitic zoonoses.
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2.7. Toxoplasmosis in humans
2.7.1. Clinical manifestation

Toxoplasmosis can be classified into acquired and congenital forms. In immunocompetent
individuals, acquired toxoplasmosis is latent in approximately 90% of cases (MCCALL et al.
2022). When symptoms do occur, they are usually non-specific and the disease is generally
self-limiting. Acute infection often presents with symptoms similar to those of a viral infection,
including general fatigue, headache, excessive sweating, myalgia, joint pain, mild fever, and
occasionally a maculopapular rash. Suspicion of toxoplasmosis arises when patients develop
generalised lymphadenopathy, particularly involving the cervical and occipital lymph nodes,
which may persist for several months and usually resolves spontaneously. In immunocompetent
individuals, severe symptoms such as myocarditis, polymyositis, hepatitis, pneumonitis, or
encephalitis are rare (MONTOYA and LIESENFELD 2004; SOBANSKI et al.
2013). In immunocompromised individuals, however, toxoplasmosis can be life-threatening
(MCCALL et al. 2022). It is most commonly seen in AIDS patients, where it often results from
the reactivation of a chronic infection and typically manifests as encephalitis characterised by
seizures, incoordination, mental confusion, and sensory abnormalities (MONTOYA and
LIESENFELD 2004). Although fatal toxoplasmosis is most commonly observed in
immunocompromised patients, it can occasionally occur in individuals without obvious
immunodeficiency (LAYTON et al. 2023).

Ocular toxoplasmosis, or toxoplasmic necrotising chorioretinitis, is a specific clinical form
of the disease that may develop as a late manifestation of a congenital infection or as a
consequence of a postnatally acquired acute infection. Symptoms include visual disturbances,
eye pain, and in severe cases, complete loss of vision (MONTOYA and LIESENFELD 2004).

Congenital toxoplasmosis occurs following acute infection in a pregnant woman, resulting
in transplacental transmission of T. gondii tachyzoites to the fetus, often without clinical
symptoms in the mother. This form of infection only occurs in women who have not previously
been exposed to the parasite and become infected for the first time during pregnancy. The risk
of congenital infection is lowest in the first trimester and increases as the pregnancy progresses
(DUBEY et al. 2021). It is noteworthy that 60-70% of babies born to infected mothers escape
infection (MONTOYA and LIESENFELD 2004). The severity of the clinical presentation
depends primarily on the trimester in which the mother becomes infected. Infections in early

pregnancy are particularly dangerous and often lead to spontaneous abortion or stillbirth, while
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later infections can lead to mild to severe damage to the central nervous system and eyes,
various developmental disorders, or even death of the newborn. Severe forms of congenital
toxoplasmosis often manifest as chorioretinitis, blindness, epilepsy, mental retardation,
encephalitis, or hydrocephalus (DUBEY et al. 2021). Infants who were exposed to T. gondii in
utero during the later stages of pregnancy may develop congenital toxoplasmosis years after
birth, usually presenting as ocular toxoplasmosis of varying severity.

2.7.2. Seroprevalence of T. gondii in the world and Europe

Serological tests provide valuable insight into the prevalence of T. gondii infections within
populations. Given the severity of congenital toxoplasmosis, it is not surprising that most
studies have focused on pregnant women. A recent systematic review and meta-analysis
estimated the global seroprevalence (IgG antibody) of T. gondii in pregnant women to be 32.9%
(BIGNA et al. 2020). The highest seroprevalence was observed in Ethiopia (64%), Gabon
(57%) and Brazil (54%), while the lowest was reported in Mexico (7%), South Korea (2%) and
Canada (0.2%). This study also looked at seroprevalence in the different World Health
Organization (WHO) regions and found that the highest rates were in the Americas (45.2%)
and the Eastern Mediterranean (39.7%), and the lowest in Western Pacific (11.2%). In Europe
the seroprevalence was estimated at 30%, which is consistent with the results of another meta-
analysis conducted by ROSTAMI et al. (2020). Among European countries, the highest pooled
seroprevalence among pregnant women was estimated in Hungary (64.8%), Belgium (53.5%)
and Albania (48.6%). Significant regional and country-specific differences are attributed to
variations in climate, dietary habits and lifestyle. Higher seroprevalence is more commonly
observed in regions with mild and humid climates that favour sporulation and oocyst viability,
which facilitates transmission and increases the infection rates. In terms of lifestyle, the
seroprevalence of T. gondii is estimated to be lower in high-income countries, as supported by
the review of ROSTAMI et al. (2020) who evaluated the lowest seroprevalence rates in
Norway (10.8%), the UK (12.3%) and Sweden (16.8%).

Beyond pregnant women, several studies have investigated the seroprevalence of T. gondii
in blood and organ donors, as well as immunocompromised individuals. A recent study
conducted in Greece among HIV-positive patients reported a seroprevalence of 31.6%, which
is similar to the global average (VOYIATZAKI et al. 2024). An earlier meta-analysis by
WANG et al. (2017) provided a global overview of seroprevalence in immunocompromised

populations, including HIV/AIDS patients, cancer patients and transplant recipients, and
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showed higher odds of T. gondii infection in these groups. A global review of toxoplasmosis in
solid organ transplant recipients assessed the low pooled seroprevalence rates for 1gG (9.8%)
and IgM (6.4%) anti-T. gondii antibodies. However, the authors emphasised the need for
increased awareness and prevention, as primary infection or reactivation of a latent infection in
such individuals is life-threatening (KHURANA and BATRA 2016; MAMIZADEH et al.
2025). FOROUTAN-RAD et al. (2016) estimated in their meta-analysis that 33% of blood
donors worldwide are infected with T. gondii, a figure consistent with global seroprevalence.
The highest rates were observed in Africa (46%) and the lowest in Asia (29%). Interestingly, at
the country level, Brazil (75%) and Ethiopia (73%) were estimated to have the highest
seroprevalence, reflecting the seroprevalence in pregnant women reported in the meta-analysis
conducted by BIGNA et al. (2020). In Europe, studies on blood donors reported the highest
seroprevalence in Romania (45.9%), followed by Portugal (38.1%), Bosnhia and Herzegovina
(30.6%), Turkey (25.6%) and Serbia (20.5%). It is important to note that these studies used
different serological methods to detect IgG anti-T. gondii antibodies, which may limit direct

comparisons.
2.7.3. Seroprevalence of T. gondii in Croatia

A recent review and meta-analysis estimated the pooled seroprevalence of latent
toxoplasmosis in pregnant women in Croatia to be 28.7% (ROSTAMI et al. 2020). However,
there are eleven studies on the seroprevalence of T. gondii infection in humans in Croatia
(Table 1). Investigations in the past 20 years have mostly used ELISA and advanced
ELISA-based tests such as CLIA, ELFA, and IgG avidity tests, which provide high specificity
and sensitivity, enhancing diagnostic accuracy (VILLARD et al. 2016).
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Table 1. Studies on seroprevalence of T. gondii in humans in Croatia

Study area

Zagreb

Kutina

Zagreb

Splitsko-
dalmatinska
County

Splitsko-
dalmatinska
County

Population group

Non-pregnant women
18-40 years of age

Parturients
18-40 years of age

Neonates

Pregnant women

Control group:
Women
Men

Newborns

Female and male patients
from 13-59 years of age
with begnign
lympadenopathy

Healthy female subjects
2-84 years of age

Neonates

Male and female subjects
8-84 years of age

No.
examined

200

200

200
342

181
96

18

167

*1109
(398 pregnant)

104
1464

(355 males
*1109 females

Igt
class

[o]€]

[o]€]

IgM

IgM
[o]€]

[o]€]

IgG

Positive
(%)

53

49
49

70.2

73.5
72.4

55

70
70

38.1

30.8

36.4
(30.9,
38.1,

Test

IFAT?

IFAT

DT?®

ELISA*

ELISA

Remarks

Age association
with
seroprevalence.
Higher titres in
younger women

Rural area,
domestic animal
contact assoc.
Raw meat
consumption
assoc. with
higher titres.
Acute infection
in 13% pregnant
women

Subjects
suspected for
toxoplasmosis
by cytology of

lymph nodes
tested

*31.4% pregnant

women positive

*31.4% pregnant

women positive

Reference

DERKOS-MIKULIC,
1972

KONIJEVIC, 1978

JEREN et al. 1991

PUNDA-POLIC et al.
2000

TONKIC et al. 2002
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Croatia

Croatia

Nationwide

Zadarska

County

Croatia

Nationwide

HIV5-patients

Blood donors

Pregnant and non-
pregnant women 16-45
years of age

Organ donors

Female and male patients

Male schizophrenic
patients

TRSE- Non TRS-
group group

Childbearing-aged  and
pregnant women 16-45
years of age

— 398 pregnant
women)

166 (43
females and
123 males)

219 (46
females and
173 males)

502

642

2 156

210

100 110

2791

IgA
IgM
19G

IgM
[o]€]

IgM
[o]€]

IigM
[o[€]

[o]€]

IgM
[o]€]

70

31.4)

1.2
1.2
51.8
0.5

0.9
52.5

24
29.1

0.9
70.9

1.4
24

52.4

1.9
25

36.4

CLIAS
IgG avidity test

ELFA’
1gG avidity test

ELFA

ELFA
1gG avidity test

ELFA

ELFA
1gG avidity test

HIV-patients
have 2.7 times
greater
likelihood of
being IgA
positive

Age and rural
area association
with
seroprevalence.
0.5% acute
infection

1.4% acute
infection (4.4%
males
and 0.6%
females)
TRS association
with
seroprevalence

Age, settlement
assoc.
1.2%
acute/recent
infection

DAKOVIC-RODE et
al. 2010

VILIBIC-CAVLEK et

al. 2011

MIHALJEVIC et al.
2013

PERICA et al. 2016

VLATKOVIC et al.
2018

SVIBEN et al. 2025

Ig — immunoglobulin; 2IFAT - indirect fluorescent antibody test; DT — dye test; “ELISA — enzyme linked immunsorbent assay; HIV — human immunodeficiency virus;

8CLIA - chemiluminiscent immunoassay; 'ELFA - enzyme linked fluorescent assay; 8TRS - treatment-resistant schizophrenia; * the same group of female participants.
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2.7.4. Risk factors associated with T. gondii infection

Consumption of raw or undercooked meat is consistently identified as a risk factor in
epidemiological studies of T. gondii seroprevalence in humans (COOK 2000; TENTER et al.
2000). An older European multicentre study conducted on pregnant women, including selected
cities in Belgium, Denmark, Italy, Norway, Switzerland, and the UK, identified raw meat
consumption, contact with soil, and travel outside Europe and North America as strong risk
factors for acquiring T. gondii infection (COOK 2000). The consumption of different types of
raw meat is identified as a risk factor in various countries, probably due to differences in
consumer eating habits or different prevalences of infection in meat-producing animals among
countries. A recent systematic review and meta-analysis showed that, besides consumption of
undercooked meat, consumption of unwashed vegetables, raw milk, and shellfish significantly
increases the odds of acquiring toxoplasmosis. In this study, almost all meat categories were
identified as risk factors: pork, poultry, beef, processed meat, lamb, and game meat
(THEBAULT et al. 2021).

Professional groups such as abattoir workers, butchers, and hunters may also become
infected during evisceration and handling of meat (TENTER et al. 2000). Contamination of soil
and water with sporulated oocysts, as well as eating unwashed fresh products (vegetables and
fruits), is also identified in another review as a risk factor (URENA et al. 2022). Contact with
soil is shown to be associated with T. gondii infection, probably via gardening or farming, in a
seroepidemiological study conducted in pregnant women in Belgrade (Serbia) and in a
cross-sectional  study conducted among blood donors (STOPIC et al. 2022;
MARKOVIC-DENIC et al. 2023). Recently, two studiess carried out in pregnant women and
blood donors in Romania also identified low educational level as an important risk factor for
seroconversion (OLARIU et al. 2020; LUPU et al. 2022).

2.7.5. Control and prevention

Toxoplasmosis poses a significant challenge for public health surveillance, particularly in
detecting acute infections in pregnant women and immunocompromised individuals. Primary
prevention of toxoplasmosis focuses on educating the public about the risks of consuming raw
or undercooked meat and promoting hygiene practices such as handwashing and thorough
washing of fresh products (fruits and vegetables). Secondary prevention, especially for

congenital toxoplasmosis, relies heavily on serological testing for T. gondii, which detects
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specific 1gG and IgM antibodies to assess infection status in pregnant women throughout
pregnancy. According to the One Health Zoonoses Report for 2023, only ten countries have
active surveillance programmes for congenital toxoplasmosis. Six countries, France, Austria,
Belgium, Slovakia, Slovenia and Greece, require mandatory screening for pregnant women,
while voluntary screening is offered in Bulgaria, the Czech Republic, Germany and Hungary
(EFSA and ECDC 2024). Between 2018 and 2022, a decline in congenital toxoplasmosis cases
was observed in Germany, France and Poland. In France, a continuous downward trend has
been observed over the last three decades, which is due to an effective surveillance programme
that has been in place since 1992. This programme facilitates early detection and treatment of
infections and provides accessible guidelines for the prevention of toxoplasmosis during
pregnancy (SAWERS et al. 2022). It includes compulsory serological screening in the first
trimester, followed by monthly testing of seronegative women until delivery. Owing to this
robust surveillance system, France reported 74.6% of all congenital toxoplasmosis cases in the
EU in 2022 (an average of 128 cases per year from 2018 to 2022), despite the overall decline
(EFSA and ECDC 2024). The declining seroprevalence of toxoplasmosis in French pregnant
women over the last 50 years is partly attributed to changing dietary habits and improved
hygiene practices (PICONE et al. 2020).

A similar downward trend in seroprevalence among pregnant women has been observed in
Serbia and Italy, likely due to increased awareness of T. gondii infection, improved
socioeconomic conditions and changes in dietary habits (FANIGLIULO et al. 2020; STOPIC
et al. 2022; MARKOVIC-DENIC et al. 2023). In Croatia there is no national screening
programme for T. gondii during pregnancy, although tests are sometimes offered as part of
antenatal care. When offered, these may include toxoplasmosis, other infections, Rubella,
Cytomegalovirus and Herpes simplex virus (TORCH) panel or T. gondii IgM and 1gG avidity
antibody tests to detect recent infections, with costs usually covered by primary health

insurance.
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2.8. Toxoplasmosis in animals
2.8.1. Clinical manifestation

Similar to humans, toxoplasmosis in animals is usually asymptomatic. Sheep and goats are
the most vulnerable species, as they are susceptible to congenital toxoplasmosis. The severity
of symptoms depends on the stage of gestation at which the infection occurs, with earlier
infections leading to more severe clinical outcomes, similar to those observed in
humans. In sheep, toxoplasmosis is a leading cause of stillbirths and abortions in New Zealand,
the United Kingdom, Norway, and the USA, resulting in significant economic losses (DUBEY
et al 2020c). Goats appear to be more susceptible to T. gondii than sheep. Cases of acute
toxoplasmosis in adult goats have been reported and were fatal. Congenital infections in goats
can lead to mummification, maceration, abortions, stillbirths, or the birth of weak kids that die
shortly after birth (DUBEY et al. 2020d).

Clinical manifestations of toxoplasmosis have also been described in other domestic
animals, including dogs, cats, pigs, cattle, and chickens. Dogs and cats rarely show clinical
signs of toxoplasmosis, which are often associated with immunosuppressive therapy.
Symptoms are varied and range from general signs such as fever and dyspnoea to more specific
neurological, respiratory, ocular, and cutaneous manifestations. In cats, congenital infections
are the most severe and can lead to hepatitis, pneumonia, and encephalitis in kittens. Fatal cases
of acute toxoplasmosis have been reported in adult cats (CALERO-BERNAL and GENNARI
2019). Pigs rarely show clinical signs of toxoplasmosis such as fever, dyspnoea, skin cyanosis,
pneumonia, or lymphadenopathy, and the disease is considered a rare cause of reproductive
losses, including stillbirths and abortions (DUBEY et al. 2020a). Cattle are generally resistant
to clinical toxoplasmosis, with congenital infections and subsequent abortions occurring only
in rare cases (DUBEY 2022a).

Research over the last decade has shown that T. gondii is also a common parasite in wildlife.
In certain wild canids, such as wolves and coyotes, no clinical cases have been reported.
In contrast, numerous clinical cases have been documented in other wild carnivores, such as
foxes and mustelids. Fatal toxoplasmosis, including congenital infections, has been reported in
minks, other mustelids and civets (DUBEY et al. 2021b). Fatal cases have also been
documented in European and lberian hares (JOKELAINEN et al. 2011; FERNANDEZ-
AGUILAR et al. 2013; TSOKANA et al. 2020). In marine mammals such as sea otters,
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dolphins, sea lions, seals, and whales, toxoplasmosis is associated with increased morbidity and
mortality (DUBEY et al. 2020b).

Clinical toxoplasmosis has been described in numerous animals in captivity, some of which
have succumbed to the disease. This susceptibility is likely due to evolutionarily novel
exposure, as these species have evolved largely separately from the parasite. Wild felids in
captivity, particularly Sand cats and Palla's cats, are considered very susceptible and there are
reports of fatalities (DUBEY et al. 2020e). Australian marsupials have long been known to be
susceptible to toxoplasmosis, with numerous reports of fatal outcomes worldwide (DUBEY
2022c; GONG et al. 2025). New World non-human primates, such as howler monkeys, squirrel
monkeys, ansd ring-tailed lemurs, are highly susceptible to T. gondii infection compared to Old
World non-human primates, and there are documented cases of clinical toxoplasmosis,
including fatalities and congenital infections. Clinical toxoplasmosis has also been reported in

various avian species in zoos (DUBEY 2022c).
2.8.2. Seroprevalence of T. gondii in the world and Europe

T. gondii has been found in almost all species of domestic and wild mammals and birds using
various diagnostic methods. Numerous studies across the world have investigated the
seroprevalence of toxoplasmosis in domestic animals, using a variety of serological tests. Some
of the highest seroprevalence rates were found in sheep (98.4%) in Egypt using ELISA on a
small sample of 62 animals, and in pigs (96.6%) in Mexico using ELISA on 60 blood samples
collected at the slaughterline (GHONEIM et al. 2010; HERNANDEZ-CORTAZAR et al.
2016). On the other hand, the lowest seroprevalence rates were detected in pigs (1.4%) in
Mexico using the MAT, and in cattle (1.9%) from China using the MAT (DONG et al. 2018;
CUBAS-ATIENZAR et al. 2019). In Europe, high seroprevalence was detected in sheep
(98.9%) in Turkey using the DT and in goats (73.3%) in Serbia using the MAT, while low
seroprevalence was found in pigs (2.1%) in Italy using the MAT and in horses (1.7%) in Greece
using ELISA (KOUAM et al. 2010; CICEK et al. 2011; DJOKIC et al. 2014; PAPINI et al.
2017).

Numerous serological studies have also been carried out on wild animals in the last two
decades. For example, some of the highest seroprevalence rates were found in Egyptian
mongooses (85.3%) in Portugal using the MAT, in feral cats (84.7%) in the Balearic Islands,
Spain using the MAT, and in foxes (84.7%) in Germany using WB (MILLAN et al. 2009;
HERRMANN et al. 2012; WAAP et al. 2016). High seroprevalence was also observed in
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American minks in Spain (78.8%) and the USA (77%) using the MAT, and in coyotes (72.7%)
in the USA using the MAT (AHLERS et al. 2015; GERHOLD et al. 2017; RIBAS et al. 2018).
Among the lowest seroprevalence rates in wildlife were those in mouflons (1.3%) in Spain and
rabbits (2.8%) in Portugal, both assessed using the MAT (WAAP et al. 2016; ALMERIA et al.
2021).

In most previously cited studies, 1gG anti-T. gondii antibodies were detected in animal serum
samples. Many recent studies have also examined alternative matrices, such as meat juice, to
determine the seroprevalence of T. gondii. These studies focus primarily on domestic and game
animals, particularly those whose meat is intended for human consumption, to highlight the
importance of toxoplasmosis seroprevalence in these species and the potential risk of human
infection. For example, PLAZA et al. (2020) used ELISA and the MAT to detect IgG

anti-T. gondii antibodies in meat juice from retail beef, chicken, lamb, pork, and venison.

Similarly, HAMID et al. (2020) tested meat juices from retail beef, goat meat, and lamb in
Malaysia, along with diaphragm samples collected at slaughterhouses, using ELISA. Several
other studies have also used ELISA on meat juice samples for IgG detection: diaphragm and
heart from goats and sheep in Italy, diaphragm from pigs in Switzerland, and heart from wild
boars in ltaly (GAZZONIS et al. 2020; KELBERT et al. 2021; SINI et al. 2024). Meat juice is
proposed as an alternative when blood sampling is difficult or impractical, which is often the
case for animals in the food supply chain, particularly pigs. However, the results of serological
tests using meat juice appear to be less reliable for detecting low antibody levels, as the specific
antibody concentrations are lower in meat juice compared to serum (WALLANDER et al.
2015). Therefore, serum remains the preferred matrix to obtain more accurate seroprevalence

data and provide more reliable results in seroepidemiological studies.
2.8.3. Seroprevalence of T. gondii in Croatia

Several serological studies using different serological tests have been carried out on
domestic and wild animals in Croatia. In a serological study using the MAT, 14% of goats on
two farms in Varazdinska County tested positive (RAJKOVIC-JANJE et al. 1993). A year later,
RAJKOVIC-JANJE et al. (1994) found a seroprevalence of 11.6% among sheep and 9.4% in
lambs using MAT. Another study in central Croatia reported a seroprevalence of 48.4% in sheep
on ten farms using ELISA (MARINCULIC et al. 1997). In Vukovarsko-srijemska County, 86
pig sera were tested with a commercial ELISA, revealing a seroprevalence of 62%
(BARIC 2012). KIS et al. (2021) analysed the muscle juice of 92 domestic pigs and 92 wild
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boars from Karlovacka County using ELISA and found a prevalence of 38% in domestic pigs
and 55.4% in wild boars. A recent study on cardiac fluid from 103 wild boars in four hunting
areas in Croatia reported a seroprevalence of 54.4% using MAT (GRBAVAC et al. 2025).

2.8.4. Seroprevalence of T. gondii and risk factors in pigs

According to a systematic review and meta-analysis of T. gondii seroprevalence in pigs, the
estimated global seroprevalence is approximately 19% (FOROUTAN et al. 2019). A
subsequent review by DUBEY et al. (2020a) noted that most serological studies in pigs relied
on convenience blood samples collected at slaughter lines, with prevalence rates varying widely
due to differences in the pig populations examined, such as fattening pigs versus sows, indoor
versus outdoor farming systems, as well as the use of different serological tests.

Over the past decades, a substantial body of research in Europe has focused on the
seroprevalence of toxoplasmosis in pigs destined for human consumption, covering various age
groups such as piglets, fattening pigs, and breeding animals. These European studies report
prevalence rates ranging from as low as 2.1% in intensively reared fattening pigs in Italy using
the MAT to as high as 60% in sows on organic farms in Denmark using ELISA (PAPINI et al.
2017; OLSEN et al. 2020). In the Italian study, the low seroprevalence was attributed to the
animals’ confinement in closed farming systems; however, potential routes of infection for pigs
in such environments remain speculative, as the study did not attempt to determine the risks
associated with the occurrence of seropositive animals. In Denmark, rearing pigs on organic
farms increases the odds of T. gondii infection 16-fold compared to conventional systems, while
sows face a 22-fold higher risk of exposure than fattening pigs. Outdoor access and age in
livestock are among the most frequently identified risk factors for acquiring T. gondii infection
(STELZER et al. 2019). Many other epidemiological studies on pigs have shown that those
raised outdoors or in indoor systems with access to outdoor areas have a substantially higher
risk of T. gondii infection than pigs confined strictly indoors, particularly on large intensive
farms. This pattern has been consistently observed in several European countries, including
Poland, the Netherlands, France, Denmark, Latvia, and England (DEKSNE and KIRJUSINA
2013; DJOKIC et al. 2016a; LIMON et al. 2017; SWANENBURG et al. 2019; OLSEN et al.
2020; SROKA et al. 2020; EPPINK et al. 2022). For example, in a study conducted in the
Netherlands over four years by SWANENBURG et al. (2019) involving an exceptionally large
sample size (226 340 pigs), the lowest seroprevalence of 1.4% using ELISA was detected

among conventionally reared pigs, while the highest rate was 53% recorded in pigs on organic
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farms. In the same study, the authors found that the overall risk of infection was 2.63 times
higher for organically raised pigs than for those reared conventionally. In addition to housing
type, it is well established that seroprevalence increases with age in most animal species,
including pigs (OPSTEEGH et al. 2016; OLSEN et al. 2019). Age has been identified as a risk
factor in several studies conducted in European countries such as Spain, France, Poland,
Denmark, and Serbia, which examined risk factors across different pig age categories
(GARCIA-BOCANEGRA et al. 2010; DJOKIC et al. 2016b; OLSEN et al. 2020; SROKA et
al. 2020; BETIC et al. 2022). This age-related trend undoubtedly contributes to the consistently
higher seroprevalence reported in sows compared to fattening pigs in many serological surveys
conducted in Europe and worldwide (DUBEY et al. 2020a; CASTILLO-CUENCA et al. 2021,
AUGUSTYNIAK et al. 2025). European serological studies conducted in Italy, France, Spain,
Denmark, and Estonia that included risk analysis have confirmed that sows are more likely to
be seropositive than fattening pigs (DJOKIC et al. 2016a; KOFOED et al. 2017; SANTORO et
al. 2017; GAZZONIS et al. 2018; PIPIA et al. 2018; CASTILLO-CUENCA et al. 2020; OLSEN
et al. 2020).

In addition to important factors such as age, housing type, and pig production category, many
authors have analysed and identified associations with other factors in seropositive pigs,
including farm size, sex, presence of cats, poor hygiene and animal husbandry conditions, farm
type, lower biosecurity level, absence of disinfection foot dips and Danish entry, type of feed
storage, lack of rodent control, mode of rodent control, and type of drinking water (KLUN et
al. 2006; GARCIA-BOCANEGRA et al. 2010; VERONESI et al. 2011; DJOKIC et al. 2016a;
HERRERO et al. 2016; LIMON et al. 2017; SANTORO et al. 2017; GAZZONIS et al. 2018;
BLAGA etal. 2019; CASTILLO-CUENCA et al. 2020; SROKA et al. 2020; BETIC et al. 2022;
EPPINK et al. 2022; CHEPYATICH et al. 2023).

2.8.5. Control and prevention

Prevention of toxoplasmosis in livestock production should focus on identifying and
eliminating risk factors at the farm level. While the primary source of infection in domestic
animals is ingestion of feed and water contaminated with sporulated oocysts excreted in cat
faeces, pigs kept extensively could also become infected by accidentally ingesting rodent or
other small animal carcasses containing tissue cysts. Appropriate biosecurity measures should
therefore be implemented to minimise contact with oocysts. These include restricting access of

cats (including free-roaming cats) to farms, ensuring proper storage of feed to prevent
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contamination, applying measures to prevent water contamination with oocysts, and
implementing effective rodent control (ALMERIA and DUBEY 2021). Interestingly, an older
study showed that vaccinating cats with an experimental vaccine against T. gondii in the vicinity
of the farm reduces the infection rate in pigs (MATEUS-PINILLA et al. 1999) In small
ruminants, toxoplasmosis is particularly important as a cause of abortion, which has led
researchers to focus on developing an effective vaccine as a preventive measure. Although a
vaccine (Toxovax™, MSD Animal Health) is currently available and licensed for use in sheep
in New Zealand, the United Kingdom, Ireland, and France, it provides only partial protection
to ewes, while still helping to reduce reproductive losses (INNES et al. 2019). The objective of
immunoprophylaxis should be to control congenital, acute, and chronic infections in small
ruminants, thereby improving meat safety for human consumption and reducing environmental
contamination with oocysts (HASAN and NISHIKAWA 2022). One control measure for
congenital toxoplasmosis in small ruminants should be testing sheep and goats in all reported
cases of abortion. However, in Croatia, current legislation on the prevention, control, and
monitoring of animal diseases no longer requires ruling out toxoplasmosis as a cause of abortion
in domestic animals (ANONYMOUS 2023).

As mentioned in the introduction, establishing routine testing for toxoplasmosis in domestic
animals at the slaughter line could serve as an effective surveillance system — a measure not
currently implemented anywhere and still only a suggestion. This is particularly relevant, as
numerous studies based on blood samples collected at the slaughter line have demonstrated
high seroprevalence in pigs, sheep, goats, cattle, and horses (LOPES et al. 2013; PENA et al.
2018; GAZZONIS et al. 2020; SROKA et al. 2020; BETIC et al. 2022; CANO-TERRIZA et
al. 2023; CONDOLEO et al. 2023).
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2.9. Seroprevalence of T. gondii in pigs in Croatia — a pilot study

We conducted a pilot study on a small sample of pigs from Croatia to evaluate the
seroprevalence of T. gondii and to calculate the sample size required for a large-scale study.
The pilot study performed at the laboratory of the Department of Parasitology and Parasitic
Diseases with Clinic, Faculty of Veterinary Medicine, University of Zagreb, used a commercial
indirect ELISA (PrioCHECK™ Porcine Toxoplasma Ab Kit, ThermoFisher Scientific,
Germany) for detection of IgG anti-T. gondii antibodies in 92 fattening pig sera and 92 sow
sera. ELISA was chosen because the MAT was not available at the time. The ELISA test is
commercially available, with sensitivity and specificity according to the manufacturer of 98%
and 99.6%, respectively. In the test kit, the antigen (protein extract from cell culture-derived
tachyzoites) is bound to the walls of a polystyrene microtitration plate (microplate) containing
96 (12 x 8) wells. The PrioCHECK™ Porcine Toxoplasma Ab Kit follows a four-step protocol:
sample preparation, sample incubation, conjugate incubation and detection. Initially, the sera
are diluted at a ratio of 1/9 on a dummy plate. Then, 20 ul of the diluted samples are transferred
from the dummy plate to the wells of the test plate and further diluted at a 1/4 ratio. After
incubation at room temperature and washing of the wells, the previously prepared specific
conjugate, an anti-1gG antibody labelled with enzyme peroxidase (POD), is added and binds to
IgG antibodies previously captured on antigens during a second incubation. The plate is then
washed to remove unbound conjugate. Next, the substrate/chromogen is added, initiating the
enzymatic reaction in positive samples: the POD enzyme catalyses the oxidation of the
substrate, resulting in blue colour development. After a short incubation at room temperature,
the reaction is stopped by adding stop solution. If specific IgG antibodies against T. gondii are
present in the serum tested, the labelled conjugated anti-1gG antibodies will bind to them and a

yellow colour will appear after adding the stop solution (Figure 7).
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Figure 7. Microtiter plate after adding stop solution to the serum samples of sows. Yellow
colour indicates the presence of specific IgG antibodies against T. gondii in tested samples.
Al and B1: positive controls; C1 and D1: negative controls.

The optical density (OD) of the resulting colour is measured using a spectrophotometer at a
wavelength of 450 nm. The results are obtained by dividing the difference between the mean
OD value of the sample and the negative control (NC) by the difference between the mean OD
value of the positive control (PC) and negative control. This gives the mean percentage of

positivity (PP) according to the calculation shown.

0D450 sample —OD450 NC
PP = [Distsample | x 100
0D450 pc—0D450 NC

If the results obtained are equal to or above the cut-off value of 20 PP, the sample is
considered positive for antibodies against T. gondii. If the results are below the cut-off value of
20 PP, the sample is considered negative for antibodies against T. gondii. According to a pilot
study conducted prior to the large-scale study, the results showed that seroprevalence in
fattening pigs was 5.4% (5/92) and in sows 26.1% (24/92). These results were used to design
the large-scale study described later in this manuscript.
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3. HYPOTHESIS AND OBJECTIVES

Given the public health significance of toxoplasmosis and the important role of undercooked
pork as a source of human infection, this study assessed T. gondii exposure in Croatian pigs by
analysing serum samples for 1gG antibodies using the MAT. An epidemiological questionnaire
was also used to identify risk factors associated with higher infection rates and to evaluate farm
biosecurity measures in relation to seropositivity. This is the first large-scale investigation of
T. gondii seroprevalence in Croatian pigs using the MAT. The research aims to clarify the
biosecurity risk factors influencing T.gondii seroprevalence in pigs and to contribute to the
standardisation of the MAT for diagnostic use. The results will improve understanding of
toxoplasmosis epidemiology in Croatian pig farms, support the development of surveillance
systems and risk-reduction strategies in livestock production, and provide valuable insights into

the public health risk of T. gondii transmission to humans through pork consumption.

Research hypotheses
It is hypothesised that pigs from farms with lower biosecurity categories will have higher
exposure to T. gondii. It is also hypothesised that the seroprevalence of T. gondii will be higher

in sows than in fattening pigs.

Obijectives of this study:

1. Determine the T. gondii seroprevalence in pigs slaughtered in Croatia

2. Determine the differences in seroprevalence of T. gondii between fattening pigs and sows in
the studied population

3. Identify risk factors for seropositivity in relation to the biosecurity category of the farm
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4. MATERIALS AND METHODS
4.1. Samples and sampling strategy

In this study, serum samples from fattening pigs and sows collected in 2021 and 2022 were
analysed for the presence of 1gG antibodies against T. gondii. Blood samples from fattening
pigs and sows were collected at the slaughter line during exsanguination, while some sow serum
samples were obtained from the archives of the Croatian Veterinary Institute after testing for
various infectious diseases under the Agreement on the Protection of Animal Health. The use
of archived sera for this study was authorised by the Directorate of Veterinary and Food Safety

of the Croatian Ministry of Agriculture and the Director of the Croatian Veterinary Institute.

Results from previously conducted pilot study were used for sample size calculation. The
publicly available software package Epitools — Epidemiological Calculators

https://epitools.ausvet.com.au) was used to determine the sample size and true prevalence in

groups of fattening pigs and sows. A minimum of 340 animals was required to determine a true
prevalence of 5% in fattening pigs (n>10,000) with a precision of 5%, assuming a MAT
specificity of 90% and sensitivity of 83% (DUBEY et al. 1995). A minimum of 535 animals
was required to determine a true prevalence of 20% in sows (n>10,000) with an accuracy of

5% and the same specificity and sensitivity.

According to the Ministry of Agriculture, the pig population on Croatian farms and across
geographical regions fluctuates significantly on an annual basis, which is why the sampling

strategy was determined to be random.
4.2. Sampling, labeling and storage of samples

At the slaughter line, blood samples from fattening pigs and sows were collected by
authorised veterinarians with the consent of the slaughterhouse owner (Figure 8). For
serological examination, 10 ml of blood was collected in tubes with a clot activator during
exsanguination by puncture. Labelled tubes containing blood were stored at +4°C and delivered
to the laboratory of the Department of Parasitology and Parasitic Diseases with Clinic, Faculty
of Veterinary Medicine, University of Zagreb within four days of sample collection. In the
Department laboratory, the sera were separated immediately after delivery by centrifugation at
700 g force for 5 minutes.
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Archived sow serum samples were aliquoted into 1 ml volumes in microcentrifuge tubes
after testing for different infectious diseases at the Croatian Veterinary Institute, labelled, and
stored at - 20°C until delivery to the Department laboratory.

Each serum sample from fattening pigs and sows was aliquoted into 500 pl volumes for
serological examination and stored at - 20°C. All samples were sent by plane in a portable
refrigerator provided by the biopharmaceutical courier service to the UMR BIPAR (Unité
Mixte de Recherche, Biologie moléculaire et Immunologie des PARasites), Laboratoire de
Santé Animale, L’ Agence nationale de sécurité sanitaire de 'alimentation, de l'environnement

et du travail (Anses), Maisons-Alfort, France.

Figure 8. Blood sample collection at the slaughter line: (a) a cut in the central part of the neck
(throat area) made by sharp knife, (b) collection of blood in 10 ml tube

38



4.3. Serological diagnosis

The MAT is used to detect IgG antibodies against T. gondii in pig sera at the UMR BIPAR
in Maisons Alfort, France, as described by Desmonts and Remington (DESMONTS and
REMINGTON 1980). The antigen for this research was provided by the Centre National de
Référence de la Toxoplasmose in Reims, France. Before performing the test, the reagents were
prepared according to the number of samples to be tested.

Reagent preparation:
1) Dithiothreitol (DTT) 1/50
e DTT (1M) was diluted in Phosphate-Buffered Saline (PBS) in 1/50 ratio
2) Antigen mixture: formalin fixed tachyzoites (2x108 parasites/ml) 1/17

e Antigen was diluted in Bovine Albumin Buffer Solution (BABS) in 1/17 ratio
Procedure:

To conduct the test, a 1/3 dilution of the serum and the positive and negative controls was
initially prepared in PBS on a polystyrene microtitration plate, also known as a dummy plate,
containing 96 (12 x 8) U-bottom wells (Figure 9). First, 50 pl of PBS was added to each well
of the dummy plate using a multichannel pipette. Controls and serum samples were briefly
vortexed and centrifuged before being placed into the wells. Then, 25 ul of the controls was
added to well Al (positive) and well B1 (negative) and mixed by pipetting up and down three
times. 25 ul of each serum sample was added to the remaining wells of the dummy plate, starting

with well E1, and mixed by pipetting up and down three times.

After preparing and labelling the test plate, 25 ul of the previously prepared DTT (1/50) was
added to each well using a multichannel pipette (Figure 10). Then, 25 ul of the diluted controls
was transferred from the test plate to wells A1-D1 of the test plate, ensuring duplicate positive
and negative controls. Next, 25 ul of the serum samples was also transferred from the first row
of the dummy plate to the first row of the test plate, starting with well E1. Serial dilution were
made for both the controls and samples down to the fourth row using a multichannel pipette.
From the final dilution row, 25 ul was removed from each well and discarded. In this way,

two-fold serial dilutions were made, ranging from 1/6 to 1/48 (Figure 10).

Then, 25 ul of the previously prepared antigen mixture (1/17) was carefully added to each
well using a multichannel pipette, ensuring that the tips did not touch the sample. Each test plate

was covered with sealing tape and incubated at room temperature for 18-24 hours. Positive
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serum samples were further analysed at higher dilutions (1/6 to 1/12 288) to establish the
endpoint titre. The antibody titre was determined by the last dilution of the serum in which a
positive reaction was observed by forming white agglutinates covering more than 50% of the
well surface, visible under a magnifying glass (Figure 11). To avoid bias, each plate was
analysed blind by two assessors. All samples reactive at >1/6 were considered positive as
previously published by DJOKIC et al. (2016b).

Figure 9. Initial 1/3 dilution of serum samples, positive and negative controls on a

microtitration 96-well U-bottom dummy plate
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Figure 10. Initial 1/3 dilution of serum samples, positive and negative controls on a
microtitration 96-well U-bottom dummy plate (upper plate). Four two-fold serial dilutions
(from 1/6 to 1/48) of serum samples on a microtitration 96-well U-bottom test plate (lower

plate)

41



S ."& e A' y '/ -
Figure 11. Reading MAT results: In rows B and E, samples are positive and agglutinates are

visible. In rows C and D, samples are negative; non-agglutinated antigen has settled at the

bottom of the well, forming a sedimentation button.

4.4. Data on farms and pigs

Farm data from the database of the Veterinary and Food Safety Administration, Ministry of
Agriculture, within the Vetls system, a comprehensive database containing all information on
farms and activities related to different infectious disease surveillance and farm categorisation,
were used in this study. The farm data included the unique farm identification number, and the
address, comprising county, city, settlement, street, and house number, as recorded in Vetls
during initial registration. Data on pig category (fattening pig or sow), sex and age category
were obtained from pig travel certificates issued for transport to the slaughterhouse or from

referral forms attached to serum samples sent to the Croatian Veterinary Institute.
4.4.1. Biosecurity categorisation

In this study, data on the biosecurity categorisation of pig farms were used, as provided by
the Veterinary and Food Safety Administration, Ministry of Agriculture, for the purposes of
this research. The dataset included information on the biosecurity category assigned to each
farm, and the results from the biosafety questionnaire as of 16 March 2022. Although the

questionnaire was originally designed to assess farm biosecurity in relation to African swine

42



fever (ASF), several questions were identified as useful for evaluating potential risk factors for
the occurrence of toxoplasmosis on pig farms. Therefore, eight questions were selected from
the original questionnaire for this purpose. The selected questions and their possible answers
(Yes/No) are presented in Appendix 1, and refer to farm size, presence of pets, protection
against entry of other animals, housing type, footwear disinfection, presence of a foot dip, feed
production, and feed storage.

The categorisation process began in 2019 to review biosecurity measures and collect data on
farms as part of the national measures for preventing the introduction and spread of the ASF
virus. These measures were established in the Order on measures for the prevention of the
occurrence and early detection of the introduction of ASF virus in the Republic of Croatia
(ANONYMOUS 2019b). According to the regulation, every farm that keeps pigs must be
categorised in terms of biosecurity. The categorisation was carried out by an authorised
veterinarian who, during the farm inspection, completed a biosecurity questionnaire consisting
of 95 questions. Based on the responses, the “Categorisation” application within Vetls
automatically calculated and assigned the farm’s biosecurity category. Each farm was classified

into one of five categories:

- Category "0" - smallholdings that keep one fattening pig for their own needs
- Category "1" - non-eligible farms that do not meet the required conditions
Farms in this category fail to meet key biosecurity criteria. Exclusion criteria, such as feeding
pigs with offal, keeping unmarked pigs or pigs without proper documentation, or keeping pigs
outdoors without authorisation from the veterinary inspectorate, automatically place a farm in
this category. Failure to comply with a specified number of other question groups is also taken
into account. Depending on the responses, farm owners receive written recommendations for
improving biosecurity measures.
- Category "2" —farms that partially meet the biosecurity requirements
Owners receive guidance and recommendations for improvement.
- Category "3" —farms that fully comply with all biosecurity requirements
- Category "4" —farms that keep pigs outdoors and are approved by the veterinary
inspectorate
These farms keep pigs outdoors for most of the year. They consist of fenced pastures with
suitable shelters and typically raise traditional pig breeds (Figure 12). Outdoor pig keeping is

only permitted with official approval from the veterinary inspectorate.
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Figure 12. Traditional farming of the autochthonous pig breed (Black Slavonian pig);

biosecurity category 4.

4.5. Risk factors

To select potential risk factors relevant to the epidemiology of toxoplasmosis, chosen
questions and available results from the biosafety questionnaire (Appendix 1) were used, along
with other data on pigs and farms. The following variables were considered as potential risk
factors for T. gondii infection in pigs: pig category (fattening pig or sow), age category
(<12 months, >12 months), sex (male or female), total number of pigs on the farm (<20, 21-100,
>100), biosecurity category (0, 1, 2, 3, 4), presence of pets on the farm (yes/no), protection
against entry of other animals (yes/no), indoor housing without outdoor access (yes/no),
outdoor housing (yes/no), footwear disinfection upon entry into the facility (yes/no), presence
of a foot dip for staff at the farm entrance (yes/no), feed production on the farm (yes/no), and

proper feed storage and pest protection (yes/no).
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A simulation table was created to determine the number of samples required per risk factor
group for reliable detection of 10% or 20% differences in seroprevalence (Appendix 2). The
table was created using STATA 13.1 (StataCorp. 2016. Stata Statistical Software: Release 13.1,
College Station, Texas, USA).

4.6. Statistical analysis and risk factor assessment

To investigate the seroprevalence of T. gondii in pigs and to identify the main risk and
protective factors associated with infection, a series of complementary statistical approaches
was applied. First, the overall prevalence was estimated. Prevalence values were also calculated
for each potential risk factor category, with corresponding 95% confidence intervals. In the
second step, descriptive statistics were performed to explore the distributions of seropositive
and seronegative animals across the categories of each potential risk factor. For each category,
the frequencies of positive and negative samples were reported, along with the total number of
animals in each category and the percentage of positive samples. The association between each
potential individual factor and seroprevalence was then tested using Pearson’s chi-square test.

Associations were considered statistically significant at p < 0.05.

Univariate logistic regression models were developed to evaluate the independent effects of
individual factors on seropositivity. For each variable, the odds ratio (OR) with a 95%
confidence interval (95% CI) was calculated to indicate the strength, direction, and precision
of the association with infection. A variable was considered statistically significant at p <0.05
and when the 95% CI for the OR did not include 1.

All variables that were statistically significant in the univariate logistic regression analyses
were included as candidates in the multivariate logistic regression model. A multivariate
logistic regression model was constructed using a stepwise variable selection approach.
Variables were iteratively entered or removed based on their statistical contribution to the
model fit, and only those that remained statistically significant after mutual adjustment were
retained in the final model. This comprehensive model enabled identification of the most
important predictors of T. gondii seroprevalence while accounting for potential confounding
effects of other variables.

Finally, statistical analysis of antibody titres was performed. Antibody titres were expressed
as reciprocal serum dilutions (1/6 to 1/12 288) and summarised as frequency distributions.

Statistical comparisons between groups were performed using a t-test on log-transformed titre
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values, and the geometric mean (GM) ratio with 95% CI was calculated to assess the magnitude
and significance of the difference.

All statistical analyses were performed using SAS software, version 9.4 (SAS Institute Inc.,
Cary, NC, USA).
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5. RESULTS

5.1. Results of serological screening for T. gondii in pigs in Croatia

During the study period in 2021 and 2022, a total of 1693 serum samples were collected

from pigs. Due to incomplete data on the origin of the animals and the biosafetey questionnaire,

1621 samples were included in the analysis, of which 319 tested positive and 1302 were

negative. Based on the percentage of positive samples, the overall seroprevalence was estimated

at 19.68% (95% CI 17.77%-21.70%).

County-level and biosecurity category distributions were evaluated descriptively. Table 2

presents the seroprevalence of T. gondii by county.

Table 2. Seroprevalence of T. gondii by county, with frequencies of positive and negative

samples, Pearson’s chi-square p-values, and 95% confidence interval

County Serology result Total Pearson Seroprevalence 95% ClI
(1621)  Chi- (%) (%)
Positive  Negative Square
(319) (1302) p-value
Bjelovarsko- 3 20 23 13.04 1.39-30.20
bilogorska
Brodsko- 3 53 56 5.36 0.56-13.06
posavska
Grad Zagreb 10 10 20 50.00 27.64-72.36
Istarska 0 23 23 - -
Karlovacka 3 11 14 21.43 2.33-46.86
Koprivnicko- 3 64 67 4.48 0.47-10.98
krizevacka
Krapinsko- 52 91 143 <0001 36.36 28.48-44.53
zagorska
Medimurska 1 54 55 1.82 0.02-7.53
Osjecko- 102 343 445 22.92 19.06-26.97
baranjska
Pozesko- 11 14 25 44.00 24.47-64.26
slavonska
Sisacko- 38 77 115 33.04 24.50-42.03
moslavacka
Varazdinska 5 29 34 14.71 3.88-28.83
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Viroviti¢ko- 5 45 50 10.00 2.51-20.06
podravska

Vukovarsko- 25 264 289 8.65 5.54-12.20
srijemska
Zagrebacka 55 190 245 22.45 17.30-27.93
Sibensko- 3 14 17 17.65 1.90-39.60
kninska

Table 2 shows that, when stratified by county, there are statistically significant differences
in seroprevalence. The highest seroprevalence is observed in the Grad Zagreb (50%),
Pozesko-Slavonska (44%) and Krapinsko-zagorska County (36.36%), while among the lowest
is recorded in Medimurska County (1.82%), and no positive pigs are detected in Istarska
County. The table also shows substantial variation in sample sizes between counties. Larger
sample sizes provide narrower confidence intervals and thus more precise estimates, whereas
smaller datasets are associated with wider intervals and greater uncertainty. Counties with large
sample sizes (>200 samples) include Osjecko-baranjska, Vukovarsko-srijemska, and
Zagrebacka County. Medium-sized samples (100-199) are obtained in Krapinsko-zagorska and
Sisa¢ko-moslavacka County. Counties with smaller sample sizes (30-99) include Brodsko-
posavska, Koprivni¢ko-krizevacka, Medimurska, Varazdinska, and Viroviti¢ko-podravska.
Counties with very small sample sizes (<30) are Grad Zagreb, Pozesko-slavonska, Karlovacka,
Sibensko-kninska, Bjelovarsko-bilogorska, and Istarska County.

Geographically, the distribution of T. gondii seroprevalence by county is presented on the
map of Croatia in Figure 13 and in the mosaic plot, which also illustrates the distribution of

seropositive and seronegative pigs in relation to sample size (Figure 14).
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O Counties O Prevalence by County

Figure 13. Geographical distribution of T. gondii seroprevalence by county in Croatia
(SAS/GRAPH, SAS 9.4)
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In the mosaic plot (Figure 14), serology results are displayed on the X-axis, with column
widths proportional to the number of positive (lower blue area) and negative (upper red area)
samples in each county. The county variable is displayed on the Y-axis, and bar heights are

proportional to the number of positive and negative samples within each county.
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Figure 14. Mosaic plot of T. gondii seroprevalence in pigs by county in Croatia

Both the map and the mosaic plot show that there are geographical variations in T. gondii
seroprevalence across Croatian counties, while the mosaic plot also illustrates unequal sample

sizes between counties.
5.2. Risk factor analysis and association of risk factors with seropositivity

The aim of this analysis was to identify which farm-level factors are associated with
seropositivity for T. gondii in pigs. The following independent variables were evaluated for
each of the 1621 pigs sampled: pig category (fattening pig or sow), age category (<12 months,
>12 months), sex (male or female), total number of pigs on the farm (<20, 21-100, >100),
biosecurity category (0, 1, 2, 3, 4), presence of pets on the farm (yes/no), protection against
entry of other animals (yes/no), indoor housing without outdoor access (yes/no), outdoor
housing (yes/no), footwear disinfection upon entry into the facility (yes/no), presence of a foot
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dip for staff at the farm entrance (yes/no), feed production on the farm (yes/no), and proper feed

storage and pest protection (yes/no). All potential risk factors showed a strong association with

seropositivity (with most p-values < 0.0001). Tables 3 and 4 summarise, for each potential risk

factor, the frequencies of seropositive and seronegative pigs, p-values from chi-square tests of

association between seropositivity and each risk factor, as well as the prevalence estimates and

their corresponding 95% confidence intervals.

Table 3. Seroprevalence of T. gondii in pigs across different potential risk factors, with

frequencies of positive and negative samples, Pearson’s chi-square p-values, and 95%

confidence intervals

Serology result Pearson
) Total Chi- Seroprevalence 95% CI*
Variable .. .
Positive Negative (1621) Square (%) (%)
(319) (1302) p-value
Fattening 10.18-14.34
) 119 856 975 12.21
igs
Pig category P19 <0.0001
Sows 200 446 646 30.96 27.40-34.60
<12 months 56 715 771 7.26 5.48-9.21
Age category <0.0001
>12 months 263 587 850 30.94 27.84-34.11
Female 260 913 1173 22.17 19.80-24.60
Sex <0.0001
Male 59 389 448 13.17 10.11-16.48
<20 150 259 409 36.67 32.00-41.45
Total number
) 21-100 51 143 194 <0.0001 26.29 20.17-32.78
of pigs
>100 118 900 1018 11.59 9.66-13.64
No 147 864 1011 14.54 12.40-16.79
Pets on the
<0.0001
farm
Yes 172 438 610 28.20 24.64-31.86
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Protection

No 51 103 154 33.12 25.72-40.85
against entry
<0.0001
of other
animals Yes 268 1199 1467 18.27 16.31-20.29
Indoor
No 123 270 393 31.30 26.73-36.01
housing
without <0.0001
outdoor Yes 196 1032 1228 15.96 13.93-18.07
access
No 247 1162 1409 17.53 15.56-19.57
Outdoor
. <0.0001
housing Yes 72 140 212 3396  27.60-40.55
Footwear
. ) No 85 136 221 38.46 32.03-45.05
disinfection
upon entry <0.0001
into th
nto the Yes 234 1166 1400 16.71 14.78-18.72
facility
Foot dip for No 134 244 378 35.45 30.63-40.39
staff at the <0.0001
farm entrance Yes 185 1058 1243 14.88 12.93-16.92
Feed No 34 424 458 7.42 5.11-10.02
production on <0.0001
farm Yes 285 878 1163 24.51 22.05-21.03
No 19 28 47 40.43 26.38-55.09
Proper feed
0.0003
storage Yes 300 1274 1574 19.06 17.13-21.04

1CI — Confidence interval

Table 3 shows statistically significant differences in seroprevalence across all variable

categories presented. Sows have a higher seroprevalence (30.96%, 95% CI 27.40-34.60%)
compared with fattening pigs (12.21%, 95% CI 10.18-14.34%). Likewise, pigs older than 12
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months exhibit a higher seroprevalence (30.94%, 95% CIl 27.84-34.11%) compared with
younger pigs (7.26%, 95% C1 5.48-9.21%), while females are more frequently seropositive than
males (22.17%, 95% CI 19.80-24.60% vs 13.17%, 95% CI 10.11-16.48%). Preventive
measures on farms show similar trends: farms lacking a foot dip for staff or footwear
disinfection upon entry into the facility have higher seroprevalence of 35.45%
(95% CI 30.63-40.39%) and 38.46% (95% Cl 32.03-45.05%), compared with 14.88%
(95% CI1 12.93-16.92%) and 16.71% (95% CI 14.78-18.72%) where these measures are in
place. Housing type also shows differences in seroprevalence, with pigs housed outdoors or
indoors with outdoor access, having nearly twice the seroprevalence (33.96% and 31.30%)
compared to pigs housed indoors (17.53% and 15.96%). Similarly, farms with pets show nearly
twice the seroprevalence (28.20%, 95% CI 24.64-31.86%) compared to farms without pets
(14.5%, 95% CI1 12.40-16.79%). Variables related to feed management show that farms with
on-farm feed production have over threefold higher seroprevalence (24.51%,
95% ClI 22.05-27.03%) compared with farms that do not produce their own feed (7.42%,
95% CI 5.11-10.02%). Farms that store feed properly, ensuring protection from pests, exhibit
half the seroprevalence (19.06%, 95% CI 17.13-21.04%) compared to farms lacking such
practices (40.43%, 95% CI 26.38-55.09%). Finally, herd size shows an inverse effect, with
small herds (<20 pigs) reaching a seroprevalence of 36.67% (95% CI 32.00-41.45%), medium
herds (21-100 pigs) 26.29% (95% CI 20.17-32.78%), and large herds (>100 pigs) only 11.59%
(95% CI 9.66-13.64%).

The Table 4 presents the distribution of seroprevalence by biosecurity categories.

Table 4. Seroprevalence of T. gondii by biosecurity category, with frequencies of positive and

negative samples, Pearson’s chi-square p-values, and 95% confidence interval

Biosecurity Serology result Total Pearson  Seroprevalence 95% ClI
category (1621) Chi- (%) (%)

Positive Negative Square
(319) (1302) p-value

1 38 79 117 32.48 24.05-41.36

2 141 496 637 22.14 18.94-25.46
<.0001

3 79 604 683 11.57 9.22-14.09

4 61 123 184 33.15 26.38-40.21
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As presented in Table 4, herds in biosecurity categories 1 and 4 show a high seroprevalence
of 32.48% (95% CI 24.05-41.36%) and 33.15% (95% CI 26.38-40.21%), whereas categories 2
and 3 have lower seroprevalence rates of 22.14% (95% CI 18.94-25.46%) and 11.57%
(95% CI 9.22-14.09%), respectively.

The mosaic plot in Figure 15 illustrates the relative sample sizes for each farm biosecurity
category and the corresponding serological results. In the mosaic plot, serology results are
displayed on the X-axis, with row widths proportional to the number of positive (lower blue
area) and negative samples (upper red area) in each biosecurity category. The farm biosecurity
category is shown on the Y-axis, with bar heights proportional to the number of positive and

negative samples in each category.

Negative

Serology result

Positive

Biosecurity category

Figure 15. Mosaic plot of T. gondii seroprevalence in pigs by farm biosecurity categories in

Croatia

The mosaic plot shows variations in T. gondii seroprevalence and sample sizes across the
biosecurity categories. Categories 2 and 3 contribute the largest numbers of pigs, while
categories 1 and 4 contain fewer samples. The plot highlights differences in seroprevalence

between categories, with the lowest proportion of positives in category 3 and the highest in
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categories 1 and 4 (around one-third of the samples), suggesting a U-shaped distribution of
seroprevalence across the ordered biosecurity categories of the farms.

5.2.1. Results of univariate logistic regression

Univariate logistic regression analysis revealed that all investigated risk factors were
significantly associated with T. gondii seropositivity in pigs (p<0.05 and 95% confidence
interval for the OR that does not include 1). The ORs, confidence intervals (95% CI), and

p-values for all parameters included in the univariate analysis are presented in the Table 5.

Table 5. Univariate logistic regression results: odds ratio estimates with 95% confidence
intervals for risk factors of T. gondii seroprevalence in pigs

Variable Effect OR! 95% CI? p-value®
Pig category Sows vs Fattening pigs 3.23 2.50-4.16 <0.0001
Age category >12 months vs <12 months  5.72 4.20-7.79 <0.0001
Sex Female vs Male 1.88 1.38 -2.55 <0.0001

) <20 vs >100 4.42 3.34-5.83 <0.0001
Total number of pigs

21-100 vs >100 2.72 1.87-3.95 <0.0001

Pets on the farm Yes vs No 231 1.80-2.96 <0.0001
Protection againstentry  yoq ye Ng 045  0.31-0.65 <0.0001
of other animals
Indoor housing without o ¢ g 042 032054  <0.0001
outdoor access
Outdoor housing Yes vs No 2.42 1.76-3.32 <0.0001
Footwear disinfection
upon entry into the Yes vs No 0.32 0.24-0.44 <0.0001
facility
oot dipforstaffatthe  yoq s No 032  0.24-0.41 <0.0001
arm entrance
Feed production on farm  Yes vs No 4.05 2.78-5.88 <0.0001
Proper feed storage Yes vs No 0.35 0.19-0.63 0.0005

'0dds ratio-OR; 2Confidence interval-Cl; 3Statistically significant if p < 0.05

According to Table 5, a statistically significant difference is found for all variables between

seropositive and seronegative pigs. The pig category variable shows that sows have more than
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three times the odds of infection compared with fattening pigs (OR = 3.23, 95% CI: 2.50-4.16,
p < 0.0001). Similarly, sex shows that females have nearly double the odds of seropositivity
compared with males (OR = 1.88, 95% CI: 1.38-2.55, p < 0.0001). Age is a particularly strong
predictor, as pigs older than 12 months have almost a sixfold higher risk of being seropositive
compared with younger animals (OR = 5.72, 95% CI: 4.20-7.79, p < 0.0001). Herd size is
inversely associated with risk: compared with large herds (>100 pigs), small herds (<20 pigs)
have 4.42 times greater odds of seropositivity (OR = 4.42, 95% CI. 3.34-5.83, p < 0.0001),
while medium herds (21-100 pigs) have 2.72 times greater odds compared with large herds
(OR =2.72,95% CI: 1.87-3.95, p < 0.0001). As shown in Table 4, protection against the entry
of other animals is negatively associated with seropositivity, indicating that the odds of
seropositivity in pigs on farms implementing this measure are more than 50% lower than in
those without it (OR = 0.45, 95% CI: 0.31-0.65, p < 0.0001). Similarly, the presence of
footwear disinfection upon entry (OR = 0.32, 95% CI: 0.24-0.44, p < 0.0001) and a foot dip
for staff at the farm entrance (OR = 0.32, 95% CI: 0.24-0.41, p < 0.0001) are both strongly
protective, with pigs from farms implementing these measures having almost 70% lower odds
of seropositivity. Likewise, indoor housing without outdoor access reduces the odds of
seropositivity by more than half (OR = 0.42, 95% CI: 0.32-0.54, p < 0.0001). Risk increases
on farms with outdoor housing (OR = 2.42, 95% CI: 1.76-3.32, p < 0.0001), with pigs in that
group having almost two and a half times greater odds of being seropositive. The risk also
significantly increases with the presence of pets on the farm (OR = 2.31, 95% CI: 1.80-2.96,
p < 0.0001), where pigs have 2.3 times greater odds of seropositivity compared with those on
farms without pets. The presence of on-farm feed production is positively associated with risk,
with pigs on such farms having fourfold greater odds of being positive for toxoplasmosis
compared with those on farms without on-farm feed production (OR = 4.05, 95% CI: 2.78-5.88,
p <0.0001), while proper feed storage shows a significant protective effect, with pigs from such
farms having more than 60% lower odds of seropositivity (OR = 0.35, 95% CI: 0.19-0.63,
p = 0.0005).

5.2.2. Results of the risk factor analysis using a multivariate logistic regression model

In this study, all independent variables from the previous univariate analysis were included
in the multivariate logistic regression model using a stepwise selection approach, to more
thoroughly examine the statistical associations and the complexity of the relationships between

the mentioned variables and seropositive pigs, as well as identify the main risk factors for
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T. gondii seropositivity. Individual variables were excluded from the model through stepwise
elimination at each step when they did not show a statistically significant association. Several
independent variables that showed strong associations with seropositivity in the univariate
analyses (e.g., pig category, presence of pets on the farm, foot dip for staff, and footwear
disinfection) did not remain in the final model due to their strong association with variables
already included in the model.

The final model showed that age, herd size, housing type, and feed production on farm
emerged as consistent independent risk factors, retaining statistical significance after mutual
adjustment (Table 6, Figure 16, and Table 7).

Table 6. Odds ratio estimates and 95% Wald confidence intervals from the final multivariate

logistic regression model assessing risk factors of T. gondii seroprevalence in pigs

Variable OR! 95% CI?
> 12 months vs <12

Age category months 2.32 1.59- 3.39
<20vs 21-100 1.88 1.27-2.78
Farm size <20 vs>100 4.25 2.77 - 6.52
21-100 vs >100 2.26 1.39 - 3.65
Indoor housing without Yes vs No 055 0.37-0.80

outdoor access
Outdoor housing Yes vs No 2.09 1.24 - 3.54
Feed production on farm Yes vs No 1.63 1.06 - 2.51

10dds ratio-OR: 2Confidence interval-Cl

In Table 6, age remains a strong determinant, with pigs older than 12 months having more
than twice the odds of seropositivity compared with younger animals (OR = 2.32,
95% CI: 1.59-3.39). Herd size retains its strong inverse association. Small herds (<20 pigs)
have over a fourfold higher risk compared with large herds (>100 pigs) (OR = 4.25,
95% CI: 2.77-6.52), and nearly double the odds compared with medium-sized herds
(21-100 pigs) (OR = 1.88, 95% CI: 1.27-2.78). Medium herds also show increased risk
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compared with large herds (OR = 2.26, 95% CI: 1.39-3.65). As shown in Table 6, housing type
demonstrates contrasting effects. Indoor housing without outdoor access is protective
(OR=10.55, 95% CI: 0.37-0.80), while outdoor housing more than doubles the odds of infection
(OR = 2.09, 95% CI: 1.24-3.54). Table 6 also shows that pigs from farms with on-farm feed
production have 1.63 times higher odds of seropositivity (OR = 1.63, 95% CI: 1.06-2.51).

OR estimates from the final model assessing predictors of T. gondii seroprevalence in pigs
are shown in a forest plot in Figure 16. A forest plot visualises the results from a multivariate
logistic regression model, displaying the OR as a measure of association between each predictor
and the odds of a pig testing seropositive for T. gondii. Among the predictors in Figure 16,
indoor housing shows decreased odds (OR < 1) of seropositivity, while the others show
increased odds (OR > 1). On the plot, the predictor farm size (<20 vs >100) is highlighted as

the strongest driver.

Odds Ratios with 95% Wald Confidence Limits

Age category
2 12 months vs < 12 months

*

Feed production onfarm Yes wvs No ———

Herd size £ 20 vs 21-100 e e

Herd size £ 20 wvs =100 - - i

Herd size 21-100 vs =100 } - {

Indoor Yes ws No -o—f

Outdoor Yes ws No F - {

Odds Ratio

Figure 16. Forest plot of odds ratio estimates with 95% Wald confidence intervals from the

final multivariate logistic regression model assessing risk factors of T. gondii seroprevalence in
pigs
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Table 7 presents the strength of the association between the risk factors included in the final

model and seropositivity in pigs.

Table 7. Type Il Analysis of effects for the final multivariate logistic regression model

assessing risk factors of T. gondii seroprevalence in pigs

Variable DF! Wald Chi-Square p-value

Age category 1 19.00 <0.0001

Feed production on farm 1 4.92 0.0266
Indoor housing 1 9.42 0.0021
Outdoor housing 1 7.61 0.0058
Herd size 2 45.16 <0.0001

!DF- Degrees of freedom

From Table 7, it is evident that all variables are statistically significanty associated with
seropositivity in pigs (p<0.05). Each variable contributes independently to variations in
T. gondii seroprevalence in pigs, even after adjusting for the others. The very high Wald values
for herd size (45.16) and age category (19.00), together with low p-values (<0.0001) indicate

the strongest associations with seropositivity among all variables included in the final model.
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5.3. Results of the statistical analysis of antibody titres

The distribution of IgG anti-T. gondii antibodies among seropositive animals by pig category

(fattening pigs and sows) and overall is shown in Table 8.

Table 8. Distribution of T. gondii antibody titres among seropositive pigs in Croatia by pig
category (fattening pigs and sows) and overall

Pig Titre
category 1/ 1/12 1/24 1/48 1/96 1/192 1/384 1/768 1/1536 1/12288 Total
Fattening e 59 24 23 8 8 6 3 0 0 119
pigs
Sows 30 32 37 16 25 24 18 9 5 4 200
Total 56 53 61 39 33 32 24 12 5 4 319

This distribution shows that most infected pigs had titres ranging from 1/6 to 1/192, while
only a few exhibited titres of 1/1 536 and 1/12 288, which were only found in sows.
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The overall distribution of antibody titres among seropositive pigs (n = 319), expressed as

percentages, is presented in a Figure 17.

20%

19.1%

Percent of Frequency

1/6 112 1/24 1743 1/96 1192 17384 17768 1/1536  1/12288
Titre

Figure 17. Percentage distribution of T. gondii antibody titres in seropositive pigs

From the graph in Figure 17, the overall titre distribution among seropositive pigs displays
a right-skewed pattern, with most animals exhibiting low to moderate titres. The most frequent
titre is 1/24 (19.12%), followed by 1/6 (17.55%) and 1/12 (16.61%). These three titres together
account for over half of all positive samples (53.29%). Intermediate titres are less common,
including 1/48 (12.23%), 1/96 (10.34%), and 1/192 (10.03%), whereas high titres (>1/384)
comprise less than 15% of positive samples (1/384 = 7.52%, 1/768 = 3.76%, 1/1536 = 1.57%,
and 1/12288 = 1.25%).
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Results of the comparison of titres between the pig categories (fattening pigs and sows) are
shown in Table 9.

Table 9. Comparison of antibody titres between fattening pigs and sows, expressed as

geometric means, coefficients of variation, and geometric mean ratios with 95% confidence

intervals
Pig category Method GM! 95% CI?’GM! CV3 95% CI?
cve

Fattening 28.42  22.44 - 35.99 211 1.67-2.87
pigs

Sows 53.07 41.70-67.55 435 3.31-6.21
GM! Ratio  Satterthwaite 0.53 0.38-0.75

(1/2)

1GM- Geometric mean:; 2Cl — Confidence interval: 3CV-Coefficient of variation

There is a statistically significant difference in antibody levels between the two pig
categories. Sows have significantly higher antibody titres than fattening pigs, with GM of 53.07
and 28.42, respectively. The GM ratio (fattening pigs/sows) is 0.53, with a 95% confidence
interval of 0.38 to 0.75 (which does not include 1), further confirming the statistical significance
of the difference between groups. This ratio indicates that the GM titre in fattening pigs is
approximately 53.5% of that in sows, or, inversely, that sows have approximately 1.87 times
higher antibody titres than fattening pigs. Table 9 also shows that the coefficient of variation
(CV) is higher among sows (CV = 4.35) compared to fattening pigs (CV = 2.11), suggesting
greater variability in antibody response within the sow population.
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6. DISCUSSION

In this study, 1621 serum samples collected from slaughtered pigs across Croatia were
examined, revealing that 19.68% (139/1621; 95% CI: 17.77-21.70%) tested positive for 1gG
antibodies against T. gondii. Among these, samples from 646 sows showed a notably higher
seropositivity of 30.96% (200/646; 95% CI 27.40-34.60%), approximately two and a half times
the rate observed in the 975 samples from fattening pigs, where seroprevalence was 12.21%
(119/975; 95% CI 10.18-14.34%). These findings differ markedly from those reported by
BARIC (2012), whose analysis of only 53 serum samples from pigs in Vukovarsko-srijemska
County found a very high seroprevalence of 61.6% using a commercial ELISA assay. Such
stark contrasts likely result from the limited scope of Bari¢'s work, which was sourced
exclusively from small rural holdings. These holdings featured housing with outdoor access
and poor biosecurity measures that allowed cats to enter freely and potentially contaminate
feed, water and bedding with oocysts. Therefore, these conditions have most probably
influenced the high seropositivity rate, as factors such as management systems and housing
types that allow access to cats are known to affect seroprevalence of T. gondii in pigs
(STELZER et al. 2019; DUBEY et al. 2020a). This was probably coupled with the use of a
different serological method and a lack of clarity on whether samples were from sows or
fattening pigs, as seroprevalence in sows is reported to be consistently higher than in fattening
pigs in many studies (CASTILLO-CUENCA et al. 2021; AUGUSTYNIAK et al. 2025).
A similar discrepancy is observed in the seroprevalence of 12.2% for fattening pigs detected in
this study compared to the 38% recently reported by KIS et al. (2021) in 92 diaphragm meat
juice samples from Karlovacka County, which also used a commercial ELISA. Factors such as
modest sample sizes, methodological differences, and the use of a different sample matrix,

probably account for this.

A review of the literature shows that seroprevalence studies in pigs have been conducted in
many countries worldwide. For instance, a recent review by DUBEY et al. (2020a) compiles a
comprehensive list of relevant investigations carried out between 2009 and 2020. Most of these
studies, including the most recent, use convenience sampling strategies, typically involving the
collection of pig blood samples at the slaughter line during exsanguination. Seroprevalence of
IgG antibodies to T. gondii in these investigations varies considerably, particularly across
different pig housing systems (indoor versus outdoor) and pig categories (fattening pigs versus

sows). However, comparing the seroprevalence results from these studies—either among

63



themselves or with our own findings—remains challenging, mainly due to the diverse
serological methods and cut-off values used. This variability poses a significant obstacle for
researchers seeking to compare and discuss their results. Similarly, FOROUTAN et al. (2019),
in their systematic review and meta-analysis of T. gondii seroprevalence in pigs, were unable
to undertake a fully standardised global comparison due to the absence of a uniform diagnostic
test. Their meta-analysis estimated a global seroprevalence in pigs of approximately 19%,
which aligns closely with the 19.68% observed in the present study. Overall, the seroprevalence
detected in our study falls within the ranges reported for several major pig-rearing nations. For
example, pooled estimates indicate 19-30% in China, 15-36% in the USA, 18-48% in Mexico,
and 14-27% in Brazil (FOROUTAN et al. 2019).

Among all surveys, the most accurate comparisons involve studies employing the same
diagnostic test (MAT), cut-off value, and pig category (fattening pigs versus sows). A literature
review, most clearly illustrated by DUBEY et al. (2020a) in their comprehensive synthesis,
identified approximately 20 investigations that assessed pig sera for T. gondii 1gG antibodies
using the MAT across diverse global regions and countries, including Brazil, China, Mexico,
the Democratic Republic of Sdo Tomé and Principe, Ethiopia, Estonia, the United Kingdom,
Poland, Portugal, Spain, France, Italy, and Serbia. However, not all of these studies examined
both pig categories and they used cut-off values that differ from those used in the present study.

A recent investigation by BETIC et al. (2022) conducted in neighbouring Serbia reported
an overall seroprevalence of 16.5% among 825 pigs, yielding results somewhat comparable to
our findings. In their study, seroprevalence was higher among sows (43.6%) than in our cohort
(30.96%), whereas the rate among fattening pigs (15.1%) was relatively similar to ours
(12.21%). Another substantial study in southwestern Spain, encompassing 2970 pigs, detected
antibodies in 16.6% of samples (GARCIA-BOCANEGRA et al. 2010). Within that cohort,
9.7% of fattening pigs and 24.2% of sows were seropositive for T. gondii, representing lower
rates than those observed here. Notably, both this and the aforementioned Serbian study used a
cut-off value of 1/25. We selected 1/6 as the cut-off value, based on our previously published
work and because MAT, by using formalin fixed whole parasite as antigen, allows detection of
low antibody concentrations in serum, which can be seen in chronically infected pigs (DJOKIC
et al. 2016b; GRBAVAC et al. 2025, personal communication with V. Djoki¢). With this cut-
off, the overall seroprevalence was 19.68%, with most animals having 1gG titres ranging from
1/6 to 1/24 (53.3%; Figure 17). The MAT cut-off value remains a matter of debate, as some
other studies on T. gondii seroprevalence have chosen a cut-off of 1/25 without further
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explanation (GARCIA-BOCANEGRA et al. 2010; BETIC et al. 2022). One study using the
same protocol as ours was conducted by DJOKIC et al. (2016b) in France on 3595 pigs. That
study included serum samples from fattening pigs, weaned piglets, and suckling piglets,
resulting in an overall seroprevalence of 6.9%, which is substantially lower than the 12.21%
detected among fattening pigs in our research. The lower seroprevalence rates observed in their
study may be due to the inclusion of piglets and the fact that all animals were from closed
facilities. In contrast, our study includes pigs from closed facilities as well as from facilities
with outdoor access and fully outdoor housing. Another study conducted in France on sows,
fattening pigs, and piglets from both outdoor and intensive farms, used the same protocol
(DJOKIC et al. 2016a). This study found seroprevalence rates of 3.3% among fattening pigs
and 10.5% among sows, again, lower than our results. This discrepancy could result from their
use of cardiac fluid as the sample matrix, which underscores the need for caution when making
direct comparisons. Additionally, differences in biosecurity practices on intensive farms
between France and Croatia may also contribute to these variations.

Other European studies have also reported lower seroprevalence rates in pigs than the
19.68% observed in our study. Examples include Poland using the DAT (11.9%), southwestern
Spain using the MAT (8.9%), the United Kingdom using ELISA (7.5%), Estonia using the
MAT (5.8%), the Netherlands using ELISA (1.4 - 2.8%), northern Italy using ELISA (3.8%)
and the MAT (2.1%), and Finland using ELISA (0.6%) (LIMON et al. 2017; PAPINI et al.
2017; SANTORO et al. 2017; GAZZONIS et al. 2018; PABLOS-TANARRO et al. 2018;
FELIN et al. 2019; SWANENBURG et al. 2019; SROKA et al. 2020). Most of these studies
focused on fattening pigs raised in similar or different farming systems. The lower
seroprevalence rates compared to our results can largely be attributed to differences in sampling
targets (primarily fattening pigs) and the serological tests used. Higher seroprevalence rates
were observed in southwestern Spain using ELISA (24.1%), Sardinia using ELISA (51.7%),
the Czech Republic using ELISA (21%), and Romania using the IFAT (23.1%) (PASTIU et al.
2013; SLANY et al. 2016; PIPIA et al. 2018; CASTILLO-CUENCA et al. 2020). These higher
rates can be explained by differences in pig husbandry practices, as all these studies included

pigs that were mostly raised extensively.

In our study, a pronounced geographical variation in T. gondii seroprevalence across
Croatian counties was observed (Table 2, Figure 13), a pattern consistent with findings from
some studies in other European countries (GARCIA-BOCANEGRA et al. 2010; BETIC et al.
2022; AUGUSTYNIAK et al. 2025).
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A study in Spain found that farms in regions with high temperatures and medium relative
humidity had significantly higher seroprevalence (GARCIA-BOCANEGRA et al. 2010).
Another example from Serbia explained higher infection risk in certain regions by differences
in farm sizes and biosecurity measures, which are generally much stricter on larger, highly
industrialised farms (BETIC et al. 2022). A similar trend has also been reported outside Europe.
Researchers in China have attributed regional differences in seroprevalence to variations in
climatic conditions between provinces (LIU et al. 2025). These findings underscore the need
for caution when comparing and explaining regional differences, as climatic conditions alone
may not be sufficient. Beyond climate, such variations could be influenced by confounding
factors, such as farm management practices, proximity to surrounding villages, presence of cats,
other farm characteristics, and unequal sample sizes, as observed in another study
(AUGUSTYNIAK et al. 2025).

In the present work, most samples were collected from northern and north-eastern Croatia,
where the majority of pig farms are located, and which share similar climatic conditions.
Regarding potential differences in farm management and other characteristics, we could not
reliably link them to regions, likely due to substantial variation in sample sizes across counties
(Figure 14). Therefore, regional differences in seroprevalence must be interpreted with caution,
and no definitive conclusions can be drawn from these findings, given the large disparities in
sample sizes per county. Ultimately, counties were not considered a potential risk factor, as
sample size variability affected the analysis, and county-level distinctions in this study are

considered irrelevant for the epidemiology and risk factors of toxoplasmosis in pigs in Croatia.

When examining the data on the percentage of seropositive pigs across biosecurity
categories, higher proportions were observed in categories 1 and 4 (32.48% and 33.15%,
respectively) compared to categories 2 and 3 (22.14% and 11.57%, respectively) (Table 4). This
pattern is likely due to the low biosecurity levels and poor housing conditions in category 1,
which increase exposure risks, while in category 4, outdoor housing allows cats, the definitive
hosts of T. gondii, easy access to pigs, potentially contaminating their environment.
Additionally, pigs in this category are at risk of infection through ingestion of rodent carcasses

or other small animals containing tissue cysts.
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In this study, biosecurity category was evaluated only descriptively and excluded from
logistic regression analyses because it is a composite indicator derived from several underlying
predictors and is therefore correlated with them across biosecurity levels, while also accounting
for the different sample sizes in each group. Notably, no blood samples were collected from
pigs from small holdings in biosecurity category 0, which keep one pig for their own needs
(Figure 15). Obtaining these samples was highly unlikely because the sampling method was
based on random convenience sampling, and such pigs represented only a small proportion
(5.5% of the total number of pigs produced in 2021) (ACINGER-ROGIC 2022). These pigs are
usually slaughtered traditionally in the owners' backyards, with notification to the authorised
veterinary organisation. With the arrival of ASF in Croatia (16 June 2023), such slaughters have
been prohibited in certain zones where the disease has appeared, which was after our sampling
was completed. According to the categorisation results as of 31 December 2021, the majority
of farms in Croatia belonged to biosecurity category 1 (31.1%) and category 2 (52.1%), while
the largest number of pigs was kept on farms in biosecurity categories 2 and 3 (>1.1 million,
approximately 88% of the total pig population) (ACINGER-ROGIC 2022). Accordingly, in our
study, most samples were collected from pigs originating from farms with biosecurity
categories 2 and 3 (Figure 15). Surprisingly, seroprevalence reached 11.57% (79/117;
95% CI: 9.22-14.09%) in category 3, which primarily includes large intensive farms expected
to fully comply with biosecurity standards. This outcome could arise from several factors. First,
our sample included both seropositive fattening pigs and sows, with these production categories
often housed differently — sows on smaller and medium-sized farms frequently have outdoor
access. This leads to a second point: farm size. Even if assigned the highest biosecurity
category, smaller farms may not implement measures as rigorously as larger ones. Additionally,
the type of production on larger farms could play a role, as finishing farms have shown lower
biosecurity quality compared to farrow-to-finish farms (KLUN et al. 2011; BETIC et al. 2022).

To better understand the situation in our case, the characteristics of farms with seropositive
pigs warrant further investigation. Notably, we observed that some farms in biosecurity
category 3 house pigs in enclosed facilities with outdoor access points. Of the 79 animals
seropositive for T. gondii in biosecurity category 3, 27 came from farms with outdoor access,
which could explain their positivity (Appendix 3). Such arrangements could pose a risk for
T. gondii infection, as stray cats may access these areas and contaminate them. However, the
remaining 52 seropositive animals originated from farms without outdoor access, which was

unexpected. Further breakdown of these 52 pigs by production category revealed that 21 were
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fattening pigs and 31 were sows. All fattening pigs came from large (>100 animals), intensive
farms with closed production systems — namely, farrow-to-finish operations — that, according
to the questionnaire, met maximum biosecurity standards. Identifying the weak link in these
cases is challenging, but it is most likely attributable to human factors, such as non-adherence
to strict biosecurity protocols. Seropositive pigs from such farms indicate the presence of
critical points, a common phenomenon, as similar findings have been reported from high-tech
industrialised farrow-to-finish farms in other European countries (DJOKIC et al. 2016b;
GAZZONIS et al. 2018; OLSEN et al. 2020; BETIC et al. 2022; EPPINK et al. 2022).

Visits to some intensive farrow-to-finish farms revealed that, after passing the disinfection
barrier at the entrance and changing clothes and footwear, workers move between buildings
without repeated disinfection or changing footwear (personal communication with
7. Acinger-Rogi¢). On these farms, different production categories are housed in separate
buildings, often separated by green areas, where access by free-roaming cats remains possible.
Considering this, a critical point could involve movement in the same footwear across the farm,
leading to accidental introduction of oocysts into housing areas. Responses to the questionnaire
on protective footwear and disinfection barriers do not necessarily reflect proper application of
these measures. The same applies to other biosecurity-related questions, as questionnaire
answers do not confirm the effectiveness of implementation, a limitation noted by
ACINGER-ROGIC (2022) in her study on biosecurity levels and Aujeszky's disease occurrence
in pigs in Croatia. Moreover, in 2025, ASF was confirmed on one of these intensive farms from
which toxoplasmosis-positive pigs originated. This further indicates gaps in biosecurity and
may suggest incomplete implementation of measures even in these high-standard facilities.
When focusing on the group of seropositive sows housed without outdoor access, most
originated from small and medium-sized farms. The reason for their seropositivity could be
poorer biosecurity implementation on smaller farms, as demonstrated in prior studies (DJOKIC
et al. 2016b; SROKA et al. 2020; BETIC et al. 2022).

Finally, it is noteworthy that farms belonging to less highly industrialised pig producers and
breeders, which were assigned to biosecurity category 3, allow pigs outdoor access. The
biosafetey questionnaire does not fully define when such a farm qualifies for this category, and
based on our results, one might question whether it should. ACINGER-ROGIC (2022) made a
similar observation in her study, using the entire biosafety questionnaire, and recommended

revising the categorisation questionnaire to reduce potential bias. Although our research did not
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use the full questionnaire but only selected questions, we observed similar limitations related
to the phrasing of the questions, their scope, and the provided answer options.

Taking all this into account, pigs seropositive for T. gondii may indicate that there are gaps
in the implementation of biosecurity measures within intensive production systems classified
at the highest biosecurity level. In future, this approach could potentially be applied in practice
to assess the overall effectiveness of biosecurity protocol implementation.

This study analysed risk factors for T. gondii infection in pigs in Croatia, as well as their
interactions, to provide a basis for designing toxoplasmosis surveillance programmes in pig
production. ldentifying these factors improves understanding of the disease's distribution,
enabling better estimation of the likelihood of seropositivity on farms.

To assess the effects of individual factors, variables such as pig category, age, sex, and
responses to selected questions from the biosafety questionnaire (Appendix 1) were analysed
as independent variables. All 12 investigated risk factors were statistically significant for
T. gondii infection in pigs, with age, pig category, on-farm feed production, herd size, presence
of pets, housing type, and protection against the entry of other animals into pig housing being
particularly prominent (Table 5). For instance, univariate analysis showed that pigs older than
12 months had nearly a sixfold higher risk of seropositivity (OR = 5.72, p < 0.0001). Pig
category was also a strong predictor, with sows having over threefold higher odds of infection
compared to fattening pigs (OR = 3.23, p < 0.0001). Several other studies have also shown that
sows are at greater risk, likely due to their longer lifespan compared to fattening pigs
(DJOKIC et al. 2016a; KOFOED et al. 2017; GAZZONIS et al. 2018; PIPIA et al. 2018;
CASTILLO-CUENCA et al. 2021). Fattening pigs are commonly slaughtered at approximately
nine months old, while sows are usually slaughtered at a much older age (three to five years),
resulting in prolonged exposure to the parasite. However, all these associations should be
interpreted cautiously, as they do not account for potential confounding factors and are further
evaluated in a multivariate model. It is particularly interesting that pig category was not
significant in the final model. This variable was likely not retained in the multivariate model
due to overlap with the age category, which did enter the final model. Although pig category
remains biologically important, its effect in the final model is partially confounded by age
category. This could be explained by the strong association between these two variables, in

other words, most pigs older than 12 months were sows, while the younger ones were fattening

pigs.
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The final multivariate model showed that the main risk factors for T. gondii seroprevalence
in pigs in Croatia are age, herd size, housing type, and on-farm feed production (Table 6).
Among these, herd size and age showed the strongest association with seropositivity (Figure 16,
Table 7).

Age is a well-established and important factor influencing T. gondii seroprevalence in
animals, as most infections occur postnatally (DUBEY 2022a). A recent review of risk factors
for toxoplasmosis in farm animals highlighted that age is frequently identified as a significant
predictor in studies involving pigs, sheep, goats, and chickens (STELZER et al. 2019).
Essentially, an animal’s age is proportional to its cumulative exposure time to the parasite, given
that T. gondii is a ubiquitous parasite capable of infecting any warm-blooded host. In this
review, the authors underscore the importance of age as a risk factor and suggest that it should
always be included in risk analyses for studies involving multiple age categories. They also
note that age can act as a confounder or effect modifier in statistical data analysis. A similar
effect of the age variable was observed in the present study; as mentioned earlier, age appears
to influence the pig category variable in the multivariate analysis of risk factors. An animal's
age often depends on the production type. For instance, animals used in the meat industry
typically belong to lower age categories compared with those used for breeding and dairy

production.

In the present study, age was positively associated with seroprevalence, and the final model
showed that pigs older than 12 months had more than twice the odds of seropositivity compared
with younger animals (OR = 2.32, 95% CI: 1.59-3.39). Age was identified as a risk factor in
several other studies conducted in European countries such as Spain, France, Poland, Denmark,
and Serbia, which explored risk factors among different pig age categories
(GARCIA-BOCANEGRA et al. 2010; DJOKIC et al. 2016b; BETIC et al. 2022; OLSEN et al.
2020; SROKA et al. 2020). Similar findings were reported in some studies conducted outside
Europe, such as in Cuba, Brazil, and India (SOUSA et al. 2014; CASTILLO-CUENCA et al.
2021; MOUDGIL et al. 2024).

Analysis of farm size in relation to seroprevalence revealed a statistically significant increase
in smaller herds (Table 6), consistent with findings from other studies (DJOKIC et al. 2016b;
HERRERO et al. 2016; LIMON et al. 2017; SROKA et al. 2020). Risk analysis indicated that
pigs on small farms had over four times higher odds of infection compared to large farms with
more than 100 animals (OR = 4.25, 95% CI: 2.77-6.52), and nearly double the odds compared
to medium-sized farms (OR = 1.88, 95% CI: 1.27-2.78). This pattern likely arises because
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small farms are typically less confined, often provide outdoor access, and implement fewer
stringent biosecurity measures than larger, intensive operations, which usually maintain fully
confined systems. In Croatia, most pig farms are small, family-run enterprises with low
biosecurity and suboptimal housing conditions, which undoubtedly increase T. gondii infection
risks (ACINGER-ROGIC 2022). Domestic cats, as definitive hosts, can easily access pig
housing, feed, bedding, and surrounding farmland, contaminating them with oocysts. These
observations align with a broader trend in the literature, where pigs in smaller production groups
consistently show higher seropositivity due to suboptimal hygiene and animal husbandry
standards (STELZER et al. 2019). For instance, a previously mentioned large-scale study in
France confirmed the association between farm size and seropositivity among fattening pigs
and piglets in confined systems, linking it to lower technical and hygienic standards on small
holdings (DJOKIC et al. 2016b). Similarly, a large-scale epidemiological study in England
found higher infection risks on farms with fewer than 200 animals, often involving outdoor pig
access and open feed storage (LIMON et al. 2017). Comparable results have also been reported
from other European countries, including Serbia, Spain, and Poland, where farm size has been
identified as a significant risk factor for T. gondii infection in pigs (KLUN et al. 2011;
HERRERO et al. 2016; SROKA et al. 2020). A recent study conducted in Kenya identified
farm size as a key risk factor, with seroprevalence dropping significantly in herds exceeding
100 animals, attributed to improved management and hygiene practices in such farms
(CHEPYATICH et al. 2023). This may indicate a lack of hygiene and animal husbandry

practices in small holdings and small farms worldwide.

When examining pig housing systems, a significant association was found with T. gondii
seroprevalence, particularly in closed systems with outdoor access and fully open housing
(Table 6). Other studies have identified farming systems that allow outdoor access and open
housing as key risk factors, primarily because cats can access pigs and contaminate the soil and
pasture with oocysts (KLUN et al. 2006; GARCIA-BOCANEGRA et al. 2010; DJOKIC et al.
2016a; LIMON et al. 2017; SWANENBURG et al. 2019; MOUDGIL et al. 2024).

In our study, open housing increased the likelihood of infection by a factor of 2.09
(95% CI: 1.24-3.54), meaning pigs in such systems were more than twice as likely to be
seropositive for toxoplasmosis compared to those kept indoors. Pigs from open housing
primarily came from larger farms (>100 animals) classified under biosecurity category 4, where
animals are managed extensively most of the year. Most of these farms focus on rearing
autochthonous breeds, such as Black Slavonian, Turopolje, and Mangalica pigs. Consequently,
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higher seroprevalence and infection risk are expected in these traditional production systems,
where pigs are raised extensively on pastures and woodlands, foraging for natural food sources
such as acorns, beech mast, and wild grains. Feeding in these systems relies almost entirely on
pasture and acorns, with supplemental corn or grains required only in lean years, particularly
during autumn and winter. This foraging behaviour increases the risk of infection, as pigs root
in the soil and may ingest contaminated soil or water containing sporulated T. gondii oocysts
from feline faeces. Additionally, like wild boars, these pigs can acquire the parasite by
consuming infected rodents or other small animals, driven by their natural scavenging and
predatory instincts (STELZER et al. 2019). This traditional pig rearing system differs from
other outdoor farming types, such as free-range or organic farms, which have become more
popular in recent years. These systems generally provide outdoor access alongside indoor
housing and use standard pig feed, although organic farms in the EU must comply with specific
regulations and ensure feed is free from pesticides and artificial fertilisers (EUROPEAN
COMMISSION 2023).

In the present study, seropositive pigs kept outdoors also originated from medium-sized
(21-100 animals) and large farms (>100 animals) in lower biosecurity categories (1 and 2).
These farms either do not meet or only partially fulfil biosecurity requirements. Although
modest wooden or concrete shelters are available, pigs are typically kept outdoors for most of
the time. It is evident that various systems of extensive pig rearing exist, with their names
differing between countries. Consequently, the terms “organic* or “free-range™ pigs cannot
fully apply to Croatia's autochthonous breeds raised traditionally, or to pigs from low
biosecurity farms that keep pigs extensively. For simplicity, we will refer to these groups as

outdoor pigs.

Outdoor pigs have been shown to have increased infection risks in Poland, the Netherlands,
France, Denmark, and Latvia (DEKSNE and KIRJUSINA 2013; DJOKIC et al. 20163;
SWANENBURG et al. 2019; OLSEN et al. 2020; SROKA et al. 2020; EPPINK et al. 2022).
Outside Europe, pigs kept outdoors in Mexico, India, and Ethiopia also showed higher infection
probabilities (ALVARADO-ESQUIVEL et al. 2014; GEBREMEDHIN et al. 2015;
MOUDGIL et al. 2024). Furthermore, a relatively high seroprevalence of 33.96% (72/212;
95% CI: 27.60-40.55%) was detected in outdoor pigs in this study. In Europe, seroprevalence
rates range from 3.8% to 5.8% by ELISA in the Netherlands, 6.3% by the MAT in France,
24.1% by ELISA in Spain, 51.7% by ELISA in Italy, and 52.6% by ELISA in Poland (DJOKIC
etal. 2016a; PIP1A et al. 2018; SWANENBURG et al. 2019; CASTILLO-CUENCA et al. 2020;
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PUCHALSKA et al. 2022). On other continents, rates reach 32% by WB in Peru, and 32% by
ELISA in Argentina, 39.7% by the DAT in Ethiopia, and 45.3% by the MAT in Mexico
(ALVARADO-ESQUIVEL et al. 2014; GEBREMEDHIN et al. 2015; FLORES et al. 2021;
KUNIC et al. 2022). High seroprevalence in outdoor pigs, as reported in numerous studies
across Europe and worldwide, further underscores the role of housing systems in the
epidemiology of toxoplasmosis. The high seroprevalence observed in this study may be
explained by the predominance of autochthonous breeds raised traditionally, which likely
increases parasite exposure through specific feeding practices such as foraging in natural
environments, compared to other extensive rearing systems. Overall, elevated seroprevalence
in outdoor pigs, as documented in numerous studies across Europe and worldwide, further
emphasises the role of housing systems in the epidemiology of toxoplasmosis in pigs. In
contrast, fully indoor housing without outdoor access in this study acted as a protective factor
against T. gondii infection (OR = 0.55, 95% CI: 0.37-0.80). Pigs in these confined systems had
approximately 45% lower odds of infection compared to those with outdoor access. This
protective effect is due to reduced environmental contact with oocysts shed by cats in soil, feed,
or water, along with intensive biosecurity protocols that further minimise infection risks. Some
other studies evaluating infection risk for pigs in confined systems have shown higher chances
of infection for pigs with access to the outdoors (SOUSA et al. 2014; LIMON et al. 2017,
EPPINK et al. 2022).

The questionnaire included feed-related variables, as ingestion of sporulated T. gondii
oocysts through contaminated feed is an important infection route for pigs. These questions
addressed feed production and storage. Open or less confined feed storage has been identified
as a risk factor in some studies, as it allows cat access and contamination with sporulated
oocysts (STELZER et al. 2019). Although the variable on feed storage could not be included in
the multivariate model in our study due to collinearity with other variables, the construction of
the question and its response options warrants attention. The question and answer choices were
superficial, focusing only on whether feed was stored properly or not. No details were provided
on the type of storage or what constitutes "proper feed storage," such as whether this refers only
to silos or to other methods that may protect feed from cats and rodents. Small and medium-
sized farms are unlikely to have silos like large intensive operations, yet the questionnaire
responses do not allow for such distinctions. The variable retained in the multivariate analysis
was on-farm feed production, which was associated with higher odds of seropositivity
(OR =1.63, 95% ClI: 1.06-2.51). One possible explanation is that on-farm feed production may
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attract cats and rodents, particularly to supplement storage sites, even on larger farms. On small
and medium-sized farms, less rigorous biosecurity and technical differences in the production
process compared to large intensive farms could additionally contribute to a higher risk of feed
contamination. For instance, a large study on conventional pig farms in the Netherlands found
that heated feed in the production process was associated with lower seroprevalence (EPPINK
et al. 2022). To fully elucidate the role of on-farm feed production, further research is needed
to identify potential critical points in these systems, particularly where technological
differences may exist. Future studies should also include detailed assessments of feed storage

methods, with the development of more specific questions on this aspect.

Antibody titres in this study varied widely, ranging from low levels (1/6 in 19.1% of animals)
to very high levels (1/12 288 in 1.3% of animals). More than half of the animals (65.5%)
exhibited low titres (<1/48) (Figure 17). The highest titres were observed in sows, with five
animals showing titres of 1/1536 and four reaching 1/12 288 (Table 8). Elevated titres may
indicate a potential acute infection, as suggested in an earlier study conducted in Serbia using
the MAT by KLUN et al. (2006), who also detected the highest titre of 1/12 288 using a cut-off
of 1/25. However, no definitive conclusions can be drawn from high IgG titre alone. A more
recent Serbian study, also using the MAT with a cut-off of 1/25, found that over 80% of pigs
had low titres (< 1/50), with the highest titre of 1/800 recorded in one sow (BETIC et al. 2022).
The authors also performed bioassay experiments in mice by inoculating them with heart
digests from seropositive sows. Although no direct correlation was found between antibody
titres and parasite isolation, the majority of viable parasites were isolated from sows with titres
> 1/100. Consequently, the authors suggested that such high titres could signal an elevated risk
to human consumers of that meat. A similar correlation between antibody titres measured by
IFAT, cut-off 1/20, and the presence of viable tissue cysts was reported in a Spanish study
(HERRERO et al. 2016). The researchers concluded that titres > 1/80 may serve as an indicator
of viable tissue cysts in meat and help identify higher-risk animals in food chain production.
This may mean that animals with higher titres detected with the MAT or IFAT could represent
a significant source of human toxoplasmosis transmission through the consumption of
undercooked or raw pork. In the present study, 34.5% of seropositive pigs had titres > 1/96.
However, no further conclusions can be drawn, as a different test and/or cut-off value was used,
and serological testing alone does not allow accurate assessment of the true risk of human
toxoplasmosis transmission via pork. Confirming this risk would require studies that combine

serology with isolation of viable parasites from retail pork. Ultimately, post-slaughter handling
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of pig carcasses, including storage in cold chambers and other post-harvest treatments, may
significantly reduce or eliminate T. gondii tissue cysts (HILL et al. 2006; DUBEY et al. 2020a).
Indeed, the prevalence of viable tissue cysts isolated from pork samples obtained from grocery
stores is low as shown in a recent study conducted by DUBEY et al. (2020f) in the USA.

Titre analysis revealed a significant difference in antibody titres against T. gondii between
fattening pigs and sows, with sows exhibiting markedly higher titres overall (Table 9). The
results indicate that sows have titres 1.87 times higher (GM = 53.07) than fattening pigs
(GM = 28.42). This difference can be difficult to interpret, as elevated IgG titres may indicate
a recent acute infection, a chronic infection, or immune reactivation, and the MAT detects only
IgG antibodies. Distinguishing acute from chronic infection requires additional tests to detect
IgM antibodies and assess IgG avidity. Furthermore, antibody titres can be influenced by
multiple factors, including the size of the infective dose and the individual immune
responsiveness of the intermediate host, making a definitive explanation for the observed
differences challenging (OPSTEEGH et al. 2016). The dynamics of T. gondii specific 1gG
antibodies in pigs remain poorly understood, as in animals generally. Unlike in humans, where
T. gondii specific 1gG antibodies are known to persist lifelong, it remains unclear how long pigs
can remain seropositive for T. gondii (VILLARD et al. 2016). Experimental studies following
infected pigs for 2.5 and 4 months post-infection showed fluctuating 1gG antibody levels but
persistent seropositivity (LIND et al. 1997; BASSO et al. 2017). A more recent study that
explored T. gondii antibody dynamics in sows over a year following natural infection showed
that not all sows test consistently positive or negative for T. gondii (OLSEN et al. 2021). The
authors of that study attributed this to the possibility of false positive results, which can occur
with ELISA tests due to cross-reactivity with closely related parasites, as previously
documented by LIND et al. (1997), and the possibility of false negative results with ELISA, as

samples from those sows were positive when tested with MAT and WB.

The analysis of antibody titres in this study also revealed greater heterogeneity in antibody
responses among sows (CV=4.35), likely related to their older age and different physiological
and production stages. However, there is no evidence supporting stress-induced reactivation of
chronic infection in pigs. Instead, an experimental study in chronically infected pregnant sows
documented a decline in IgG antibody levels at farrowing (BASSO et al. 2017). Increases in
antibody levels during pregnancy have been observed in experimental studies involving cattle
and goats, although there are no data for the postpartum period (DE OLIVEIRA et al. 2022; DE
OLIVEIRA et al. 2023). In contrast, the more uniform titres observed in fattening pigs
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(CV = 2.11) may reflect their shorter lifespan and more consistent production stage. However,

definitive conclusions cannot be drawn from these findings.

Taken together, these results highlight the substantial influence of age and production stage
on T. gondii seropositivity and antibody titre magnitude. Notably, a literature review identified
no previous serological studies in pigs that performed titre analysis in a manner comparable to
the present work. To conclusively explain the higher titres observed in sows, further research
is needed, including longitudinal monitoring of titres in both fattening pigs and sows over an
extended period, and the use of multiple serological methods that allow IgM detection and 1gG
avidity testing to better understand titre dynamics. IgG avidity assessment is crucial for
distinguishing past from recent infections (TEIMOURI et al. 2020). However, unlike in
humans, no commercial tests are available for pigs (GARNAUD et al. 2020). Only adapted
in-house protocols or modified commercial ELISA tests have been used to assess the binding
strength of IgG antibodies to an antigen (T. gondii) (SUAREZ-ARANDA et al. 2000; BASSO
et al. 2017; ROY et al. 2024).

As noted in the introduction, pork is one of the most common sources of T. gondii infection
in humans. Given that pork is the most consumed meat in Croatia, this study highlights a
potential risk for human infection, particularly when pork is consumed undercooked.
Identifying key risk factors for toxoplasmosis in pigs enables targeted interventions to reduce
prevalence at both animal and farm levels, thereby enhancing the safety of pork for human
consumption. The risk factors identified in this study can be used in planning toxoplasmosis
monitoring systems. Additionally, the biosafety questionnaire should be revised to include
questions that more thoroughly assess specific risk factors while minimising nonspecific
responses to reduce bias. Monitoring, diagnosis, and prevention of this zoonosis are fully
aligned with the One Health initiative. Standardising diagnostic methods in animals, such as
adopting the MAT test, is advisable, along with conducting similar large-scale studies in Croatia

for other livestock species.
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7. CONCLUSIONS

This is the first large-scale study on toxoplasmosis in pigs in Croatia

The seroprevalence of toxoplasmosis in Croatian pigs is 19.68%, which aligns with
global rates observed in pig populations. This suggests that toxoplasmosis may pose a

potential risk for human infection

The higher seroprevalence of toxoplasmosis in sows (30.96%) compared to fattening
pigs (12.21%) likely reflects an age-related effect, as sows are exposed to the parasite

for longer due to their extended lifespans

The higher seroprevalence in pigs from farms in biosecurity categories 1 and 4 (32.48%
and 33.15%) than those from categories 2 and 3 (22.14% and 11.57%) indicates that

housing conditions affect the exposure of pigs to the parasite

The higher antibody titres against T. gondii observed in sows than in fattening pigs

remain unexplained by this study

The key risk factors significantly influencing the prevalence of toxoplasmosis are: age,

farm size (herd size), housing type and feed production on farm

Targeted interventions must be implemented to reduce or eliminate risk factors on
farms, thereby lowering seroprevalence and enhancing pork safety for human

consumption

Planning toxoplasmosis monitoring systems should include all farms exposed to

identified risk factors

Questions from the biosafety questionnaire should be revised, featuring questions that

more thoroughly examine specific risk factors

Toxoplasmosis should be addressed from the One Health perspective, adopting the
MAT as the diagnostic standard in animals, and conducting further research on other

livestock species whose meat is consumed by humans
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9. APPENDICES

Appendix 1. Questionnare for risk factor assessment — 8 extracted questions from original

biosecurity questionnare

TITLE

QUESTION ANSWER

C. Number of animals C. 1.

on the farm

Total number of pigs on the
farm at the time of

categorization

Other animals on the farm

Are there pets? Yes/No

C6.1.

Is protection against the

entry of rodents, birds, and

other animals into pig Yes/No
facilities being

implemented?

6.15

Avre the pigs permanently
kept in enclosed facilities Yes/No

without outdoor access?

6. Biosecurity 6.17

Are the pigs kept outdoors? Yes/No

F6.29

Is footwear disinfected when
entering and exiting pig Yes/No

facilities?

F6.33

Is there a foot dip at the
entrance to the farm for Yes/No

personnel?

7.5

F. Other conditions

Does the owner produce
their own feed for pig Yes/No

feeding?

G7.8

Is the feed stored properly
Yes/No
and protected from pests?
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Appendix 2. Simulation table for the required number of samples per group based on

the difference in proportions

Alfa | Power | N* n? Difference in P13 p24
porportions
.05 |.8 855.9 427.9 .05 .05 1
.05 |.8 271.2 135.6 A1 .05 15
.05 |.8 92.81 46.41 2 .05 .25
.05 |.8 50.69 25.34 3 .05 .35
.05 |.8 32.98 16.49 4 .05 45
.05 |.8 23.42 11.71 5 .05 .55
.05 |.8 17.48 8.742 .6 .05 .65
.05 |.8 13.41 6.706 g .05 .75
.05 |.8 10.4 5.198 .8 .05 .85
.05 |.8 . . 9 .05 .95
.05 |.8 1365 682.7 .05 1 .15
.05 |.8 393.8 196.9 A 1 2
.05 |.8 121 60.51 2 1 .3
.05 |.8 62.01 31 3 1 4
.05 |.8 38.57 19.28 4 1 5
.05 |.8 26.45 13.22 5 1 .6
.05 | .8 19.14 9.57 .6 1 g
.05 |.8 14.25 7.125 g 1 .8
.05 |.8 10.66 5.331 .8 1 9
.05 |.8 393.8 196.9 -1 .2 1
.05 |.8 1808 904 -.05 .2 .15
.05 |.8 585.6 292.8 A .2 .3
.05 |.8 162.5 81.23 2 .2 4
.05 | .8 77.45 38.72 3 .2 5
.05 |.8 45.47 22.74 4 .2 .6
.05 | .8 29.62 14.81 5 .2 g
.05 |.8 20.36 10.18 .6 .2 .8
.05 | .8 14.25 7.125 g .2 9
.05 | .8 121 60.51 -2 .3 1
.05 |.8 585.6 292.8 -1 .3 .2
.05 | .8 2753 1376 A1 .3 .35
.05 |.8 712.4 356.2 A .3 4
.05 | .8 186.8 93.41 2 .3 5
.05 |.8 84.94 42.47 3 .3 .6
.05 | .8 47.69 23.85 A4 .3 g
.05 | .8 29.62 14.81 5 .3 .8
.05 |.8 19.14 9.57 .6 .3 9
.05 |.8 62.01 31 -3 4 1
.05 | .8 162.5 81.23 -2 4 .2
.05 |.8 712.4 356.2 -1 4 .3
.05 |.8 3067 1534 .05 4 .45
.05 |.8 775.7 387.8 A1 4 5
.05 |.8 194.9 97.45 2 4 .6
.05 | .8 84.94 42.47 3 4 g
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05 |.8 45.47 22.74 4 4 8
05 | .8 26.45 13.22 5 4 9
05 |.8 38.57 19.28 -4 5 1
05 | .8 77.45 38.72 -3 5 2
05 | .8 186.8 9341 -2 5 3
05 |.8 775.7 387.8 -1 5 4
05 | .8 3130 1565 .05 5 .55
05 |.8 775.7 387.8 1 5 .6
05 | .8 186.8 93.41 2 5 A
05 |.8 77.45 38.72 3 5 8
05 | .8 38.57 19.28 4 5 9
05 | .8 26.45 13.22 -5 .6 1
05 | .8 3451 17.26 -45 .6 15
05 | .8 45.47 22.74 -4 .6 2
05 | .8 84.94 42.47 -3 .6 3
05 | .8 194.9 97.45 -2 .6 4
05 | .8 775.7 387.8 -1 .6 5
05 | .8 2942 1471 .05 .6 .65
05 | .8 712.4 356.2 1 .6 N
05 | .8 162.5 81.23 2 .6 8
05 | .8 62.01 31 3 .6 9
05 | .8 19.14 9.57 -.6 N 1
05 | .8 23.77 11.89 -.55 N A5
05 | .8 29.62 14.81 -5 N 2
05 | .8 47.69 23.85 -4 T 3
05 | .8 84.94 42.47 -3 N 4
05 | .8 186.8 9341 -2 N 5
05 | .8 712.4 356.2 -1 N .6
05 | .8 2502 1251 .05 T 75
05 | .8 585.6 292.8 1 T 8
05 | .8 121 60.51 2 N 9
05 | .8 14.25 7.125 -7 8 1
05 | .8 17.04 8.519 -.65 8 A5
05 | .8 20.36 10.18 -.6 8 2
05 | .8 29.62 14.81 -5 8 3
05 | .8 45.47 22.74 -4 8 4
05 | .8 77.45 38.72 -3 8 5
05 | .8 162.5 81.23 -2 8 .6
05 | .8 585.6 292.8 -1 8 N
05 | .8 1808 904 .05 8 .85
05 | .8 393.8 196.9 1 8 9
05 | .8 10.66 5.331 -8 9 !
05 |.8 12.34 6.17 -.75 9 15
05 | .8 14.25 7.125 -7 9 2
05 |.8 19.14 9.57 -.6 9 3
05 | .8 26.45 13.22 -5 9 4
05 |.8 38.57 19.28 -4 9 5
05 | .8 62.01 31 -3 9 .6
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.05 |.8 121 60.51 -2 .9 N4
.05 |.8 393.8 196.9 -1 .9 .8
.05 |.8 855.9 427.9 .05 .9 .95
Alfa | Power | N n Difference in P1 P2
porportions
.05 |.8 855.9 427.9 .05 .05 A
.05 |.8 143.7 71.85 15 .05 2
.05 |.8 66.47 33.24 .25 .05 3
.05 |.8 40.29 20.15 .35 .05 A4
.05 |.8 27.57 13.79 45 .05 .5
.05 |.8 20.14 10.07 .55 .05 .6
.05 |.8 15.28 7.639 .65 .05 4
.05 |.8 11.81 5.903 15 .05 .8
.05 |.8 855.9 427.9 .05 .05 A
.05 |.8 143.7 71.85 15 .05 2

IN-total number, 2n-number per group if the groups are equal, *P1 — no risk group, *P2 — risk

group

112



Appendix 3. Raw data on 79 seropositive pigs from biosecurity category 3 with all
corresponding information on risk factors evaluated in this study

PART I

Sample ID

Pig

category

)

Age

category
(0=fattenin (0=<12
1=212 m)

Sex (0=male,

1=female)

Total
number of

Pets on the
farm
(0=No,
1=Yes)

Protection

against
entry of
other

Indoor
housing
without
outdoor
access

Outdoor
housing
No,

Footwear
disinfection

A foot dip
for staff at

Feed

Proper feed

the farm  production on

entrance

farm (0=No,
1=Yes)

storage
(0=No,

1=Yes)

Titre

Farm ID

County

1 1 1 1 2 1 1 ) 1 1 1 1

2 1 1 1 2 0 1 1 0 1 1 1 1 2

3 1 1 1 1 1 1 1 0 1 1 1 1 3

4 130 1 1 1 15 1 1 1 [ 1 1 1 1 1/192 3 Vukovarsko-srijemska

5 131 1 1 1 1 1 1 1 [ 1 1 1 1 124 3 Vukovarsko-srijemska

6 212 1 1 1 1 1 1 1 [ 1 0 1 1 1/768 4 Krapinsko-zagorska
7 213 L 1 T T [ T -1 10 S N U R 0 T | 1/24 4 Krapinsko-zagorska

8 240 1 1 1 1 1 1 o o 1 0 1 1 1/384 5 Sisagko-moslavacka

9 253 1 1 1 2 0 1 1 o 1 1 1 1 1/96 6 Sisatko-moslavatka

10 281 1 1 1 2 1 1 1 [ 1 1 1 1 1/192 7 | Krapinsko-zagorska

1 282 1 i 1 2 1 i 1 [ 1 1 1 1 1/192 7 | Krapinsko-zagorska

12 283 1 1 1 1 0 1 1 [ 0 0 1 1 1/24 8 Krapinsko-zagorska

13 284 1 1 1 1 0 1 1 o 0 o 1 1 1/24 8 | Krapinsko-zagorska

14 326 1 1 1 1 1 1 1 0 1 1 1 1 1/12 9 Sisatko-moslavatka

15 334 1 1 1 1 0 1 1 0 1 0 1 1 1/192 10 Varaxdinska

16 335 1 1 1 1 0 1 1 [ 1 0 1 1 1/24

17 1403 1 1 1 1 [) 1 0 [ 1 [) 1 1 1/96

18 455 1 1 1 3 0 1 1 0 1 1 0 1 1/6

19 554 0 0 1 1 1 1 1 0 1 ) 1 1 1/12

20 555 0 0 1 1 1 1 1 0 1 0 1 1 1/9

21 556 0 0 1 1 1 1 1 [ 1 0 1 1 1/24

22 557 0 0 1 1 1 1 1 [ 1 0 1 1 1/192

23 558 0 0 1 1 1 1 1 0 1 0 1 1 1/24

24 559 0 0 1 1 1 1 1 o 1 0 1 1 1/48

25 562 0 0 1 1 1 1 1 [ 1 0 1 1 112

26 613 1 1 1 1 0 1 1 0 1 1 1 1 1/48

27 614 1 1 1 1 0 1 1 0 1 1 1 1 1/384 14 Krapinsko-zagorska

28 615 1 1 1 1 0 1 1 ) 1 1 1 1 1/48 14 Krapinsko-zagorska

29 650 1 1 1 1 1 1 1 o 1 0 1 1 1/96 15 i Sisacko-moslavatka

30 651 1 1 1 1 1 1 1 0 1 0 1 1 1/96 15 Sisacko-moslavatka

31 654 1 1 1 i 1 i 1 [) 1 0 1 1 1/96 15 Sisatko-moslavatka

32 738 1 1 1 2 0 1 0 0 1 1 1 1 1/48 16 | Osjecko-baranjska

33 741 1 1 1 2 0 1 0 [ 1 1 1 1 1/192 16 | Osjecko-baranjska

34 806 1 1 1 1 0 1 1 0 1 0 0 1 1/384 17 Brodsko-posavska

35 808 1 1 1 1 1 1 1 0 0 0 1 1 1/192 18 | Osjetko-baranjska

36 936 0 0 0 g 0 1 1 0 1 1 0 1 112 19 Osjetko-baranjska

37 938 0 0 [ 3 0 1 1 [ 1 1 0 1 1/12 19 Osjetko-baranjska
38 939 0 | 0 ) 3 0 1 1 ) ] 0 i1 1/12 19 | Osjecko-baranjska

39 988 0 0 0 3 0 1 1 ) 1 1 0 1 1/6 20 7 Medimurska

40 1007 0 [ 1 3 0 1 1 o 1 1 1 1 1/12 21 ‘ Osjetko-baranjska

41 1017 0 0 0 3 0 1 1 0 1 1 1 1 112 21 | Osjetko-baranjska

PART Il

Sample ID

Pig

category

Age

category
(0=fattenin (0=<12m,
g, 1=s0ws)

1=212 m)

Sex (0=male,
1=female)

Protectio

against

o Indoor

housing

entry of  without

other
animals
(0=No,
1=Yes

outdoor
access
(0=N

- RS -]

Outdoor

Footwear
disinfection
upon entry

into the

A foot dip
for staff at
the farm
entrance
(0=No,

1=Yes) gy

Feed

production on
farm (0=No,

1=Yes)

Proper feed

storage

(o

County

42 1032 0 0 1 3 0 1 1 0 1 1 1 1 1/6 21 Osjetko-baranjska
43 1113 0 0 0 3 0 1 1 o 1 1 0 1 1/12 22 ‘Vukovarsko-srijemska
m 104 1 1 1 3 0 1 1 0 1 1 1 1 1/6 23 Vikovarsko-srijemska
45 1120 0 0 1 3 0 1 1 0 1 1 1 1 112 23 Vukovarsko-srijemska
16 1128 0 0 1 3 0 1 1 0 1 1 1 1 112 23 Vukovarsko-srijemska
a7 1151 [} 0 1 3 0 1 1 [} 1 1 1 1 2 Zagrebacka

m 1153 0 0 0 3 0 1 1 0 1 1 1 1 1/384 24 Zagrebacka

49 171 0 0 1 3 0 1 1 0 1 1 1 1 2 Zagrebacka

50 1197 0 0 1 3 0 1 1 0 1 1 1 1 124 25 Osjetko-baranjska
s1 1207 0 0 0 3 0 1 1 0 1 1 1 1 124 25 Osjetko-baranjska
52 1219 0 0 0 3 0 1 3 [ 1 1 1 1 1/12 25 Osjecko-baranjska
53 1223 0 0 0 3 0 1 1 0 1 1 1 1 1/24 25 Osjecko-baranjska
54 1337 1 1 1 1 0 1 0 0 1 1 1 1 1/24 26 Sisacko-moslavatka
55 1339 1 1 1 1 1 1 0 0 1 0 1 1 1/6 27 Sisacko-moslavacka
56 1341 1 1 1 1 1 1 0 [ 1 0 1 1 1/48 27 Sisatko-moslavacka
57 1342 1 1 1 1 1 1 0 0 1 0 1 1 1/6 27 Sisacko-moslavacka
58 1343 1 1 1 1 1 1 0 0 1 0 1 1 1/24 27 Sisatko-moslavacka
59 1366 1 1 1 1 1 1 1 0 1 0 1 1 12 28

60 1368 1 1 1 1 1 1 1 0 1 0 1 1 12 28

61 1369 1 1 1 15 1 1 1 o 1 ] 1 1 " 1/48 28

62 1370 1 1 1 1 1 1 1 0 1 0 1 1 112 28 Grad Zagreb

63 1371 1 1 1 1 1 1 1 0 1 0 1 1 16 28 Grad

64 1373 1 1 1 1 1 1 1 0 1 0 1 1 112 29 Sisacko-moslavatka
65 1408 1 1 1 3 0 1 0 0 1 1 0 17 ya 3 Zagrebacka

66 1409 1 1 1 3 0 1 0 0 1 1 0 17 yu 3 Zagrebacka

67 1412 1 1 1 3 0 1 0 0 1 1 0 1 112 30 Zagrebacka

68 1413 1 1 1 3 0 1 0 0 1 1 0 1 Y12 30

69 1415 1 1 1 3 0 1 0 0 1 1 0 17 ys 3 Zagrebacka

70 1416 1 1 1 3 0 b 0 [ 1 1 0 1 1 1/48 30 Zagrebacka

7 1417 1 1 1 3 0 1 0 0 1 1 0 17 a8 30 Zagrebacka

7 1419 1 1 1 3 0 1 0 0 1 1 0 17 a8 30 Zagrebacka

73 53 0 0 0 3 0 1 0 0 1 1 1 1 1/6 30 Zagrebacka

74 64 0 0 1 3 0 1 0 [ 1 1 1 1 1/6 30 Zagrebacka

75 599 1 1 1 3 0 1 0 0 1 1 0 1 1/6 30 Zagrebacka

76 603 1 1 1 3 0 1 0 0 1 1 0 1 124 30 Zagrebacka

7 1422 0 1 1 2 1 1 1 0 1 1 1 17 1% 31 agrebacka

78 1423 [) 1 0 2 1 1 1 0 1 1 1 1 | 1 DY Zagrebacka

79 1424 0 1 0 2 1 1 1 o 1 1 1 1 ” 1/24 31 Zagrebacka i
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