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Pe3umMe:
VBon

[Mapasur u3 puryma Apicomplexa,7oxoplasma gondije mpuiarohen 3a mHpEKIHjy CBHX
TOIJIOKPBHUX >KUBOTHUIA, YKIbYyUyjyhn u doBeka. [locTHaranHa uH(peKIMja je mocieanla HHrecTHje:
1) TKMBHUX LUCTH KOj€ C€ Hajla3ze y MUIIMhUMa HHOHUIUPAHUX KUBOTHIbA, HIH 2) OOLUCTH - (HOpMHU
OTIOPHHX Ha YCJIOBE )KMBOTHE CpeIHHE, Koje ce MOry Hahu y BOAM MM Ha KOHTAMHHUPAaHOM Bohy U
noBphy. BonecT je yrnmaBHOM O€HUTHOT KapakTepa, ajli MOKE OCTaBHTH 030MJbHE MOCIECTUIIE Ha TUIOL
y ciy4ajy uH(eK1uje TOKoM TpyaHohe, Wi Ha HHAWBUAYE 0cIa0JbEHOT UMYHCKOT CUCTEMA.

[Mopen oBuetnHe 1 nmunetune, 7. gondiimapasuty ce Hajyenthe Mory HahM y CBUEbCKOM MecCy.
V ycioBuMa MHTEH3UBHOT TOBA CBHbA, 0e3 0031pa Ha pa3InuuTe 300-XUTHjeHCKe HuBoe 00e30ehema
dapmu, uarensurer 7. gondii uH(GEKIMje je HIDKH HEero Ha OTBOpPEHHM (apMaMa WM y OPraHCKoj
MPOU3BOIBY Y CBHM €BPOIICKUM 3eMJbama. Jlomia nepaTtn3anyja ¥ NPUCYCTBO Madaka Ha Qapmama
MHTECH3UBHE NTPOU3BOI-E CBHIbA Cy I1aBHU u3BopH 7. gondiinadekmmje. Crama kao IPOCTUPKA MOXKE
cagpKaTH OOLMCTe WIM YaK M YTHUHYJE TJIojape, WIH y CIy4ajy Ja Cy CWIOCH U AUCTPHOYTEepH
OTBOPEHH, XpaHa 3a CBUIBE MOXe OWTH KOHTaMHHHpaHa. CyNpoOTHO YCIIOBUMa HHTEH3UBHE
MIPOM3BOIILE, HA OTBOPEHUM W OpPraHckuM (apmama, CBUEbe cy u3nokeHe 7. gondii madexunju kpo3
KOHTaMHUHHMPAHY XKHBOTHY CPEIHHY, 3¢MJBUILTE, XPaHy U BOLY.

3a cama pyruHcKa KoHTpona T. gondii maeximje Ko CBHIba He MIOCTOjM HUTIE Y CBETY, KAKO
Ha HHUBOY KJIaHHUIIE, TAKO HU Ha 3aceOHUM (hapmama. Crora u3Bopu nHdeknyje Ha Gapmama join yBeK
He Mory ca curypHomhy Outé mpoydenu. Illta Bume, He MoXxe ce ca curypHomhy yTBpAWTH HH
KOJIMKO je MecO MHPHULMPaHUX KUBOTHHA 3aCTYIJBEHO HA CBETCKOM TPIKHUIITY U Y JbYICKO] HCXPaHH.
Lweb oBe cryauje je 6uo aa omnuuie npeBaneHity 7. gondiiy cBumba oarajaHuM 3a JbYACKY UCXpaHy Y
Opanuyckoj. Uzonanuja mapasura U3 MHTEH3UBHO TOBJHEHUX CBHIbA j€ TOKa3ana J1a je HEOIMXOJHO
3ace0HO UCTPAXKUTH (PAKTOpPE KOjU yTHUY Ha WHEKIH]Y )KUBOTUHA y YCIOBUMA CTPUKTHO 3aTBOPEHOT
toBa. Kako Om ce cmamuo pH3MK WHQEKIHje JbYAW KOH3YMHPAamEeM CBHUILETHHE aHAIM3MpaHa je
Kopenanyja u3Mely IMyHCKOT OJrOBOpa CBHEbA U MPHCYCTBA MH()EKTUBHUX Mapa3uTa Wi Mapa3uTcKe
JHK y jecTuBMM TKHMBMMa MPUPOAHO MHOHUIMPAHUX XHUBOTHHA. Haj3an, ocMulbeH je eduxacan
METO/]] 32 MPOM3BO/IbY aHTUTEHA HEOMXOTHOT 3a TecT MoaudukoBane armytuHaimje (MAT), kako ou

ce OMOI‘th/IHa mupa yHOTpe6a PCOPE3CHTATUBHOT TECTA 34 JKUBOTHUILC.

Meroau

3a amamusy 7. gondii mpeBanenne xox cBumba y DpaHIlyCcKOj CKYIJbame y30paka je Owmio
JIM3aJHAPAHO HAa OCHOBY TOJHIIE TMPOW3BONHE CBHUEbA M3 WHTCH3UBHOT M EKCTEH3MBHOT TOBA.
VYkynHo je mpukymbeHo 1549 y3opaka TKHBHE TEYHOCTH M3 Cplia CBHEba Kako OM ce oipeiuiia
npeBasieHia ynmotpebom MAT Ttecra. Opn cakymbeHux y3opaka 160 cpua je aHaau3MpaHo y
OMOJIOIIKOM OIJICAY y CBPXY H30Jalldje KUBUX MmapasuTa. JJoOujenu pesynratu cy ynopehenu ca

CIIMYHUM CTyadjama Koje ¢y ucrnutusaie T. gondii mpesaieHIly Ko/ oBalia U roBeja.
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Kako 6u ce anammsupanu (axropu pusuka 3a 7. gondii uadeknunjy, cepyMu CBHEba M3 WHTEH3UBHOT
TOBA Ka0 M €MUAEMHUOJIOMIKH MOJAIH O Y3r0jy M 300-XHTHjeHCKUM yclioBUMa (apMH Cy CKYIJbEHH 32
3595mnpacaau Ha cucy, 3aIydeHHX Mpacaly U CBHIbA y TOBY U3 3anaane @panmycke. Kapaktepuctuke
y3roja, MEHaIMeHTa (apMH, Ka0 ¥ 300TEXHHYKH M 300XUTHjEHCKH MOJAlN Cy CBPCTAaHH y TPH TpyIie
¢akrtopa pusuka. MAT je kopumthen 3a neTekuujy criequUIHAX aHTUTENAa Y CEpyMHUMa CBHHbA, 3a
YEeTUPHU JBOCTPYKa pa3biaxema, mouesim ox 1/6.

3a u3pauyHaBame nongyaapHoctu usmelly MAT pesynrara goOHjeHHX aHaIM30M cepyma U
CpYaHUX COKOBa, Ka0 M OJHOC M3Mely pesynraTa ceposiordje U AMPEKTHE M30Jaldje MapazuTa HIu
napasurcke JJHK (Omosnomkum ornenom y muineBuMa, kBaHTutatuBHuM [1L[P-oM Ha aurecroBaHuM
cpuuMma wim MarnetHum CkenupameM [1LP-om (MC-TILP) nujadparmu cBuma) kopuurtheno je 140
y3opaka W3 HaiuoHaiHe (rope ommcane) cryauje. M3abpano je 88 MAT MO3SUTHBHUX >KHBOTHEGA
(MAT>1/6) u nHacymu4Ho onabpanux 52 cBuma koje cy omie ceponerarusae (MAT<1/6). [Topeheme
je ouno moryhe usmel)y Ouosomnikor orjiena, keantutatupHor I111P-a Ha y3opiuMa qurecra cpua u
MILI-TIIIP-a Ha y3opuuma aujapparmu. OB pesyntaTd cy Takohje mopehenn ca MAT anamuzama
cepyMa U CpYaHHX COKOBA Kako OW ce oapeano ogHoc u3Mely KOHIIEHTpanuje aHTUTeIa U JUPEKTHOT
MPUCYCTBA Mapa3nuTa y jEeCTHBUM TKUBHMA CBUbA.

V unspy mpoaykimje antureHa 3a MAT aHamusupaio ce ofpkaBame u npeunnihaBame Rh
coja T. gondiiy xymanum ¢ubpodbmactuma obpecka (human foreskin fibroblasts, HFFyymanum
KoJIoH-ueonekanaum henmjama agenoxaprmaoma (human colon-ileocecal colorectal adenocarcinoma,
HCT-8) u xymanuM enurtenujaiHuM KosopektanHuM henmjama anenokapuumnoma (human epithelial
colorectal adenocarcinoma cells, CaCo-dpeunmhaBame u npunpema aHtureHa je pahena mo
Moau(puKoBaHOM TpoToKody JlesmMonna u PemuHrToHa, 3a ymHoxkaBame 7Toxo Rh kox mumesa. 3a
pas3NuKy OA OPWUTHMHAIHOT MPOTOKOJIA, 3a Mpomaranujy Kpo3 hemujcky KyaTypy, Ouia je morpeOHa
caMo jemHa TeHepalMja Iapa3uTa, IITO IITEAN BpPEME M CMamyje YHOTpeOy J1adopaTopHjcKuX
KHUBOTHIA. Takole, 3a pa3nuky of ocinobahama mapasuTa W3 NMEpUTOHEYMa MUIIEBA, 32 OMUCAHU
METOZ HHje MOoTpeOHa TpullcMHM3auuja henuja na Ou ce noOMIM clnoOOTHM Mapa3uTH. AHTHICH U3
henmjcke Kynrype je mopeleH ca aHTUreHOM W3 MHIIa KopuiIhemeM cepyMa eKCIEepHUMEHTATIHO
WHGHUIMPaHUX OBalla M MHIIEBA, KA0 U KapAWjauHOT COKa IMPUPOTHO MH(HUIMPAHUX TOBEdAa U cepyMa

CBHIbA, KO3a, I1aca 1 Madaka.

Pesynratu

ITpepauynara ceponpesanerna T. gondiikox cBuma ca HHTEH3UBHUX (apmu je ouna 3.0%;u
6.3% Ko/ OHUX rajeHuX y eKCTCH3MBHMM ycjaoBuMa. HajBuia cromna uHpekIuje je Ouia Ko KpMada
(13.4%); 2.9%xkox ToBIbEHWKA, a HajHWKa, 2.6% Kom mpacagu. YKyImHO je m3onoBadH 41 coj u y3
momoh Merome monamMopdu3Ma IyKuHe TrpaHuuHMx ¢parmenara (Restriction Fragment Lenght
Polymorphism, RFLPYyTBphjeno je ma cBu mpumanajy cojeuma tuna |l. Pusuk onx nudexmmje je 6mo

MIPEKO TPH ITyTa Beh KO €KCTEH3UBHO T'ajeHUX CBUIHA, IOK j& KOJI KpMada PU3UK OMO CKOPO TET IIyTa
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Behu Hero kox ToBbeHHKa. On 3595y30paka mpukymbeHux ca 60 MHTEH3UBHUX (BapMH y 3amaiHo]
@dpaHiyckoj, yKyIHa MpeBajieHla HAa WHIUBUIyaTHOM HHBOY je Omna 6.9%. [IpeBanenua dapmu je
ouna 100% ca MUHUMYM jeJHOM TO3UTHBHOM CBHIGOM, a MPOCEYaH MHTEH3UTET MHQEKIHje je O0Ho
6.95%. T. gondii mpeBasieHna y npacwmmrtiMa je ouna 48%, 49%y cBumIMa 3a 3aly4dBambe
npacuha u 56.3%y oHNM 3a TOBJbEH-E. MEIOBUTH IMHEAPHU MOJIEN je 0Ka3ao Aa ¢y npacuhn HaKoH
3aJy4er-a U OHU y TOBY HajyrposkeHHju u BepoBaTHoha mHpexnuje je 1.61u 1.74nyrta Beha y oBux
KaTeropuja Hero KoJ cBuma 3a kiame (p-Bpexnoct= 0,0399u 0,0005).Mane dapme cy 2.99 nyra
yrpoxenuje on T. gondiinero cpenme 1 Benuke papme. 3rpajie ca MHCTATMPAHUM JaHCKHM CHCTEMOM
ynacka aajy 6ospy 3amruty o T. gondii(OP= 0-44, pspexnoct= 0,0018).

On 144 y3opaka cBuma KopuiIheHHX 3a yTBphHuBame Kopenamuje usMely cepoioryje,
onomomkor ornexa u gerekunuje T. gondii ITI[P-oMm, anTuTena cy merekToBaHa Kox 61% CBUECKHMX
cepyma u 43% kapaujayHux cokopa. AHaiau3a oaHoca u3melly MAT pesynrara v OHOJIOMIKOT orieqa
(receiver operating characteristics analysis, Rf@@paecuaa Hajoossu npecek 3a MAT pasbmaxerne
ma 1/9, xoxm cepyma um Kapaujaunmx cokoBa. Crarame (Kama BpemHoCcTH) u3Mel)y pesynarara
HHAAPEKTHE aujarHocTrke je omio cmado (0.35 95%IT: 0.18 — 0.52)1 ymepeno (0.54 95%11T: 0.39
— 0.71)kama cy, kao mpecenu, Kopuinhena paszomaxema 1/6 u 1/12. Kaga je mopehen MAT Ha e
MaTpHIe ca JUPEKTHUM JHjarHOCTUYKUM MeToaama (OMOJIOIIKY OrJie]] Ha MHIIEBMMA, KBAHTHTABUHU
ITIIP u MC-IIIIP), najBeha kama BpegHocT je youeHa m3mehy MAT-a (>1/12) 3a kapaujauHu COK U
muijer 6uoeceja (0.74). Ananusupajyhu MeTofe AMPEKTHE OWjarHOCTHKE, KBaHTHTaBuHK TP Ha
JMTeCTy Cpla ce IoKa3ao Kao HajceH3uTHBHUjU ca 69 (43.1%) no3uTHBHHX pe3ynTaTta, 3aTUM
ouonomku ornen ca 41 (27.7%)u MC-IILP nujadparme ca 27 (16.9%) MC-TILP u kBaHTUTaTUBHU
[ILP cy y no3UTHUBHO] KOopenaluju ca pe3yararuma Muinujer ouoeceja. Hajoosbe cnarame HaheHo je
n3mely kBantutatuBHor [1L[P-a n 6uonomkor ornena y mumny (0.50), mehyrum u3omnammja T. gondii
U3 CEPOHETaTUBHUX CBHIbA YKa3yje Ha MOCTOjame jOII YBEK 3HAYajHOT PH3HKA 110 IOTPOIIIaye.

Hajoosem anturen 3a MAT nobujen je kama je T. gondii ymuoxken y HFF hemujama.
Konuuuna mapasuta mo racky je Guia 10Bo/bHA 3a mpomssommy 1-2ml amturena (2 - 4 x 10°
¢ukcupanux Taxuzonurta). Kama BpemHOCT je TMoOKa3aja OJJIMYHO cliarame u3Mely aHTUreHa
npousBeneHor y mumy u oHor y HFF henmjama, kaga je mopeheme paheno Ha cepymmma
EKCIIEpUMEHTATHO W TPUPOIHO HMHOHUIMPAHUX KUBOTHEbA (Kama BpeaHoct mimehy 0.64 - 1), u
roBeljum kapamjaunum cokouma (kama: 0.81 95%MUIIT: 0.65 - 0.99). McNamaraecr je mokaszao
JIOBOJBHE CIIMYHOCTH M3Mel)y aHTHI'eHa TECTHpaHMX Ha CBUM y3opuuma (p-Bpexanoct usmehy 0.074 -
HA). Conumgna xopenanuja (0.78, 95%MIT: 0.71 - 0.84)youena je kama cy aHTHreHH TopeljeHd Ha
CBHILCKIM CEPYMHMA, JOK Cy OCTaJIM y30PILH [TOKA3aIN CaBpIIeHy Kopenanujy Ha CBUX 8 pa30naxkema

(Tabemna 4).



3aKIbydIH

Omucana npeBasierna T. gondii mokasyje a je 4aKk M y KOHTPOJHMCAaHUM YCJIOBHMA Y3roja
cBuma MH(pekIMja Moryha u peanna. Opa cTyauja nokasyje Hajsehu pusuk on uadpexmje T. gondiiy
nepuoy Iocje 3alydyema npacaad. Maie ¢apme cy moaiokHuje napasutckoj nadekuuju. Takohe,
MOKa3aHo je Ja AaHCKW CHCTEM Yyia3a Ha 3rpagaMa ¢apmu obe3belyje edukacHy zamruty oxm T.
gondii. MAT moxe 1a ce KOPUCTH 3a TPUjaKy MHPHUIUPAHUX ¥ HEMH(PHUIUPAHUX CBHIbA Kako OM ce
CMamUO PU3UK MO TOTpolIaye CBUI-ETHHE. BHCOKE HeraTmBHE MPEAMKTUBHE BPEIHOCTH TapaHTYjy
WACHTHU(UKALK]y CTBApHO HETaTUBHHUX CBUIbAa. HacynmpoT Tome, HUCKE MO3UTHBHE MPEIUKTHBHE
BpPEIHOCTH He onpaBaaBajy kopuimmhewe MAT-a 3a aHamumzy cepyma CBUBA, C 003MpOM Ha
WACHTH(QUKALK]Y BEIUKOr Opoja MO3UTHBHUX JKUBOTHEA M3 UHjUX Yy30paKka MapasuTh HUCY
uzonoBanu. [IpomsBoama HFF henmja u macaxka Rh TaxmsonTa He 3axTeBa BHCOKO 00yUeHO 0COOJBE,
HUTH CTICIMjaJTHE TIPOCTOPHje, M MOXKE Jla C€ M3BeJe Yy JabopaToprjaMa ca CTaHIapIHOM OIPEMOM 3a
hemujcky kynrypy. Kopumheme Rh taxusonra iz HFF hemujucke xyarype 3a MAT aHTHreH MOKe
OouTH yrnoTpeOJbeH 3a enuaeMHoNIonKe cryaije T. gondiiy paJuuuTuM >KHBOTHELCKHM BpCTaMa M y

KJIaHHWIIaMa TPHjaxy KUBOTHEbA Koje ¢y Hocuord T. gondiinadeximje.



Abstract:
Background

The parasite from phylunrApicomplexa, Toxoplasma gond adapted for infection of all
warm-blooded animals including humans. Infection postnatally occurs through ingestion of i) tissue
cysts present in muscles of infected animals, or ii) environmentally resistant forms - oocysts via
contaminated water, fruits and vegetables. Disease is generally benign, but infection may have serious
consequences for the developing foetus in the case of maternal infection in pregnancy and in
immunosuppressed individuals.

Along with sheep and poultryT. gondii parasites are mostly isolated from pig meat. In
intensive systems with various levels of confinement, intensityT.ofgondii infection is still
considerably lower than in outdoor or organic farms throughout Europe. Poor rodent control and
presence of cats on intensive farms are major sourc&s gdndiiinfection for pig. When straw is
used for bedding, it can contain oocysts or even rodent carcases, and if the food silos or distributers are
opened, pig nutrition can be contaminated. In contrast to intensive farming, on outdoor and organic
farms pigs are exposed to environmenfalgondii contamination through soil, food, and water
sources.

So far, routine surveillance of pigs for gondiiinfection has not been established anywhere
in the World, neither in the slaughterhouse nor on the farm-levels. Thus the sources of pig infection on
the farms are still unknown. Moreover, it is unknown how big the role of the meatTirgondii
infected pigs is in human nutrition.

The aim of this study was to describe the prevalende gbndiiin pigs destined for human
consumption in France. The parasite isolation from intensively bred pigs, showed the need to examine
separately, risk factors that influence pig contamination in strictly confined conditions. In order to
prevent humanT. gondii infection by consumption of pork, correlation between pig's immune
response and presence of parasites or parasitic DNA in edible tissues of naturally infected animals was
analysed. Finally, effective method of antigen production for Modified agglutination test (MAT) was
devised in order to facilitate access to gold standard test for diagnostic of T.igi@atiid animals.

Methods

For T. gondiiprevalence analysis in pigs from France, a survey was designed based on annual
numbers of slaughtered pigs from intensive and outdoor farms in France. In total 1,549 samples of
cardiac fluids were collected from pig hearts to determine seroprevalence using a MAT. Of those, 160
hearts were bio-assayed in mice to isolate live parasites. Obtained prevalence were compared to results
of previous nation-wide T. gonditudies on sheep and cattle samples.

To analyse risk factors foF. gondiiinfection of pigs from confined farrow-to-finish farms
sera along with rearing and biosecurity practices data were collected from 3595 suckling, weaned
piglets and fattening pigs from western France. Breeding features, farm management, as well as

technology and biosecurity were analysed as three risk factors classes. MAT was used for detection of
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anti T. gondiiantibodies in pig sera, starting from 1/6 dilution and four two-fold dilutions were further
made.

The concordance between MAT on sera and cardiac juices, along with direct detection of
parasites or parasitic DNA (mouse bioassay, quantitative PCR (gPCR) on heart digest and Magnetic
Capture PCR (MCPCR) on diaphragm) was assessed using 140 nation-wide study samples, from 88
positive animals (MAT titre>1:6) and 52 randomly selected seronegatives (MAT<1:6). Comparison
was made between mouse bioassay, gPCR on heart digest, and MC-PCR on diaphragm. These results
were matched with MAT analyses in order to calculate the relation between direct and indirect
detection methods.

For production of MAT antigen, growth and purificationTaf gondii Rh strain was tried in
human foreskin fibroblasts (HFF), human colon-ileocecal colorectal adenocarcinoma (HCT-8) and
human epithelial colorectal adenocarcinoma cells (CaCo-2). Purification and preparation of antigen
was done by modification of protocol from Desmonts and Remington, for Toxo Rh amplification in
mice. In difference to described protocol, for parasites propagation in cell cultures, only one parasitic
generation was needed, thus saving the time and use of laboratory animals. Contrary to collection of
parasites from mice, no trypsinisation of cells was needed in order to liberate the parasites. Cell culture
antigens were compared to mouse derived one on sera from experimentally infected sheep and mice,
as well as on cardiac juice from naturally infected cattle and sera from pigs, goats, dogs and cats.
Results

The adjusted seroprevalence in pigs from intensive farms was 3.0%; and 6.3% in outdoor
animals. The highest infection rate was in sows (13.4%); 2.9% in fattening pigs, and lowest, 2.6% in
piglets. In total 41 strains was isolated and according to Restriction Fragment Length Polymorphism
(RFLP) all belong to type II. Risk of infection was more than three times higher for outdoor pigs,
while sows had almost five times higher risk than fattening animals.

Out of 3595 samples collected from 60 farrow-to-finish farms in western France, the overall
prevalence on individual level was 6.9%. Farm prevalence was 100% with at least one positive pig,
and mean intensity of infection on farms was 6.9%gondii prevalence in farrowing buildings was
48%, 49% in post-weaning and 56.3% in fattening pens. Mixed linear model showed that piglets after
weaning and in fattening are the most endangered and that the chances of acquiring infection in this
period is 1.61 and 1.74 times higher than in finishing giggajue= 0.0399 and 0.0005, respectively).
Small farms are 2.99 times more endangered.bgondiithan middle sized and big producers. Pens
with installed Danish entry systems give higher protection agadinsgondii (OR=0.44, p-
value=0.0018).

Out of the 140 pig samples used for concordance between serology, bioassay and PCR-based
detection ofT. gondii antibodies were detected in 61% of pig sera and in 43% of cardiac juices.
Receiver operating characteristics analysis (ROC) set the best cut off, both for sera and cardiac juices,

at 1/9 MAT dilution. The concordance (kappa values) between indirect diagnostic results was fair
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(0.35 95%CI: 0.18 — 0.52) and moderate (0.54 95%CI: 0.39 — 0.71) when 1/6 and 1/12 dilutions were
used as cut offs, respectively. When compared the MAT on two matrices with the direct detection
methods (mouse bioassay, gPCR and MC-PCR), the highest kappa value was observed between MAT
(>1/12) on cardiac juice and mouse bioassay (0.74). Analysing the direct detection methods, gPCR on
heart digest was the most sensitive with 69 (43.1%) positive results, followed by mouse bioassay with
41 (27.7%) and MC-PCR on diaphragm with 27 (16.9%). Both gPCR and MC-PCR are in positive
concordance with the findings of mouse bioassay. The best concordance was found between gPCR
and mouse bioassay (0.50), however the isolatioh. @ondiifrom a seronegative pig indicate still

high risk for consumers.

The best antigen for MAT was obtained when Toxo Rh tachyzoites were amplified in HFF
cells. Per flask quantity of parasites was sufficient for production of 1-2ml of antigen (2fketD
tachyzoites). The kappa value showed excellent concordance between antigens produced in mice and
HFF cultures, both on sera from experimentally and naturally infected animals (kappa value between
0.64 - 1), and bovine cardiac fluids (kappa: 0.81 95%CI: 0.65-0.99). McNamara test demonstrated
sufficient similarities between antigens tested on all samples (p-value between 0.074-NA). The
substantial correlation (0.78, 95%CI: 0.71-0.84) was observed when antigens were compared on pig
sera, while all other samples showed perfect correlations throughout all 8 dilutions (Table 4).
Conclusions

DescribedT. gondiiprevalence provides further evidence that even in confined conditions of
pig breeding, infection occurs. Current study shows that the highest risk of acquigogdiiis at the
end of weaning period. Small productions demonstrated higher susceptibility to parasitic infection.
This study also shows that Danish entries on farm buildings provide effective protection &gainst
gondii. MAT can be used to indicate the risk for humans consuming pork. High negative prediction
value guaranties identification of truly negative pig. Contrary, low positive predictive value disagrees
with use of MAT on sera considering economic justification. Production of HFF cells and passage of
Rh tachyzoites does not require highly trained stuff or special facilities, and can be performed in
laboratories equipped with standard cell culture devices. Antigen produced from Rh tachyzoites
amplified in HFF cells can be used for animal epidemiological studie¥.agohdiianimal screening

in slaughterhouses
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Introduction

Toxoplasma gondiis one of the world’s most widespread organisms. The parasite from
phylum Apicomplexa is adapted for infection of all warm-blooded animals including humans.
Infection occurs through the ingestion of tissue cysts present in muscles of infected animals, or by
environmentally resistant forms, oocysts via contaminated water, fruits and vegetables. Due to an
observed decrease @t gondii prevalence in humans, all over the World, risk of acquiring the
parasite’s infection in immune deficiency conditions rises (1). New culinary trends, in which raw or
undercooked meat is used, nowadays represent one of the major risk factors for human infection (2, 3).
Disease is generally benign, but infection may have serious consequences for the developing foetus in
the case of maternal infection in pregnancy and in immunosuppressed individuals (4). In those
individuals of undeveloped or compromised immune system, the parasite can cause disease
Toxoplasmosig-ever, lymphadenitis, and life-long infection of nervous system and eye or even life-
threatening conditions are characteristicsTokoplasmosisDue to a zoonotic character, this food
borne parasitosis represents important public health hazard as well as source of economic loses in

animal husbandry.

The percentage of meat borne infections of the total number of toxoplasmosis patients can be
estimated between 30% and 63% in Europe (2). Along with sheep, pigs are the species mostly
associated with human infection (5). Because of the constant increase in demande for pork, stress on
producton rises worldwide. In the last century pork production underwent two major changes. First
intensive farming systems have been developed in order to raise the humber of animals produced and
in the same time, prevent large outbreaks of infectious diseases (6). Though efficient, this system
contributes little to animal welfare. This was the reason why, at the beginning of new century, animal
friendly pig farming methods gained on popularity. Nowadays three major pig farming systems are
recognized in the World: intensive, free-range (outdoor) and organic farming (6). At intensive farms
animals are kept in strictly confined conditions, flours are made either out of concreet or wooden slates
for easier and faster cleening. Liquid or hard food is distributed automaticly from food silos or by farm
workers. Pigs are separated in fattening categories either per building or per batch, from where all
animals are evacuated in the same time (all in all out system). Since 2013 EU banned the use of
gestation crates in farm maternities (“sow stalls”) for more than 4 week per gestation period, and
reintroduced straw as beading in sow pens (7). In these conditions, animals can express their natural
behaviour, like foraging and nesting. Amongst intensive farms throughout Europe, a great variety of
containment levels can be observed, from strictly confined breeding, up to closed farms, without
regular rodent control or food storage protection. In contrast, both organic and outdoor pigs have

access to natural light and weather conditions. In outdoor farms, animals are bred in semi-confined
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spaces with outside access close to farm house. Sows are still inseminated arteficially, but give birth in
huts (animal caging is strictly forbiden 1) and piglets are taken to indoor facilities after four weeks, for
the weanning period of one month. Straw and earth are used for bedding and animals are fed by farm
workers. Some outdoor farms do not practice all-in all-out system, rather having the animals of
different age categories in the same pens all the time. Based on national and regional histories of
organic pig production, diverse climatic conditions and final product for which animals are reared,
different housing systems are used for keeping sows, piglets and fattening pigs in organic farms of
European countries (8). European union regulated organic pig breeding by Council Directives (7, 9).
This directives provide very general recomendations, requiring only that pigs on organic farms have
outside acceess. Type of the outside space, beading, if outside pens are roofed or not, entirely depends
on national and regional interpretations. In the UK for example, a voluntary industry code requires that
free-range pigs have permanent access to pasture, while in Sweden this period is restricted on 6
months per year. They must be born and reared outside (without gestation or farrowing crates). In
some countries sows are at pasture throughout all stages of pregnancy and lactation. In others, most
sows are housed indoors during lactating. Mixed indoor and outdoor housing sytems can also be found
(8). For organically bred pigs, the use of medicatios and food aditives is stricly controlled or is
completely banned. For some pig breeds, even the arteficial insemination is restricted to a minimum in

order to enable better follow of animal origin.

So far, there is no routine surveillance of individual animals destined for human consumption
nowhere in the World, and screening Torgondiiinfection at slaughter does not exist in any country
(10). Therefore, it remains unknown how animals get infected, what are the endemic areas, percentage
of infected animals present at the world food markets or the exact role their meat plays inToverall

gondii epidemiology of humans.

Biology and epidemiology
Life cycle

T. gondiilife cycle can involve all mammals and birds as intermediate hosts (propagation by
clonal division) and members of tikelidaefamily as definitive hosts (sexual reproduction) . One of
the cycle characteristics is that parasite does not need definitive host in order to complete the life cycle
(11). It can spread among intermediate hosts by predation or scavenging and replicate clonally,
without a need for sexual reproduction. This characteristic is a basis for clonal structuigoatlii

population.

Oocysts are environmentally resistant forms, excreted by felids, and can be found on
contaminated vegetables, fruits, in soil, all types of water and even in organisms that filter liquids for

nutrients (oysters for example) (11-1%he ingestion of food or water contaminated with oocysts or
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undercooked meat containing tissue cysts are the two major routes of postnatal transmigsion of
gondii (16). After infection with any life stage, in new hosts, parasites transform in proliferative stage

— tachyzoites, which are distributed throughout the body by circulation. Upon entering of tachyzoites
in cells, they multiply by clonal division, causing acute toxoplasmosis. Until today, the factors that
influence the encystation and conversion of tachyzoites to quiescent forms — bradyzoites, are not
entirely described (17). When parasites interconvert under the influence of different host immune
factors, bradyzoites form tissue cysts inside of parasitic vacuole. Tissue cysts persist for a long time,
perhaps for the life of the host (18, 19). It has been hypothesised that tissue cysts rupture occasionally
when released bradyzoites are killed in immunocompetent hosts or that immune system succeeds to
limit the cysts by calcification, but so far no real proof has been shown. The tachyzoite — bradyzoite
conversion depends mainly upon the immune status of the host and species-specific parasitic
virulence. While for one animal species specific strain can be very pathogen, in another it produces

mild or no clinical symptoms (20).

When felids prey on animals infected with gondij sexual replication starts in intestines, as
in all coccidian parasites. In cats, the bradyzoite - induced cycle is the most efficient, causing nearly
all animals to shed oocysts, while less than 30% excrete parasites, when fed with tachyzoites or
oocysts (21). Unlike many oth@occidig oocysts of T. gondire less infective and pathogenic in the
definitive (cat) as compared with intermediate hosts (mice, pigs, humans, etc.) (18). Five
morphologically distinct asexual forms occur in feline enterocytes, leading to a production of
encapsulated zygote — oocyst. Once shed with faeces in nature, oocysts sporulate within 2-10 days
depending on environmental conditions and become infectious for animals and humans (22). Oocyst
walls of Toxoplasma have a rigid bilayer, dissolve in organic solvents, and contain a complex set of
triglycerides,-1,3-glucan and proteins cross-linked by dityrosines, building a waxy coat of acid-fast
lipids that make them resistant to environmental stress (23). Sporulated oocysts can survive in water
frozen at -10°C for 54 months, on +4 — 20°C for 54 months, whereas temperatures above 30 degrees
shorten their survival considerably to 32 days (14, 24). In arid areas survival period of oocysts
shortens considerably after 100 days, whereas dump and moist surfaces favour oocysts survival for as

long as two years (25).

Strains and spread-out
Although capable of infecting almost all worm-bloddenimals, the genuBoxoplasméehave

been classified with only one species (26, 27). While all isolates are morphologically similar,
molecular analyses discovered high clonal structure (28). In first, species was characterized in three
major lineages, because of their predominant presence in Europe and North America where first

strains were isolated (29). Later with discoveries of strains in South America, Africa, and Asia a
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higher frequency of non-clonal strains was revealed (atypical and recombinant), indicating that the
population structure is more diverse than previously thought (4). Some of North American strains
showed high genetic specificities that allowed formation of fourth clonal lineage (30-32). All clonal
lineages show high similarity throughout their multilocus genome, with sequences highly specific for
each group, and minor differences between strains of the same class (28). Interestingly, genetic
bottleneck of these lineages happened around 10,000 years ago and after that they spread rapidly in
Euro-Asia (33). Curiously, first pigs were domesticated in Middle-East before 13,000 years and were

brought to Europe around 10,000 years ago, as well, along with domesticated ruminants (34).

Two major genotyping methods fdroxoplasma gondihave been developed. Ajzenberg,
Banuls (35) described microsatellite method for fine distinction of strains. In 2006 Restriction
Fragment-Length-Polymorphism (RFLP) was developed based on bi-allelic polymorphisms (36).
Combining two methods in 2012, after analysis of 950 strains collected throughout the World, based
on genetic origin, six major clads with 15 haplo-groups were constructed (28). More clonal and
genetically similar strains originate from parts of the world where diversity of feline species and their
numbers are not high — Europe, North America and Asia. Continents like South America and Africa,
with larger numbers of felids, provide higher possibility for sexual reproduction of parasite and
consequently higher genetic diversity (28). Though the new systematisation of strains is more precise,
refined and offers explanations about strain origins; it is complicated for a routine basis because of
time and costs. Moreover, it would mean reanalysis of all strains isolated from pigs so far, which is not

an aim of this study.

In rapports across the world, pigs can be infected with various strains (Table 1) depending of
their origin. As in other species, atypical strains can be found in pigs originating from South America
and Africa. “China type” is characteristic in East Asia, while types I, Il and Il are dominant in Europe
and North America. In Italy, in 2015 (37) atypical strain was isolated for the first time, but
predominantly type Il is present. Interestingly, live parasites were isolated not only from animal
carcasses and different tissues, but also from meat products like sausages in Brazil (38) and cured

hams in Spain (39).

Nowadays people travel more frequently; food and products are exchanged more quickly,
which gives a parasite an opportunity for larger distribution throughout the world. Therefore, when
describing the presence Bf gondiiin different human populations it is necessary to take into account
the culture and social background of studied groups. Ajzenberg, Collinet (40) described more
genetically similar strains type Il in French rural populations than those found in urban communities.
Moreover, analysis of genetic similarities between strains isolated from locally bred animals destined

for consumption, and humaroxoplasma cases proved the influence of locally made and consumed
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food. The strain variability is consequence of different food sources as well as people travel

opportunities.

Diagnostic

Indirect
Serological methods are the most commonly usedhfardtagnostic off. gondiiin animals

and humans. Sabin Feldman dye test has been a gold standarddadiispecific antibody detection
for years. Since the live parasites are used for agglutination reaction in dye tests, only reference

laboratories can perform this analysis (41).

Desmonts and Remington (42) described Modified Agglutination Test (MAT), widely used for
detection ofT. gondiispecific antibodies ever since. MAT is a species independent assay, which has
been test of choice for investigation of serologic status of cattle (41), pigs (43-45), sheep (46, 47),
chickens (48, 49), dogs and cats (50, 51), as well as humans (52, 53). Recently MAT has been used for
detection of antibodies in meat destined for human consumption as well (54). Antigen for MAT
consists out of whole parasites, fixed in formalin. In order to produce high quantities of antigen,
Desmonts and Remington inoculated mice intra-peritoneally with mouse TG 180 sarcoma cells
infected withT. gondiiRh strain parasites (type 1). This method enabled collection of ten times more
parasites in comparison with simple passage through animals (42). As described in their article, two
major requirements need to be fulfilled in order to obtain antigen with satisfactory quality: i) intra-
peritoneal exudate needs to be harvested when almost all sarcoma cells are heavily infected, close to
disruption and a great number of free parasites that appear morphologically normal (alive) are
observed; ii) mice should be inoculated between 48 - 72h before their exudate is collected. These two
requirements are delicate to achieve resulting in careful production of antigen in only few laboratories.
There are two major disadvantages of MAT: i) subjectivity - readings of the test results depend upon

the examiner; ii) antigen production is restricted to specialized laboratories.

Main advantages of MAT are test's simplicity, species- independency, and possibility to use
tissue fluids other than sera (11, 54). MAT has relatively low sensitivity at the beginning of infection
and subjectivity of result reads. In the same time as MAT (1980), different immunological tests for
detection of anti -T. gondii antibodies in humans were developed in ortterstandardize the
interpretation of result$55-59). In contrast to MAT, these tests used different proteins from
gondii surface (both tachyzoites and bradyzoites) as markers. Characteristic of these tests is their
simplicity (IHAT, LAT) and high specificity and sensitivity (IFAT and ELISA). Nevertheless, IHAT

and LAT lack sensibility, whereas IFAT and ELISA need species - specific conjugates that are not
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always readily available for all analysed species (11). In 2013 comparison was made between IFAT,
TgSAG1-ELISA (using native affinity-purified P30 (SAGT) gondiitachyzoite surface antigen) and
Western blot (with tachyzoites lysate), on the samples from indoor and outdoor pigs (60). The
estimated sensitivity of TgSAG1-ELISA on sera reached 93.1% and 98.8% in indoor and outdoor
animals, respectively. In the last 20 years, various tests for diagnostic of specifi®. agbindii
antibodies in pigs were trialled (Table 1). When compared on pig sera, all ELISA tests showed
sensitivities and specificities similar or higher than MAT, especially in experimental conditions. In
2012 new, bead based assay (BBA), showed consistent sensitivity and specificity as well as high
concordance to commercial and in house ELISA tests (61) (Table 1). Though reliable and with high
sensitivities and specificities these tests performed poorly when tissue fluids, other than sera, were
used (Table 1). In 2012 (62), detection of dntgondiiantibodies in experimentally infected pigs by

MAT and ELISA was described. Both tests performed on sera, had 100% specificities and
sensitivities, when mouse bioassay results served as standard, but sensitivity of ELISA dropped to
71.4% when heart fluid was analysed (62). This is especially important in studies, having in mind that
in many slaughterhouses blood is collected through empty needle system and cannot be readily

available from individual animals.

Epidemiology in animals

Wild animals
Toxoplasma gondivas found in almost all warm-blooded species of wild animals in Europe

(Table 2 and 3). Parasite strains were isolated from majority of wild game species and migratory, as
well as sedentary birds, throughout the whole continent. The lowest seroprevalence was found in
mountain hares from Finland, and highest in red foxes from Germany (63, 64). In three raptor species
from Spain, seroprevalence of 100% was found but the number of tested animals wasLlatna(4-

lutra; 6 —Mustela putorius4 —Genetta genetta) (65) (Table 2). Negative seroprevalence were found

in several species of rodents, and birds throughout France, Spain, Germany and deer from Belgium
with low numbers of samples as well (Table 2). Herbivores are infected in lesser extentguitidi

up to 40%, throughout the whole continent (Table 2), irrespective to carnivores whose seroprevalence
is above 35% (Table 2). In the same time prevalence in omnivores - wild boars, ranges from 5.2% in
Northern Greece to 39.6% in Tatra mountains of Czech Republic. Wild boar seroprevalence reported
from East and South-East European countries are considerably lower than investigations from the
remaining part of continent. Interestingly when prevalence in two populations of foxes on islands of
north England (Scotland) and Ireland were investigated, a significant difference of almost 50% was
observed (6 and 55.8%, respectively) (66, 67). In large game species, the highest prevalence of 52%

was found in Belgium and 50% in Czech Republic, while in south of Europe (Spain, ltaly) the
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prevalence are low between 13% in Roe deer and 25% in Fallow deer (Table 2). In France, the
prevalence in deer varies from 17% - Red deer up to 60% - Roe deer, depending on region where
samples were collected (68). In subfamily Caprifleuflon, Chamois, Spanish Ibex, Barbary sheep)

an altitude influences intensity @f gondiiinfection. Thirty three point three per cent of Spanish ibex

- living in plains and valleys of Spain are infected, in contrast to 5% of Chamois — found on steep
slopes of Italian Alps (Table 2). In wild rabbits the seroprevalence is the same throughout the
continent (around 10%), which is interestingly opposite to percentage of positive lynx (around 80%),
foxes (around 60%) and wild cats (50%) who are their main predators. Birds preying on small rodents
have higher possibility for infection than other species, which is proven in research from Spain, France
and ltaly (Table 2). In Spain extensive studyTofgondii seroprevalence in stranded dolphins was
done in 2004 (69), and infection rate from 4% in Common to 36% in striped dolphins was found.
Seroprevalence analysis goes to show that wild animals in and around Europe are in constant contact
with T. gondii Large number of strains has been isolated all over Europe from variety of wild animals
(Table 2), and analysis of found genotypes prove that European wild life represents a reservoir for

three clonal types of T. gondivith predominance for types Il and .

Domestic animals
In Europe, during the last 15 years, seroprevalafc&€oxoplasma gondiin majority of

animal productions is well studied (Table 3). Sampling was mainly done in slaughterhouses. Data on
origin of the animals was collected and farm prevalence was calculated. Although there were
indications that in north European countries seroprevalence is negligible because of different climatic
conditions, the research from Poland (goats, cattle), Sweden (horses) and Lithuania (sheep) prove the
parasite’s presence in these areas (43, 70-72). Relatively high percentage of seropositive cats is
remarkable throughout the whole continent (73-76). In all countries small ruminants are highly
infected (Table 3). Sheep and goats main nutrition is pasture where they can be contaminated by
sporulated oocysts shed by cats. The prevalence varies from 84.5% in Serbia to 27.8% in Netherlands
(77, 78). The higher prevalence in sheep is remarkable in south European countries, while it drops on
North (Table 3). In horses, high prevalence was reported in Iberian Peninsula and Romania, but no
strain was isolated so far (Table 3). In the south of Europe high prevalence were found for cattle, with
the exception of Portugal and France. In middle and north European countries prevalence is
considerably lower. The highest reported seroprevalence in cattle was from Spain (83.3%) and the
lowest from Portugal and France (7.5%) (79-81). Data on presenficegohdiiin poultry in Europe

are scares. Only three studies reported seroprevalence around 25% in chickens from Portugal and
Austria, 25.2% in geese, 20.2% in turkeys and 5.7% in ducks from Germany (82-85).
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Pigs

! Survey ofT. gondiiin pigs raised and consumed in Europe was conducted in 14 countries for
the last 15 years. All age categories were analysed (piglets, fattening pigs, reproduction animals).
Majority of studies used samples collected in the slaughterhouse, so the data for farm prevalence lack
in 11 out of 18 studies (Table 4). In other studies, the highest farm seroprevalence was calculated in
Spain (85%) and the lowest in Netherlands on intensive farms (4%) (86, 87). In Spain absence of
rodent control increases the chancel ofjondiiinfection of pigs almost 2 times, while contact with
cats elevates the risk between 3 and 11 times (Table 4). In Netherlands the main reason for such a low
prevalence on intensive farms is high level of containment (16 times higher risk for organic and free-
range farms (87). Out of five studies, that reported different prevalence between intensive and outdoor
farming, four reported significant differences between two breeding methods, and only Berger-
Schoch, Bernet (88) had contradictory results in Switzerland. The highest overall seroprevalence of
28.9% was recorded in Serbia and lowest of 2.16% in Slovakia (78, 89). The lowest seroprevalence in
fattening pigs (0%) was recorded from Romanian intensive farms (90), but in this study, in house
IFAT was used without previous standardization with control sera. Highest recorded prevalence in
European pigs was shown by MAT in Austrian organic farms — 63.5% (45). Five studies showed
significant difference in age prevalence. A study from Portugal, in 2013 showed higher percentage of
positive piglets than fattening and reproduction animals (79). Since piglets are slaughtered in age
younger than 120 days in Portugal, there is a good probability that detected antibodies are of maternal
origin (91). Other risk factors fof. gondiiinfection of pigs throughout Europe were lack of rodent

control, presence of cats on farms, cleaning practices, farm type and breeding practices (Table 4).

Direct detection of Toxoplasma gondii

Bioassay
In order to determine the presence of live, inferdid. gondiiparasites in suspected tissues,

bioassay in mice or cats is commonly used. While mouse assay is very adequate for determination of
T. gondiipathogenicity to humans, sensitivity of the test depends upon the strain characteristics, used
tissue and parasites concentration (92, 93). When concentration of specific gotidii antibodies

against type 1 is high, presence of parasites in mouse tissues can be detected within 24h p.i.
Conversely, in case of a low infective dose with both types | or I, parasitaemia is undetectable in first
3-4 weeks p.i. (93). Therefore, for bioassay performed on animal tissues, period of four weeks is
necessary for full development of infection in experimental animals —mice (54). In the same time, cats
fed with only one tissue cyst can shed oocysts within 4-7 days (94). As well as in mice, time necessary
for development of infection is strain-, dose- and cat age- depe(@#@ntn cat bioassay, quantity of

examined materials is1kg per cat, during a course of 2-3 days, whereas only 100g can be digested
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artificially and given per mouse, once. Therefore the sensitivity is much higher when cats are used for
bioassay. On the other hand, SPF cats are expensive, and specialized animal facilities with trained
personnel are needed. Because reduction and reuse of animals in this situation is not possible, mouse
bioassay is more convenient throughout the world for isolation of infectious T. gamdlppropagation

of the strains in laboratory conditions.

PCR based techniques
Although very specific, the sensitivity of bioassayhard to determine and depends upon

multiple factors. To overcome this obstacle, the development of new method for direct detection
parasite was necessary. The first description of use of Polymerase Chain Reaction (PCR) in
diagnostics ofT. gondiiinfection in human amniotic fluids was described by Grover, Thulliez (96).
Since then, the research on mapping parasite’s genetic material advanced and first Homan,
Vercammen (97) described 529- and then Grigg and Boothroyd (98) B1- highly repetitive fragments
of T. gondiiDNA. A non-coding 529 bp fragment that is repeated 200- to 300-fold in the genome of
Toxoplasma gondiwas able to detect 4 tachyzoites by standard PCR (97). Although 35- fold
repetitive B1 fragment is 10 times less sensitive, restriction map of amplified DNA discriminated type

| from Il or 11l (98). Empirically (data not shown) B1 gene has been used mostly in diagnostic of acute
human toxoplasmosis when there is already reasonable doubt of parasitic infection (e.g. high serology
titters and detection of IgM). Whereas, 529 repetitive fragment was applied in epidemiological
research off. gondiiin clinically healthy animals, with chronic infection, when parasitic burden in

tissues was presumably low (e.g. low titter of IgG antibodies).

Strain isolation in Europe

Wild animals
In the last 15 years 378 strainsTofgondii were isolated from different samples of wild life

throughout Europe. Almost 16% of these strains are not characterized yet. Only four strains found in
birds in Italy and rabbits from UK are genotyped by RFLP as atypical strains (99, 100). Majority of
the strains, 39.4%, belong to type Il, and the rest of the strains are characterized as types |, 11l or clonal
modifications of type Il (Table 5). Carnivores (foxes, ferrets, wild daak;oniform birds, etc.) and

wild boar were more infected than other wild animals. In north European countries surprisingly high
number of strains was isolated from rabbits and wild hares, but no unusual strains were found. In the
same time, contrary to the prevalence, small number of strains was isolated from wild ruminants.
Looking at the Table 5, one can conclude that European wild life represents a great resefvoir for

gondii, and that most prevalent strains belong to three clonal lineages. Although well studied in west
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and south EU countries, little is known about typed .ofondii prevalent in wild animals from east

and south east of the continent, which are important reservoirs of wild life for Europe.

Pigs

Like in European wild life, majority of the isolaté®m pigs raised in Europe belong to three
clonal lineages. Largest number of strains, 34.5%, belongs to type Il isolated from Portugal, Italy,
France and Slovakia (Table 6). Almost all strains belonging to types | and lll, or clonal combinations

were isolated from organic or free ranged animals.

Meat protection and inactivation of T. gondii in meat products

In 1965 prevalence of French population was 83%; 43.8% - 2003; and 37% in 2010
(constantly decreasing). The prevalence always varied substantially according to analysed region in
time, population migrations and other complex epidemiological factors (40). A study of Nogareda, Le
Strat (101) has predicted the prevalencd.ofjondiiamong French pregnant women to be 27% until
2020. This prediction took into account majority of known risk factors for human infection. Sheep and
pigs have traditionally been an important source of meat in many developing countries, and are the
only species shown to regularly harbour the parasite (102). This is due to a high resistance of T. gondii
in meat and delicatessen. In experimental conditions, bradyzoites in frozen meat survived for 7 days
(103), but the temperatures above 58°C killed them after 9.5 minutes (104). When contaminated meat
was exposed to pressure bellow 300-400 Mega Pascal (MP), 90% or parasites survived processing
(105). In vacuum — packed, not salted goat meat parasites survived for over 6 weeks, while freezing of
this meat at — 20°C, inactivated them after 3 hours (106).

One of the most important methods of curing the meat is chemical processing with sodium -
chloride, and potassium- or sodium- lactate. Upon penetrating the meat, salts bind free water (water
activity — g,), which is essential for parasites survival. Without free water, elementary metabolic
processes in parasites can not be performed, exchange of materials with environment is unabled, thus
organism’s communication with its surrounding stops. Only 2% of NaCl or 1.4% potassium lactate
inactivates parasites within 8 hours (103, 107). Salting in combination with thermic or pressure
processing inactivat&é. gondiiwithin hours, while salted meat in vacuum protect parasites up to 14
days (106). Inappropriate or insufficient use of these processing techniques allow parasite to survive

and stay infectious for animals and humans
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Tables and Graphs:

Table 1 Literature analysis of published results on available tests for detection of anti-Toxoplasma gondii antibodies

The analysis of literature data shows high sengéw/iand specificities for MAT and ELISA when pig sera were tested. In the same time ELISA showed
better correlations with other indirect detection tests. The study of Forbesah&012 showed higher sensitivity of MAT than ELISA when different tissue
fluids are used for IgG analysis. Other studies proved similar sensitivity between MAT and ELISA, but higher specificity of ELISA than MAT. Other
available serology tests showed lower values or no consistency with high variations between results.

Compared to Compared to

MAT-LAT-100%

Bioassay Bioassay )
100 87.5 VS MAT-IHAT-62.5% 24 10 oocysts ' Dubey, J.P.
MAT 100 100 MAT-DT-87.5% Andrews, C. D.
LAT 100 100
HAT 1996 4 Lind, P
100 100 . , P.
MAT MAT-LAT- 100%
80.0 100 .
LAT 100 100 MAT-IHAT- 37.5% 24 1 oocysts ) Kwok, O. C.
IHAT MAT-DT-91.7% Thulliez, P.
Lunney, J. K.

Bead-Based Assay 85.5 91.3 10.1016/j.vetpar.20

- — o)
NO BBA — ELISA — 85% 1223 NA 2015 14.11.020
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Comparedto Compared to

;ASTO 9?2 ) LAT-TgSAG2 -84.7%

TgSAG2 . . 10.1128/CVI1.00747-
TgGRA7 90.6  85.2 NO 3 |AT-TgGRA7-88.1% 59 NA 2013 12
TgGRA14 81.2 92.6

LAT-TgGRA14 - 86.4%

ELISAs:
PG10 100 100 . . . 10.1016/j.exppara.2
PG13 100 100 YES NA 51 Gansu Jingtai strain 2013 013.09.019

PG18 100 100

sera sera
ELISA 100 100
MAT 100 100 YES NA 10 100 -1000 oocysts 2012 10.1016/j.vetpar.20
tissue fluids  tissue fluids VEG strain 12.06.040
ELISA 71.4 100
MAT 100 100



Compared to Compared to DT

ot 92.0
. 94.0 94.0 YES S : 10.1016/S0304-
Indlrgct ELISA 94.0 Rh strain NA 191 10°-10" tachyzoites 1997 4017(97)00010-1
Blocking ELISA
(AgP30)

MAT — Modified agglutination test; LAT — latex agglutination test; IHAT — indirect hem-agglutination test; IFAT — Immuno-fluorescence antibody test; WB
— western blot; ELISA — enzyme-linked immunosorbent assay; DT — Dye Test; Bioassay — mouse bioassay; Concordance has been calculated as mathematice
concordance or Cohen’s kappa value.

Table 2 Seroprevalence of Toxoplasma gondii infection in European wild animals

Parasite is found in wild animals from both south and north countries in Europe. This shows that climate conditions do riotgonpdicspread out as
previously thought. The seroprevalence levels in various European countries show high contamination of wildlife and a size of parasitic reservoir for domestic

animal and human contamination. Studies conducted in Europe mainly use MAT or ELISA test, therefore making the results comparable between countries.

Country Animal species Seroprevalence Total Nymber of Detection Author Year DOI
(%) number isolates method
...2.1.1.25 ferrets
23.2 99 12
...2.1.1.26 ;s)ciles' 6.0 33 1
UK 314 70 9 ELISA Burrells, A., et al 2013 10.1017/50031182
21127 poleca 29.2 65 6 013001169
ts; 25.0 64 2
44.4 9 0
..2.1.1.28 minks;
badgers;
stoats
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...2.1.1.29 roe
deer; 52.1 73 1
i ..2.1.1.30  bred 0 4 0 10.1016/j.vetpar.2
Belgium b 0 ; 0 ELISA  De Craeye, S., et al 2011 Lo e
deer; NA 304 57
red deer;
red fox

brown hares; 121 116 14 10.7589/0090-

Finland Mountain hares 20 99 A ELISA  Jokelainen, P., et al 2011 3558-47.1.154

red fox; . . j. .
85.3 353 48 Immunoblo Herrmann, D.C., etal 2012 10.1016/j.vetpar.2

Germany | 4ents 0 0 t 011.10.030
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Slovakia Wild boar 8.1 320 NA NA Antolova, D, et al 2007

10.1136/vetreco-

Greece Wild boar 5.2 94 NA ELISA Touloudi, A., et al 2015 2014-000077

..2.1.1.39 Striped ;(1)(1) 346
Spain dolphin 57'1 7 NA MAT Cabezon, O, et al 2004 10.1645/ge-257r
..2.1.1.40  Commo 0 9
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Portugal

France -
Corsica

France

Martes foina
Martes martes
Lutra lutra
Mustela putorius
Genetta genetta
Herpestes ichneumon
Falconiformes
Strigiformes
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...2.1.1.50 Strix
aluco

..2.1.1.51 Tyto
alba

Falco tinnunculus

Accipiter nisus

Capreolus capreolus

Ovis gmelini

Cervus elapus

Dama dama

Lepus europaeus

Vulpes vulpes

Anas platyrhynchos

Rupicapra rupicapra

Ovis gmelini musimon

Capreolus capreolus

60
23
17
25

74
50
16.8
14.7
43.7

60
31
24

23
19

101
143
1155

R OOOR R

NA
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MAT

MAT

Aubert, D. et al

Gotteland, C., et al

2010

2014
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010.03.033
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Table 3 Seroprevalence of Toxoplasma gondii in domestic animals of Europe

The table shows magnitude of parasite presence e@rfalld continent”. Mostly the farm animals were studied showing the potential levels of meat

contamination present on European markets. Interestingly cat prevalence in various European countries do not vary and cat population is more or less infecte

evenly throughout the continent. Main tests for sero analyses used are MAT and ELISA making the results comparable. Still, mainly the researches are basec

on individual numbers of animals per country or region, rather than a farm. If there is one tissue cysts or oocysts on the farm all animals have the same

probability to become infected, and we still know little about farm contamination levels.

Animal

Country species

Chickens
Sheep

Horses
Cattle
Goats

Portugal

Cats
Cats
Cats

Horses
Mules
Donkeys
Cattle
Sheep
Goats

Spain

France Cattle

Number of
farms

NA
160

NA
NA
NA

NA
NA
NA

327
46
47
72
72
72

24

Farm Total
prevalence number

NA 225
57.5 1467
NA 173
NA 161
NA 184
NA 215
NA 220
NA 585
14.7 454
23.9 80

34.0 82

100 504
84.7 403
72.2 494
87.5 1329

Sero -
prevalence
(%)
27.1

83.0

13.3
7.5
18.5

20.5
45
32.3

10.8
15.0
25.6
83.3
49.3
25.1

7.8

Number of
isolates

16
NA

NA
NA
NA

NA
NA
NA

NA
NA
NA
NA
NA
NA

NA

36

Detection
method

MAT
MAT
MAT
MAT

MAT
MAT
IFAT

MAT

ELISA

MAT

Author

Dubey, J. P, et al
Sousa, S., et al
Lopes, A. P., et al

Lopes, A. P., et al

Esteves, F., et al
Gauss, C. B., et al

Miro, G., et al

Garcia-Bocanegra, I., et al

Garcia-Bocanegra, I., et al

Gilot-Fromont, E., et a/

Year

2006
2009
2013
2013

2014
2003
2004

2012

2013

2009

DOl

10.1645/GE-652R.1
10.1111/j.1863-
2378.2008.01187.x
10.1186/1756-3305-6-178
10.1016/j.vetpar.2012.12.0
01
10.1016/j.vetpar.2013.12.0
17

10.1645/ge-114
10.1016/j.vetpar.2004.08.0
15

10.1016/j.parint.2012.02.00
3

10.1645/12-27.1

10.1016/j.vetpar.2008.12.0
04



Lambs 83 15.0 34 10.1016/j.ijpara.2009.06.00
Adult sheep NA NA 343 31.0 14 MAT Halos, L., et al 2010

9

Sheep 69 98.6 1501 48.6 NA ELISA Tzanidakis, N., et al 2012 ;g.1016/J.vetpar.2012.07.0

Greece Goats 541 30.7 NA

. Cattle NA NA 406 45.6 NA 10.1111/j.1863-
Switzerland Sheep NA NA 250 616 NA ELISA Berger-Schoch, A. E., etal 2011 9378.2011.01395.x

Cattle NA NA 611 76.3 NA .
cerbi Sheep NA NA 511 84.5 NA MAT Klun, I., et al 2006 18'1016/J'Vetpar'2°05‘08'0
erbia Pig NA NA 605 28.9 NA

Goats 143 84.6 431 73.3 NA MAT Djokic, V., et al 2014 10.4081/gh.2014.37

Belgium Cats NA NA 346 70.2 NA NA Dorny, P., et al 2002
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Ducks 61 328 2534 5.7 NA . 10.1016/j.vetpar.2011.05.0
Germany Geese 13 84.6 373 25.2 NA ELISA Maksimov, P., et a/ 2011
Turkey 14 100 1913 202 NA KELA  Koethe, M., et al 2011 ;2'1016/ Jvetpar.2011.03.0

10.2478/s11686-013-0171-

Slovakia Goat 1 100 © 116 56.9 NA ELISA Cobadiova, A, et al 2013 5

10.1016/j.vetpar.2006.02.0

Sweeden Horses NA NA 414 0.5 NA DAT Jakubek, E. B., et al 2006 02
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Table 4 Seroprevalence of Toxoplasma gondii in European pigs

Infection of pigs in Europe is high. This table pgewhigh parasitic burden in pigs throughout the continent. Older age categories, finishing farms and presence
of cats are identified as major risk factors. Still individual prevalence are investigated more than farm contamination levels, therefore the data lack for on farm

contamination.

.9 X age . .
. 1400 adult Garcie-Bocanegra, I. 10.1016/j.parint.201(
Spain 1570 fattenin 100 2970 MAT NA 85.0 [1.9X lack of roden ot al 2010 06.001
. 440 piglets 11.3X presence ( .
Spain 1440 fattening pig 23 1202 MAT NA NA ats, Garcie-Bocanegra, I. 2010 10.1016/j.rvsc.2010.
Catalonia et al 01.017
322 sow 0.5X outdool
acilities

. leaning practice :
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Poland [fattening Szg‘;’t'g?r'” 861 | ELISA NA NA NA Sroka, J.et al 2011 | 973070 [pii]
sows fron
16% pedegre
breedinc Damriyasa, |. M.et 10.1016/j.vetpar.200
Germany 65% piglet 94 2041 ELISA NA overall 68[1.2X agt ol 2004 4.07.016
productior
19% farro to finis
; Damriyasa, I. M. an
SOWS 75 1500 | ELISA NA 56 NA e € 2005

Seroprevalence
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Table 5 Strains of Toxoplasma gondii found in wildlife throughout the Europe

As wildlife is considered a reservoir for parasites, European studies show that old continent, with small numbers of felis, is still sentinel for strains of type I, Il

and lll. The number of strains isolated from various species proves that the parasitic burden is high. Even in migratory species of birds the most prevalent are
“local” European strains.

...2.1.1.52 ferrets; type Il
...2.1.1.53 red 99 12 type Il
foxes; 83 1
70 9 types I and Ill, 10.1017/s0031182
.2.1.1.54 polecat 65 6 PCR, RFLP type Il Burrells, A., et al 2013 013001169
UK S, 64 2 type Il
..2.1.1.55 minks; d 0
badgers;
stoats
rabbit 57 39 PCR  10typel, 6typell, 7typelll, 1 Hughes, .M, etal 2008 -0:1016/i-exppara.

atypical 2008.07.011

49 0
rat 12 0 812002609
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...2.1.1.63 House
mouse

..2.1.1.64 Yellow
necked
mouse

red fox; 353 48 13 type Il, 4 type Il clonal 10.1016/j.vetpar.2
. rodents 0 PCR, RFLP Herrmann, D.C.,, etal 2012 011.10.030
ermany beavers; 6 2 bCR. RELP 2 type II; H D.C. etal 2013 10.1016/j.vetpar.2
wildcats 12 4 ' 4typelll errmann, L. ., eta 012.08.026

C. glareolus; 40
Apodemus flavicolli; 29
Apodemus sylvaticus; 26
Microtus arvalis 15

121 3
...2.1.1.65 roe 105 17 . 10.1186/1756-
Italy deer; 94 19 PCR NA Ferroglio, E., et al 2014 3305-7-196
22 0

10.1089/vbz.2013.

PCR NA Schmidt, S., et al 2014 1504

Austria

o O O o



...2.1.1.66

..2.1.1.67

wild
boar;

red fox;

alpine chamois;

red deer

Anas platyrhynchos

Anas clypeata
Anas crecca

...2.1.1.68

Gallina

go
gallinag
0

13

17
11
41

PCR

Atypical

43

Mancianti, F., et al

2013

10.1645/12-34.1




microsateli 10.1016/j.vetpar.2

Portugal  pigeon 695 12 tes  9typell, 2typelll, Ltypel  Waap, H.etal 2008 508.07.017
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Table 6 Toxoplasma gondii strains isolation from pigs in Europe

T. gondiiis isolated mainly from pigs in south and central European countries. Genotyping of the strains shows that the predominant strain is type Il, and that
only in rare cases atypical strains can be present in pigs raised in Europe. Numbers of isolated strains, in individual studies, show high parasitic

304 male and 10.1111/j.1863-

Ireland fernale NA 14 304 13 PCR NA diaphragm Halova, D., et al 2013 2378.2012.01514.
X

. . placenta L
Intensive 58 26 108 4 PCR NA  aborted Basso, W, etal 2015 10:1016/i-parint.
farms - sows 2014.11.017
foetuses
120 adult
. N minimum PCR, . Berger-Schoch, A. 10.1016/j.vetpar.
Switzerland 50 f|n|sh|ng 135 NA 270 6 RELP 1 type I/1l diaphragm E. et al 2011 2010.11.046
100 organic
. sampling in
100 fattening ) o 28 200 0 PCR NA  brain Wyss, R., et al 2000
100 sows .
abattoir
. 923 fattening 36 farms 18 type |, . Turcekova, L., et 10.2478/s11686-
Slovakia 47 sows 18 districts 21 970 21 PCR 3 type |l brain or muscle al 2013 013-0154-6
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Objectives

The aim of this study was to describe the prevalence of the parasite Toxoplasma gondii in pigs raised
and slaughtered in France. When considering pork as still the most consumed meat in Europe and high
risk burden for human infection with. gondij it is necessary to understand the routes of parasite
emerging in pig production systems as well as to have sensitive methods to identify &nigaaidii

carriers. Therefore, to investigate on farm risk factors responsible for the infection of pigs,
seroprevalence, obtained by MAT, was compared to epidemiological data collected on intensive farms
from west French region of Bretagne. The comparison between intensive and outdoor farming as a
risk factor for T. gondii infection of pigs was analysed separately in a national survey conducted
throughout eight major pork producing regions of France. Then, in order to evaluate the performance
and usage of existing methods for diagnostics of infection and propose new and simple methods for
standardized animal screening programs, the relationship between the presence of specific anti -
gondii antibodies and live parasites in pork tissues was investigated. To evaluate the risk of human
infection by consumption of seropositive pig meat, comparison between MAT results and direct
parasitic isolation was analysed. The mouse bioassay, PCR and MC-PCR were competed to
investigate the presence of parasites and compare the sensitivity and specificity of MAT. In cases
when sera cannot be available sensitivity and specificity of cardiac and diaphragm fluids were
analysed. Control of animals on farms and in slaughterhouses urged a need for an easy and cost

effective method of antigen provision for serology analysis by MAT.
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1.1. SUMMARY
The aim of this study was to assess the seroprevalence of gundii parasite in pork produced in

France, and to determine infection risk factors. An innovative survey was designed based on annual
numbers of slaughtered pigs from intensive and outdoor farms in France. A total of 1,549 samples of
cardiac fluids were collected from pig hearts to determine seroprevalence using a Modified

Agglutination Test (MAT). Of those, 160 hearts were bio-assayed in mice to isolate live parasites. The
overall seroprevalence among fattening pigs was 2.9%. The adjusted seroprevalence in pigs from
intensive farms was 3.0%; the highest in sows (13.4%); 2.9% in fattening pigs, and 2.6% in piglets.

Adjusted seroprevalence in fattening animals from outdoor farms was 6.3%. Strains were isolated
from 41 animals and all were genotyped by Restriction Fragment Length Polymorphism (RFLP) as

type Il. Risk-factor analysis showed that the risk of infection was more than three times higher for

outdoor pigs, and that sows’ risk was almost five times higher than that of fattening animals. This

study provides further evidence of extensive pork infection Witlgondii regardless of breeding

systems, indicating that farm conditions are still insufficient to guarantee “Toxoplasma-free pork”.

Key words:

Toxoplasma gondii, pork, intensive farms, outdoor farms, seroprevalence, parasite isolation

KEY FINDINGS
. This study reports on an innovative survey of Toxoplasma gondii infection in pigs from

France, born and raised on intensive and outdoor farms.

. Seroprevalence, strain isolation and risk-factor analysis were assessed based on production

systems, age categories and regions of slaughtering.

. The adjusted seroprevalence in pigs from intensive farms was 3.0%, highest in sows (13.4%),

2.9% in fattening pigs, and 2.6% in piglets. Outdoor farm seroprevalence in fattening pigs was 6.3%.

. Forty-one strains were isolated (25 from intensive and 16 from outdoor farms) and all strains

were genotyped as type Il

. Risk-factor analysis showed an above three-fold (3.62) increased the risk of infection for pigs
raised on outdoor farms (P=0.004), and that sows’ risk of infection is nearly five times (4.63) higher
than that of fattening animals (P<0.001).
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. The study provides further evidence of extensive pork infection Wwitjondiiregardless of
breeding systems, and that current zootechnical and hygienic measures are not sufficient enough to
guarantee pork as Toxoplasma-free in these conditions. More detailed risk-factor analysis is necessary

in order to provide specific recommendations for pig breeding production.

1.2. INTRODUCTION
With the widest range of mammalian hosts, including humans, Toxoplasma gondii is the most

unrestricted parasite on Earth, infecting one third of the global human population (Torrey & Yolken,
2013). The organism has a complex life cycle that can involve all mammals and birds as intermediate
hosts (by clonal division) and members of the Felidae family as definitive hosts (by reproduction). In
immunocompetent individual3, gondiigenerally causes mild and self-limited infection. However, in
categories of the population with a compromised immune system, such as foetuses and
immunosuppressed individuals, the parasite may cause life-long infection of the nervous system and

eyes, or life-threatening disease.

Human infection occurs through the ingestion of tissue cysts, present in contaminated meat, or oocysts
(excreted by felids), via contaminated water, fruits and vegetables. A recent study has predicted the
prevalence off. gondiiat 27% among pregnant French women until 2020 (Nogareda et al., 2014).
Along with sheep, pigs are the species mostly associated with human infection (Esteban-Redondo et
al., 1999). Consumption of infected undercooked meat or meat products is considered a major risk
factor, especially in Europe, which has accounted for 30-63% of infections (Bobic et al., 1998; Cook
et al., 2000; Tenter et al., 2000). Pigs have traditionally been an important source of meat in many
developing countries, and are the only species shown to regularly harbour the parasite (Hill & Dubey,
2013). Bradyzoites in tissue cysts have been experimentally shown to survive in meat stored at
temperatures below 0°C for 7 days (Hill et al., 2006), and at +58°C for only 9.5 minutes (Dubey et al.,
1990), as well as at pressures below 300-400 Mega Pascal (Lindsay et al., 2006). Chemical processing
of pork in 2% sodium chloride and 1.4% potassium or sodium lactate inactivates parasites within 8
hours (Hill et al., 2006) by reducing the quantity of free water (water activity index — aw). Thus,
inappropriate and insufficient use of these methods allows the parasite to stay infective in meat

products, or even after preparation of pork for direct consumption.

A higher prevalence of. gondiiinfection were recorded in pigs from organic and outdoor farming
systems, while new sanitary conditions at intensive breeding farms have consistently resulted in a
decrease in parasitic infection (van der Giessen et al., 2007). InTpigsndiiinfection usually goes
unnoticed, but can sometimes cause clinical signs such as fever, lymphadenopathy, lack of appetite
(and weight loss), miscarriage, stillbirth and foetal malformation, which also lead to economic losses
(Li et al., 2010).
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Although in France almost 23 million (22,933,667) pigs are slaughtered every year (Association BD
PORC, 2013), and pork, at 34.7%, represents a major meat consumed in France (AFSSA, 2005), no
nation-wide surveillance fof. gondiiin pigs has yet been conducted. One explanation is that pork is
usually eaten well-cooked or roasted, but with the influence of different cultures and new culinary
habits, the choice is left to the consumer regarding how long and how intensively the meat will be
cooked. Therefore, in 2013, following the objectives and methods of previous natiofi-wgdadii
surveillances in sheep (Halos et al., 2010) and beef (data not published), a large-scale national cross-
sectional survey of pigs born, raised and slaughtered in France was undertaken in order to assess the
risk of T. gondii infection in pork, and its transmission to humans. The aim of this study was to
investigate the prevalence of the parasite in pig meat from animals born and raised under two different
breeding systems (intensive and outdoor pig farms), to analyse the geographical, age-related and

breeding-system variations of this prevalence, as well as to iSolaggendii strains present amongst

pigs.

1.3. MATERIALS AND METHODS

1.3.1. Sampling strategy
In the Netherlands in 2007 different pig farming types were studied independently and the

prevalence of 1% on intensive and 5% on outdoor farms was showed (van der Giessen et al. 2007).
Based on the breeding practices reported in the Netherlands and France, the estimationTwas that
gondii prevalence in France could correspond to that of the Netherlands. According to the annual pork
production report (Association BD PORC, 2012) the number of samples originating from intensive
farms was set at 1,500, with 300 samples coming from outdoor farms. A stratified sampling strategy
was devised. Based on the national report of pork production in France for 2012 (Association BD
PORC, 2012), eight regions were chosen (Fig 1), representing 92% of the annual pork production in
intensive (6 regions) and in outdoor farms (7 regions). In order to obtain the same precision of
prevalence estimates on a national level, the same number of samples was collected from each region;
215 from intensive and 43 from outdoor farms, respectively. Next, two levels of stratification were
formed: two production types and three age categories. The three age categories were defined as
piglets (up to 25kg or 2 months of age), fattening pigs (100-110kg or 8 months of age) and older,
breeding pigs-sows. From intensive farms, 115 fattening pigs, 50 piglets and 50 sow samples were
collected per region. From outdoor farms, 23 fattening pigs, 10 piglets and 10 sow samples were

obtained from each region.
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From all eight regions included in the study, 26 slaughterhouses were chosen in relation to the
annual number of animals slaughtered. From each abattoir, samples were collected randomly, at least

on two different occasions, in order to avoid overrepresentation of samples from the same farm.

1.3.2. Sampling protocol
Heart samples were collected, as described by Villena et al. (2012). All samples were collected

from February to December 2013. In agreement with the Ministry of Agriculture (DGAL office - The
Directorate for food), all selected slaughterhouses were informed about mandatory participation in this
survey. In order to avoid bias and collection errors, the slaughtering dynamics of each abattoir were
analysed during the 2012 year. Based on these results, exact dates (periods of intensive production),

numbers of samples, and animal categories were determined for sampling in each slaughterhouse.

On the slaughter line, the abattoir veterinarians collected heart samples (minimum 200g) in sterile
plastic containers labelled with unique bar codes. Samples were stored at +4°C until the arrival of the
transport vehicle, and were then taken (in cooled boxes at +4°C within 12 hours of slaughtering) to the
laboratories of the Institute for Animal Health at Maisons-Alfort or the National Reference Centre for
toxoplasmosis in Reims. Once in the laboratory, the hearts were stored at +4°C and cardiac fluids were
collected for serology analysis (Forbes et al., 2012). Within the following 24 hours, heart digestion

was performed on all serology positive animals, and randomly chosen negative ones.

1.3.3. Serology test
Detection ofT. gondiiantibodies was performed on cardiac fluids by the modified agglutination

test (MAT), as described by Villena et al (2012). This is a species-independent serological test,
considered to be the gold standard for the detectidn gbndiiantibodies in animals and meat (Klun

et al., 2006). The antigen was provided by the National Reference Centre for toxoplasmosis in Reims,
France. The starting dilution was 1:6, in accordance with a previous study in sheep (Halos et al.,
2010). Six further two-fold dilutions were made, up to 1:200. All samples reactixé:Gtwere

considered positive.

1.3.4. Mouse bioassay and qPCR
Hearts were digested using trypsin, as described by Dubey et al (1998) and modified by Halos et

al. (2010). Briefly, each whole heart was cut and ground slightly. Two-hundred grams were measured
and incubated with trypsin at 37°C for 90 minutes (final concentration 0.25%). The suspension was
then filtered, centrifuged, and the pellet was washed twice in saline solution. From the total quantity of

the pellet, 300ul were used for DNA extraction and 2 ml were suspended in antibiotics for intra

51



174  peritoneal inoculation into two Swiss-Webster mice (CD-1) in bioassay (1 ml per mouse. Ethics
175  committee licence no: 21/01/13-2). Mice were bled after 6 weeks from the retro orbital sinus and
176  tested by MAT forT. gondii antibodies. All seropositive mice were euthanized and brains were
177  collected aseptically. Samples of whole brain homogenates were microscopically examiiied for
178  gondii cysts. Of the brain homogenates, 30@vere used for DNA extraction. All DNA extractions

179  were done using QIAmp mini kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s
180 instructions. Quantitative Polymerase Chain Reaction (qPCR), targeting the 529 bp, repetitive element
181 (gene bank accession number AF146527) was performed as previously described by Vujanic et al.,
182  (2011).

183
184 1.3.5. Genotyping of T. gondii isolates
185 All parasite isolates were genotyped by the PCR- Restriction Fragment Length Polymorphism

186  (PCR-RLFP) method, using 12 genetic markers including SAG1, 5'- and 3'-SAG2, altSAG2, SAG3,
187 BTUB, GRASG, c22-8, ¢29-2, L358, PK1, and Apico (Su et al., 2010).

188
189 1.3.6. Definition of cases
190 A sample that was tissue-fluid positive in MAT (dilutieh:6), and/or from which bio-assays live

191  parasites/parasitic DNA were isolated, was considered as positive.

192
193 1.3.7. Statistical analysis
194 All statistics were performed using the R Core Team (2013). R is a language and environment for

195  statistical computing made by R Foundation for Statistical Computing, Vienna, Austria
196  (http://www.R-project.org/). For the calculation of national-level seroprevalence, the number of
197 animals slaughtered in France in 2013, for each analysed category (Association BD PORC, 2013), was
198 used to adjust the region- and category-specific rates. Prevalence according to the age, breeding
199  system, and region of slaughter (CATEG: ordinal scale) were analysed by generalised linear model
200  (logistic link) (R. 3.0.3 MASS and Ime4 package). Breeding system was treated as a qualitative
201  variable (intensive or outdoor farm, reference intensive farm), as well as age (piglet, fattening pig or
202  sow, reference: fattening pig) (Table 7). For the categorical variable - region of slaughtering (8
203  modalities) - the reference was the first region from the list (Aquitaine — Table 7.) The correlation
204  between age and prevalence enabled the determination of the age category in which animals are more
205  frequently infected, and relationship prevalence — the breeding system enabled the identification of the
206  farming method that posed a higher risk of infection. Variables associated with positivitf). htaP

207  the 95% confidence level were tested for co-linearity and included in a multiple logistic regression
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model. Overall fit of the logistic regression model was assessed by the Hosmer-Lemeshow goodness-
of-fit statistics. To calculate concordance, taking into account concordance by chance (between
serology and bioassay, serology and gPCR and bioassay and qPCR), Kohen’s kappa test with 95%

confidence interval was used (R package fmsb).

1.4. RESULTS

T. gondiiseroprevalence and strain presence in pork produced in France was analysed in eight out
of 22 administrative regions based on the annual numbers of slaughtered pigs from intensive and

outdoor farms.

1.4.1. Collected samples
The study was conducted on a total of 1,549 pigs (Table 7), from 752 farms. Of the 1,549, 1,342

(86.7%) were intensively bred animals, and 207 (13.3%) were outdoor pigs, which is proportional to
the number of animals slaughtered from each rearing system in France. According to age, samples
were collected from 133 (8.6%) piglets, 1,158 (74.7%) fattening (market weight) pigs, and 258
(16.7%) sows (Table 7), which matches with the number of pigs slaughtered in each of these age
categories in the country. The number of samples from individual farms varied between one and 25
animals, and depended on the production type, age category and size of the originating farm. Since the
study was based on the numbers of animals slaughtered per region, the seroprevalence results were

further analysed according to the region of slaughtering.

1.4.2. Seroprevalence analysis
Overall, adjusted seroprevalence among fattening pigs from both indoor and outdoor breeding

systems was 2.9% (95% confidence interval CI: 0.9-5.0%) (Fig 2).

1.4.3. Seroprevalence in pigs from intensive farms
The adjusted seroprevalenceTofgondiiinfection in pigs raised in intensive farm systems was

2.7% (95% CI: 0.0-7.0%). The highest seroprevalence was in the Bretagne region (6.3%, 95% CI: 3.3-
9.3%) and the lowest in Basse — Normandie (1.6%, 95% CI: 1.0-5.0%) (Fig 2). The highest adjusted
seroprevalence was found in sows (13.4%, 95% CI: 6.8-19.9%), followed by fattening pigs (2.9%,
95% CI: 0.8-4.9%), while it was the lowest in piglets (2.6%, 95% CI: 0.0-6.9%) (Table 7; Fig 2).
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1.4.4. Seroprevalence in pigs from outdoor farms
Due to the small number of piglet and sow samples (five and seven, respectively) collected from

outdoor farms, the seroprevalence was calculated only for fattening pigs. The adjusted seroprevalence
was 6.3% (95% CI: 2.7-9.9%), the highest in Midi-Pyrénées (17.2% 95% CI: 5-33%) and the lowest in
Poitou-Charentes (2.6%, 95% CI: 0.1-14%); in Bretagne, only three samples were tested and all were

negative (Fig 2).

1.4.5. Live parasite isolation
Out of all 1,549 samples, parasite isolation was attempted on 160 samples (69 positive samples

and 91 randomly selected negatives). In total, 41 parasite strains were isolated (Table 1), of which
only one originated from an indoor fattening pig that was seronegative. All 41 strains belonged to type
Il, as in most European countries. The region with the highest number ©f gondiiisolates (10)

was Midi-Pyrenees and only one strain originated from Poitou — Charentes (Table 7).

Bio-assays were performed on 11 piglet samples, but no strain was identified. Vargorlii
isolates were found in 27 out of 98 fattening pigs (27.55%) and 14 out of 51 sows (27.45%). From the
27 strains found in fattening pigs, 12 originated from intensive and 15 from outdoor farms. The
majority of strains isolated from sows, 13 of them, originated from intensively bred animals (but 49
samples were tested), and only one came from an outdoor animal (only 2 samples were tested) (Table
7).

When adjusted according to the total number of animals in each age category, the strain
prevalence in intensive fattening pigs was 0.9% (95% CI: 0.0-1.9%) and 8.8% in sows (95% CI: 3.2-
14.3%). In outdoor fattening animals the overall strain presence was 10.2% (95% CI: 0.0-22.1%).

1.4.6. Concordance between serology and parasite isolation
Out of 160 bio-assays, 41 strains were found. Substantial concordance between serology and the

presence of infective parasites was calculated (Kohen’s kappa 0.66, 95%CI: 0.52-0.80). All digested
hearts were tested in bio-assay and examined.fgondiispecific DNA by qPCR. Thirty-four out of

160 found positive (between 20th and 35th cycle), indicating moderate concordance between serology
and PCR (Kohen's kappa 0.58, 95%CI: 0.43-0.72). Moderate accord was also obtained between two
direct detection methods: bioassay and PCR (Kohens'’s kappa 0.58, 95%CI: 0.43-0.72).
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1.4.7. Risk-factor analysis
Risk-factor analysis was performed for all 1,549 animals. Univariate analysis shows that age and

breeding methods both correlated withgondii seropositivity (Table 8). The region of slaughtering
was not associated with seropositivity, which excluded possibility that certain slaughterhouses collect

animals from more contaminated farms.

The final multiple model included age and breeding, with a 95% (0.968) rate of correct prediction
in Hosmer-Lemeshow goodness-of-fit test. The results in Table 8 display a risk of in infection that is
almost four times (3.62) greater for pigs raised in outdoor farms then those reared in intensive farming
(P=0.004, 97.5%CI: 1.94-6.59). Concerning the age of the animals, compared to fattening pigs, sows
were at an almost five-fold (4.63) higher risk of infection (P<0.001, 97.5%CI: 2.65-8.09), and there

was no statistically significant difference between fattening animals and piglets (P=0.96)(Table 8).

1.5. DISCUSSION

There is numerous data on the seroprevalende gbndiiinfection in pigs throughout the world,

with values ranging from 0.9% in sows from Austria (Edelhofer, 1994) to 0% in pork from the
Netherlands (Kijlstra et al., 2004), to as high as 45.3% in organic farms from Veracruz, Mexico
(Alvarado-Esquivel et al., 2014) and 37.8% in Argentina (Venturini et al., 2004) (Table 9). The live
parasites are isolated from pigs in all parts of the world with types Il and Il predominant in Europe
and North America (Mondragon et al., 1998; Klun et al., 2011; Dubey et al., 2012; Turcekova et al.,
2013), and atypical strains more characteristic for South America and Asia (Zakimi et al., 2006;
Belfort-Neto et al., 2007; Zhou et al., 2010b; Bezerra et al., 2012).

One of the benefits of intensive pig farming is that sanitary and technical control measures are at
higher levels. Keeping the animals in containment does little for their natural welfare but provides
higher sanitary and animal health standards. Findings of parasitic, bacterial and virus species in these
conditions are proof that these environments still have not met satisfactory levels of containment. At
the same time, although organic and backdoor farming provide greater animal welfare, they represent

constant reservoirs of different diseases for pigs and a greater threat to public health.

This is the first nation-wide study in France that uses pork production from both systems (indoor
and outdoor) and consumption data to construct the sampling strategy. The results of this cross-
sectional survey of. gondiiinfection in pigs from France show adjusted prevalence values of 3.0% at
intensive and 6.3% at outdoor farms. Studies in Spain and Portugal, using the same test (MAT),
showed a prevalence of 16.6% and 9.8% respectively (Garcia-Bocanegra et al., 2010; Lopes et al.,

2013) while in Switzerland, using an Enzyme-linked immunosorbent assay (ELISA), Berger-Schoch
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et al. (2011) showed prevalence of 23% (Table 9). The highest prevalence in Europe was recently
reported in the Czech Republic - 36% among intensive breeding pigs (Bartova & Sedlak, 2011), and

Romania - 30.5% in outdoor animals (Pastiu et al., 2013).

In risk-factor analysis we found that age and breeding type associated.wtmdii positivity.
Age is often considered a major risk factor Torgondiiinfection in pigs, as older animals have a
greater chance of acquiring an infection in a longer time frame (Villari et al., 2009; Halos et al., 2010;
Klun et al., 2011; Halova et al., 2013; de Sousa et al., 2014). Current study also indicates that younger
age categories (piglets and fattening pigs) are more protected than breeding animals. Piglets from
intensive farms are slaughtered very young (up to 45-60 days of life -25kg), a period when maternal
antibodies still can be identified (Garcia-Bocanegra et al., 2010). Infected piglets cannot be detected
by current methods because animals are either in prepatent period or the parasitic infection is stopped
by maternal antibodies. Moreover, in our study, out of 11 piglets from which parasitic isolation was
tried, no strains were isolated; from 98 fattening pigs in 27.55% and from 51 sows in 27.45%,
isolation was successful. Many piglet-producing farms have outside pens for the young, but not for
sows, making these facilities more vulnerable to cat and rodent access (AFSSA, 2005) and increasing
the chance of infection through contact with oocysts or infected mice and rats. Therefore, piglets may
import infective oocysts that during the mother’'s grooming can infect the sow, or cause infection in
late weaning and fattening period, after maturation of the digestive system (one oocyst is sufficient to

produce infection in pigs (Dubey et al., 1996)).

High prevalence among outdoor pigs is common, if we take into account that outdoor pigs are
more exposed to environmental contamination (cat faeces, rodents and contaminated nutrients), as
well as potential contaminants of indoor farms. In Europe the prevalence ranges from 5.6% in the
Netherlands (van der Giessen et al., 2007), 17.6% in Latvia (Deksne & Kirjusina, 2013), and 23% in
Switzerland (Frey et al., 2012)(Table 9). On other continents prevalence rises, reaching 27% in South
China (Zhou et al., 2010a), 37.8% in Argentina (Venturini et al., 2004), 45.3% in Mexico (Alvarado-
Esquivel et al., 2014), and the northern USA where Dubey et al found 90% prevalence on two organic
farms (33 animals) (2012). Only Berger—Schoch et al. in Switzerland showed no statistically
significant difference between indoor and outdoor breeding systems (Berger-Schoch et al., 2011). This
study once again showed an increased risk of infection in outdoor pigs which may also be explained
by the greater possibility of environmental contaminationTbyondii oocysts (Jiang et al., 2008;
Feitosa et al., 2014) or, if there are no cats, higher incidence of pigs having contact with rodents,

especially if rodent-control measures are absent (Garcia-Bocanegra et al., 2010; Piassa et al., 2010).

Between serology results and parasite isolation by bioassay, concordance was substantial (0.66),
which suggests that the heart can be recommended as the sample of choice for epidemiological studies

(Dubey, 1988; Halos et al., 2010; Wang et al., 2012). Worryingly, one strain has been isolated from a
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seronegative animal. Similar results were reported from Portugal, Ireland and Slovakia (Halova et al.,
2013; Turcekova et al., 2013; Esteves et al., 2014) and even the USA (Lehmann et al., 2003; Dubey et
al., 2012). At the opposite, 13 positive qPCRs were obtained from seronegative animals, but without
strain isolation. This can be interpreted as a lack of sensitivity of available detection methods.
Considering the fast fattening period, the time between pig infection and the development of an
immunological reaction could be quite limited and undetectable using existing methods. Thus, new
diagnostic tools are needed in order to detect early infections in pigs and allow for more accurate risk-
assessment studies. RFLP genotyping showed that type Il strains are 100% prevalent among pigs in
France, which corresponds with the majority of strains found in sheep (Halos et al., 2010) and bovines
slaughtered in France (unpublished data). Type Il was also the most prevalent in other European
countries: pigs from Portugal and Slovakia (de Sousa et al., 2006; Turcekova et al., 2013), sheep from
Switzerland and Serbia (Frey et al., 2012; Markovic et al., 2014) but also cats from Germany (Schares
et al., 2008).

In summary, the described prevalencel ofjondiiinfection in pigs from France provides further
evidence of the extensive infection of this parasite regardless of breeding systems, and thus innovative
prevention measures are needed to lower the parasite burden in pigs, and consequently the zoonotic
risk. Although more desirable from a market point of view, outdoor pigs are still more exposed to
environmental contamination. Still, parasite isolation from pigs originating from closed, intensive
farms goes to show that zootechnical containment measures are not sufficient in either of these
conditions to allow the labelling of Toxoplasma-free pork on the market. Until more detailed risk-
factor analysis can be performed, recommendations to farmers may include the introduction of more

strict regulations at animal facilities.
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369 Figure 1 French pork production in numbers of animals slaughtered from A-intensive, B- outdoor
370 pig farms, and C-regions chosen for sampling

371  Shades of blue (intensive pig farms) and green (outdoor pig farms) represent scale of regional pork
372 production in France. Eight regions, coloured on map C in blue, green and red, were selected for study
373  rendering 92% of all animals slaughtered in 2012.
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385 Figure 2 Toxoplasma gondii adjusted seroprevalence and strain isolations according to the
386 production and age categories in analysed regions

387 Adjusted Seroprevalence (calculated in percentage) is presented according to: 1. Production
388  categories: outdoor pig farming— B (green scale) and intensive pig farming — A, C, D, E (blue scale);
389 2. Age categories: A — piglets, B and C - fattening pigs, E - sows. Numbers of strains isolated from
390 each category per region are written in red. For intensively bred pigs the sum of all age classes is
391 calculated on map D. Comparison was made only between B and C where there is a noticeably higher
392  prevalence in pigs from outdoor than indoor farms. The highest number of strains originates from
393 fattening pigs bred in outdoor farms.
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397 Table 7 Toxoplasma gondii seroprevalence and strain isolation from pigs in France

398  All collected samples are arranged per production type, age and region of slaughtering. In every sub-category the number of positive, total number of samples
399 and prevalence are calculated. According to age sub-classes, calculations were possible only for fattening pigs. Finally, for all sub-categories of production
400 and age, seroprevalence was adjusted according to total number of animals slaughtered in France, from each sub-class. No strains were isolated from piglets,
401 27 from fattening pigs and 14 from sows. All strains were genotyped by Restriction fragment length polymorphism (RFLP) method as type II.

402

Areas of 92% Total Sample size — positives/total (Prevalence in %) Parasite isolation
production of number Intensive farms Outdoor farms Total No. of parasite strains No. of parasite strains Genotype
pork in France of number isolated from Intensive isolated from outdoor
samples of farms farms
collecte Piglets Fattening Sows Piglets Fattening Sows | isolated Piglets Fattening Sows Piglets Fattening Sows
d pigs pigs strains pigs pigs
Aquitaine 258 0 7/222 0 0 1/36 0 3 0 3 0 0 0 0 Il
(3.2) (2.8)
Auvergne 245 3/40 3/148 1/25 0 5/32 0 7 0 3 0 0 4 0 I
(7.5) (2.0) (4.0) (15.6)
Basse-Normandie 182 0 3/182 0 NA NA NA 2 0 2 0 NA NA NA Il
(1.6)
Bretagne 263 1/35 5/150 10/70 0/5 0/3 0 9 0 1 7 0 1 0 I
(2.9) (3.3) (14.3)  (NA) (NA)
Centre 43 NA NA NA 0 3/43 0 2 NA NA NA 0 2 0 Il
(7.0)
Midi-Pyrénées 257 0/3 3/137 4/86 0 5/29 2/2 10 0 1 1 0 7 1 Il
(NA) (2.2) (4.7) (17.2) (1.0)
Pays de la Loire 258 0/50 1/124 10/70 0 1/14 0 7 0 2 5 0 0 0 Il
(0.0) (0.8) (14.3) (7.1)
Poitou-Charentes 43 NA NA NA 0 1/38 0/5 1 NA NA NA 0 1 0 Il
(2.6)  (0.0)
Total 4/128 22/963 25/251 0/5 16/195 2/7 41 0 12 13 0 15 1 Il
(positive/total)
Adjusted prevalence 1549 2.6 29 13.4 NA 6.3 NA
(95% Cl) (0.0-6.9) (0.8-4.9) (6.8-19.9) (2.7-9.9)¢




403
404  Table 8 Analysis of risk factors associated with Toxoplasma gondii contamination of pork

405  Univariate models show that age (p<0.001) and production (p=0.004) but not the region of slaughtering (p=0.259), have influence on seropFevalence of
406  gondii specific antibodies in pork. In multiple analyses, all three variables were tested and the final model showed that pigs from outdoor farms are eight times
407  more likely to be infected witfi. gondiithan animals raised in intensive farms. Sows are almost five times more likely to be parasite carriers than fattening
408 animals, and there is no statistical difference between fattening pigs and piglets (p=0.96). Region of slaughtering has no influence on the ffrevalence of
409  gondiiinfection in pigs (p=0.319).

Variable Univariate analysis Multiple model 410
n Prevalence (%) 95% ClI OR 95% ClI P- value OR 97.5%Cl P-value
Age <0.001 o
Fattening pigs 1158 3.3 0.02-0.05 1 1
Piglets (<25kgQ) 133 3 0.01-0.08 0.914 0.271-2.320 1.19 0.35-3.09 0.96
Sows 258 10.5 0.07-0.153.445 2.044-5.733 4.632.65-8.09 <0.001
Production type 0.004
Intensive farms 1342 3.8 0.03-0.05 1 1
Outdoor farms 207 8.7 0.05-0.142.41  1.379-4.215 3.621.94-6.59 0.004
Region of slaughtering 0.259
Aquitaine 258 3.1 0.01-0.06 1
Auvergne 245 4.9 0.03-0.09 0.74 0.091-6.103
Basse-Normandie 182 1.6 0.01-0.05 0.46 0.059-3.650
Bretagne 263 6.1 0.04-0.09 1.42 0.144-14.000
Centre 43 7.0 0.02-0.20 0.37 0.047-2.845
Midi-Pyrénées 257 5.4 0.03-0.09 0.32 0.032-3.180
Pays de Loire 258 4.7 0.03-0.08 0.41 0.053-3.226
Poitou-Charentes 43 2.3 0.00-0.14 0.49 0.062-3.853
418
419
420
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Table 9 Review of Toxoplasma gondii seroprevalence in pigs per country/continent according to pig production systems

The table shows the number of animals includecaah etudy serological tests used and obtained seroprevalence. The highest seroprevalence was recorded in
Mexico (45.3%) by Alvarado-Esquivel et al from 2014 when Modified Agglutination Test (MAT) was used for serology. In Europe, the highest
seroprevalences were found in the Czech Republic and Romania, 36% (by Enzyme-linked immunosorbent assay (ELISA)) and 30.5% (by
Immunofluorescence Antibody Test (IFAT)), respectively. In all countries except Switzerland it was found that Ts gurdiiprevalent in outdoor pigs.

Prevalence (%) Number of analyzed

Production Age Test animals
Source Country type categor used Per Per
P gory Total Total
category category
Europe
(Edelhofer, 1994) Austria NA NA IFAT NA 0.9 NA 4697
(van der Giessen et al., indoor NA 0.4 NA
2007) Netherlands ELISA NA 845
outdoor NA 5.6 NA
Piglets 42.9 21
(Lopes et al., 2013) Portugal NA Fattening MAT 5.0 9.8 180 254
Breeding 13.2 53
(Garcia-Bocanegra et al., . Fattening 9.7 1570
2010) Spain NA Sows MAT 4.2 16.6 1400 2970
(Berger-Schoch et al., : Finishing 14.0 50
. indoor
2011; Frey et al., 2012) Switzerland Adults  ELISA  36.0 23 120 270
outdoor NA 13.0 100
(Bartova and Sedlak, 2011) _2°¢" NA  Fattening ELISA NA 36 NA 551
Republic
Indoor Fattening 0 660
(Pastiu et al., 2013) Romania Sows IFAT 12.4 30.5 371 3595
outdoor NA 30.5 2564
(Deksne and Kirjusina, Latvia NA NA  ELISA NA 176 NA 803

2013)
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Fattening 8.3 468

H *
(Klun et al., 2011) Serbia NA Sows MAT 30.0 9.2 20 488
Slovak Finishing 2.1 923
(Turcekova et al., 2013) Republic NA Sows ELISA 43 2.2 47 970
(Veronesi et al., 2011) Italy Indoor NA IFAT NA 16.4 NA 960
(Sroka et al., 2010) Poland NA NA DA NA 17.9 NA 67
North and South America
(Alvarado-Esquivel et al., . .
2014) Mexico Outdoor  Fattening MAT NA 45.3 NA 402
Piglets 1 103
Indoor Fattening 0 69
. . . Sows 2.7 184
(Venturini et al., 2004) Argentina Piglets MAT 0.4 37.8 30 230
Outdoor  Fattening 13.8 29
Sows 100 23
(Dubey et al., 2012) USA** Outdoor NA MAT NA 90.0 NA 33
(Samico Fernandes et al., Brazil NA Fattening  IFAT NA 125 NA 305
2012)
Asia
Piglets 14.9 114
(Zhou et al., 2010) China NA Fattening ELISA 25.2 27.0 671 1022
Breeding 38 237
Piglets 21.1 71
(Wu et al., 2012) Tibet Outdoor  Fattening MAT 23.6 22.7 347 427
Sows 0 9
(Chikweto et al., 2011) C?g;::jsa” NA NA  MAT NA 231 NA 247

NA=Not Analysed
NA*= Production was analysed as a risk factor but the exact number of animals per production and age category cannot be determined
USA**= Data from two farms are published.
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2.1. Summary
Background

Infection byToxoplasma gondpostnatally can occur after ingestion of contaminated meat or
water (tissue cysts/oocysts). In Europe, percentage of meat borne infections is estimated between 30%
and 63%, out of which pork makes the most important source. The aim of this study was to investigate
i) the seroprevalence df. gondiiin intensive pig farms from western-France; ii) the risk factors
associated with seropositivity.

Methods

Stratified data and sera collection was done from November 2006 to February 2008 on 60
intensive farms from 3595 suckling-, weaned- piglets and fattening pigs. Information about three
classes of risk factors were obtained through questionnaire: i) breeding characteristics, ii) farm
management, iii) husbandry and hygiene. The modified agglutination test (MAT) was used for
detection of anti T. gondéntibodies in pig sera, starting from 1/6 dilution.

Results

The individual-level seroprevalence was 6.9%, but the proportion of herds with at least one
positive pig was 100%. The average within farm prevalence was 7.0%. Multivariate mixed logistic
model showed an increased seropositivity risk in weaned compared to suckling piglets, and a
decreasing prevalence in mid-size and large farms. Separated facilities with a Danish entry system,
that clearly separates clean and dirty areas, had a protective effect on Tsgamtévalence as well.

Conclusions:

The observedT. gondii seroprevalence provides further evidence that even in confined
conditions of pig breeding, infection occurs, and is widespread. The highest risk of acfugorglii
is at the end of weaning period. Smaller farms demonstrate highgondii seroprevalence in
confined conditions. This study also shows that Danish entry systems on farm buildings provide
effective protection again3t gondii

Key words:

Toxoplasma gondiintensive pig farm, risk factors
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2.2. Background

Toxoplasma gondiis one of the world’'s most widespread food borne pathogens. The parasite
from phylum Apicomplexais adapted for infection of all warm-blooded animals including humans.
The characteristic of. gondiiis that parasite can be transmitted directly among intermediate hosts,
including pigs, by predation or scavenging without the need for sexual part of the life cycle. The
ingestion of food or water contaminated with different parasitic life stages (oocysts/tissue cysts) are

the two major routes of postnatal transmissioii.ajondii(16).

Infection in humans is generally benign, but may have serious consequences in the developing
foetus, if maternal infection occurs in pregnancy and in immunosuppressed individuals, causing the
disease — toxoplasmosis (4). In most people infection is characterized by mild, flu-like symptoms, but
in vulnerable categories serious infections of foetus, nervous system and eyes can occur with even
life-threatening consequences. Due to its zoonotic character, this disease represents an important
public health hazard. The percentage of meat borne infections of the total number of toxoplasmosis

patients has been estimated between 30% and 63% in Europe (2).

Along with sheep, pigs are the species mostly associated with htimgondii infection (5).
Nowadays three pig farming systems are recognized: i) intensive, ii) free-range (outdoor) and iii)
organic farming. In intensive farms animals are kept in strictly confined conditions, without any
access to outside environment. Pigs are separated in categories, defined as batches (contemporary
group of pigs), from where all animals are transported in the same time (all in all out). In contrast,
both organic and outdoor pigs have access to natural light, weather conditions and contact with other
animal species. Mainly, organic pigs are bred in large open space pens without closed facilities, fed by
seasonal food without chemical processing, and the system all-in, all-out is not practiced. Results from
studies conducted in Europe indicate that pigs can be infectdd ggndiiin various intensities
depending upon farming system, animal age, presence of cats on site, absence of rodent control and

other breeding practices (Figure 1).

Pigs destined for human consumption, have not yet been screened on a regular Dagisnidir
infection at slaughter in any country (10). Therefore endemic areas, the sources of pig infection, the
frequency of infected pigs on the markets, and the role these animals play in Tiurgandii
epidemiology remain unknown. Comparing the prevalence between wildlife and domestic animals, no
significant difference in T. gondinfection rates of wild boar as a reservoir, and organically/free-range
bred pigs can be observed (Figure 3). These animals get infected mainly from an oocyst-contaminated
environment by rooting, or by consuming infected rodents. As a consequence, the pigs not exposed to

these two sources-from intensive farms, could be Toxoplasma free.
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A nation-wide study off. gondiiin pigs slaughtered for human consumption in France described
similar T. gondii seroprevalence on individual level in piglets and fattening pigs (2.6% and 2.9%
respectively) (108). Most of the pigs originated from intensive farms, indicating low, but significant
level of contamination. However, study was not designed to evaluate if contamination is widespread

or limited to some herds.

Therefore, the aim of present work was to analyse the presemicgafdiiin intensive pig farms
and investigate: i) the farm-level and within farm proportion of seropositives, and ii) factors associated
with seropositivity. For this purpose enquiry was conducted on samples and data from 60 confined
farrow-to-finish farms located in western France, the region where almost 60% of total country’s pork

production is localized.

2.3. Materials and methods

2.3.1. Database and serum bank
Sera samples and epidemiological data were obtained from a previous cross-sectional study

devoted to pig respiratory diseases. Collection was done from November 2006 to February 2008 in
farrow-to-finish farms from western-France as described previously (109). In France 92% of pig
production is localized in west of the country (110). A total number of 7500 piglets and fattening pigs
sera from 125 farms were on disposal, as well as associated individual and farm level data. The visit to
each herd consisted of blood sample collection, face-to-face interview with the farmer and herd
investigation by “Swine epidemiology and welfare unit - ANSES”, as described in (109). Data related
to general herd and neighbourhood description, biosecurity and hygienic practices, management and

animal husbandry were collected with a standardized questionnaire.

2.3.2.Herd selection and risk factors
A written consent from organisations of producers was asked for use of the sera and meta-data in

the Toxoplasma gondii seroprevalence survey and risk factors analysis. In Europe, farm prevalence
varies from 4% on intensive farms in Netherlands to 85 % in Spain (87, 111). A farm was considered
as T. gondii positive if specific antibodies were found in at least one pig. The expected farm
prevalence was set at 20% and relative precision to 5%. The corresponding sample size was calculated
to be 60 farms, which were randomly chosen among 125 available from the database. Assuming
within-herd prevalence of 5%, the number of samples per farm necessary tdr dgwadii presence

at a 95% confidence level was 60 animals.

The age of pigs was a single individual risk factor considered, with 4 classes: <1 month, 1-2

months, 2-3 months and >3 months. On all farms pigs are kept in completely confined conditions,
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without any outside access neither for piglets or sows, separated in buildings identified as farrowing
rooms (for sows and piglets from birth to one month of age), weaning (from one to two months old
piglets), and fattening roomss (animals from 2-3 months of age are kept in separate pens from older
pigs, but there are no distinctive differences in husbandry or hygiene between two age classes). Farm-
level risk factors described i) pig housing conditions with three types of bedding (slatted floor, straw,
combination of slated and concrete floor), food methods for food distribution (automatic feeders or
manual), and ii) hygiene practices, with use of specialized boots and clothes, presence of a Danish
entry (yes/no), and the compliance with all-in-all out management (time in days during which
pens/rooms/buildings are left empty in post-weaning and fattening processes). All farms used
pressurized steam for cleaning and specialized third party always performed rodent control. The
number of sows (on a logarithmic scale) was used as a proxy for herd size. Finally the presence of

dairy cows or beef cattle, as well as sheep, goats and poultry breeding facilities were considered.

2.3.3. Serology testing
Detection ofT. gondiilgG antibodies was performed on sera by the modified agglutination test

(MAT), as described by Halos, Thebault (47), since this is a species independent serological test.
MAT is considered as gold standard for the detectioh. giondiiantibodies in animals and meat (54,

62, 78, 112). The National Reference Centre for toxoplasmosis in Reims, France provided the antigen.
Four two-fold dilutions were made starting from 1/6 to 1/50. All results were observed qualitatively

(negative/positive) regardless the dilutions.

2.3.4. Statistical analysis
The overall animal as well as age class-specific seroprevalence with exact binomial confidence

intervals was calculated. In positive farms, the distribution of within-farm proportioh gbndii

seropositive was analysed by computing the average value and the associated confidence intervals.

Because of the relatively small size of the farm sample (60 farms), risk factors for which exposure
was rare (less than 5 farms) were excluded from the analysis. The univariate association between
remaining individual- and farm- level risk factors was analysed using logistic models and likelihood
ratio tests: risk factors for which p-value wa8.20 were selected for inclusion in the multivariate
model. Absence of significant multi-collinearity was checked by verifying that variance inflation
factor was <5, for each of the selected variables. A logistic mixed model was then used to determine
the association between selected risk factors (treated as fixed effects) and the pig seropositivity, farm

number being included as a random effect. Significance threshold was set to 0.05.
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All statistics were performed in the R (113) (http://www.R-project.org/), using the MASS, Ime4
and car packages (114-116).

2.4. Results

To analyse the prevalencefgondiiin intensive pig farms, 60 samples of suckling and weaned
piglets, as well as fattening pigs were collected per herd in western France. Analysis was done on a

total of 3595 sera from 500 suckling-, 389 weaned piglets and 2532 fattening pigs.

2.4.1. Animal, farm and within-farm levels of T. gondii frequency of
seropositivity
All herds had at least one seropositive pig, thus making the frequency of seropositive farms at

100% (95% CI: 94%-100%). When only one age category was observed, farm prevalence in suckling
piglets (<1month) was 50% (95% CI. 33%-57%), as well as in weaned animals (1-2 months old -
48%, 95%Cl: 27-69%), and 2-3 months old fattening pigs (48%, 95% CI: 35%-62%). However, farm
prevalence was higher in pigs older than 3 months: 82% (95% CI: 70%-90%).

The overall animal-level seroprevalence was 7.0% (95% confidence interval [CI]: 6.2%-
7.9%), and varied according to the age class: 5.3% in <1 month old suckling piglets (95% CI. 3.6%-
7.6%), 8.5% in 1-2 months of age weaned animals (95% CI: 5.9%-11.9%), 9.5% in pigs 2-3 months
old (95% CI: 7.6%-11.7%), and 6.0% in animals older than 3 months (95% CI: 4.9%-7.1%) (Table
10).

Mean within-herd seroprevalence values were very close to the individual-level prevalence,
with an overall value of 7.0% (95% confidence interval [Cl]: 5.3%-8.6%). This was also true when
considering the age classes separately: 5.4% in <1 month animals (95% CI: 3.0%-7.7%), 7.9% in 1-2
months old animals (95% CI: 3.0%-12.8%), 9.5% in 2-3 months old animals (95% CI: 5.0%-14.0%),
and 6.0% in animals >3 months of age (95% ClI: 4.4%-7.5%).

2.4.2. Risk factor analysis
The variable selection procedure led to the inclusion of 5 risk factors in the multivariate mixed

model: the age class, the herd size (number of sows on a logarithmic scale), the use of specialised
clothes inside production units, the presence of a Danish entry, and the presence of dairy cattle (table
10).

In the multivariate mixed logistic model, a significant association between age class and

seroprevalence was observed, with increasing odds-ratios for 1-2 months old weaned piglets (OR=1.8,
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p=0.04,) and for 2-3 months old fattening pigs (OR=2.0, p=0.002) when compared to suckling animals
(<1 month of age). However, seroprevalence in >3 months pigs was not significantly different from
the one observed in <1 month piglets (p=0.5) (Table 11). Increasing herd size had a significant
protective effect on seroprevalence, with an OR of 0.87 (p=0.04) for an increase from the 25%
percentile (139 sows/farm) of the distribution to the 75% percentile (251 sows/farm). Dairy cattle
presence on the same farm had no influenc&.agondiiinfection in pigs (p>0.05). The presence of
Danish entry had a protective effect with an OR of 0.58 (p=0.04) (Table 11).

2.5. Discussion

For the last 15 years, surveysTafgondiiin pigs raised and consumed throughout Europe were
reported from 14 countries (Figure 3). All age categories were analysed (piglets, fattening pigs,
reproduction animals). In 11 studies sample collection was done at the slaughterhouse, allowing
estimation of animal-level prevalence, but not farm-level and within-farm prevalence. Farm-level
studies showed that the major risk factors associatedTwigondiiinfection in pigs were breeding
method, animal age, presence of cats and absence of rodent control (78, 86-88, 90, 108, 117-119). Out
of five studies that reported different prevalence between intensive and outdoor farming, four showed
significant differences between two breeding methods, and only Berger-Schoch, Bernet (88) had
contradictory results in Switzerland. Studies from Portugal, Spain, France, Serbia, Switzerland,
Slovakia, and Germany showed that older age categories, from any breeding method (intensive and
outdoor), have higher seroprevalence levels (79, 86, 88, 89, 108, 118-120) (Figure 3). As a source of
contamination for intensively bred pigs in Europe, studies from Spain and Romania identified cats,
and reports from ltaly and Spain associated lack of rodent control (86, 90, 111, 121) (Figure 3). At the
same time, study from the Netherlands showed significantly lolwegondii seroprevalence in
intensive pig farms inanimals reared in strictly confined conditions (87). In present study, the piglets
and fattening pigs from closed facilities in France were tested for the presence df. ayuidii

antibodies.

The proportion of 100% positive farms indicates a widespread contamination of pig farms. This is
confirmed by the similarity between the animal-level and the average within-farm seroprevalence: 7%
in both respective cases. Indeed, this indicates that seropositive animals are not clustered in a few
herds but are spread over the 60 studied farms and correspond to a limited number of animals in every
herd. The farm and animal sample analysed in the present study was taken from a previous cross-
sectional survey, in which farms had been included based on the history of respiratory diseases in pigs
(109). For this reason, the farm and animal sample cannot be considered representative of the French

population of farrow-to-finish farms, although no obvious association exists between the occurrence of
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respiratory diseases afd gondii circulation (other than hygienic conditions which were explicitly
considered in the present study). Indeed, the animal-level seroprevalence of 7.0% reported here
corresponds to those reported in Serbia, Portugal and Austria, in pigs from same type of confinement
(45, 120, 122).

The multivariate model of pig seroprevalence indicated a significant association between
seropositivity and age class. Duration of maternal antibodies from naturally infected sows in piglets
lasts from three to six weeks of life (123) and in experimental conditions up to 120 days (124). In this
period, with the decrease in the concentration of speEifgondiiantibodies, young animals become
susceptible to infection. The earliest age piglets can get infected orally in experimental conditions is
between fourth and fifth week of life (91). This goes to show that in piglets younger than one month, a
T. gondii seropositive result may be attributed to maternal antibodies. In the same time in
experimentally infected piglets, newly formed antibodies can be detected only after 2-3 weeks (91,
125). Therefore, in the 1-2 months old animals, significantly higher seroprevalence than in suckling
piglets suggests that the seropositive results may in part be due to newly established infections.
Furthermore, the higher odds-ratio observed for 2-3 months old animals implies that most probably
infection occurs at the end of second month of life, when feeding becomes more diverse. In the cross-
sectional survey of respiratory diseases on which the present study is based (126) some pig sera were
analysed for infectious agents responsible for alterations of pig’'s immune system, such as PCV and
PRRSV. These analyses aimed at documenting viral circulation at the batch level, and the individual
serological results were unfortunately not available for the 3595 pig samples us&d gondii
analysis. For this reason, seropositivity for PCV and/or PRRSV could not be considered as risk factors
of T. gondiiinfection in pigs. However, the available data showed that seropositive results for PCV
and PRRSV were found mainly in animals older than three months. This could explain the lower

proportion of T. gondiseropositive results in fattening pigs than in weaned piglets.

Only the study from Serbia showed farm size as a risk factor (120). Our study shows, as well, that
small pig farms have higher risk of being infected wWitlgondij which may suggest a lower technical

and hygienic level in small producers.

The present study shows that installation of Danish entry on the pig breeding farms decreases the
T. gondiiseropositivity risk. In the confined conditions of intensive pig farms, Danish entry is a closed
facility with several doors that open successively, one at a time, upon entering the breeding facility. In
the majority of cases it serves for boots and clothes exchange and sanitation, and prevents direct
entering into the buildings. In these conditions even if there are other animal species (potential sources

of T. gondiiinfection such as rodents, small birds and cats), their contact with pigs is less likely.
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2.6. Conclusion
The described prevalence of T. gondiintensively bred pigs from western-France, complements

the results of a previous animal-level, nation-wide study, by demonstrating that even in confined
conditions of pig breeding, parasite infection exists and that current zoo technical and hygienic
measures have not met satisfactory standards for production of Toxoplasma free pork. This is the first
in depth analysis of intensive farm conditions and their influence on parasite prevalence. Current study
shows that materndl. gondiiantibodies are present in suckling piglets, and that the risk of acquiring
parasite occurs at the end of weaning period. The presence of other productions on the same farm does
not have any impact oh. gondiiinfection. However, small farms where pig breeding is probably not

the primary activity, demonstrated increaséd gondii seroprevalence levels even in confined
conditions. This study also shows that Danish entry on farm buildings appear to be an effective
protection measure from. gondiiinfection. Additional studies are necessary to focus on specific

reservoirs of infection for intensive farms.
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Figure 3 Literature review of T. gondii prevalence in wild boar, organically and outdoor bred pigs.

The results off. gondiiinvestigation in wild boar and pigs from organic/ outdoor farms show small
differences in seroprevalence. The seroprevalence ranges from 0.5% in wild boar from island of
Corsica to 63% on three organic farms in Austria. These results show those wild boars are important
reservoirs for the parasite and that both organic and outdoor farming system do little to prevent
infection in domestic pigs. Therefore, meat from these animals represents one of the major sources for
human health as well. Used literature: intensive farming: (43, 45, 78, 79, 86-90, 108, 117-119, 121,
127, 128): outdoor/organic farming: (45, 87, 90, 108, 129, 130); wild boar: (119, 131-139) [25, 41-49]
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278  Table 10 Analysis of farm-level and individual-level risk factors responsible for T. gondii infection of
279 pigs from confined farrow-to-finish productions.
280  Out of risk factors for which exposure is not rare (>5 farms), statistically significant influente on
281  gondii seroprevalence in pigs have presence of dairy production, farm size, Danish entry system and
282 individual age of animals. These factors entered final mixed logistic regression model.
283
. Animals - 284
Risk factor N nositive/total (%) p- va%ue
Dairy production <0.001
No 54 207/3236 (6.4%) 286
Yes 6 44/359 (12.3%)
Number of sows per farm <0.001
0-140 15 68/885 (7.7%)
141-211 16  55/970 (5.7%) 288
212-255 14 65/838 (7.8%) 289
Farm >256 15 63/902 (6.9%)
level  Use of separate cloths 0.187
factors  No 20  92/1193 (7.7%)
Yes 40 159/2402 (6.6%)
Use of separate boot 0.937
No 20 95/1198 (7.9%)
Yes 40 156/2397 (6.5%)
Danish entry <0.001
No 43 172/2487 (6.9%)
Yes 17 77/1048 (7.3%)
Age in days 0.002
Individu <31 545 29/545 (5.3%) 296
allevel >31and 62 438 36/438 (8.2%)
factors  >60 and 400 790 76/790 (9.6%) 297
>100 1822 110/1822 (6.04%)
298
299  'Classes correspond to quartiles of the distribution, on a logarithmic scale
300
301
302
303
304
305
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306 Table 11 Mixed logistic regression model of T. gondii seroprevalence in pigs from farrow-to-finish
307  farms.

308 This model demonstrates that weaned piglets and 2-3 months old animals are more susceptible to be
309 seropositive than suckling piglets (OR 1.8 and 2.0 respectively). Larger farms are more protected
310 againsfT. gondiiinfection than small producers (OR 0.87, p-value=0.04). Use of Danish entries on the
311  farm protects against T. gondifection as well (OR 0.58, p-value = 0.004)

312
Risk factor Value Odds-ratio p-value
(95% CI)
Age class <1 month — suckling piglets 1
1-2 months — weaned piglets 1.8 (1.0-3.2) 0.04
2-3 months — young fattening pigs 2.0(1.3-3.2) 0.002
>3 months — fattening pigs and finishe NS >0.05
Herd size (number of  Increase from the 25% percentile of the 0.87 (0.76-0.99) 0.04
sows on a logarithmic  distribution (139 sows) to the 75%
scale) percentile (251 sows)
Presence of dairy cattle No 1
Yes NS >0.05
Presence of Danish entryNo 1
Yes 0.58 (0.34-0.99) 0.04
Use of specialised clotht No 1
inside production units Yes NS >0.05
313
314
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3. Section 3

Working title: Relationship between direct and indirect detection
methods of Toxoplasma gondii in naturally infected pigs

3.1. Summary
In France, the concordance between serology, bioassay and PCR-based detéotiopla$ma

gondii in pigs was assessed on edible tissues by serology (Modified agglutination test (MAT)) on 140
selected samples. The MAT analysis was performed on cardiac juice (140), and a limited nhumber of
sera (118). In the same time, the aim of this study was to compare mouse bioassay, quantitative PCR
(gPCR) on heart digest and Magnetic Capture PCR (MC-PCR) on diaphragm as direct detection
methods for diagnostic of pork infection with gondiiand correlate their results with MAT analysis.

Out of the 140 samples, antibodies were detected in 61% of pigs according to the sera and in 43% of
cardiac juice. The concordance between indirect diagnostic results was fair (0.35 95%CI: 0.18 — 0.52).
When compared the MAT technique performed on two different matrices (sera and cardiac juice) with
the direct detection methods (mouse bioassay, gPCR and MC-PCR), the highest kappa values were
observed between MAT on cardiac fluid and mouse bioassay (0.66) or results with any direct
detection method (0.41). Analysing the direct detection methods, gPCR on heart digest was the most
sensitive with 69 (43.1%) positive results, followed by mouse bioassay with 41 (27.7%) and MC-PCR
on diaphragm with 27 (16.9%) positive results. PCR-based direct detection techniques are in positive
concordance with the finding of live parasites by bioassay in mice. The best concordance was found
between gPCR and mouse bioassay (0.50), however the isolafiogarfdiifrom a seronegative pig
indicate still high risk for consumers. The detection of IgG antibodies by MAT can be used to indicate
the risk for consumers consuming pork. However, vidblgondiiwas also detected in about 6% of
seronegative pigs; disagreeing with the use of serological screening to classify the meat of individual
animals asT. gondiifree. Moreover, the ability to identify animals harbourihggondii using an

indirect detection method is influenced by the assay and matrix used for antibody detection. There is
little variation in parasite load between different skeletal muscles in pigs. Clear predilection sites
(brain, heart and lung) have been identified in MC-PCR based studies described in literature.
Comparing recovery rates and parasite loads in the different species, this is hampered by differences in

study design and sampling.
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3.2. Introduction
ApicomplexaparasiteToxoplasma gondis the World wide spread food-borne pathogen. Humans

and animals, postnatally acquire infection mainly by ingestion of environmentally resistant forms -
oocysts, or tissue forms — cysts. Although generally mild in cases of compromised immune system,
infection can have serious consequences in i) developing foetus upon maternal infection in pregnancy;

and ii) in immunosuppressed individuals; causing the disease — Toxopla@josis

Pork is considered to be an important sourcé. gfondiiinfection (95, 140). In the USA pork and
T. gondiiare ranked second among top 10 pathogen-food combinations in terms of annual disease
burden (141)T. gondiiseroprevalence in pigs varies throughout the world ranging from 0% in Brazil
— Minas Gerais region, Malaysia and China (142-144), to 53.4% in China— Zheijang province and 60-
65.8% in Brazil — Rio de Janeiro and Belem regions (145). In Europe, the prevalence ranges between
0.3% in intensively bred pigs from Netherlands to 63.5% in animals bred on organic farms in Austria
(45, 87). In South and Central America, strain presence was detected in seropositive pigs between 14.3
and 55.3% of the cases, although the seroprevalence in these studies varied from 17.1%-36% (146-
149). In Europe out of 14% seropositive pigs in Switzerland PCR detected O positives, and in the same
time DNA was found in 21 out of 21 ELISA positive animals in Slovakia (89, 150). In four European
studies that used bioassay, 26.7% of seropositive intensively bred pigs from Serbia harboured
parasites, while in 88.9% of outdoor animals in Frahcgondiiwas isolated (108, 120). In the same
time live parasites or parasitic DNA were found in raw and cured pork across the World (38, 39, 140,
151-155). These data suggest that there is a positive relationship between detection of antibodies in
sera and presence of viable tissue cyst¥.ajondiiin the pork. Nevertheless, the overall parasitic
burden in pork and percentage this meat makes on the world markets is unknown (10). Although
ELISA and IFAT tests showed higher sensitivities and specificities for detection of specificlanti -
gondii antibodies in pig sera (11, 60, 112), MAT on tissue fluids was in higher concordance with
isolation of infectious parasites (62, 156). In the same time, when parasitic DNA is found in the meat,
real risk for human infection witii. gondii has not been assessed. Both mouse and cat bioassays
require specialized animal facilities and strained stuff, are time consuming and expensive to perform.
In order to facilitate quantitative screening of large numbers of pork samples Opsteegh, Langelaar
(157) developed technique based on magnetic capture of parasitic DNA and quantitative PCR (MC-
PCR). MC-PCR performed on diaphragm samples from experimentally infected pigs showed high
concordance with mouse bioassay, but has not been tested on the samples of naturally infected pigs.
Therefore, the aim of this study was to: i) compare detection of specific Ig& agbndiiantibodies
by modified agglutination test (MAT) in pig sera and cardiac juices; ii) assess the correlation between
detection of T. gondii antibodies by MAT in two matrices (serum and cardiac juice) and either
infective parasites or parasitic DNA detection by mouse bioassay gPCR on tissue digests and magnetic

capture PCR (MC-PCR) on diaphragm tissue; iii) examine concordance levels between mouse
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bioassay, gPCR on heart digest and MC-PCR on diaphragm and determine the best direct detection
method for diagnostic of. gondii contamination in pork. For this purpose, results from previously

conducted slaughterhouse study in France were used.

3.3. Materials and Methods

3.3.1. Pig samples
In 2013 nationwide study oF. gondii prevalence in pork from French intensive and outdoor

farms was conducted (108). Briefly, 1549 pig heart samples (200g), and corresponding 1066 blood
(50ml), as well as 1450 diaphragms (100g) were obtained from 26 slaughterhouses throughout 8
French regions. Out of this sample base, direct isolation of parasites or parasitic DNA was tried from

hearts and diaphragms of 160 pigs.

3.3.2. Indirect detection test - MAT
Detection ofT. gondiispecific IgG antibodies was performed by the Modified Agglutination Test

(MAT), as described by (42, 47), with antigen provided by the National Reference Centre for
toxoplasmosis in Reims (France). Six, two-fold dilutions were made starting from 1/6 to 1/200. In the
laboratory blood samples were left for 2 hours at the room temperature and then centrifuged for
collection of sera. Upon collection, hearts were left at +4°C for several hours to cull, and cardiac
juices — mixture of blood and tissue fluids, were separated from the transport bags. In total specific
anti T. gondiiantibodies were found in 88 pigs, either in sera or cardiac juices. From 88 MAT positive
pigs, sera were missing for 16 animals, so that in total agreement between results of MAT on sera and
cardiac fluids was calculated on 98 samples. Additionally, 42 cardiac juices were analysed for

comparison with direct detection methods.

3.3.3. Direct detection of infectious parasites (mouse bioassay) or parasitic
DNA (qPCR and MC-PCR)
Mouse bioassay and gPCR was done on 160 pig hearts, while corresponding diaphragm samples

were analysed by MC-PCR. Out of 160 samples, 98 corresponded to pigs which sera and cardiac
fluids were used for MAT analyses, and additional 42 (43%) MAT - cardiac juice negative animals

(sera were missing) were randomly selected.

Two hundred grams of fresh pig heart were artificially digested in trypsin, as previously

described (108), and final volume (3 - 5ml) was used for mouse bioassay (1ml/mouse) and DNA
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extraction (300pul). Out of 160 performed bioassays 12 had to be cancelled because of the technical

problems. Therefore, mouse bioassay results could be compared to other diagnostic methods for 148

pigs.

After DNA extraction using QIAmp mini kit (Qiagen GmbH, Hilden, Germany), qPCR targeting
the 529bp, repetitive element (gene bank accession number AF146527) (108). For one sample gPCR
was positive, but the reaction curve did not correspond to positive controls, and this sample was

excluded from further analysis. That left the total of 159 qPCRs on pig heart for further analysis.

Diaphragm samples were frozen at -20°C for several months. Fat was removed from defrosted
diaphragms and a 100g of muscle tissue was treated by MC-PCR method, previously described by

Opsteegh, Langelaar (157).

3.3.4. Statistical analysis
To calculate concordance (qualitative agreement - positive/negative) beyond chance between the

concentration of IgG antibodies determined by MAT in sera and cardiac juice Cohen’s kappa test with
95% confidence intervals was used. The same analysis was performed to analyse accordance between
MAT and direct detection of parasites in pig tissues (mouse bioassay, qPCR and MC-PCR). For this
comparison three direct detection methods were considered separately and as a combined variable of
overall direct detection positive animals. Six different concordance categories were determined as
described by Landis and Koch (158): i) < 0.00: no concordance; ii) 0.00 — 0.20: poor; iii) 0.21- 0.40:
fair; iv) 0.41 — 0.60: moderate; v) 0.61 — 0.80: substantial; vi) 0.81-1.00: almost perfect. MAT is a
qualitative test for diagnostic of IgG antibody concentrations. Therefore, to determine the most
sensitive matrix for diagnostic of parasite infection in pigs, correlation (agreement among all 7
dilutions, each observed separately) between MAT results on sera and cardiac meat juice Pearson’s
product moment correlation test was used with the same agreement interpretation categories as for
Cohen’s Kappa. Sensitivity, specificity, positive and negative prediction values and likelihood ratios

of MAT on both sera and cardiac juices was calculated on first 3 dilutions (1:6, 1:12 and 1:25) with
each direct detection method as reference in separate analysis. Sensitivity and specificity of MAT on
two pork fluids showed precision and predictive values in comparison to mouse bioassay, qPCR and
MC-PCR. In order to determine the best cut off for MAT receiver operating characteristics analysis

was performed on all three matrices separately with results of bioassay as reference (pROC package).

All statistics were performed using the R (118itd://www.R-project.orgl Cohen’s kappa was

calculated in fmsb package(159). For calculation of sensitivity, specificity, positive and negative
prediction values and likelihood ratios caret package was applied (160). For ROC analysis pROC

package was used
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449

450 3.4. Results

451

452 3.4.1. MAT concordance and correlation between sera and cardiac juice

453 The results ofT. gondii - specific IgG detection by MAT on two different matrices are

454  summarized in Table 12. The concordance and correlation analysis has been performed pairwise for
455 118 samples. Fair kappa values were observed between sera and cardiac juice (0.35; 95%CI: 0.18 —
456  0.52) (Table 13). In the same time, by analysing qualitative values of MAT results on two matrices,
457  almost perfect correlation was observed between sera and cardiac juice (0.8; 95%Cl: 0.73 — 0.86),
458  with more discordant results on lower dilutions (1:6, 1:12, 1:25 and 1:50) with 56 discordant out of 85
459  samples tested. Higher correlation is observed between MAT on cardiac juice and MAT +1 dilution
460  (ig 1:6 and 1:12) on sera.

461
462 3.4.2. Direct detection of T. gondii in pigs
463 The presence of infectious gondiiwas demonstrated in 41 out of 148 pig hearts (27.7%), by

464  mouse bioassay. Out of the 159 samples tested by gPCR, 69 (43.4%) had a positive amplifitation of
465  gondii specific 529bp repetitive element. MC-PCR targeting the same, 529bp fragniergafdii,

466  found parasite’s DNA in 27 (16.9%) pig diaphragms. Four pigs were only bioassay positive, while
467  parasitic DNA was demonstrated in 37 animals, with negative parasite isolation results. Five pigs were
468  proven positive only by MC-PCR, 29 only by qPCR (Figure 4). Presencé&. afondii was

469  demonstrated with two diagnostic techniques in total of 26 pigs, while 14 animals were diagnosed
470  with infectious parasites and parasitic DNA by all three direct detection techniques (Figure 4). In total
471 99 samples had concordant result in mouse bioassay and qPCR with recovery rate of 0.74 from
472  positive and 0.16 from gPCR negatives. This resulted in moderate kappa value of 0.5 (95%CI: 0.35-
473  0.66). Kappa value between MCPCR and bioassay had fair value of 0.36 (95%CI: 0.16-0.56) with
474  almost exact recovery rate from both MCPCR positives (0.82) and negatives (0.82).

475
476 3.4.3. Sensitivity and specificity of MAT on sera and cardiac juices
477 The ROC analysis was performed on MAT results of sera and cardiac juices separately using the

478 mouse bioassay results as a reference. For both matrices ROC analysis showed ideal MAT cut off set
479  on 1/9. The higher probability for exact results of ROC was calculated for cardiac juices (AUC: 0.89-
480 cardiac juices, AUC: 0.814 - sera) (Figure 5). The sensitivity and specificity of MAT on cardiac fluid
481  was set to 0.829 and 0.850, respectively while for sera was calculated Se=0.861, and Sp=0.707.
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Results of MAT analyses on sera and cardiac juice were compared to direct detection methods.
Since for MAT two fold dilutions, starting with 1/6 (1/6, 1/12, 1/25, 1/50, 1/100, 1/200) was made,
sensitivities and specificities of MAT on both matrices were calculated for dilutions of 1/6, 1/12 and
1/25 separately. Results of mouse bioassay, gqPCR and MCPCR were used as references for sensitivity
and specificity calculations (Table 14). The lowest sensitivity was recorded for MAT on sera dilution
1/6 when MC-PCR was a reference (Se=0.286), while highest was calculated for MAT on cardiac
juice dilution 1/25 when mouse bioassay was set as referent (Se=0.935) (Table 14). MAT on cardiac
juice dilution 1/25 showed lowest specificity for gPCR results (Sp=0.517), while the highest result
was calculated for sera on 1/6 and 1/12 dilutions (Sp=0.969). Overall, highest values of sensitivity and
specificity were shown by MAT on cardiac juices when first two dilutions were used (1/6 and 1/12)
(Se=0.848 and 0.913, Sp= 0.865 and 0.838, respectively) (Table 14). When MAT on cardiac juice is
positive on dilutions of 1/6 and 1/12 the chances that bioassay on the heart of the same animal will be
positive rise 6.27 and 5.63 times, respectively (Table 14). Results from Table 14 demonstrate that
gPCR on heart digest can be used to predict the results of bioassay (Se=0.739 and Sp=0.838) but the
other way around is not possible (Se=0.919 and Sp=0.564) (Table 14).

The best kappa value was shown between cardiac juice and mouse bioassay (Cohen’s kappa=
0.66, 95%CI: 0.52-0.80) (Table 14). Results Tof gondii antibody detection from sera had fair
correlation with bioassay (Cohen’s kappa= 0.28, 95% CI: 0.10-0.45) but poor both with gPCR and
MC-PCR (Cohen’s kappa= 0.20 and 0.05, respectively) (Table 14). When results of any direct
detection method were compared to MAT on two matrices moderate kappa agreement was established
with cardiac juice (Cohen’s kappa= 0.41), while sera showed the poorest concordance (Cohen’s
kappa= 0.18) (Table 14).

3.4.4. Concordance between direct detection methods
When compared three direct detection methods, moderate concordance was observed between

mouse bioassay and gPCR (Cohen’s kappa= 0.50) (Table 15), while only fair concordance could be

shown between two DNA detection methods (Cohen’s kappa= 0.21).

3.5. Discussion.

For testing the presence of specific anfi.-gondii IgG antibodies in pig sera or tissue fluids,
MAT demonstrated higher sensitivity than ELISA, IFAT, LAT, or IHAT (44, 62, 156). In different
ELISA analysis of pig sera mainly TgSAG1, TgSAG2, TgGRA7, TgGRA14 were used as an antigen

81



516
517
518
519
520
521
522
523
524
525

526

527
528

529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548

549

(60, 112, 161). In the same time, the best concordances were obtained between MAT with LAT,
ELISA, and cELISA (43, 44, 156). Though all contemporary ELISA for pigs showed high sensitivities
and specificities when sera were tested, their performance on tissue fluids was lower than MAT (62).
In order to obtain tissue fluid from pig carcasses meat or organ samples have to be frozen at -20°C for
several hours (24h) (162, 163). The intensity of more than 2000 animals slaughtered per hour in
abattoirs (110), does not allow the use of tissue fluids in reguigondiidiagnostics on the slaughter

line. Therefore, for this study culled juices from fresh heart samples (mixture of blood and tissue
fluids collected without freezing) were compared with sera for detection of agtindii antibodies

by MAT. This is the first report that compares the MAT performance on different tissue liquids of

same animals as well as with direct detection of live parasites and parasitic DNA.

3.5.1. Cut off analysis for MAT on sera and cardiac juice
In routine human diagnostic ®f gondiiinfection MAT has been used as described by Desmonts

and Remington (42), starting from dilutions 1:20 or 1:25 (164-166). The use of MAT 1:20 dilution in
human diagnostic served as a basis for studids gbndiinatural infection in animal studies as well
(167-175). But seropositive animal does not always harbour infectious parasites in edible tissues
(176). Hence, new studies try to determine the concordance between concentrations ofTspecific
gondii antibodies and isolation of infectious parasites in meat (47, 49, 54). The lowest dilution
reported in literature — 1:6 was chosen to start the analyses in order to investigate the cut off values for
sera and cardiac juices, When sheep cardiac juices are MAT positive in dikutioh8 isolation of
infectiousT. gondiifrom heart digest was successful in 65% of cases, while bioassay failed to isolate
parasites in 95% of animals when MAT was <1:16 (sensitivity= 0.95, specificity=0.59)(54). In this
study, ROC analysis set the best cut off for both pig serum and cardiac juice at 1/9, with similar
sensitivities (sera=0.86 and Ocardiac juice=0.83), and specificities,(0.71 and 0.85, respectively), as
well as moderate predictive ability of the test (AUC=0.888). In pigs MAT cardiac juice positive on
dilution 1:12, 79.5% of parasite isolations was successful, while from animals MAT <1:12, bioassay
was negative in 93.3% of cases. Since MAT is a species-independent serological test, commonly used
with animal matrices to detect specific anfi.-gondiilgG antibody presence (77), we can conclude

that MAT dilution 1/6 is not specific neither for sheep nor for pigs when both sera and cardiac juices
are tested. In the same time difference of one third in MAT cut-offs (1/16-sheep and 1/9-pigs) shows
higher parasitic burden in pigs than sheep. Nevertheless isolation of one strain MAT negative as well
as 2 strains MAT 1/6 positive on cardiac juice (in total 3/140) is acceptable error when considering

sensitivity of 79.5%.
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3.5.2. Comparisons between MAT on sera and cardiac juices
In 2015 Wallander, Frossling (177) compared detection of specific dntgendiiantibodies in

sera and seven different meat juices of experimentally infected pigs, using the commercial ELISA.
Although this study showed that meat juice is not a homogenous serological matrix for diagnostic of
T. gondii infection, the highest correlation was calculated between heart juice and sera. However,
when compared detection of antibodies in heart juice and sera by MAT with isolation of live parasites
in bioassay, MAT showed higher sensitivity than ELISA (62). In our study, out of 148 pig samples,
antibodies were detected by MAT in 61% of sera and in 39.1% of cardiac juices, while infectious
parasites were isolated in 28.6% of bioassays. However, concordances amongst MAT results were low
according to the Cohen’'s kappa test. Meanwhile Pearson’s product moment correlation test,
comparing results obtained on all seven dilutions, showed almost perfect agreement between MAT on
sera and cardiac juice (Corr = 0.81; 95%CI: 0.73 — 0.86). Moreover, the existing difference between
two matrices is more evident on lower dilutions (1/6, 1/12, 1/25, 1/50), where sera always showed
higher concentration of antibodies. The samples for this study were collected at the slaughterhouses
from naturally infected pigs of all ages. Therefore, time between infection of animals and their
slaughter as well as incubation period was impossible to determine. In pigs, as in other mammals first
immune response can be detected during the parasitaemia in blood (178, 179) two weeks after
infection (91, 125). If the infection was recent or parasitic load was low, the immune system of certain
animals would have a little or no time to develop adequate response to parasites and MAT detectable
concentrations of antibodies in all tissues would not be accomplished. Therefore, the presence of anti -
T. gondiiantibodies in heart juice would depend on the blood concentration in the tissue, left after the
animal was slaughtered. This means that a large proportion of the discordances might be consequence
of low antibody concentrations, low homogeneity of cardiac juice compared to sera and tissue fluids,

and insufficient sensitivity of MAT performed on such samples.

3.5.3. Concordance results between direct detection methods
Out of three direct detection methods, gPCR on heart digest was the most sensitive with 55

(42.6%) positive results, followed by mouse bioassay - 37 (28.7%) and MC-PCR on diaphragm - 23
(17.8%) positive results (figure 6). For gondiiinfection in pigs, brain is the predilection site, but in

the absence of this organ, heart is ranked as second in mouse bioassay and third in MC-PCR, while
muscle tissue was on fourth position (91, 180, 181). In this study mouse bioassay and gPCR were
performed on pig heart digest, while in MC-PCR parasitic DNA was extracted directly from frozen
diaphragm tissue, which could influence final concordance results between tests. In the same time,
bioassay identifies infectious parasites, while two PCR based techniques target DNA from dead or live
parasites. Therefore, the use of two tissues and different objectives for three tests, can explain
considerable differences between results. Still the best concordance was observed between bioassay
and gPCR confirming the heart as one of the tissues of choite gondiianalysis in pigs. Compared

to bioassay, qPCR failed to detect correctly 16.2% of isolates, showing relatively low sensitivity
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(0.74) and specificity (0.84). Nevertheless, gPCR identified correctly majority of truly negative
samples (NPV=0.918), but claimed high number of false positive samples (PPV=0.564) (QPCR
positive, but bioassay negative). Therefore, if the qPCR on pig heart digest is negative there is 4.6
times higher likelihood that infectious parasites will not be isolated in bioassay. MC-PCR detected
accuratelyT. gondiiisolates (sensitivity 0.913), but the number of “false negative” samples resulted in
poor specificity (0.405). For this study, diaphragms were frozen for several months, while heart
digestion, bioassay and gPCR were performed upon the arrival of fresh samples in the laboratory.
Although even a short term freezing of meat has a major impatt gondiiinfectivity as proven by

Hill, Benedetto (103) and Kotula, Dubey (182), there was no impact on preservation of parasitic DNA
(183, 184). Moreover, while pork meat, at -25°C keeps it's organoleptic characteristics for 12 month
because of low activity of present enzymes (185), parasites are concentrated in tissue cysts, which is
protected by double membrane. Therefore, the low concordance with both, mouse bioassay (0.36) and
gPCR (0.21), as well as low specificity (0.405), positive (0.652) and negative (0.792) predictive values
indicate that MC-PCR on pig diaphragm cannot be used in regular diagnodticgohdii After
experimental infection of 10 pigs with VEG strain (type II), on various muscles 14.1% gqPCR and
64.6% mouse bioassays was positive (186), while no PCR and 2 mouse bioassays were positive from
retail meat in Mexico (152). Contrary, our study showed 47.1% gqPCR and 29.2% of mouse bioassay
positives when analysis was performed on the same digested hearts, while 34 pigs were both positive
on both techniques (51.5% and 82.9%, respectively). Hears for both bioassay and gPCR were prepared
as described in (187, 188), with the goal to liberate bradyzoites from tissue cysts and obtain
homogenous number of parasites in the sample (108). Since for the success of bioassay is important
that there is infectious dose of live parasites and gPCR results depend upon the presence of parasitic
DNA (extracted from live or dead parasites in tissue), one of the explanations is that high numbers of

T. gondiiharboured in pig hearts were dead.

3.5.4. Comparison between indirect and direct detection methods
In this paper MAT, performed on two different matrices (sera and cardiac meat juices), was

compared with the direct detection methods (bioassay, g°PCR and MC-PCR) as well. The highest
Cohen’s kappa values were observed between MAT cardiac juice and direct detection methods (0.66
with bioassay and 0.41 with any direct detection method). Cardiac juice had the best relationship
between likelihood ratio, sensitivity and specificity when we compare to mouse bioassay. High
negative predictive value of MAT on cardiac fluid ensures identification of truly negative animals. In
the same time low positive predictive value explains identification of high number of false positive
animals. Similar results had been obtained with ELISA tests or when analysis was tried on sheep
samples (54, 91, 189). Positive findingTofgondiispecific antibodies by MAT can be regarded as a
proof that animal encountered the parasite, but negative bioassay can be consequence of low

sensitivity of direct diagnostic methods or parasitic burden which makes infection undetectable. On
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the other hand MAT on sera correctly detected truly negative animals (NPV 0.841) but failed to detect
around 50% of positive pigs (PPV of sera: 0.46 — dilution 1/6, 0.58 - dilution 1/12, and 0.64 - dilution
1/25). MAT on cardiac juice had better sensitivity and specificity when results of gPCR on heart
digest or MC-PCR on diaphragm were used as references. Based on these results the MAT on cardiac

juice is considered as “reference” matrix which can be used as a screening test.

3.6. Conclusions
Still, one strain was isolated by mouse bioassay from one pig that was negative in both

indirect detection methods (MAT on sera and cardiac fluid) and direct detection method of gPCR.
Considering sensitivity and positive predictive values of both matrices (sera PPV=0.456; cardiac fluid
PPV=0.696; and diaphragm fluid PPV=0.378) as well as gPCR (PPV=0.564) the error of only one
strain is acceptable for MAT and detection of specific DNA. A lack of MAT specificity with cut-off

1/6 can be overcome if the test limit is set to 1/9, as indicated by ROC analysis. However, when using
a higher cut-off value, 2 bioassay positive strains would have been assigned to pigs with serological
results below the threshold limit (2 isolated strains from pigs with a 1/6), and the meat of these

animals would arrive on the public markets as Toxoplasma-free.

In summary, the MAT results between different tissues fluids of the same pig differ in
concentrations of antibodies, giving the low concordance of the test amongst them. The ideal cut off
for all three matrices is 1/9. Sera and cardiac meat juice were highly correlated. However higher
specificity and lower sensitivity make sera more suitable for epidemiology research. High negative
predictive value makes MAT on cardiac liquid ideal for identificatiofi.ajondii— free pigs in public
health protection purposes. But, with high level of falsely positives, its suitability is questionable from
economic point of view. Still, antibody detection and the presence of parasites are positively
correlated, in the sense that with higher titters of antibodies possibility of parasite isolation increases.
In the same time, there is a positive correlation between detection of antibodies by MAT and DNA
isolation by gPCR. Though moderately corelated with mouse bioassay (kappa value 0.5), qPCR
cannot quantify the number of parasites present in the sample. Nonetheless, there is a big difference
between meat contaminated with infectious parasites and meat containing specific DNA, and neither
current gPCR on heart nor MC-PCR on diaphragm can make distinction. One strain, isolated by
mouse bioassay from the animal negative both by indirect and direct detection methods, indicates the

potential risk for humans from seronegative pigs as well.
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654  Figure 4 Correlation of MAT on sera and cardiac meat juice in 7 dilutions (1/6, 1/12, 1/25, 1/50,
655 1/100, 1/200, >1/200).

656 In grey 45° line through the origin (the concordance line) is represented. Circles represent individual
657  samples (an overlapping is possible represented by a darker colour). Almost perfect correlation is

658 demonstrated between sera and cardiac juice (Pearson’s correlation coefficient = 0.85). On each tested
659 dilution there was at least one sample serum positive with negative results of cardiac juice, showing
660 higher sensitivity of sera
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662 Figure 5 Receiver operating characteristic analysis of MAT result on sera and cardiac meat juice in
663  order to determine the cut off value correlated to parasite isolation in mouse bioassay

664 The ROC analysis shows that the highest sensitivities and specificities that can be achieved using
665 MAT on any tissue fluid are Se=0.850 (cardiac meat juice) and Sp=0.861 (sera). Nevertheless separate
666  ROC analysis on both pork matrices rapports the ideal cu off value of 1/9, with highest sensitivity and
667  specificity for cardiac fluid (Se=0.850, Sp=0.829), and high probability value (AUC = 0.888).
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670 Figure 6 Total number of positive results obtained by direct detection methods in pigs.

671  Numbers correspond to the numbers of animals found positive at one, two or three methods.

MC-PCR on diaphragm

672

673

674  Table 12 Modified agglutination test (MAT) titers and classification (cut-off value 21:6) on serum
675 and cardiac juice.

676  Higher number of positive samples was obtained by sera analysis.

MAT Serum Cardiac juice
negative 26 62
positive 72 58

1:6 17

1:12 9 1

1:25 7

1:50 8 11

1:100 13 4

1:200 8 2

1>200 10 7

Total 98 98
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677  Table 13 Concordance results between detection of anti-T. gondii antibodies by MAT from sera, cardiac juice and mouse bioassay, qPCR and MC-PCR.

678  The table shows highest kappa values, when results of MAT on cardiac juice are compared to parasite isolation in mouse bioassay. Poor concordances hav
679  been observed when diaphragm is used for detection of T. gotifibdies from its fluids or parasitic DNA by MC-PCR.

MAT Mouse bioassay gPCR MC-PCR Any direct detection meéi86c
; ; ; ; 681
15G) Cohen’sl gz, Cohen's goo, Cohen's| gro. Cohen’s 954G
neg|pos| kappa negpos| kappa negipos| kappa neg pos| kappa 683
Cardiac juice 684
neg | 78| 5| 0.66 |0.52-0.80 67|21| 0.46 |0.31-0.614 79| 9 0.23 |0.04-0.42/ 54| 29 | 0.41 |0.268H58
1/6 pos | 14| 32 Substantial 15| 37 Moderate 36| 16 Fair 9| 37 Moderaté86
1o |_Neg |84 6 o.74|o.6_1-o.8773 25| 0.48 |0.33-0.6389| 9| 0.33 |_o.13-o.52 64| 34 | 0.43 |0.2%8758
pos| 8 | 31 Substantial 9|33 Moderate 26| 16 Fair 6| 36 Moderatggs
Sera 689
1/6 neg | 23| 1 | 0.28 |0.10-0.45 20| 6 | 0.20 |0.01-0.38 22| 4 0.05 |-0.10-0.2015| 9 0.18 |-0.0893¢
pos | 37| 31 Fair 36| 36 Poor 55| 17 Poor 27| 41 Poor 691
Yo | N9 |38 1| 052 [0.35-0.6932[ 11| 0.30 |o_.11-o.4s 39| 4| 019 '|0.02-O.38 29| 14 | 0.36 [0.189259
pos | 22|31 Moderate 24| 31 Fair 38| 17 Slight 17| 38 Fair 693
694
695
696
697
698
699
700
701
702
703
704
705
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706  Table 14 Sensitivity and specificity of MAT compared to direct detection methods references.

707  The table shows similar values of sensitivity, specificity, positive and negative predictive values as well as likelihood ratios for all three MAT matrices in first
708 three dilutions when compared to mouse bioassay, qPCR or MC-PCR. The best results demonstrated MAT on cardiac juice when bioassay was set as
709 reference, showing especially high capability to distinguish true negative results (1/6 NPV = 0.940, and 1/12 NPV = 0.933). Moreover, if spé&cific anti -

710 gondii antibodies are found in a pig cardiac juice on dilutions 1/6 and 1/12, the likelihood for parasite isolation rises 6.27 and 5.63 times, respectively.
711  Comparison between three direct detection methods shows that gPCR can be used to predict Bioassay results, but not the other way around with high
712  certainty. MC-PCR demonstrated low sensitivity and specificity values compared to any other Tdegention method, both direct and indirect.

Mouse bioassay gPCR MC-PCR
MAT Se Sp PPV NPV LLRatio| Se Sp PPV NPV LLRatiol Se Sp PPV NPV R::io
Sera 1/6 0.383 0.969 0.456 0.958 12.27 | 0.357 0.857 0.5 0.769 2.5 |0.286 0.809 0.764 0.846 1.5
Sera 1/12 0.633 0.969 0.585 0.974 20.27 | 0.571 0.738 0.564 0.744 2.18 | 0.506 0.809 0.309 0.907 2.66
Sera 1/25 0.733 0.875 0.636 0.917 5.87 | 0.696 0.690 0.630 0.75 2.25 |0.597 0.714 0.326 0.885 2.09

Cardiac juice 1/6 0.848 0.865 0.696 0.940 6.27 | 0.817 0.638 0.712 0.761 2.26 |0.687 0.64 0.308 0.898 1.91
Cardiac juice 1/12 |0.913 0.838 0.795 0.933 5.63 | 0.890 0.569 0.786 0.745 2.07 |0.774 0.64 0.381 1.01 2.15

Cardiac juice 1/25 |0.935 0.784 0.829 0.915 4.323 | 0.915 0.517 0.811 0.728 1.89 | 0.809 0.6 0.405 0.903 2.02

Bioassay 1 1 1 1 e 10.919 0.564 0.838 0.739 2.11 |0.792 0.652 0.405 0.913 2.28
gPCR 0.739 0.838 0.564 0.918 4.56 1 1 1 1 o |0.643 0.68 0.2930.902 2.01
MC-PCRO0.913 0.9130.405 0.65 0.792 1.54 | 0.902 0.2930.68 0.643 1.28 1 1 1 1 0
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Table 15 Concordance between direct detection of Toxoplasma gondii in pig by mouse bioassay and PCR-based detection of parasitic DNA in trypsin-

digest of heart, and in 100g of diaphragm by MC-PCR.

Isolation of infectious parasites is more concordant with results of gPCR on heart digest than MC-PCR on diaphragm tissue (Cohen’s kappa 0.5 compared to
0.36, respectively). In the same time, analysis showed that even if T. QbiAllnas not been detected, in 16% cases live parasites can be isolated (Recovery

rate 0.16).
Bioassay Recovery  Cohen’s kappa
gPCR | negative positivetotal rate | Estimation 95%ClI
negative 68 6 74 0.16 0.50
positive 24 31 | 55| 074| Moderate 2066
total 92 37 129
MC-
PCR
negative 84 22 106 0.81 0.36 i
positive 8 15 23 0.82 Fair 0.16-0.56
total 92 37 129
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4, Section 4

Working title: Toxoplasma gondii antigen for MAT produced in cell
culture

4.1. Summary
Toxoplasma gondiis recognized as one of the major foodborne pathogens. Hosts are infected

by consumption of tissue cysts present in the meat or ingestion of oocysts from the environment
contaminated by cat faeces. Even though animal or meat inspectidn dondiidoes not exist
anywhere in the world, it is important to have reliable method for parasite’s diagnostic in
epidemiology purposes, and risk assessment for public health protection. The aim of this study
was to replace the mouse experimentation with cell cultures and standardize numbers of
tachyzoites for Modified agglutination test antigen (MAT). Production.@fondiiRh tachyzoites

was evaluated in i) Human Foreskin Fibroblasts (HFF); ii) human colon ileocecal colorectal
adenocarcinoma (Hct-8); iii) human epithelial colorectal adenocarcinoma cells (Caco-2). Their
sensitivities and specificities were compared with antigen produced in mice, as described by
Desmonts and Remington in 1980, on pig, cat, dog, sheep, goat sera, as well as on bovine cardiac
fluids. CaCo-2 cell culture flasks were destroyed within hours after infection, and antigen from Rh
tachyzoites, amplified in HCT-8 cell lines, gave agglutination reaction difficult to observe. A total

of 2-4x10 fixed tachyzoites per flask of HFF cell lines was obtained (1-2 ml of antigen). The
lowest Cohen’s kappa concordance between two antigens was observed when pork sera were
tested (Cohen’s kappa: substantial - 0.64), while almost perfect values were shown on goat, cat
sera, and bovine cardiac fluid (Cohen’'s kappa: 0.81; 0.81, 0.82, respectively). Experimentally
infected mouse and sheep sera, demonstrated perfect concordances between two antigens.
Pearson’s product moment test showed substantial correlation (0.78, 95%CI: 0.71-0.84) when
antigens were compared on pig sera, while all other samples showed perfect correlations
throughout all 8 dilutions. In this study we replaced mice with HFF cell lines[.fgondii Rh
amplification for MAT antigen, and demonstrated reliable method that can be used in routine
diagnostic of parasite infection. Furthermore, production of HFF cells and passage of Rh
tachyzoites does not require highly trained stuff or special facilities, and can be performed in

laboratories equipped with standard cell culture devices.
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4.2. Introduction:
The parasite from phylumpicomplexa,Toxoplasma gondiiinfects all worm blooded animals

rendering the most successful parasite on Earth (190, T@&9plasma gondis recognized as one of

the major foodborne pathogens. The parasite’s life cycle includes i) sexual phase developed only in
the intestines of felids (definitive hosts) which results in shedding of environmentally resistant oocysts

and ii) asexual stages, when parasite circulates in nature without genetic recombination (clonal

division) between prey and predators (intermediate hosts). Hosts are infected by consumption of tissue
cysts present in the meat or ingestion of oocysts from the environment contaminated by cat faeces
(192). Replication and activity of the parasite is controlled by the immune response of the host (193).

Although generally mild and self-limiting in immunocompetent individu&lsgondii infection may

cause life-threatening disease in the foetus and in the immunocompromised individuals.

Even though animal or meat inspection Torgondiidoes not exist anywhere in the world, it is
important to have reliable method for parasite’s diagnostic in epidemiology purposes, and risk
assessment for public health protection. For the diagnostic gbndiiin animals, as a source of
human infection, serological test is mostly used. Sabin Feldman dye test has been a gold standard for
T. gondii specific antibody detection for years, but since the live parasites are used, only referent
laboratories can perform this analysis (41). Desmonts and Remington (1980) described Modified
Agglutination test (MAT), widely used for detection of antibodies specific for this parasite ever since.
MAT has been used for investigation of serologic status in cattle (41), pigs (43-45), sheep (46, 47),
chickens (48), dogs and cats (50), as well as humans (52, 53). Recently MAT has been used for

detection of antibodies in meat destined for human consumption as well (54).

Antigen for MAT consists out of whol&. gondiitachyzoites, fixed in formalin. Desmonts and
Remington inoculated mice intra-peritoneally with mouse TG 180 sarcoma cells infected. with
gondii Rh strain (type I). This method enabled collection of ten times more parasites in comparison
with simple passage through animals (42). Two major requirements need to be fulfilled in order to
obtain antigen with satisfactory quality: i) intra-peritoneal exudate needs to be harvested when almost
all sarcoma cells are heavily infected, close to disruption and a great number of free parasites that
appear morphologically normal (alive) are observed; ii) mice should be inoculated between 48 - 72h
before their exudate is collected. These two requirements are difficult to achieve resulting in careful

production of antigen in only few specialized laboratories.

The first description of. gondiicultivation in cell cultures dates from 1953 (194). Different cell
cultures were mainly used for research of parasite biology, morphology and different life stages,

immune cell responses and in research of potential vectors and reservoirs (Table 16).

Successful production and use of live parasites from Hela cells for dye test was described by

(195), but the continuous use of parasites was proved as not stable due to unpredicted growth and loss

92



789
790
791
792
793
794
795
796
797

798
799
800
801
802
803
804
805
806
807
808

809

810
811

812
813

814

815

816
817

818
819
820
821
822

of antigenic markers (196) (Table 6). Hassl and Aspock described purification of T.lgadgizoites

by percol gradient and fixation in formaldehyde in order to produce antigen for indirect
immunofluorescent antibody test (197). Finally in 1991 Suresh et al succeeded to isolate proteins from
Rh strain in Vero cell culture and use them for ELISA and IFAT tests (198). Moreover, their
experiment showed no alterations of antigenic determinants of parasites even after long-term passages
of parasites in cell cultures and no need of specific parasite purification from cells. Parasite production
for diagnostic purposes in dye test was described as late as 1973, but little was done on improvements
(199). First rapport of agglutinating antigen produced in Vero cells was by (200), but the parasite

yields were too low and technique was never improved (Table 16).

The aim of this study was to replace the animal experimentation with cell culture and better
standardize production of MAT antigen. For this purpose, the use of three cell lines as a sdurce of
gondii Rh tachyzoites was evaluated. The antigen for MAT was produced using the Rh strain
tachyzoites amplified in three cell cultures: i) Human Foreskin Fibroblasts (HFF); ii) human colon
ileocecal colorectal adenocarcinoma (Hct-8); iii) human epithelial colorectal adenocarcinoma cells
(Caco-2). Their sensitivities and specificities were compared with antigen produced in mice as
described by Desmonts and Remington. We analysed antigens performances on sera samples from
pigs, cats, dogs, sheep, goats, as well as on bovine cardiac fluids obtained from surveillance projects
of Toxoplasma gondii in our laboratory. Cheap, efficient and applicable method for antigen production
available to numerous laboratories would facilitate and improve identification of contaminated meat,

enhancing prevention of human infection.

4.3. Materials and Methods:

4.3.1. Antigen definition:
Antigen for MAT is comprised from the whole gondiitachyzoites. Parasites were fixed crude

in formalin and stored in antigen buffer.

4.3.2. Mouse antigen preparation:
Mouse antigen was prepared according to Desmonts and Remington (1980) (Table 16). In short

2x106 T. gondii tachyzoites of Rh strain were inoculated i.p. into each female Swiss Webster CD |
mouse (4 weeks old) with 5x10G 180 sarcoma cells. After two days, mice were sacrificed and
intraperitoneal exudate was harvested, mixed with new “2saftoma cells (obtained from mice
infected only with these cells, without parasites). Forty-eight to 72 hours later intraperitoneal fluid was

collected, centrifuged and digested in trypsin (Table 16). Digested cells and liberated parasites were
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washed in PBS and centrifuged after which fixation in formalin was done for 16-20 hours. Fixed
parasites were washed three times in PBS, counted and diluted in alkaline buffer in concentration of
2x10° / ml (Table 16). Sodium-Azid buffer was added to store the antigen.

4.3.3. Cell culture antigen formulation:
Three different cell cultures were tested separately in this experiment. Flasks of 75ml with: i)

human foreskin fibroblast (HFF) cells, ii) human colon ileocecal colorectal adenocarcinoma (Hct-8)
and iii) human epithelial colorectal adenocarcinoma cells (Caco-2) were prepared independently
according to Wu et al (2009). When reached 95% of confluence, cell flasks were inoculated with 2x
10° Toxo Rh strain tachyzoites. Type |, Rh strain is fast replicating strain in almost any type of tissue
culture, cloning at the rate ef119/48h. After 48 - 96 hours parasites were harvested from flasks and
antigen was prepared according to the procedure described in Table 16. The protocol, established by
Desmonts and Remington, was improved by replacing the mice with cell cultures for amplification
and preparation of. gondiiRh tachyzoites. In brief, 2 - 5.5 x “16f parasites/ml was collected from
flasks two days after inoculation, when 95-100% of cells were destroyed. Tachyzoites were washed
twice in PBS in order to eliminate cell debris, cell medium leftovers and broken parasites. Fixation
was then done for minimum 16 hours in formaldehyde. Two washings before and after fixation in PBS
were determined as optimum limiting parasite loss. Fixed tachyzoites were counted and diluted in

alkaline antigen buffer in adjusted concentration of 2y ml (Table 16).

By using the cell culture for amplification df gondii Rh tachyzoites there was no need to use
two generations of parasites and sarcoma cells (Table 2. Steps 2, 3 and 4) in contrast to description of

Desmonts and Remington when antigen was produced in mice.

4.3.4. Samples for testing
Comparison between two antigens was performed on bovine cardiac fluids, sheep, pig, goat, dog

and cat sera. In 2009, bovine cardiac fluids were collected in French slaughterhouses for National
surveillance study ofToxoplasma gondiin cattle (11). Three lambs, three month old, were
experimentally infected p.o. with 1®@ocysts of ME49 strain (type ), in order to follow parasite
kinetics in sheep. For this study, sera samples taken on the day 52 P.l. were used, when all animals
still had high titter of antibodies. Pig sera and cardiac fluids came from pigs raised and slaughtered in
France and were collected for National surveillance plan conducted in 2013 (108). Dog sera originated
from French military dogs stationed in Senegal as well as dogs found in different villages in Senegal
near French military bases (201). Cat sera were collected from domestic cats admitted for different

medical conditions to veterinary school small animal hospital in Maisons-Alfort (CHUVA, ENVA)
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from 2012 until today. Goat sera were collected for virology tests from one goat farm on island of

Corsica in 2014 (courtesy of Dr. Emmanuel Bréard).

4.3.5. Modified agglutination test
Modified agglutination test was performed according to Desmonts and Remington (42). Initial

dilution - 1/3, of sera and cardiac fluids were made in PBS. In testing plate eight two-fold dilutions
were made, starting from 1/6 to 1/800, and 25ul from the last well was discarded. All antigens were
diluted separately in Bovine Albumin Buffer Solution (BABS) in 1/17 ratio. On separate plates 25l
of antigen was distributed in each well. Sixteen to 20 hours later, the plates were observed for
agglutination. For all tested antigens, plates were prepared in the same time, as well as sample
dilutions. In order to avoid biased results, the same examiner repeated each MAT analysis two times.

Blind tests, performed by different/various technicians from laboratory, were also organized.

4.3.6. Statistical analysis
All statistics were performed using the R Core Team (2013) (113). Firstieshiwas used to

determine independence of the results. The McNamara'’s test calculated the differences in sensitivity
between the antigens. To calculate the concordance between tests on qualitative level (negative/
positive), taking into account accordance by chance, Cohen’s kappa test was used (fmsb package). Six
different concordance categories were determined as described by Landis and Koch (158): i) < 0.00:
no concordance; ii) 0.00 — 0.20: poor; iii) 0.21- 0.40: fair; iv) 0.41 — 0.60: moderate; v) 0.61 — 0.80:
substantial; vi) 0.81-1.00: almost perfect. In order to calculate correlation between two antigens on all
dilutions (quantitative values), Pearson’s product moment correlation coefficient was used (R stats

package). The same agreement interpretation categories were used as for Cohen’s kappa test.

4.4. Results:

4.4.1. Antigen production
CaCo-2 cell culture flasks were destroyed within hours after infection even when smaller parasite

dose (6x18 was used for inoculation. Obtained parasites did not preserve the shape and their
proliferation results were negligible, which made them unsuitable for MAT antigen production. When
Rh tachyzoites, amplified in HCT-8 cell lines, were used for MAT antigen, agglutination reaction was

difficult to observe, even though there was no change in parasite’s morphology.
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Agglutination could be read easily when HFF cell culture was used for parasite amplification. A
total of 2-4x16 fixed tachyzoites per 75ml flask was obtained, which was sufficient for 1-2 ml of
antigen (concentration of 2x¥fl). Further results present the comparisons between antigens

produced from mouse intraperitoneal exudate and HFF cells.

In order to evaluate newly prepared antigen, sera were used from ii) naturally infected pigs, goats,

cats, and dogs; ii) bovine cardiac fluids ii) sera from experimentally infected sheep and mice.

4.4.2. Concordance:
The Cohen’s kappa showed excellent concordance between antigens produced from mice and the

one produced from HFF cultured parasites (Cohen’s kappa between 0.64 - 1) (Table 17). The lowest
concordance between two antigens was observed when pork sera were tested (Cohen’s kappa
substantial - 0.64, 95%CI: 0.4-0.9). Almost perfect concordance was shown on goat, cat sera, and
bovine cardiac fluid since mouse antigen yielded higher numbers of seropositive animals (Cohen’s
kappa: 0.81 95%CI: 0.65-0.99; 0.81 95%CI. 0.64-0.97; 0.82 95%CI: 0.65-0.99, respectively) (Table
17). Dog sera and all controls, demonstrated perfect concordances between antigens produced in mice
or in cell culture (Cohen’s kappa 1.00, 1.00, 1.00, respectively). McNamara test validated statistically
substantial similarities between antigens for all samples (McNamara p-value between 0.074-NA),
except for pig sera (p-value: 0.013). Highest differences are observed on pork samples but still not

statistically significant (Table 17).

4.4.3. Correlation:
Mouse antigen showed higher sensitivity on 1/6, 1/50, and cell culture formulation was more

sensitive on 1/25 dilutions, however without statistical significance. When higher dilutions were
compared, no statistically significant difference was observed. In six cases, cell culture antigen
showed lower value, but allowed identification of seropositive animals (Table 18). Pearson’s product
moment test showed substantial or almost perfect correlations for all tested matrices (Correlation
between 0.78-0.96). The substantial correlation (0.78, 95%CI: 0.71-0.84) was observed when antigens
were compared on pig sera, while all other samples showed perfect correlations throughout all 8
dilutions (Table 18).

4.4.4. Cost-benefit:
Taking into account animal reduction and replacement, prices for animal facilities and time

necessary for parasite passages the price goes to favour of cell culture estim@2@@%€/ml in

contrast to 30€/ml when mice are used (Table 16).

96



924
925

926
927

928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948

949
950
951
952
953
954
955
956
957
958

4.5. Discussion

Although the serological positive animal does not mean it harbors infectious parasites;

farm/region/country prevalence is a good indicator of meat contamination with T. gondii (88, 202).

Cell cultures were used to study parasite biology, infectivity for different tissues and reduce
animal experiments for parasite propagation and conservation (Table 19). Later research tried to
replace bioassays, but the susceptibility of cell cultures to bacterial and fungal infection showed that in
vitro models are not appropriate for routine diagnostic purposes (203-205). When CaCo-2 were
infected even with 10Rh tachyzoites, cell culture was destroyed in 24 hours with no significant
proliferation of parasites (number of parasites doubled). HCT-8 would be the best choice for large
scale tachyzoites replication. Because of the balanced replication of parasites and cell growth, the
same flask could be used twice for parasite production. When those parasites were used in MAT
antigen, neither positive nor negative reaction could be observed easily. In positive reaction
agglutination web was very thin, almost non-recognizable, which could not be improved even with
higher concentrations of parasites in antigen. Also, agglutination “button” could not be seen in
negative controls. This was probably due to a changed density of fixed tachyzoites, or parasites maybe
lost some of their antigenic characteristics after continuous passages as described by Mavin, Joss
(196). We confirmed that HFF were the easiest cell line for proliferatidn @bndiiRh as earlier was
described (206, 207). We then, successfully purified and fixed tachyzoites for MAT antigen
production. Moreover, from HFF cell culture flasks, numbers of tachyzoites were more constant
(around 2-4x10ml after 48h). Out of three tested cell lines, the best production of Toxo antigen was
when Rh tachyzoites were amplified in HFF cells. Both correlation and concordance results between
antigens produced in HFF and in mice showed high levels of agreements. Finally, MAT test showed
characteristic species - independency when antigen formulated wgtindii parasites grown in HFF

cells was used.

In order to evaluate newly constructed antigen, sera and cardiac fluids from naturally and
experimentally infected animals were tested Toigondii specific antibodies by MAT. Results were
compared with MAT outcomes obtained with conventional mouse antigen. Our results indicate that
antigen from mice showed higher prevalence, especially for bovine tissue fluid. This difference can be
explained by the immune characteristics of tissue fluids described by Forbes, Parker (62), as
antibodies are not concentrated equally in all parts of the matrix. Nevertheless, these differences in
prevalence between two antigens are not statistically significant. Mainly in lower dilutions (1/6, 1/12)
mouse produced antigen found more positive results, while in higher (1/50, 1/100, 1/200, 1/400) both
identified same seropositive animals. High concordances between two antigens were calculated when

MAT on animal sera was compared. Almost perfect correlations were shown when two MAT antigens
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were compared on naturally infected bovine cardiac fluids, sera from pigs, goats, cats and dogs as well
as on experimentally infected sheep and mice. Cohen’s kappa between two antigens showed almost
perfect agreement, confirming that use of HFF cell cultures is possible for constant production of

parasites for agglutination test.

The use of Modified agglutination test for detectionTofgondii specific antibodies showed
always better results (sensitivity, specificity) than other types of serology tests (ELISA, IFAT, LAT,
ect). Only recent studies, with newly constructed ELISA antigens, conducted on swine and chicken
sera and pork tissue fluids, showed lover sensitivity and specificity of MAT (48, 145). Moreover,
Hamidinejat, Nabavi (48) compared MAT and ELISA results with T. gondii specific DNA findings in
PCR from chicken tissues in receiver operating characteristics analysis (ROC) and found higher
sensitivity and specificity for ELISA test. But authors of both studies did provide neither the details of
how the MAT antigen was prepared nor the results of control samples. On the other hand, Forbes,
Parker (62) compared commercial ELISA, in house MAT, PCR and mouse bioassay on sera and tissue
fluids of experimentally infected pigs and saw higher concordances between MAT and direct detection
techniques. The animals with high parasitic burden and strong immune answer are easy to detect, but,
so far, MAT always succeeded to identify the animals with low titters of antibodies and parasites in

tissues, having higher concordances with both PCR and bioassay.

In this study we proved that it is possible to replace mice with HFF cell lines, for production of
MAT antigen. Antigen from parasites amplified in HFF cells is stable, reliable and can be used in
routine diagnostic off. gondii infection. Furthermore, production of HFF cells and passage of Rh
tachyzoites does not require highly trained stuff or special facilities, and can be performed in
laboratories equipped with standard cell culture devices. Production of MAT antigen in different
laboratories can be a source of unequal sensitivities and specificities. To validate reproduction of
results, quality controls should be organised for batches of antigen, internally as well as by national

references centres and laboratories.
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Table 16 Differences between MAT-antigen produced in mice and cell culture.

For production of antigen in mice, for one harvest two sets of mice are needed (steps 1-5), whereas
only one inoculation and parasite collection after two days is sufficient for parasite replication in cell
culture. Tachyzoites are collected when 95-100% of cells are destroyed in cell culture. On the other
hand, parasites from mouse peritoneal liquid should be collected when 50% of the carcinoma cells
liberatedT. gondij and 50% are still infected with large numbers of tachyzoites. By amplifying the Rh
tachyzoites in cell culture there is no need of cultureftissue digestion, thus the loss of parasites is
smaller.

A) Mouse antigen B) Cell culture
Procedure production . |antigen production
o
Dz »
1 Inoculation with 2*10° parasites
" . * Vi
5 Inoculation with 510" TG 180 sarcoma 5
cells
3 Euthanasia and collgctlon of |_nfected .
sarcoma cells with parasites
Inoculation of new mice with parasite
4 | infected sarcoma cell and new 2*10* TG ]
180 sarcoma cells
5 Collection of parasites X]*
6 Centrifugation at 600g for 10 minutes
. . - . .
7 Digestion with 5% tgypsm 2 minutes at 5
37°C
Washing in PBS and centrifugation at
8 600g for 10 minutes
Fixation of parasites in 6%
9 Formaldehyde for minimum 16 hours
10| Centrifugation at 600g for 10 minutes
Washing in PBS and centrifugation at
11 600g for 10 minutes 3X
Fixed and washed parasites are
transferred into alkaline buffer (NaCl,
12 H3BO3, NaOH, Bovine plasma albumin,
fraction V, distilled water)
Number of the parasites in antigen is
13 adjusted and dilution of the antigen
determined
14 Adding of the 0,1% Sodium Azide

*Parasites should be collected 2-3 days after infection in 3" or 4™ stadium when half of the parasites
destroyed their cells, and half is still inside sarcoma cells.
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Table 17 Quantitative comparison between MAT antigens produced in mice and derived from cell cultured Toxoplasma gondii tachyzoites

Two antigens were compared on pig, goat, cat anddm bovine cardiac fluids and mice and ovine sera as controls. McNemar test of similarity shows that
seroplogy results from all species are similar except for pig sera. However Cohen’s kappa test calculated substantial concordance between results obtainet
with two antigens for pig sera and almost perfects agreement for all other types of samples. All control and dog sera showed perfect concordances.

Antigen from| Antigen from| Total nb| Chi- McNemar test of Cohen's kappa test of concordance beyong
Samples cell culture mice of square similarity chance
Neg | Pos| Negl Pog samples p.value X2 p-value K 95% Confidence interval
Control Mice 4 4 4 4 8 <0.001 NA NA 1,0( Perfect 1,000 1,000
Control Sheep 1 6 1 6 7 <0.001 NA NA 1,00 Perfect 1,000 1,000
Pig Sera 148 8 140 16 156 <0.001 6,12b 0,013 0,64 Substantial 0,401 0,884
Bovine CF 36 14 32 18 50 <0.001L 2,25( 0,134 0,82 Almost perf€646 0,989
Goat Sera 27 25 32 20 52 <0.001 3,200 0,074 0,81 Almost perfe@44 0,968
Cat Sera 41 9 40 10 50 <0.001 0,000 1,000 0,81 Almost perfedol 1,019
Dog Sera 24 26 24 26 50 <0.001 NA NA 1,00 Perfect 1,000 1,000
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Table 18 Qualitative comparisons of MAT results when mouse and cell culture antigens are used

Eight different dilutions, from 1/6 to 1/800, wersed for the correlation comparison. Two antigens showed higher agreements on very low (1/6, 1/12) and
very high (1/200, 1/>200) dilutions. Pearson’s product moment correlation showed almost perfect correlation for all analyzed matrices ranging from 0.78 in
pigs (95%CI: 0.712-0.836) and 0.94 in dogs (95%CI: 0.898-0.966). Bovine cardiac fluid, although with unstandardized concentration antibodies also showed
almost perfect correlation (0.80, 95%CI: 0.674-0.883). Mouse sera and sheep sera from experimentaly infected animals all showed perfect correlations
between two antigens (0.96 and 0.94, respectively).

Samples Number of samples with correlated results in MAT, analyzed witilotal Pearson's product-moment
Antigens from cell culture and from mice on 8 two-fold dillutionsnumber o correlation
Neg| 6 | 12[ 25/ 5§ 100 200 >200 = of correlated | SamPles| 950 Confidence interval

Control Mice | 5 0| 0] 0 O 1 3 2 11 12 0,96 0,849 0,988
Control Sheep 1 0O 2] 0| O 0 0 4 7 7 0,94 0,898 0,966

Pig Sera 140 Of O Q 2 @ 0 142 156 0,78 0,712 0,836
Bovine CF 32| 8| 2/ 0 O 0 0 0 42 50 0,80 0,674 0,883
Goat Sera 271 0 Qq 0 0 0 14 0 41 52 0,93 0,885 0,961
Cat Sera 399 0/ O Q ¢ 0 g 0 45 50 0,89 0,808 0,934
Dog Sera 24, 4 0 0 d 0 2P 0 50 50 0,94 0,898 0,966
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Table 19 Review of the use of different cell cultures in Toxoplasma gondii research

The table shows the use of different cell lines eultlres forT. gondiipropagation, parasite infection
diagnostic purposes and studies of life cycle. The first use of cell culture was published in 1953 for
research off. gondiiparasitemia. In later years cell cultures were mainly used for studies of parasite
biology, interaction with different tissues and immune systems responses to infection. Later studies
from 1990s try to use cell cultures in direct detection purposes and compare them with PCR and
mouse bioassays. In recent years cell cultures became a source of parasites for serology analyses and
specific protein isolation.

Year Cell culture Use publication
1953 blood Parasite biology (194)
163 No data available No data available (208)
1965 Rat retina To study the interaction between T. (209)

gondii Rh strain and cells of
neuroectodermal origin
1966 Avian embryos Propagation of Rh strain (210)
1967 Chicken fibroblasts To study the differences between T. (212)
gondii strains

1968 PC-Y-15 from Use of different cell culture lines for (212)
swine kidney propagation and freezing of T. gondii
BS-C-1 from
monkey kidney
SIRC rabit corneal
epithelium
1968 Human amniotic ~ Propagation of Rh strain in amniotic (213)
cells cells
1969 No data available No data available (214)
1974 No data available No data available (215)
1970 No data available No data available (216)
1970 Monkey kidney Sporozoite biology (217)
cell
1971 Guinea-pig kidney Propagation and virulence changesin (218)
cell avirulent strains
Mouse L-cell tissue
1973 Mosquito cell Potential role of mosquitos as vectors (219)
lines, vero cells for T. gondii
1973 Isolation of T. gondii in cell culture (199)
1974 Human Macrophage activity to T. gondii (220)

macrophages from infection
peripheral blood

1975 Human diploid Impact on human immune system (221)
fibroblasts, WI-38

1978 Human larynx Mass replication of parasites in cell (222)
carcinoma cells culture

1979 Baby hamster Purification of Rh tachyzoites by (223)
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1980

1982

1985

1991

1992

1993
1994

1995

1995
1996

2000
2004

2004

2009

2010

2011

kidney

Lamb testicular

cells

Plant protoplasts,

cells

Hela cells

L-cells

bovine monocyte,
human fetal lung,
and Madin-Darby
bovine kidney cell

cultures

Fibroblast cell

culture

MRCS5
HFF

MRCS cell line

HFF

MRC-5 cell line

HelLA cell culture
HD11, MQ-NCSU -

chicken

macrophage cell

lines

Hel A cell cultures

HFF,
Hela

Hela

Hela

filtration through glass-wool filtering

fibre

Propagation and preservation of Rh (224)
strain in cell culture in order to replace

mice.

Attempt to infect plant cells with (225)
parasite
Diagnostics of Toxopalsmosis- case (226)
rapport.
Tissue cyst formation (227)

Comparison of sensitivity and efficacy of (203)
the use of cell culture and bioassays in

mice and rabits

Tachyzoite-Bradyzoite interconversion (228)
Tachyzoite-bradyzoite interconversion — (207)
trigering mechanisms, and stage specific
protein identification

Comparison of PCR, Giemsa staining and(205)
cell culture assay in Toxoplasmosis
diagnostics from AIDS patientes

Bradyzoite developement of ME49 (229)
The sensitivity of detection of a wild-  (204)
type strain of Toxoplasma gondii by cell
culture, mouse inoculation, and PCR was
determined

Rh tachyzoite production for Dye test  (195)
Chicken macrophage interaction with Rh(230)
strain tachyzoites

Comparison of three lineages of (231)
Toxoplasma gondii RH strain in terms of
performance in the dye test, culture,

and gene expression

Study of Toxoplasma gondii RH strain ~ (206)
tachyzoites proliferation in human

foreskin fibroblast (HFF) cells and Hela

cells.

Comparisons of Toxoplasma strains (232)
propagation in the Hela cell culture and
animals

Study aimed to determine a novel cell (233)
culture strategy for T. gondii RH Ankara
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2011 Vero-E6

2012 Vero cells

2012 induced
pluripotent stem
cell (iPSC)-derived
culture systems

strain tachyzoites to harvest abundant
tachyzoites with least host cell

contamination and minimal antigenic
variation at predetermined dates to use

as an antigen source in serological

assays that will facilitate reduction in

animal use.

To investigate parasite-host dynamics in (234)
cultures of Toxoplasma gondii

Study was designed to determine (235)
whether T. gondii tachyzoites grown in

Vero cell cultures in serum-free

medium, after many passages, are able

to maintain the same antigenic

proprieties as those maintained in
experimental mice.

Developement of cell cultures for the  (236)
research of cell and developemental

biology, immunology, pharmacology
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1 General discussion and conclusions

Pork production and sampling problems

~ W

In 2013 World food consumption of meat was 42.4 kg/capita, which makes an increase of
10% in the past ten years (FAO., 2015). This growth was followed with increase in meat production
from 2.4x16to 3.1x1G tons, while human population increased in the same period from 6.4 billion to

7.2 billion people. In European consumption had almost no increase from 73.1 to 76.01kg/ capita,

O 00 N o U

which followed the growth in population numbers for the past 10 years, as well. In developing
10 countries consumption of pork was higher than production (consumption growth rate = 2.1%,
11  production growth rate = 2.0%). EU countries used these opportunities for their increase in pig
12 production which followed exponential growth in piglet numbers, although the numbers of sows and
13 gilts changed in lesser extent (EU Commission - Directorate-General for Agriculture and Rural
14  Development — Short Term Outlook — N°13). In 2007 EU Commission issued new sets of rules to
15  which all pig producers had to compel by the January 2013 (Council Directives 2007/834/EC and
16  2008/889/EC). Pig producers and slaughterhouses got under a great pressure by these conditions,
17  while in the same time, they were obliged to satisfy new regulations and compete in foreign markets
18  with pork producers from developing countries where production laws and rules still have not met
19 same standards (EU Commission - Directorate-General for Agriculture and Rural Development —
20  Short Term Outlook — N°13). In the past years even “small” losses, meant farm closing and loss of a
21 producer, while constant growth in pork demand was recorder on world markets (Directorate-General
22 for Agriculture and Rural Development — Short Term Outlook — N°13). In this environment the role of
23 veterinary services was to protect the pig production as well as public health. The aim of this project
24 was to describe seroprevalence of the world’s most disseminated parEsieptasma gondin pigs

25 produced in France, identify on farm risk factors for animal infection, evaluate existing detection

26  methods and asses the risk for public health protection.

27 In 2010, 5,700 pig farms was registered only in Bretagne region in France (237). In those
28 farms 7.4 million pigs was raised in 2014. In the same period, in Bretagne 13 slaughterhouses were
29 active (counting with 73,300 employees) (237). This means that average slaughtering speed, during
30 252 working days, was 283 pigs/hour. In some abattoirs this number could even reach 2000
31 animals/hour. In order to accomplish necessary efficiency and obtain as much as possible produce
32 from each animal, almost all slaughterhouses use “hollow knives” system for bleeding the animals. In
33  this system hollow needles are placed in pig’s jugular veins and vacuum pumps suck out the blood
34  from unconscious animal carcase. This method allows blood collection and conservation from all
35 animals together as aseptically as possible. However, the speed of the slaughter line, as well as

36  cumulative collection of blood, makes sera sampling in epidemiology purposes very difficult or even

105



37
38

39

40
41

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

57
58
59
60
61
62
63
64
65
66
67

68
69
70
71

impossible. Therefore, to avoid this problem, tests that can be used on other tissue/s are necessary for

T. gondiiscreening of pigs.

Breeding type is important for T. gondii prevalence in pigs
In the review of Toxoplasmosis in pigs over the last 20 years, Dubey (10) published the table

(Table 1) of seroprevalence across the World. Pigs of all age categories and from all breeding systems
were analysed. In different studies, various diagnostic tests with even greater variety of cut off values
were published, and therefore comparisons between results could not be made. From this table, three
patterns are distinguishable: i) seroprevalence of pigs in free-range and organic farms are considerably
higher than those from indoor systems; ii) seroprevalence rises with age; iii) in the period from 1989
to 2009 seroprevalence @t gondiiin pigs were lowered globally. Only eight, out of 78 studies
analysed in this table, reported risk factors analysi3 fgondiiinfection in pig farms. In USA access

of young cats to pigs, lack of rodent control, outdoor housing and farms size were determined as major
risk factors in four different studies (238-241). The data about production type
(indoor/outdoor/organic) or farm risk factors are missing, because majority of the studies sampled pigs
directly at the slaughter line in the abattoirs. Therefore Dubey (10) identified only two studies in
which intensity ofT. gondiiinfection on intensive pig farms was analysed. These two surveys found
prevalence of 0.38% in Netherlands and 32.1% in Panama (87, 242). These differences are probably
consequence of general trend that pigs from Central and South America are more infected irrespective

the breeding method.

Amongst outdoor bred pigs in Europe, in the last 15 years, seroprevalence ranged from 5% in
Netherlands to as high as 25% in outdoor sows from Romania and Switzerland (Table 4. in
introduction). One of the explanations for such a high differences can be the level of contact with wild
life, especially rodent populations. Diversity of species and numbers of rodents are higher in
mountainous forests of Switzerland and west Romania than in the plains of Netherlands. Since no
surveys so far have been done on wild life from these countries this explanation is only presumption.
In European intensively bred pigs the prevalence are considerably lower, between 0.38% in
Netherlands to 16.6% in Spain (Table 4). Such a high levels gdndiicontamination in pigs from
Spain Garcia-Bocanegra, Simon-Grife (86), explain by high presence of cats and absence of rodent
control on 20-25% of the farms, respectively. On the other hand, study in Netherlands does not even

discuss the possibility that rodent control lacks on intensive pig farms.

Nation-wide study on slaughtered pigs in France showed prevalence of 3% in intensively
breed and 6.2% in outdoor animals. Moreover, from 1342 analysed intensive pigs, 25 different strains
were isolated from finishers and sows. This means that 1.9% pigs (1.2% of fattening pigs, and 5.2%

sows), originating from intensive farms in France, slaughtered for human consumptidonganelii
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carriers. In France, production of pork from outdoor farms is destined for small, regional markets and
traditional products, making output of around 15% in 2013 (243). In our study from 207 outdoor pig
samples, 16 (7.7%) harbour&d gondii parasites (7.7% of fattening pigs, and 14.3% sows). Usually
older animal tissues (e.g. sows) are used for delicatessen such as sausages, different types of salami,
hams, bacon, etc., while meat from young animals (piglets and fattening pigs) is sold fresh. General
opinion is that the risk of acquiring. gondii infection is higher when pork is consumed after
insufficient thermal treatment (145). Inadequate salting, drying, pressure treatment or packaging of
meat products can be a source of infectious parasites as well, especially when we consideilthat live

gondiiwas isolated from 5.2% of intensively and 14.3% outdoor bred sows.

The ranges of animal infection wih gondiithroughout Europe were reported in 87 papers
(Tables 2, 3 and 4). Out of those, parasite prevalence was described in 16 papers from 14 countries for
pigs grown in intensive farms, in 8 publications from 6 EU members for outdoor animals and
seroprevalence in wild boars was described in 10 countries including the closed ecosystem on island
of Corsica (France) (Figure 3). In general, prevalencé&.ajondiiin pigs is well studied in west
Europe (Netherlands, France, Portugal), while from centre or east of the continent we lack data either
for intensive or outdoor pig farms. Only in Switzerland was reported higher seroprevalence from
intensive than outdoor pig farms. All other countries described prevalence considerably lower in
indoor kept animals. Intensity of infection above 50% was found only in outdoor animals from
Austria. Contrarily, in Netherlands prevalence from all breeding types were less than 5%, as well as in
wild boar. Nonetheless, pigs from intensive farms were the least infected, while wild animals had the
highest intensity of. gondiicontamination. In the Netherlands, France, Portugal, Sweden, Spain and
Latvia seroprevalence in wild boar is higher than in domestic pigs from both breeding systems.
Interestingly in Switzerland and Romania, seroprevalence in wild boar is lower than in outdoor pigs.
This can be explained by rough climate, which kills oocysts in soil, and population of rodents is found

more frequently around food stocks on outdoor or even intensive farms.

Quantitative prediction of pork as an important source for human infection
In Europe out of 76.01kg of meat /per capita consumed in 2013, 34.7kg was pig meat. In 2013

France produced 5.5Xifbns of meat, out which 2.1x16ons was pork. Pork represents the major
meat consumed in France with 33.5kg/per capita/year. Wigondiiprevalence of 3% in pigs from
intensive farms, and 6.2% in outdoor-bred animals, it is important to analyse the risk of acquiring

infection by pork consumption.

As described previously, results from nation-wide studies of three major production species
(pigs, sheep, cattle) support the fact that seropositive animal is no automatically carrier of infectious

gondii. In pig study from intensive farms out of 963 fattening pigs, in 22 cases specifidagbondii
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antibodies were found. From those animals 11 strains were isolated, which calculates 0.5, sensitivity
of mouse bioassay when compared to MAT results. Similar ratio was found in intensively bred sows
as well, where 25 seropositives 13 harboured parasites infectious to mice (sensitivity = 0.52). In
outdoor - pigs this ratio is higher, when 15 strains were isolated from 16 seropositive fattening pigs
(sensitivity 0.94), and 1 strain was isolated from 2 seropositive sows (7 outdoor sows in total were

sampled which is not enough for further analysis).

French abattoirs in 2103 slaughtered 24,396,000 pigs out of which 4,915,000 were piglets (up
to 2 month of age or 25kg weight (Agreste., 2015). On a domestic market in France nearly 2.1x10
tones of pork are sold, divided between 1.2xdfes of piglet meat and 1.9X10nes of fattening and
reproduction animals pork. Out of these numbers 98.5% of pigs were grown in intensive farms while
only 1.5% originated from outdoor farms. In nation-wide studyl ngondii strain was isolated from
piglets, therefore further analysis will concentrate on fattening pigs and sows. The same study found
adjusted 2.9% prevalence @f gondiiin 5,337,193 intensively bred fattening pigs, and 13.4% in
13,851,592 sows. This means that 154,779 fattening and 1,856,113 reproduction animals have
detectable concentrations of antiT—gondii antibodies. When sensitivity of bioassay (0.5) is taken
into account, we can calculate a total of 1005446 intensively bred pigs in France that harbour T. gondii
parasites. Average weight of fattening pigs at the abattoir is 115kg (110-140kg), from which animal
carcass after slaughter weights around 86kg. From obtained meat 25-30kg are cut for different
produces and 55-60kg are sold as fresh pork. This means that on French markets 86,468 tons of pork
infected withT. gondiiwas sold. Hence out of total intensively bred pork, consumed in France, 4.1%
harboured infectioug. gondii parasites. In the same time, 1.5% of French pork market consists of
meat from outdoor-bred animals. Nation-wide study found 6.3% adjusted prevalence for 101,028
fattening pigs from outdoor farms. Calculated sensitivity of bioassay in outdoor pigs is 0.94, which
computes 5983 animals that harbour infectibugondii From 5983 animals 514.5 tones of meat was
sold to a consumers. Therefore, out of total number of outdoor raised pigs destined for human
consumption, 5.9% were infected with life gondiitissue cysts. This proves that consumption of
pork originating from outdoor farms exposes humans in higher exténgmndiiinfection. However,
pork from intensive farms is more represented in French cuisines, and infected pieces count for 4.1%
of all pig meat consumed in country. Whereas infected meat from outdoor-bred animals, accounts only
for 0.2% of total meat consumed in France. In 2013, France had 65525000 habitants (244), and pork
consumption was 33.5 kg/capita (Faostat03, 2015). Therefore, there is 20.4 times higher probability
that humans in France were in contact with pork contaminatediwghndij originating from indoor

than from outdoor farms.

Nevertheless, this calculation does not mean that there is 20 times greater chance of acquiring
T. gondiiinfection if pork from intensive farms is consumed in contrast to outdoor raised animals. For

that type of prediction a complex set of data still lack. In order to calculate probability of obtaining the
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T. gondii infection from intensive or outdoor-bred animals, we need to calculate emission and

exposition rates as well as effect of contamination.

To calculate emission rates it is necessary to estimate sensibility of the analysis — number of
tissue cysts/parasites found in comparison with real numbergandiipresent in the analysed tissue.
In Toxoplasma research, parasite and parasitic DNA isolation from animals have been expressed as
qualitative values (positive/negative). Even though name suggests quantification process, not even
gPCR has been able to quantify numbers of isolated parasites. Therefore, it is impossible to estimate
concentration of parasites in tissues of experimentally and naturally infected animals. Consequently,
we lack information about tissue distributionTafgondiiin pigs. Jurankova, Basso (91), proved that
brain is the predilection site, followed by lungs and heart. Edible tissues were ranked fourth.
Nonetheless, the distribution ©f gondiithroughout specific tissues has not been studied. Therefore
we cannot tell if the cysts are concentrated in one part of the tissue (more likely) or they have
homogenous distribution. This information is of crucial importance in order to show if the ingestion of

each piece of meat bears the same risk of infection.

The exposition rate represents the relation between the intake of contaminated meat and
concentration of parasites present in the edible tissues. For majority of animal species each country
can calculate quantity of meat consumed per capita per year (e.g. for pork in France it is
33.5kg/capita/2013). In order to express the levels of meat contamination it is necessary to calculate
the number of infectious parasites. Since mouse and cat bioassays are qualitative tests, from which it is
impossible to quantify infectious parasites in examined tissues. PCR based detection techniques can
quantify parasitic DNA presents in the tissues, but they are still not able to differentiate between dead

and live parasites.

In order to quantify the risk for infection with any pathogen, it is necessary to establish dose-
response relation. Data from experimental studies about different doses of various strains used for pig
infection are numerous as well as for other animal species (60, 62, 112, 125, 156, 245). However, in
none of these studies the lowest infectious dose of any strain has been shown. In the same time, to
calculate risk of human infection, we need data about human dose response to various strains, but
those data lack as well. We can argue that for immuno-compromised categories one tissue-cyst of any
strain is sufficient for infection and development of disease. Still, majority of population is consisted

of immunocompetent individuals, for which differéntgondiistrains have variable infectivity.

One of that has not been taken in consideration for this analysis is type of meat used in human
nutrition. In general it has been considered that sow meat is used more often for cured products, while
meat from younger categories has been sold fresh for further treatment (145). Various reports across

the world suggest that around 10% of pork delicatessen has not been cured sufficiently (106, 140, 246,
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247) Therefore inappropriate use of curing methods and poor thermic processing of fresh meat cuts

represent risk for human infection.

Because we are interested in risk of acquifinggondii infection by consuming pig meat

produced in France, complex analysis of import/export trends was not taken into account.

Prevalence of T. gondii in intensive pig farms from Bretagne: comparison between two
studies

Our risk factors study from Bretagne showed that pigs get infected Twidondii more
frequently on farms with more than 2000 animals, as well as in small households with other species.
The same results were observed in USA (145). In the same time, it showed that clothes and boot
changing before entering different pens does little to protect animals against the parasite, but Danish
entry system installed on buildings prevent direct contact of cats or rodents with pigs and consequently
T. gondiiinfection. Therefore, the only sourcesTofgondiiinfection of pigs from heavily contained
intensive farms from Bretagne can be the food or water supplies and disp&ngersliioocysts are
resistant enough to survive various purification processes and can be found in wells, ponds, lakes and
even in tap water (248). Dubey, Weigel (249) reported that major source of infection for pigs on farms
in lllinois were opened wells. Besides water sources, cats can shed oocysts into farm food stocks
where, if not eliminated within 2-5 days, they sporulate and become infectious for pigs (180, 250).
Rodent carcases are often found in open silo or food stocks, and they can be a source of various
diseases for pigs (251), along withgondiiin the form of tissue cysts. Davies, Morrow (252) showed
that if pigs are bred in strict containment in North Carolinggondiiinfection is reduced to sporadic

cases.

It may seem that overall. gondii prevalence of 6.9% in intensively bred pigs in Bretagne
region of France is higher than one calculated in Nation-wide study in 2013. For the risk factor
analysis and prevalence in intensively bred pigs in Bretagne, farms were randomly chosen based on
the annual numbers of animals (finally 500 suckling piglets were sampled, 389 weaned piglets, and
2532 fattening pigs). Whereas for French national study, regions were chosen based on the annual
numbers of slaughtered pigs and each was represented with the same number of samples (Bretagne
with 35 piglets, 150 fattening pigs, 70 sows samples from intensive farms). From pigs on intensively
bred farms examiners collected sera directly. For nation-wide study heart and blood samples were
collected by abattoir veterinarians. In order to avoid possibility that heart and sera samples were
mismatched in national study, cardiac fluids were used for prevalence analysis. In the same time, 37%
of sera were missing from Bretagne, therefore seroprevalence could be calculated for 35 piglets, 61

fattening pigs and 64 sows (total=160 animals). Straight a way it is evident that Bretagne is under
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represented in national study, especially when we considered that 92% of all pork produced in France
originates from this region. Collection of more samples from Bretagne would over-represent this
region and mask prevalence on country level, which was avoided by stratified sampling in this study.
With same numbers of samples from each region, prevalence was analysed among slaughtered pigs on
the country level. Two age categorisations were used: i) Bretagne study - organisation of farm and
fattening cycle: suckling, weaned piglets and fattening pigs; ii) National study - age categories
slaughtered in abattoirs: piglets, fattening pigs, sows. Risk factor analyses across the World rapport
age as one of the main risk factor for infection, as in longer lifespan animal has more chances to
encounter the parasite (78, 86, 118, 253-255). We found no reason why would France be an exception,
which was proven in nation-wide study. In national study no strain was isolated from MAT positive
piglets, neither on sera nor on cardiac fluids, which indicates presence of maternal antibodies (91). In
the same time, risk factor analysis showed no statistically significant difference between I@vels of
gondiiinfection in piglets and fattening pigs. Therefore, the goal was to find in which step of breeding

pigs are the most vulnerable to T. gomidiection and when infection occurs.

When prevalence for fattening animals was calculated (only category in common), 6.4%
Toxoplasma seropositive pigs were found in Bretagne study in contrast to 1.6% seropositive and 3.3%
of cardiac fluid positives in national study. If two piglet categories from Bretagne survey would be
merged together, obtained seroprevalence is 8.5% in contrast to 0%; and 2.9% prevalence of cardiac
fluid in national study (Table 20). One of the explanations can be low number of samples from
Bretagne collected in nation-wide survey. When prevalence is low, in order to confirm it, the number
of collected samples should be higher (Thrusfield., 2007), otherwise standard error becomes non
acceptable. When the number of samples is low as intensive pig sera in nation-wide study, confidence
intervals are considerably higher. When compared 95% confidence interval extremes, results in two
studies are more similar. The sera for study ofondiiin pigs from Bretagne were collected from
2006 — 2008, while collection of samples for national study was done in 2013. One of the possibilities
is that as well as in other countries, by improving the pig breeding methodology, zoo-technical and —
hygienic conditions on farm, infection rate dropped in just several years (145), which would make

obtained results comparable.
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241  Table 20 Comparison between Toxoplasma gondii prevalence in pigs from Bretagne obtained in
242  Bretagne study and in Nation-wide parasite surveillance of pork

243
Bretagne study (2006-2008) Nation-wide study —only
samples from Bretagne (2013)
Cardiac fluids
Sera samples 889
244
245
246
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Comparison between T. gondii prevalence in pigs, sheep and cattle, three national
surveillance plans in France

Results from literature about seroprevalence analyses in production animal (Tables 3 and 4)
show extensivel. gondii infection of all domestic species. Sheep are the most infected, with
prevalence ranging from 15% in lambs from France and 27.8% in adults from the Netherlands, to
84.5% in Serbia and 89% in France. Sheep are bred mainly on pastures, which makes them the most
exposed to environmental contamination withgondii oocysts. Even if kept inside (during winter
months), sheep are fed with dried hay and little or none of other food is used. In contrast to sheep
nutrition, dairy cows and lactating goats besides pasture and hay are fed with concentrated nutrients.
This can explain slightly lower prevalence Bf gondiiin these two species in contrast to sheep.
Lowest prevalence in goats was recorded in Portugal (18.5%) while highest infection rates were found
in Serbia (73.3%). In cattle, lowest seroprevalence was found in Portugal as in goats (7.5%) while
highest were reported in Spain (83.3%)(Table 3). While seroprevalence in all three ruminant species
wary greatly throughout Europe, it is still discussed if the meat, meat products or milk from these
animals represents danger for public health. Meat from sheep and goats as well as their delicatessen
are well treated in salts or well boiled in order to make it tenderer, while the lamb or goat kid meat in
some countries is prepared half cooked (“agneau rose” in France for example). Until today, only one
study isolated livel. gondiifrom clinically healthy cattle in nation-wide study in France, when heart
samples were collected on the slaughter line (11). In the same time, numerous studies report about
isolation of the parasites from milk and milk products of all ruminants, especially goats (256-261).
From literature data abolt gondiioccurrence in ruminants we can only hypothesise that infection
extent is directly related to breeding methods and levels of its development from country to country. In
Spain for example, cattle are ranched in semi extensive conditions and most of the time animals spend
on pastures, same as goats. In the same time in ex Yugoslavian countries goats were forbidden species
for over 30 years, and animals have been imported in the last 10 years in Serbia, and seroprevalence is
high as a result of low developed breeding methods. In Europe, equine infectioh. wyiindii is
reported in 5 countries. The lowest seroprevalence was recorded in horses from Sweden, while highest
intensity of infection was found in horses from Romania (Table 3). When considered that only in
France, Switzerland, Italy and Japan horsemeat is eaten row or semi cooked the risk of acquiring
infection can be reduced to these countries. Isolation of infecliogondii was successful from
experimentally infected animals, but data about naturally infected animals are scares and not well
studied.

In France, first nation-wide study was done on sheep meat by Halos, Thebault (47). MAT was

done on cardiac fluids. The overall seroprevalence calculated in lambs was 17.7%, and 89% in adults.
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Region wise, there was an increase from northwest to southeast in lamb samples but no such
conclusion could be made for adults. In total 46 strains were isolated, from which one was genotyped
by RFLP as type lll and the rest as type 1l (47). In total, 16 districts of sheep production in France were
identified. Unalike to nation-wide study in pigs, where administrative region production was used to
determine representative regions (producing 96% of country’s pork), 16 districts that produced 100%
of sheep meat were modelled in seven areas (Table 21) (47). For this comparison, first we grouped
two breeding types (intensive and outdoor) and then the pig production regions were reorganized in
order to match geographical areas of sheep sampling. In piglets as well in fattening pigs and sows,
neither region of origin nor of slaughtering was statistically importanT fayondii prevalence. The

same can be observed when administrative regions are regrouped to match sheep sampling strategy.
The observed increase ©f gondiiprevalence in lambs could not be seen for piglets or for other two
age categories (Table 21). The highest number of strains isolated from lambs (6 strains) was from
Pyrenees mountains area, as well as from piglets (11 strains) (Aquitaine and Midi-Pyrenees regions in
pig study). No strain was isolated from lambs slaughtered in Western and mid-eastern areas, while in
piglets 6 and 7 strains were found, respective to regions (West: Bretagne, Basse Normandie, Pays de la
Loire; mid-east: Auvergne). In adult sheep and pigs no pattern can be observed (Tale 21]. While
gondii prevalence in sheep depends upon the pasture and hay contamination with oocysts, therefore
upon the numbers of domestic and wild felids; in pigs (especially from intensive farms) this can be a
consequence of multiple factors. Indoor pigs, if kept in strictly confined conditions, have less chance to
be contaminated witf. gondii oocysts than sheep, and if the on farm rodent control is conducted
properly, risk to encounter tissue cysts in infected mouse or rat is lover. Although pigs from outdoor
farms are bred in similar conditions as sheep (which is confirmed with higlgemdii prevalence in

this breeding type), these animals are still fed by concentrated nutrients and factory prepared food. This
can explain lower prevalence in outdoor pigs compared to sheep, especially if we consider that for
experimental infection of sheep minimum of 200 oocysts is needed, while in pigs, ingestion of 10

oocysts developed clinical signs of disease (180, 262).
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Table 21 Comparison of seroprevalence and parasite isolation from sheep (2009) and pigs (2013) in France.

This table compares results of two national studies conducted in France. Sheep had been ag@l8€d ) and pigs in 2013 (Djokic, et al., 2016). For

sheep study production areas had been determined based on the number of produced animals in 2007. In pig study administrative regionalisation had been

used, and the sample size was determined based on the annual number of animals slaughtered (from each age category) per region.

Production areas/Regions Sample size Mean PrevalengMean Prevalen Strain isolation
(young/reproductively in animals |in animals
capable) <lyear >lyear
. . . . Sheep Pigs* | Sheep Pigs*
* * a*x n *
Sheep Pigs Sheep Pigs Sheep Pigs Shedpigs* | Total <lyeallyeaf>lyeaf >lyear
Bretagne,
Western area  |B2sse Normandie 54 44 . o) 70? igf:'} ‘1 010 | 002| 082 014 24 o 6 4 13
Pays de la Loire
Mid- Western area/Poitou-Charentes 101 (90:11) 43(38:5) 0.11 0/03 1.00 0 12 5 1 6
Pyrenees Aquitaine 49 (36 :13) | 515 (427 :880.32 | 0.04 | 068 0.07 25 11 4 2
mountains area  |Midi-Pyrenees
Mid-Eastern area |Auvergne 50 (45:5)| 245 (220: 259).14 0.05 1.00 0.04 9 0 7 2 0
Central Area Centre 50 (37:13) 43(43:0 0.12 0.07 0.84 NA 8 1 2 5
Northern Area NA 25 (19 : 6) NA 0.21 NA 0.83 NA 2 0 NA 2 NA
South-East Area NA 101 (75 : 26) NA 0.24 NA 0.59 NA 11 2 NA 9 NA

NA = Not Analysed ; Pigs* = results from two age categories, piglets and fattening pigs, observed as one.
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Nation-wide study ofl. gondiiinfection in beef produced in France was conducted in 2009
(11). In total 2351 samples were collected in the slaughterhouses throughout the whole country, out of
which 572 were hearts of young categories (younger than one year) and 1779 samples from animals
older than one year. MAT was performed on cardiac fluids. Overglbndiiprevalence in young age
categories was 4.9% while in older cattle was 24.5%. More interestingly this was the first study to
isolate infectiousl. gondiifrom clinically healthy bovine destined for human consumption. In young
cattle categories, prevalence is lower than in piglets (Table 22), except in animals from Midi-Pyrenees
and Centre regions (although from Centre only 9 calves were sampled). The highest prevalence in
adult beef was recorded in Centre region (73.2%) and lowest in Auvergne (16.4%). When compared to
pigs, the extents dF. gondiiinfection in cattle are more similar to outdoor than to intensive pigs. Still,
this prevalence is higher than infection rates calculated for pigs from any analysed region in France. In
order to obtain the best possible quality beef, in France, cattle are bred mainly on pastures or in semi
enclosed conditions and concentrated nutrients are provided mainly during winter months. As well as
sheep, cattle change pastures regularly in order to obtain enough of the green nutrients. This makes
animals more exposed 1o gondiiinfection through ingestion of oocysts. In contrast, outdoor pigs are
reared in conditions that support natural behaviour, but are mainly fed with concentrated nutrients in
order to obtain desired weight as soon as possible. By pasturing and foraging the ground pigs destroy
the meadow, and therefore are kept in the same enclosed space around the main farm facilities
throughout the seasons. On the other hand, intensively bred animals are kept in confined pens for their
whole life and contact with possible gondii contamination sources is close to nothing. The data
from French national study indicate that older bovines are more prone to infection. Still, the question
why T. gondiistrains are scarcely found mainly in animals with clinical signs of toxoplasmosis or in

animals with reproduction problems remains unanswered.
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Table 22 Comparison of Toxoplasma gondii seroprevalence from cattle and pig studies in France

The table compares results of two national studieslected in France. Cattle study was done in 2009

(11, 47), and pigs in 2013 (Djokic, et al., 2016). In total 2351 cattle samples was analysed, out which
572 animals younger than one year and 1779 of old age category. Overall prevalence in calves was
4.9%, and 24.5 in adult bovines. Cattle from all administrative regions of France were for sheep study
production areas had been determined based on the number of produced animals in 2007. In pig study
administrative regionalisation had been used, and the sample size was determined based on the annual
number of animals slaughtered (from each age category) per region.

Pigs — positives/total Cattle — positives/total
Prevalence (%) Prevalence (%)
Areas of 92% . ;
production of pork Intensive farms Outdoor farms
in France . : .
Piglets Fattfenlng sows [Piglets Fattgnlng Sows Young Adults
! (<1 year) (>1year)
- 7/222 § 1/36
Aquitaine 0 (3.2) 0 0 (2.8) 0 NA NA
3/40 3/148 1/25 5/32 0/33 11/67
Auvergne oo o0) (40) | 0 (156 © 0 16.4
. 3/182 E 0/31 26/119
Basse-Normandie O (1.6) 0 i NA NA NA 0 218
1/35 5/150 10/70:0/5 0/3 0/131 57/269
Bretagne  ,9)  (3.3) (143) (NA) (NA) ° 0 21.2
| 3/43 5/9 30/41
Centre NA NA NA 0 (7.0) 0 55.6 73.2
- . 0/3 3/137 4/86 5/29 2/2 4/77 18/73
Midi-Pyrenées  \n)  (22)  (4.7) | (17.2) (1.0)| 5.2 24.7
. 0/50 1/124 10/70 | 1/14 0/23 17/96
Paysdelaloire o) (0.8) (143)0 °© (1 © 0 17.7
, | 1/38  0/5 9/50
Poitou-Charentes NA NA NA 0 (2.6) (0.0) NA 18.0
Total 4/128 22/963 25/2515 0/5 16/195 2/7 9/304 168/714

117



Comparison betweeil. gondii prevalence in pigs and other two meat producing species
(sheep and cattle), show lower rates of infection in both intensive and outdoor animals. Pig breeding
practices and nutrition sources differ greatly to those used in sheep and cattle breeding, and offer more
protection against parasite infection. Therefore, the only finding of similarity in infection extents
between lamb and piglet infection levels in Midi-Pyrenees region can be regarded as inadvertent. High
differences in prevalence, but almost the same numbers of isolated T.gfjy@nas between sheep and
pigs (46 and 41) goes to show that the second one are more susceptible to infection with this parasite.
This can be due to a fact that pigs do not have fore stomachs so fewer parasites are destroyed in
digestion. In the same time, parasitaemia in pigs lasts for 2-4 months after infection, while in sheep
there is no trace of parasites in circulation after only a few days (120, 263, 264). This means that either
pigs are evolved to be more proneTo gondii infection, or their immune system is “slower” in

answering the parasite invasion.

Can MAT be useful tool for screening of pigs for T. gondii infection
In literature, different ELISA tests showed the laghsensitivities and specificities for

gondii diagnostic in pigs. Bokken, Bergwerff (61) devised Bead — Based Assay (BBA), which was
highly concordant with results of 3 different ELISA, but so far test performance has not been
compared to direct isolation @f. gondiior parasitic DNA. In the same time, serologically positive
animal does not always harbour the parasites (44, 60, 265-268). However, the seroprevdlence of
gondii can be a good indicator of meat contamination (Berger-Schoch, et al., 2011, Hamilton, et al.,
2015). The levels of concordance between detectioh gbndii specific antibodies and isolation of
infectious parasites or parasitic DNA have been tested in few studies of MAT and in house ELISAs
(44, 48, 62, 156, 269). Majority of newly developed tests have high concordances between each other
or with MAT and DT test, but what is the level of agreement with PCR or bioassay results has not
been analysed (60, 112, 131, 161, 268).

For detection of anti F. gondii specific antibodies in tissue fluids, MAT was the test with
highest sensitivity and specificity, (49, 62). One of the essential differences that give MAT advantage,
is the use of whole, formalin fixed tachyzoites as an antigen. Desmonts and Remington (42) described
the method for MAT antigen production from intra-peritoneally infected mice with the help of mouse
TG sarcoma cells. Although very effective, this method is time consuming, expensive and requires
highly experienced personnel. This limited the use of MAT only to a handful of laboratories capable
for producing the antigen in sufficient quantities. In order to facilitate the accessibility of MAT we

formulated the antigen out of T. gontdichyzoites grown on HFF cell culture.

In our antigen production we replaced the amplification of parasites in mice with cell culture

in order to improve standardization of the production. As described by Wu, Zhang (206), HFF were
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the easiest cell culture for proliferation Bf gondiiRh and parasite purification. Rh-ERP strain was
chosen for two major reasons: i) the same strain was used by Desmonts and Remington; ii) it is a fast
replicating strain that kept it's virulence to mice even after 77 years of constant passages in laboratory
conditions (270). Although Mavin, Joss (231) showed that when HelLa cell culture was u3ed for
gondii Rh -B, -J and — Q strains cultivation, parasitic gene expression was not always stable, making
them not suitable for DT test and after 30 propagations in HFF cells, no changes were observed in Rh-
ERP strain. Moreover, when mouse inoculation with 10 Rh-ERP tachyzoites propagated in HFF cell
culture was tried they died after 10 days, exactly as mice infected with parasites maintained in
experimental animals. Our study showed high correlation between mouse and cell culture antigen in 8

tested dilutions when all five animal species were compared.

This study showed high kappa concordance between antigens produced from HFF cultured
parasites and from mouse peritoneum grown sarcoma cells. This proved MAT as the test of choice
when screening cattle, goats, cats, dogs, and pigs for the presencgooflii- specific antibodies.

When different dilution results were compared, the differences between mouse and cell culture antigen
were even smaller. Moreover with standardised protocol for MAT antigen production in HFF cells,

test can be easily available in any laboratory with basic equipment for cell line growth.

Our analysis proved that MAT is a valuable tool for identificatio .ofjondiiinfected pigs.
We showed that the ideal cut off dilution for testing of pig sera and cardiac fluids in MAT is 1/9, with
high probabilities (AUC: 0.814 and 0.888, respectively) for isolation of infectious parasites from
hearts of serologicaly positive animals. With sensitivity of 0.913 and specificity of 0.838 on cardiac
fluids MAT identified 100% of animal$. gondiinegative in mouse bioassay. Even with sensitivity of
0.633 and specificity of 0.969 on pig sera, MAT negative predictive value is 0.974, which makes it
ideal tool in identifying trulyT. gondii negative pigs. In contrast low positive predictive values of
MAT suggest that test identifies high number of false positive pigs, which may cause high economic
losses. Bearing in mind low sensitivity of MAT on pig sera and difficulties to obtain blood samples in
abattoirs, we suggest the use of cardiac fluids as a matrix of choice for animal screening purposes.
MAT analysis of cardiac fluids is capable to identify Toxoplasma-free pigs with 93% accuracy,
without the need to use additional direct detection methods and can be applied as standardized

screening method on the slaughter lines throughout the world.
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