International Journal for Parasitology 49 (2019) 515-522

Contents lists available at ScienceDirect

International Journal for Parasitology

journal homepage: www.elsevier.com/locate/ijpara

The relationship between the presence of antibodies and direct detection | R
of Toxoplasma gondii in slaughtered calves and cattle in four European N
countries

M. Opsteegh ®*, F. Spano”, D. Aubert¢, A. Balea, A. Burrells®, S. Cherchi®, J.B.W.J. Cornelissen,
C. Dam-Deisz?, J. Guitian®, A. Gyérke ¢, E.A. Innes ¢, F. Katzer ¢, G. Limon &, A. Possenti”, E. Pozio®,
G. Schares ", I. Villena ¢, H,J. Wisselink ', ].W.B. van der Giessen *

@ National Institute for Public Health and the Environment, Centre for Infectious Disease Control, P.0. Box 1, 3720 BA Bilthoven, The Netherlands

b Department of Infectious Diseases, Istituto Superiore di Sanitd, Viale Regina Elena 299, 00161 Rome, Italy

€ National Reference Centre for Toxoplasmosis, Laboratory of Parasitology, EA 7510, University of Reims Champagne-Ardenne and CHU Maison Blanche, Reims, France

4 Parasitology and Parasitic Diseases Department, Faculty of Veterinary Medicine, University of Agricultural Sciences and Veterinary Medicine, Cluj-Napoca, 3-5 Mandstur
Street, 400372, Romania

€ Moredun Research Institute, Pentlands Science Park, Penicuik EH26 OPZ, United Kingdom

fWageningen Bioveterinary Research, P.0. Box 65, 8200 AB Lelystad, The Netherlands

&The Royal Veterinary College, Veterinary Epidemiology, Economics and Public Health Group, Hawkshead Lane, North Mymms, AL9 7TA Hatfield, United Kingdom

" Friedrich-Loeffler-Institut, Federal Research Institute for Animal Health, Institute of Epidemiology, Siidufer 10, 17493 Greifswald, Insel Riems, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 28 September 2018

Received in revised form 24 January 2019
Accepted 27 January 2019

Available online 17 May 2019

In cattle, antibodies to Toxoplasma gondii infection are frequently detected, but evidence for the presence
of T. gondii tissue cysts in cattle is limited. To study the concordance between the presence of anti-T. gon-
dii IgG and viable tissue cysts of T. gondii in cattle, serum, liver and diaphragm samples of 167 veal calves
and 235 adult cattle were collected in Italy, the Netherlands, Romania and the United Kingdom. Serum
samples were tested for anti-T. gondii 1gG by the modified agglutination test and p30 immunoblot.
Samples from liver were analyzed by mouse bioassay and PCR after trypsin digestion. In addition, all dia-

Keywords: N phragms of cattle that had tested T. gondii-positive (either in bioassay, by PCR on trypsin-digested liver or
Toxoplasma gondii . . . .

Cattle serologically by MAT) and a selection of diaphragms from cattle that had tested negative were analyzed
Serology by magnetic capture quantitative PCR (MC-PCR). Overall, 13 animals were considered positive by a direct

Mouse bioassay detection method: seven out of 151 (4.6%) by MC-PCR and six out of 385 (1.6%) by bioassay, indicating the
PCR presence of viable parasites. As cattle that tested positive in the bioassay tested negative by MC-PCR and
Detection vice-versa, these results demonstrate a lack of concordance between the presence of viable parasites in
liver and the detection of T. gondii DNA in diaphragm. In addition, the probability to detect T. gondii par-
asites or DNA in seropositive and seronegative cattle was comparable, demonstrating that serological
testing by MAT or p30 immunoblot does not provide information about the presence of T. gondii parasites

or DNA in cattle and therefore is not a reliable indicator of the risk for consumers.
© 2019 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Toxoplasma gondii is a protozoan parasite that can cause abor-
tion or the birth of an affected child (e.g. with hydrocephalus or
intracranial calcifications) when a primary infected pregnant
woman transmits the parasite to the fetus. In addition, congenitally
infected individuals as well as those acquiring infection later in life
are at risk of developing chorioretinitis. Moreover, T. gondii infec-
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tion can cause life-threatening disease in severely immune-
compromised patients. Overall, T. gondii was estimated to con-
tribute 17.6% to the total burden of foodborne disease in Europe
in 2010 (Havelaar et al., 2015) and was ranked the fourth (global)
and second (Europe) most important foodborne parasite by experts
(FAO and WHO, 2014; Bouwknegt et al., 2018). The infection can be
acquired through ingestion of tissue cysts in raw or undercooked
meat, and through ingestion of oocysts, for example via contact
with soil, cat feces or consumption of contaminated vegetables,
water or shellfish. Worldwide, food was considered responsible
for approximately 50% of T. gondii infections (Hald et al., 2016)
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and consumption of meat is an important risk factor for infection
(Cook et al., 2000; Belluco et al., 2017).

Despite its importance as a foodborne pathogen, T. gondii is not
covered by meat inspection. Tissue cysts are of microscopic scale
(Dubey et al., 1998), and meat inspection is currently based on pal-
pation, visual examination of several tissues and digestion of mus-
cle tissues from animals susceptible to Trichinella spp.. The
European Food Safety Authority (EFSA) has published scientific
opinions on the feasibility of better controlling foodborne patho-
gens such as T. gondii by modernization of meat inspection, for
example, by using herd information to classify batches into risk
groups or by implementation of serological screening (e.g. EFSA
(2011)). However, in the case of T. gondii in cattle, two important
gaps in knowledge exist.

Firstly, prioritization of T. gondii for bovine meat inspection
remained undetermined (EFSA BIOHAZ Panel, 2013). The role of
beef as a source of human infection with T. gondii is debated, as
serological studies demonstrate that antibodies to T. gondii are
prevalent in cattle (Tenter et al., 2000), but isolation of T. gondii
by bioassay from naturally infected cattle is very rare (Dubey,
2010). Even recovery from experimentally infected cattle is incon-
sistent (Dubey and Thulliez, 1993; Esteban-Redondo et al., 1999;
Burrells et al., 2018). On the other hand, consumption of beef has
been identified as a risk factor (Baril et al., 1999; Cook et al.,
2000; Jones et al., 2009; Belluco et al., 2017; Said et al., 2017)
and has been linked to outbreaks (Smith, 1993). In addition, based
on quantitative risk assessment, beef was predicted to be the most
important source of meatborne infections in the Netherlands and
Italy (Opsteegh et al., 2011a; Belluco et al., 2018).

Secondly, the value of serological screening for T. gondii in cattle
is unclear. If beef is an important source of T. gondii infections,
serological assays would be preferred for screening as they allow
high-throughput testing at low cost. However, serological screen-
ing is of limited use for consumer protection if there is no concor-
dance between detection of antibodies and the presence of viable
tissue cysts. In cattle, such a lack of concordance between the pres-
ence of antibodies and detection of tissue cysts has been reported
(Opsteegh et al., 2011b; Burrells et al., 2018).

The aims of this study were to determine whether T. gondii can
be detected in slaughtered cattle from different European countries
using direct detection methods, and to estimate the concordance
between the detection of antibodies using the modified agglutina-
tion test (MAT) and the detection of T. gondii tissue cysts by direct
methods. This study provides insight into the role of beef as a risk
of T. gondii infection for consumers and the usefulness of serolog-
ical screening in cattle for estimations of prevalence or to identify
herds or animals, which may pose a high risk of T. gondii infection
for consumers.

2. Material and methods
2.1. Sample collection

Since a low prevalence of tissue cysts was expected in cattle
(Dubey et al., 2005), the sampling plan was designed to maximize
the number of cattle that could be sampled, and not to take into
account representativeness for cattle slaughtering in Europe. Mus-
cle, liver and blood samples were collected from 100 slaughter cat-
tle for each of the four countries participating in the project,
namely Italy, the Netherlands, Romania and the United Kingdom.
Because one study conducted in cattle had reported a higher preva-
lence of T. gondii DNA in calves compared with older animals
(Berger-Schoch et al., 2011) and it had been suggested that cattle
do not readily acquire persistent T. gondii infection (Munday,
1978; Munday and Corbould, 1979), we aimed to sample equal

numbers of calves and older cattle. Calves were defined as cattle
up to 12 months old intended for slaughter as calves (European
Commission Decision 94/433/EC). Sampling equal numbers of
calves and adult cattle was feasible in Italy, the Netherlands, and
Romania, but in the UK slaughtering of calves is very uncommon
(3.3% of all slaughtered cattle in 2013, http://beefandlamb.ahdb.
org.uk/markets/industry-reports/uk-statistics/) and calves are
slaughtered at a very young age (<2 months). Therefore, the sam-
pling target for the UK was set at 16 calves and 84 adult cattle.

To select the most appropriate tissues, a literature review was
performed on the anatomical distribution of tissue cysts in cattle
(Opsteegh et al., 2016). In this review, no clear predilection sites
were identified for T. gondii in cattle, but the small intestine and
the liver scored highest and skirt steak, lymph nodes, thigh muscle
and top round steak scored well based on a limited number of
studies. Liver is easier to collect and more amenable to trypsin
digestion for bioassay in mice compared with small intestines.
Therefore, liver was sampled as a predilection site. Diaphragm
was sampled as a representative of edible tissue, since it scored
similar to the combined muscle and meat category (Opsteegh
et al., 2016).

In each country, sample collection was performed at slaughter.
At the slaughter line, the investigator would select an animal for
sampling when ready with labelling and storage of the previous
set of samples, taking into account the limit of one animal per farm
and skipping carcasses that were likely to be condemned. Depend-
ing on the country, between two and eight slaughterhouses were
visited from 2013 to 2014. Cattle were coded with a unique ID
and it was ensured that matching samples were labelled correctly.
A minimum of 4 ml of blood was collected in a 9 ml serum tube at
bleeding or from the heart during evisceration. A minimum of
200 g of the muscular part of the diaphragm and 400 g of liver
was collected in separate sealed bags. Age, sex and type (dairy, beef
or crossbreed) of the animal were noted. Samples were kept and
transported on ice or in the refrigerator as much as possible. The
liver was processed for mouse bioassay the day after sample collec-
tion. Diaphragm samples were stored at —20 °C and, if selected,
sent to the National Institute for Public Health and the Environ-
ment (RIVM, the Netherlands) for magnetic capture quantitative
PCR (MC-PCR) testing.

2.2. Serology

2.2.1. Modified agglutination test

All cattle sera were sent to ANSES - USC EpiToxo in Reims
(France) and tested by MAT as previously described (Dubey and
Desmonts, 1987). Sera were diluted two-fold starting at a 1:6 dilu-
tion and screened until a dilution of 1:12,800 to detect anti-T. gon-
dii antibodies. Both a low cut-off value of >1:6 and a more
conservative cut-off value of >1:100 (suggested by Dubey, 2010)
were used to classify samples as positive or negative.

2.2.2. Immunoblot using p30 antigen

Additionally, cattle sera were sent to Friedrich-Loeffler-Institut
(Germany) for immunoblotting using affinity purified p30 antigen.
To prepare antigen the RH strain of T. gondii (Sabin, 1941) was
maintained in MARC145 cell cultures and purified as previously
described (Pardini et al., 2012; Schares et al., 2017). Cell culture-
derived tachyzoites were frozen as a pellet at —80 °C until used
for antigen purification. The T. gondii surface antigen p30 (TgSAGI1,
SRS29B) was purified by affinity-chromatography using the mono-
clonal antibody P30/3 (ISL, UK) essentially as described
(Hosseininejad et al., 2009; Maksimov et al., 2011; Schares et al.,
2017). The immunoblot was performed as previously described
(Pardini et al., 2012). Purified p30 (0.5 pg) was incubated in non-
reducing sample buffer (2 %[w/v] sodium dodecyl sulfate (SDS),
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10 %[v/v] glycerol, 62 mM TrisHCI, pH 6.8) for 1 min (94 °C), sepa-
rated in 12%[w/v] SDS polyacrylamide minigels of 60 x 70 x 1 mm
size and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Immobilon-P, Millipore, Germany). After the transfer,
membranes were blocked using PBS-TG (PBS with 0.05 % (v/v)
Tween 20 (Sigma Aldrich, Germany) and 2% (v/v) liquid fish gela-
tine (Serva, Germany)) and cut into ~50 strips and examined as
described below. Bovine sera were diluted 1:100 in PBS-TG. Perox-
idase conjugated anti-bovine IgG (H + L) (Jackson Immunoresearch
Laboratories, West Grove, PA, USA) was used diluted 1:500 in PBS-
TG. As a positive control we used an ovine pool serum (i.e. a
heterologous serum) collected from a naturally exposed sheep
(Tzanidakis et al., 2012). The negative control was represented by
the serum of a calf born at Friedrich-Loeffler-Institut which tested
serologically negative for T. gondii by immunofluorescence test
(titer < 1: 50).

2.3. Mouse bioassay of liver

Mouse bioassay of the liver was performed in the country of
sample collection (one laboratory per country). Trypsin digestion
of liver and inoculation in two mice per sample was performed
as previously described (Villena et al., 2012). Briefly, 200 g of each
liver sample were grounded and mixed with 300 ml of 0.25% tryp-
sin (Sigma Aldrich, Trypsin from porcine pancreas T4674) solution
in 0.9% NaCl, and supplemented with antibiotics (Penicillin/Strep-
tomycin 60,000 IU/60 mg and Amoxicillin 100 mg). The mixture
was incubated for 1.5 h at 37.0 °C and then filtered through double
layered gauze, followed by centrifugation at 1800g for 10 min. The
supernatant was removed, and the pellet was washed in 0.9% NaCl.
Afterwards, 1 ml of the pellet was kept and stored at —20 °C for
PCR and the remaining pellet was mixed with 1 ml of antibiotic
solutions (penicillin/streptomycin/amoxicillin and ciprofloxacin/c
efotaxime/vancomycin) and made up to 5 ml total volume with
0.9% NaCl. Per sample, two mice (Swiss Webster, minimum
6 weeks old) per sample were inoculated intraperitoneally with
1 ml of this suspension.

Mice were monitored twice daily and given a health score based
on coat condition and demeanor. Mice were euthanized based on
predetermined humane endpoints. Ethical approval for the mouse
experiments was obtained in the respective countries (details pro-
vided in Section 2.7). The development of antibodies against T. gon-
dii in mice was determined by serology on day 28 in Italy (to
prepare for possible strain isolation at day 42) and at post mortem
(day 42) in the Netherlands, Romania and the United Kingdom.
Mouse sera from the Netherlands and the United Kingdom were
tested by ID Screen® toxoplasmosis indirect multi-species (ID.
Vet, France) and, in the case of doubtful results, sent to ANSES -
USC EpiToxo (Reims, France) for confirmation by MAT at 1:25 dilu-
tion; all mouse sera from Romania were sent to ANSES - USC Epi-
Toxo (Reims, France) for MAT without any prior testing; sera from
Italy were tested by Toxoscreen DA (BioMerieux, France). For PCR-
based detection in mice, at least half of the mouse brain was
homogenized in PBS (75 ul of PBS per 25 mg of tissue) and 100 pl
of this homogenate was used for DNA isolation as described in
the manufacturer’s protocol for human or animal tissue and cul-
tured cells (NucleoSpin Tissue, Macherey-Nagel, Germany). The
presence of T. gondii DNA was investigated by PCR, either quantita-
tive PCR (qPCR) targeting a 529 bp Repeated Element (RE) (Wells
et al., 2015) or, in Romania, by conventional PCR on the 529 bp
RE followed by gel electrophoresis (Homan et al., 2000). To con-
sider a mouse brain as qPCR-positive, all negative and blank con-
trols in the same PCR run had to be negative, and the
quantification cycle (Cq) value for the sample had to be <40 with
the shape of the amplification curve similar to those of the positive
controls. If so, samples with a Cq value <35 were considered posi-

tive; samples with a Cq value between 35 and 40 were additionally
confirmed by identification of the correct band size (162 bp) by gel
electrophoresis. Conventional PCR was considered positive when
an amplicon of the expected size (529 bp) was identified by gel
electrophoresis. A mouse bioassay was considered positive if at
least one of the two mice was positive by serology or PCR.

2.4. PCR on liver digest

DNA was isolated from liver digests using the Nucleospin kit
(Machery-Nagel) as follows: 200 ul of digest, 1440 ul of T1 buffer
and 200 ul of proteinase K (provided with the kit) were mixed
and incubated at 56 °C for 1-3 h. After incubation, 230 pl of the
mixture were used for further processing to prevent overloading
of the column. The manufacturer’s protocol for human or animal
tissue or cultured cells was followed as described from step 3
onward (adding 200 ul of B3). Samples were subsequently tested
by 529 bp RE qPCR (Wells et al., 2015) or by conventional PCR on
the 529 bp RE (Homan et al., 2000). PCR screening of liver digests
was performed in the country of sample collection. PCR was consid-
ered positive using the criteria described for PCR on mouse brains.

2.5. MC-PCR on diaphragm

MC-PCR was performed on 100 g of the diaphragm from a selec-
tion of cattle. The diaphragms from 100 cattle (25 per country)
negative by bioassay and PCR on liver digest, but irrespective of
their MAT result, were tested by MC-PCR. Next, the diaphragms
from all cattle positive by either the mouse bioassay or the PCR
on the liver digest, and the remaining MAT-positive cattle, were
additionally tested. All diaphragms were sent to RIVM and stored
frozen until tested by MC-PCR as previously described (Opsteegh
et al., 2010). MC-PCR was considered positive using the criteria
described for PCR on mouse brains.

2.6. Data analysis

Variation in the proportion of seropositive animals by age cate-
gory and country was evaluated using multivariable logistic
regression analysis using forward selection based on a likelihood
ratio test (IBM SPSS Statistics 24). Direct detection rates in
seronegatives and seropositives were compared using Fisher’s
exact test (IBM SPSS Statistics 24). The concordance between the
presence of antibodies as determined by MAT and the presence
of parasites in bovine tissues was evaluated based on kappa-
statistics with 95% confidence interval (winepi.net). For this com-
parison, mouse bioassay, PCR on liver digest and MC-PCR on dia-
phragm were considered separately.

2.7. Ethical approval

Animals were housed and maintained according to the European
Directive 63/2010 at the Animal Care Unit of the Istituto Superiore
di Sanita (ISS) in Italy; at the animal facilities of Wageningen
Bioveterinary Research in Lelystad, the Netherlands; at the Labora-
tory Animals Unit of University of Agricultural Sciences and Veteri-
nary Medicine Cluj-Napoca, Romania; and at the animal facilities of
the Moredun Research Institute, in the United Kingdom.

The in vivo protocol was approved by the Italian Ministry of
Health (artt. 8 and 9, D.L.vo 116/92, 5th December 2013); by the
Animal Ethics Committee of the Animal Sciences Group (Lelystad,
the Netherlands) (2014090.d, 24th November 2014); by the Ani-
mal Ethics Committee of the University of Agricultural Sciences
and Veterinary Medicine Cluj-Napoca, Romania (30/2015 USAMV
CN); and by the Moredun Experiments and Ethical Review Com-
mittee, United Kingdom (E51/14, 30th September 2014).
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Table 1
Mean age and sex of cattle sampled in Italy, the Netherlands, Romania and the United Kingdom.
Country Calves Cattle
Number (male:female) Mean age in months (range) Number (male:female) Mean age in months (range)
IT 50 (48:2) 7.3 (5-10) 49 (16:32)° 42.5 (13-169)
NL 50 (43:7) 6.5 (6-7) 50 (0:50) 65.6 (29-128)
RO 50 (35:15) 43 (0-12) 50 (6:44) 96.4 (14-225)
UK 17 (17:0) 1.24 (0-12)° 85 (48:37) 27.9 (13-90)
Total 167 (143:24) 5.5(0-12) 234 (70:163) 53.7 (13-225)

2 Sex was missing for one adult cattle from Italy (excluded from the sex distribution), and age and sex were missing for one other cattle from Italy (excluded from this table).
b Sixteen calves were sampled in a designated slaughterhouse for calves; these were between 0 and 2 months old; one 12-month old male was sampled at a slaughterhouse

for adult cattle.

3. Results
3.1. Features of the samples

A total of 402 slaughtered cattle were sampled, as two more
cattle than originally planned were sampled in the UK. The

200 Age
[J<12 months
B >12 months
150
e
c
3
O 100
504
0

<1:6 1.6 1:10 1:25 1:50
MAT titer

1:100  1:200

Fig. 1. Number of animals by anti-Toxoplasma gondii 1gG titer, using the modified
agglutination test, in 167 calves (<12 months) and 235 cattle (>12 months).

Table 2

complete dataset is available in Supplementary Table S1. The sex
and age distribution of the cattle is presented by country in Table 1.
As expected, slaughtered calves were mainly male, whereas
slaughtered adult cattle were mainly female. Calves slaughtered
in the UK were younger than those from the other countries. In
Romania, with the exception of 10 calves, all animals came from
backyard farming.

3.2. Detection of anti-T. gondii IgG

Antibody titers >1:6 were detected by MAT in 14.9% (95% Con-
fidence Interval (CI): 11.8-18.7%) of cattle. Titers were low (Fig. 1),
and the highest titer was 1:200 for a 25 month old cow from the
UK. Concordance between the MAT and p30 immunoblot was
low (kappa 0.16, 95% CI: 0.10-0.23) (Table 2). Based on MAT with
a cut-off of >1:6, the seroprevalence was significantly higher in
older cattle and varied between countries (Table 3), but seropreva-
lences were lower and without statistically significant differences
when a cut-off value of 1:100 for the MAT or immunoblot results
were considered.

3.3. Direct detection of T. gondii

The presence of T. gondii was demonstrated in the tissues of 13
out of 401 cattle (Table 4) (for one adult animal from the UK no tis-
sue samples were tested). Positive results were always limited to

Concordance between detection of IgG antibodies to Toxoplasma gondii in cattle by the modified agglutination test and p30 immunoblot.

p30 immunoblot

MAT titer negative inconclusive positive NA?
<1:6 267 59 14 2
1:6-1:100 24 13 14 5
>1:100 1 0 3 0

2 NA, not available.

Table 3

Seroprevalence of Toxoplasma gondii in cattle by age category and country (modified agglutination test with cut-off >1:6 and >1:100, immunoblot) with 95% confidence intervals
(‘Wilson’ score interval (Brown et al., 2001)) and odds-ratios by multivariable logistic regression analysis (MAT with cut-off >1:6).

Variable Seroprevalence (95% CI) OR (95% CI) P value LRT?
MAT >1:6 MAT >1:100 IB® MAT >1:6
Age category
Calves (n=167) 9.6 (6.0-15.0) 1.2 (0.3-4.3) 104 (6.4-16.5) reference 0.002
Cattle (n=234) 18.8 (14.3-24.3) 0.9 (0.2-3.1) 8.9 (5.6-14.0) 2.7 (14-5.1)
Country
Italy (n=99)° 4.0 (1.6-9.8) 0.0 (0.0-3.7) 6.1 (2.6-13.5) reference <0.0005
Netherlands (n = 100) 19.0 (12.5-27.8) 1.0 (0.2-5.5) 10.7 (5.5-19.7) 5.7 (1.9-17.7)
Romania (n = 100) 25.0 (17.6-34.3) 2.0 (0.6-7.0) 12.7 (7.0-21.8) 8.3 (2.7-25.0)
UK (n=102) 11.8 (6.9-19.5) 1.0 (0.2-5.4) 9.2 (4.7-17.1) 2.4 (0.7-7.9)

2 LRT, likelihood ratio-test.

b Missing (n = 7) and inconclusive (n = 72) IB results are excluded from the analysis.

€ One animal missing age and sex information was excluded from the logistic regression analysis.
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Table 4

Main features and test results for cattle positive for Toxoplasma gondii by a direct detection method.

Country Age (months) Sex Type Positive direct detection result Indirect detection result

MAT Immunoblot
Italy 67 F Dairy 1 mouse PCR+ negative negative
Italy 15 F Dairy 1 mouse PCR+ negative negative
Italy 18 M Beef 2 mice PCR+ negative negative
Italy 18 M Beef 1 mouse PCR+ negative negative
Netherlands 107 F NA® 1 mouse PCR+ 1:6 inconclusive
Netherlands 128 F NA 1 mouse PCR+ 1:50 positive
Romania 154 F Crossbreed MC-PCR+ 1:6 negative
Romania 8 M Crossbreed MC-PCR+ negative negative
Romania 2 M Crossbreed MC-PCR+ negative negative
Romania 12 M Crossbreed MC-PCR+ 1:100 negative
Romania 3 F Dairy MC-PCR+ negative negative
Romania 1 F Dairy MC-PCR+ negative negative
Romania 10 M Crossbreed MC-PCR+ 1:6 negative

4 NA, not available.

one direct detection method per animal, i.e. there was no overlap
in positive results from the mouse bioassay, PCR on liver digest
or MC-PCR on diaphragm. As the number of animals positive by
a direct detection method was low, statistical evaluation by age,
sex or type was not performed.

3.3.1. Mouse bioassay

Six out of 385 (1.6%) cattle tested positive by mouse bioassay
(Table 5). Mice were tested serologically and by PCR on the brain,
and if either of these methods gave a positive result in one of the
two mice inoculated with the same liver digest, the mouse bioas-
say was scored positive. For one adult cow from the UK no liver
sample was collected, and for 16 calves (<2 months) from the
UK, no analysis could be made by mouse bioassay. For 22 cattle
the mouse bioassay results were incomplete (e.g. a serological
result would be missing when a mouse had to be excluded prior
to the end of the bioassay). These 22 cattle were considered mouse
bioassay negative based on the available results. With the excep-
tion of one animal’s liver from Italy, in which both mice in the
bioassay tested positive by qPCR on the brain, positive mouse
bioassays were based on a positive PCR result for one mouse with
Cq values ranging from 34 to 39. All positive and negative controls
in DNA isolation and PCR gave appropriate results.

3.3.2. PCR on liver digest

None of the liver digests tested positive by PCR (Table 5). Posi-
tive and negative controls in DNA isolation and PCR gave appropri-
ate results.

Table 5

3.3.3. MC-PCR on diaphragm

MC-PCR targeting the 529 bp RE of T. gondii was performed on
diaphragms from 151 cattle. Twenty-five cattle per country were
tested, irrespective of the results by MAT. In addition, diaphragms
from all cattle positive by mouse bioassay, liver digest PCR or MAT
were tested, with the exception of one Romanian animal with a
MAT titer of 1:6, which was omitted by mistake. Seven cattle out
of 151 (4.6%), gave a positive MC-PCR result (Table 5) with Cq val-
ues ranging from 35 to 40. These cattle tested negative by mouse
bioassay and by PCR on the liver digest; two of them showed pos-
itive MAT results of 1:100 and 1:6. Positive and negative controls
in DNA isolation and PCR gave appropriate results.

3.4. Concordance between the presence of anti-T. gondii IgG and
detection of T. gondii in tissues

The probability of direct detection of T. gondii in seropositive
cattle (MAT > 1:6) was low (3.3% by mouse bioassay and 5.1% by
MC-PCR) and not significantly different from the detection proba-
bility in seronegative cattle (1.2% by mouse bioassay and 4.3% by
MC-PCR) (Fisher’s Exact test, P=0.237 and P=1.000) (Table 5).
There is a lack of concordance between the presence of anti-T. gon-
dii 1gG detected by MAT (>1:6) and detection of T. gondii using
direct methods: kappa-value 0.03 (95% CI <0-0.21) between the
MAT and mouse bioassay; kappa-value 0.01 (95% CI<0-0.13)
between the MAT and MC-PCR. All PCRs on liver digests tested neg-
ative (kappa-value = 0.0 between the MAT and PCR on liver digest).
Considering a cut-off value of 1:100 for the MAT or the immuno-

Direct detection of Toxoplasma gondii by mouse bioassay on trypsin digested liver, PCR on liver digest or magnetic capture quantitative PCR on the diaphragm in cattle from Italy,
the Netherlands, Romania and the United Kingdom, stratified by serological status by modified agglutination test (MAT; cut-off >1:6).

Test for direct detection MAT result Direct detection result
No. of positives/no. of examined Proportion of positives (95% CI)
IT NL RO UK Total
Mbio negative 4/96 0/81 0/75 0/73 4/325 1.2% (0.4-2.9%)
positive 0/4 2/19 0/25 0/12 2/60 3.3% (0.7-10.3%)
total 4/100 2/100 0/100 0/85 6/385 1.6% (0.7-3.2%)
PCR digest negative 0/96 0/81 0/75 0/89 0/341 0.0%
positive 0/4 0/19 0/25 0/12 0/60 0.0%
total 0/100 0/100 0/100 0/101 0/401 0.0%
MC-PCR negative 0/26 0/24 420 0/22 4/92 4.3% (1.5-10.0%)
positive 0/4 0/19 3/24° 0/12 3/59 5.1% (1.5-13.0%)
total 0/30 0/43 7)44 0/34 7/151 4.6% (2.1-8.9%)

CI, confidence interval.
2 One seropositive cattle from Romania was not tested by MC-PCR.
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Table 6

Direct detection of Toxoplasma gondii by magnetic capture quantitative PCR (MC-PCR) on the diaphragm in cattle, or by mouse bioassay on trypsin digested liver, stratified by
serological status by modified agglutination test (MAT; cut-off >1:100) or p30 immunoblot, and kappa-value (k) with 95% confidence interval (CI).

Indirect detection

Direct detection (no. positives/ no. examined (%, 95% CI))

MC-PCR Mouse bioassay
MAT > 1:100
negative 6/147 (4.1, 1.9-8.6) 6/381(1.6, 0.7-3.4)
positive 1/4 (25.0, 4.6-70.0) 0/4 (0.0, 0.0-49.0)
total 7/151 (4.6, 2.3-9.3) 6/385 (1.6, 0.7-3.4)

K: 0.15 (0.01-0.29) K: 0

p30 immunoblot
negative
doubt
positive
total 7/144
x:0

7/92 (7.6, 3.7-14.9)
0/32 (0.0, 0.0-10.7)
0/20 (0.0, 0.0-16.1)

4/272 (1.5, 0.6-3.7)
1/71 (1.4, 0.3-7.6)
1/30 (3.3, 0.6-16.7)
6/373

Kk: 0.01 (-0.12-0.14)

blot results, the probability of direct detection in seropositives or
the concordance between indirect and direct detection did not
improve (Table 6).

4. Discussion

In this study, tissue and blood samples were collected from cat-
tle slaughtered in four European countries to study the presence of
viable T. gondii and its concordance with the presence of anti-T.
gondii 1gG in serum. Ideally, complete carcasses would have been
tested using the most sensitive direct detection method, but this
was not feasible. Here, three direct detection methods and two
types of tissue (liver and diaphragm) were used, and 13 of 401 cat-
tle examined were considered positive by a direct detection
method. This low number of positive cattle corresponds with pub-
lished data (Dubey et al., 2005; Santos et al., 2010; Opsteegh et al.,
2011b; Hosein et al., 2016). In calves, we did not find a high preva-
lence of directly detected T. gondii, differing from that reported in
Switzerland (Berger-Schoch et al., 2011).

Six out of 385 cattle were mouse bioassay positive (1.6%), indi-
cating the presence of viable T. gondii parasites. As trypsin diges-
tion was used, it is possible that tachyzoites in addition to tissue
cysts have been detected by mouse bioassay (Dubey, 1998). The
prevalence of 1.6% is comparable to the MC-PCR-based prevalence
of 2.0% in cattle in the Netherlands (Opsteegh et al., 2011b) and
1.6% in cattle in the UK (Hosein et al., 2016), but unexpected con-
sidering the failure to detect viable T. gondii in 2094 retail beef
samples from the USA (Dubey et al., 2005). These six positive
mouse bioassay results related to seven mice, which were positive
by PCR using brain samples, but negative by MAT. No clinical signs
of toxoplasmosis were observed in any mice, and only one liver
digest resulted in positive PCR results for both mice. A lack of
agreement between clinical, serological and PCR results for bioas-
say mice has previously been observed when samples from exper-
imentally inoculated calves where tested using the same bioassay
protocol (Burrells et al., 2018). In addition, a lack of concordance
between MAT and qPCR on brain has recently been shown for wild
mice (Mus musculus domesticus) (Galal et al., 2019). Overall, the
mouse bioassay results strongly suggest that even when present,
the parasite concentration was low in bovine livers. Low inocula-
tion doses resulted in low grade infections in mice with low para-
site loads in mouse brain homogenates (Cq values between 34 and
39) and failure to elicit a detectable IgG response in mice.

Seven out of 151 cattle (4.6%) tested positive by MC-PCR on the
diaphragm. Cq values were high (between 35 and 40 cycles) and
not always repeatable, consistent with a low concentration of T.
gondii DNA in the diaphragm. For these samples, only the presence
of parasitic DNA was demonstrated; therefore, these results do not
necessarily provide an indication of risk for consumers.

For all 13 direct detection-positive cattle, this conclusion is
based on a positive result by qPCR: by MC-PCR on the diaphragm
for seven cattle and by PCR on mouse brain for six cattle that were
positive in the mouse bioassay. We are confident that the positive
PCR reactions reflect the presence of T. gondii DNA in those samples
for several reasons. Firstly, we employed as the qPCR target the
529 bp RE which is specific to T. gondii (Homan et al., 2000), and
which was used to develop a sensitive and specific qPCR (detection
limit of 20 fg per reaction) by Reischl et al. (2003), slightly modified
by Opsteegh et al. (2010). Secondly, during the appropriate blank
controls included during DNA isolations and PCR runs to rule out
potential contamination, always confirmed negative. Non-specific
amplification was excluded by considering only samples with an
amplification curve similar to the positive controls and a Cq value
below 40. Additionally, for samples scoring positive between
cycles 35 and 40, the correct amplicon size was confirmed by gel
electrophoresis. Sequence confirmation was not applicable due to
the low concentration and short size (162 bp) of the amplicons.
The low concentration of T. gondii DNA also precluded the possibil-
ity of obtaining further information on the presence and type of T.
gondii via genotyping, considering the low sensitivity of PCRs based
on single copy genes.

Despite the low number of cattle positive by direct detection,
the seroprevalence based on MAT with a cut-off value of 1:6 was
sufficient to demonstrate a lack of concordance between the pres-
ence of IgG against T. gondii and direct detection of the parasite
using either a mouse bioassay, qPCR on liver digest or MC-PCR.
The probability of detecting T. gondii by a direct method was com-
parable in seropositive versus seronegative cattle, demonstrating
that serological testing by MAT should not be used as a proxy for
presence of T. gondii in cattle.

The concordance between direct and indirect detection can be
influenced by the choice of detection methods, as was recently
shown in chickens (Schares et al., 2018). In the current study, the
detection of antibodies in cattle was performed by MAT, a
species-independent serological test that is commonly used for
bovine sera. The test has been shown to be a proper serological tool
in the follow-up of experimentally infected cattle (Dubey et al.,
1985), however an in-depth evaluation for use with cattle sera in
the field is lacking. Cattle sera have additionally been tested for
antibodies against p30 (Tg-SAG1) by immunoblot, providing the
possibility to discriminate more easily between specific and non-
specific reactions. These results did not agree well with MAT or
overall direct detection. In addition, Romanian cattle sera have
been tested using an IDEXX Toxotest Ab Test (TXT1135T) (data in
Supplementary Table S1), again with low concordance with MAT
and overall direct detection. Moreover, a lack of concordance
between direct detection and the presence of antibodies was
observed previously in studies using different detection methods
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(Wyss et al., 2000; Opsteegh et al., 2011b). Therefore, the discor-
dance with direct detection appears to be consistent across sero-
logical assays used for indirect detection.

With regard to direct T. gondii detection, the results of the three
methods used in this study did not overlap. The observed discor-
dance between the different direct detection methods may have
several possible explanations. Diaphragm samples were tested by
MC-PCR, whereas liver digests were tested by PCR and mouse
bioassay, and although no consistent predilection sites have been
identified in cattle, it is clear that different tissues are not necessar-
ily equally infected with T. gondii (Opsteegh et al., 2016; Burrells
et al., 2018). Liver digests were tested by PCR and mouse bioassay,
but no positives were identified by PCR. This is likely due to a lower
sensitivity of the PCR compared with the mouse bioassay, as was
previously shown in experimental infections in calves (Burrells
et al., 2018), and is at least in part explained by a lower sample vol-
ume. Testing a larger sample volume per animal (e.g. by increasing
the number of tissues tested per animal by mouse bioassay) or the
use of a more sensitive direct detection method (e.g. cat bioassay)
might have resulted in a higher number of direct detection-
positive animals. In case these additional positive cattle were also
mainly seropositive, this could increase the concordance between
direct and indirect detection. However, in the current study, the
lack of concordance is consistent whichever direct detection
method is considered, therefore an increase in concordance is not
expected.

In summary, T. gondii was detected in 13 out of 401 cattle and in
six (1.6%) of 385 cattle, the detection was based on a mouse bioas-
say, thus indicating the presence of viable parasites and a potential
risk for consumers. However, the discordance between the results
obtained by different direct detection methods, the lack of serolog-
ical positivity in mice, and the low DNA concentrations revealed by
gPCR for mouse brains and bovine diaphragms, suggest that the
number of parasites in bovine liver and diaphragm is low.

The lack of concordance between MAT results and the different
direct detection methods employed, indicates that the MAT is
unsuitable to obtain an estimate of the prevalence of viable T. gon-
dii in cattle and does not provide an indication of the risk for con-
sumers. Misclassification due to the particular direct or indirect
detection methods used in the study may have influenced the con-
cordance. However, a discord was observed irrespective of the
direct detection method, and could not be resolved by using a more
conservative cut-off value for the MAT or the use of immunoblot-
ting. For that reason, the observed discrepancy between the differ-
ent methods likely represents a true lack of correlation between
the presence of antibodies and the presence of (viable) T. gondii
in cattle.

Based on these results, direct detection methods are preferred
to obtain an indication of the risk for consumers from undercooked
beef, preferably by implementing prevalence data into quantitative
risk assessment models that take into account consumption habits.
Given the performance of currently available serological methods,
the implementation of serological screening for T. gondii to identify
high risk herds or cattle at the farm or slaughterhouse level is not
recommended. As current direct detection methods are not feasi-
ble for the large-scale testing required in the case of slaughter-
house screening, the possibility of developing new methods that
can provide an indication of the presence of parasites should be
explored.
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