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ARTICLE INFO ABSTRACT

Keywords: Toxoplasma gondii is a major foodborne zoonotic pathogen that can be transmitted through the consumption of
Toxoplasma gondii raw or undercooked meat of small ruminants, among others. Serology has been suggested as an epidemiological
ELISA

indicator and several tests are available nowadays. However, there is no comparative study with the most used
ones. Therefore, the objective of this study was to develop and validate two in-house tests (Western blot
-TgSALUVET WB- and ELISA -TgSALUVET ELISA 2.0-) and perform a comparative study including such tests and
four commercial ELISA kits (IDScreen®, PrioCHECK®, Pigtype® and IDEXX). First, a specific pattern of recog-
nition of immunodominant antigens by TgSALUVET WB was determined with serum panels of noninfected sheep
and sheep infected with T. gondii or Neospora caninum. Next, TSSALUVET WB was used as a reference to pre-
liminary validate TgSALUVET ELISA 2.0 using sera from sheep and goats naturally infected with T. gondii. Then,
the abovementioned sheep serum panels were analyzed by all tests and subjected to TG-ROC analyses and
agreement tests, and cross-reactivity with the anti-N. caninum IgGs was studied.

All the techniques were accurate enough for the cutoff values initially suggested with all serum panels (Se and
Sp > 94%), except for PrioCHECK®, which showed 83% Sp. However, a cutoff readjustment improved their
diagnostic performance. Additionally, cross-reactions between anti-N. caninum antibodies and T. gondii antigens
were detected with all tests. Thus, a second cutoff readjustment was carried out and the use of both readjusted
cutoff values is recommended to obtain comparable data and avoid false-positive results.
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1. Introduction

Toxoplasma gondii, the causative agent of toxoplasmosis, is a wide-
spread apicomplexan parasite able to infect any warm-blooded animal
species, including humans. Toxoplasmosis is usually asymptomatic in
immunocompetent hosts, with an estimation of one-third of the global
human population chronically infected or having had past episodes of
contact with the organism. However, this zoonosis is of concern since it
can induce severe respiratory, neurological and ocular diseases in
immunocompromised people, as well as reproductive failures in preg-
nant women, mainly via primary infection (WHO, and FAO, 2014). In

humans, horizontal transmission of T. gondii mainly occurs through the
consumption of sporulated oocysts that contaminate soil, water, vege-
tables, fruits and bivalves (environmental route) or tissue cysts con-
tained in raw or undercooked meat (meat route) (Dubey, 2021; Pinto-
Ferreira et al., 2019). Primary infections in humans and small ruminants
during gestation may also lead to vertical transmission by tachyzoites
that reach the fetus/es through the placenta, causing severe harm such
as congenital malformation, ocular disease, hydrocephaly, abortion,
reabsorption, and neonatal death, among others (Innes et al., 2009;
Koutsoumanis et al., 2018; Lindsay and Dubey, 2020; Stelzer et al.,
2019). In this context, T. gondii is a perfect paradigm of a pathogen
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whose control should be achieved through a One Health approach
(Djurkovi¢-Djakovic et al., 2019).

Small domestic ruminants are highly susceptible to T. gondii in-
fections. Indeed, T. gondii has been identified as one of the most common
and important reproductive transmissible agents in ewes and goats
(Stelzer et al., 2019), which translates to great economic losses for
producers, with approximately 1.5 million lambs lost per year in Europe
(Innes et al., 2009). In addition, T. gondii infections in small ruminants
are of public health concern since the consumption of raw or under-
cooked sheep/lamb meat has been identified as a primary food source of
infection (WHO, and FAO, 2014) and a risk factor associated with acute
toxoplasmosis in humans (Odds Ratio = 3.6-3.9 (95% CI 1.3-9.8,
1.9-8.0)) (Belluco et al., 2017; Friesema et al., 2023). Furthermore,
T. gondii has been identified as a high priority in meat inspections based
on ranking biological hazards in small ruminants (EFSA, 2013a), with
global pooled seroprevalence of 33.86% and 31.78% in sheep and goats,
respectively (Ahaduzzaman and Hasan, 2022).

Serology is a valuable strategy for monitoring the infection with a
public health commitment (EFSA, 2013b). Accordingly, serological
techniques are the most commonly used tools for the diagnosis of
T. gondii infections in small ruminants (Dubey et al., 2020a, 2020b).
However, there are several issues that hamper the interpretation of
serological results and that could lead to misdiagnosis. First, diagnostic
performance and analytical specificity data are not always available,
and the scarce number of comparative studies hinders access to updated

Reference test
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information. Furthermore, cross-reactivity with closely related parasites
is of major concern in small ruminants. For example, there is increased
evidence of the relevance of Neospora caninum infection in sheep and the
coexistence of T. gondii and N. caninum infections in flocks (Gharekhani
et al., 2018; Gondim et al., 2017; Gonzalez-Warleta et al., 2014; Sun
etal., 2020; Villagra-Blanco et al., 2019). Second, a few limitations have
been identified concerning the comparative studies carried out to date:
a) the initial diagnostic performance of the evaluated techniques was not
always specified, b) the majority of the studies arbitrarily defined an in-
house technique as a reference test, c) the serum panel consisted of a low
number of sera, initially characterized with a limited set of serological
tests (Glor et al., 2013; Mainar-Jaime and Barberan, 2007; Mangili et al.,
2009; Opsteegh et al., 2010), and d) commercial ELISA tests have barely
been evaluated (within comparative studies) despite being very
frequently used since not all laboratories are specialized in the devel-
opment and validation of serological tests (Glor et al., 2013; Opsteegh
et al., 2010).

Therefore, the objective of this study was to compare the perfor-
mance of a wide panel of serological techniques routinely used for the
detection of anti-T. gondii IgGs in small domestic ruminants. For this, a
total of 840 well-characterized serum samples from experimentally and
naturally infected animals were employed. Initially, two in-house tests, a
Western blot (WB) and a lyophilized tachyzoite-based ELISA, were
standardized. Second, the abovementioned in-house tests and the most
frequently used and/or known commercial ELISA kits (IDScreen,
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Fig. 1. Experimental design followed in this comparative study. A checklist of the items included in the standards for reporting diagnostic accuracy studies (Kos-

toulas et al., 2017) has been provided as Supplementary Table 1.
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2.1.3. Comparative study of all serological tests

The sera from sheep experimentally and naturally infected with
T. gondii were analyzed separately in the comparative study (Panels 1
and 4, respectively). In addition, the sera from sheep experimentally
infected with N. caninum were included in this step to test cross-
reactivity in all the ELISA tests (Panel 3).

2.2. Parasite culture and antigen production

Toxoplasma gondii tachyzoites of the ME49 strain were cultured in
the VERO-81 cell line with a multiplicity of infection (MOI) of 4:1,
parasite:cell, with DMEM (Dulbecco's Modified Eagle Medium - high
glucose, Sigma®, Ref.6429) supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics (Lonza, Ref. H317-745E). The FBS used tested
negative for T. gondii, Besnoitia besnoiti and N. caninum to avoid cross-
reactivity (Garcia-Lunar et al., 2015). After 72 h, the culture was sy-
ringed 3 times through a 25G (0.5 x 16 mm) needle, and tachyzoites
were purified wusing 3-pm  Whatman®  filters  (Millipore,
Ref. TSTP02500), quantified and centrifuged at 1350 xg for 15 min at
4 °C. Pellets of 1 x 108 tachyzoites were kept at —80 °C until use for
TgSALUVET WB. For TgSALUVET ELISA 2.0, glass vials with 1 x 108
tachyzoites in 4 mL of phosphate-buffered saline (PBS) were stored at
—80 °C until being lyophilized as specified in a previous study (Garcia-
Lunar et al., 2017; Lopez-Urena et al., 2023).

2.3. Serological techniques

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

2.3.1. TgSALUVET WB

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

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

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

2.3.3. Commercial ELISA tests

Four commercially available ELISA tests used to detect anti-T. gondii
IgGs in small ruminants were included in this comparative study: ID
Screen® Toxoplasmosis Indirect Multispecies (Innovative Diagnostics,
France); PrioCHECK® Toxoplasma Ab SR (Prionics, Switzerland); Pig-
type® Toxoplasma Ab (Indical Bioscience, Germany) and IDEXX Tox-
otest Ab (IDEXX Laboratories, Inc., the United States), named IDScreen,
PrioCHECK, Pigtype and IDEXX, respectively. The manufacturers' pro-
tocols were followed, and the characteristics of the ELISA tests are
summarized in Table 1.

2.4. Data analysis

The frequency and intensity of IDAs recognition were used to define
the criterion of seropositivity for T¢gSALUVET WB. The intensity of
recognition was classified as high (+++), medium (++) or low (4). The
frequency of the recognition of each IDA corresponding to the different
panels of sera employed was compared by a contingency test (Fisher's
exact test). This analysis was performed with GraphPad Prism, version
8.0.1.

To determine the precision of TgSALUVET ELISA 2.0, four replicates
of each serum sample were run within a plate, and three different plates
were analyzed in parallel. The following formula was used to determine
the intraplate coefficient of variation (CV): mean ([standard deviation of
the three replicate ODs/mean of the three replicate ODs] x 100). The
interplate CV was determined as follows: mean ([standard deviation of
the OD mean of each sample from each plate/mean of the OD mean of
each sample from each plate] x 100). Coefficients of variation below
20% were interpreted as acceptable (Jacobson, 1998). Diagnostic per-
formance and preliminary cutoff were estimated by a nonparametric
two-graph receiver operating characteristic (TG-ROC) analysis with
SigmaPlot 12.0 Software, and the WinEpi platform (Thrusfield et al.,
2001) (http://www.winepi.net/), using TgSALUVET WB as reference
test.

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

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

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

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

3. Results

3.1. Pattern of recognition of immunodominant antigens and criterion of
positivity for TSSALUVET WB

The 18-20, 24-26, 30 and 37-40 kDa IDAs were recognized with
high intensity for 100% of sheep experimentally infected with T. gondii
at 27 dpi (Panel 1), as well as for all the sheep naturally infected with
T. gondii (Panel 2), while the 9-10 kDa IDA was recognized with high
and medium intensity for 100% and 82.4% of the sheep from Panel 1 (at
27 dpi) and Panel 2, respectively (Table 2, Fig. 2). Remarkably, the 30
and 37-40 kDa IDAs were recognized with medium and low intensity for
90% and 40% of the noninfected sheep, respectively. Furthermore, for
all sheep experimentally infected with N. caninum (Panel 3) the 30 and
37-40 kDa IDAs were recognized with high intensity, and, respectively,
for 30.8% and 11.5% of sheep experimentally infected with N. caninum
the 18-20 and 24-26 kDa IDAs were recognized with low intensity,
whereas the 9-10 kDa IDA were recognized for none of the sheep
experimentally infected with N. caninum. Nonsignificant differences
were observed in the frequency of recognition of the 30 kDa antigen
between the noninfected sheep and the sheep infected with either
T. gondii or N. caninum. Moreover, the 9-10, 18-20 and 24-26 kDa IDAs
showed significant differences in the frequency of recognition between
sheep naturally infected with T. gondii and sheep experimentally infec-
ted with N. caninum (Table 2). Thus, based on these results, the recog-
nition of the 9-10 and/or 24-26 kDa antigens together with two other
IDAs (18-20, 30 and 37-40 kDa) with medium-high intensity was
established as a criterion of seropositivity. Accordingly, none of the
sheep experimentally infected with N. caninum tested positive by
TgSALUVET WB (Table 2, Fig. 2). Seroconversion was recorded from 14
dpi onward in Panel 1 based on TgSALUVET WB.

3.2. TgSALUVET ELISA 2.0 initial validation

The mean CV values for the intra and interplate repeatability for
TgSALUVET ELISA 2.0 were 4.59 (standard deviation (SD) = 0.02) and
9.48 (SD = 0.05), respectively. This ELISA test showed a high perfor-
mance with an AUC of 0.99 for the preliminary cutoff defined,
RIPC>19.18, with 93% Se and 96% Sp based on the TG-ROC analysis
from sheep naturally infected with T. gondii (Panel 4) and using TgSA-
LUVET WB as a reference test. Seroconversion was recorded from 21 dpi
onward in Panel 1 when applying the defined cutoff. Furthermore,
TgSALUVET ELISA 2.0 was suitable for goats (Panel 5), showing 100%
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Se and 98% Sp when using the abovementioned cutoff value and
TgSALUVET WB as a reference test.

3.3. Comparative study

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

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

All the ELISA tests also showed excellent diagnostic performance
when analyzing sera from sheep naturally infected (Panel 4) (Se and Sp
values equal to or higher than 95%, AUC = 1; Fig. 3B, and only 4 out of
239 samples that resulted doubtful based on the results obtained by the
majority of the tests), except for PrioCHECK, which showed 83% Sp.
Pigtype was the test that showed the best diagnostic performance, fol-
lowed by IDScreen and TgSALUVET ELISA 2.0. TgSALUVET WB pre-
sented 94% Se and 97% Sp. The kappa values are shown in Table 3 (k =
0.73-0.98), with PrioCHECK presenting the lowest values (k =
0.73-0.80). Both the performance and agreement of the tests improved
when their cutoff values were readjusted based on the TG-ROC analyses,
with 98-100% Se and Sp and 0.84-1.00 kappa values (Fig. 3B, Table 3),
except for TgSALUVET WB with 93% Se. The cutoff, Se, Sp and AUC
values are specified for each ELISA in Fig. 3B.

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

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

Table 2
Frequency and intensity of recognition of Toxoplasma gondii tachyzoite immunodominant antigens (IDAs) by TgSALUVET WB.
IDAs Noninfected sheep T. gondii infected sheep N. caninum infected sheep C
vs.
(A) (B) © D) D
n =20 n=9 n=17 n=26 .
. . . N, . N . N, Significance
Frequency/intensity Frequency/intensity/significance Frequency/intensity/significance Frequency/intensity/significance
37-40 40/ + 100/ +++/ ** 100/ 4/ **¥x* 100/ -4/ **** ns
30 90/ ++ 100/ +++/ ns 100/ +++/ ns 100/ +++/ ns ns
24-26 0 100/ A4/ **x* 100/ A4/ **** 11.5/ +/ ns sk
18-20 0 100/ +++4/ *** 100/ +4+/ **x* 30.8/ +/ **
9-10 0 100/ 4/ **** 82.4/ 4/ FHFE 0/ ns sk

A: sera collected prior to the infection (Panel 1). B: sera collected at 27 days post-infection (Panel 1). C: sera from Panel 2. D: sera from Panel 3. Frequency: percentage
(%). Intensity: +++ (high), ++ (medium), + (low), mean within each group. For statistical analyses, columns B, C, D were compared to column A or column C to

column D. ns: no significant differences. Significant differences are represented as follows: * = P < 0.05, ** = P < 0.01, *** = P < 0.001, and *

** = P < 0.0001.
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Fig. 2. Recognition of Toxoplasma gondii tachyzoite antigens by TgSALUVET WB. (A) Sera from T. gondii experimentally infected sheep; (B) Sera from T. gondii
naturally infected sheep. Toxoplasma gondii was isolated by mouse bioassay from myocardial tissue from all positive samples; (C) Sera from Neospora caninum
experimentally infected sheep; MW: molecular weight. IDAs are marked in bold letters. M: molecular weight marker, C+: T. gondii positive control serum. C-: T. gondii
negative control serum. Strips with a “+” or “-” were classified as positive or negative for T. gondii, respectively. In the strip identified with “@”, antigens with a “*”
above show low intensity for the 10 kDa band, medium intensity for the 28 kDa band and high intensity for the 18-20 kDa band.

4. Discussion

A comprehensive comparative study was carried out in terms of the
number of serological tests included and the range of reference serum
panels employed. We have developed and validated two in-house sero-
logical techniques that were later included in the comparative study
together with four commercially available ELISA tests. All the tests
showed good diagnostic performance and agreement when using sera
from both experimental and natural infections, although further read-
justments improved Se and Sp values. However, all the ELISA tests
showed a high number of false-positive results when N. caninum-positive
sera were tested. Thus, additional cutoff value readjustment was sug-
gested based on the epidemiological scenario.

The two in-house tests developed herein showed good diagnostic
performance and can be indistinctly employed with ovine or caprine
sera. For TgSALUVET WB, we established an exhaustive and restrictive
criterion of seropositivity, and the remarkable cross-reactions found
between T. gondii antigens and anti-N. caninum antibodies were
considered. Lopez-Urena et al. (2023) recently defined a criterion of
positivity for pig sera that consisted of the recognition of three out of
eight IDAs (9-10, 19, 25, 28, 30, 33-35, 43-45, and 69 kDa). Despite the
similarities found between both studies with commonly reported IDAs,
the criterion established with pig sera was less restrictive, including
additional IDAs, which could be explained by the fact that cross-
reactions were not studied. However, considerations of cross-reactivity
should not be discarded since most of such IDAs were also recognized
prior to infection in pigs, except for the 9-10 and 69 kDa IDAs, and cross-
reactions with other apicomplexan parasites relevant in this species
were not investigated (e.g., Cystoisospora suis, Sarcocystis spp.). Hebbar
et al. (2022) also studied cross-reactivity between anti-N. caninum IgGs
and T. gondii antigens in goats by WB and reported minimal cross
reactivity at 1/200 serum dilution. However, whether sensitivity could
be compromised was not studied. Herein, the most problematic IDAs in
terms of cross-reactivity were those corresponding to 30 and 37-40 kDa;
thus, the unique recognition of these IDAs cannot be considered a cri-
terion of seropositivity. Cross-reactivity between anti-N. caninum IgGs
and T. gondii protein SAG1, which has a predictable molecular weight of
30 kDa, was previously described for other T. gondii-based serological

tests, such as IDScreen (Sanchez-Sanchez et al., 2021b) and a SAG1-
GRAS8 chimeric antigen-based time-resolved fluorescence immuno-
assay (Huertas-Lopez et al., 2021). The 30 kDa antigen has been
described as an IDA together with others: 11-13, 18, 24, 34 and 42 kDa
antigens in sheep sera (Wastling et al., 1994) and 28 and 34 kDa (Conde
et al.,, 2001) or 12, 17, 23, 32, 55 and 75 kDa antigens in goats sera
(Hebbar et al., 2022). Thus, it should be considered together with more
specific IDAs in the criterion of seropositivity. In this regard, the 9-10
kDa IDA was the most specific antigen, as similarly reported by Lopez-
Urena et al. (2023)).

TgSALUVET ELISA 2.0 also showed high initial diagnostic perfor-
mance for both sheep and goats, as corroborated later in the compara-
tive study. These results were expected, as lyophilized tachyzoites have
been previously employed in ELISA tests that were highly sensitive and
specific (Garcia-Lunar et al., 2017; Lopez-Urena et al., 2023). This pre-
liminary validation was carried out considering TgSALUVET WB as
reference since this test mitigate the issue of false-positive reactors based
on the specific criterium of seropositivity established herein. Although
IFAT has been regarded as reference on several occasions, this assay may
yield false-positive results and is further hampered by subjectivity in
result interpretation as it is operator-dependent (Campero et al., 2018).
Similarly, MAT was not deemed suitable as reference test due to its
susceptibility to cross-reactivity issues with closely related Apicom-
plexan parasites (Mazuz et al., 2018).

We have compared a wide set of serological techniques, including in-
house assays and commercial ELISA tests. This is the first time that the
performance of Pigtype has been studied, whereas IDScreen, PrioCHECK
and IDEXX had already been included in previous comparative studies.
Herein, all tests showed good to excellent diagnostic performance and
agreement regardless of the serum panel tested, with the exception of
PrioCHECK, which presented a slight decrease in Sp and K values with
respect to the other tests when analyzing serum samples from sheep
naturally infected with T. gondii. However, a further improvement of all
the ELISA tests was possible by readjusting their cutoff values, obtaining
better performance and more harmonized results. Slight differences in
terms of time of seroconversion were observed in the ELISA tests with
sera from experimental infections, with time of seroconversion being
earlier when considering a significant increase of IgG levels between
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ELISA test.
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Fig. 3. (continued).

Table 3

Agreement between serological techniques using sera from Toxoplasma gondii-infected sheep before (b) and after (a) the TG-ROC analyses and cutoff value

readjustment.
Experimental infections (Panel 1) IDScreen PrioCHECK Pigtype IDEXX TgSALUVET ELISA 2.0 TgSALUVET WB

b a b a b a b a b a b a
IDScreen 1.00 1.00 0.97 0.97 0.97 1.00 0.96 0.97 1.00 1.00 0.83 0.83
PrioCHECK 0.97 0.97 1.00 1.00 0.94 0.97 0.93 1.00 0.97 0.97 0.86 0.86
Pigtype 0.97 1.00 0.94 0.97 1.00 1.00 0.96 0.97 0.97 1.00 0.80 0.83
IDEXX 0.96 0.97 0.93 1.00 0.96 0.97 1.00 1.00 0.96 0.97 0.78 0.86
TgSALUVET ELISA 2.0 1.00 1.00 0.97 0.97 0.97 1.00 0.96 0.97 1.00 1.00 0.83 0.83
TgSALUVET WB 0.83 0.83 0.86 0.86 0.80 0.83 0.78 0.86 0.83 0.83 1.00 1.00
Natural IDScreen PrioCHECK Pigtype IDEXX TgSALUVET ELISA 2.0 TgSALUVET WB
Infections (Panel 4)
b a b a b a b a b a b a

IDScreen 1.00 1.00 0.79 0.95 0.96 0.99 0.89 0.97 0.91 1.00 0.84 0.88
PrioCHECK 0.79 0.95 1.00 1.00 0.80 0.94 0.74 0.95 0.75 0.95 0.73 0.84
Pigtype 0.96 0.99 0.80 0.94 1.00 1.00 0.92 0.96 0.93 0.99 0.87 0.87
IDEXX 0.89 0.97 0.74 0.95 0.92 0.96 1.00 1.00 0.98 0.97 0.88 0.89
TgSALUVET ELISA 2.0 0.91 1.00 0.75 0.95 0.93 0.99 0.98 0.97 1.00 1.00 0.89 0.88
TgSALUVET WB 0.84 0.88 0.73 0.84 0.87 0.87 0.88 0.89 0.89 0.88 1.00 1.00

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

noninfected and infected sheep, from 12 to 21 dpi depending on the
ELISA test, compared to seropositivity based on their initial cutoff
values, from 21 dpi in all the ELISA tests, as similarly observed with
PrioCHECK by Glor et al. (2013). Differences can be also explained by
the different experimental designs followed (e.g., dose, strain) since
seroconversion can vary between 12 dpi and 21 dpi even if the same
test/antigen is employed as reported by other authors when using a
T. gondii soluble antigen-based ELISA test (Castano et al., 2014, 2019;
Sanchez-Sanchez et al., 2019a).

Regarding the results obtained with sera from naturally infected
sheep, IDScreen showed higher performance vs. PrioCHECK, which
showed lower Sp compared with previous studies. Mangili et al. (2009)
reported 83% Se for IDScreen when compared to an IFAT. In contrast,
PrioCHECK showed 93-100% Se and Sp values when compared to an in-
house IFAT and a commercial indirect hemagglutination test (ELL.H.A
Toxo, ELITech Group, Switzerland) (Glor et al., 2013). These differences
could be explained by the different sera and tests used as references.
Furthermore, IDEXX showed similar results, as reported by other re-
searchers, with 85-91% Se and 97-98% Sp (Mainar-Jaime and Bar-
beran, 2007) or 91-92% Se and 97-99% Sp (Opsteegh et al., 2010), with
both studies based on a Bayesian approach.

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

elevated proportion of false-positive results (15-65%) regardless of the
cutoff value employed. Accordingly, additional cutoff values were pro-
posed to avoid false-positive results. The study of cross-reactions be-
tween anti-N. caninum antibodies and T. gondii antigens is highly
recommended to obtain accurate results since N. caninum is an Apli-
complexan parasite closely related to T. gondii, both with an orthologous
cluster of proteins (Lorenzi et al., 2016). Cross-reactivity between
T. gondii and N. caninum was observed as early as 1994 (Bjerkas et al.,
1994) and has been continuously documented in different studies
(Gondim et al., 2017; Huertas-Lopez et al., 2021; Nishikawa et al., 2002;
Sanchez-Sanchez et al., 2021b). Furthermore, N. caninum has also been
identified as an important cause of reproductive failure in small rumi-
nants (Moreno et al., 2012; Sanchez-Sanchez et al., 2018, 2021a), and
N. caninum and T. gondii coinfections in small ruminant flocks have been
noted (Moreno et al., 2012; Rossi et al., 2011; Sun et al., 2020; Villagra-
Blanco et al., 2019). However, cross-reactivity with other closely related
parasites, such as Hammondia spp. and Sarcocystis spp., cannot be ruled
out since antibodies against such parasites were not tested prior to the
infection in the sera panel employed. The existence of false-positive
results with IDScreen has already been reported (Sanchez-Sanchez
et al., 2021b), but this troubleshooting seems to be common to all the
ELISA tests evaluated. Whether the nature or type of antigen might in-
fluence the results should be clarified since the antigens used in the tests
evaluated were either a recombinant SAG1 protein, whole-tachyzoite
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Fig. 4. Kinetics of anti-Toxoplasma gondii IgGs by all the ELISA tests using serum samples from sheep experimentally infected with Toxoplasma gondii oocysts (Panel
1). Significant differences were analyzed within sampling days between noninfected and infected groups for each ELISA test and were identified as follows (Sidak's
multiple comparisons tests): * = P < 0.05, **: P < 0.01, *** = P < 0.001, and **** = P < 0.0001.

Table 4
Cross-reactivity between anti-Neospora caninum IgG and Toxoplasma gondii antigens in Toxoplasma gondii-based ELISA tests according to the different cutoff values
employed.

ELISA tests Positive-N. caninum serum samples (Panel 3, n = 26) that tested positive by T. gondii-based ELISA tests

Initial cutoff values

First readjusted cutoff values

Second readjusted cutoff values

Cutoff value* n P Cutoff value* n P Cutoff** n
IDScreen (S/P%) < 40, > 50 14 <0.0001 > 76.49 4 0.1213 >99.23 0
PrioCHECK (PP) > 20 13 0.0001 > 33.53 5 0.0593 > 53.91 0
Pigtype (S/P) >0.3 11 0.0010 N/A 11 0.0010 >0.48 0
IDEXX (S/P%) <20, > 30 6 0.0287 >13.80 17 <0.0001 > 69.08 0
TgSALUVET 2.0 (RIPC) 19.18 6 0.0287 >13.61 10 0.0024 > 32.21 0

N/A: do not apply. S/P%, PP and RIPC = ([sample OD- negative control OD]/[positive control OD- negative control OD]) x 100, S/P = ([sample OD- negative control

OD]/[positive control OD- negative control OD]).
" The corresponding diagnostic performance are specified in Fig. 3.

" The diagnostic performance parameters were as follows: IDScreen= 99% Se, 100% Sp; PrioCHECK= 88% Se, 100% Sp; Pigtype= 94% Se, 100% Sp; IDEXX= 72%
Se, 100% Sp; TgSALUVET ELISA 2.0= 86% Se, 100% Sp. The negative serum samples used as control in this analysis (Panel 1 prior to the infection, n= 20) tested
negative in all ELISA tests when applying the initial or both readjusted cutoff values.

extract or lyophilized tachyzoites. It has been claimed that recombinant
or chimeric antigens might be more specific (Liyanage et al., 2021). For
example, Holec-Gasior et al. (2014) reported the absence of false-
positive results with an ELISA based on T. gondii GRA1, P22 and ROP1
recombinant proteins or on four tetravalent chimeric proteins (AMAIN-
SAG2-GRA1-ROP1, AMAI1C-SAG2-GRA1-ROP1, AMAI1-SAG2-GRA1-
ROP1, and SAG2-GRA1-ROP1-GRA2) when testing N. caninum-positive
sheep sera. However, the characteristics of these sera were not
mentioned (e.g., experimental or natural infection origin and IgG
levels). These results contrast with the results presented herein since
IDScreen, which initially showed the highest number of false-positive
results, was the only ELISA based on a recombinant protein, P30 (SAG1).

In summary, all the serological tests compared herein are accurate
enough for serological diagnosis of T. gondii infection in small rumi-
nants. However, ideally, readjusted cutoff values are recommended for a

higher diagnostic performance. Moreover, cross-reactions between anti-
N. caninum antibodies and T. gondii antigens harm the analytical speci-
ficity more than initially thought and should be considered when
defining a criterion of seropositivity by WB and when using such sero-
logical tests for diagnostic purposes. To discard false-positive reactors, a
practical recommendation for diagnostic laboratories could be the use of
both readjusted cutoff values estimated with sera from naturally infec-
ted sheep, and those samples with results in between (doubtful results),
should be further analyzed by a specific and confirmatory WB test. The
employment of well-characterized sera, including false-positive re-
actors, should be an essential requirement for future method de-
velopments or validation studies carried out in small ruminants.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.rvsc.2023.105052.
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