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Abstract
Background: Especially free-ranging chickens are frequently exposed to Toxoplasma gondii. They are
sensitive indicators for environmental contamination with T. gondii oocysts. The detection of infected
birds relies primarily on serological assays.

Methods: Here, we established a bead-based multiplex assay (BBMA) using the Luminex technology for
the speci�c and sensitive detection of T. gondii infections in chickens. Recombinant biotinylated T. gondii
surface antigen 1 (TgSAG1bio) bound to streptavidin-conjugated magnetic Luminex beads served as
antigen. Speci�c serum antibodies were detected by a �uorophore-coupled secondary antibody. Beads of
differing color codes were conjugated with anti-chicken IgY or chicken serum albumin and served for
each individual sample as an internal positive or negative control, respectively. The assay was validated
with sera from experimentally and naturally infected chickens. The results were compared to those from
reference methods, including other serological tests and bioassay in mice.

Results: In experimentally infected chickens, all chickens were positive by magnetic-capture PCR (100%,
n=45/45) and the vast majority (98.5%, n=65/66) of inoculated birds tested seropositive in the BBMA.
Most, but not all inoculated and TgSAG1bio-BBMA-positive chickens were also positive in two previously
established TgSAG1-ELISAs, an immuno�uorescence assay (IFAT) and in a modi�ed agglutination test
(MAT). All non-inoculated control animals (n=28) tested negative.

In naturally exposed chickens, the TgSAG1bio-BBMA showed a high sensitivity (98.5%; 95% Con�dence
Interval: 90.7-99.9%) and speci�city (100%; 85.0-100%) relative to a reference standard established using
results obtained with ELISA, IFAT and MAT. Almost all naturally exposed chickens that were positive in the
mouse bioassay or by PCR tested positive in the TgSAG1bio-BBMA (93.5%, 77.1-98.9%), while all mouse
bioassay- or PCR-negative chickens remained negative (100%, 85.0-100%).

Conclusions: The TgSAG1bio-BBMA represents a suitable method for the detection of T. gondii infections
in chickens with high sensitivity and speci�city, which is comparable or even superior to other tests. Since
assays based on this methodology allow for the simultaneous analysis of a single biological sample with
respect to multiple analytes, the described assay may represent one component in future multiplex
assays for broad serological monitoring of poultry and other farm animals, including pigs or small
ruminants, for various pathogens.

Background
Toxoplasma gondii is a zoonotic protozoan parasite ranking among the most important foodborne
pathogens worldwide [1, 2, 3, 4]. Humans acquire toxoplasmosis either congenitally or postnatally [5]. T.
gondii can be transmitted congenitally from a recently infected mother to the fetus and may result in the
birth of severely affected children (e.g. hydrocephalus, seizures, mental or growth retardation) or even
abortion. Congenitally infected children that are asymptomatic at birth can also develop symptoms of
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toxoplasmosis later in life (e.g. ocular toxoplasmosis). However, there is evidence that a large number of
ocular uveitis cases in humans are caused by postnatal T. gondii infections [6]. In most cases, postnatally
acquired T. gondii infections - either through consumption of undercooked infected meat or by oral
uptake of oocysts shed by felids - have no severe consequences [7]. Yet, persistent or recently acquired
infections in immuno-compromised patients (e.g. transplant patients) may cause life-threatening disease
[7].

Livestock animals are frequently infected by T. gondii, especially if they are reared free-ranging or have
out-door access [8]. In particular, free-range chickens are exposed to the environmental stage of the
parasite, the oocysts, and the presence of cats on farm premises has been reported as a risk factor [9].
Although infections occur frequently, reports on clinically apparent toxoplasmosis in chickens are rare
(reviewed by JP Dubey [10]). Due to the ground-feeding behavior of chickens and their susceptibility for T.
gondii, they have been used as sentinels to monitor the potential contamination of farms with this
parasite [11, 12]. The extent, to which chicken meat contributes to human infection with T. gondii, is
unknown. There are speci�c dishes (e.g. chicken carpaccio, chicken sashimi and barbecued chicken) or
products (sausages), in which the meat may not be su�ciently processed to inactivate the parasite.
Moreover, handling raw chicken meat may represent as risk factor for human infection during cooking
[13, 14]. Poor kitchen hygiene has also been reported as risk factors for human infection with the parasite
[13].

In many epidemiological studies, serum or plasma was used to determine speci�c antibodies against T.
gondii. The results have been used to estimate the burden of infections in chickens or on chicken farms
(reviewed by [10] to assess the potential risk for consumers [15], to identify chickens with viable T. gondii
infections [16] or to assess risk factors for infection in this livestock species [9, 17, 18, 19, 20]. Suitable
serological techniques for chickens include MAT [12, 16, 21], IFAT [9, 21, 22] and ELISA [9, 21, 22].

In the present study, we aimed to establish a novel bead based multiplex assay (BBMA) using the
Luminex technology [23] for the detection of serum antibodies to T. gondii using recombinant biotinylated
TgSAG1bio, a major tachyzoite surface antigen of this parasite [24]. We then validated the TgSAG1bio-
BBMA against other well-established serological assays, i.e. the modi�ed agglutination test (MAT),
immuno�uorescence assay (IFAT) and ELISAs, based on native TgSAG1, to detect T. gondii infection in
chickens. To determine the diagnostic characteristics of the TgSAG1bio-BBMA, we used sera and tissues
from experimentally or naturally infected chickens. These had been collected in previous studies [9, 22], in
which we had determined the true infection status in these chickens using magnetic-capture-(MC-) real-
time PCR (qPCR). Likewise, a combination of mouse-bioassay, MC-qPCR and conventional quantitative
PCR (qPCR) on acidic pepsin muscle digests (PD-qPCR) had been used.

Our results show that the TgSAG1bio-BBMA assay represents a suitable method with high sensitivity and
speci�city for the detection of T. gondii infections in chickens. Since such bead-based assays provide an
option for multiplexing, internal positive and background controls can be evaluated simultaneously for
each individual sample in the test. Moreover, the TgSAG1bio-BBMA allows combining it with other
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serological markers, e.g. antigens from other pathogens, and has the potential to be included in future
multiplex assays for large-scale serosurveillance without a requirement for additional serum samples.

Methods

Parasite strains and experimental infection of chickens
We used samples from chickens (breed ISA JA 757) that had been experimentally infected with oocysts,
tissue cysts or tachyzoites as reported in detail in a previous study [22]. All experiments in chickens were
approved by the responsible authority (Landesdirektion Leipzig, Germany, trial no. TVV 29/10). Care and
maintenance of animals were in accordance with governmental and institutional guidelines.

Regardless of oocyst, tissue cyst or tachyzoite infections, the observation period usually lasted 5 weeks
in all infected groups. In the case of tachyzoite infection, six inoculated and six non-inoculated birds were
also included and observed for a total of 10 weeks [22]. At the end of the observation period, blood was
collected for serological analysis, the animals were euthanized and tissues (brain, heart, breast, thigh and
drumstick musculature) were stored frozen at − 20 °C until further use. A total of 23 non-infected control
chickens and 66 inoculated chickens were used, which were orally inoculated with oocysts or brains of
chronically infected mice or by intravenous injection of in vitro-cultivated tachyzoites [22].

Infections by oocysts
Oocysts of three different T. gondii strains were used: the type II T. gondii strain CZ-Tiger [25] and further
strains, initially available as tachyzoites, namely type II T. gondii ME49 [26] and type III T. gondii NED [27],
were cultivated as tachyzoites [28]. Tachyzoites or oocysts were used to infect CD1 mice, and brains of
these mice were fed to cats to induce oocyst shedding [22]. Oocysts were harvested from cat faeces by
sodium chloride �otation [22]. After sporulation at room temperature, oocysts were stored in 2%
potassium dichromate solution until used. For infecting chickens, three different doses were applied, i.e.
1 × 103 (CZ-Tiger, ME49, NED), 1 × 105 (CZ-Tiger, ME49), or 1 × 106 oocysts per bird (CZ-Tiger, ME49) [22].
The responsible authority (Landesdirektion Leipzig, Germany, trial no had approved all experiments in cat
and mice. TVV 29/10). Care and maintenance of animals were in accordance with governmental and
institutional guidelines.

Infection by tissue cysts
To obtain brain tissue cysts for chicken infections, CD1 mice were infected each with 10–100 oocysts
orally or 100-2,000 tachyzoites i.p. of either the CZ-Tiger, ME49 or NED strain, respectively [22]. For
infection, one microscopically-positive mouse brain per bird was inoculated orally.

Infection by tachyzoites
In vitro cultivated tachyzoites of the T. gondii type III strain NED were used to inoculate poultry i.v. into the
wing vein (1 × 106 tachyzoites in 0.1 ml of sterile isotonic saline solution (B. Braun Melsungen AG,
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Melsungen, Germany) per bird).

MC-qPCR
MC-qPCR was essentially performed as described [29] with some slight modi�cations [22]. Brie�y,
muscles were in a �rst step cut into pieces and homogenized at 55 °C (rocking water bath, overnight) in
2.5 volumes of a proteinase K-containing lysis buffer. After digestion, lysate supernatants were cleared by
centrifugation at 3,500 g [22]. In a second step, free biotin was removed. Supernatants were incubated in
a water bath at 100 °C for 10 min to inactivate proteinase K. After cooling to temperatures below 40 °C,
streptavidin Sepharose (binding capacity 300 nmol/ml; GE Healthcare, VWR, Germany) was added and
the samples incubated for 45 min at room temperature [22]. The third step consisted of a sequence-
speci�c magnetic capture. Ten picomoles of biotin-labelled capture oligonucleotides Tox-CapF and Tox-
CapR [29] were added to each biotin-free supernatant. The supernatants were heated to 95 °C for 15 min
to denature DNA. The tubes were then incubated at 55 °C for 45 min in a shaking water bath
(hybridization of the capture oligonucleotides with T. gondii DNA). The tubes were allowed to cool down
to room temperature while rotating. An aliquot of hyBeads Streptavidin (Hyglos, Bernried, Germany) was
added and the samples incubated at room temperature for 60 min under constant rotation. Complexes of
streptavidin beads and biotin-labelled capture oligonucleotide with hybridized T. gondii DNA were isolated
using the DynaMag-15 magnet (Invitrogen). After several washing steps, the beads were �nally re-
suspended in 50 µl distilled water and heated to 100 °C for 10 min to release T. gondii DNA. After tubes
were placed into the magnetic �eld, the supernatant was immediately transferred to a clean 1.5 ml tube. A
positive (103 tachyzoites in 100 g of breast muscle) and a negative extraction control (100 g of breast
muscle without tachyzoites) were included every time, when the procedure was performed [22].

Finally, the qPCR ampli�cation of a 529-bp repeat element was performed using a StepOnePlus thermal
cycler instrument (Life Technologies, Darmstadt, Germany) and the primers Tox-SC forward (5’-
GAGGGGGTGGCGTGGTT-3’) and Tox-SC reverse (5’-GCGTCGTCTCGTCTRGAT-3’), the probe Tox-TP1
(5’-6-FAM-CCGGCTTGGCTGCTTTTCCT-BHQ1-3’) and 2.5 µl of template DNA. The reaction mixture was
initially incubated at 50 °C for 10 min to allow uracil-N-glycosylase (UNG) to destroy any remaining uracil-
containing DNA, followed by 10 min initial denaturation at 95 °C to inactivate UNG and to activate the
TrueStart DNA polymerase [22]. A standard series of DNA from serially diluted tachyzoites was included
in each run for the calculation of a standard curve and for determining the quantity of T. gondii genome
equivalents in individual samples. In general, qPCR results were expressed as quanti�cation cycle (Cq)
values. Results with Cq values < 35 were regarded as positive and those with Cq values > 40 were regarded
as negative. If the Cq value ranged between 35 and 40, the respective ampli�cation curves were visually
inspected. If their appearance diverged strongly from those curves of the positive controls, the samples
were regarded as negative.

qPCR on acid pepsin digests (PD-qPCR)
Pepsin digestion [11, 30] and the qPCR on acid pepsin digests (PD-qPCR) were performed as described
[31, 32]. In brief, for DNA extraction, 200 µl of pepsin-digested tissue (heart, drumstick; described for
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mouse bioassay) were treated with proteinase K by scaling up the volumes recommended by the kit
supplier (Nucleospin Tissue kit, Macherey-Nagel, Germany). After digestion (56 °C, 3 h), DNA was
extracted as recommended by the supplier. T. gondii-speci�c DNA was ampli�ed in a TaqMan qPCR [31,
32] using primers and a probe targeting the 529 bp repeat of T. gondii [33].

Serological tests

Collection of sera
When the chickens were sacri�ced, blood was collected and allowed to clot. The samples were then
centrifuged, sera collected and stored frozen at -20° C until further use.

MAT
The MAT for the detection of T. gondii-speci�c IgG antibodies was performed as previously described
using antigen produced by the Laboratory of Parasitology, Centre Hospitalier Universitaire de Reims,
Reims, France [34]. Each serum or �uid sample was two-fold serially diluted. A titre of 1:1 was applied as
the positive cut-off.

IFAT
The IFAT was performed as previously described [9]. Brie�y, 10 µl of a suspension of cell culture-derived T.
gondii RH strain tachyzoites (5 × 106/ml) in PBS were used to sensitize IFAT slide wells. Slides were air-
dried, stored frozen until used, �xed with ice-cold acetone before use and then incubated in PBS. Chicken
sera were titrated in PBS in two-fold steps, starting at a serum dilution of 1:50. Anti-chicken IgG (directed
against the heavy and light chain (H&L)), synonymous to anti-chicken IgY (H&L) produced in goat and
coupled to FITC (Rockland Immunochemicals, Limerick, PA, USA) diluted 1:50 in PBS with 0.2% Evans
Blue was used to detect primary antibodies. The slides were examined at 400x magni�cation using an
Olympus IX50 microscope (Olympus, Hamburg, Germany). Only complete peripheral �uorescence of the
tachyzoite was considered speci�c. A titre of 1:50 was used as the positive cut-off.

TgSAG1-ELISASH and TgSAG1-ELISASL

Chicken sera were tested for antibodies against the native T. gondii tachyzoite surface antigen TgSAG1
as described [9]. In brief, a�nity puri�ed TgSAG1 of T. gondii tachyzoites [35, 36] was diluted in
bicarbonate buffer (0.1 M, pH 8.3) and used at a concentration of 30 ng/ml to sensitize ELISA plates. The
plates were then washed with PBS supplemented with 0.05% (v/v) Tween® 20 (Serva, Heidelberg,
Germany) (PBST) followed by a blocking step with 1% casein in PBST (CasPBST). The plates were
emptied and 100 µl serum, 1:200 diluted in CasPBST, were added for 30 min at 37 °C. The plates were
then washed with PBST. A species-speci�c conjugate (goat anti-chicken IgG (H&L) peroxidase (POD),
synonymous to anti-chicken IgY (H&L) POD, Rockland Immunochemicals, Limerick, PA, USA) was diluted
1:4,000 in CasPBST. After washing with PBS-T (thrice) and distilled water (once), peroxidase activity was
visualized using 1% tetramethylbenzidine (TMB) with 0.012% (v/v) H2O2 as the substrate. After 15 min at
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37 °C, the reaction was stopped by addition of 50 µl 2 M H2SO4 and the optical density (O.D.) in each well
was read at 450 nm. Each sample was tested in duplicate. Positive (PC) and negative control (NC) sera
[9] were tested in quadruplicate on each plate. To normalize the results, ELISA index values (I) were
calculated for each sample (S) based on the means of two O.D. values: IS = (O.D.S - O.D.NC)/(O.D.PC -
O.D.NC). A cut-off optimized for maximum diagnostic speci�city was applied (ELISA index 0.242) as
previously described for the TgSAG1-ELISASH [9]. Similarly, a further less-stringent cut-off optimized for
Youden’s index was used in addition (ELISA index 0.104) for the TgSAG1-ELISASL [9].

Luminex TgSAG1
Recombinant production of biotinylated TgSAG1 (TgSAG1bio) and coupling of the antigen to Luminex
MagPlex® beads (Luminex Cooperation, ‘s-Hertogenbosch, The Netherlands) has been described recently
[37]. In brief, the entire mature coding region of TgSAG1 (aa 31–289) was expressed as an N-terminal
fusion with maltose binding protein (MBP), which enhances solubility during translation. MBP can be
cleaved-off in situ by TEV protease, with recognizes its cleavage sequence and thus separates MBP from
TgSAG1 in the engineered protein [37]. After the putative GPI-attachment site (Gly289 of TgSAG1) at the
C-terminus, a 4 kDa peptide sequence (AviTag) and a six histidine-tag were added and used for
puri�cation. The AviTag is recognized by E. coli biotin ligase BirA, resulting in the C-terminal in situ
biotinylation of TgSAG1 at a unique lysine residue within the tag sequence. Subsequently, biotinylated
TgSAG1bio was puri�ed by metal chelate a�nity chromatography using an Äkta Puri�er system [37].

The chemical coupling to beads of either recombinant streptavidin (Sav; Anaspec, Fremont, CA, USA;
16.67 µg/106 MagPlex® beads, region 34), chicken serum albumin (CSA, Sigma Aldrich, Darmstadt,
Germany; 12 µg/106 MagPlex® beads, region 54) as a negative control, or chicken IgY (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA; 6.67 µg/106 MagPlex® beads, region 52) as a
positive control followed the instructions of the xMAP® Cookbook [38, 39]. Prior to coupling, bead stocks
were vortexed for 30 s and sonicated for 30 s in a water-bath. Beads were taken from the stock for each
of the three regions (1.5 × 106 each), washed with distilled water, vortexed and sonicated for a few
seconds and incubated in 80 µl 0.1 M NaH2PO4, pH 6.2 per tube. The tubes were again vortexed and
sonicated for 10 s prior to addition of 500 µg N-hydroxysulfosuccinimide (Sulfo-NHS, Thermo Fisher,
Waltham, MA, USA) and 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC, Thermo
Fisher, Waltham, MA, USA). The beads were then incubated for 20 min on a horizontal shaker (300 rpm)
and vortexed brie�y after 10 min.

After incubation, the tubes were again placed in a magnetic separator for 2 min and the supernatant
removed. The beads were washed twice with 250 µl of 0.05 M 2-(N-morpholino) ethanesulfonic acid
(MES, Sigma Aldrich, Darmstadt, Germany) before addition of conjugates, and each tube was adjusted to
500 µl by adding 0.05 M MES. Tubes were brie�y vortexed and then incubated for 2 h on a horizontal
shaker at 300 rpm, with an intermittent brief vortexing step after 1 h. The tubes were then placed in a
magnetic separator for 2 min and the supernatant removed. 500 µl of PBS containing 0.02% Tween-20,
0.1% BSA and 0.05% sodium azide (PBS-TBN) were added and the beads incubated for 30 min on a
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horizontal shaker at 300 rpm, before the samples were placed in a magnetic separator for 2 min to
remove the supernatant. The beads were washed twice with 1 ml PBS-TBN without sonication. For
storage, the beads were resuspended in 500 µl Stabilguard (Surmodics, Inc., Eden Prairie, MN, USA).
TgSAG1bio (10 ng/1,500 beads) was added to the Sav-coated bead mix as described elsewhere [37].

Testing by BBMA was performed as previously described for human sera [39]. The three bead mixes were
adjusted to 1,000 beads per sample in PBS containing 1% BSA (PBS-B). Twenty µl of each region were
added to 100 µl of serum samples, diluted 1:200 in PBS-B in a 96-well plate (Greiner Bio-One,
Kremsmünster, Austria). The plate, protected from light, was shaken at room temperature for 60 min.
Beads were then washed twice with PBS containing 0.1% Tween-20 (PBS-T). 100 µl of rabbit-F(ab’)2 anti-
chicken IgG-phycoerythrin (Rockland Immunochemicals, Limerick, PA, USA), diluted 1:333 in PBS-B,
added to each sample and the plate shaken at room temperature for 30 min, protected from light. Beads
were again washed twice, resuspended in 125 µl PBS-B and analysed with a Bio-Plex 200 reader (Bio-Rad,
Hercules, CA, USA). The readout was set to 50 beads per region and the timeout was set to 90 s. The High
RP1 Target option was activated, and three wells containing only beads and PBS-B were set as blank
samples.

Mouse bioassay
The mouse bioassay was conducted as described [9]. Brie�y, IFN -knockout mice (GKO, IFN  -/-,
C.129S7(B6)-Ifngtm1Ts/J) or IFN -receptor-knockout mice (GRKO, IFN receptor -/-; B6.129 Sv/Ev-
IfngrtmAgt) were used. The mice were inoculated with pepsin-digested heart and drumstick musculature
(two mice for each kind of tissue). Pepsin digestion was performed as described [11, 30]. Mice were
monitored for 42 days after infection. If a mouse developed signs of toxoplasmosis (ru�ed hair, apathy),
it was euthanized according to the regulations of the Federation for Laboratory Animal Science
Associations (FELASA, Germany) and necropsied. Brain tissue was examined by conventional RT-PCR
(see Sect. 2.3) to detect T. gondii DNA. Peritoneal �uid (10 µl) and a lung homogenate (10 µl) prepared by
homogenizing half of the lung in 0.5 ml of DMEM by mortar and pestle were analyzed by light
microscopy for the presence of tachyzoites. All mouse experiments (bioassays) reported in this
publication were approved by the “Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei”
of the German Federal State of Mecklenburg-Vorpommern. Care and maintenance of animals were in
accordance with governmental and institutional guidelines.

Statistical analysis
R version 3.5.3 (R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org) and
the R package “optimal.cutpoints” were used to de�ne an optimal cut-off for the TgSAG1bio-BBMA and to
determine diagnostic sensitivity, speci�city, and positive and negative predictive values, including 95%
con�dence intervals (95% CI). In addition, diagnostic sensitivity and diagnostic speci�city, including 95%
con�dence intervals (95% CI), were determined using tools that were available online
(http://vassarstats.net/clin1.html). To assess the overall diagnostic performance of a test, Youden’s index
was calculated by the following formula using EXCEL spreadsheet functions: Sensitivity + Speci�city – 1
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[40]. To determine the relatedness of values measured in various serological diagnostic tests, linear
regression was performed using the “lm” command in R, version 3.5.3. For this analysis, median
�uorescence intensity (MFI) values and titers in IFAT and MAT were log10-transformed. Sera for which no
titre had been determined in IFAT or MAT (i.e. seronegative sera), arbitrary titres of 1:25 (IFAT) or 1:0.5
(MAT) were used to allow for the calculation of log10 values.

Figures were assembled using R, version 3.5.3 or 4.0.0 (packages “ggplot2”, “reshape” and “scales”).

Results
Based on the promising results obtained with the BBMA using human sera and the strong performance of
TgSAG1bio [37, 39], we strived for a transfer of this assay to other animal species, including chickens, to
establish an improved method for large scale, e�cient serological monitoring. Although there is a number
of BBMAs for veterinary purposes, these tests mainly focus on viral infections [41, 42, 43, 44] and cannot
be easily combined with our assay, which represents the �rst BBMA focusing on parasitic pathogens in
chickens.

Cut-off selection and diagnostic characteristics using sera
from ‘experimental’ chickens
Sera collected from experimentally infected chickens were examined by the TgSAG1bio-BBMA. They had
been collected from 23 non-infected and 66 infected chickens (orally inoculated with oocysts and brains
of chronically infected mice, or intravenously with in vitro-cultivated tachyzoites, described in Methods).
At the end of the observation periods, the infection state of the inoculated chickens was assessed in
brain, heart, thigh, breast and drumstick musculature by MC-qPCR. Detailed results of these examinations
were reported elsewhere [22].

For selecting an appropriate cut-off to score results as positive or negative by TgSAG1bio-BBMA, all
inoculated chickens served as positive reference population whereas non-infected control animals were
de�ned as negative. Based on these assignments, an optimal Youden’s index was obtained when a
median �uorescence intensity (MFI) of 322.5 was used as the cut-off. Relative to the reference standard,
TgSAG1bio-BBMA showed a diagnostic sensitivity of 98.5% (95% CI: 91.8–100%; n = 65/66) and a
diagnostic speci�city of 100% (95% CI: 85.2–100%; n = 23/23) for the reference populations (Table 1).
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Table 1
Summary of the characteristics of serological tests relative to two references of experimental chickens,
(A) T. gondii inoculated vs non-inoculated chickens, (B) MC-qPCR (magnetic capture quantitative PCR)

positive vs non-inoculated chickens, strati�ed for the tests. For the analysis, all experimentally inoculated
chickens were excluded, if their infection had not been con�rmed by MC-qPCR.

Reference Serological
test

% diagnostic sensitivity,
95% con�dence interval
(positive/ reference
positivea)

% diagnostic speci�city,
95% con�dence interval
(negative/ reference
negativeb)

Youden’s
index

(A) Inoculated
vs non-
inoculated

       

  TgSAG1bio-
BBMA

98.5, 90.7–99.9 (65/66) 100, 82.2–100 (23/23) 0.99

  TgSAG1-
ELISASH

c
91.1, 80.6–96.3 (60/66) 100, 82.2–100 (23/23) 0.91

  TgSAG1-
ELISASL

c
92.4, 82.5–97.2 (61/66) 100, 82.2–100 (23/23) 0.92

  IFATc 97.0, 88.5–99.5 (64/66) 100, 82.2–100 (23/23) 0.97

  MATc 92.4, 82.5–97.2 (61/66) 100, 82.2–100 (23/23) 0.87

(B) Mc-qPCR
positive vs
non-
inoculated

       

  TgSAG1bio-
BBMA

100, 90.4–100 (45/45) 100, 82.2–100 (23/23) 1.00

  TgSAG1-
ELISASH

c
100, 90.4–100 (45/45) 100, 82.2–100 (23/23) 1.00

  TgSAG1-
ELISASL

c
100, 90.4–100 (45/45) 100, 82.2–100 (23/23) 1.00

  IFATc 100, 90.4–100 (45/45) 100, 82.2–100 (23/23) 1.00

  MATc 100, 90.4–100 (45/45) 100, 82.2–100 (23/23) 1.00

aA chicken was regarded as reference-positive if at least one of the tissues from this animal tested
positive by MC-qPCR.

bAll non-inoculated control chickens were regarded as reference-negative.

cResults published previously [22] but shown for comparison.
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Inoculated chickens that had tested positive by direct detection (MC-qPCR) showed higher MFI values
than inoculated chickens, for which direct detection methods failed to con�rm infection (Fig. 1). To
separate MC-qPCR-positive chickens from MC-qPCR-negative chickens, a cut-off of MFI 3,092 was
optimal. At this cut-off, MC-qPCR-positive chickens were detected with a diagnostic sensitivity of 97.8%
(95% CI: 88.2%-99.9%; n = 44/45) and a diagnostic speci�city of 76.2% (52.9–91.8%, n = 39/44). There
were �ve serologically false-positive results (i.e. MC-qPCR negatives that tested serologically positive)
and one false-negative �nding (i.e. a MC-qPCR positive, testing serologically negative using MFI 3,092 as
the cut-off). The serum of the false-negative chicken showed a TgSAG1bio-BBMA FI of 2,939.

In experimentally infected chickens, the MFI values for CSA-loaded beads (negative control) were
generally very low, while the MFI values were always high in chicken anti-IgY-loaded beads (positive or
IgY concentration control) (Fig. 1).

Comparison to other serological tests and MC-PCR in
‘experimental’ chickens
The results of the TgSAG1bio-BBMA were compared to those obtained by other antibody detection
techniques (TgSAG1-ELISASH; TgSAG1-ELISALH, IFAT, MAT) reported previously [22]. Overall, the
TgSAG1bio-BBMA detected the largest number of experimentally inoculated chickens (98.5%, 65/66) and
was superior to the IFAT (97.0%, 64/66), followed by the TgSAG1-ELISASL and MAT (92.4, 61/66) and the
TgSAG1-ELISASH (90.9%, 60/66) (Table 1). All control animals were correctly identi�ed as negative in all
serological tests, including the TgSAG1bio-BBMA.

Among all inoculated chickens, only those inoculated with oocysts (89.5%; 34/38) or tissue cysts 68.8%;
(11/16) tested positive, when brain, heart, thigh, breast or drumstick tissue was examined by MC-qPCR.
All these 45 MC-qPCR-positive birds tested also positive in the TgSAG1bio-BBMA using MFI 322.5 as a
cut-off (Fig. 1). The other serological tests applied in this study showed a similar performance: All MC-
PCR-positive chickens tested positive, while the control birds remained negative.

Performance of TgSAG1bio-BBMA relative to other
serological tests in naturally exposed chickens
To con�rm the �ndings obtained with experimentally infected chickens, sera of naturally infected
chickens were used (details on the selection of chickens have been reported elsewhere [9]). Sera were
examined by TgSAG1bio-BBMA and compared to results of other antibody detection techniques (ELISA,
IFAT, MAT) or the results of direct parasite detection. Results of direct detection attempts were available
for 59 of 61 chickens as previously reported [9].

Sera were also tested by the serological tests described above. Based on the results obtained with the
majority of tests (i.e. excluding 18 of the initial 446 sera, for which half of the results were either positive
or negative), an MFI of 483 was established as the optimal cut-off (optimal Youden’s index). Using this



Page 13/25

value, the TgSAG1bio-BBMA had a diagnostic sensitivity of 90.0% (95% CI: 78.2–96.7%; n = 45/50) and a
diagnostic speci�city of 98.9% (95% CI: 97.3–99.7%; n = 374/378) for the reference population. When a
cut-off of MFI = 322.5, established for the experimentally infected chickens, was applied to the �eld
chickens, the diagnostic characteristics were identical to those reported for the cut-off of MFI = 483; we
thus decided to use MFI = 322.5 for further comparisons.

A few sera (n = 5) showed background reactivity slightly above the cut-off (Fig. 2). However, this was only
observed for two sera that scored TgSAG1bio-BBMA-positive (Fig. 2). Since the speci�c TgSAG1bio

reaction was 27- or 7-times higher in these sera than the background reaction, the latter was regarded
negligible.

Some sera had up to 10-times less IgY than the majority of sera (Fig. 2; outliers). This was the case in 4
of the positive reference sera and 13 of the negative reference sera. As it was not clear whether the
reduced IgY content in these sera might have had an effect on the cut-off selection and the diagnostic
characteristics, statistical analysis was repeated without these 17 samples. The analysis resulted in the
same cut-off, a diagnostic sensitivity of 89.1% (95% CI: 76.4–96.4%; n = 41/46) and a diagnostic
speci�city of 98.9% (95% CI: 97.3–99.7%; n = 361/365).

Diagnostic performance of TgSAG1 bio -BBMA and other serological tests relative to direct detection in
naturally exposed chickens

Relative to a reference standard of direct T. gondii detection (i.e. chickens with heart or drumstick tissues
positive either by mouse bioassay, MC-qPCR or PD-qPCR), serological analysis by the TgSAG1bio-BBMA
with the cut-off MFI = 322.5 showed the highest Youden’s index of all serological tests. This was also
re�ected by a high diagnostic sensitivity (93.5%, 29/31) and maximal diagnostic speci�city (100%,
28/28) (Table 2). Only the MAT had the same diagnostic speci�city (100%, 28/28), but at the same time a
substantially lower diagnostic sensitivity (67.7%, 21/31) (Table 2).
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Table 2
Characteristics of serological tests relative to mouse bioassay and PCR, MC-qPCR (magnetic capture

quantitative PCR), PD-qPCR (conventional quantitative PCR on acid pepsin-digested tissues).
Serological
test

% diagnostic sensitivity, 95%
con�dence interval (positive/
reference positivea)

% diagnostic speci�city, 95%
con�dence interval (negative/
reference negativea)

Youden’s
index

TgSAG1bio-
BBMA

93.5, 77.1–98.9 (29/31) 100, 85.0-100 (28/28) 0.94

TgSAG1-
ELISASH

b
83.9, 65.5–93.9 (26/31) 89.3, 70.6–97.2 (25/28) 0.73

TgSAG1-
ELISASL

b
96.8, 81.5–99.8 (30/31) 60.7, 40.7–77.9 (17/28) 0.58

IFATb 90.3, 73.1–97.5 (28/31) 82.1, 62.4–93.2 (23/28) 0.73

MATb 67.7, 48.5–82.7 (21/31) 100, 85.0-100 (28/28) 0.68

a Chickens were regarded as reference-positive if at least one of the tissues (heart, drumstick) tested
positive by one of the assays. The remaining chickens were regarded as reference-negative.

b Results published previously [9], only shown for comparison.

The antigenic properties of recombinant TgSAG1bio used in the BBMA may differ from those of native
TgSAG1 used in ELISA or the complex antigens used in IFAT or MAT. The extent, to which the values
obtained in the different tests were related to each other, was studied by linear regression. Log10-
transformed MFI values in the TgSAG1bio-BBMA correlated better with the ELISA indices in the TgSAG1

ELISA (Adjusted R2, 74.6%; P < 0.001) than with log10-transformed IFAT titers (Adjusted R2, 65.6%; P < 

0.001) or log10-transformed MAT titers (Adjusted R2, 57.5%; P < 0.001) (Fig. 3).

Discussion
In the present study, we used data and sera from previous studies to characterize the potential of a BBMA
for assessing the serological response of chickens against T. gondii. To our knowledge, this is the �rst
description of a T. gondii-speci�c serological BBMA for chickens. BBMAs have a number of advantages
as compared to MAT, IFAT and ELISA. First, they allow for the simultaneous serological testing of
antibodies directed against several pathogens by using a number of antigens coupled to beads with
individual colour codes (also called regions). Moreover, with analytes coupled to different bead regions
and added to the same BBMA one can implement internal standards, such as a control for su�cient IgY
levels in a test sample. Such internal controls can often not be included in other serological assays such
as ELISA, IFAT or MAT, when testing individual samples, or only at the expense of testing additional
samples.
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A similar approach for detecting T. gondii infections in animals other than chickens using BBMA has
been reported [45, 46]. This assay used a T. gondii tachyzoite lysate as antigen. In contrast, we applied a
bacterially expressed biotinylated recombinant TgSAG1 [37], the major surface antigen of T. gondii
tachyzoites [24], which is used widely for serodiagnosis in humans, but also in wild or livestock animals
(e.g. [47, 48, 49, 50, 51, 52, 53, 54, 55]). Our recombinant TgSAG1bio is unique in that it allows an oriented
and reproducible coupling of the antigen to streptavidin-coated magnetic Luminex beads via a single C-
terminal biotin [37]. It thus adopts a similar orientation on the beads as native TgSAG1 does on the
parasite surface through its GPI anchorage in the membrane [56], thereby exposing the major
conformational epitope recognized by human antibodies to the solute [57]. It is not known, if this epitope
is also important in chickens.

Only two other studies have reported the use of recombinant TgSAG1 for serodiagnosis in chickens [47,
58]. In both cases, TgSAG1 was used in a denatured form on immunoblots, leading to low sensitivity
compared with other recombinant tachyzoite antigens or total lysate, respectively. In contrast, TgSAG1
used in our reference ELISA is puri�ed from tachyzoite lysate by monoclonal antibody a�nity
chromatography [9]. We conclude that TgSAG1bio as used here is as good as the native protein, but
available in larger amounts with less effort.

Since the TgSAG1bio-BBMA was previously tested for human sera and showed excellent diagnostic
characteristics in comparison to commercial diagnostic assays [37], we extended the use of the
TgSAG1bio-BBMA to chicken sera. We compared the diagnostic characteristics not only with those of
other serological tests, but also with the infection status of the birds as determined by samples from
experimentally or naturally exposed chickens, by direct detection including conventional PCR on pepsin-
digested muscle tissues, MC-qPCR or mouse bioassay.

By using sera of experimentally inoculated chickens, a cut-off was established to separate T. gondii-
inoculated from non-infected chickens. With this cut-off, the diagnostic performance of the TgSAG1bio-
BBMA in experimental chickens was as good as or superior to that of the ELISAs, IFAT and MAT
performed in comparison. Moreover, much higher MFI values were observed in T. gondii inoculated
chickens that had tested positive by direct detection (MC-qPCR) than in inoculated chickens without
directly detectable infection (Fig. 1). However, we cannot exclude that also inoculated animals without a
positive MC-qPCR result were viably infected. Probably, T. gondii had multiplied better in MC-qPCR-
positive animals, which may have resulted in a wider distribution of the parasite and could thus have
increased the chance to detect the infection by MC-qPCR. At the same time, it may have led to increased
exposure to parasitic antigens, including TgSAG1, and thus to a higher level of speci�c antibodies. In a
previous study, it has been observed that higher antibody levels increased the likelihood of a positive
result in MC-qPCR in sheep [29].

The cut-off established by using experimental chicken sera proved also suitable in naturally infected
chickens. With this cut-off, it was possible to separate sera that had tested positive or negative in a
number of reference tests including two ELISAs, IFAT and MAT with high diagnostic sensitivity and
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speci�city. Moreover, especially the TgSAG1-ELISA indices, but also the titres in IFAT or MAT correlated
signi�cantly with the MFI values of the TgSAG1bio-BBMA.

In naturally exposed chickens that had also been examined by direct detection methods, the TgSAG1bio-
BBMA showed both high diagnostic sensitivity and speci�city. The TgSAG1-ELISASL was the only test
that had a higher diagnostic sensitivity compared to the TgSAG1bio-BBMA. However, its diagnostic
speci�city was much lower.

The second cut-off established in experimental chickens (MFI = 3,092) allowed separating birds that were
positive in direct detection from birds that were inoculated, but appeared negative in direct detection. In
naturally exposed chickens, however, the assay failed to detect 29.0% (9/31) of the direct detection-
positive chickens, including eight birds, in which the mouse bioassay had proven a viable T. gondii
infection. Therefore, we do not recommend applying this second cut-off.

There is a number of reasons, why the �ndings obtained with experimentally infected chickens do not
necessary match the results for naturally exposed birds: (i) Infections in naturally exposed chickens may
date back much further than the more recent infections in experimentally inoculated chickens. Therefore,
the exposure to tachyzoite antigens and to TgSAG1 in particular may have occurred more recently in
experimentally exposed chickens, which might have had the effect that antibody levels to this antigen are
still higher. (ii) Experimentally inoculated chickens may have been exposed to higher parasite doses as
compared to naturally exposed chickens. Even low oocyst numbers, which are still infective, but might
result in a lower tachyzoite burden, may have induced the development of tissue cysts and eventually
viable T. gondii infection in naturally exposed birds. The differences between experimentally and naturally
exposed chickens show, that test development and validation in veterinary medicine should never rely on
data obtained by experimental infections alone.

Conclusions
The TgSAG1bio-BBMA correlated very well with other standard serological tests and was superior to these
tests in detecting viable T. gondii infections in chickens. Since the TgSAG1bio-BBMA allows for
multiplexing and the option for including internal controls as a prerequisite for standardization, it seems
to be a promising test, which may also be adapted to further animal species [59]. Similar to the work of
[45], the TgSAG1bio-BBMA may be adapted to pigs, also in combination with tests for other parasitic (e.g.
Trichinella), bacterial (e.g. Salmonella) or viral pathogens (e.g. Hepatitis E virus). As the recombinant
antigen used in the TgSAG1bio-BBMA is readily available in large quantity and high purity, the test will be
easy to standardize and the production of a large number of tests seems feasible. Moreover, the
TgSAG1bio-BBMA has advantages over existing methods, some of which require large sample volumes,
and is therefore particularly attractive in situations, where only minute sample volumes are available. At
the same time, it is suitable for parallel testing against several pathogens for comprehensive serological
monitoring.
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Abbreviations
BBMA
bead-based multiplex assay
CSA
chicken serum albumin
ELISA
enzyme-linked immunosorbent assay
IFAT
immuno�uorescent antibody test
MAT
modi�ed agglutination test
MC-qPCR
magnetic-capture real time PCR
MFI
median �uorescence intensity
O.D.
optical density
NC
negative control
PC
positive control
PD-qPCR
pepsin digest-based real time PCR
TgSAG1bio

surface antigen 1 of Toxoplasma gondii tachyzoites, biotinylated
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Figure 1

Performance of the TgSAG1bio bead-based multiplex assay in experimentally Toxoplasma gondii-
infected chickens. Median Fluorescence Intensities (MFI) in sera collected from non-inoculated chickens
(green, n=23) and inoculated chickens (n=66). Results of inoculated chickens are split into inoculated and
negative in direct detection by magnetic capture real time PCR (InocNeg, orange, n=44) or inoculated and
positive in direct detection (InocPos, red, n=45). Data are displayed as box plots of median (line), 25th
and 75th percentile (box), the 1.5-fold interquartile ranges (whiskers) and outliers (dots). The cut-off to
separate reaction of inoculated from non-inoculated chickens is indicated by a red line (MFI=322.5). The
cut-off used within the group of inoculated chickens to separate the reactions of birds that tested positive
by direct detection is indicated by a black line (MFI=3,092). In addition to the speci�c reactions
(TgSAG1bio), results for internal controls, i.e. negative (chicken albumin; background) and positive
controls (chicken IgY), are shown.
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Figure 2

Performance of the TgSAG1bio-BBMA in chickens naturally exposed to Toxoplasma gondii. Median
Fluorescence Intensity (MFI) in sera collected from reference-negative chickens (green, n=378), reference-
positive chickens (red, n=50) and chickens that could not be assorted to the reference population (NA,
n=18) because of diverging results in serological reference assays (ELISA, IFAT, MAT). Data are displayed
as box plots showing median (line), 25th and 75th percentile (box), the 1.5-fold interquartile ranges
(whiskers) and outliers (dots). The cut-off applied is indicated by a red line (MFI=322.5). In addition to the
speci�c reactions (TgSAG1bio), also internal control reactions, i.e. negative control (chicken albumin) and
a positive control reaction (chicken IgY) are shown. Note: All negative reference chickens with
background reactions MFI >322.5 tested negative in the TgSAG1bio-BBMA. Two positive reference
chickens with background reactions MFI >322.5 were regarded as negligible, because their TgSAG1bio-
BBMA reactions were at least 7-times higher and exceeded MFI 9,000.
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Figure 3

Linear regression analyses of �uorescence intensities measured in the TgSAG1bio-BBMA and the results
of ELISA, IFAT and MAT. Each graph shows a linear regression line, including 95% con�dence limits
(grey). Log10-transformed MFI values in the TgSAG1bio-BBMA correlated highest to the ELISA indices in
the TgSAG1 ELISA (Adjusted R2, 74.6%). In contrast, linear regression with log10-transformed IFAT titer or
log10-transformed MAT titers revealed adjusted R2 of 65.6% or 57.5%, respectively.
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