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A B S T R A C T

Toxoplasma gondii can infect almost all mammals and birds, including chickens. The aim of this study was to
identify an appropriate immunogenic antigen for serodiagnosis of T. gondii infections in chickens. We examined
serum samples from chickens that were intravenously or intraperitoneally infected with 106–108 tachyzoites of
T. gondii strains PLK, RH, CTG, ME49 or TgCatJpGi1/TaJ using enzyme-linked immunosorbent assays (ELISAs),
latex agglutination tests (LATs) and western blotting. Regardless of parasite strain or infection dose and route,
the commercial LAT was positive for almost all sera collected 1week post-infection. However, at 2 weeks post-
infection, LATs were negative in the same birds. ELISAs using the Escherichia coli-produced recombinant T. gondii
antigens SAG1 and GRA7 showed strong signals at 1–2 weeks post infection, but thereafter diminished for the
majority of serum samples. In contrast, western blotting against crude tachyzoite antigens showed a persistent
band up to 4weeks post-infection. Sera from these chickens reacted much more strongly with SAG1 from crude
tachyzoite antigens than with recombinant SAG1. Even in experimentally-infected birds whose parasite burdens
in tissue were undetectable, sera still reacted with native SAG1. We tested sera from free-range chickens on a
small farm in Ghana, Africa, using western blotting and found that the serum of one bird reacted with a single
band of approximately 27 kDa, the putative molecular weight of SAG1. Thus we conclude that native SAG1, but
not E. coli-produced recombinant SAG1, is suitable for serodiagnosis of T. gondii infections in chickens.

1. Introduction

Toxoplasma gondii, a zoonotic protozoan parasite, causes widespread
infections in humans and other animals, including chickens. [1]. Al-
though most infections in humans are asymptomatic, the parasite can
cause severe complications in immunocompromised individuals, and
abortion when a mother is infected for the first time during pregnancy

[2]. Human toxoplasmosis is transmitted by ingesting the tissue cysts
present in infected raw or undercooked meat products derived from
domestic animals latently infected with T. gondii, or through oral con-
tact with soil or water contaminated with oocysts in the feces from
infected cats. Surveillance of soil and/or water for contamination with
T. gondii oocysts is required to evaluate the risk of acquiring T. gondii
infections in humans. However, the lack of sensitive methods means
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that oocysts are rarely recovered in field investigations. Therefore, in-
stead of using a method that can directly detect oocysts, it has been
proposed that the seroprevalence of T. gondii in animals in en-
vironmentally-susceptible areas is surveyed. Chickens have specifically
been used for this purpose because they feed directly from the ground
and are therefore likely to come into contact with parasite-con-
taminated materials [3,4]. But for this approach to be successful, it is
essential to accurately establish which sentinel animals have been ex-
posed to T. gondii.

Recombinant proteins, which are easily produced on a large scale,
can be good diagnosis antigens for the serodiagnosis of sentinel ani-
mals. Recombinant proteins produced in Escherichia coli are widely used
to detect anti-T. gondii antibodies in humans and domestic animals
[5–7]. However, when E coli-derived recombinant GRA1, GRA6, GRA9
and SAG1 were used as diagnostic antigens, anti-T. gondii antibodies in
experimentally infected chickens were detected for only a short period,
and the detected antibody titers decreased almost immediately to un-
detectable levels [8]. Therefore, current serodiagnosis systems using
recombinant antigens only detect recent infections and miss individuals
that were infected a while ago. Therefore, the aim of this study is to
identify parasite proteins that are suitable antigens for detecting both
old and new T. gondii infections in chickens.

In this study, we found that sera from experimentally infected
chickens had long-lived reactions with parasite-derived authentic SAG1
but not with E. coli-derived recombinant SAG1.

2. Materials and methods

2.1. Construction of a recombinant T. gondii parasite expressing a red
fluorescent protein

2.1.1. TgCatJpGi1/TaJ/GRA red
The DHFR-TSc3 pyrimethamine resistance gene was PCR amplified

from the pDHFR-TSc3 plasmid [9] using the following primers: DHFR-
F: 5′-CACTCATTAGGCACCCCAGGCTTTACACTTT-3′ and DHFR-R:
5′-GGTGGCGGCCGCTCTAGAACTAGTGGATCG-3′. A 3′ Terminal A was
added to the amplified fragment using the 10 × A-attachment kit
(Toyobo, Japan), and the fragment was inserted into the pGEM-T easy
vector (Promega, USA) by TA cloning; this plasmid is hereafter called
pGEM-DHFR. GRA1pro and GRA2ter genes were PCR amplified from
the pDMG plasmid according to the method used in Nishikawa et al.,
2003 [10] Primers containing Xba1 (Gra1pro F: 5′Gra1pTCTAGAGAA
GGCTGTAGTACTGGTG-3′) and Nco1 (Gra2ter R: 5′Gra2tCCATGGGTC
GACTGGAACTACGGTG-3′) restriction enzyme sites (underlined) were
designed. The PCR-amplified fragment from these primers was ligated
to the Xba1/Nco1 site in pGEM-DHFR, and the resultant plasmid is
hereafter called pDHFR-GG. The DNA fragment encoding the red
fluorescent protein DsRed Express (Takara, Japan) was inserted into the
EcoRV site of pDHFR-GG, and the resultant plasmid is hereafter called
pToxo-DsRed-DHFR. pToxo-DsRed-DHFR (200 μg) was electroporated
into TgCatJpGi1/TaJ tachyzoites [11] using Gene Pulser (Bio-Rad,
USA), and the transfected parasites were transferred in electroporation
medium (1M KCl, 100mM CaCl2.2H2O, 1M K2HPO4/KH2PO4, pH 7.6;
1M HEPES, pH 7.6; 100mM EDTA, 1M MgCl2.6H2O) to a Vero cell
culture. Forty-eight h after electroporation, the culture medium was
changed to RPMI 1640 medium containing 1 μM pyrimethamine, 7.5%
fetal calf serum and 20 μg/ml gentamicin. After antibiotic selection, the
culture was subjected to limiting dilution and the resulting fluorescent
clones were designated TgCatJpGi1/TaJ/GRA Red.

2.2. Parasite preparation

T. gondii parasite strains RH, CTG, ME49, PLK and TgCatJpGi1/TaJ/
GRA Red were maintained in Vero cell cultures. To collect the parasites,
the Vero cells were scraped from the inside of the culture flasks and
each preparation was passed through an unused 273/4 G needle, three

times. The cells were pelleted at 2000 rpm for 10min, washed in PBS,
and then passed through an unused 5 μm filter (Millipore Corporation,
USA). Parasite numbers were determined using a cell counter and a
microscope (Olympus CKX41, Olympus Corporation, Japan). Parasites
were then repelleted at 2000 rpm for 10min.

2.3. Infections in chickens

The collected parasites were suspended in the amount of PBS ap-
propriate to produce the required number of tachyzoites in 100 μl, and
then injected into 1-month-old White Leghorn chickens or hybrid
chickens for egg production. For the latex agglutination test, White
leghorn chickens were intravenously infected with a 100 μl solution
containing 1× 107 tachyzoites of the RH or the CTG strain (n=3).
White leghorn chickens were also intravenously injected with 1× 106,
1× 107 and 1× 108 Me49 tachyzoites (2 chickens/dose). Individual
chickens were also infected with 1× 106, 1× 107 or 1×108 parasites,
intraperitoneally. Hybrid chickens were intravenously injected with
1×107 PLK tachyzoites. For the enzyme-linked immunosorbent assays
(ELISAs), three White Leghorn chickens were intravenously injected
with 1× 107 RH tachyzoites, and two, one and four hybrid chickens
were intravenously injected with 1×105, 1×106 and 1× 107 PLK
tachyzoites, respectively. For the western blot analysis, the chickens
were intravenously infected with 1×107 PLK tachyzoites. Blood was
collected from the wing vein once a week and serum samples were
stored at –20 °C until further analysis.

To examine the parasite burden in the chicken tissues, seven day-old
hybrid chicks were intraperitoneally infected with 1× 107

TgCatJpGi1/TaJ/GRA Red tachyzoites. All chickens were housed at the
BSL2 poultry house in Gifu University. All the experiments using
chickens were performed in accordance with the Gifu University
Animal Care and Use guidelines from the Committee (Permission No.
17061).

2.4. Latex agglutination test

The Toxocheck-MT kit (Eiken Kagaku, Japan) was used in this ex-
periment. Serum samples were diluted 16, 32 and 64 times and scoring
was determined as per the manufacturer's instructions. Samples were
recorded as ‘+’ when the 32 times dilution produced a score of more
than 1. ‘± ’ was recorded when samples that were diluted 16 times
produced a score of 1. Samples denoted ‘–’ produced a score of less than
1 in the 16 times diluted solutions.

2.5. ELISAs

Using GRA7 and SAG1 as the antigens, ELISAs were performed
using each infected chicken's serum sample. GST-GRA7 or GST-SAG1
[12,13] (50 μl of a 0.1 μM concentration) was loaded onto a 96-well
plate (Costar 9018 EIA/RIA plate 96-well flat bottomed, Im-
munoChemistry Technologies, LLC, Bloomington, MN, USA). The plate
was incubated at 4 °C overnight, and washed once with 0.05% PBS-
Tween® 20 (PBS-T). Skimmed milk (3%, 100 μl/well) was added and
the plate was incubated at 37 °C for 1 h, and then washed once with
200 μl/well of PBS-T. Primary antibody (50 μl/well of a 1:100 dilution
of infected chicken serum in 3% skimmed milk) was added and the
plate incubated at 37 °C for 1 h, and then washed six times with 200 μl/
well of PBS-T. The secondary antibody (50 μl of a 1:4000 dilution of
goat-anti chicken IgY (Santa CruzBiotechnology, Santa Cruz, CA, USA)
in 3% skimmed milk) was added per well and the plate was again in-
cubated at 37 °C for 1 h. After rinsing six times with 200 μl/well of PBS-
T, 100 μl/well of substrate (0.05% ABTS; 0.1M citric acid, 0.2M buffer,
pH 4.0; 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); 0.003%
hydrogen peroxide) was added, the plate was incubated at room tem-
perature for 1 h, and then read using a microplate reader (Model 680
Microplate reader, Bio-Rad, Hercules, CA, USA) at 415 nm.
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2.6. Western blot analysis

Purified parasites were lysed with M-PER™ Mammalian Protein
Extraction Reagent (Thermo Scientific, Waltham, MA, USA) and an
equal volume of Electrophoresis Sample Buffer (Santa Cruz Biotech)
was added to the preparation, which was then heated at 95 °C for 5min.
The crude antigen (15 μl) was loaded and the proteins within it sepa-
rated by 5–20% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). Antigen transfer from the gel to a nitrocellulose
membrane was done using Trans-blot SD semi-dry Transfer Cell appa-
ratus (Bio-Rad), and the membrane was incubated in 3% skimmed milk
overnight. After incubation with the infected chicken serum (1:1000
dilution in 3% skimmed milk) at 37 °C for 1 h, the membrane was given
six 5min washes in PBS containing Tween® 20 (Takara Bio, Shiga,
Japan). The individual membranes were again incubated in goat-anti
chicken IgY-HRP (Santa Cruz Biotechnology) (1:20000 dilution in 3%
skimmed milk) at 37 °C for 1 h, and then washed in PBS-T six times for
5min each time. Chemiluminescent images were developed using
Amersham ECL Prime Western Blotting Detection Reagent (GE
Healthcare, CHI, Illinois, USA) and film (Fuji Medical X-ray film,
Fujifilm, Tokyo). The Ghanaian field samples were analyzed using 1-
Step™ TMB-Blotting Substrate Solution (Thermo Scientific) to visualize
the reactive bands according to the manufacturer's instructions instead
of the Amersham ECL Prime Western Blotting Detection Reagent. To
compare the immunogenicities of the parasite-derived authentic SAG1
protein and the E.coli derived recombinant SAG1, crude tachyzoite
antigen was serially diluted and 3.0 μg, 1.5 μg, 0.75 μg, 0.38 μg and
0.19 μg of the purified recombinant SAG1 protein was electro-
phoretically separated by SDS-PAGE as described above. To visualize
and compare the amount of SAG1 in the lanes, the gel was stained using
2D-Silver Stain Reagent II (Cosmo Bio, Japan) according to the manu-
facturer's instructions. The crude tachyzoite antigen and purified re-
combinant SAG1 samples containing comparable amount of SAG1
protein were used for western blot analysis, as described above. To
examine the serum from the mice that had been used for the bioassays,
western blot analysis using crude PLK tachyzoite antigen and mouse
serum, each at a dilution of 1:1000, was used. Rabbit anti mouse sec-
ondary antibody (Thermofisher, Waltham, MA, USA) was then used at a
dilution of 1:20000. Visualization was done by chemiluminescence.

2.7. Antigen identification

The crude tachyzoite antigen, as prepared above, was run on several
lanes of a 5–20% SDS gel and the pre-identified immunogenic band was
excised. The amino acid sequences of the digested immunogenic pro-
teins were identified by liquid chromatography-mass spectrometry.
BLAST analysis (National Center for Biotechnology Information, http://
blast.ncbi.nlm.nih.gov/) was used to identify the amino acid sequences
matching those of the peptides identified in the samples.

2.8. Observing fluorescent parasites in tissue samples from chickens

The heart, brain, liver and lungs from each animal were examined in
the chickens previously injected with TgCatJpGi1/TaJ/GRA Red ta-
chyzoites at 6 weeks post infection. To determine whether infectious
parasites existed in these tissues, the tissue samples were observed for
the presence of fluorescent parasites. Half of each heart, brain, liver and
lungs were cut into small pieces, crushed between two glass slides and
then observed by microscopy.

2.9. Bioassays

The remaining halves of the hearts, brains, livers and lungs from
TgCatJpGi1/TaJ/GRA Red tachyzoite-injected chickens at 6 weeks post
infection were also examined for the presence of parasites using a
mouse bioassay, as described in Dubey, 1998 [14]. Briefly, half of each

tissue sample was homogenized and intraperitoneally injected into two
C57BL/6 mice per sample. The mice were observed for the clinical signs
of toxoplasmosis, and after 4 weeks their serum samples were tested for
antibodies using western blot analysis. All the experiments using these
mice were performed in accordance with the Gifu University Animal
Care and Use guidelines from the Committee (Permission No. 17060).

2.10. Field sampling

Sampling was done on two farms in Ghana, West Africa. The first
was The Livestock and Poultry Research Center (LIPREC) at the
University of Ghana, located in Accra, Ghana's capital city, where 10
chickens were sampled from a caged house. The second was a local
farm located in Nsawam, about 30 km from the capital city, where 10
free-range chickens were sampled. Blood was collected from the wing
veins of the chickens.

3. Results

3.1. Latex agglutination detection of chicken anti-T. gondii antibodies

To investigate whether a serodiagnosis system authorized for use as
an inspection agent for animal species other than chickens could also be
used in chickens, we tested serum samples from experimentally infected
chickens with Toxocheck-MT (Eiken Kagaku, Japan). Toxocheck-MT, a
latex agglutination-type test, has been authorized as an inspection
agent for cats and pigs, but not for chickens. However, this kit has been
widely used in field surveys to obtain a general picture of the pre-
valence of T. gondii infections in chickens.

Chickens were infected with different strains and doses of T. gondii
parasites, as described in Table 1. No chickens showed the clinical signs
of toxoplasmosis. With the exception of a few individuals (chickens 13,
15, 16, 19 and 20) which never showed positive reactions during the
examination period, the majority of individuals showed either positive
or quasi-positive reactions at 7 days post infection. However, all

Table 1
Latex agglutination test on sera from infected chickens.

Chicken type ID Strain Infection
route

Dose Days post infection

0 7 14 21 28

White leghorn
(SPF)

1 RH i.v. 1×107 − + − − −
2 − + − − −
3 − + − − −
4 CTG i.v. 1×107 − + − − −
5 − + − − −
6 − ± − − −
7 ME49 i.v. 1×106 n.d + − − −
8 n.d + − − −
9 1×107 n.d + − − −
10 n.d ± − − −
11 1×108 n.d + − − −
12 n.d + − − −
13 i.p. 1×106 n.d − − − −
14 1×107 n.d ± − − −
15 1×108 n.d − − − −

Hybrid for
eggs

16 PLK i.v. 1×107 − − − − −
17 − ± − − −
18 − ± − − −
19 − − − − −
20 − − − − −
21 − + − − −

Sera were diluted 16, 32 and 64 fold. Scoring was done as per the manufac-
turer's instruction as follows:
+, 0.32 times diluted serum with a score of 1.
± , 0.16 times diluted serum with a score of 1.
−, 0.16 times diluted serum with a score of less than 1.
n.d, not done.
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individuals, including those that had shown a clear positive reaction at
7 days post infection, did not show a positive reaction after 14 days post
infection. Although the latex aggregation test does not require species-
specific secondary antibodies and therefore has the potential to be used
across animal species, no chickens tested positive for T. gondii from
14 days post infection using this system.

3.2. ELISA-based detection of chicken anti-T. gondii antibodies using E.
coli-produced antigens

Sera from the experimentally infected chickens were examined by
ELISA using recombinant E. coli-produced GRA7 and SAG1 as antigens.
Anti-SAG1 antibodies in the RH strain-infected chickens were stably
detected by the ELISA across all the examination periods (Fig. 1A).
However, the anti-GRA7 antibody titers detected by the ELISA system
peaked at 7–14 days post infection, decreasing soon afterwards
(Fig. 1A). In the case of the PLK strain-infected chickens, the titers of
both anti-SAG1 and anti-GRA7 antibodies peaked at 7–14 days post
infection but the titers for the majority of individuals decreased im-
mediately afterwards (Fig. 1B). Five serum samples previously used in
the latex aggregation test (Table 1) were also analyzed by ELISA. These
sera also tested positive at 7 days post infection, but the antibody titers
for some individuals decreased immediately thereafter (Supplementary
Fig. 1).

3.3. Search for the T. gondii antigens recognized continuously by IgY
antibodies in T. gondii infected chickens

To identify antigens continuously recognized by IgY in the T. gondii
infected chickens, the reactions of serum samples obtained from these
chickens (ID numbers 4, 5 and 6 in Table 1) with crude tachyzoite ly-
sate were examined by western blot analysis. As shown in Fig. 2A, on
day 7 post infection, several bands with a variety of molecular weights
reacted with the serum (Fig. 2A). Although some bands began to dis-
appear after the second week, a few bands remained and persisted

throughout the observation period (Fig. 2A). We identified one of these
persistent bands as SAG1 using LC-MS (Fig. 2B). The SAG1 reaction was
consistent irrespective of the T. gondii strain used to infect the chickens
(Supplementary Fig. 2).

3.4. Immunogenicity of E. coli- and T. gondii-derived SAG1

The inconsistency we observed between the ELISA results for E. coli-
derived SAG1 and western blot analysis using crude tachyzoite lysate
(Figs.1 and 2) prompted us to compare the immunogenicities of E. coli-
and T. gondii-derived SAG1. When comparable amounts of E. coli-de-
rived and tachyzoite-derived SAG1 were western blotted with the
serum sample from an experimentally infected chicken, tachyzoite-de-
rived SAG1 reacted much more strongly with the chicken serum
(Fig. 3A). The western blot analysis clearly showed that IgY reacted
with SAG1 using chicken sera that had shown no reaction or a weak
reaction to E. coli-derived SAG1 (Fig. 3B).

3.5. Antibodies in chickens with no or low parasite burdens

To facilitate parasite detection in the tissues, seven day-old chickens
were infected with the recombinant T. gondii line expressing a red
fluorescent protein (TgCatJpGi1/TaJ/GRA Red). Using a stereoscopic
microscope, latent cysts from this strain in the tissues were readily
detected across a wide visual field (Fig. 4A). Three out of seven infected
chickens died by one week post infection with this parasite strain.
Fluorescent tachyzoites were detected in the hearts, lungs, livers and
brains of the dead chickens (Fig. 4B). In contrast, no cysts were detected
in the hearts, brains, lungs and livers from the surviving chickens by
stereoscopic microscope observation. Bioassays in mice using the or-
gans from the surviving chickens were also negative. However, despite
the inability to detect parasites, the sera from all four surviving
chickens clearly reacted with tachyzoite-derived SAG1 on western blots
(Fig. 4C).
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Fig. 1. ELISA using E.coli-produced GRA 7 and SAG1 proteins. ELISAs were performed using GRA 7 and SAG1 as the antigens and the sera from chickens infected
with A) 1×107T. gondii RH strain tachyzoites and B) 1× 105–1×107 PLK strain tachyzoites. Infection was initiated by the intravenous route in all birds.
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3.6. Reactivity of field chicken sera with crude tachyzoite antigens

Serum samples collected from chickens in Ghana (Fig. 5A) were
screened for reactivity to crude tachyzoite antigens. As shown in
Fig. 5B, no serum samples from chickens housed in an enclosed poultry
facility in LIPREC reacted with the crude tachyzoite antigens. Serum
samples from the free-range chickens on a small private farm also
lacked reactivity, with the exception of one chicken whose serum re-
acted with an antigen whose molecular weight is the putative size of
SAG1 (Fig. 5B). We confirmed that the free-range chickens are regularly
in contact with cats (Fig. 5A).

4. Discussion

In this study, we found that parasite-derived authentic SAG1 is the

most suitable antigen for detecting T. gondii exposure in chickens. Once
chickens are exposed to T. gondii, even when undetectable levels of
parasites remain in their tissues, we found that their sera remained
immunoreactive to the authentic SAG1 on western blot analysis using
crude tachyzoite lysate as the antigen. In contrast, ELISAs with re-
combinant E. coli-produced SAG1 and a commercial latex aggregation
kit (Toxocheck-MT), which is authorized by the Japanese government
as a diagnostic pharmaceutical for pigs and cats, did not detect any T.
gondii infections of more than two weeks. Although commercial latex
aggregation test kits have been widely used in field surveys to obtain
general information on the prevalence of T. gondii in chickens [15,16],
these surveys might have only picked up individuals within 1–2weeks
of their infections starting and have therefore possibly underestimated
the number of chickens exposed to this pathogen.

We were also interested in investigating the usefulness of western
blot analysis using crude tachyzoite lysate for field research. To this
end, we tested chicken serum samples collected in Ghana. All the
chickens in a windowless poultry house that we examined showed no
reactions with any antigen. With one exception, the chickens that we
examined from the free-range farm also showed no reactions. This
suggests that the indigenous micro biota in field chickens do not cause
non-specific and/or cross reactions with crude tachyzoite antigens. The
chicken that tested positive based on its western blot reaction could not
be analyzed further; however, based on the non-specific reactions of the
other chicken sera, and the size of the observed band, which corre-
sponds to the putative size of SAG1, and coupled with the farm en-
vironment where cats have free access, it seems likely that the chicken
on this farm is infected with T. gondii parasites. We also ascertained that
for chickens experimentally infected with tachyzoites, no parasites were
observable in any of the organs examined, and that bioassay of the
organs also proved negative. These results suggest that experimental
tachyzoite infection in chickens result in the formation of a very small
number of cysts or all the parasites are cleared by the chicken's immune
response and so no cysts are formed. The injected tachyzoites induced
an immune-response and the production of antibodies during the acute
phase of infection, and the elevated antibody titers were maintained
even after the acute phase thus western blot analysis showed that all
sera were positive for T. gondii antibodies. Western blot analysis could
be a very useful tool for field surveillance of chickens exposed to T.
gondii. This idea is further supported by the fact that western blot
analysis was able to determine seroprevalence in tachyzoite-infected
chickens, even when no parasites were observable. Such an approach
would be especially useful in situations where high sensitivity is re-
quired; for example, to detect environmental levels of Toxoplasma.

We also found that parasite-derived authentic SAG1 is much more

Fig. 2. Reactivity of T. gondii-infected chicken sera
to crude T. gondii tachyzoite lysate. The chicken
serum samples were examined by western blot ana-
lysis. A) Western blot of the chicken serum samples
obtained in the experiment shown in Table 1
(chicken ID Nos. 4, 5 and 6). The antigen band that
persisted throughout the entire observation period is
marked by an arrow. B) Identification of the persis-
tent band by LC-MS. Darkened letters show the
identified peptide sequences that match the reported
SAG1 sequence (GenBank: AAB20292.1).

Fig. 3. Antigenicity comparison between E. coli-derived recombinant SAG1 and
T. gondii tachyzoite-derived authentic SAG1. A) Coomassie brilliant blue (CBB)
staining of a known concentration of recombinant SAG1 and authentic SAG1
proteins showing bands of comparable densities (upper image). Serially diluted
proteins were electrophoresed on an SDS gel and stained. The electrophoresed
proteins were used for western blot (WB) analysis using the sera from chickens
that had been intravenously infected with 1× 107 PLK tachyzoites. B)
Reactivity of the serum samples from two infected chickens that showed no/low
reactivity with the recombinant SAG1 in Fig. 1B to authentic SAG1. Western
blot analysis using crude tachyzoite antigens was performed with these serum
samples. dpi, day post infection.
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Fig. 4. Parasite burden and antibody production in infected chickens. A) Low magnification image of a mouse brain harboring cysts from a recombinant parasite
expressing the red fluorescent protein TgCatJpGi1/TaJ GRA Red. B) TgCatJpGi1/TaJ GRA Red tachyzoites in the lung, heart and liver from a dead chicken. C) Serum
sample reactivity for four experimentally infected chickens with low or no parasite burdens, to crude tachyzoite antigens. Western blot analysis using a crude
tachyzoite lysate was performed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Reactivity testing of the serum samples collected from two different types of chicken farm in Ghana, Africa, to crude tachyzoite lysate. A) Sample collection
sites (upper) and the farm in Nsawam where the free range chicken samples were collected. B) Reactivity of the field-collected serum samples to crude tachyzoite
lysate on western blots. Arrow indicates the reactive band.
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immunogenic in chickens than recombinant SAG1 produced in E. coli. A
similar phenomenon was also seen in mice [5]. Several field-based
surveillance studies on T. gondii in chickens using the Modified Ag-
glutination Test (MAT), a method used to detect antibodies that react
with surface antigens of fixed, whole tachyzoites, have reported on the
high prevalence of this parasite in many parts of the world [1]. Con-
sidering that SAG1 is a major surface antigen in T. gondii tachyzoites,
the high immunogenicity of parasite-derived authentic SAG1 might
contribute to the high sensitivity of MAT. MAT has been widely used in
academic studies to identify T. gondii-infected chickens [17,18], and has
also been validated with experimentally-infected chickens [19]. How-
ever, MAT is limited in its scope for large-scale field surveillance be-
cause large numbers of fixed tachyzoites are required. To overcome this
problem, it would be helpful to understand why E. coli-produced re-
combinant SAG1 has low immunogenicity and establish a methodology
to produce recombinant SAG1 that better reflects the high im-
munogenicity seen with the native protein. Currently, to effectively
produce recombinant SAG1 in E. coli, it is usually expressed in a trun-
cated form with the GPI anchor missing. Hence, it is possible that the
GPI-anchored domain is required for the diagnostic integrity of SAG1
when applied to chicken infections.

In conclusion, the data presented herein support the use of authentic
SAG1 as a diagnostic antigen for T. gondii surveillance in chickens.
Although parasite-derived SAG1 is necessary for surveillance at present,
if an effective and inexpensive method to produce large amounts of
highly immunogenic recombinant SAG1 protein is established in the
near future, this would be a great contribution to the field surveillance
of T. gondii in chickens. In addition, to be able to definitively determine
the relationship between parasite burden and seroprevalence, the use of
tissue cysts or oocysts will be appropriate in further experiments, and
the current diagnostic system should be compared with the MAT.
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