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Toxoplasma gondii infections occur worldwide in humans and animals. In immunocompromised or prenatally infected hu-
mans, T. gondii can cause severe clinical symptoms. The identification of specific epitopes on T. gondii antigens is essential for
the improvement and standardization of the serological diagnosis of toxoplasmosis. We selected 20 peptides mimicking linear
epitopes on GRA1, GRA2, GRA4, and MIC3 antigenic T. gondii proteins in silico using the software ABCpred. A further 18 pep-
tides representing previously published epitopes derived from GRA1, SAG1, NTPase1, and NTPase2 antigens were added to the
panel. A peptide microarray assay was established to prove the diagnostic performance of the selected peptides with human se-
rum samples. Seropositive human serum samples (n � 184) were collected from patients presenting with acute toxoplasmosis
(n � 21), latent T. gondii infection (n � 53), and inactive ocular toxoplasmosis (n � 10) and from seropositive forest workers (n
� 100). To adjust the cutoff values for each peptide, sera from seronegative forest workers (n � 75) and patients (n � 65) were
used. Univariate logistic regression suggested the significant diagnostic potential of eight novel and two previously published
peptides. A test based on these peptides had an overall diagnostic sensitivity of 69% (100% in ocular toxoplasmosis patients, 86%
in acutely infected patients, 81% in latently infected patients, and 57% in seropositive forest workers). The analysis of seronega-
tive sera performed with these peptides revealed a diagnostic specificity of 84%. The results of our study suggest that the use of a
bioinformatic approach for epitope prediction in combination with peptide microarray testing is a powerful method for the se-
lection of T. gondii epitopes as candidate antigens for serological diagnosis.

Toxoplasma gondii is a widespread protozoan parasite. The se-
roprevalence of T. gondii infection in humans varies depend-

ing on the region or country and is reported to usually range from
30% to 60% in women of child-bearing age (17, 56). The infection
is associated with a large spectrum of clinical diseases in both
humans and animals. The progression and severity of toxoplas-
mosis are variable, presumably due to a combination of host and
parasite factors (37, 55).

Infection of immunocompromised individuals or prenatally
infected persons with the parasite can have severe consequences
(43). Congenital transmission from a nonimmune mother to the
fetus may cause abortion or may result in the birth of a prenatally
infected child. Clinical signs of toxoplasmosis may be evident at
birth (e.g., neurological disorders) but can also develop later (e.g.,
retinochorioiditis). In immunocompetent individuals, T. gondii
infection often occurs unnoticed, eventually being associated with
lymphadenitis or other flu-like symptoms, but may also cause
infectious retinochorioiditis, accounting for 30% to 50% of all
cases of posterior uveitis (15, 30).

Serological methods play a major role in the diagnosis of toxo-
plasmosis. Assays for the detection of T. gondii-specific antibodies
are often based on crude antigen extracts (e.g., tachyzoite lysates)
or purified native antigenic proteins such as the major surface
antigen SAG1 (12, 18, 20, 38). Production of these native antigens
is limited, and amounts are difficult to standardize. To avoid these
limitations, recombinant antigens were produced and successfully
applied in diagnostic assays (32). Potential contaminations with

proteins of the organisms used for the production of recombinant
antigens (e.g., Escherichia coli) may be a constraint for the use of
such preparations (34). Moreover, some recombinant antigens
show lower reactivity with specific antibodies than the corre-
sponding native antigens, mainly because of the differences in
protein folding that can result in altered epitope presentation (9,
19). Variations in sensitivity and specificity were also observed
with respect to the level of recognition of recombinant antigens by
human serum samples. This effect might be the result of differ-
ences in the methods of production of recombinant proteins in
various studies (32).

Several studies have shown that synthetic peptides can be used
for the serological diagnosis of viral and bacterial as well as para-
sitic diseases (1, 31, 36, 44, 46, 54). Large amounts of synthetic
peptides can be produced with a high level of purity within a
relative short period of time. However, to achieve a satisfactory
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diagnostic sensitivity and a high specificity, it is necessary to use
optimized peptide combinations, mimicking reactive epitopes on
natural antigens (36, 53). Peptides can be arranged in microarrays,
thus allowing simultaneous analysis of up to several thousands of
peptides with a single serum sample. With this technique, global
patterns of antibody responses to various infectious agents were
studied (3, 35, 36, 42, 44).

Several experimental approaches have been used to identify
protein regions and epitopes suitable for the serological diagnosis
of T. gondii, including phage display of cDNA libraries, epitope
mapping, and reactivity with monoclonal antibodies (5, 11, 26, 29,
41, 49). For this study, a bioinformatic approach was used for in
silico prediction of 20 B-cell linear epitopes on the T. gondii anti-
genic proteins GRA1, GRA2, GRA4, and MIC3. These 20 novel
peptides and 18 peptides reported in studies previously published
by others (6, 11, 25, 26) were printed into a peptide microarray
and validated by analyzing a large number of well-characterized
human serum samples.

MATERIALS AND METHODS
Patient sera. A total of 84 T. gondii-positive human patient serum samples
were provided by the Institute of Medical Microbiology and Hospital
Hygiene, Heinrich-Heine-University, Düsseldorf, Germany, and the De-
partment of Medical Microbiology and the National Reference Center for
Systemic Mycoses, University Medical Center, Göttingen, Germany. Of
these, 21 originated from patients with acute toxoplasmosis, 53 from pa-
tients with latent T. gondii infection, and 10 from patients with latent
ocular toxoplasmosis showing typical lesions in the retina. These institu-
tions also provided 65 samples from serologically T. gondii-negative pa-
tients for the study. Detailed information about the serological status of
patients with acute or latent T. gondii infection and T. gondii-seronegative
patients was published previously by Maksimov et al. (39). Sera collected
from serologically T. gondii-positive (n � 100) or -negative (n � 75) forest
workers were also used and were described in detail previously (39, 40).
The presence or absence of T. gondii-specific antibodies in the sera was
confirmed by a latex agglutination test (LAT; see Table S1 in the supple-
mental material) and T. gondii surface antigen 1 (SAG1) immunoblot
analysis (39).

Ethical considerations. The study reported here was a collaborative
work of the Toxonet01 and Toxonet02 projects of the National Research
Platform for Zoonoses and was approved by the respective ethical com-
mittees of the medical faculties of the University of Düsseldorf (3174; 20
January 2009) and the University of Göttingen (8 June 2009) and by the
State Medical Association of Brandenburg (19 April 2010). Serum sam-
ples were collected using approved protocols. For the anonymized patient
sera provided by the Institute of Medical Microbiology and Hospital
Hygiene, Heinrich-Heine-University Düsseldorf, Düsseldorf, Germany,
and the Department of Medical Microbiology and the National Reference
Center for Systemic Mycoses, University Medical Center Göttingen, Göt-
tingen, Germany, informed consent was obtained verbally that was in
agreement with the ethical committee’s approved guidelines. All volun-
teers (forest workers) were included in the study on the basis of written
informed consent as described in detail in reference 40.

In silico prediction of T. gondii linear B-cell epitopes by the use of
ABCpred. For the prediction of linear B-cell epitopes on T. gondii protein
sequences, the bioinformatic tool ABCpred (http://www.imtech.res.in
/raghava/abcpred) was used. This software has been developed with a
combination of recurrent neural networks (RNN) and standard feed-
forward networks (52). Four T. gondii antigens, i.e., GRA1, GRA2, GRA4,
and MIC3, were analyzed in ABCpred for the presence of linear epitopes.
Protein sequences were obtained either from the immune epitope data-
base (http://www.immuneepitope.org) or from GenBank.

For the GRA1 protein, a sequence at the amino-terminal region
between amino acid positions 160 and 189 was used (linear sequence

source: GenBank accession no. ADK88943.1). This region was de-
scribed as immunogenic for human T. gondii-specific B cells (6).

The GRA2 protein sequence (57) was analyzed for linear epitopes
within the signal peptide (amino acid positions 1 to 23) and the amino-
terminal region (amino acid positions 24 to 94). This protein sequence
was described previously as a region containing major epitopes (29) (lin-
ear sequence source: http://www.immuneepitope.org/assayId/8305).

The GRA4 protein sequence, including amino acids 297 to 345 (linear
sequence source: http://www.immuneepitope.org/assayId/1244669) at
the carboxy-terminal region, was used for selecting specific epitopes. This
region has been reported to be well recognized by IgG antibodies from
T. gondii-infected humans, mice, and sheep (41).

The entire MIC3 protein sequences (linear sequence source: GenBank
accession no. CAB56644 and EEB02693) were also analyzed for potential
linear epitopes.

For the prediction of potential epitopes, a threshold value of 0.6 and a
window length of 16 amino acids with overlapping filters were used (48).

Published peptide sequences. A total of 18 previously described pep-
tides representing four different antigens, i.e., SAG1, GRA1, NTP1, and
NTP2, were also included in the study.

Two peptides derived from NTPase1 (length � 20 amino acids) and
from NTPase2 (length � 18 amino acids) (25) were selected (Table 1).

A peptide mimicking a GRA1-specific epitope (named “epi24”) de-
rived from protein residues 172 to 186 of GRA1 and published by Be-
ghetto et al. was also included in the peptide panel (6) (Table 1).

Finally, a total of 15 SAG1-specific epitopes, which have previously
been described by other workers (11, 26), were also selected for the pep-
tide panel (Table 1).

Preparation of peptide microarray slides. Peptides were synthesized
and printed on peptide microarray slides by JPT Peptide Technologies
GmbH, Berlin, Germany, essentially as described by Maksimov et al. (39).

Examination of sera by peptide microarray. Each array block on the
slides was first framed with a “Pap Pen” (Kisker Biotech GmbH & Co. KG,
Steinfurt, Germany). Arrays were then incubated (60 �l/well) with block-
ing solution (phosphate-buffered saline [PBS], 0.05% Tween 20, 0.2%
I-Block [Applied Biosystems, Bedford, MA]) for 30 min.

Human serum samples (60 �l/well), diluted 1:200 in blocking solution,
were incubated at 37°C for 1 h and washed seven times for 3 min each time
with PBS-T (PBS [pH 7.2], 0.5% Tween 20) at room temperature. Conjugate
(Cy5-AffiniPure donkey anti-human IgG; Fc� fragment specific; and mini-
mal cross reactions to bovine, horse, and mouse serum proteins) (Jackson
ImmunoResearch Laboratories, West Grove, PA) diluted 1:1,000 (1 �g/ml)
was added to the wells (60 �l/well), incubated at 37°C for 30 min, and washed
as indicated above, followed by three additional washing steps (1 min each)
with sterile filtered Milli-Q water. Afterwards, the slides were spun dry for 10
s using a slide spinner (DW-41MA-230; Qualitron Inc./Eppendorf, Berzdorf,
Germany).

Scanning and measurement of spot signal intensities and data ex-
traction. Scanning and evaluation of microarray slides as well as data
extraction were performed essentially as described previously (39, 44, 45).

Peptide microarray data analysis. To analyze the raw data (median of
signal intensity) in GPR files, index values (IVs) were recovered for each
peptide spot as the log2 of the quotient of the medians of foreground and
background values (39, 44, 45). Each serum sample was analyzed on a
single block, with the peptides printed in triplicate on each block. To
obtain the serum-specific spectrum for each peptide, the means of the IVs
for each peptide spot per block (mean sample index value [MSIV]) were
calculated using the “corrected mean” formula (Microsoft Office Excel
2003) to exclude artifacts, i.e., false-positive and -negative signals within
the replicas in each block (39). The peptide microarrays used in this study
failed to meet the criteria required for submission to MIAME-based pub-
lic databases, as the data types of biomolecular interactions and parame-
ters studied and the protocols, as well as the types of information extracted
from the microarray experiment, are different from those of standard
DNA microarray experiments (47, 58). Therefore, the MSIVs for all sera
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and peptides are presented as supplemental material (see Table S1 in the
supplemental material).

To ensure the specificity of all of the peptides used, we established an
individual cutoff value for each peptide to classify the result of the reaction
performed with each particular peptide as positive or negative. The cutoff
value was selected for each peptide separately by using the MSIVs ob-
tained for a panel of 140 T. gondii-seronegative human serum samples and
accepting a maximum of 4% false-positive reactions.

Statistical analysis. Fisher’s exact test and logistic regression (LR)
were computed with R, version 2.8.1 (R Foundation for Statistical Com-
puting, Vienna, Austria; ISBN 3-900051-07-0; http://www.R-project
.org). Linear regression analysis and the Wilcoxon signed-rank test were
performed with STATISTICA 8 (StatSoft, Tulsa, OK). This program was
also used to produce figures. P values � 0.05 were regarded as statistically
significant. Univariate LR analysis (R, package “epicalc”) was performed
to assess the diagnostic potential of tested peptides. A P value (Wald’s test)

� 0.05 was regarded as statistically significant (13). The R-package “stats”
was used for analysis of variance (ANOVA) in calculations of peptide and
serum reactivity.

To perform multiple comparisons of means determined from all index
values, a post hoc test (LSD [least significant difference]-Bonferroni test)
of ANOVA results was applied using the R package “agricolae.” The dif-
ferences between means of positive peptide reaction values determined in
the analysis of peptide and serum reactivities within tested groups were
accepted as significant when the differences were equal to or higher than
the LSD values as corrected by the Bonferroni method (10).

RESULTS
Diagnostic specificity and peptide-specific reactivity of sera.
Twenty candidate B-cell linear epitopes (Table 1) derived from the
antigenic proteins GRA1, GRA2, GRA4, and MIC3 were selected

TABLE 1 Peptides used in this study and their diagnostic propertiesa

Peptide designation Peptide sequence Protein
Sensitivity
(%)

Specificity
(%)

Cutoff
value

Reference or
source

Peptides from literature
SAG1-48 SDPPLVANQVVTCPDKKS SAG1 4.35 3.57 1.87 26
dSAG1-62 DKKSTAAVILTPTENHFT SAG1 3.26 3.57 1.62 26
SAG1-76 NHFTLKCPKTALTEPPTLA SAG1 2.72 3.57 2.81 26
SAG1-90 PPTLAYSPNRQICPAGTTS SAG1 3.26 3.57 2.03 26
SAG1-104 AGTTSSCTSKAVTLSSLIP SAG1 1.63 3.57 1.29 26
SAG1-146 PIEKFPVTTQTFFWGCIKG SAG1 3.26 3.57 1.30 26
SAG1-273 AFPAESKSVIIGCTGGSPE SAG1 2.17 3.57 1.84 26
SAG1-287 GGSPEKHHCTVKLEFAGAA SAG1 5.43 3.57 0.54 26
dSAG1-301 FAGAAGSAKSAAGTASHVS SAG1 1.09 3.57 2.28 26
SAG1-315 ASHVSIFAMVIGLIGSIAACVA SAG1 16.85 3.57 1.13 26
SAG1-61 DKKSTAAVILTPTENHFTL SAG1 9.78 3.57 1.53 11
SAG1-181 SVVNNVARCSYGADSTLGP SAG1 1.63 3.57 2.06 11
SAG1-241 SFKDILPKLTENPWQGNAS SAG1 2.72 3.57 2.60 11
SAG1-261 DKGATLTIKKEAFPAESKS SAG1 2.17 3.57 1.48 11
SAG1-301 AGAAGSAKSAAGTASHVSI SAG1 0.54 3.57 1.71 11
GRA1-100 EEVIDTMKSMQRDED GRA1 2.72 3.57 2.81 6
NTP1 CKAPMIVTGGGMLAA INTLK NTP1 4.35 3.57 1.82 25
NTP2 APMFITGREMLASIDTLK NTP2 3.26 3.57 1.91 25

Novel peptides
GRA1-162 MKVIDDVQQLEKDKQQ GRA1 34.24 3.57 2.83 This study
GRA2-61 DERQQEPEEPVSQRAS GRA2 30.98 3.57 1.28 This study
GRA2-28 GVVNQGPVDVPFSGKP GRA2 50.00 3.57 0.98 This study
GRA2-67 PEEPVSQRASRVAEQL GRA2 4.89 3.57 3.39 This study
GRA2-38 PFSGKPLDERAVGGKG GRA2 9.24 3.57 1.71 This study
GRA4-300 GGTRTSTAPAEAGKTE GRA4 9.24 3.57 1.06 This study
GRA4-316 LDDGYRPPPFNPRPSP GRA4 4.35 3.57 0.95 This study
GRA4-309 PAEAGKTELDDGYRPP GRA4 33.15 3.57 1.13 This study
GRA4-321 PPPFNPRPSPYAELLK GRA4 13.04 3.57 2.33 This study
MIC3-219 GETLVNLPEGGQGCKR MIC3 2.72 3.57 3.19 This study
MIC3-15 SGAVWMCTPAEALPIQ MIC3 0.00 3.57 3.08 This study
MIC3-88 RQLHTDNGYFIGASCP MIC3 1.09 3.57 2.82 This study
MIC3-324 GSEGSLSEKMNIVFKC MIC3 10.33 3.57 1.37 This study
MIC3-238 HAFRENCSPGRCIDDA MIC3 2.17 3.57 2.64 This study
MIC3-282 GVEVTLAEKCEKEFGI MIC3 19.57 3.57 2.82 This study
MIC3-191 SKRGNAKCGPNGTCIV MIC3 31.52 3.57 1.22 This study
MIC3-26 ALPIQKSVQLGSFDKV MIC3 2.17 3.57 1.66 This study
MIC3-291 CEKEFGISASSCKCDN MIC3 7.61 3.57 1.73 This study
MIC3-8 LLHALTFSGAVWMCTP MIC3 1.63 3.57 2.25 This study
MIC3-39 DKVVPSREVVSESLAP MIC3 2.17 3.57 1.26 This study

a Peptide sequences were either previously published (n � 18) or selected after in silico epitope prediction (n � 20). The number at the end of the peptide names indicates the
position of the first amino acid of the peptide in the protein sequence. The individual cutoff value for each peptide was selected using the mean index values obtained for a panel of
140 T. gondii-seronegative human sera and accepting a maximum of 4% false-positive reactions.
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in silico using the computer program ABCpred. The respective
peptides containing these epitopes (referred to here as novel pep-
tides) and 18 additional peptides with published sequences were
synthesized.

All sera of seronegative patients (n � 65) and 75 randomly
selected sera of seronegative forest workers were used to establish
cutoff values for each peptide. Individual application of these pep-
tide-specific cutoff values resulted in a diagnostic specificity for T.
gondii-seronegative sera of 96.6% for each individual peptide.

Sera of patients with acute signs of T. gondii infection recog-
nized statistically significantly more peptides than the sera of se-
ropositive forest workers (Wilcoxon signed-rank test, P � 0.0003;
Fig. 1). Similarly, sera of patients with latent T. gondii infection or
ocular signs of toxoplasmosis recognized a significantly higher
number of peptides than sera of serologically positive forest work-
ers (Wilcoxon signed-rank test; P � 0.000 or P � 0.001, respec-
tively) (Fig. 1). The differences between the results determined for
the groups of patients with ocular, acute, or latent toxoplasmosis
were not statistically significant (Wilcoxon signed-rank test, P �
0.6) (Fig. 1).

The sera of 72 of 84 (86%) T. gondii-seropositive patients with
acute, latent, or ocular toxoplasmosis and 66 of 100 (66%) T.
gondii-seropositive forest workers recognized at least 1 of the 38
peptides. The remaining 46 of 184 (25%) sera failed to react with
any of the 38 peptides. Linear regression analysis revealed a signif-
icant positive correlation between reciprocal LAT titers and the
number of novel peptides recognized by the individual sera (r2 �
0.24, P � 0.0001; Fig. 2A). No significant correlation was found
between the reciprocal LAT titers and the number of peptides
taken from the literature that were recognized by the individual
sera (r2 � 0.008, P � 0.1; Fig. 2B).

Individual diagnostic sensitivities of novel peptides pre-
dicted in silico. Fourteen of the 20 novel peptides were recognized
by at least one serum sample from the patients with acute and
ocular toxoplasmosis. Individual peptide sensitivities in these two

serum panels (acute and ocular) ranged from 0% to 86% and from
0% to 100%, respectively (Fig. 3A and B).

Sera from patients with latent T. gondii infection recognized 19
of the 20 novel peptides. The individual diagnostic sensitivities of
the peptides ranged from 0% to 60% (Fig. 3C). The lowest number
of peptides (13 of 20) was recognized by sera from forest workers,
with a range of individual peptide sensitivities of 1% to 30% (Fig.
3D). Taken together for all sera (n � 184), the individual diagnos-
tic sensitivities determined for each novel peptide ranged from 0%
to 49% (Table 1).

The GRA2–28 peptide was the most reactive of the novel pep-
tides and was recognized by 100% of the serum samples from the
ocular toxoplasmosis patients, 85.7% of the serum samples from
patients with acute infections, 60.3% of the serum samples from
latently infected patients, and 30% of the serum samples from T.
gondii-seropositive forest workers (Fig. 3A, B, C, and D, respec-

FIG 1 Number of peptides recognized by individual T. gondii-positive sera.
Sera from forest workers recognized a significantly lower number of peptides
per serum sample compared to sera from acutely or latently infected patients
or patients with ocular toxoplasmosis (OT patients) (Wilcoxon signed-rank
test; P � 0.001). No significant differences were observed within the three
patient groups (acute, latent, and ocular toxoplasmosis) concerning the num-
ber of recognized peptides per serum sample.

FIG 2 Latex agglutination test (LAT) titers and the numbers of recognized
peptides in all seronegative and seropositive human serum samples (n � 324)
were analyzed for potential correlations by linear regression analysis. (A)
Novel peptides: statistically significant correlation (r2 � 0.24; P � 0.0001). (B)
Peptides taken from the literature: no significant correlation (r2 � 0.008; P �
0.1).
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tively). GRA-derived peptides were statistically significantly more
often recognized than MIC3-derived peptides (Wilcoxon signed-
rank test, P � 0.0001). One peptide (MIC3–15) failed to show a
positive reaction with any of the analyzed sera (Table 1).

Individual diagnostic sensitivities of peptides taken from the
literature. All 18 peptides taken from the literature were recog-
nized by sera from latently infected patients, with peptide-specific
sensitivities of 2% to 30% (Fig. 4C). Sera from ocular toxoplas-
mosis patients and forest workers recognized 11 of these 18 pep-
tides, with individual peptide sensitivities of 0% to 20% (Fig. 4B
and D). The lowest number of peptides (7 of 18) was recognized
by sera from patients with acute signs of toxoplasmosis, with in-
dividual peptide sensitivities ranging from 0% to 38% (Fig. 4A).

Among the 18 previously published peptides, SAG1–315 was
the peptide most often recognized in all tested serum groups. The
diagnostic sensitivities seen with this peptide ranged from 5%
(forest workers) to 38% (acutely infected patients). The individual
diagnostic sensitivities of each peptide with respect to all sera (184
sera per peptide) ranged between 1% and 17%.

SAG1-derived peptides showed reactivity that was statistically
significantly higher than the reactivity shown by the NTPase-de-
rived peptides (Wilcoxon signed-rank test, P � 0.0001; Table 1).

Diagnostic sensitivity and specificity of an optimized peptide
array. The diagnostic potential of all 38 tested peptides was ana-
lyzed in relation to LAT seropositivity by univariate logistic re-
gression (LR). LR revealed a statistically significant association of
the results obtained for eight novel and two published peptides in
relation to the serological status of sera in LAT (Table 2). For all
serologically positive individuals, the peptide-specific diagnostic
sensitivity within this panel of 10 peptides ranged from 9.78%
(SAG1– 60) to 50% (GRA2–28) (Table 1).

An optimized array using a combination of these 10 peptides
had a diagnostic sensitivity of 100% in ocular toxoplasmosis pa-
tients, 86% in acutely infected patients, 81% in latently infected
patients, and 57% in seropositive forest workers when the array
was regarded as positive when at least one of the peptides was
recognized.

The overall sensitivity mounted to 69% when sera were not
grouped.

Analysis of seronegative sera (n � 140) revealed a specificity of
84% for this optimized peptide array.

Reaction intensity of peptides with diagnostic potential. Dif-
ferences in the reaction intensities within the group of the 10 pep-
tides with diagnostic potential were analyzed by ANOVA and an

FIG 3 Diagnostic sensitivity of 20 novel peptides predicted in silico in this study in groups of human serum samples (A) from patients with acute toxoplasmosis
(n � 21), (B) from patients with nonactive ocular toxoplasmosis (OT patients) (n � 10), (C) from patients with latent toxoplasmosis (n � 53), and (D) from
serologically positive forest workers (n � 100).
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LSD post hoc test. Reactions performed with GRA1–162 showed
the highest statistically significant intensities, i.e., the highest
MSIVs, followed by MIC3–282 and GRA2–28 (LSD � 0.458).
Peptides SAG1– 61, SAG1–315, and MIC3–324 displayed the low-
est means (LSD � 0.458) of the reaction intensities (Fig. 5A).

ANOVA and LSD test analyses further showed that sera from
acutely infected patients recognized the 10 peptides with the high-
est statistically significant MSIVs (LSD � 0.331) compared to the
sera from the other groups (Fig. 5B). Patients presenting with
latent and ocular T. gondii infection revealed MSIVs (LSD �
0.331) that were significantly higher than those of serologically
positive forest workers. No statistical differences were observed
between patients presenting with ocular and latent toxoplasmosis
(LSD � 0.331) (Fig. 5B).

One novel peptide (GRA2–28) was recognized with higher sta-
tistically significant MSIVs (LSD � 1.09) by sera of acutely in-
fected patients compared to those determined for the members of
the other groups (Fig. 6). Two further novel peptides (MIC3–282
and MIC3–191) were recognized with significantly higher MSIVs
by sera of acutely infected patients compared to latently infected
patients and seropositive forest workers (LSD � 1.09 for MIC3–
282; LSD � 0.95 for MIC3–191) (Fig. 6). Sera of patients with

ocular toxoplasmosis showed no statistically significant differ-
ences in their reactivity with these two peptides compared to sera
of acutely infected patients and of patients with latent toxoplas-
mosis (LSD � 1.09 for MIC3–282; LSD � 0.95 for MIC3–191)
(Fig. 6). For all 10 peptides with diagnostic potential, the sera from
forest workers showed the lowest mean MSIV index values relative
to those from the members of the other groups.

DISCUSSION

A number of T. gondii proteins, including SAG1, NTPase1, NT-
Pase2, GRA1, GRA2, and GRA4, have long been known to possess
high antigenicity and are suitable antigens for the serological di-
agnosis of T. gondii infection (2, 7, 11, 16, 21, 24–27, 33, 41). We
therefore selected these proteins to identify novel diagnostic pep-
tides for the serological diagnosis of human toxoplasmosis.

To identify T. gondii epitopes with diagnostic potential, we
predicted potentially suitable epitopes by the use of the bioinfor-
matic software ABCpred. A variety of computing methods for the
prediction of epitopes (e.g., PREDITOPE, PEOPLE, BEPITOPE,
BcePred, AAP, BepiPred, the Hopp and Woods method, the Jame-
son-Wolf antigenicity index, etc.) have been developed in the past
(14, 50). Most of them utilize the physical and chemical properties

FIG 4 Diagnostic sensitivity of 18 peptides taken from the literature in groups of human serum samples (A) from patients with acute toxoplasmosis (n � 21),
(B) from patients with nonactive ocular toxoplasmosis (OT patients) (n � 10), (C) from patients with latent toxoplasmosis (n � 53), and (D) from serologically
positive forest workers (n � 100).
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of individual amino acids for the prediction of structural and
functional properties of the peptide chain suggesting the localiza-
tion of epitopes. However, the proportion of correct predictions
made with these tools was only marginally better than that seen
with random epitope selection (8).

Saha and Raghava (52) developed ABCpred, a software pro-
gram designed to predict linear B-cell epitopes, using a combina-
tion of recurrent and artificial neural networks. This software was
trained with a data set of 700 experimentally detected B-cell
epitopes from the Bcipep database and 700 random peptides from
the Swiss-Prot database. Thereafter, ABCpred showed a better
prediction rate than other tools, and the results obtained were
significantly better than those obtained by random selection (48,
52). Our study supports these findings, as almost all (19 of 20)

ABCpred-selected T. gondii peptides were recognized by various
groups of serologically T. gondii-positive human serum samples,
and 40% of 20 ABCpred-predicted linear B-cell epitopes appeared
to possess diagnostic potential. However, considerable variation
in the respective diagnostic sensitivities was observed that de-
pended on the individual peptide and the serum panel analyzed.
The moderate success in predicting such epitopes was expected,
since the ABCpred developers described a prediction accuracy of
65.93% by this method (52). Since we analyzed the protein se-
quences without prior knowledge of the linear B-cell epitopes and
nonepitopes, we cannot directly compare our data on the propor-
tion of correctly predicted epitopes with the prediction accuracy
reported for ABCpred.

All previously described peptides, which included mainly
SAG1-derived peptides, were recognized by the human serum
samples with lower diagnostic sensitivity. This was unexpected, as
a large proportion of anti-T. gondii antibodies in infected humans
and animals are directed against SAG1. However, it is known that
most B-cell epitopes on the SAG1 antigen are conformation de-
pendent (9, 28, 33, 51), whereas we analyzed only linear epitopes
in this study.

This could therefore be one explanation for the low reactivity
of SAG1-derived peptides in our study. However, SAG1 peptide
sequences had diagnostic sensitivity in our hands that was lower
than that reported previously (11). Since Cardona et al. (11) con-
ducted their study in South America, differences between South
America and Europe in the prevailing clonal types of T. gondii
appear to be the most likely reason for this discrepancy. Moreover,
the results might also be biased by differences in the major histo-
compatibility complex (MHC) haplotype distributions in the hu-
man populations from South America and Europe (22, 23, 37).

We also observed lower reactivity of peptide GRA1–100 (also
called “epi-24”), which was previously described as highly immu-
noreactive by Beghetto and colleagues (6). In our hands, GRA1–
100 had a diagnostic sensitivity of only 2.7% (5/184), while 29 of
40 T. gondii-positive sera reacted with GRA1–100 in the study of
Beghetto et al. (6). This discrepancy with respect to the diagnostic
sensitivity of GRA1–100 might be explained by differences in the
methods by which the antigens were produced. We applied syn-
thetic peptides, whereas Beghetto and colleagues used a recombi-
nant protein (6). The oligopeptide produced in an expression vec-
tor may be folded in a fashion different from that of synthetic
peptides or might carry secondary modifications, which could
also explain differences in antigenicity.

The diagnostic sensitivities of individual peptides analyzed in
our study were limited, not exceeding 50% within the group of all
serologically positive (i.e., all LAT-positive) human serum sam-
ples. Furthermore, we observed that each T. gondii-positive serum
recognized an individual peptide pattern. Thus, our results sug-
gest that it is necessary to use several peptides at the same time, i.e.,
a peptide array, for the serological diagnosis of T. gondii infections
to achieve a level of sensitivity similar to the sensitivity of conven-
tional serological diagnostic tests. Similar effects were also ob-
served when synthetic peptides were used as diagnostic antigens
for human echinococcosis and tuberculosis studies (36, 44, 53).

Univariate LR analysis identified 10 peptides for which the se-
rological results showed a statistically significant concordance
with those obtained with established serological tests. These pep-
tides contain epitopes from the T. gondii antigenic proteins SAG1,
GRA1, GRA2, and GRA4. The peptide-specific diagnostic sensi-

TABLE 2 Univariate logistic regression analysis to examine potential
relationships between seropositivity in the latex agglutination test (LAT)
and positive reactions with individual peptidesa

Peptide name Odds ratio (95% CI) P (Wald’s test)

Peptides from literature
SAG1-48 1.23 (0.39-3.84) 0.725
SAG1-62 0.91 (0.27-3.05) 0.879
SAG1-76 0.75 (0.21-2.66) 0.661
SAG1-90 0.91 (0.27-3.05) 0.879
SAG1-104 0.45 (0.11-1.91) 0.337
SAG1-146 0.45 (0.11-1.91) 0.277
SAG1-273 0.6 (0.16-2.28) 0.453
SAG1-287 1.55 (0.52-4.65) 0.432
dSAG1-301 0.3 (0.06-1.55) 0.15
SAG1-315 5.47 (2.07-14.47) �0.001
SAG1-61 2.93 (1.06-8.09) 0.038
SAG1-181 0.45 (0.11-1.91) 0.277
SAG1-241 0.75 (0.21-2.66) 0.661
SAG1-261 0.6 (0.16-2.28) 0.453
SAG1-301 0.15 (0.02-1.28) 0.082
GRA1-100 0.75 (0.21-2.66) 0.661
NTP1 1.23 (0.39-3.84) 0.725
NTP2 0.91 (0.27-3.05) 0.879

Novel peptides
GRA1-162 14.06 (5.47-36.1) �0.001
GRA2-61 12.12 (4.71-31.2) 0.045
GRA2-28 27 (10.57-68.99) �0.001
GRA2-67 1.39 (0.45-4.24) 0.564
GRA2-38 2.75 (0.99-7.64) 0.053
GRA4-300 2.75 (0.99-7.64) 0.053
GRA4-316 1.23 (0.39-3.84) 0.725
GRA4-309 13.39 (5.21-34.41) �0.001
GRA4-321 4.05 (1.5-10.9) 0.006
MIC3-219 0.75 (0.21-2.66) 0.661
MIC3-15 0 (0–infinity) 0.981
MIC3-88 0.3 (0.06-1.55) 0.15
MIC3-324 3.11 (1.13-8.55) 0.028
MIC3-238 0.6 (0.16-2.28) 0.453
MIC3-282 6.57 (2.5-17.22) �0.001
MIC3-191 12.43 (4.83-31.98) �0.001
MIC3-26 0.6 (0.16-2.28) 0.453
MIC3-291 2.22 (0.78-6.33) 0.134
MIC3-8 0.45 (0.11-1.91) 0.277
MIC3-39 0.6 (0.16-2.28) 0.453

a Statistically significant (P � 0.05) associations are marked (bold). CI, confidence
interval.
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tivities of the individual peptides ranged from 9.78% to 50%.The
diagnostic sensitivity of an array based on the 10 peptides ranged
between 79% and 100%, depending on the group of sera analyzed,
while the diagnostic specificity was 84%. These values are accept-
able, though far from optimal. In any case, the 10 peptides may in
the future be included in a larger multiple antigenic peptide array
for detecting T. gondii infection in patients. Further suitable pep-
tides need to be identified to improve sensitivity. The specificity of
a future peptide microarray could be increased by applying more
stringent thresholds, i.e., by increasing the cutoffs for individual
peptides or by increasing the number of peptides that must be
recognized by an individual serum for it to be classified as testing
positive. To increase the number of peptide candidates for an
optimized peptide microarray, additional immunoreactive anti-
genic proteins, such as rhoptry (ROP1, ROP2), microneme
(MIC2, MIC4, MIC5), dense granule (GRA1, GRA2, GRA4,
GRA6, GRA7, GRA8), and surface antigens (SAG2A), should be
taken into consideration for the identification of linear B-cell
epitopes. If such an optimized array can be established, it may
prove superior to conventional serological tests, because the
epitopes recognized by sera from individual patients are unambig-
uously defined. The peptide recognition pattern may allow further
conclusions regarding the status of the patient, e.g., differentiation
of the acute stage versus chronic stage of infection. A T. gondii
peptide array may also represent a powerful tool to compare se-
rological reactions, e.g., reactions of a mother and her child, to
find evidence for congenital transmission. Another field of appli-
cation could be the differential examination of serum and intra-

ocular fluids of patients with suspected ocular toxoplasmosis to
confirm or rule out active infections of the eye.

Even within our small array, certain antipeptide reactions
could be associated with the acute stage of infection. Sera from
acutely infected patients generally recognized peptides with signif-
icantly higher index values than sera from other groups. More-
over, we found that particular peptides (e.g., GRA2–28, MIC3–
282, MIC3–191) were recognized with a significantly higher
intensity by sera from acutely infected patients than by sera from
others, indicating that these peptides may be candidates for a pre-
dictive peptide panel for the diagnosis of acute toxoplasmosis in
humans.

The present report demonstrates that ABCpred is an appropri-
ate bioinformatical tool for use in the selection of potential
epitope candidates. However, we also observed the prediction of
epitopes that show low reactivity in the analysis with T. gondii-
positive human serum samples. False-positive epitope prediction
was also reported by the developers of the tool and can be ex-
plained, e.g., by the use of a fixed amino acid length in predicting
epitopes (52). Moreover, most epitopes analyzed in this study
were continuous, whereas the majority of naturally recognized
epitopes are discontinuous (4). Because of this, it may also make
sense to search for discontinuous epitopes, e.g., by using bioinfor-
matical software for the analysis of the three-dimensional (3D)
X-ray structure of an antigen of interest. Unfortunately, there are
only limited 3D X-ray protein structure data for T. gondii anti-
genic proteins available. Nevertheless, our report shows that the
use of a bioinformatic prediction method in combination with a

FIG 5 Intensity index values for peptides with diagnostic potential among tested T. gondii-seropositive human serum samples. The differences between the
means of the sample index values (MSIVs) for intensity for single peptides and those for human groups (acutely infected patients, latently infected patients,
patients with ocular toxoplasmosis [OT], and seropositive forest workers) determined with 10 peptides with diagnostic potential were regarded as statistically
significant when the differences were equal to or higher than the LSD values. Different letters above the whiskers indicate significant differences between the mean
intensities in the post hoc LSD test ([A] LSD � 0.458; [B] LSD � 0.331). Whiskers in bar plots represent 95% confidence intervals of the MSIVs. (A) MSIVs of
the reactions performed with 10 peptides with diagnostic potential observed for seropositive humans. (B) MSIVs for sera from different groups of humans
determined with 10 peptides with diagnostic potential.
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peptide microarray assay is a powerful tool for selection and anal-
ysis of T. gondii epitopes as candidate antigens for serological di-
agnosis.
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