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INTRODUCTION 

Toxoplasma gondii is an obligate intracellular parasite that in-
fects a variety of mammals and birds, causing toxoplasmosis. 
Toxoplasmosis is a zoonotic protozoan disease that is distrib-
uted worldwide. T. gondii is an important foodborne parasite 
that is primarily transmitted from animals to humans through 
the consumption of infected meat [1]. In some countries, pork 
is the most common meat consumed, and several ethnic groups 
consume raw pork. Pigs are considered the primary source of 
human infections with T. gondii [2]. Toxoplasmosis is a source 
of significant economic loss for swine farmers because of gross 
lesions in infected animals, which result in the carcass being 
condemned at the time of slaughter, the expense associated 
with treatment, and weight loss associated with clinical toxo-
plasmosis [3]. The development of effective diagnostic reagents 
or vaccines is very important for worldwide public health and 
economic repercussions of T. gondii infection. 

The life cycle of T. gondii is relatively complex, and its anti-

genic component can change in specificity or makeup during 
different development stages; therefore, the newly synthesized 
multiepitope antigen is one of the most promising antigens 
for the development of effective diagnostic reagents or vaccines 
[4-9]. However, the study of epitope-based vaccines and diag-
nostic reagents is highly dependent on the accurate identifica-
tion of B-cell epitopes and T-cell epitopes. Therefore, the iden-
tification of protein epitopes will be very important for diag-
nostic purposes and for the development of peptide vaccines 
[10-12].

Among dense granule antigens (GRAs), GRA6 was also de-
monstrated to be useful for designing novel and alternative di-
agnostic methods for toxoplasmosis or vaccines [13-17]. The 
gra6 gene does not contain any introns and is a single copy in 
the genome of T. gondii. It encodes a 32-kDa secreted protein. 
GRA6 localized in the dense granules and in the parasitopho-
rous vacuole closely associated to the network. GRA6 plays an 
important role in the pathogenicity of T. gondii [18] to date.

MATERIALS AND METHODS

Serum samples
A total of 51 T. gondii-positive sera samples previously col-

lected from pigs (n=32) experimentally infected with the Gan-
su Jingtai strain (isolated from a pig with acute toxoplasmosis) 
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in our laboratory were evaluated in this study. The experimen-
tal protocol was approved by the Ethical Committee of the 
Lanzhou Veterinary Research Institute, Chinese Academy of 
Agricultural Sciences, China. Twelve pig serum samples were 
collected at the time of presentation of clinical symptoms (G1), 
18 follow-up samples were collected on days 14 to 35 after the 
onset of symptoms (G2), and 21 samples were collected on 
days 60 to 120 after the onset of symptoms (G3). The presence 
of Toxoplasma IgM and IgG antibodies was determined by T. 
gondii lysate antigen-ELISA. The G1 and G2 samples were posi-
tive for IgM and IgG against T. gondii. The G3 samples were 
positive for IgG against T. gondii. Ten serum samples negative 
for T. gondii IgM and IgG were used as controls.

Amplification, cloning, and sequencing of the GRA6 gene
The complete GRA6 gene sequence was obtained as describ-

ed by Wang et al. [12]. T. gondii DNA was obtained from Gan-
su Jingtai strain tachyzoites using the Universal Genomic DNA 
Extraction kit (TaKaRa Biotechnology Co., Ltd, Dalian, China), 
and the GRA6 sequence was amplified using the primers 5́ - 
GCGAATTCATGGCACACGGTGGCATCT-3́  and 5́ -ATGCG-
GCCGCTTAAAAATCAAACTCATTC-3́ . The PCR amplification 
was performed using the TaKaRa TaqTM kit according to the 
manufacturer’s instructions. The sample was subjected to an 
initial denaturation (94°C for 5 min), 35 cycles of denaturation 
(94°C for 1 min), annealing (60°C for 30 sec) and elongation 
(72°C for 1 min), and a final extension at 72°C for 10 min. 
The PCR-generated fragment was purified and cloned into the 
pMD-18T vector (TaKaRa Biotechnology). The recombinant 
plasmid was used to transform Escherichia coli JM 109 compe-
tent cells, and the recombinant cells were selected on LB plates 
with ampicillin (100 mg/L), X-Gal (5-bromo-4-chloro-3-indolyl- 
β-D-galactopyranoside; 70 mg/L), and IPTG (isopropyl β-D-
thiogalactopyranoside; 80 μM) at 37°C for 24 hr (ampicillin, 
X-Gal and IPTG were from TaKaRa Biotechnology). Positive 
colonies were inoculated into LB liquid medium containing 
ampicillin (100 mg/L) and incubated at 37°C for 16 hr. The re-
combinant plasmid was extracted using a Plasmid Purification 
kit (TaKaRa Biotechnology). The positive colonies identified 
by PCR were sequenced by TaKaRa Biotechnology.

Prediction of the epitopes
To analyze the GRA6 B cell epitopes, the deduced amino 

acid sequence of GRA6 was analyzed using the PROTEAN sub-
routine in the DNASTAR software package. This subroutine 

uses the Garnier-Robson [20] and Chou-Fasman [21] algo-
rithms for predicting the alpha, beta, and turn regions, the 
Garnier-Robson algorithm for predicting the coil regions, the 
Kyte-Doolittle [22] algorithm for predicting hydrophilicity, the 
Karplus-Schultz [23] algorithm for predicting flexibility, the 
Emini [24] algorithm for predicting surface probability, and 
the Jameson-Wolf [25] algorithm for predicting antigenicity. 
Based on this analysis, the peptides with good hydrophilicity, 
high accessibility, high flexibility, and strong antigenicity were 
selected as the antigen epitopes. These peptides were chemi-
cally synthesized by GL Biochem Ltd (Shanghai, China). The 
peptide sequences are shown in Table 1.

ELISA analysis
Enzyme-linked immunoassays specific for each peptide were 

performed as described by Cardona et al. [26] with minor mod-
ifications. The microplates were coated with 100 μl (10 µg/ml) 
of each peptide diluted in carbonate buffer, pH 9.6 (Na2CO3: 
0.159 g/100 mL; NaHCO3: 0.293 g/100 ml). The plates were 
incubated for 1 hr at 37°C, then for 48 hr at 4°C, and 1 hr at 
37°C. Non-specific ligand sites were blocked with 100 μl 2% 
casein phosphate buffer for 1 hr at 37°C. The plates were washed 
and incubated with 100 μl serum diluted to 1:100 in 5% ca-
sein phosphate buffer for 1 hr at 40°C. After washing, 100 μl 
rabbit anti-pig peroxidase-conjugated IgG (Sigma) diluted to 
1:4,000 in 6% casein phosphate buffer was added for 20 min 
at 37°C. After the washes, the horseradish peroxidase activity 
was detected using TMB for 30 min at 37°C and stopped with 
a 5% H2SO4 solution. ELISA experiments were repeated twice. 
The absorbance of duplicates for each serum sample was mea-
sured at 450 nm. A positive cut-off point was determined by 
estimating the mean average absorbance of 10 negative con-

Table 1. Sequences of synthesized peptides 

Peptides
Start and end 

position
Sequence

P1 1-20 aa MAHGGIYLRQKRNFCPLTVS
P2 44-63 aa ADSGGVRQTPSETGSSGGQQ
P3 54-73 aa SETGSSGGQQEAVGTTEDYV
P4 64-83 aa EAVGTTEDYVNSSAMGGGQG
P5 74-93 aa NSSAMGGGQGDSLAEDDTTS
P6 84-103 aa DSLAEDDTTSDAAEGDVDPF
P7 172-191 aa RRTGRRSPQEPSGGGGGNDA
P8 182-191 aa PSGGGGGNDAGNNAGNGGNE
P9 192-211 aa GNNAGNGGNEGRGEGGEDDR
P10 202-221 aa GRGEGGEDDRRPLHPGSVNE
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trols plus 2 SDs.
To determine the specificity of the anti-peptide antibody, 

ELISA using irrelevant peptides from the BL21 of the orf virus 
previously synthesized by our laboratory (sequence: VDVQSK-
DKDADELRE) was also performed as described above. As con-
trols, ELISA using excretory/secretory antigen (ESA) and re-
combinant GRA6 from the RH strain of T. gondii previously 
expressed by our laboratory was also performed as described 
above, with minor modifications. Briefly, non-specific ligand 
sites were blocked with 100 μl 5% BSA phosphate buffer. Pig 
sera were diluted 1:100 in PBS and used as the primary anti-
body. The rabbit anti-pig peroxidase-conjugated IgG diluted 
1:8,000 in PBS was used as the secondary antibody.

RESULTS 

The secondary structure of GRA6 was predicted by the Gar-
nier-Robson and Chou-Fasman algorithms based on the se-
quence of the GRA6 gene. A flexibility plot, hydrophilicity plot, 
surface probability plot, and antigenic index for GRA6 were 
obtained using the Karplus-Schulz, Kyte-Doolittle, Emini, and 
Jameson-Wolf algorithms, respectively (Fig. 1). Based on the 
results obtained with these methods, potential B cell epitopes 

Fig. 1. The secondary structures, flexibility, hydrophilicity, surface 
probability, and antigenicity index for T. gondii GRA6. The alpha, 
beta, and turn regions were predicted by Garnier-Robson and 
Chou-Fasman algorithms, respectively. The coil regions were pre-
dicted by Garnier-Robson algorithm. The hydrophilicity, flexibility, 
surface probability, and antigenicity were predicted by Kyte-Doo-
little, Karplus-Schultz, Emini, and Jameson-Wolf algorithms, re-
spectively. Based on this analysis, the peptides with good hydro-
philicity, high accessibility, high flexibility, and strong antigenicity 
were selected as the antigen epitopes.
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Fig. 2. ELISA of IgG antibodies against different peptides in the 4 
groups of pig sera, showing the absorbances targeting P2 (A), P7 
(B), and P9 (C), respectively. The cut-off point for the assay is indi-
cated by the horizontal line. G1, Serum samples collected at the 
time of presentation of clinical symptoms; G2, Serum samples 
collected on days 14 to 35 after the onset of symptoms; G3, Se-
rum samples collected on days 60 to 120 after the onset of 
symptoms.
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Fig. 3. ELISA of IgG antibodies against different peptides in the 4 groups of pig 
sera, showing the absorbances targeting P1 (A), P3 (B), P4 (C), P5 (D), P6 (E), P8 
(F), and P10 (G), respectively. The cut-off point for the assay is indicated by the 
horizontal line. G1, Serum samples collected at the time of presentation of clinical 
symptoms; G2, Serum samples collected on days 14 to 35 after the onset of 
symptoms; G3, Serum samples collected on days 60 to 120 after the onset of 
symptoms.
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on GRA6 were predicted, including 1-20 aa, 44-63 aa, 54-73 
aa, 64-83 aa, 74-93 aa, 84-103 aa, 172-191 aa, 182-201 aa, 192-
211 aa, and 202-221 aa. 

All of the 10 predicted epitope peptides were evaluated by 
ELISA using pig sera from various time points after infection. 
P2, P7, and P9 were recognized by all sera. The results of ELISA 
for 3 peptides, P2, P10, and P11, are shown in Fig. 2. For each 
of the 3 peptides, no significant differences were found between 
the mean absorbances of the 3 groups (G1, G2, and G3) as 
determined by ANOVA. Furthermore, no significant differenc-
es were found between the mean absorbances of the 3 pep-
tides, P2, P7, and P9. The other 7 peptides were recognized by 
selection of sera from various time points after infection (Fig. 
3). The number of positive samples/tested for each peptide 
was as follows: P1:8/51, P3:25/51, P4:18/51, P5:9/51, P6:27/51, 

P8:20/51, and P10:31/51. 
To determine the specificity of the anti-peptide antibody, 

ELISA using an irrelevant peptide was also performed. This 
peptide did not react with the sera (Fig. 4A). To compare the 
serological reactivity of the peptides with ESA and recombi-
nant GRA6, ELISA using ESA and recombinant GRA6 was also 
performed. A total of 51 serum samples reacted with ESA (Fig. 
4B) and recombinant GRA6 (Fig. 4C). 

DISCUSSION 

The adoption of immunoinformatics methods for the pre-
diction of antigenic epitopes has become an indispensable 
tool for epitope localization. These methods can reduce the 
blindness and improve the accuracy of epitope identification. 
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In addition, such techniques are economical and effective and 
can substantially reduce experimental costs. Bioinformatics 
has been widely used in the analysis of protein epitopes [10-
12]. In the present study, the secondary structure of GRA6 was 
predicted by the Garnier-Robson and Chou-Fasman algorithms 
based on the sequence of the GRA6 gene. A flexibility plot, hy-
drophilicity plot, surface probability plot, and antigenic index 
for GRA6 were obtained using the Karplus-Schulz, Kyte-Doo-
little, Emini, and Jameson-Wolf algorithms, respectively. The 
variability, fragment mobility, and hydrophilicity are impor-
tant features of antigenic epitopes. The existence of flexible re-
gions, such as coil and turn region, provides powerful evidence 
for epitope identification [27]. 

In the past, several experimental techniques were developed 
for mapping antibody interacting residues on an antigen, in-
cluding the identification of interacting residues from the struc-
ture of antibody-antigen complexes. Synthetic peptide techni-
que is a popular approach, which primarily identifies sequen-
tial epitopes [28]. Many researchers have applied this technique 
to study epitopes [6,10-12,26,29]. Using this technique and 
bioinformatics tools, we found that many regions of GRA6, 
particularly the regions represented by peptides P2, P7, and 
P9, are involved in the pig antibody response, and strong reac-
tivity with the T. gondii-infected pig sera was observed. The re-
activity of these epitopes does not seem to be dependent upon 
the time of infection. The identification of B cell epitopes is 
important for understanding antigenic structure and parasite-

antibody interactions at the molecular level and may assist in 
the design of vaccines and diagnostic reagents.

Many tools for identifying and predicting B cell epitopes 
have been developed previously [28]. Conformational epitope 
selection relies on the determination of the tertiary structure of 
an antigen to identify residues that interact with antibodies. 
The experimental techniques required to determine the tertiary 
structure of the antigen, such as crystallography, are expensive 
and time-consuming, and the mapping of conformational 
epitopes has been severely hampered. The majority of meth-
ods and databases have focused on the identification of linear 
epitopes [30]. In the present study, linear epitopes were ana-
lyzed using synthetic peptide techniques and bioinformatics 
tools, and 3 of the 10 predicted epitope peptides were confirm-
ed by synthetic peptide techniques. The use of a molecular bi-
ology method in combination with a bioinformatics method 
is a useful method to screen for linear epitopes. 

We have precisely located the epitopes of T. gondii GRA6 us-
ing pig sera collected at different time points after infection. 
The identification of specific epitopes targeted by the host an-
tibody response is important both for understanding the natu-
ral response to infection and for the development of epitope-
based vaccines and diagnostic methods. The identification of 
B cell epitopes is an attractive area of study. There are more 
linear and conformational B cell epitopes than previously pre-
dicted; therefore, the number of identified epitopes should 
also increase with further studies.

Fig. 4. ELISA of IgG antibodies against an irrelevant peptide (A), ESA (B), and recombinant GRA6 (C) in the 4 groups of pig sera. The 
cut-off point for the assay is indicated by the horizontal line. G1, Serum samples collected at the time of presentation of clinical symp-
toms; G2, Serum samples collected on days 14 to 35 after the onset of symptoms; G3, Serum samples collected on days 60 to 120 af-
ter the onset of symptoms.
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