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Despite differences in virulence between strains of Toxoplasma gondii, rapid and accurate genotyping
methods are lacking. In this study, a method was developed to detect and genotype 7. gondii in food and
environmental samples using PCR and a novel peptide nucleic acid (PNA) melting array. An alignment of
genome sequences for 7. gondii type I, II, and IIl obtained from NCBI was generated, and a single
nucleotide polymorphism analysis was performed to identify targets for PCR amplification and a PNA
melting array. Prior to the PNA melting array, conventional PCR was used to amplify GRA6 of T. gondii.
After amplification, the PNA melting array was performed using two different PNA hybridization probes
with fluorescent labels (FAM and HEX) and quenchers. Melting curves for each probe were used to
determine genotypes and identify mutations. A 214-bp region of the GRA6 gene of T. gondii was
successfully amplified by PCR. For all T. gondii strains (type I, I, and IIT) used to evaluate specificity, the
correct genotypes were determined by the PNA melting array. Non-T. gondii strains, including 14
foodborne pathogens and 3 protozoan parasites, such as Giardia lamblia, Cryptosporidium parvum, and
Entamoeba histolytica, showed no signal, suggesting that the assay has a high specificity. Although this is
only a proof-of-concept study, the assay is promising for the fast and reliable genotyping of T. gondii from
food and environmental samples.
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Introduction

Peptide nucleic acid (PNA) probes, developed in the
early 1990s, are DNA mimics, in which the negatively
charged sugar-phosphate backbone is replaced by an
achiral, neutral polyamide backbone formed by repeti-
tive N-(2-aminoethyl) glycine units [1]. PNA can hybridize
to complementary nucleic acid targets according to the
Watson-Crick base-pairing rules [2]. Their unique
chemical characteristics have been studied extensively

owing to their research and diagnostic applications, e.g.,
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in genomics, human pathology, virology, mycology, and
bacteriology [3]. PNA molecules have unique hybridiza-
tion characteristics; they exhibit rapid and strong bind-
ing to complementary targets and a lack of electrostatic
repulsion [4].

Toxoplasma gondii, an opportunistic intracellular
parasite, has the ability to infect any eukaryotic cell. It
can infect all warm-blooded mammals, including humans
[5]. Felids are the definitive hosts of 7. gondii. Environ-
mental contamination is commonly caused by the secre-
tion of oocysts, which become infective upon sporulation,
by felids. Intermediate hosts can be infected by T. gondii
and produce tissue cysts in a number of organs, such as
the skeletal muscle and central nervous system. When
ingested in raw or uncooked food, these tissue cysts are
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also infectious for other intermediate host species,
including humans. The rapid detection of 7. gondii in
animals and meat products typically depends on immu-
nogenic assays, such as ELISA; however, a number of
PCR amplification assays have recently been developed.
Despite the development of effective PCR and real-time
PCR assays for the identification of T. gondii in animals
and meat products, methods for genotyping 7. gondii
strains (type I, II, and III) are limited to serological tests.
Thus, a fast and reliable sequence-based assay is neces-
sary for differentiating the acute strain (type I) from
chronic virulent type II and III strains. In this study, we
developed a PCR method for 7. gondii detection in retail
meat samples and performed a genotyping analysis
using a novel PNA melting array.

Materials and Methods

Strains

T. gondii stains used in this study were RH (ATCC
50147, type I), ME49 (ATCC 50611, type II), PTG (ATCC
50941, type II), and STRL (ATCC 50955, type III). One
Korean isolate (KI-1, type I) [6] was kindly provided by
the KCDC (Korea Center for Disease Control and
Prevention). DNA was extracted using an automated
nucleic acid extraction system, NucliSENS® easyMAG®
(bioMérieux, USA) according to the manufacturer’s
instructions.

Table 1. GRA6 gene region of Toxoplasma gondii used to
make consensus sequences (NCBI).

Accession No. Strain (GRA6) Type
AF239283
JX044182
HM776942 RH
AJ635332 Typel
JN649063
JX044183 GT1
AF239285
JX044213 ME49 Type Il
XM_002371898
JX044207 c1G
JX044209 VEG Type llI
AF239286 NED
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Primers and probes for PCR and the PNA melting array

A 214-bp region of GRA6 was selected for PCR amplifi-
cation and a subsequent PNA melting array. To design
primers and PNA probes, GRA6 genome of T. gondii
type I, II, and III was obtained from the National Center
for Biotechnology Information (Table 1). Consensus
sequences were built using CLC Genomics Workbench
(ver. 9.0.1.) and aligned using the online tool Clustal
Omega (http://www.clustal.org).

GRA6 gene amplification and the PNA melting array

The GRA6 gene amplification and subsequent PNA
melting array were performed with the protocol pro-
posed by Kim et al. (2017) with minor modifications [7].
T. gondii DNA was amplified using forward and reverse
primers (Forward 5-CTT GGG AGT GTC GGC GAA
ATG GCA C; Reverse 5-CTG CTT CTT GCT GTC CAC
CGC TCG) with a three-step thermocycling protocol as
follows: initial denaturation at 95C for 10 min, followed
by 45 cycles of 95C for 30 s, 58°C for 45 s, and 72C for
40 s. The 20-ul PCR volume contained freeze dried pre-
mix (AccuPower® PCR PreMix, Bioneer, Korea), 500 nM
forward primer, 500 nM reverse primer, and 2.5 ul of T.
gondii DNA. PCR was performed using the C1000
Touch™ Thermal Cycler (Bio-Rad, USA). After amplifi-
cation, the PNA melting array was utilized for genotyp-
ing using the CFX96™ real-time system (Bio-Rad) with
two PNA hybridization probes (GRA6-1, 5-FAM-GAG
TCT ACC TAC GG-DABCYL-3; GRA6-2, 5-HEX-TGG
GTA CTT CTG ATG T-DABCYL-3). For the PNA melt-
ing array, initial activation to generate anti-sense DNA
was performed at 95C for 10 min, followed by 15 cycles
of 957C for 30 s, 58 C for 45 s, and 72C for 40 s. Subse-
quent PNA hybridization (95C for 3 min, 75C for 1 min,
and 55C for 1 min) and a melting temperature analysis
(40-85C, step and hold, increase 1C every 10 s) were

Table 2. Coded table for calling Toxoplasma gondii genotypes.

Call
Types FAM HEX
Type IV 1 1
Type II? 0
Type P 1 0

YFAM and HEX = (1,1): Type 1 (e.g. RH and KI-1)
2FAM and HEX = (0,1): Type 2 (e.g. ME49)
3FAM and HEX = (1,0): Type 3 (e.g. STRL)



Fig. 1. PCR amplification of T. gondii strains and non-T. gondii
strains. 3 L1: 100K Ladder, L2: Cryptosporidium parvum, L3:
Giardia lamblia, L4: Entamoeba histolytica, L5: T. gondii Type 1
(RH), L6: Type 1 (KI-1), L7: Type 2 (PTG), L8: Type 2 (ME49), L9:
Type 3 (STRL)

performed in the same reaction tube. Reaction volumes
of 20 pl contained 10 pl of melting array buffer (Seasun-
bio, Korea), 500 nM PNA probes (GRA6-1 and GRA6-2),
and 500 nM reverse primer (5'-CTG CTT CTT GCT GTC
CAC CGC TCG) and 5 pl of pre-amplified 7. gondii
DNA. After the PNA melting array, the genotypes of T.
gondii strains were determined according to the codes
shown in Table 2.
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Results

Prior to the PNA melting array, GRA6 of T. gondii
was amplified by PCR. In this analysis, all types of T.
gondii strains showed clear bands at the expected size,
i.e., 214 bp. Bands were not observed for non-T. gondii
strains including Cryptosporidium parvum, Giardia
lamblia and Entamoeba histolytica (Fig. 1).

To evaluate sensitivity, DNAs extracted from type 1
(RH; KI-1), type 2 (ME49; PTG), and type 3 (STRL) T.
gondii strains were diluted 10-fold (5 ng to 0.00005 ng)
and subjected to PCR amplification. The lower limit of
detection for the T. gondii strains RH and KI-1 (type 1),
MEA49 (type 2), and STRL (type 3), was 5 x 10* T gondii
DNA copies, while that for PTG (type 2) was 5 x 103 T.
gondii DNA copies (Supplemental Fig. 1).

Downstream genotyping was achieved using the PNA
melting array based on a previously established SNP
analysis [8]. Differences in AT, values between perfect
and mismatched probes were used to determine geno-
types according to a calling table, as described in Table
2. As described in Table 3, “1” was assigned when the T,
value was 65-69C and “0” was assigned when the T,
was less than 64C. Based on AT, genotypes can be eas-
ily determined. For example, RH and KI-1 (type 1)
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Fig. 2. Melting temperature analysis for the peptide nucleic acid melting array. 3¢ A: Cryptosporidium parvum, B: Giardia lamblia,
C: Entamoeba histolytica, D: T. gondii RH, E: T. gondii KI-1, F: T. gondii PTG, G: T. gondii ME49, H: T. gondlii STRL
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showed perfect matches for both FAM and HEX probes
(call = 1, 1), while ME49 (type 2) and STRL (type 3)
showed only one perfect match for the HEX probe (call =
0, 1) and FAM probe (call = 1, 0) respectively.

As shown in Fig. 2, no melting peak was observed for
non-T. gondii strains. Fig. 2A, B, and C represent Ty,
values for Cryptosporidium parvum, Giardia lamblia,
and Entamoeba histolytica, respectively. Type 1, 2, and 3
T. gondii strains showed calls of FAM = 1 and HEX = 1;
FAM = 0 and HEX = 1; and FAM = 1 and HEX = 0,
respectively (E-H). All T. gondii strains exhibited the
correct genotypes, as determined by an analysis of melt-
ing temperatures.

Discussion

Although toxoplasmosis is not a major issue in Korea,
it is a major threat to human health in Europe and
North America. Dubey et al. [9] reported that human
infections with 7. gondii are common worldwide, with
infection rates of 16% to 40% in the US and UK, and
50% to 80% in Central America, South America, and
Europe. Song et al. [10] reported an antibody retention
rate of 0.88% in an analysis of the serum and amniotic
fluid of pregnant women in Korea. Kim et al. [11] sug-
gested that the low infection rate in Korea can be
explained by the relatively small number of households
with cats and the low consumption of raw or uncooked
pork. Cheong et al. [12] found that people who are poten-
tially exposed to toxoplasmosis, such as workers in the
livestock and meat processing industry, have a higher
antibody retention rate.

Jones and Dubey [13] summarized antibody retention
rates for toxoplasmosis in animals in the US from 1960
to 2012, and observed rates of 0.3-92.7% in pigs, 4—
77.9% in sheep, 25.8% in goats, 0% in chickens, 0% in
cattle, 17-28.7% in deer, and 35.7-70% in black bear. In
addition, Racka et al. [14] reported a sero-prevalence of
30-40% for wild boar in the Czech Republic. In Korea,
Kim et al. [11] reported that the retention rates of 7.
gondii antibodies for domestic cattle and pig were 4.6—
20.7% and 16.8-22.9% respectively.

Investigations of toxoplasmosis in animals are mainly
based on immunological assays (e.g., ELISA). Antibody
positivity is measured by detecting 7. gondii antibodies
in the blood. Positivity from past exposure to T. gondii is

http://dx.doi.org/10.4014/mbl.1904.04005

thought to be the main factor explaining antibody reten-
tion, rather than current infection. In other words, anti-
body positivity may not be an effective marker of current
toxoplasmosis and may instead be attributed to past
exposure. However, the positive rate for an antibody
may be an indirect indicator of the extent of toxoplasmo-
sis infection in the environment or food.

Currently, Korea has no management standards for 7.
gondii in food. According to the Infectious Disease Web
Statistics System (http://is.cdc.go.kr/nstat/index.jsp) of
the KCDC, a few cases of T. gondii have been officially
reported, despite no reports of foodborne toxoplasmosis.
Considering the increasing meat consumption in Korea,
it is necessary to monitor the occurrence of toxoplasmo-
sis in retail meats. Therefore, a fast and reliable method
for T. gondii detection in food can improve food safety in
Korea.

T. gondii genotyping has been performed previously.
Before 1997, the B or SAGI genes were primarily used
to detect toxoplasmosis; these loci are cannot be used to
distinguish between types of T. gondii. In 1997, Howe
and colleagues [15] developed a SAG2 genotype-based
nested PCR assay; in an analysis of 68 infected patients,
they were able to successfully distinguish between types
of T. gondii, identifying 7 (10%) type 1; 55 (81%) type 2,
and 6 (9%) type 3 strains. In addition, Ajzenberg et al.
[16] evaluated 86 patients with congenital toxoplasmosis
by MLST (multi-locus sequence typing) and found that 7
(8.1%), 73 (84.9%), 2 (2.3%), and 4 patients (4.7%) were
positive for type 1, 2, 3, and atypical strains, respec-
tively.

In this study, we developed a method that combines
conventional PCR with a PNA melting array to detect
and genotype T. gondii. The method could distinguish
between type 1, 2, and 3 strains within a few hours and
therefore has applications for real-time detection in food
and clinical settings, since the toxicity of 7. gondii varies
among genotypes. In mouse studies, Khan et al. [17] and
Sibley et al. [18] found that type 1 strains show the high-
est virulence and result in acute symptoms, while type 2
and 3 strains show low pathogenicity and result in
chronic symptoms. In addition, Mordue et al. [19]
reported that the strong toxicity of type 1 strains is
caused by the Th1 immune response, leading to death by
shock as the Th1 cytokine levels increases.

PNA is a DNA mimic, similar to LNA (locked nucleic



Table 3. Melting temperature for the PNA probe and geno-
type calling.

T Range (C)

Match pattern Call
GRA6-1 (FAM)  GRA6-2 (HEX)
Perfect match 65-69 65-69 1
Mismatch <64 <64 0

acid) and MNA (morpholino nucleic acid). Its basic struc-
ture is composed of polyamides. As PNA has excellent
affinity, selectivity, and high stability against nucleic
acid-degrading enzymes, it freely decomposes by exist-
ing restriction enzymes [20]. Therefore, it is suitable for
analytical studies and genetic detection. The PNA-DNA
binding ability is superior to the DNA-DNA binding abil-
ity. A difference in melting temperature, i.e., about 10T
to 15C in the case of a single nucleotide mismatch, can
be clearly observed. SNPs, insertions, and deletions can
be detected based on the difference in melting tempera-
ture. PNA has high thermal and chemical stability and
are suitable for commercial kits, with a long shelf life.
The hybridization efficiency is not dependent on the salt
concentration. Therefore, false positive and false nega-
tive results are less likely to occur using PNA probes.
Unlike other SNP detection probes, PNA is designed
using relatively short sequences, such as 11- to 18-mers;
accordingly, the probe design is simple [20]. The probe
labeled with FAM at the 5-end (GRA6-1) was designed
as a 14-mer, with a single nucleotide mismatch with the
type 2 sequence, but an identical sequence to the
sequences of type 1 and 3 strains. The GRA6-2 probe (5'-
HEX-labeled 16-mer) had a single mismatch in type 3,
but perfect matches to type 1 and 2 sequences.

In conclusion, this study provides proof-of-concept that
the combination of conventional PCR and PNA melting
array can be used for the fast, real-time detection and
genotyping of T. gondii. Although the sensitivity of the
conventional PCR requires improvement, the down-
stream PNA melting array was clearly able to accurately
identify all three types of T. gondii with high selectivity.
Future work will focus on increasing the detection sensi-
tivity and broaden the applications of the assay.
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