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Abstract: Toxoplasma gondii is a protozoan parasite responsible for human toxoplasmosis. The three
major clonal lineages and different recombinant strains of T. gondii have a varied global distribution.
This study aimed at evaluating the epidemiological distribution of types II and I–III and recombinant
or mixed T. gondii in Italians and foreigners residing in Italy, establishing an association between
serotypes and demographic characteristics. We collected the sera of 188 subjects who had tested
positive for specific T. gondii antibodies. The population was differentiated into groups based on
sex, nationality, and place of birth (Italy, Africa, South America, Asia, or Europe (except Italy)). We
then performed a homemade ELISA test that detected both the antibodies against the amino acid
sequences of the three main genotype antigens (I–III) in human sera and discerned the T. gondii strains.
Serotype II of T. gondii was the most prevalent in the Italian population, whereas type I–III was the
most prevalent in the foreign group. Surprisingly, we observed a notable amount of recombinant or
mixed serotypes in European and Italian subjects. Moreover, we showed a significant difference in the
prevalence of T. gondii serotypes between men and women, Italians, and foreigners. This descriptive
study is the first to investigate the epidemiological distribution of T. gondii serotypes in humans in
Italy using a homemade ELISA. We considered this technique suitable for discriminating between
serotypes II and I–III and, consequently, for an epidemiological study focusing on the observation of
circulating T. gondii strains and clinical correlations.

Keywords: Toxoplasma gondii; serotype ELISA; Italians; migrants; epidemiology

1. Introduction

Toxoplasma gondii is a protozoan parasite responsible for human toxoplasmosis (HT)
that chronically infects more than one third of the global population [1]. Besides the
three major lineages (types I–III), 16 haplogroups of T. gondii belonging to six ancestral
groups have also been described using whole-genome sequencing analyses [2–4]. These
sub-clusters may be associated with geographical origins and phenotypic characteristics [5].
Moreover, there are still atypical isolates with unique polymorphisms that cannot be
categorized as one of these haplogroups, probably due to recombinant strains [6].

The three major clonal lineages of T. gondii and the different recombinant strains have
varied global distributions [7]. The types II and III strains predominate in Europe and
North America [8], whereas the atypical strains are most prevalent in South America [9].
The maximum level of genetic diversity is found in the wild Amazonian areas, where the
ancestors of current T. gondii populations emerged 1.5 million years ago [9]. The wide
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variety of host animals may also explain the high level of diversity and pathogenicity of
T. gondii in Brazil [10] resulting from recombination events. In Africa [11] and Asia [12],
haplogroups have been described in addition to the three most common clonal lineages,
named Africa 1, 2, and 3 for the former, and Chinese 1 for the latter.

Illustrating the geographical distribution of T. gondii strains worldwide is important
given its strong correlation with clinical manifestations [1]. Strain I has demonstrated high
virulence, likely due to its high in vitro motility and ability to cross cellular barriers, with
rapid in vivo dissemination [13,14]. Types II and III, on the other hand, have shown much
lower levels of pathogenicity [15,16]. In South America, more attention has been placed on
atypical strains responsible for severe forms of acute T. gondii infection and ocular HT in
immunocompetent subjects [17–22].

Traditional strategies to identify a T. gondii strain have typically focused on inter-
strain differences at the genomic level [23,24]. PCR analyses of restriction fragment length
polymorphisms (PCR-RFLP) or microsatellite markers have permitted an epidemiological
description of T. gondii strains worldwide [2]. However, this approach requires isolating
enough parasitic DNA, which can be difficult to obtain and involves invasive sampling.
Such sampling techniques include amniocentesis or the collection of vitreous fluid and
often provide an insufficient amount of DNA. However, serological tools using peptides
can exploit the strong and persistent humoral immune response to T. gondii [25] as the
parasite protein antibodies remain throughout the patient’s life. Moreover, evidence has
shown the humoral response to T. gondii is strain-specific [26]. Antibodies are produced
against immunodominant parasite proteins, which polymorph according to the T. gondii
strain. New serologic tests have been produced to recognize differences in the antibody
profiles generated by different T. gondii strains [27,28].

In Italy, the seroprevalence of T. gondii infections ranges from 12% to 22% in women of
childbearing age and from 13.8 to 34.3% in pregnant women [29–31]. Although genotyping
studies of T. gondii have never been conducted on humans, molecular surveys on wildlife
have demonstrated the circulation of genotypes I–III and the recombinant or mixed (R/M)
genotypes in the Italian animal reservoir [32–38].

The aim of the present descriptive study was to assess the epidemiological distribution
of T. gondii serotypes in Italians and foreigners residing in Italy using a homemade enzyme-
linked immunosorbent assay (ELISA), as well as to establish the association between
serotype and demographic characteristics.

2. Materials and Methods
2.1. Study Design and Setting

This was a cross-sectional study conducted at the Department of Infectious, Tropical
Diseases and Microbiology (DITM), IRCCS Sacro Cuore Don Calabria Hospital, Negrar di
Valpolicella, and at the SC Microbiology and Virology Department, IRCCS Policlinico San
Matteo, Pavia. These two institutions are primary referral centers for HT in pregnancy and
for parasitic diseases in Italy.

2.2. Study Population and Data

We analyzed samples from 188 patients with symptomatic HT or from mothers and
newborns screened for toxoplasmosis who were referred to our center between 1 January
2008 and 1 September 2020.

As inclusion criteria for the cases, we considered (1) all serum samples stored at −80 ◦C
with (2) T. gondii IgG antibody titer ≥ 100 IU/mL and (3) availability of demographic char-
acteristics. The variables considered were sex, age, and nationality. The overall population
was differentiated into groups based on the following demographic characteristics:

• Sex: female or male;
• Nationality: Italian (patients born in Italy) or foreign (patients born in other countries);
• Place of birth: Italy, Africa, South America, Asia, or Europe (except Italy).
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All subjects provided written informed consent to donate their biological samples for
research purposes.

The study protocol was approved by the two competent Ethics Committees (Comitato
Etico per la Sperimentazione Clinica delle Provincie di Verona e Rovigo on 11 November
2020—protocol n. 59897; and the Comitato Etico per la Sperimentazione Clinica di Pavia
on 22 January 2021—protocol n. 20210006505).

2.3. Identification of T. gondii Antibodies in Sera Samples

Different ELISA tests were used in the laboratories of the two centers. Specifically, the
VIDAS Toxo IgG II assay (Biomerieux-Mercy l’Etoile—France) and the ISAGA IgM assay
(BioMérieux, Craponne, France) were used for T. gondii IgG and IgM. The results were
confirmed by the LIAISON® XL Toxoplasma IgG and IgM (DiaSorin, Saluggia, Italy) and
ARCHITECT Toxo IgG and IgM assays.

Finally, all the sera samples were tested with VIDAS Toxo IgG II, which permitted
the same evaluation in IU. Positive samples with a T. gondii IgG antibody titer equal to or
above 100 IU/mL were considered for serotype determination.

2.4. ELISA Protocol for the T. gondii Serotype Determination

The homemade ELISA was developed in the parasitology laboratory of the Fondazione
IRCCS Policlinico San Matteo, following the procedure proposed by Kong J.T. et al. [27],
with minor modifications. This test could distinguish the three main genotypes (I–III; II;
R/M) in all collected human sera.

Lyophilized synthetic peptides were derived by synthesizing the amino acid sequences
present in the dense granules and antigens of different T. gondii strains. Cysteine and
keyhole limphet hemocyanine (KLH) were added to the N or C terminus of each peptide to
allow coupling to the carrier and to promote adhesion to the plate to perform the ELISA
test (Primm srl, Peptide Synthesis Milan). The 6-I/III-KLH and 6II-KLH peptides were
used to identify serotypes I/III and II, respectively. As a positive control, a whole antigen
from the sonication of T. gondii was used, provided by Diasorin.

Specifically, the peptides coupled to KLH were diluted to 1 µg/µL in PBS. Fifty
microliters (0.5 mg) of each peptide or of the total T. gondii lysate (0.005 µg/µL) was
loaded into each well of a polystyrene ELISA plate (Falcon flat-bottom ELISA plate) for
overnight coating at 4 ◦C. Each well was then blocked with 100 µL of a 3% bovine serum
albumin (BSA) PBS with 0.01% thimerosal, and the plates were held for one hour at room
temperature. Next, 50 µL of diluted serum was added to each well, and the plates were
incubated at room temperature for one hour. The serum dilution was chosen according
to the titer of the sample. After washing, 100 µL of goat antihuman IgG (Sigma-Aldrich,
St. Louis, MO, USA) at a final concentration of 1/2000 in PBS-BSA 3% was added for 1 h
at room temperature. After washing once more, 100 µL of staining solution was added
(citric acid, Na2HPO4, H2O2, and o-phenylenediamine dihydrochloride) and the plate was
incubated at room temperature in the dark for 15 min. The optical density (OD) was red
at 450 nm. The results were expressed in OD. The cut-off value was then calculated as
the median OD of the negative control plus two standard deviations. A non-reactive (NR)
result was registered when the serum sample had an OD index below the cut-off value
(obtained by testing 31 samples from 31 seronegative/non-immune patients in duplicate),
with a positive response against the toxoplasma antigen [39].

Based on the ELISA test results and depending on the antibody reaction to the different
T. gondii strains, the serum samples were classified into four serotype subgroups: I–III, II,
and R/M, when a positive response was registered against all the peptides; or NR.

2.5. Statistical Methods

Statistical analyses were performed using STATA software v14.0 (StataCorp LP, TX,
USA) or SAS EG v7.1 (SAS Institute Inc., Cary, NC, USA). Images were generated with
GraphPad Prism v8.3.0 (GraphPad Software, San Diego, CA, USA). Continuous variables
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(age of subjects) were summarized with the median and interquartile ranges (Q1–Q3), while
count variables (T. gondii serotypes, sex, or place of birth) were summarized with absolute
and percentage frequencies. Non-parametric tests were applied according to data distribu-
tion. A chi-square test with adjusted p-value was used to evaluate the relationship between
the observed results with categorical variables (sex or place of birth). The Bonferroni
correction was used when performing multiple tests. The Kruskal–Wallis test, a rank-based
nonparametric test, was used to determine statistically significant differences between
two or more groups for an independent variable (T. gondii serotypes) on a continuous
dependent variable (age of subjects).

3. Results
3.1. Demographic Characteristics of the Overall Study Population Included

The analysis was conducted on sera from 188 subjects with a median age of 32 years
(Q1 (first quartile)–Q3 (third quartile) 23.5–40), 107 females (56.9%) and 81 males (43.1%).
The population was composed of 103 Italians (54.8%) and 85 foreigners (45.2%). The
geographic origin of the overall sample was heterogeneous, as shown in Figure 1A,B. Most
subjects were born in Italy (103 cases; 54.8% of the population), Africa (50; 26.6%), or South
America (20; 10.6%), with a minority born in other regions (10 in Europe and 5 in Asia)
(Figure 1B). Ghana was the most reported African country with 11 cases (5.9%), followed
by Nigeria with 8 cases (4.3%). For South America, nine subjects were from Brazil (4.8%)
and five subjects were from Colombia (2.7%). Five subjects (2.7%) were born in Romania,
the largest number of European subjects evaluated (Supplementary Table S1).
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A statistically significant difference between the median age of the two subgroups was
found (35 (22–51) and 31 (24–36.5) years for Italians and foreigners, respectively; p = 0.008).
No other statistically significant differences were found between the demographic data
of the two subgroups. Females accounted for 56.3% of the Italian group and 57.7% of
the foreign group. Minors (under 18 years of age) represented 17.5% (18/103) and 11.8%
(10/85) of the Italians and foreigners, respectively.

3.2. Distribution of T. gondii Serotypes in the Overall Sample and in the Italian, Foreigner, Male,
and Female Subgroups

First, we analyzed the prevalence of serotypes among the samples studied (Figure 2A).
A total of 55 of the 188 subjects analyzed (29.3%) had serotype I–III, 55 (29.3%) had
serotype II, and nine (4.8%) had the R/M. A total of 69 sera (36.7%) resulted in NR (Table 1).
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Table 1. Prevalence of Italians, foreigners, males, and females, stratified by T. gondii serotype.

T. gondii
Serotypes

Females
N = 107
n/N (%)

Males
N = 81

n/N (%)
p §

Italians
N = 103
n/N (%)

Foreigners
N = 85

n/N (%)
p §

Italian
Females
N = 58

n/N (%)

Foreign
Females
N = 49

n/N (%)

p §

Italian
Males
N = 45

n/N (%)

Foreign
Males
N = 36

n/N (%)

p §

I–III,
N = 55

29/107
(27.1)

26/81
(32.1) p = 1.000 15/103

(14.5)
40/85
(47.0) p < 0.001 5/58

(8.6)
24/49
(49.0) p < 0.001 10/45

(22.2)
16/36
(44.4) p = 0.218

II,
N = 55

31/107
(29.0)

24/81
(29.6) p = 1.000 42/103

(40.8)
13/85
(15.3) p = 0.001 24/58

(41.4)
7/49
(14.3) p < 0.011 18/45

(40.0)
6/36
(16.7) p = 0.113

R/M,
N = 9

4/107
(3.7)

5/81
(6.2) p = 1.000 4/103

(3.9)
5/85
(5.9) p = 1.000 1/58

(1.7)
3/49
(6.1) p = 1.000 3/45

(6.7)
2/36
(5.6) p = 1.000

NR,
N = 69

43/107
(40.2)

26/81
(32.1) p = 1.000 42/104

(40.8)
27/85
(31.8) p = 0.904 28/58

(48.3)
15/49
(30.6) p = 0.306 14/45

(31.1)
12/36
(33.3) p = 1.000

N is the number of non-missing values. § Chi-square test. Bold p-values indicate significant associations after
Bonferroni corrections.

Regarding the male and female prevalence stratified by T. gondii serotype, serotype
II was observed in 31 of 107 (29.0%) females and in 24 of 81 (29.6%) males, with serotype
I–III in 29 (27.1%) females and 26 (32.1%) males (Figure 2B, Table 1). A higher prevalence of
the R/M serotype was found in the male group (6.2%) than the female one (3.7%). The NR
result was registered in 43 (40.2%) females and 26 (32.1%) males.

A statistically significant difference (p < 0.001) was found in Italian and foreign preva-
lence stratified by T. gondii serotype (Figure 2A, Table 1). In fact, 42 of 103 Italians (40.8%)
and 13 of 85 foreigners (15.3%) had serotype II, whereas serotype I–III was found in 15
Italians (14.5%) and 40 foreigners (47.1%). The R/M serotype was found in four Italians
(3.9%) and five foreigners (5.9%), and the NR result was observed in 42 Italians (40.8%) and
27 males (31.7%).

Subsequently, the prevalence of each T. gondii strain was assessed within the national-
ities of the patients (Figure 2A) (p < 0.001). In Europeans (n = 10), strain II was found in
three subjects (30%), I–III in two (20%), and the R/M in two (20%), whereas three (30%) had
the NR. In contrast, in the Africans (N = 50), strain I–III was identified in 24 subjects (48%),
II in 6 (12%), R/M in 2 (4%), and the NR result in 18 (36%) subjects. Among the patients
born in South America (N = 20), 13 (65%) had serotypes I–III, 2 (10%) had II, 1 (5%) had the
R/M, and four (20%) had the NR. Finally, two patients of Asian origin (N = 5) had serotype
II (40%), while one had strain I–III (20%) and two (40%) the NR. No cases of the R/M strain
were identified in the Asian group.

Analyzing the women enrolled (N = 107) according to nationality, a significant dif-
ference was found in the strain distribution between Italians (n = 58) and foreigners
(n = 49) (p < 0.001) (Figure 2B females, Table 1). In fact, T. gondii strain II was found in 24
of 58 Italian females (41.4%) compared to 7 of the 49 foreign females (14.3%). Conversely,
24 foreigners had strain I–III compared to 5 Italian females (49 vs. 8.6%). The R/M strain
was identified in three foreign females and one Italian female (6.1 vs. 1.7%), while the NR
result was observed in 15 foreign and 28 Italian females (30.6 vs. 48.3%).

For the men (N = 81), the distribution of serotypes was not significantly different
between the Italians and foreigners (p = 0.084). However, strain II was found in 18 of
45 Italians (40.0%) compared to 6 of the 36 foreigners (16.7%) (Figure 2B, males; Table 1).
Conversely, 16 foreign males had strain I–III compared to 10 Italians (44.4 vs. 22.2%). The
R/M strain was identified in three Italian and two foreign males (6.7 vs. 5.6 %), whereas
the NR strain was present in 12 foreign and 14 Italian males (33.3 vs. 31.1%).

3.3. Demographic Characteristics According to T. gondii Serotype

The sex, age, nationality, and place of birth of the included patients are shown in
Table 2 and in Figure 3 for each T. gondii serotype identified.
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Table 2. Main patient characteristics according to T. gondii serotype.

T. gondii Serotypes

I–III II R/M NR p

Overall n/N (%) 55/188 (29.3) 55/188 (29.2) 9/188 (4.8) 69/188 (36.7)
Females—n/N (%) 29/55 (52.7) 31/55 (56.4) 4/9 (44.4) 43/69 (62.3) p = 0.632 §

Age, years
median (Q1–Q3) 30 (23–44) 31 (21–38) 45 (34–57) 33 (27–38) p = 0.068 ‡

Foreigners—n/N (%) 40/55 (72.7) 13/55 (23.6) 5/9 (55.6) 27/69 (39.1) p < 0.001 §

Place of birth—n/N (%) p < 0.001 §

Europe 2/55 (3.6) 3/55 (5.4) 2/9 (22.2) 3/69 (4.4)
Asia 1/55 (1.8) 2/55 (3.6) 0 (0.0) 2/69 (2.9)

South America 13/55 (23.6) 2/55 (3.6) 1/9 (11.1) 4/69 (5.8)
Africa 24/55 (43.6) 6/55 (10.9) 2/9 (22.2) 18/69 (26.1)
Italy 15/55 (27.3) 42/55 (76.4) 4/9 (44.4) 42/69 (60.9)

N is the number of non-missing values. § Chi-square test. ‡ Kruskal–Wallis test.
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Subjects with serotype I–III (N = 55) were predominantly female (52.7%) and foreign
(72.7%). The majority were Africans (43.6%), Italians (27.3%), and South Americans (23.6%),
with only two from Europe (3.6%) and one from Asia (1.8%). Subjects with serotype
II (N = 55) were also largely represented by females (56.4%), yet mostly Italian (76.4%).
Among the 10 foreigners, 6 were from Africa (10.9%), 3 were from Europe (5.4%), 2 were
from South America (3.6%), and 2 were from Asia (3.6%). The small number of subjects
with R/M strains (N = 9) were predominantly male (55.6%) and foreign (55.6%). Among
the latter, two were from Europe (22.2%), two were from Africa (22.2%), and one was
from South America (11.1%). Four of the nine subjects with the R/M serotype were
Italian (44.4%). For each serotype, no statistically significant difference was found in the
proportions of the two sexes. However, the median age of the subjects who tested positive
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for the R/M serotype was higher (45 years) compared to those who tested positive for other
serotypes, although this difference was not statistically significant (30 and 31 years for I–III
and II, respectively, p = 0.068).

4. Discussion

This descriptive study is the first to investigate the epidemiological distribution of
T. gondii serotypes in humans in Italy using a homemade ELISA. Most of the subjects were
Italians, followed by Africans and Latin Americans. As regards sex, women accounted
for 57% of the population. The foreigners were younger than the Italians, reflecting the
demographic characteristics of the immigrant population in Italy (https://www.istat.it/it/
archivio/224943 and https://www.istat.it/it/archivio/249445; published at 13 December
2018 and 26 October 2020 respectively).

In the overall study population, serotypes II and I–III (29.3% each) were detected most
frequently, while the R/M serotype only represented 4.3% of all samples. As expected,
serotype II was most prevalent in the Italian population (40.8%), whereas type I–III was
most prevalent in the foreign group (47.1%), particularly the South American population
(65.0%). These data are similar to those reported in the literature. In fact, in Europe, type
II predominance has already been observed [40,41], with type III only occasionally found
and type I rarely so [42]. R/M strains are especially rare in Europe and presumably due to
contamination with non-European strains from traveling or the consumption of imported
food [39,43]. Recently, severe HT in immunocompetent travelers from Africa caused by a
strain belonging to the African 1 lineage was reported in France [44]. Surprisingly, 20.0% of
the European subjects and 4.0% of the Italians analyzed in our study had a recombinant
or mixed serotype, unlike 5.9% of the foreigners and only 5.0% of the South Americans.
Studies have shown that these strains are dominant in South America because of genomic
recombination that generates diversity [2,39,45,46]. However, while the data obtained from
the Italian subjects were valid, the data from the Europeans may have been influenced by
the small sample (n = 10).

In our African population, the most prevalent serotypes were I–III (48.0%) and II
(12.0%), in line with the literature [47], and the remainder were R/M and NR (4.0% and
36.0%, respectively). A recent review by Galal et al. created the first partial mapping of T.
gondii in Africa [11]. In addition to the type II and III lineages, the coexistence of additional
clonal lineages, known as African haplogroups 1 to 3, has been described in western and
central Africa [48,49]. As recombinants of highly prevalent lineages, these haplogroups may
not have been recognized by our ELISA and were consequently included in the NR group.

With regards to Asia, only five subjects (two from Bangladesh, one from Nepal, one
from Russia, and one from Lebanon) were analyzed in our study, thereby impeding any
epidemiological conclusion. The first reports from China, Sri Lanka, and Vietnam have
revealed major parasite strain uniformity, with types II or III or the Chinese I strains pre-
dominating [12]. Despite the high prevalence of HT in Southeast Asia [50], the strain
characterization is incomplete. An increasing number of publications have reported geno-
types circulating in diverse provinces of China, but very little data are available for other
Asian countries [2,51,52]. Consequently, new epidemiological studies on T. gondii serotypes
focused on these areas are urgently needed.

The circulation of unknown strains may explain the high percentage (36.7%) of NR
found in the present study, which also occurred in a previous study [39]. While this could
have been due to laboratory errors or poor sera conservation resulting in repeated thawing,
the hypothesis that strains were unrecognized by our ELISA remains plausible given that
only two peptides were tested. Surprisingly, women predominantly had the NR serotype
(40.2%). Considering the place of birth, a large difference in NR proportions was evident
between Italian (48.3%) and foreign women (30.6%). This difference is difficult to explain
through technical issues alone. The females may have had a higher proportion of NR
because they acquired a T. gondii infection through different means than the males and,

https://www.istat.it/it/archivio/224943
https://www.istat.it/it/archivio/224943
https://www.istat.it/it/archivio/249445
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as a result, had a novel, unknown serotype. Finally, the sensitivity of the test may have
influenced these results.

Another notable result of our study was the difference in T. gondii serotype prevalence
between men and women and between Italians and foreigners. Serotype II prevailed
in the female group (29.0%), while serotype I–III prevailed in the male group (32.1%).
Furthermore, the percentage of R/M serotypes in the male group was higher than the
female (6.2 vs. 3.7%). A large difference was evident when stratifying only the Italian
population by sex. In fact, 1.7% of females and 6.7% of males had the R/M serotype. This
sex difference was also evident for serotype I–III, as 8.6% of females and 22.2% of males had
it, but not for the Italians (41.4 vs. 40.0%, respectively). These results support the previous
hypothesis of different infection pathways in Italians of both sexes. Interestingly, this sex
difference was not found in the 47.1% of the foreign population who had serotype I–III and
in the 5.9% with R/M. These findings suggest that Italian males may have contracted the
infection by traveling to a country where the different strain circulates or by ingesting food
from these areas that contained the parasite cysts [43,44]. Furthermore, it is also plausible
that, because the I–III and R/M strains are more virulent than strain II and cause more
severe symptoms, they lead infected individuals to hospitalization, which in turn may have
caused bias. Importantly, while the females in this study were mostly pregnant and thus
enrolled during the screening for toxoplasmosis or had asymptomatic acute HT during the
pregnancy, the males performed the serology test for T. gondii due to symptoms, such as a
case of fever after returning from tropical areas or chorioretinitis. It is important to bear in
mind that our hospitals are reference centers for tropical and ocular diseases.

The results of our study have several limitations. First, the study found a high number
of NR results. Since the subjects clearly had T. gondii infections, this could be interpreted
as a limitation of the homemade ELISA, which may have been unable to identify all
the strains. Alternatively, this may have been due to the limited sensitivity of the two-
peptide method employed. A recent serotype study used two different peptides for each
clonal lineage, demonstrating a strong agreement between the serotype and the genotype
for infections due to archetypal strains but suggested the need to find new peptides to
distinguish type I, type III, and non-archetypal strains [25]. Second, the ELISA did not
allow for differentiation between serotypes I and III and the atypical serotypes, so peptides
for more precise characterization should be considered in future studies. Thirdly, molecular
confirmation for all the serological findings was lacking. Fourth, there may have been a
selection bias for the females, as they were probably asymptomatic while pregnant, and
for the males because they were mostly symptomatic. This suspicion cannot be confirmed
as we had only clinical judgments and not clinical data. Finally, although the study was
conducted in two Italian reference centers for HT in pregnancy and parasitic diseases, it
was conducted on a small population, preventing the generalization of the results.

Nonetheless, the peptide serological tool exploits the strong and persistent humoral
immune response to T. gondii infection and can therefore identify the differences in the
T. gondii strain without requiring parasitic DNA isolation. This feature is essential for
performing large-scale epidemiological studies on T. gondii serotypes in poorly described
geographical areas and for following the flow of T. gondii strains in migrants and travelers.

In conclusion, this is the first study that describes T. gondii serotypes in Italians
and foreigners from countries where epidemiological knowledge remains incomplete.
Multicenter studies with better-characterized peptides using a larger cohort of patients
could enhance the sensitivity, specificity, and subsequent use of our homemade ELISA. This
would improve the epidemiological understanding of T. gondii serotypes. Further studies
should also consider investigating the correlation between the strain and clinical data of all
enrolled patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10081577/s1, Table S1: The geographic origins of
the population studied.
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11. Galal, L.; Ajzenberg, D.; Hamidović, A.; Durieux, M.-F.; Dardé, M.-L.; Mercier, A. Toxoplasma and Africa: One Parasite, Two
Opposite Population Structures. Trends Parasitol. 2018, 34, 140–154. [CrossRef] [PubMed]

12. Chaichan, P.; Mercier, A.; Galal, L.; Mahittikorn, A.; Ariey, F.; Morand, S.; Boumédiène, F.; Udonsom, R.; Hamidovic, A.; Murat,
J.B.; et al. Geographical Distribution of Toxoplasma Gondii Genotypes in Asia: A Link with Neighboring Continents. Infect. Genet.
Evol. 2017, 53, 227–238. [CrossRef] [PubMed]

13. Barragan, A.; Sibley, L.D. Transepithelial Migration of Toxoplasma Gondii Is Linked to Parasite Motility and Virulence. J. Exp.
Med. 2002, 195, 1625–1633. [CrossRef] [PubMed]

14. Barragan, A.; David Sibley, L. Migration of Toxoplasma Gondii across Biological Barriers. Trends Microbiol. 2003, 11, 426–430.
[CrossRef]

15. Sibley, L.D.; Boothroyd, J.C. Virulent Strains of Toxoplasma Gondii Comprise a Single Clonal Lineage. Nature 1992, 359, 82–85.
[CrossRef]

http://doi.org/10.1128/CMR.05013-11
http://www.ncbi.nlm.nih.gov/pubmed/22491772
http://doi.org/10.1017/S0031182013001844
http://www.ncbi.nlm.nih.gov/pubmed/24477076
http://doi.org/10.1038/ncomms10147
http://www.ncbi.nlm.nih.gov/pubmed/26738725
http://doi.org/10.1016/j.fawpar.2019.e00052
http://www.ncbi.nlm.nih.gov/pubmed/32095622
http://doi.org/10.1371/journal.pntd.0000876
http://www.ncbi.nlm.nih.gov/pubmed/21072237
http://doi.org/10.1073/pnas.1722202115
http://doi.org/10.1073/pnas.0601438103
http://doi.org/10.3389/fcimb.2022.842595
http://doi.org/10.1016/j.meegid.2016.12.020
http://doi.org/10.1073/pnas.1203190109
http://doi.org/10.1016/j.pt.2017.10.010
http://www.ncbi.nlm.nih.gov/pubmed/29174610
http://doi.org/10.1016/j.meegid.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28583867
http://doi.org/10.1084/jem.20020258
http://www.ncbi.nlm.nih.gov/pubmed/12070289
http://doi.org/10.1016/S0966-842X(03)00205-1
http://doi.org/10.1038/359082a0


Microorganisms 2022, 10, 1577 11 of 12

16. Lambert, H.; Barragan, A. Modelling Parasite Dissemination: Host Cell Subversion and Immune Evasion by Toxoplasma Gondii.
Cell. Microbiol. 2010, 12, 292–300. [CrossRef]

17. Carme, B.; Bissuel, F.; Ajzenberg, D.; Bouyne, R.; Aznar, C.; Demar, M.; Bichat, S.; Louvel, D.; Bourbigot, A.M.; Peneau, C.; et al.
Severe Acquired Toxoplasmosis in Immunocompetent Adult Patients in French Guiana. J. Clin. Microbiol. 2002, 40, 4037–4044.
[CrossRef]

18. De Salvador-Guillouet, F.; Ajzenberg, D.; Chaillou-Opitz, S.; Saint-Paul, M.C.; Dunais, B.; Dellamonica, P.; Marty, P. Severe
Pneumonia during Primary Infection with an Atypical Strain of Toxoplasma Gondii in an Immunocompetent Young Man. J.
Infect. 2006, 53, e47–e50. [CrossRef]

19. Carme, B.; Demar, M.; Ajzenberg, D.; Dardé, M.L. Severe Acquired Toxoplasmosis Caused by Wild Cycle of Toxoplasma gondii,
French Guiana. Emerg. Infect. Dis. 2009, 15, 656–658. [CrossRef]

20. Demar, M.; Hommel, D.; Djossou, F.; Peneau, C.; Boukhari, R.; Louvel, D.; Bourbigot, A.-M.; Nasser, V.; Ajzenberg, D.;
Darde, M.-L.; et al. Acute Toxoplasmoses in Immunocompetent Patients Hospitalized in an Intensive Care Unit in French Guiana.
Clin. Microbiol. Infect. 2012, 18, E221–E231. [CrossRef]

21. de-la-Torre, A.; González, G.; Díaz-Ramirez, J.; Gómez-Marín, J.E. Screening by Ophthalmoscopy for Toxoplasma Retinochoroiditis
in Colombia. Am. J. Ophthalmol. 2007, 143, 354–356. [CrossRef] [PubMed]

22. Khan, A. Genetic Divergence of Toxoplasma Gondii Strains Associated with Ocular Toxoplasmosis, Brazil. Emerg. Infect. Dis.
2006, 12, 942–949. [CrossRef] [PubMed]

23. Grigg, M.E.; Boothroyd, J.C. Rapid Identification of Virulent Type I Strains of the Protozoan Pathogen Toxoplasma Gondii by
PCR-Restriction Fragment Length Polymorphism Analysis at the B1 Gene. J. Clin. Microbiol. 2001, 39, 398–400. [CrossRef]
[PubMed]

24. Ajzenberg, D.; Bañuls, A.-L.; Tibayrenc, M.; Dardé, M.L. Microsatellite Analysis of Toxoplasma Gondii Shows Considerable
Polymorphism Structured into Two Main Clonal Groups. Int. J. Parasitol. 2002, 32, 27–38. [CrossRef]

25. Sousa, S.; Ajzenberg, D.; Vilanova, M.; Costa, J.; Dardé, M.-L. Use of GRA6-Derived Synthetic Polymorphic Peptides in an
Immunoenzymatic Assay to Serotype Toxoplasma Gondii in Human Serum Samples Collected from Three Continents. Clin. Vaccine
Immunol. 2008, 15, 1380–1386. [CrossRef]

26. Parmley, S.F.; Gross, U.; Sucharczuk, A.; Windeck, T.; Sgarlato, G.D.; Remington, J.S. Two Alleles of the Gene Encoding Surface
Antigen P22 in 25 Strains of Toxoplasma Gondii. J. Parasitol. 1994, 80, 293–301. [CrossRef]

27. Kong, J.-T.; Grigg, M.E.; Uyetake, L.; Parmley, S.; Boothroyd, J.C. Serotyping of Toxoplasma Gondii Infections in Humans Using
Synthetic Peptides. J. Infect. Dis. 2003, 187, 1484–1495. [CrossRef]

28. Arranz-Solís, D.; Cordeiro, C.; Young, L.H.; Dardé, M.L.; Commodaro, A.G.; Grigg, M.E.; Saeij, J.P.J. Serotyping of Toxoplasma
Gondii Infection Using Peptide Membrane Arrays. Front. Cell. Infect. Microbiol. 2019, 9, 408. [CrossRef]

29. Piffer, S.; Lauriola, A.L.; Pradal, U.; Collini, L.; Dell’Anna, L.; Pavanello, L. Toxoplasma Gondii Infection during Pregnancy: A
Ten-Year Observation in the Province of Trento, Italy. Le Infez. Med. 2020, 28, 603–610.

30. Tomasoni, L.R.; Sosta, E.; Beltrame, A.; Rorato, G.; Bigoni, S.; Frusca, T.; Zanardini, C.; Driul, L.; Magrini, F.; Viale, P.; et al.
Antenatal Screening for Mother to Child Infections in Immigrants and Residents: The Case of Toxoplasmosis in Northern Italy. J.
Immigr. Minority Health 2010, 12, 834–840. [CrossRef]

31. Fanigliulo, D.; Marchi, S.; Montomoli, E.; Trombetta, C.M. Toxoplasma Gondii in Women of Childbearing Age and during Pregnancy:
Seroprevalence Study in Central and Southern Italy from 2013 to 2017. Parasite 2020, 27, 2. [CrossRef] [PubMed]

32. Battisti, E.; Zanet, S.; Trisciuoglio, A.; Bruno, S.; Ferroglio, E. Circulating Genotypes of Toxoplasma Gondii in Northwestern Italy.
Vet. Parasitol. 2018, 253, 43–47. [CrossRef] [PubMed]

33. Ferroglio, E.; Bosio, F.; Trisciuoglio, A.; Zanet, S. Toxoplasma Gondii in Sympatric Wild Herbivores and Carnivores: Epidemiology
of Infection in the Western Alps. Parasites Vectors 2014, 7, 196. [CrossRef]

34. Formenti, N.; Gaffuri, A.; Trogu, T.; Viganò, R.; Ferrari, N.; Lanfranchi, P. Spread and Genotype of Toxoplasma Gondii in Naturally
Infected Alpine Chamois (Rupicapra r. Rupicapra). Parasitol. Res. 2016, 115, 2115–2120. [CrossRef] [PubMed]

35. Sgroi, G.; Viscardi, M.; Santoro, M.; Borriello, G.; D’Alessio, N.; Boccia, F.; Pacifico, L.; Fioretti, A.; Veneziano, V.; Fusco, G.
Genotyping of Toxoplasma Gondii in Wild Boar (Sus Scrofa) in Southern Italy: Epidemiological Survey and Associated Risk for
Consumers. Zoonoses Public Health 2020, 67, 805–813. [CrossRef] [PubMed]

36. Pagliuca, C.; Pastore, G.; Scaglione, E.; Migliucci, A.; Maruotti, G.M.; Cicatiello, A.G.; Salvatore, E.; Picardi, M.; Camilla
Sammartino, J.; Consiglio Buonocore, M.; et al. Genotyping of Toxoplasma Gondii Strain Directly from Human CSF Samples of
Congenital Toxoplasmosis Clinical Case. New Microbiol 2017, 40, 151–154.

37. Marcer, F.; Marchiori, E.; Centelleghe, C.; Ajzenberg, D.; Gustinelli, A.; Meroni, V.; Mazzariol, S. Parasitological and Pathological
Findings in Fin Whales Balaenoptera Physalus Stranded along Italian Coastlines. Dis. Aquat. Org. 2019, 133, 25–37. [CrossRef]

38. Migliore, S.; La Marca, S.; Stabile, C.; Di Marco Lo Presti, V.; Vitale, M. A Rare Case of Acute Toxoplasmosis in a Stray Dog Due to
Infection of T. Gondii Clonal Type I: Public Health Concern in Urban Settings with Stray Animals? BMC Vet. Res. 2017, 13, 249.
[CrossRef]

39. Sousa, S.; Puime, A.; da Costa, J.M.C.; Marie-Laure, D. Serotyping Toxoplasma Gondii: A Cross-Sectional Study in Uruguay. J.
Infect. Dis. Epidemiol 2017, 3, 039. [CrossRef]

http://doi.org/10.1111/j.1462-5822.2009.01417.x
http://doi.org/10.1128/JCM.40.11.4037-4044.2002
http://doi.org/10.1016/j.jinf.2005.10.026
http://doi.org/10.3201/eid1504.081306
http://doi.org/10.1111/j.1469-0691.2011.03648.x
http://doi.org/10.1016/j.ajo.2006.09.048
http://www.ncbi.nlm.nih.gov/pubmed/17258534
http://doi.org/10.3201/eid1206.060025
http://www.ncbi.nlm.nih.gov/pubmed/16707050
http://doi.org/10.1128/JCM.39.1.398-400.2001
http://www.ncbi.nlm.nih.gov/pubmed/11136812
http://doi.org/10.1016/S0020-7519(01)00301-0
http://doi.org/10.1128/CVI.00186-08
http://doi.org/10.2307/3283761
http://doi.org/10.1086/374647
http://doi.org/10.3389/fcimb.2019.00408
http://doi.org/10.1007/s10903-010-9321-0
http://doi.org/10.1051/parasite/2019080
http://www.ncbi.nlm.nih.gov/pubmed/31934847
http://doi.org/10.1016/j.vetpar.2018.02.023
http://www.ncbi.nlm.nih.gov/pubmed/29605002
http://doi.org/10.1186/1756-3305-7-196
http://doi.org/10.1007/s00436-016-4981-x
http://www.ncbi.nlm.nih.gov/pubmed/26960960
http://doi.org/10.1111/zph.12762
http://www.ncbi.nlm.nih.gov/pubmed/32885615
http://doi.org/10.3354/dao03327
http://doi.org/10.1186/s12917-017-1176-3
http://doi.org/10.23937/2474-3658/1510039


Microorganisms 2022, 10, 1577 12 of 12

40. Jokelainen, P.; Isomursu, M.; Näreaho, A.; Oksanen, A. Natural Toxoplasma Gondii Infections In European Brown Hares And
Mountain Hares In Finland: Proportional Mortality Rate, Antibody Prevalence, And Genetic Characterization. J. Wildl. Dis. 2011,
47, 154–163. [CrossRef]

41. Verma, S.K.; Ajzenberg, D.; Rivera-Sanchez, A.; Su, C.; Dubey, J.P. Genetic Characterization of Toxoplasma Gondii Isolates from
Portugal, Austria and Israel Reveals Higher Genetic Variability within the Type II Lineage. Parasitology 2015, 142, 948–957.
[CrossRef] [PubMed]

42. Waap, H.; Vilares, A.; Rebelo, E.; Gomes, S.; Ângelo, H. Epidemiological and Genetic Characterization of Toxoplasma Gondii in
Urban Pigeons from the Area of Lisbon (Portugal). Vet. Parasitol. 2008, 157, 306–309. [CrossRef]

43. Pomares, C.; Ajzenberg, D.; Bornard, L.; Bernardin, G.; Hasseine, L.; Darde, M.-L.; Marty, P. Toxoplasmosis and Horse Meat,
France. Emerg. Infect. Dis. 2011, 17, 1327–1328. [CrossRef]

44. Leroy, J.; Houzé, S.; Dardé, M.-L.; Yéra, H.; Rossi, B.; Delhaes, L.; Gabriel, F.; Loubet, P.; Deleplancque, A.-S.; Senneville, E.; et al.
Severe Toxoplasmosis Imported from Tropical Africa in Immunocompetent Patients: A Case Series. Travel Med. Infect. Dis. 2020,
35, 101509. [CrossRef]

45. Hamilton, C.M.; Black, L.; Oliveira, S.; Burrells, A.; Bartley, P.M.; Melo, R.P.B.; Chianini, F.; Palarea-Albaladejo, J.; Innes, E.A.;
Kelly, P.J.; et al. Comparative Virulence of Caribbean, Brazilian and European Isolates of Toxoplasma Gondii. Parasites Vectors
2019, 12, 104. [CrossRef] [PubMed]

46. Howe, D.K.; Sibley, L.D. Toxoplasma Gondii Comprises Three Clonal Lineages: Correlation of Parasite Genotype with Human
Disease. J. Infect. Dis. 1995, 172, 1561–1566. [CrossRef] [PubMed]

47. Hosseini, S.A.; Amouei, A.; Sharif, M.; Sarvi, S.; Galal, L.; Javidnia, J.; Pagheh, A.S.; Gholami, S.; Mizani, A.; Daryani, A. Human
Toxoplasmosis: A Systematic Review for Genetic Diversity of Toxoplasma Gondii in Clinical Samples. Epidemiol. Infect. 2019,
147, e36. [CrossRef]

48. Velmurugan, G.V.; Dubey, J.P.; Su, C. Genotyping Studies of Toxoplasma Gondii Isolates from Africa Revealed That the Archetypal
Clonal Lineages Predominate as in North America and Europe. Vet. Parasitol. 2008, 155, 314–318. [CrossRef]
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