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ARTICLE INFO ABSTRACT

Keywords: Blastocystis sp., has 21 distinct subtypes of which ST3 thought to be the most prevalent subtype. This study aims
Blastocystis to analyze the global variations of ST3. In total, 496 sequences with more than 400 nucleotides from Asia,
Subtype 3

Europe, Africa, and America were included in this study. Results show that allele 34 was the most prevalent allele
in all continents. The lowest and highest allele diversity were observed in Europe and Africa, respectively. The
nucleotide diversity ranged from 0.0077 in Europe to 0.02 in Africa, and haplotype diversity ranged from 0.461
in America to 0.6 in Africa. The haplotype network and Bayesian structure showed at least two major clusters
including Asia and Europe-Africa-America. Tajima’s D values for all continents were negative and statistically
significant, indicating an excess of rare nucleotide variants. Similarly, the Fu’s FS test showed negative values for
all regions, indicating an excess of rare haplotypes. Pairwise Fgr exhibited a high genetic differentiation between
Asia and other continents. Mismatch analysis for all populations showed a unimodal distribution. Our findings
indicate that there are two probable major clusters of Blastocystis sp. ST3, a cluster which is shared between

Nucleotide diversity
Population analysis
Haplotype network

Europe, Africa, and America, and a cluster which is restricted to Asia.

1. Introduction

Blastocystis sp., is a common intestinal anaerobic eukaryote, which
colonizes the intestine of many animals including humans, worldwide
(Mohammad Rahimi et al., 2021; Stechmann et al., 2008; Yoshikawa
et al., 2007). Although this protist is reported in all continents, varia-
tions in the prevalence rate are related to geographical regions, studied
populations, and methods of detection (Alfellani et al., 2013b; Jav-
anmard et al., 2018). However, it’s higher prevalence in developing
countries is thought to be associated with poor hygiene standards (El
Safadi et al., 2014). The main transmission routs of this protist are
supposed to be the oral-fecal and close-contact to animals (Tan, 2008).

Based on the genetic features, several subtypes of Blastocystis sp.,
have been characterized (Hoevers et al., 2000; Mohammad Rahimi
et al., 2019; Scicluna et al., 2006). The standard classification method is
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mainly based on sequencing of the barcoding region of the small subunit
ribosomal RNA (SSU-rRNA) gene (Stensvold et al., 2007). Recently, 21
subtypes (ST1 - ST17 and ST23-ST26) have been characterized in
mammalians and birds, but only half of them (n = 10) have been re-
ported from humans (Stensvold and Clark, 2020; Stensvold et al., 2007).

Subtype 3 (ST3) is widely reported in epidemiological studies in both
animals and humans, worldwide (Nemati et al., 2021; Rezaei Riabi et al.,
2018; Segui et al., 2018; Stensvold et al., 2009). In addition, some
clinical manifestations such as gastrointestinal disorders and urticarial
have been suggested to be linked to Blastocystis sp., subtype 3 (Katsarou-
Katsari et al., 2008; Mohamed et al., 2017). Blastocystis sp., ST3 also
exhibits a wide geographic distribution and high genetic variation
compared to other Blastocystis sp., subtypes (Meloni et al., 2012; Rezaei
Riabi et al., 2018; Stensvold et al., 2012). However, to our knowledge,
there is limited information on the genetic variations of this subtype and
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the probable role of migration on the global distribution of Blastocystis
sp. subtype 3. Regarding the wide distribution, high prevalence, and a
probabile correlation between the presence of Blastocystis sp., subtype 3
and some clinical manifestations, a molecular analysis on available se-
quences of the barcoding region can provide interesting data about
distribution and transmission in different communities, countries, and
continents. Therefore, in this research, we aimed to determine the
nucleotide variation and the geographic distribution of haplotypes of
Blastocystis sp. ST3 isolated from humans across Asia, Africa, America,
Europe continents.

2. Methods
2.1. Sequence data

We conducted a continental survey on the submitted nucleotide se-
quences of the barcoding region of Blastocystis sp. subtype 3 from four
continents (Asia, Africa, America, Europe) in the GenBank database to
the end of 2019. In this study, sequences with more than 400 nucleo-
tides, which were submitted to the GenBank database, were selected. All
sequences were limited to humans as host. To evaluate the reliability of
sequences and exclude the probable wrong sequences (those which were
wrongly downloaded), all sequences were compared again in the basic
local alignment tools (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi).
To analyze sequences with same length, the sequences were trimmed in
BioEdit software (BioEdit V7.0), and aligned using CLUSTALW.

To characterize the alleles, all the SSU rRNA gene sequences corre-
sponded for ST3, which were retrieved from the GenBank database,
were submitted to https://pubmlst.org/blastocystis/.

2.2. Molecular diversity

At the first, grouping of the sequences was done based on the in-
formation related to the origin country of sequences as mentioned in the
GenBank database. To compare sequences regarding the continents,
various diversity parameters including haplotype (sequence-type) di-
versity (Hd), nucleotide diversity (n), number of segregating sites (S),
and average number of pairwise nucleotide differences (K) were esti-
mated. Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) neutrality
indices were used to infer the demographic history of Blastocystis sp.
subtype 3. Pairwise fixation index (Fst) of the sequences of Blastocystis
sp. subtype 3 regarding continents was employed to investigate the gene
flow. DnaSP ver.5 (Librado and Rozas, 2009) was employed to analyze
the indices. Accordingly, Fst < 0.1 represents low differentiation, pop-
ulations with Fst 0.15-0.2 are moderately differentiated, and Fst > 0.25
showed high differentiations. According to the references for the level of
gene flow (Nm), Nm > 1 and Nm < 1 represent high gene flow and low
gene flow, respectively (Govindaraju, 1989).

2.3. Networking and phylogenetic analysis

To investigate the global pattern of genetic relationship among
different haplotypes of Blastocystis sp. subtype 3, haplotype TCS network
(Clement et al., 2000), which is implemented in the PopART program
ver. 1.7 (http://popart.otago.ac.nz/downloads.shtml), was employed.
The demographic history and the distribution of pairwise differences
(Rogers and Harpending, 1992; Slatkin and Hudson, 1991) between
individual sequences were evaluated by mismatch distribution analysis
using DnaSP 5.0 and Arlequin (Librado and Rozas, 2009).

The analysis of the Bayesian population structure was performed
using STRUCTURE v2.3 http://web.stanford.edu/group/pritchar
dlab/structure.html) (Pritchard et al., 2000). An admixture model
with correlated allele frequency was used for parameter estimation
following 1 x 10° iterations after a burn-in of 2 x 10° iterations. The
most likely number of cluster (K) was determined by evaluating the
mean In estimated probability of data with Structure Harvester V0.6.94
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(http://taylor0.biology.ucla.edu/structureHarvester) (Earl and Von-
holdt, 2012). The results for the proportion membership of individuals
into estimated clusters were summarized with Clumpak. The global
genetic structure of isolates was also investigated by plotting the
ancestry coefficient over the geographic distribution. This analysis was
performed with the tess3r package in R with K = 2 ancestral populations
(Caye et al., 2016).

3. Results
3.1. Sequences analysis and allele discrimination

The allele analysis showed that allele 34 was the most prevalent
allele in all continents. The lowest and highest number of alleles were
found in America (n = 4) and Europe (n = 19), respectively. The analysis
showed that three alleles 34, 36, and 37 were characterized in all con-
tinents, while other alleles were detected in three or less continents. Two
alleles 23 and 56 were characterized only in Asia. Alleles 52, 101, and
136 were detected only in Africa, and alleles 44-47, 49-51, 53, 54, 127,
and 128 were characterized only in Europe (Supplementary Table 1,
Fig. 1).

3.2. Genetic diversity

The genetic diversity indices revealed a total of 195 S and 134
haplotypes, as well as a total Hd of 0.762 and = of 0.012 among all se-
quences. The genetic diversity analysis in each continent showed that
the number of haplotypes ranged from 14 in America to 85 in Asia. As
well, the number of segregating sites ranged 25 in America to 142 in
Asia. The Hd was high, ranging from 0.461 + 0.86 in America to 0.600
+ 0.76 in Africa, and nucleotide diversity ranged between 0.00771 in
Europe to 0.02025 in Africa (Table 1). African sequence population
exhibited the highest values of genetic diversity indices for ST3 in
contrast to Europe population (Table 1).

3.3. Haplotype network and phylogenetic analysis

The number of haplotypes of each continent includes 85 in Asia, 19
in Africa, 14 in America, and 24 in Europe. The network showed a star
topology radial distribution. The haplotype network of sequences
showed at least two major clusters 1 and 2 (Supplementary Fig. 1,
Figs. 2, 3). Cluster 1 was the dominant and almost all haplotypes in this
cluster were from Asia, while sequences in cluster 2 were found in all
188 samples from Europe, Africa, America (Supplementary Fig. 1,
Supplementary Table 1, Fig. 2).

3.4. Neutrality and mismatch distribution analysis

A negative value of Tajimas’s D indicates past population growth.
Neutrality tests revealed negative Tajima’s D, which were significantly
differed from zero for all populations, indicating excess of rare nucleo-
tide variants compared to what would be expected under a neutrality
(Table 1). Similarly, the results of Fu’s FS test, which is based on the
distribution of haplotypes, showed negative values for all populations,
indicating an excess of rare haplotypes compared to what would be
expected under neutrality (Table 1).

The pairwise genetic differentiations between Asia and other conti-
nents was relatively high (Fsy = 0.28-0.37). However, the pairwise Fgr
was low for Africa-Europe, Africa-America, and America-Europe com-
parisons (Fst = 0.015-0.44, Table 2).

The lowest Fsy values between the continental groups were seen
between Europe vs. Africa (0.015), America vs. Europe (0.044), and
Africa vs. America (0.0185) (Table 2). The result of gene flow showed
high levels of Nm between America and Europe (201.52), followed by
Africa vs Europe (133.79), and Africa vs America (50.68). In addition,
the lowest levels of gene flow were observed between Asia and other
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Fig. 1. Allelic frequency and diversity in different continents A) Europe, B) Africa, C) America, and D) Asia.
Table 1
Diversity statistics estimated for different populations of Blastocystis ST3 across the global distribution range.
Populations N S h Hd n Tajima’s D Fu’s Fs
Asia 308 142 85 0.552 + 0.36 0.00845 —2.85861 *** —10.953**
Africa 60 77 19 0.600 £+ 0.76 0.02025 —2.66667 *** —13.01537**
America 53 25 14 0.461 + 0.86 0.00966 —2.13315* —13.01537**
Europe 75 42 24 0.558 + 0.071 0.00771 —2.70963*** —13.01537**

N: number of sequences; S: number of segregating sites; h: number of haplotypes; Hd: haplotype diversity; z: nucleotide diversity. ** and *** indicate statistical

significant at P < 0.01 and 0.001, respectively.

continents (Table 2). The mismatch distribution plot for all populations
also showed unimodal graphs, demonstrating a recent population de-
mographic and range expansion (Fig. 4).

3.5. Population structure

To determine the optimal number of genetic clusters, the model
based analysis of population structure revealed the presence of two
ancestral clusters (K = 2). These clusters were strongly differentiated
from each other, where Asian sequences belonged to cluster 1, and se-
quences from other continents belonged to cluster 2 (Fig. 2). The result
of tess3r represented the presence of two separated populations
regarding geography distribution, confirming the findings of structure
analysis (Supplementary Fig. 1, Fig. 5).

4. Discussion

Blastocystis sp., is a prevalent protist with worldwide distribution.
Epidemiological studies have frequently reported the presence of three
Blastocystis sp., subtypes 1-3 from humans with majority of ST3 across
different geographic regions (Alfellani et al., 2013b; Stensvold and
Clark, 2016). For example, in a study performed in the United Arab
Emirates (UAE) ST3 was recognized among 58.9% of Blastocystis sp.,

carriers and was the most prevalent detected subtype (AbuOdeh et al.,
2016). Abu-Madi et al. (2015) analyzed the subtype distribution of
Blastocystis sp., among carriers in Qatar that the results showed high
prevalence of ST3 (69.3%) among samples. Rezaei Riabi et al. (2018)
investigated the prevalence of Blastocystis sp., and its subtypes in human
subjects in Iran and claimed that ST3 was characterized among 45% of
Blastocystis sp., carriers. Similar reports from other continents including
European, African, and American countries have also reported ST3 as
the most prevalent subtype. In a study in Brazil, Blastocystis sp. isolated
from human samples in Rio de Janeiro were molecularly analyzed and
subtype 3 was characterized among 49% of Blastocystis sp., carriers
(Valenca Barbosa et al., 2017). In a review published by Jimenez et al.
(2019), Blastocystis sp., ST3 was suggested to be the most prevalent
subtype among human subjects in the South America (37.9%). In a
large-scale study performed by Gabrielli et al. (2020) in Italy, 40% of
Blastocystis sp., carriers were identified to harbor subtype 3. Forsell et al.
(2017) analyzed the prevalence of Blastocystis sp., and its subtypes in
Swedish subjects and identified ST3 as the most common subtype be-
sides ST4. The predominance of ST3 in African countries is controversy
(Abdulsalam et al., 2013; D’Alfonso et al., 2017; Poulsen et al., 2016),
however, Blastocystis sp., ST3 was the major detected subtype among
Blastocystis sp., carriers in western Angola (Dacal et al., 2018).

Our results represent that alleles 34, 36, and 37 are the most
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Fig. 2. Haplotype network of all studied sequences of Blastocystis sp., subtype 3 obtained from human populations. Each circle represents different haplotype, and
each color represents different population. The size of each circle is proportional to the number of the samples in each population.

prevalent alleles and allele 34 is the predominant allele. Allele
discrimination is usually performed based on the analysis of the bar-
coding region of SSU rRNA gene to identify alleles of subtypes ST1-ST10
(Alfellani et al., 2013a). In a study by Pandey et al. (2015), allele 34 was
found as the major allele of ST3 among Indian populations. Rezaei Riabi
et al. (2018) identified allele 34 as the most prevalent allele among both
symptomatic and asymptomatic human subjects in Iran. This allele is
suggested as the major strain colonizing the intestine of human popu-
lation in South America, as well (Jimenez et al., 2019; Villamizar et al.,
2019). Although there is no strong evidence to exhibit an association
between certain allele and clinical manifestations, few studies have
shown a linkage between allele 34 and urticarial (Casero et al., 2015). In
addition, allele 34 is likely the main strain identified in animal samples
(Alfellani et al., 2013a). However, there is no strong evidence explaining
that ST3 allele 34 is a zoonotic strain.

The results show that the highest variable sites are found in African
sequences. In addition, the high number of segregating sites, haplotype
diversity (0.600 + 0.76), and = (0.020) in African population indicate
the high probability of cross transmission for Blastocystis sp. subtype 3
between humans and animals in Africa. This finding is supported by the
results of previous studies that suggested correlation between high
molecular diversity and high host/source multiplicity (Martinez-Her-
nandez et al., 2020; Mohammad Rahimi et al., 2020). In contrast, the
lowest haplotype diversity and the number of segregating sites were
found in America, proposing the lowest host/source multiplicity.
Interestingly, the values of = and Hd in Africa was higher than other
continents, indicating the probable population expansion in this conti-
nent. Importantly, the 5’ barcoding region of SSU rRNA gene, is a hy-
pervariable fragment in ST3 (Alinaghizade et al., 2017); therefore, the
lowest nucleotide diversity (n) in sequences from continents other than
Africa suggests the clonally of Blastocystis sp. subtype 3 in Asia, Europe,
and America compared to Africa (Ramirez et al., 2014; Stensvold, 2013;
Stensvold et al., 2012).

The highest Fst value (>0.25) was observed between Asia and other
three continents (America, Africa and Europe), indicating high genetic
differences or great separation. This pattern may be due to either the
continental barriers and high geographical distance, or limited migra-
tion between Asia and other continents. On the other hand, negligible
pairwise differentiation (Fsy < 0.05) observed between America -
Europe, Africa - America, and Africa - Europe may indicate high genetic
connectivity due to high gene flow among continents (Hamrick and
Godt, 1996; Hastings and Harrison, 1994; Holsinger and Weir, 2009;
Lang et al., 2012).

Gene flow represents the transfer of variations through the genomes
of a population to others. Therefore, a high value of gene flow implies
decreased genetic differentiations, which reflects the homogeneity, the
integrity, and migration between two populations (Bolnick and Nosil,
2007; Seeburg et al., 1984; Su et al., 2003). The gene flow analysis
showed the high level of Nm between America and Europe followed by
Africa and Europe, and America and Africa. There are a number of
factors that affect the rate of gene flow between different populations.
However, this finding confirmed the results of Fst and suggested that the
high dispersal or mobility between these continents seems to be the
main reason for this observation (Hamrick and Godt, 1996; Hastings and
Harrison, 1994; Lang et al., 2012).

Haplotype network showed relatively high divergence and low
number of common haplotypes in African sequences compared to other
continents. This supports high nucleotide diversity and may suggest a
link between high genetic diversity and hosts/source multiplicity in
Africa (Martinez-Hernandez et al., 2020; Mohammad Rahimi et al.,
2020).

Interestingly, the network analysis revealed a “star-like” topology
with many singleton variations that suggests a recent rapid expansion
(Avise et al., 1987; Slatkin and Hudson, 1991). The pattern also in-
dicates the presence of at least two separate clusters of Blastocystis sp.
subtype 3; cluster 1 belonging to Asia and cluster 2 belonging to the
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Fig. 3. Haplotype network of Blastocystis sp., subtype 3 populations in A) Europe, B) Africa, C) America, and D) Asia. The size of each circle is proportional to the

frequency of the haplotype in each population.

Table 2
Estimates of pairwise Fst based on the SSU-rRNA gene variation calculated for
different populations of Blastocystis ST3.

Population 1 Population 2 Nm Fst Gst
Africa America 50.68 0.0185 0.004
Africa Europe 133.79 0.015 —0.0018
Africa Asia 1.20 0.337 0.172
America Europe 201.52 0.044 0.0001
America Asia 1.09 0.282 0.186
Europe Asia 0.99 0.37 0.186

other three continents. This finding supports the results of Fsy indicating
the high similarity between Blastocystis sp. subtype 3 isolated from
America, Europe, and Africa.

However, s “star-like” topology, which was observed in our study, is
in contrast with the study published by Rojas-Velazquez et al. (2018).
Actually, Rojas-Velazquez et al. (2018) claimed the presence of an

ancestral clone for Blastocystis sp., and concluded that the haplotype 1,
which was detected in their study, is probably originated in the Latin
America and distributed to other regions of the world via human
migration. However, our study, which was performed on higher number
of sequences with wider distribution in the world suggested the presence
of two probable major clusters. A cluster was restricted to Asian popu-
lation and the other cluster contained sequences from America (mostly
south America), Europe, Africa, and some samples from Asia. However,
the main difference between our analysis and Rojas-Velazquez et al.
(2018) seems to be due to the number of sequences and the number of
nucleotides, which were included in analysis.

The demographic events with Tajima’s D and Fu’s FS tests, reveal
excess of singleton segregating sites and rare haplotypes, respectively,
that suggest recent demographic expansion across global distribution
range. Here, a significant negative D and Fs values can be interpreted as
signatures of population expansion (Tajima, 1989). The mismatch dis-
tribution results showed four unimodal graphs suggesting recent popu-
lation demographic that supports the hypothesis of population
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Fig. 4. The graphs obtained from mismatch distribution analysis for A) Europe, B) Africa, C) America, and D) Asia. The x axis shows the number of pairwise dif-
ferences, the y axis shows the frequency of the pairwise comparisons. The observed frequencies are represented by red dotted line. The frequency expected under the
hypothesis of population expansion model is depicted by continuous green line. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

expansion (Slatkin and Hudson, 1991).

There are some limitations in this study. (1) this study was performed
on about 500 sequences, which were previously submitted to the Gen-
Bank database, and some errors through the submitted genes by original
authors may lead to misinterpretations. (2) most of molecular epide-
miology studies on Blastocystis sp., have been performed on conserved
non-coding genes and a few number of coding genes, like mitochondrial
genes, are available in databases that limits the further genetic and
ancestral analyses.

5. Conclusions

Our findings show that allele 34 is the most prevalent strain with
variable frequency across the global distribution range. The lowest and
highest allele frequency are seen in America and Europe, respectively.
The highest genetic diversity was seen in Africa population, suggesting
high probability of cross-transmission between different hosts in Africa
compared to other continents. Haplotype network, Bayesian structure,
and pairwise Fst indicate that Asian population is clearly separated from
European, African, and American populations, which could reveal the
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probable role of migration in distribution of Blastocystis sp., in the world. Ethics approval and consent to participate
Taken together, unlike to Asia, high gene flow values between Africa,
Europe, and America continents suggest a genetic uniformity among Not applicable.
Blastocystis sp. subtype 3 in these continents. However, large molecular
epidemiology on Blastocystis sp., subtype 3 isolated from humans from Consent for publication
all continents would provide interesting data about the genetic variation
of this protist across the world. Regarding the limited molecular studies All authors declare that they have seen and approved the submitted
on mitochondrial genes in Blastocystis sp., it seems that researches with version of this manuscript.
large sample size on molecular analysis of conserved coding genes such
as mitochondrial genes provide big datasets, which helps researchers to Availability of data and material
design population-based studies.
Supplementary data to this article can be found online at https://doi. All generated data from the current study are included in the article
org/10.1016/j.meegid.2021.105151. or supplementary materials.
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