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A B S T R A C T

Blastocystis has been reported as the most common eukaryotic microorganism residing in the intestines of both
humans and animals, with a prevalence of up to 100% in some populations. Since this is a cryptic species,
sequence polymorphism are the single strategy to analyses its genetic diversity, being traditionally used the
analysis of ssu rRNA gene sequence to determine alleles and subtypes (STs) for this species. This multicopy gene
has shown high diversity among different STs, making necessary to explore other genes to assess intraspecific
diversity. This study evaluated the use of a novel genetic marker, succinate dehydrogenase (SDHA), for the typing
and evaluation of the genetic diversity and genetic population structure of Blastocystis. In total, 375 human fecal
samples were collected and subjected to PCR, subtyped using the ssu rRNA marker, and then the SDHA gene was
amplified via PCR for 117 samples. We found some incongruences between tree topologies for both molecular
markers. However, the clustering by ST previously established for Blastocystis was congruent in the concatenated
sequence. SDHA showed lower reticulation (The origination of a lineage through the partial merging of two
ancestor lineages) signals and better intra ST clustering ability. Clusters with geographical associations were
observed intra ST. The genetic diversity was lower in the marker evaluated compared to that of the ssu rRNA gene
(nucleotide diversity ¼ 0.03344 and 0.16986, respectively) and the sequences analyzed showed population
expansion with genetic differentiation principally among STs. The ssu rRNA gene was useful to explore inter-
specific diversity but together with the SDHA gene the resolution power to evaluate intra ST diversity was higher.
These results showed the potential of the SDHA marker for studying the intra ST genetic diversity of Blastocystis
related with geographical location and the inter ST diversity using the concatenated sequences.
1. Introduction

Blastocystis spp., are anaerobic intestinal protists belonging to the
phylumHeterokontophyta [1] of the Stramenopila group, which includes
heterotrophic and photosynthetic protozoa [2]. Blastocystis has a
cosmopolitan distribution [3, 4] and is the most common eukaryotic
protozoan in the human intestine [5], with prevalence's up to 100% in a
population of children in Senegal [6]. However, the role of this parasite
at the intestinal level is still a matter of contention as it is present in both
asymptomatic [7] and symptomatic patients, in the latter associated with
inflammatory bowel disease (IBD), irritable bowel syndrome (IBS) [8]
and chronic or acute urticarial lesions [9]. In some studies, it has been
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suggested that the potential pathogenic of Blastocystis could be related
with the subtypes or STs [10, 11], however, this association remains in
debate. Also, the STs have been related to its geographical distribution
[4, 11, 12] and a relative specificity to different hosts [13]. For all these,
it is important to increase studies in molecular epidemiology in areas
where the STs are circulating, to determine the impact of Blastocystis
diversity and associate it with both biological and clinical factors.
Initially, the genetic diversity of this microorganism had been demon-
strated through a variety of different techniques [14, 15, 16]; however, it
was not until the establishment of phylogenywith the use of the complete
small subunit ribosomal RNA (ssu rRNA) sequence [17] and elongation
factor 1 alpha, that the clusters corresponding to the STs were observed.
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Subsequently, with the use of genomic sequencing, that diversity and the
differences between some STs with respect to their size, guanine-cytosine
content, number of introns, and gene content were elucidated [18].
Currently, there are sequenced genomes for ST1, ST4 and ST7 [18, 19,
20] and some drafts genomes for ST2, ST3, ST6, ST8 and ST9 available on
GenBank, with sizes ranging between 12 -18 Mb.

Due to the existence of genomic sequencing and multiple improve-
ments in the ease and access of new generation sequencing techniques
today, the sequencing of just a few genes is now feasible. Therefore, DNA
barcoding has been developed for Blastocystis and is frequently used by
the scientific community to identify STs with the ssu rRNA gene [21].
With this unique marker, the genus had been classified into 17 STs [13,
22], but currently 28 STs have been reported [23]. The use of this marker
to determine STs has revealed a high diversity among them [5, 23], so it
has been proposed that each ST could correspond to a different species
[24]. However, due to the increasing number of STs found, it would be
important to add other markers with different resolution power to
explore the diversity in other genetic targets and conjunction with ssu
rRNA, solving the variation both inter and intraspecific, even more
considering the heterogeneity of ssu rRNAwhich was reported in the ST7
strain B isolate [25], with 17 non-identical copies [20, 25]. A few addi-
tional markers have also been evaluated, such as the pyruvate ferredoxin
oxidoreductase (PFOR) gene, which allowed finding three clades with
different ST samples, a lower nucleotide diversity and haplotype poly-
morphism for clade III [26]. Other study used the internal transcribed
spacer ITS which revealed novel variants intra ST1 and a high gene flow
among different countries of Europe and the Americas [27]. However,
many aspects of Blastocystis remain unknown, so it is necessary to
develop additional markers that allow for typing of the genus and
determining some aspects about their biology, evolutionary history,
reproduction mechanisms, possible recombination, and population ge-
netic events.

Recently, studies of the genome for Blastocystis demonstrated the
existence of synteny between ST1, ST4, and ST7 [28,29], with the
presence of genes corresponding to complex I and II of the electron
transport chain and an absence of III and IV [30], where they also
determined four subunits, encoded by nuclear DNA, of the mitochondrial
respiratory chain complex II that could work via succinate dehydroge-
nase (SDH) or fumarate reductase [20]. These pathways reportedly
reverse reactions in other protozoa, such as Trypanosoma cruzi [31]. In
eukaryotes, such as yeasts, SDH is a key enzyme that catalyzes the pas-
sage of succinate to fumarate during the tricarboxylic acid (TCA) cycle
[32], it basically has four subunits called A, B, C and D. Subunit A is
strongly associated with the mitochondrial inner membrane and cova-
lently bound to flavin adenine dinucleotide (FAD), B contains three Fe–S
groups and C and D which are integrals membrane proteins [33].
Although SDH is a mitochondrial protein, it is encoded by a nuclear gene
and part of its structure is conserved among eukaryotes. Because nuclear
genes are less affected by deleterious mutations associated with asexual
reproduction [34] and due to the importance of this enzyme, we wanted
to establish if this gene could be informative and could be used as an
additional marker in the subtyping and/or discrimination of Blastocystis
subtypes creating a better understanding of the genetic diversity and
population structure of this stramenopile. Therefore, the main objective
of this study was to determine the usefulness of the succinate dehydro-
genase gene of the subunit A (SDHA) as a possible additional marker in
the subtyping, study of the genetic diversity and population genetic
structure of Blastocystis.

2. Materials and methods

2.1. Ethics approval and consent to participate

This study was approved by the ethics committee of the National
University of Colombia (002-012-15 February 12, 2015) and the ethics
committee of the Universidad del Rosario (registered in Act No. 394 of
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the CEI-UR). The patients approved and signed the written informed
consent. This project was conducted under the contract number RGE131
of access to genetic resources granted by the “Ministerio de Medio
ambiente y Desarrollo sostenible” from Colombia.

2.2. Selection of new genetic markers

A search was made of the genes corresponding to the constitutive
enzymes, primarily those involved with the glycolysis cycle and a few
from the Krebs cycle, using the genome available for ST7 in the Blasto-
cystis Genome Browser (http://www.genoscope.cns.fr/). Subsequently,
the larger sequences were downloaded into a FASTA format. The genes
included in the search were Triosephosphate isomerase (TPI), biphosphate
aldolase (BPA), glucokinase (GK), Glucose 6 phosphate isomerase (GPI),
Hexokinase (HK), Phosphofructokinase (PFK), Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), Phosphoglycerate kinase (PGK), Phosphoglyc-
erate mutase (PGM), Enolase (enol-1), Pyruvate kinase (PK) and the subunit
A Succinate dehydrogenase (SDHA). Initially, these sequences obtained
from the ST7 genes were used as input in the Primer-BLAST tool. Once
the pairs of primers were obtained, the following parameters were
considered: the foll absence of dimer formation, absence of fork forma-
tion, melting temperature (Tm) in the range of 55 �C to 65 �C, percentage
of 40–60% of GC, size of each primer from 18 to 30 bases in length, size of
the amplified region from 300 bp to 700 bp, and specificity [35]. Sub-
sequently, each gene was aligned with the primers using MUSCLE [36]
implemented in MEGA 7.0 [37] and the sequence obtained after aligning
these was verified through BLASTn, which ensured that a specific hit
with 100% identity for Blastocystis was obtained.

Then, thanks to the collaboration of Doctors Lee O'Brien Andersen
and Christen Rune Stensvold from the Department of Microbiology and
Infection Control, Statens Serum Institut, Bruce Curtis and Andrew
Rogers from the Center for Comparative Genomics & Evolutionary Bio-
informatics, Biochemistry and Molecular Biology, Dalhousie University
and Ivan Wawrzyniak from Universit�e Clermont Auvergne, 3iHP, CNRS,
Laboratoire Microorganismes: G�enome et Environnement, we obtained
the raw reads of the genomes available in Genbank for ST1-ST4, ST6, ST8
and ST9. We used Short Read Sequencing Typing 2 (SRST2) tool [38] to
extract the genes of interest in ST1-ST4, ST6, ST8 and ST9. This tool maps
the reads (in fastq format) of each genome on a database of reference
alleles in fasta format (the 12 selected genes), in such a way that it allows
identifying the presence of the locus and the allele that best matches said
locus between all allelic sequences used as reference. In our case, the
database used as a reference consisted of the sequences of each of the
genes obtained from ST7. Consensus sequences were obtained for the
SDHA gene of all STs, except for ST8, 1 consensus sequence for the BPA
gene of ST2, 1 for the PFK gene of ST3 and 3 consensus sequences for the
GAPDH gene of ST2, ST3 and ST6. The programwas run using the default
depth and coverage parameters.

The consensus sequences obtained in fasta format for the STs evalu-
ated for the SDHA gene were aligned usingMAFFT [39] together with the
primers initially designed on the sequence of the SDHA gene of ST7, in
order to verify the position of the primers and their alignment with the
target sequences.

Additionally, the Ortholog Groups of Protein Sequences (OrthoMCL
DB) database available at https://orthomcl.org/ was used to explore the
copy number of each of the genes, where a single copy was found for the
SDHA, GPI, PFK and PGM genes. In addition, for the particular case of the
SDHA gene, we searched for this sequence in the genome of each of the
STs available in Genbank, using BLAST Genomes. For the cases in which
more than one sequence was obtained, an alignment was performed
between these using MUSCLE [36] implemented in MEGA 7.0 [37], to
identify how different or similar they were. Furthermore, previously
designed primers were also aligned to verify location on these found
sequences. All pairs of primers designed were evaluated on control DNA.
The amplification conditions for each pair of primers were standardized
using the Blastocystis xenic culture DNA ST3.

http://www.genoscope.cns.fr/
https://orthomcl.org/
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2.3. PCR of control DNA with newly designed primers

Once the primers designed for eachmarker were obtained, we wanted
to evaluate them experimentally, for this a PCR with control DNA from
the Blastocystis xenic culture ST3 was performed to verify the size of the
amplified products. The reactions were performed in a final volume of
12.5 μL, 2 μL of DNA, 6.25 μl of Go TaqMaster Mix Green (Promega) (cat.
No. M7122) at a final concentration of 1X and at a final concentration for
each primer of 1 μM. The thermal cycling parameters were as follows 95
�C for 5 min, 35 cycles of 95 �C for 1min, 59 �C for 1min, 72 �C for 1min,
and 72 �C for 10 min. Each amplification reaction was observed in 2%
agarose gels and stained with SYBR Safe, Thermo Fisher Scientific (cat
No. S33102) verifying the presence of a single band and the expected
size.

Subsequently, 4 of the 12 markers evaluated were amplified with the
control DNA, creating unique bands with an expected size, including TPI
(550 bp), PFK (437 bp), PK (479 bp), and SDHA (514 bp). The sequences
of the primers that worked for each locus, with the control DNA, were the
following: TPI (Fw 50 GCGTTCACAGAACCTCCGTA 3�; Rv 50

CCTCCAACCTGAACAGCGAT30), PFK (Fw 50 TACCACTTCGTGC
GCTTGAT3�; 50ACGCAGGACACGATGAACTT30), PK (Fw 50

CGTCAGATCACCGTCGGAAA3�; Rv 50 ACCAAGATCGTATGCACGCT30)
and SDHA (Fw50 GTCGATCCATCGCTTCCACT3�; Rv 50 CAGTCC
GCCCATGTTGTAGT30).

These four genes were chosen to evaluate them in the Blastocystis
positive DNA fecal samples.

2.4. Study population

A convenience sampling was performed in the departments of Ama-
zonas, Bolívar, Casanare, and C�ordoba in Colombia (Figure 1). In total,
375 samples of human feces were collected. From the municipality of
Puerto Nari~no in the department of Amazonas, samples (75.7%, n¼ 284)
3

were collected from 3 indigenous rural settlements, as described by
S�anchez and collaborators [40]. Samples were also collected from the
urban area of Momp�os in the department of Bolívar (8%, n ¼ 30), the
municipalities of Por�e, Tamara and Yopal in the department of Casanare
(14.1%, n ¼ 53), and samples from Montería in the department of
C�ordoba (2.1%, n ¼ 8) as depicted in Figure 1. The samples were
collected in plastic containers with 70% ethanol (ratio 1: 4 feces: alcohol)
and kept refrigerated for subsequent DNA extraction.

2.5. DNA extraction, Blastocystis DNA detection, and subtyping

Prior to DNA extraction, each sample was washed with 1x sterile PBS.
Genomic DNA from the stool samples was obtained using the commercial
kit, Stool DNA Isolation kit from Norgen (cat. No 27600), following the
manufacturer's instructions. DNA samples were stored at -30 �C until use.
Initially, the samples were subjected to PCR to detect Blastocystis. Sam-
ples from the department of Amazonas were processed for the detection
of Blastocystis according to the protocol reported by Sanchez et al. [40].
Conventional PCR was performed for the detection of Blastocystis of the
samples obtained from the departments of Bolívar, Casanare, and
C�ordoba. PCR for detecting Blastocystis, was performed in a final volume
of 9 μL containing 3.5 μL of GoTaq Green Master Mix (Promega) (cat. No
M7122), 2 μL of the template DNA, and the primers. Species-specific
primers were used at a final concentration of 1 μM. The sequences of
the primers used for Blastocystis were FWD F5 (50-GGTCC
GGTGAACACTTTGGATTT-30) and R F2 (50-CCTACGGAAA
CCTTGTTACGACTTCA-30) [41]. The thermal cycling parameters were as
follows 95 �C for 5 min; 35 cycles of 95 �C for 15 s, 58 �C for 1 min, 72 �C
for 30 s and then 72 �C for 10 min. The expected size of the amplified
fragments was 119 bp [5].

Conventional PCR was performed in order to determine the subtypes
and alleles of the samples that were positive for Blastocystis. Thus,
through the amplification of a 600pb region of the 5 0end of the ssu rRNA
Figure 1. Geographic locations of de-
partments in which samples were collected.
The departments where the sample collec-
tion was conducted are highlighted in color.
The red dots indicate the exact location of
the sampled municipalities. In the table a
zoom of the department of the Amazon is
observed, for a better observation of the
sampled sites. In the legend on the right, the
municipalities of each department and the
number of samples taken are indicated. The
map was created using ArcGIS version 10.7.
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using primers BhRDr (50-GAGCTTTTTAACTGCAACAACG-30) and RD5
(50-ATCTGGTTGATCCTGCCAGT-30) as reported previously [21]. Once
all of the PCR subtyping were performed, the size of each amplicon was
assessed using 2% agarose gel electrophoresis followed by staining with
SYBR Safe, Thermo Fisher Scientific (cat No. S33102). Subsequently,
each product was purified with ExoSAP-IT®, Affymetrix™ (cat. No
15513687) following the manufacturer's recommendations. Both strands
of each product amplified were sequenced using the Sanger method.
Sequences were edited in MEGA 7.0 [37] and submitted to a database to
identify the subtypes and alleles (https://pubmlst.org/blastocystis/).

2.6. PCR testing of fecal samples with designed primers

Here, we wanted to experimentally evaluate the specificity of the
primers on the evaluated markers, using them in different DNA samples
obtained directly from human feces. For this, a PCR was performed on
DNA from positive and identified human stool samples of ST1, ST2 and
ST3.

All subjects gave their informed consent for inclusion before they
participated in the study. The study was conducted in accordance with
the Declaration of Helsinki, and the protocol was approved by the Ethics
Committee of the National University of Colombia (002-012-15 February
12, 2015) and the ethics committee of the Universidad del Rosario
(registered in Act No. 394 of the CEI-UR). This project was conducted
under the contract number RGE131 of access to genetic resources granted
by the “Ministerio de Medio ambiente y Desarrollo sostenible”.

Only the primers that produced the best PCR results with DNA control
(TPI, PK, PFK and SDHA), were chosen to be evaluated in the DNA testing
of the human fecal samples. The conditions for these PCR were the same
as those used with the DNA control. Then, each of the products of each
marker was purified with ExoSAP-IT®, Affymetrix™ (cat. No 15513687)
following the manufacturer's recommendations. Each product amplified
were sequenced using the Sanger method. Sequences were edited in the
MEGA 7.0 [37]. However, after PCR, sequencing and editing processes of
sequences, suitable results were only obtained for the SDHA marker.
With the other markers, the intensity of the band was very weak, and in
some cases, there was no amplification, or the sequencing results were
not successful.

2.7. Phylogenetic reconstructions and determination of the haplotype
networks

The edited sequences for ssu rRNA and the SDHAmarkers in the fasta
format were aligned using the multiple sequence alignment program
MAFFT v7 [39]. Subsequently, different phylogenetic trees using each
marker and the concatenated sequences of both markers were con-
structed. Also, phylogenetic trees by ST with SDHA and ssu rRNA were
constructed. The trees were run with the maximum likelihood method.
The type of analysis carried out included the determination of the evo-
lution model for each data set of each gene using ModelFinder [42] and
the tree reconstruction with 1000 bootstrap replicates using IQtree [43].
The visualization and edition of the phylogenetic trees was carried out
with the online tool Interactive Tree Of Life V32 [44]. The consensus
sequences obtained for the in silico analysis of each ST were included in
the tree. The ST7 was used as the outgroup. In addition, phylogenetic
networks were constructed to detect reticulation signals between sam-
ples evaluated by gene and their concatenation. The analysis used the
SplitsTree5 program [45] with the Neighbornet algorithm and 1,000
iterations.

Also, we used https://microreact.org/showcase to visualize the
relation between geographical regions with the phylogenetic trees by ST
constructed previously with IQtree software.

Furthermore, to determine the number of haplotypes in the popula-
tion for the SDHA gene, a fasta sequence matrix was constructed for the
haplotype network analysis using prior alignment with MAFFT v7 [39].
This alignment of the fasta format was imported into the Geneious Prime
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software (available at https://www.geneious.com/) to export a file
with.phy extension and subsequently submitted to the Network 5.0
program [46] (available on http://www.fluxus-engineering.com/sha
renet.htm) to build a haplotype network by geographical region based
on the median-joining model with 1000 iterations. Analysis of the
haplotype networks allowed for the determination of the intraspecific
relationships between the different haplotypes and the mutational posi-
tions generated between them.

2.8. Evaluation of discrimination power and typing efficiency

The sequences of each gene and their concatenation were aligned
using the multiple sequence alignment programme MAFFT v7 software
[39]. Then, these alignments were included as input data to MLSTest
software, to evaluate the discriminatory power (DP) with 95% CI and
typing efficiency (TE) of SDHA and ssu rRNA genes. TE is an indicator of
grouping of members with common characteristics and DP allows dif-
ferentiation of individuals belonging to different groups [47].

2.9. Calculation of diversity and the genetic differentiation indices

To determine the number of polymorphisms, present in the sequences
of the ssu rRNA and the SDHA genes, the previous alignment of each locus
was used with the MAFFT v7 software [39]. The sequences used in this
study were grouped into three populations, determined by the de-
partments of origin of the samples (Amazon, Bolívar, and Casanare). We
analyzed 92 sequences in total for the determination of both loci,
considering populations by departments and STs. A total number of sites
(including gaps) at 376 for the SDHA locus and 1314 for the ssu rRNA. All
sequences, except 1 sequence from C�ordoba, were used to calculate the
diversity indices such as nucleotide diversity (Pi) and Theta (per site)
from the total number of mutations (Eta), number of polymorphic
(segregating) sites (S), number of haplotypes (h) and haplotypic diversity
(Hd).

In addition, in order to determine if the sequences evaluated pre-
sented a neutral evolution or were involved in a selection process, the
Tajima D was calculated, which indicate a balancing selection with a
positive value and purifying selection if the value is negative [48].
Finally, statistics of the genetic differentiation between populations
(departments and STs) for the SDHA and ssu rRNA loci were calculated.
The department of C�ordoba was excluded since only one sequence had
been obtained for this group. Peer genetic differences were estimated for
the populations, calculating the Wright's statistic F (Fst). Then, the
average number of nucleotide differences in pairs (Kxy), nucleotide
substitutions per site (Dxy), net nucleotide substitutions per site (Da), and
gene flow from the haplotypes (Gst). DnaSP v.5 software was used for the
analysis (available at http://www.ub.edu/dnasp).

3. Results

3.1. In silico analysis of designed primers

Initially, the 12 gene sequences obtained from the available annota-
tion for ST7 were used for the design of primers. Then, thanks to the
collaboration of different researchers who shared with us the sequencing
reads (see materials and methods) used for the assembly of the genomes
of different STs of Blastocystis publicly available in Genbank, we mapped
the reads on the sequences of interest using Short Read Sequencing
Typing 2 (SRST2) tool [38] and obtained consensus sequences for the
SDHA gene of all STs, except for ST8, 1 consensus sequence for the BPA
gene of ST2, 1 for the PFK gene of ST3 and 3 consensus sequences for the
gene GAPDH of ST2, ST3 and ST6. These initial results showed the SDHA
gene as a potential candidate to evaluate diversity across different STs.

To verify the initially designed primers, the consensus sequences
obtained for the SDHA gene were aligned using MAFFT [39] together
with the primers designed on the sequence of the ST7 SDHA gene. Only

https://pubmlst.org/blastocystis/
https://microreact.org/showcase
https://www.geneious.com/
http://www.fluxus-engineering.com/sharenet.htm
http://www.fluxus-engineering.com/sharenet.htm
http://www.ub.edu/dnasp
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two SNPs were found in the position of the first reverse on the ST4
sequence. The first forward was located at the beginning of the alignment
in a conserved region for all the sequences evaluated. These first results
show these primers as a starting point for the evaluation of the SDHA
gene in the STs evaluated.

On the other hand, for the particular case of the SDHA gene, we
wanted to verify the number of copies of this for each STs evaluated and,
if there were more than one, determine how similar they were. For this,
we did a search for this sequence in the genome of each of the STs
available in Genbank, using BLAST Genome. For ST3, ST4 and ST9 we
obtained a unique sequence for each one, with minimum coverage and
identity percentages of 99 and 80%, respectively. In the case of ST1, two
sequences were found, which presented a difference of two SNPs in the
region flanked by the designed primers, but which did not affect their
alignment, and, in the case of ST7, we found 4 sequences: two were
identical to each other with a conserved location that allowed alignment
of the primers. The other two sequences had a difference of 1 SNP from
each other and were very different from the other two previously
detected copies. Furthermore, it should be noted that these last two se-
quences did not align with the designed primers, indicating that these are
specific for the first two identical copies found in ST1. In the case of ST2
and ST6, we were unable to retrieve any sequence after the search
performed.

3.2. Newly designed primers with control DNA

Four of twelve new loci evaluated for Blastocystiswere amplified with
a single band of the expected size when we tested them on the control
DNA of Blastocystis ST3 from a xenic culture. The other 8 loci were dis-
carded because of different reasons, such as, they did not amplify, the size
band was incorrect, some faint bands or multiple bands in some cases
were showed, preventing their use for the purpose of this study. Due to
this, only four loci (TPI, PFK, PK and SDHA) were evaluated in the DNA of
faecal samples.

3.3. Sample description and detection of Blastocystis DNA

The average age of the human population was 8.4 years (SD: 7.5
years, range: 1-70). The largest number of samples collected was in the
department of Amazonas (75.7%; n ¼ 261), then 20.3% (n ¼ 76) for San
Juan del Soc�o, 8.3% (n ¼ 31) Nuevo Paraíso, 11.2% (n ¼ 42) Villa
Andrea, and 29.9% (n¼ 112) Puerto Nari~no. From Casanare, 14.1% (n¼
53) of the total samples were collected, which corresponded to the
following municipalities Por�e (9.6%; n ¼ 36), Tamara (1.6%; n ¼ 6), and
Yopal (2.9%; n ¼ 11). Moreover, for Bolívar (Momp�os) and also C�ordoba
(Montería), 8.0% (n ¼ 30) and 2.1% (n ¼ 8) were collected, respectively
(Figure 1).

Regarding the detection of Blastocystis DNA by PCR with the ssu rRNA
marker [5], a total of 86.6% [95% CI: 88.1–94.5, n¼ 305] of the samples
were positive. From the total samples, the percentages of positive sam-
ples for each department were Amazonas (66.5%, n ¼ 234), Casanare
(9.9%, n ¼ 35), Bolívar, Momp�os (8.2%, n ¼ 29) and C�ordoba, Montería
(1.9%, n¼ 7). The percentages of positive samples by municipality in the
department of Amazonas were San Juan del Soc�o (18.1%, n¼ 68), Nuevo
Paraíso (7.7%, n ¼ 29), Villa Andrea (10.1%, n ¼ 38), and Puerto Nari~no
(26.4%, n¼ 99) and, the percentages of positive samples by municipality
in the department of Casanare were Por�e (6.9%, n ¼ 26), Yopal (1.6%, n
¼ 6), and Tamara (0.8%, n ¼ 3).

3.4. Blastocystis subtyping (ssu rRNA) and SDHA amplification

A total of 77.4% (n¼ 236) of the positive samples for BlastocystisDNA
were subtyped and the following STs identified ST3 (27.5%, n¼ 84), ST1
(26.2%, n ¼ 80) and ST2 (23.6%, n ¼ 72). The 69 samples that were
positive for Blastocystis could not be subtyped because the quality of the
electropherogram obtained after sequencing was not optimal and the
5

sequence to establish the ST could not be obtained. On the other hand,
when we analyzed the electropherograms, we observed mixed nucleo-
tides for the same position in some (17) of the sequences analyzed,
indicating possible mixed infections [49].

Initially, we tested DNA primers for four loci in all the positive
samples (n¼ 305). A total of 8.5% (n¼ 26), 19.01% (n¼ 58), 12.8% (n¼
39) and 41.3% (n ¼ 126) samples were amplified with primers for TPI,
PFK, PK and SDHA, respectively. In the case of TPI, PFK and PK the
amount of sequences obtained was too low and the quality of their
electropherograms were not appropriated to get a consensus sequence, so
we could not analyze them. By contrast, in the case of SDHA,we obtained
clean sequences for each sample. The sequences were deposited under
the accession numbersMT072325 toMT072444. The quantity of samples
amplified for this locus, by department, were Bolívar (15%, n ¼ 18),
Casanare (19.6%, n ¼ 23), C�ordoba (0.8%, n ¼ 1), and Amazonas
(64.1%, n ¼ 75). In order to compare ssu rRNA and SDHA genes, only
those samples where the amplification of both genes could be obtained
were used, so 9 samples were discarded.

3.5. Genetic diversity and differentiation

The genetic diversity indexes were calculated using all the sequences
obtained for each locus by department and by ST, with the exception of
C�ordoba (only 1 sample). Comparing the results of haplotype diversity
(Hd) and nucleotide diversity (Pi) by department (Figure 2a, b) and by ST
(Figure 2c, d) with each loci, greater Pi values were found in the ssu rRNA
locus, principally in the Bolívar department (Figure 2b), in contrast to
SDHA locus which showed similar diversity indexes in all departments
(Figure 2a). Similar results were obtained by ST, where the highest
nucleotide diversity was shown in ST1 of ssu rRNA gene and the lower
haplotype diversity value showed was in ST1 of SDHA gene (Figure 2c,
d). In general, ssu rRNA gene showed higher diversity in comparison with
SDHA (Supplementary material Table S1). The number of polymorphic
sites obtained for the ssu rRNAwas 193 segregating sites and the number
of haplotypes 56, unlike the SDHA with 126 sites and 36 haplotypes. It
should also be noted that, with respect to the sampled departments,
Casanare and Bolívar showed a larger Theta per site in the ssu rRNA
locus. Also, a greater number of haplotypes in Amazonas was observed
with both genes, being higher with SDHA locus. Conversely, in the SDHA
locus, nucleotide diversity indices were very similar between the three
Colombian departments and the ST3 showed higher nucleotide and
haplotype diversity for this locus (Figure. 2a, c; Supplementary material
Table S1). Minimum number of recombination event was calculated for
both genes by geographical region and ST. In all cases ssu rRNA showed
to be more diverse (Supplementary material Table S1).

Then, we applied the D Tajima test [50] to determine if there were
any selective processes occurring in the sequences. We observed that a
statistically significant negative value when evaluating the sequences of
the three departments and ST for each of the loci. This indicated a process
of population expansion with a high frequency circulating among the
rare alleles (Supplementary material Table S1).

3.6. Phylogenetic reconstructions

Figure 3a-c depicts the phylogenetic trees constructed for the
concatenated (ssu rRNA and SDHA sequences), ssu rRNA and SDHA genes,
respectively, where the colors indicate the ST1, ST2 and ST3 that were
determined for the samples, together with reference sequences, obtained
by the SRST2 tool (see materials and methods), for the ST1 - ST4, ST6,
ST9 and the ST7 used as outgroup. In comparison, the concatenated and
ssu rRNA trees showed similar topology between themwith little changes
and incongruences among some clusters, for instance, inside of the ST1
cluster we could identify changes in the clustering of samples as Bol_26,
Bol_23 and Cor_01 from ST2 and Cas_03 from ST3. Besides, we observed
some subgroups clearly established inside of each ST. The SDHA tree,
exhibited 4 clusters with bootstrap supported greater than 80%, with a



Figure 2. Nucleotide and Haplotype diversity in ssu rRNA and SDHAmarkers. Nucleotide and haplotypic diversity values for both loci are shown by geographic region
and by ST. a.) SDHA by geographical region, b.) ssu rRNA by geographical region, c.) SDHA by ST, b.) ssu rRNA by ST.
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relative evidence of clustering associated with the STs where it is possible
to detect the clusters of ST1, ST2 and ST3. The concatenated topology
obtained for ssu rRNA and SDHA genes are similar to those reported in
Cryptococcus [51]. Concatenated and ssu rRNA presents signatures of
evolution by gradualism where big changes result frommany cumulative
small changes [52]. Figures 3a and b show this profile. In the case of
SDHA gene (Figure 3c), phylogenetic reconstruction coincides with the
principle of punctuated equilibrium (abrupt and rapid changes that give
rise to well-differentiated clusters) [52].

SDHA tree had some incongruences of clustering in comparison with
the other trees (Figure 3). For these inconsistences, we wanted to
determine some signals of reticulation for the concatenated and each
individual gene (Figures 3d – f). Higher signals of reticulation were
evidenced in the case of the concatenated and the ssu rRNA gene and
lower in the SDHA gene. On the other hand, we wanted to verify if the
SDHA marker could resolve differentiation intra ST. For this purpose,
phylogenetic trees for each ST with the sequences of SDHA were con-
structed. In comparison with ssu rRNA trees by ST, at least three sub-
groups were detected inside each SDHA phylogenetic tree with enough
support, indicating diversity intra ST with this genetic target and high-
lighting the resolution power of this marker (Figure 4). Then, using Micro
React tool (https://microreact.org/showcase) some relation between
each marker and geographical location was checked (Figures 5a-c). In the
ST1, it was clear the cluster of Amazonas department and another cluster
conformed by Bolívar and Casanare sequences. In the case of ST3 the
sequences from Amazonas could be splitted in two clusters and an
additional cluster was conformed for Bolívar and Casanare. In the case of
ST2, a cluster is observed for Amazonas sequences and another mixed.

In addition, we use the MLSTest to evaluate the discrimination power
(DP) and typing efficiency (TE) [47] of SDHA and ssu rRNA genes. TE is
an indicator of grouping of members with common characteristics. In our
case, the value of TE for SDHA was higher (TE ¼ 0.257) than ssu rRNA
(TE ¼ 0.052) and concatenated (TE ¼ 0.029), showing that SDHA gene
has better grouping capacity which was observed intra STs. DP, which
allows differentiation of individuals belonging to different groups
6

showed values between 0.904 – 1. So, both markers can discriminate
individuals from different STs with a confidence interval range 0.865–1.

3.7. Haplotypes network and genetic differentiation

Through the sequences obtained for the SDHA gene, haplotype net-
works were constructed under the medium-joining model [46], in order
to understand the genetic variability of the circulating strains of Blasto-
cystis in the areas of the sampled departments. A total of 36 haplotypes
were found, of which a group of themwere observedwith a small number
of mutations among them, which were all from the department of
Amazonas. In contrast, it was possible to observe some samples with a
very high number of mutations compared to other haplotypes. For
example, those samples from Casanare, Bolívar, and Amazonas, that are
seen further away (Figure 5d), according to the great diversity present in
the genus Blastocystis. In addition, some shared haplotypes were observed
between the collection regions (Figure 5d). The distribution of haplo-
types using the ST of each of the samples was observed. In this case, it was
possible to observe that the samples that corresponded to ST1, presented
a greater number of haplotypes, which had diverged by a varied number
of mutational changes, despite coming from different geographical re-
gions. With respect to the samples classified as ST2 and ST3, no groups of
clearly associated haplotypes were observed (Supplementary material
Figure S1).

Finally, the genetic differentiation was determined considering each
department and STs like different populations. Fst and Gst statistics,
gave values between -0.00818 to 0.10163 and -0.00501 to 0.03104,
respectively, showing no genetic differentiation among Bolívar and
Casanare but in case of Amazonas we found moderated differentiation
between Amazonas and Casanare and Amazonas and Bolívar with SDHA
marker [53]. In case of ssu rRNA and SDHA by ST, the genetic differ-
entiation was evident between the populations evaluated (Table 1). The
number of average nucleotide differences between populations (Kxy)
was much higher for the ssu rRNA marker, the higher value being
49.72857 and the number of average nucleotide substitutions between

https://microreact.org/showcase


Figure 3. Phylogenetic reconstruction with the ssu rRNA and SDHA markers. The evolutionary history was inferred using the maximum likelihood (ML) method based
on the GTR þ F model with 1000 bootstrap replicates. The pink dot on each node represents the bootstrap support >80%. The initials of the departments where the
samples come from are indicated at the tips of the branches, followed by the sample code (Cas: Casanare, Ama: Amazonas, Bol: Bolívar, Cor: C�ordoba). Phylogenetic
trees built from a.) the concatenated sequences obtained with the ssu rRNA and SDHA marker, b.) ssu rRNA marker and c.) SDHA marker. The corresponding colors are
related with ST, where ST1 is in blue, ST2 in red, ST3 in yellow, ST4 in green, ST6 in turquoise, ST7 in purple and ST9 in gray color. ST7 was used as outgroup. A
phylogenetic network, using Splitstree software, was built with the Neighbornet algorithm. d.) the concatenated sequences obtained with the ssu rRNA and SDHA
marker, e.) ssu rRNA marker and f.) SDHA marker.
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populations (Dxy) was higher between Casanare and Bolívar with the
ssu rRNA gene, 0.24023, followed by ST1 and ST3 with a value of
0.20658 (Table 1).

4. Discussion

Blastocystis globally has been typed into different STs worldwide due
to the use of barcoding that amplified 600 bp of the ssu rRNA gene, which
could easily discriminate between STs [21], showing a high diversity
within the genus. This DNA region is interesting because is expected to be
highly conserved [25], instead, exhibits relative high diversity within
Blastocystis STs. It could indicate that the divergence time might not have
been sufficient to fix the alleles with their mutations [54] showing an
overestimated diversity. In this case, the need to colonize a greater host
diversity even with strong competition in the intestinal environment
could be the reason to be changing. But, due to the unknown role of this
microorganism inside the gut, it has been proposed to explore additional
markers with different evolutionary rate in order to elucidate what is
happening in these populations. A few authors, have reported the need
for use of other genes or non-coding regions of the genome, such as the
internal transcribed spacers (ITS) [27], the use of single copy markers from
MROs, which allowed for the detection of coinfections even in the same
ST [25] or the use of the PFOR gene that generated clades that were
different from the STs, because they were subject to different selective
pressures that showed an evolutionary history different from that of the
ssu rRNA gene [26].
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Due to these few genes that have been studied in Blastocystis, since the
ssu rRNA gene is usually used for genotyping, it has not really been
possible to associate a factor that allows determining why this microor-
ganism looks so diverse between the different STs, if such diversity may
be due, for example, to recombination processes that do not allow
discrimination between subpopulations and that may be influencing
their intestinal role. For this reason, the need arises to search for other
genetic regions that allow a better understanding of what is influencing
the role of this microorganism and the observed genetic changes that
induce such an intriguing variation within the species. In our case, the
existing diversity among the STs evaluated was evident, since during the
in silico analysis carried out, we found that the detection of new genetic
markers is quite complex, since genes that are expected to be highly
conserved among eukaryotes are not easily redeemable between the
different STs analyzed. This added to the scarce information and few
existing data on the genome of this microorganism, make it even more
difficult to identify molecular genetic targets that allow a more robust
study on the genetic diversity of this microorganism. However, our re-
sults show the importance of continuing to evaluate other markers, such
as the SDHA gene together with the ssu rRNA gene, where in some cases, it
can be very useful not only in genotyping and evaluation of inter and
intra ST diversity, but also in the understanding of the evolution that
Blastocystis has been presenting and that continues to be the focus of
different scientific debates.

In the current study, the subtyped samples were amplified with
primers designed for the SDHA gene. Interestingly, the SDHA locus did



Figure 4. Phylogenetic reconstruction with the ssu rRNA and SDHA markers by ST. The evolutionary history was inferred using the maximum likelihood (ML) method
based on the model established with ModelFinder: F81 þ F þ G4 and SYM þ I to a.) and b.), respectively and GTR þ F for c.) – f.). The pink dot on each node represents
the bootstrap (1000 replicates) support >80%. The initials of the departments where the samples come from are indicated at the tips of the branches, followed by the
sample code (Cas: Casanare, Ama: Amazonas, Bol: Bolívar, Cor: C�ordoba). Phylogenetic trees built from the sequences obtained with the ssu rRNA by ST a.) ST1, b.)
ST2, c.) ST3. Phylogenetic trees built from the sequences obtained with the SDHA ST d.) ST1, e.) ST2, f.) ST3. The corresponding colors are related with ST, where ST1
is in blue, ST2 in red, ST3 in yellow and ST7 in purple. ST7 was used as outgroup.
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not show high genetic diversity compared to the ssu rRNA locus
(Figure 2, Supplementary material Table S1) and showed a grouping in
the phylogenetic reconstruction that was relatively associated with the
STs and the collection areas (Figures 3 and 5). This suggested that this
gene was probably under different evolutionary forces, which were
similar to the PFOR gene reported in the Mexican samples [26]. Also, it
was important to consider that ribosomal genes were highly utilized in
eukaryotes and required a large production of ribosomes in times of
massive growth, that could encode hundreds of copies of their tran-
scriptional units [55], leading to recombination events and potentially
greater diversity compared to the constitutive metabolic genes, which
did not require high variation in order to maintain their function. The
latter was characterized by a particular genomic composition with
respect to their structure, composition, and conservation of sequences
and expression [56]. For example, stabilizing selection for the conser-
vation of metabolic functioning could eventually present recombination
and had sufficient discrimination power without being subject to
diversified selection [57]. However, significantly conserved genes
would not be very informative for identifying variants successfully [57].
In this sense, we wanted to explore reticulation signals between the
samples with both markers. The results obtained showed a greater
number of reticulation signals in the concatenated and the ssu rRNA
gene compared to SDHA (Figure 3d -f) and agree with the index
determined for recombination, which was higher for the ssu rRNA gene
(Supplementary material Table S1). Future studies should consider
including more metabolic genes to understand the true genetic diversity
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of Blastocystis. It is also important to highlight that in some samples
mixed infections with the ssu rRNA marker were evidenced and that
therefore it is possible that STs are present in a lower proportion, which
could be amplified with the SDHA marker and could influence the
phylogenetic inconsistencies shown between both markers (Figure 3).
This occurred with three ST2 samples that formed a cluster within ST1,
because we obtained an electropherogram with multiple signals in the
same position indicating mixed infection, but it was not possible to
detect the other sequences present in the samples. In addition, in a
certain proportion of the samples analyzed, the presence of multiple
peaks was also evidenced in the electropherograms obtained, suggesting
the presence of different alleles but at a lower frequency, which could
not be detected with the sequencing technique used. The determination
of the ST presented in a sample must be resolved using other sequencing
techniques as next generation amplicon sequencing [23], that have
made it possible to determine different alleles of the ssu rRNA gene in
the same sample, showing mixed infections with several Blastocystis STs
[58].

Phylogenetic reconstructions revealed different topology. In com-
parison of both genes we propose differences in evolutionary patterns
(gradualism in the case of ssu rRNA and punctuated evolution in the case
of SDHA gene) as was reported in Cryptococcus [51]. Besides, we could
establish at least tree subgroups inside each ST using SDHA gene
(Figure 4). Moreover, we found some clusters related with the
geographical distribution of Amazonas and other cluster with Bolívar and
Casanare mixed (Figure 5).



Figure 5. Relationships of geographical re-
gions with clusters and haplotypic network.
The relationships between geographic location
and phylogenetic trees was visualized with htt
ps://microreact.org/showcase. These trees
correspond with those constructed with IQtree.
The location of each department in Colombia is
shown. The size of the circles represents the
frequency of the samples depending on each
ST. Each phylogenetic tree is showing the
clusters found inside each ST. a.) ST1, b.) ST2,
c.) ST3. The network shows the genetic vari-
ability present among the sequences analyzed.
d.) The length of the lines is in concordance
with the amount of changes to generate a new
haplotype. mv: mediate vector. mv, is a hy-
pothesized (often ancestral) sequence which is
required to connect existing sequences within
the network with maximum parsimony.
Without the median vector, there would be no
shortest connection between the data set's se-
quences). The colors represent the regions
where the samples were collected, which are
indicated in the legend.

Table 1. Genetic differentiation among populations with SDHA and ssu rRNA locus.

Locus Population 1 Population 2 Kxy Gst Fst Dxy Da

SDHA Amazonas Bolívar 12.29333 0.01140 0.03612 0.03396 0.00123

Amazonas Casanare 13.13600 0.03104 0.09839 0.03629 0.00357

Bolívar Casanare 12.97857 -0.00501 -0.00818 0.03585 -0.00029

ssu rRNA Amazonas Bolivar 42.44667 0.02318 0.10163 0.20506 0.02084

Amazonas Casanare 27.81500 0.01439 0.04528 0.13437 0.00608

Bolivar Casanare 49.72857 0.00318 0.03660 0.24023 0.00879

SDHA ST1 ST2 10.86800 0.07731 0.19569 0.03002 0.00587

ST1 ST3 14.28797 0.04534 0.15387 0.03947 0.00607

ST2 ST3 14.20798 0.03763 0.14072 0.03925 0.00552

ssu rRNA ST1 ST2 35.25926 0.07572 0.34376 0.17033 0.05855

ST1 ST3 42.76134 0.08018 0.45593 0.20658 0.09418

ST2 ST3 35.99288 0.05890 0.44264 0.17388 0.07697

Kxy: Average proportion of nucleotide differences between populations.
Gst: Genetic differentiation index based on the frequency of haplotypes.
Fst: estimate gene flow from nucleotide sequences.
Dxy: The average number of nucleotide substitutions per site between populations.
Da: The number of net nucleotide substitutions per site between populations.
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Besides, to detect intraspecific variation, it is necessary to increase the
phylogenetic resolution using other markers with lower diversity. For
this reason, we propose in addition to using ssu rRNA to include other
markers as SDHA which let to obtain clusters with enough support of
bootstrap and detect the intra and inter ST variation. These results agree
with the TE [47] value obtained to SDHA, which showed more capability
for this gene to cluster some samples and visualize subgroups inside each
ST. However, it is important to evaluate this marker in other STs different
from those studied in this study.

On the other hand, several studies have tried to relate this diversity to
the different symptoms [59, 60, 61], hosts [7, 12], and even socioeco-
nomic factors [40, 62]. However, these aspects have not yet been fully
explicated, and this parasite is associated with many unknown factors
regarding the biology and evolution of this microorganism and even the
role of this protist in different hosts. In this study, we found a relationship
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between STs and geographic distribution by department, where the use
of the two markers let us to observe a grouping corresponding to the
department of Amazonas and another that includes samples from both
Bolívar and Casanare. Geographically, Bolívar and Casanare are closer
and there is a greater movement of humans between these two regions, so
the possibility of transmission between these two areas is higher, instead
the samples from the Amazon form a separate cluster, because it corre-
sponds to samples from indigenous communities These communities are
located near to forest regions and the possibility of genetic exchange
between microorganisms is less. Also, within ST3, we were able to
observe two separate groups within the Amazon region, showing
different populations of this microorganism in this region (Figures 4 and
5).

Haplotype networks built with SDHA sequences in the current study
exhibited great diversity of the haplotypes distributed in the different

https://microreact.org/showcase
https://microreact.org/showcase
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geographic regions and among the STs. Some haplotypes were found to
be associated specifically in the sampled geographic regions, principally
in the Amazonas, but some shared haplotypes were observed by region
and by ST (Figure 5d and Supplementary material Figure S1). This could
be explained by different reasons, such as inadequate sampling (low
numbers of samples collected), limited divergence, hybridization, cryptic
speciation, and incomplete lineage sorting [63, 64, 65].

Interestingly, when the ST analysis was conducted, groups of haplo-
types that were associated with ST1 and ST2 were observed, while the
haplotypes associated with ST3 were seen at a greater distribution in the
sampled regions (Supplementary material Figure S1). The latter could be
in accordance with other reports made, where the ST3 was one of the
subtypes that had the greatest diversity [5, 58, 66] and in turn, coincided
with the fact that this subtype was the most variable compared to the
others since it had more than 50 different alleles reported in the database
for ST determination (https://pubmlst.org).

Nevertheless, despite the genetic diversity found and the great
geographical distances between some of the sampled departments, no
evidence of genetic differentiation for SDHA was found between
Amazonas - Bolívar and Bolívar – Casanare and for ssu rRNA gene, just
moderate genetic differentiation between Amazonas – Bolívar was
found. High genetic differentiation between STs with either of the two
loci evaluated was observed. Furthermore, estimators used to make
comparisons between populations, such as the Kxy, Dxy, and Da
showed more nucleotide substitutions and differences in the ssu rRNA
gene when we compared by geographical regions and STs (Table 1).
The D Tajima test [50] was based on the comparison of the number of
differences using pairs of nucleotide sequences and the number of
segregating sites, where the negative values indicated the high fre-
quency of rare alleles and was a signal of population expansion with
both markers evaluated.

These results are similar to that observed in protozoa such as
G. duodenalis [65] and some of the coding genes for the variant surface
antigens in Plasmodium vivax [67]. This expansion might be due to a
possible selection that has occurred in the Blastocystis genetic pool, which
varied depending on the mutational rate or the recombination rate [68].
Thus, it is necessary to evaluate the reproductive mechanisms of this
microorganism, and the possibility of recombination events that tend to
maintain the high variation observed, as has happened in protozoa such
as T. cruzi [69] and Leishmania [70] and has been proposed for
G. duodenalis [71, 72].

In the case of Blastocystis, the evidence of expansion in the samples
analyzed might be related to the wide range of hosts presented by this
protist, where the capacity for infection in mammals and other animals
might have influenced the great diversity, and effectively increased the
population size [73]. This population expansion likely occurred due to
the ease of fecal transmission through contaminated food and water
where the cysts were dispersed to new hosts moving easily throughout
the Colombian territory, as has been reported for G. duodenalis [65] and
for some nematodes, where it has been proposed that host movement is
key to gene flow and scattering of these rare alleles [74]. Future studies
are necessary to verify these dynamics of transmission and population
genetics. Moreover, studies using whole genomes of Blastocystis will
allow us to understand if recombination is occurring.

The SDHAmarker could be considered as a possible candidate for the
discrimination of groups presented within a population of this microor-
ganism. However, this marker should be evaluated with a larger number
of samples and hosts (including animals) as well as more geographic
regions in Colombia and South America. Similarly, it could be very
useful, along with other markers such as ssu rRNA, in the analysis of the
genetic diversity and population structure of Blastocystis, since in our case
it allowed us to show selective pressure forces leading to the expansion
process that could be explained by the high number of hosts capable of
becoming infected with this microorganism. However, more markers are
required to obtain a more robust analysis of what has happened within
the populations of this protozoan.
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Some limitations of our study include the use of only one additional
genetic marker, which could bias these assumptions, the low number of
samples that we could amplify because we did not culture the samples
and amplify directly from DNA extracted from stool samples, so the
amount of DNA available from genes with just one copy or lower number
of copies make difficult the amplification. Besides the concentration of
this microorganism could be low. It is necessary to increase the number
of samples evaluated from different regions to verify our assumptions. It
is necessary to extend this study to other STs, since we just could test the
ST1, ST2 and ST3.

5. Conclusions

The SDHA marker could eventually be used together with ssu rRNA
marker, for typing and to evaluate the evolution, diversity, and popula-
tion structure of Blastocystis. However, it was necessary to explore more
regions of the genome that allowed for the development of new markers
to study this microorganism and to elucidate the incongruity still present
around the biology of this protist.
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