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Identification of Multiple Blastocystis Subtypes in Domestic Animals From Colombia Using Amplicon-Based Next Generation Sequencing
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Blastocystis is frequently reported in fecal samples from animals and humans worldwide, and a variety of subtypes (STs) have been observed in wild and domestic animals. In Colombia, few studies have focused on the transmission dynamics and epidemiological importance of Blastocystis in animals. In this study, we characterized the frequency and subtypes of Blastocystis in fecal samples of domestic animals including pigs, minipigs, cows, dogs, horses, goats, sheep, and llama from three departments of Colombia. Of the 118 fecal samples included in this study 81.4% (n = 96) were positive for Blastocystis using a PCR that amplifies a fragment of the small subunit ribosomal RNA (SSU rRNA) gene. PCR positive samples were sequenced by next generation amplicon sequencing (NGS) to determine subtypes. Eleven subtypes were detected, ten previously reported, ST5 (50.7%), ST10 (47.8%), ST25 (34.3%), ST26 (29.8%), ST21 (22.4%), ST23 (22.4%), ST1 (17.9%), ST14 (16.4%), ST24 (14.9%), ST3 (7.5%), and a novel subtype, named ST32 (3.0%). Mixed infection and/or intra -subtype variations were identified in most of the samples. Novel ST32 was observed in two samples from a goat and a cow. To support novel subtype designation, a MinION based sequencing strategy was used to generate the full-length of the SSU rRNA gene. Comparison of full-length nucleotide sequences with those from current valid subtypes supported the designation of ST32. This is the first study in Colombia using NGS to molecularly characterize subtypes of Blastocystis in farm animals. A great diversity of subtypes was observed in domestic animals including subtypes previously identified in humans. Additionally, subtype overlap between the different hosts examined in this study were observed. These findings highlight the presence of Blastocystis subtypes with zoonotic potential in farm animals indicating that farm animals could play a role in transmission to humans.
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INTRODUCTION

Blastocystis is a unicellular eukaryote belonging to the phylum Stramenopila that infects the intestine of both humans and animals (1, 2). It has been reported worldwide with estimated prevalence of up to 23.1% in developed countries and 50% in developing countries (3–5). Blastocystis is observed in both symptomatic and asymptomatic humans generating controversy about the pathogenic role of this microorganism and its clinical importance (6). Furthermore, Blastocystis has been observed in a wide range of both wild and domestic animals including mammals, birds, reptiles and insects (7–10), highlighting a potential risk of zoonotic transmission to humans (1, 8, 11, 12).

A wide genetic diversity of Blastocystis has been identified in isolates obtained from birds and mammals based on nucleotide polymorphism at the small subunit ribosomal RNA gene (SSU rRNA) that has allowed the establishment of different subtypes (STs) (13, 14). Blastocystis subtypes display varying degrees of host specificity (15). At present, there are 31 proposed subtypes, although four of these subtypes are not currently considered valid (13, 14, 16). Of these subtypes, ST1 to ST9 and ST12 have been found in humans (17). ST1 to ST4 are the most common subtypes reported in humans (18), and ST9 has been reported only in humans (19). Subtypes identified in humans have also been reported in domestic and wild animals (12). In farm animals, a combination of zoonotic and enzootic subtypes has been reported (12). In cattle, zoonotic subtypes (ST1-ST7 and ST12) and enzootic subtypes (ST10, ST14, ST17, ST21, ST23-ST26) have been reported (12, 20, 21). Likewise, in small ruminants, zoonotic STs (ST1, ST3, ST4, ST5, ST7) and enzootic STs (ST10, ST12, ST14) are commonly reported (1, 12, 22). In pigs, most studies report zoonotic STs. Eight zoonotic subtypes have been reported (ST1-ST5, ST7), but also enzootic STs (ST10 and ST15) have been reported (12, 23–25). In birds, zoonotic ST6 and ST7 are mainly reported, but other STs have also been detected including additional zoonotic STs (ST1, ST2, ST4-ST5, and ST8) and enzootic STs (ST10, ST13, ST14, ST20, ST24, ST27, ST28, ST29) (1, 12, 26–28). In companion animals, zoonotic STs ST1-ST6 and enzootic ST10 have been reported (12).

Few studies that include molecular characterization in animal hosts in the Americas have been conducted (12). In the United States, ST3-ST5, ST10, ST14, ST17, ST21, and ST23-ST26 were observed in samples from cattle (29), ST5 in swine (23), ST10, ST1, and ST3 in feline and canine samples (30), and ST30 and 31 in white-tailed deer (16). In Mexico, ST4 and ST17 have been detected in rodents (31). In Brazil, ST1 was detected in pigs (25), ST1 and ST3 in dogs (32). ST5-ST7, ST10, ST14, ST24, ST27, and ST28 in captive wild birds (33), and ST6, ST7, ST10, ST14, ST25, and ST29 in chickens (28). In Peru, ST8 was reported in monkeys (34). In Ecuador ST8 was detected in monkeys (35), and in Colombia ST6 was found in birds, ST8 in marsupials, ST4 in howler monkeys and ST1-ST3 were detected in domesticated mammals (26) and ST1 in dogs (36). Previous studies clearly indicate that some STs are shared between humans and animals, showing that zoonotic STs are frequently identified in livestock and companion animals. However, the contribution of animals to human infection has yet to be clarified and studies in this regard are needed.

PCR coupled with Sanger sequencing of a fragment of the SSU rRNA gene is commonly used in subtyping studies of Blastocystis (37, 38). However, results based on chromatogram analysis of Sanger-sequenced products have shown that mixed infections are common (8, 37, 39). For this reason, if mixed subtype infections are present in a sample, cloning may be required to obtain clear subtype sequences. This process has been used to discern between mixed subtypes present in the same sample, but this process represents additional steps for identification and may miss low-abundance subtypes (8, 39). Next generation amplicon sequencing (NGS) has showed greater sensitivity in detecting mixed subtype infections of Blastocystis in humans and animal studies (28, 40–42). For example, NGS found mixed subtype infections in 62.5% of the Blastocystis-positive bird samples examined from Brazil (33), 13.7% of human samples from a rural area of Mexico (40) and 51.6% of Blastocystis-positive human samples collected from patients with diarrhea in Colombia (42). However, the use of this technique has not been applied to study animal samples from Colombia. Therefore, the aim of this study was to determine the occurrence of Blastocystis in farm and companion animals present in different departments of Colombia. NGS was used to conduct molecular characterization and subtyping of Blastocystis-positive samples to determine mixed subtypes, presence of low abundance subtypes, and intra-subtype variations. Such information is crucial to understand the epidemiology, animal reservoirs of zoonotic subtypes, and transmission dynamics of Blastocystis infections.



MATERIALS AND METHODS


Study Population and Sample Collection

Convenience sampling was conducted to obtain fecal animal samples. One hundred and eighteen fecal samples were collected from healthy and adult domestic animals in the city of Bogotá and the departments of Santander, Boyacá and Cundinamarca in Colombia (Supplementary Figure 1). Domestic animals included: cattle (Holstein breed; n = 58), pigs (commercial line SM52xL2PIC; n = 3), minipigs (n = 35), sheep (n = 1), llama (n = 1), rabbits (n = 3), dogs (n = 4), horses (n = 11) and goats (n = 2). Fecal samples were collected directly from the rectum of each animal. The animals from Bogotá belonged to the veterinary faculty of the University of Applied and Environmental Sciences (UDCA) where they were part of the academic practices of veterinary and zootechnical students. The samples of animals from Boyacá and Cundinamarca corresponded to Holstein cows of dairy production, and the samples from Santander were minipigs kept as pets. The percentages of samples obtained in each department were: Bogotá (38.9%, n = 33), Boyacá (23.6%, n = 20), Cundinamarca (35.4%, n = 30) and Santander (41.3%, n = 35). All fecal samples were preserved at −80 °C until DNA extraction without any preservative.



DNA Extraction and Detection of Blastocystis Using PCR

Prior to DNA extraction, approximately 300 μL of each fecal sample was washed with sterile phosphate-buffered saline (PBS 1X) three times. First, 600 ml of PBS were added to each sample, vortexed for 30 s and centrifuged at 3,000 rpm for a minute. The supernatant was discarded. Genomic DNA was extracted from fecal pellet obtained after washes using the Norgen Stool DNA Isolation Kit, Norgen Biotek Corp (Thorold, ON, Canada), following the recommendations of the manufacturer.

To detect Blastocystis, a PCR that amplifies a fragment around 119 bp of the SSU rRNA gene was performed in a final volume of 9 μL, containing 3.5 μL of GoTaq Green Master Mix (Promega®, Madison, Wisconsin, USA), 2 μL of template DNA, and 1 μL of each primer to obtain a final concentration of 1 μM in the reaction (43). The sequences of the primers used were, FWD F5 (5′-GGTCCGGTGAACACTTTGGATTT-3′) and R F2 (5′-CCTACGGAAACCTTGTTACGACTTCA-3′) (44). 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 and 72°C for 30 s; 72°C for 10 min. Following PCR, the size of each amplicon was assessed using 2% agarose gel electrophoresis followed by staining with SYBRTM Safe (Invitrogen™, Carlsbad, CA, USA).



Next Generation Amplicon Sequencing and Bioinformatic Analyses

All PCR positive samples were further screened using next generation amplicon sequencing. PCR, library preparation, and sequencing were performed as previously described (45). All prescreened PCR positive samples were further analyzed by PCR using the primers, forward ILMN_Blast505_532F 5′- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG GGAGGTAGTGACAATAAATC−3 ′ and reverse ILMN_Blast998_1017R 5′- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG TGCTTTCGCACTTGTTCATC-3′ (adapter sequences underlined) that amplify a fragment of ca. 500 bp of the SSU rRNA gene (45). The Illumina 16S Metagenomic Sequencing Library Preparation protocol (Part # 15044223 Rev. B) was used for the library preparation with PCR conditions and preparation of libraries carried out as reported in previous studies (45). Quantification of the libraries was performed using the Quant-iT dsDNA Broad-Range Assay Kit (ThermoFisher, Waltham, MA) on a SpectraMax iD5 (Molecular devices, San Jose, CA) and sequencing was conducted using Illumina MiSeq 600 cycle v3 chemistry (Illumina, San Diego, CA) following the manufacturer's instructions.

Paired-end reads were processed and analyzed with an in-house pipeline that uses the BBTools package v38.82, Bushnell B (2014), BBMap downloaded in http://sourceforge.net/projects/bbmap, VSEARCH v2.15.1 (46), and BLAST + 2.10.1. After removing singletons, clustering and the assignment of centroid sequences to operational taxonomic units (OTU) was performed within each sample at a 98% identity threshold. The unique sequences obtained were assigned to a Blastocystis subtype based on the best BLAST result in the GenBank database. All partial sequences generated in this study were deposited in GenBank under the accession numbers MW662458-MW662511.



PCR Amplification, MinION Sequencing, and Bioinformatic Analysis Used to Generate Blastocystis Full-Length SSU rRNA Gene

DNA from a goat (sample #54), was PCR amplified to produce full-length SSU rRNA gene sequences to validate novel subtype ST32. A previously described PCR and Nanopore sequencing strategy were used to generate sequences of the approximately 1,800 base pair SSU rRNA gene (47) with the following updates. Briefly, a PCR using the MinION-tailed primers SSU-F1 (5′–TTT CTG TTG GTG CTG ATA TTG C AAC CTG GTT GAT CCT GCC AGT AGT C−3′) and SSU-R1 (5′–ACT TGC CTG TCG CTC TAT CTT C TGA TCC TTC TGC AGG TTC ACC TAC G−3′) (adapter sequences underlined) which amplify most eukaryotic organisms' full-length SSU rRNA gene was performed using the high-fidelity proofreading polymerase contained in KAPA HiFi HotStart ReadyMix (KAPABioSystems, Cape Town, South Africa). Initial denaturation was performed at 98 °C for 5 min followed by 35 cycles of amplification: 20 s at 98 °C, 45 s at 60 °C, and 90 s at 72 °C. The final extension continued for 5 min. PCR amplicons were purified using a 0.5 × AMPure XP beads (Beckman Coulter, Brea, CA, USA) to sample ratio and quantified on a Qubit fluorometer (ThermoFisher Scientific, Waltham, MA, USA). To prepare the Nanopore sequencing library the Oxford Nanopore Technologies (ONT) SQK-LSK109 and SQK-LSK110 Ligation Sequencing Kits were used following the manufacturer's protocol for PCR Barcoding Amplicons (PBAC12_9112_v110_revB_10Nov2020) and loading guidelines for R9 and R10 flow cells, respectively. The EXP-PBC001 PCR Barcoding Kit (ONT, Oxford, UK) was used in combination with the ligation kits for barcoding each sample. A modification to the barcoding PCR protocol included the use of the KAPA HiFi polymerase described above instead of the NEB LongAmp Taq. Amplicons were purified with 0.5 × XP beads once more, quantified and diluted to ensure 50 or 75 fmol of library in 12 uL was loaded onto an R9 (FLO-MIN106) or R10 flow cell (FLO-MIN111), respectively. R9 flow cells were run aboard an Mk1B MinION and R10 flow cells aboard the Mk1C MinION both using MinKNOW v20.10.06 software.

Basecalling was performed using Guppy v4.4.1 (gpu) and the High Accuracy models available for R9 and R10 flow cells in the following configuration files: dna_r9.4.1_450bps_hac.cfg and dna_r10.3_450bps_hac.cfg. A minimum quality score cut off of 7 was used for filtering low quality reads. FASTQ reads were then length filtered to include only reads between 1,700 and 2,000 nucleotides. Filtered reads were then corrected using canu v2.1.1 and then length filtered again to retain reads between 1,700 and 2,000 nt. Next, MinION PCR adapters were trimmed and only reads with intact forward and reverse eukaryotic primers were retained (bbduk.sh k = 18 restrictleft/right = 150 mm = f edist = 2; BBTools v38.86). Primer orientation was used to ensure all reads were converted to the plus strand before combining them into a single FASTA file. Reads were then clustered using the vsearch –cluster_fast command (vsearch v2.15.1) with a 98% identity threshold and checked for chimeras using the vsearch –uchime_denovo command. The chimera-free clusters were then polished using Racon v1.4.20. The SAM file needed for racon polishing was generated by first extracting non-chimeric reads from pre-clustered reads and mapping them back to the chimera-free clusters using Minimap2 v2.17-r941 and the flags -ax asm5 –secondary = no. Racon-polished consensus sequences were clustered again at 98% identity using the vsearch –cluster_size command and sequences with <10 supporting reads were removed. Another round of polishing was performed using Nanopolish v0.13.2 for R9 reads (nanopolish variants –consensus –min-flanking-sequence = 10 –fix-homopolymers –max-haplotypes = 10,000) or Medaka v1.2.1 for R10 reads (medaka_consensus –m r103_min_high_g360) (medaka). All full-lenght sequences generated in this study were deposited in GenBank under the accession numbers MZ265403-MZ265408.



Phylogenetic Analysis

The full-length SSU rRNA gene nucleotide sequences obtained in this study, appropriate full-length Blastocystis reference nucleotide sequences obtained from the reference database found at http://entamoeba.lshtm.ac.uk/blastorefseqs.htm (accessed 5/7/2021), and other full-length sequences of currently accepted STs available in GenBank were included in the analysis. Nucleotide sequences were aligned with the Clustal W algorithm, phylogenetic analysis was performed using the Neighbor-Joining (NJ) method, and genetic distances calculated with the Kimura 2-parameter model using MEGA X (48, 49). The phylogenetic tree was rooted using Proteromonas lacertae as an outgroup. A total of 1,951 positions were included in the final dataset that included 70 nucleotide sequences. Bootstrapping with 1,000 replicates was used to determine support for the clades generated. Additionally, evolutionary analysis was conducted to establish divergence between nucleotide sequences (pairwise distance) using the Kimura 2-parameter model in MEGA X.



Visualization of Blastocystis Subtype Frequencies Within and Between Hosts

A bar plot was constructed to observe the inter-subtype variation in each analyzed sample. For this, the percentage of the unique sequences established for each ST was taken into account, and percentages were calculated for each sample. A color for each ST was assigned. The bar plot was constructed considering the hosts of each sequence analyzed and the geographic region of origin of each of the samples.




RESULTS


Detection of Blastocystis

A total of 118 samples of farm and companion animal fecal samples were tested for the presence of Blastocystis by PCR. Overall, 81.4% (n = 96) of the 118 samples were positive for Blastocystis, of which 27.1% (n = 26) were from Bogotá and included cows, horses, dogs, goats, pigs, rabbits, a sheep and a llama, 14.6 % (n = 14) were from cows in Boyacá, 23.9% (n = 23) were from cows in Cundinamarca and 34.4% (n = 33) were from mini pigs in Santander (Table 1).


Table 1. Occurrence of Blastocystis in domestic animals from different locations in Colombia.
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Subtypes of Blastocystis

Of the 96 samples positive by the PCR, 67 produced Blastocystis sequences using NGS. There were 53 unique Blastocystis sequences detected among the 67 samples analyzed by NGS, with an average of 3.6 ± 0.7 unique sequences per sample and an average abundance of 71,585 ± 11,534 reads per sample. Unique sequences corresponded to eleven STs, 10 previously reported (ST1, ST3, ST5, ST10, ST14, ST21, ST23, ST24, ST25, ST26) and a novel subtype (named ST32). The most common STs were: ST5 50.7% (n = 34) and ST10 47.8% (n = 32) followed by ST25 34.3% (n = 23), ST26 29.8% (n = 20), ST21 22.4% (n = 15), ST23 22.4% (n = 15), ST1 17.9% (n = 12), ST14 16.4% (n = 11), ST24 14.9% (n = 10), ST3 7.5% (n = 5) and ST32 3.0% (n = 2).

Subtypes identified in each host are summarized in Table 1. In ruminants a wide genetic diversity was observed with nine STs identified in cattle (ST5, ST10, ST14, ST21, ST23 ST24, ST25, ST26, and ST32), eight in goats (ST10, ST14, ST21, ST23, ST24, ST25, ST26, and ST32) and six in sheep (ST10, ST14, ST21, ST23, ST24, and ST26) (Table 1). In the only Blastocystis-positive llama, five STs (ST10, ST21, ST23, ST24, and ST25) were identified, while three STs (ST10, ST14, and ST24) were identified in horses. In pigs and minipigs, one (ST5) and three (ST1, ST3, and ST5) subtypes were identified, respectively. Two subtypes were identified in dogs (ST23 and ST24).

ST10 had the greatest intra-subtype variation, with 16 unique sequences (16/53; 30.2%), followed by ST1 (8/53; 15.1%), ST26 (6/53; 11.3%), ST14 and ST5 (each 5/53; 9.4%), ST25 (4/53; 7.5%), ST24 (3/53; 5.7%), ST3 and ST21 (each 2/53; 3.8%), and ST23 and ST32 (each 1/53; 1.9%). Intra-subtype variation was commonly observed within the same sample (Supplementary Table 1). Up to 12 different unique sequences were observed in a single sample (sample #40).

Figure 1 shows multiple STs found within the same host and in the same sample. The corresponding number of each sample is shown in the x axis. Also, the region where each sample was collected is shown. The numbers on the y axis represent the frequency of each ST found for each sample. From minipigs, 18/30 samples showed mono-infections with ST5, but in 7/30 samples ST1 and ST5 were found and 5/30 samples had infections with ST1, ST3, and ST5. All three pig samples contained ST5. In the case of cattle, ST10 was the most commonly found subtype, but mixed infections were evident in the most of samples. Among all animals, in Bogotá, we found ST24 and ST32 that are absent in samples from Boyacá and Cundinamarca. Samples from sheep, llama, and goat also showed a greater inter-subtype variation, while in the samples of horse mono-infections were observed and in the sample of dog just two STs were found. The novel subtype (ST32) was detected in samples 40 and 54 from a cow and a goat, respectively.
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FIGURE 1. Detection of single and mixed infections in animals. The percentage of each ST detected is shown by sample. Each ST is highlighted in a different color. The figure is organized by host and location.




MinION Sequencing and Phylogenetic Support for Novel Subtype

To confirm the validity of the novel subtype according to recently proposed guidelines (13), the near full-length nucleotide sequence of the SSU rRNA gene should be obtained. A MinION long read sequencing strategy was applied to one goat sample which contained the novel subtype (sample #54). A full-length sequence of the SSU rRNA gene was successfully obtained for the novel subtype. Multiple subtypes were present in sample number 54, and five additional full-length nucleotide sequences were also obtained for five other subtypes, ST10, ST21, ST23, ST24, and ST26.

Phylogenetic analysis of full-length sequences by NJ method showed that ST32 clusters with ST21 and ST26 (Figure 2). Full-length sequences for ST10, ST21, ST23, ST24, and ST26 generated in this study all cluster with corresponding full-length sequences available in GenBank. Pairwise comparison was used to evaluate percent similarity between ST32 and the 25 currently available valid subtypes (ST1-ST17, ST21, ST23-ST29) using full-length sequences (Supplementary Table 2). The highest percentage of sequence similarity for ST32 was 96% with ST21 and ST26.
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FIGURE 2. Phylogenetic reconstruction with MinION sequences. The full-length SSU rRNA gene nucleotide sequences obtained in this study were aligned with Blastocystis reference nucleotide sequences (accession numbers in parenthesis). Nucleotide sequences were aligned with the Clustal W algorithm and phylogenetic analysis was performed using the Neighbor-Joining (NJ) method and genetic distances calculated with the Kimura 2-parameter model using MEGA X (48, 49). Bootstrapping with 1,000 replicates was used to support the clades. The bootstrap number is shown on each node. Proteromonas lacertae was used as an outgroup. White circles show the samples with full-length obtained in this study and the black circle is showing the novel subtype found, called ST32.





DISCUSSION

In the Americas, the number of studies in humans and animals related to Blastocystis infection has been increasing which has contributed important data on the prevalence and variability of this microorganism (50–53). However, studies in South America about Blastocystis specifically in animals are scarce. In some South American countries, there are studies reporting different Blastocystis STs in humans and their relationship with symptomatic patients (54–58). Countries from the Americas where animal samples have been tested from Blastocystis include United States (16, 23, 29, 59), Brazil (25), Mexico (31), Ecuador (35), Peru (34) and Colombia (26). In those studies, a relative specific association of STs with hosts has been found. For this reason, it is imperative to increase the available data on the biology of this microorganism, its epidemiological and genetic characteristics, including subtyping and possible relationships with different hosts, to clarify the transmission dynamics which could involve domestic and wild animals as sources of contaminated water (60).

In our study, we found a high frequency of farm animals infected with Blastocystis (Table 1). Of the 118 samples screened, 96 (81.4%) were positive for Blastocystis by PCR. Cows and pigs were the most studied animals and had high frequency of infection, 77.6 and 68.4%, respectively. These findings were in concordance with previous studies in which Blastocystis was a common parasite of these hosts. A wide range of prevalence in cows has been reported in many countries, 1.8% in Spain (61), 71% in French (8), 80% in Colombia (26), and 100% in Indonesia (21), where different factors may be influencing the detection of Blastocystis (12). Blastocystis is highly prevalent in pigs worldwide with prevalence ranging from 8.3% in Philippines (62), 45.2% in Cambodia, 76.7% in Southeast Queensland (24), 77% in Brazil (63), and up to 100% in Australia and Vietnam (1, 64). Like in cows, the high prevalence in pigs could be related with the age, gender and immune status of the host, but current data point to age as the principal factor linked to prevalence (12). In our study, few samples of llama, sheep and goats were collected (1, 1, and 2, respectively), but all samples were Blastocystis-positive. These results are similar to other studies which had a limited number of samples from these hosts but have shown prevalence ranges including 5.5–63.6% in sheep in China and United Arab Emirates (65, 66). In goats, reported prevalence include 0.3% in China (67), 30% in Malaysia (68), and 94.7% in Thailand (69) with highest prevalence in older specimens. There is only one published report of Blastocystis from a llama which included only one fecal sample from a circus animal (70). The sample was analyzed and found positive for Blastocystis by microscopy. We also obtained samples from companion animals in this study, with samples from four dogs and eleven horses. Blastocystis was observed in 50% of samples from dogs and 54.5% of samples from horses. Studies in equine are scarce, just one study reported one positive sample from eight horses analyzed in Thailand (71). In the case of dogs, there are some studies showing prevalence ranges including 1.3% in Cambodia (72), 18.8% in Iran (73), 37% in Colombia (26), and 100% in Australia (74). It is probable the differences in prevalence are related with living conditions that impact dog health, management, and hygiene (12). The last group of animals that we tested for Blastocystis were three rabbits, of which 100% were positive, but it is important to note the small number of samples. In two studies reported from China, a low prevalence was found (1–3.3%) using a larger sample size (65, 75), so it would be important to verify the high prevalence detected in our rabbit samples through future studies which increase the number of specimens analyzed.

In Colombia and in most South American countries, few studies have sought to determine the STs circulating in animals. However, current data indicate that animals may be hosts to potentially zoonotic subtypes and could play a role in the transmission of Blastocystis to humans (18, 27, 76, 77). In this study, only ST5 was detected in the three pigs from Bogotá housed for academic purposes in the University of Applied and Environmental Sciences, while three subtypes (ST1, ST3, and ST5) were identified in minipigs from Santander (Figure 1). Minipigs live as pets in close contact with humans and the presence of ST1 and ST3 may be related to this close contact with humans as these two subtypes are among the most frequently reported in humans (76, 78–81) (Figure 1). In contrast, ST5 is less commonly observed in human samples and is mainly identified in swine (12, 19). Similarly, a review in Asia that included several animals, with cattle and poultry being the most studied, showed that ST1-ST10, ST12 and ST14 were detected, and ST5 was the most widespread subtype in the animals studied (10). Furthermore, many of the subtypes reported were those more frequently found in humans indicating probable zoonotic transmission (10). In our case, it would be important to include samples from the keepers of these animals to support the occurrence of zoonotic transmission. Therefore, better monitoring is necessary, both of the STs found in animals close to human populations as well as of the STs present in humans that are in close contact with animals and even of those human populations where there is a greater possibility to come into contact with wild animals whose frequency and diversity of Blastocystis have yet to be explored. Such studies would establish a better picture of the zoonotic potential and transmission dynamics of Blastocystis. For example, in the case of a study in Malaysia, it was determined that people who are in close contact with animals, like animal handlers, are more likely to become infected with Blastocystis since 41% of the animal handlers were positive for this parasite (11). Similar results were found in another study conducted in animals from French zoos where they found shared subtypes between some animals and animal handlers (8). In mono-subtype infections it is possible to infer a common source of contamination. In the case of mixed subtype infections, subtyping allows for hypotheses about the possible routes of transmission between different hosts. Clearly accurate subtyping is key to understand transmission and to develop prevention and control strategies in the future.

In the present study, subtyping was performed using NGS as previously reported in Mexico using human stool samples (40), in Brazil in captive wild birds and chickens (28, 33), in the United States in cattle and deer (16, 29), in Spain in wild carnivores (41), in Italy in wild boars and pigs (82). NGS has been compared to Sanger sequencing and cloning and allowing to identify the presence of mixed infections more easily without costly processes such as cloning of PCR products and subsequent sequencing of multiple clones (45). Because in samples from feces mixed infections are common (8, 83, 84), it is important to deploy NGS tools in studies of Blastocystis subtype diversity to have a better picture of STs present within a host. The usefulness of NGS in detecting mixed infections has also been demonstrated in other organisms such as Trypanosoma cruzi and Trypanosoma rangeli where NGS successfully detected co-infections of these two parasites in infected triatomines (85) and in triatomine food sources (86). NGS has aided in the determination of the diversity of low-density Plasmodium falciparum infections (87). NGS has also been used in detection of mixed assemblages and intra-assemblage variation in Giardia duodenalis infections (88). Using NGS we detected great variability in subtypes among Blastocystis-positive samples from farm animals, mixed infections inter e intra subtype and a novel subtype, which was confirmed with the full-length sequence. Among the most prevalent STs, we found ST10 and ST14 as previously reported in cattle (1, 59, 89). These findings expand the subtype diversity of Blastocystis in cattle from Colombia where only ST1 and ST3 have been reported (26) whereas we found ST10, ST21, ST23, ST24, ST25, ST26, and ST32. Also, they tested dog samples and reported just ST2, but we found ST23 and ST24. ST5 was found in high frequency in samples from pigs and minipigs similar to previous studies from pigs (10, 15, 24). ST10, ST14 and ST24 were found in two samples of horses contrasting with the ST1 found using a partial sequence of the SSU-rDNA gene (90).

Inter-ST variation and intra-ST variation within the same sample were detected. Unique sequences with differences between 2 and 11% were identified that correspond to the same ST in accordance with another study where different unique sequences were detected in the same subtype (45). This variation was detected mainly in ST5, ST10, ST14, and ST26 in the samples from Bogotá, Boyacá and Cundinamarca, which curiously exclude animals that live with humans. The only animals used as pets were the minipigs, the rest of animals are only in contact with animal handlers and veterinary and zootechnical students. Our results demonstrate the great variation of subtypes presents in farm animals in Colombia, but the role of this diversity in animal health is still unknown. Also, it is not known if these subtypes can complete their life cycle within the evaluated hosts and be transmitted to humans or other animals. The frequency of mixed infections in animals could be due to socioeconomic conditions in some regions of the country and poor hygienic practices that produce high rates of intestinal parasite infection (43), compared to developed countries, but more studies exploring mixed infections are necessary to reach conclusions. On the other hand, the importance of the mixed infections could also be related with the effect of this variability over the microbiota. For example, one study in humans evaluated the co-occurrence of Blastocystis with a bacterial pathogen Clostridioides difficile, where the bacterial family with the highest abundance detected in the samples with mixed Blastocystis infections was mainly Pseudomonadaceae, while in the samples with a single Blastocystis subtype there was a greater abundance of potentially beneficial families such as Prevotellaceae (42). Therefore, our findings highlight the need to use techniques such as NGS that allow us to determine STs and/or unique sequences of other STs that are found in lower abundance in an analyzed sample and that may be important to clarify the genetic variability present in Blastocystis given the different hosts that may be included in its transmission cycle, mainly among those that live in close spaces, share the same green areas and whose caretakers are usually the same.

A new ST was found in two samples in this study, from a cow and a goat. To validate its designation as a novel ST, we obtained the complete sequence of the SSU rRNA gene using a MinIOn sequencing strategy (47). In addition to the full-length of the SSU rRNA gene nucleotide sequence of the novel ST, five additional full-length nucleotide sequences were obtained (ST10, ST21, ST23, ST24, and ST26) as the goat was infected with multiples STs and that diversity was captured using the MinIOn sequencing strategy too. The phylogenetic analysis of full-length sequences including all valid STs, showed that novel ST clustered with ST21 and ST26 (Figure 2). Pairwise analysis showed that closest STs were ST21 and ST26, with a similarity of 96% (Supplementary Table 2). Therefore, the novel ST complied with the current established criteria for the determination of novel STs (13) and was named ST32. Our results highlight the importance of obtaining the full-length sequences of the SSU rDNA gene of Blastocystis to verify potential novel STs that should meet the 4% of divergence and to use in phylogenetic analyses as these results are more robust in comparison to partial region analyses.

In conclusion, this is the first study in Colombia in farm and companion animals to use NGS to subtype Blastocystis. Multiple STs were present in most samples and intra-subtype variation was also common. Our findings highlight the importance of using a method such as NGS that allows for identification of genetic variation within a sample and that allows identification of STs present in low abundance. This information is important to understand transmission dynamics of this parasite and the evaluation of the zoonotic potential of the STs present in the sampled animals. It is necessary to evaluate other groups of animals that could be possible reservoirs of Blastocystis and to expand number of samples and the regions of Colombia studied. Incorporating samples from humans who are in close contact with animals and other possible reservoirs such as water sources consumed by both animals and humans is also necessary to determine the transmission dynamics of Blastocystis.
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