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ABSTRACT 

Introduction: Non-human primates (NHPs) have been found infected with a 

diversity of intestinal zoonotic protozoan and metazoan parasites of public health 

concern. Ecosystem transformation increases the contact between human and 

NHPs, incrementing the chances of zoonotic parasite transmission. Likewise, 

contact with captive NHPs can represent a risk for humans, leading to parasitic 

infections. This study aimed to assess the prevalence of intestinal parasites in NHPs 

living in two scenarios, fragmented forests in Colombia and captive conditions in Italy 

(two wildlife recovery centres and a zoological garden), to molecularly characterise 

selected parasite species of zoonotic interest (Blastocystis sp., Giardia sp., Ascaris 

sp., Trichuris sp.), and to provide a preliminary description of the distribution of 

parasite taxa in different ecological contexts. 

Methodology: Faecal samples were collected from free-ranging Alouatta 

seniculus, Ateles hybridus, Aotus griseimembra, Cebus versicolor, Saimiri 

cassiquiarensis, and Sapajus apella in Colombia, as well as from captive Macaca 

tonkeana, Macaca fascicularis, and Sapajus apella living at the wildlife recovery 

centre Parco Faunistico Piano dell’Abatino, in Rieti (Lazio region). Two hundred 

twelve and 33 faecal samples were collected from free-ranging and captive NHPs, 

respectively. Flotation and faecal smears were performed in order to identify 

parasites based on morphology. Samples microscopically classified as positive for 

Blastocystis sp, Giardia sp. and Ascaris sp. were processed for molecular 

characterisation. Additionally, one carcass of M. fuscata from Fondazione Bioparco 

di Roma (Rome, Lazio) and one of M. fascicularis from Centro Recupero Animali 

Selvatici della Maremma (Semproniano, Tuscany) were necropsied and intestinal 
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adult nematodes were collected, morphologically identified, and molecularly 

characterised. 

Results: About 93% of the samples from free-ranging NHPs were positive for 

intestinal parasites, including: protozoans (Blastocystis sp., Balantidium sp., 

Dientamoeba fragilis-like, Entamoebidae, Giardia sp.), cestodes (Hymenolepis 

sp.), trematodes (Controrchis sp.), nematodes (Ascaris sp., Strongyliform larvae, 

Trypanoxyuris sp., Ancylostomatidae), and acanthocephalans. Ascaris 

lumbricoides, Giardia intestinalis (Assemblages A and B) and Blastocystis hominis 

(Subtype 8) were identified through molecular techniques, from samples of free-

ranging NHP. Captive primates were found  infected with protozoans (Entamoeba 

coli, Dientamoeba fragilis-like, Iodamoeba bütschlii, Balantidium sp.) and 

nematodes (Oesophagostomum sp., strongyliform larvae, Trichuris sp.). The 

collected adult nematodes were morphologically identified as whipworms (genus 

Trichuris) and after molecular characterisation, the phylogenetic analyses grouped 

Trichuris specimens from M. fuscata into a host- specific branch of the Trichuris 

trichiura complex of species, while whipworms from M. fascicularis clustered within 

a less specific clade formed by Trichuris infecting several primate species, including 

humans. 

Conclusions: This study provides new information of intestinal parasites infecting 

wild NHPs exposed to anthropogenic disturbance and captive conditions. The 

finding of parasites with zoonotic potential suggests epidemiological implications in 

NHP conservation and human health, at the human-NHP interface, in transformed 

ecosystems. Additionally, the results of this study could be useful in the design of 

public health policies, and within NHP conservation programs. 
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1. INTRODUCTION 

Non-human primates (NHPs), both captive and free-ranging, have been 

found infected with a diversity of intestinal zoonotic protozoan and metazoan 

parasites [1,2]. Some of those parasites are of public health concern, as in the case of 

the protozoans Blastocystis and Giardia, and the helminths Trichuris and Ascaris. 

Trichuris trichiura and Ascaris lumbricoides are nematodes included into the 

main species causing soil-transmitted helminth infections, which are neglected 

tropical diseases with a global burden of a 1.5 billion people worldwide infected, 

according to the World Health Organization [3]. Moreover, Giardia has a global 

importance, infecting a wide range of hosts and causing ≈28.2 million cases of 

diarrhoea each year [4], while Blastocystis is the most commonly found eukaryote 

in the gut of humans and other animals [5]. 

Parasite surveys in NHPs are important in situations such as designing of 

conservation strategies, reintroduction programs, and in the NHP acquisition for 

research laboratories or zoos. Determining the composition of parasite communities 

in captive NHPs allows the identification of parasites of concern, regarding the 

introduction of novel parasites to potentially susceptible wildlife populations during 

reintroduction programs, and also lead to a better understanding of parasite ecology. 

For instance, it has been observed that vector‐borne parasites are more likely found 

in free‐ranging NHPs, while parasites transmitted through either close and non‐

close contact, including the faecal-oral transmission, are more likely detected in 

captive NHPs [6]. 

Parasite identification and surveillance in NHPs are frequently based on 

morphological approaches. However, the use of molecular techniques can provide 
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important contributions to the field of NHP parasitology by precisely identifying the 

species/variants of parasites, which is highly relevant for the understanding of their 

epidemiology and for the inference of zoonotic potential [7], especially in conditions 

of ecosystem transformation which increase the contact between humans and NHPs 

incrementing the chances of zoonotic parasite transmission. Likewise, parasite 

surveys on NHP populations under human care are relevant as part of the evaluation 

of NHPs welfare, the zoonotic disease risk assessment, and in the exploration of 

parasite transmission pathways.  

In the last decades, the use of molecular markers for diagnostics or molecular 

systematics purposes have greatly improved our understanding of parasite biology 

and biodiversity, assisting the discovery of new species or their proper identification, 

and allowing the study of processes such as transmission, the evolution of host 

specificity, patterns of speciation, and the evolution and control of drug resistance 

[8]. 

In the case of Ascaris, there were described Ascaris lumbricoides (Linnaeus, 

1758) and Ascaris suum (Goeze, 1782) infecting humans and pigs, respectively. 

Different molecular methods like restriction-fragment-length polymorphism (PCR-

RFLP), single-strand conformation polymorphism (PCR-SSCP), random amplified 

polymorphic DNA (RAPD), DNA fingerprinting (AFLP), real-time PCR, and 

microsatellite markers allow the study of the population structure of infections in 

pigs and people around the world, the identification of adult worms collected from 

occasional autochthonous human infections, the determination of the maternal 

source of larvae recovered from a host, the verification of the development of eggs 

after inactivation processes, and for the identification of Ascaris eggs in human 
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coprolites [9]. In this way, it has been possible to confirm the identity of A. 

lumbricoides and A. suum, as well as to detect their hybrids [10], likewise, there have 

been reported interesting findings such as cross-infections and hybridization in non-

endemic countries like Italy [11], and high number of infections with A. suum in 

humans in China [12].  

Similarly, within the Trichuris genus (Roederer, 1761), morphological 

differentiation of species is very difficult as the ranges of most characters are 

overlapped in some species [13]. For instance, in early studies based on morphology 

of adult worms, Trichuris suis and Trichuris trichiura, parasites of pigs and humans, 

respectively, were considered as the same species. However, further morphological, 

biometrical, and molecular studies had confirmed that T. trichiura and T. suis are 

morphologically very similar but genetically different species that can be 

differentiated by digestion of DNA with endonucleases [14]. In addition, the use of 

molecular techniques has made it possible to identify cross-infections of humans 

with T. suis, and of pigs with T. trichiura [15,16], as well as infections of humans with 

Trichuris vulpis, the whipworm of dogs [17]. 

Regarding Blastocystis, some studies consider it as a commensal because 

most infected humans are asymptomatic, although, in other cases, the pathogenicity 

of Blastocystis has been showed [18]. Through the use of molecular tools it has been 

possible to identify a remarkable degree of genetic variability within the small 

subunit ribosomal RNA gene of Blastocystis, and subsequently there have been 

proposed 29 genetic groupings called subtypes, which are important when trying to 

explain the pathogenicity and tracing the infection routes, and zoonotic potential 

within the genus [19].  
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Furthermore, there have been described eight species of Giardia including 

Giardia duodenalis, a species complex with eight assemblages (A-H) based on 

genetic differences and host specificity [4]. Assemblages A and B are zoonotic, and 

have been furtherly subdivided in sub-assemblages (AI, AII, BIII,BIV) based on 

multi-locus genotyping of the 18SrRNA, triose phosphate isomerase, beta-giardin, 

and analyses of single nucleotide polymorphisms [20]. Assemblages C and D have 

been largely reported in dogs, assemblage E in hoofed animals, assemblage F in cats, 

assemblage G in rodents, and assemblage H in pinnipeds [21]. 

Taking into account the importance of the use of molecular techniques for the 

study of parasites, this study aimed to assess the prevalence of intestinal parasites in 

NHPs living in two scenarios, native forest fragments in Colombia and captive 

conditions in Italy (two wildlife recovery centres and a zoological garden in central 

Italy), to molecularly characterise selected parasite species of zoonotic interest 

(Blastocystis sp., Giardia sp., Ascaris sp., Trichuris sp.), and to provide a 

preliminary description of the distribution of parasite taxa in different ecological 

contexts. 
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2. METHODOLOGY 

2.1 Study sites, primate species, and sample collection 

2.1.1 Free-ranging primates 

Fieldwork was carried out between December 2019 and February 2022, in seven 

locations (San Juan, Cumaral, Cabuyaro, Guacavía, Villavicencio, Maní, Yopal) in 

Santander, Meta and Casanare Departments, in Colombia (Figure 1). 

 

Figure 1. Study sites in Colombia. Santander Department (San Juan), Casanare Department (Yopal, 

Maní), Meta Department (Cabuyaro, Cumaral, Guacavía, Villavicencio). 
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Primates were followed from dawn to dusk, and one faecal sample per individual was 

collected from the soil immediately after defecation. For each sample, one aliquot 

was stored in 10% formalin solution, and another aliquot in 96% ethanol solution. 

Overall, 212 samples were collected from six primate species, including free-ranging 

Ateles hybridus, Cebus versicolor, Alouatta seniculus, Aotus griseimembra, 

Sapajus apella and Saimiri cassiquiarensis (Table 1). 

 

Table 1. Study sites and number of samples collected per primate species in Colombia. 

 

These primate species are grouped into three families: Atelidae (A. hybridus and A. 

seniculus), Aotidae (A. griseimembra), and Cebidae (C. versicolor, S. apella and S. 

cassiquiarensis). 

 The brown spider monkey (A. hybridus) is found in north-eastern Colombia 

and across the Andes into western Venezuela. This species forages and spends most 

of the time in the upper levels of the forest, is mainly frugivorous, and lives in multi-

Study site Characteristics of the 

forest 

Coordinates Department Primate species N 

samples 

San Juan  

 

Flooded,  surrounded by 

cattle ranching  

06°43′ N 74°09′ 

W 

Santander Alouatta seniculus 28 

    Cebus versicolor 20 

    Ateles hybridus 13 

    Aotus griseimembra 5 

Cumaral 

 

Terra firme, surrounded 

by cattle ranching  and 

palm oil plantations 

04°17′ N 73°24′ W Meta Saimiri 

cassiquiarensis 

42 

Villavicencio 

 

Terra firme, surrounded 

by urbanization 

04°06′ N 73°38′ 

W 

Meta Saimiri 

cassiquiarensis 

24 

Guacavía 

 

Terra firme, surrounded 

by cattle ranching 

04°17′ N 73°30′ W Meta Saimiri 

cassiquiarensis 

30 

Cabuyaro 

 

Terra firme, surrounded 

by palm oil plantations 

04°17′ N 73°02′ W Meta Sapajus apella 3 

Maní 

 

Terra firme, surrounded 

by cattle ranching and 

palm oil plantations 

04°48′ N 72°19′ 

W 

Casanare Alouatta seniculus 18 

Yopal 

 

Terra firme,  surrounded 

by cattle ranching 

05°16′ N 72°22′ W Casanare Sapajus apella 18 

    Alouatta seniculus 11 
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male/multi-female groups. It is listed as Critically Endangered with a decreasing 

population trend, according to the International Union for Conservation of Nature 

(IUCN) [22]. 

The red howler monkey (A. seniculus) has a wide geographical distribution, 

mainly in Colombia and Ecuador, but is also found in Venezuela, Brazil, Peru, and 

Trinidad and Tobago. Its diet includes a large proportion of leaves and mature fruits, 

as well as flowers, moss, stems, termitaria, and seeds as secondary items. The species 

lives in small groups (2-13 animals) with usually a dominant male, sub-adults, 

juveniles, and 2-5 females. This species is listed as Least Concern, however, the 

population has a decreasing trend [23].  

The grey-handed night monkey (A. griseimembra) is found in the lowland 

forests of the Magdalena River and the valleys of the Cauca and San Jorge Rivers in 

northern Colombia, as well as in the north-west of Venezuela. This species is 

nocturnal, socially monogamous living in small groups including an adult couple and 

offspring, and its diet includes nectar, flowers, leaves, and insects. This species is 

listed as Vulnerable with a decreasing population trend according to the IUCN [24]. 

The varied white-fronted capuchin (C. versicolor) is distributed into the 

lowland forest of the Magdalena River in northern Colombia between the Eastern 

and Central Andes Mountains. This species lives in multi-male multi-female groups, 

is typically found in the lower to mid-canopy and understory, and has a wide diet 

including fruits, vegetative parts of plants, eggs, invertebrates, and vertebrates. This 

species is assessed as Endangered with a decreasing population trend [25]. 

The black-capped capuchin (S. apella) is listed as Least Concern with a 

decreasing population trend. It is widely distributed mainly in Colombia and 
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Ecuador, but it is also found in Bolivia, Brazil, French Guiana, Guyana, Peru, 

Suriname, and Venezuela. The species is frugivorous-insectivorous, including fruits, 

seeds, frogs, arthropods, flowers, leaves, and stems in its diet. The socials groups are 

composed of an average of 18 individuals, with numbers of females exceeding the 

numbers of males [26].  

The squirrel monkey (S. cassiquiarensis) occurs in the Colombian Llanos, and 

in the Amazon region, including Ecuador, Peru, Colombia, Venezuela, and Brazil. 

The social groups include several males, several females, juveniles, and infants. This 

species is listed as Least Concern given its widen range and its adaptability to some 

degree of forest disturbance, however, the population trend is unknown [27]. 

2.1.2 Captive primates 

Faecal samples and adult nematodes were collected during 2020-2021 from NHPs 

living in confined environments in Italy. 

Thirty-two faecal samples from Macaca tonkeana (n=4), Macaca fascicularis 

(n=9) and Sapajus apella (n=19) were collected into the wildlife recovery centre 

Parco Faunistico Piano dell’Abatino (Rieti, Lazio), in the framework of a routine 

parasitological survey. In this centre, the animals are hosted in different premises. 

There is one premise for M. tonkeana with six individuals, one premise for M. 

fascicularis with seven individuals, and three premises for S. apella with eleven, 

twelve, and fourteen individuals, respectively. Samples were collected from the soil 

inside the premises and were not directly related to a specific individual. For each 

sample, one aliquot was stored in 10% formalin solution, and one aliquot in 70% 

ethanol solution. 



 14 

Additionally, two dead macaques were inspected during necropsies carried 

out at the Istituto Zooprofilattico Sperimentale del Lazio e della Toscana ‘‘Mariano 

Aleandri’’ to depict the cause of death. Ten entire adult nematodes (three males and 

seven females) and few disrupted nematode body portions were collected from the 

caecum of one dead M. fascicularis hosted at the Maremma Center for the Recovery 

of Exotic Wild Animals (Semproniano, Tuscany), and from one dead Macaca fuscata 

hosted at the Bioparco Zoological Garden of Rome (Rome, Lazio) eight adult 

nematodes (all females - not well preserved) were collected from the caecum.  

The captive primate species here sampled included three catarrhine species (M. 

tonkeana, M. fascicularis, and M. fuscata), and one platyrrhini species (S. apella). 

The Tonkean macaque (M. tonkeana) is found in Sulawesi (Indonesia), 

inhabiting primary and secondary tropical rainforest, and forming multi-male multi-

female groups. This species has a diverse diet, including fruits, plants, insects, and 

cultivated crops when available. The species is considered as Vulnerable with a 

decreasing population trend [28].  

The long-tailed macaque (M. fascicularis) has a patchy distribution across 

south and southeast Asia (Cambodia, India, Indonesia, Malaysia, Myanmar, 

Philippines, Singapore, Timor-Leste, Vietnam, Brunei Darussalam), living in a wide 

range of habitats (forests, hills, mountains, and coasts), in group sizes of 10 to 40 

individuals. This species is listed as Endangered with a decreasing population trend 

according to the IUCN [29]. 

The Japanese macaque (M. fuscata) is endemic to Japan, with an expanding 

population and therefore, listed as Least Concern according to the IUCN. This 
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species feeds on fruits, leaves, seeds, insects, cultivated crops, and small animals, 

and occurs in evergreen and deciduous forests [30]. 

The black-capped capuchin (S. apella) features have been already provided in the 

“2.1.1 Free-ranging primates” section. 

 

2.2 Morphological analyses 

2.2.1 Faecal samples 

Faecal samples stored in 10% formalin solution were used to perform smears 

with 1% iodine solution and 0.85% saline solution [31]. For each sample, two 

microscope slides were mounted and systematically examined under a microscope 

using magnifications at 100x, 400x and 1000x.  

Additionally, flotation with a salt-sugar solution was performed. Each sample 

was placed in a 15ml Falcon tube with flotation solution, followed by centrifugation 

at 1800g for 5 minutes. Flotation solution was added until a slight positive meniscus 

was formed, and a coverslip was placed on the top of the tube. After 10 minutes, the 

coverslip was removed and placed into a microscope slide. Thereafter, the meniscus 

was taken and placed into a new 15ml Falcon tube and flotation solution was added 

until the formation of a slight positive meniscus. A coverslip was placed on the top 

of the tube and after 10 minutes the coverslip was removed and placed into a 

microscope slide with a drop of iodine solution. For each faecal sample, one 

microscope slide was examined using the objectives 10x, 40x and 100x after the 

flotation procedure. 

Morphological identification of protozoan and helminth parasites was 

performed after direct faecal smears and flotation. Photos and measures of parasites 
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(larvae, cysts, oocysts) were taken for later identification according to identification 

keys [32,33]. 

2.2.2 Adult nematodes 

Collected adult nematodes were repeatedly washed with saline solution and then 

clarification in lactophenol and morphological observation were carried out. The 

general gross morphology of the nematodes corresponded to the Trichuris genus 

(whipworms). 

From specimens collected from M. fascicularis, three male and four female 

were used for biometric measurements of the main available diagnostic 

morphological features, according to Rivero et al. [34], as following: for males (=M): 

M1 = total body length; M2 = Length of esophageal region of body; LP = Length of 

posterior region of body; M4 = Maximum width of posterior region of body, 

thickness; M5 = Body width in the place of junction of esophagus and the intestine; 

M8 = Length of spicule; M10 = Width of proximal end of spicule; M12=Maximum 

width of spicule sheath; for females (=F): F1 = Total body length of adult worm; F2 

= Length of oesophageal region of body; LP = Length of posterior region of body; F3 

= Width of esophageal region of body; F4 = Maximum width of posterior region of 

body, thickness; F5 = Body width in the place of junction of oesophagus and the 

intestine).  

 

2.3 Molecular analyses 

2.3.1 Faecal samples 

- DNA extraction 
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For faecal samples microscopically classified as positive for Blastocystis sp., Giardia 

sp., and Ascaris sp. the respective aliquots stored in 96% ethanol solution were 

individually subjected to DNA extraction, using the Isolate II Fecal DNA Kit 

(Meridian Bioscience) according to the manufacturer’s protocol. 

- PCR, RFLP, and electrophoresis 

For Blastocystis, two conventional PCR were performed using the pair of 

primers BhRDr - RD5 and Blast505-532 - Blast998-1017, in order to amplify two 

different regions of the small subunit ribosomal RNA (SSU rRNA or 18S) gene, 

following published methods [35,36]. The amplified fragments contain variable 

regions suitable for Blastocystis subtyping [37]. 

For Giardia, a conventional PCR was carried out using the forward primer 

RH11 and the reverse primer RH4, in order to amplify a 292 bp fragment of the SSU 

rDNA gene, following published methods [38]. As different Giardia loci differ in 

total, synonymous, and nonsynonymous substitution rates, their applications vary 

according to the aim of the study, from species differentiation, genotyping 

(assemblage differentiation), to subtyping. The conserved SSU rRNA gene of 

Giardia, with 0.01 substitutions per nucleotide, is traditionally used for species and 

assemblage differentiation (mostly genotyping) [20].  

For both Blastocystis and Giardia, all PCR products were visualized on a 1% agarose 

gel stained with SYBR Safe and positive samples were purified using Sure Clean Plus 

(Bioline, UK) and shipped to an external company for sequencing (Eurofins 

Genomics). Sequences were manually edited using Trace implemented in MEGA7 

[39] for quality check and inference of consensus sequences and thereafter were used 

as input for BLAST search and strain/allele assignment using the PubMLST.org 
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website and reference datasets for each genus, according to the most recent available 

literature (Tables 2 and 3).  

For Ascaris, a conventional PCR was carried out in order to amplify the entire 

ITS nuclear ribosomal region, using the forward primer NC5 and the reverse primer 

NC2. PCR products were visualized on a 1% agarose gel stained with SYBR Safe. 

Then, positive amplicons were digested with the HaeIII restriction endonuclease, 

followed by an electrophoresis in a 2% agarose gel stained with SYBR Safe. PCR-

RPLF of the ITS region allow to differentiate Ascaris lumbricoides and Ascaris suum 

[40], thus it was here conducted according to published methods [11]. 

- Phylogenetic analyses  

For Blastocystis and Giardia obtained sequences, alignments were carried out per 

each partial region of the studied genes, using ClustalW implemented in MEGA7. A 

first comparison aimed to confirm the strain/assemblage identity and to explore the 

phylogenetic relationships was performed including reference sequences of all 

available Blastocystis strains (Table 2), and Giardia assemblages A-G (Table 3). 

Assemblage H was not included in the analyses since homologous sequences are 

missing in public repositories. Verified sequences here obtained were submitted to 

GenBank and the accession numbers are listed in the tables. 

Table 2. Material used for strain assignment according to Blastocystis hominis 18S polymorphisms. 

*samples analysed in the present study; a: primers Blast 505-532 - Blast 998-1017 from Santin et al. 

2011[36]; b: primers BhRDr-RD5 from Scicluna et al. 2006 [35]. • Free-ranging,  Captive. 

Subtype code Host Accession number Country 

ST1_USA Human U51151 USA 

ST1_Thai Human AY618266 Thailand 

ST2_Jap1 Human AB070987 Japan 

ST2_Jap2 Macaca fuscata  AB070997 Japan 

ST3_Sen Human JX132219 Senegal 

ST3_Jap Cattle AB107965 Japan 
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ST4_Ger Human AY244620 Germany 

ST4_Jap Rat AB071000 Japan 

ST5_Jap Cattle AB107966 Japan 

ST5_Ger Pig MK801369 Germany 

ST6 Human AB091236 Unknown 

ST6_Bra Chicken MW538478 Brazil 

ST7_Chi Human DQ366343 China 

ST7_Bra Chicken MW538475 Brazil 

ST8_Jap1 Varecia variegata AB107970 Japan 

ST8_Jap2 Pheasant AB107971 Japan 

512*a Red howler monkey• OP328758 Colombia 

603*a Red howler monkey• OP328759 Colombia 

615*a Red howler monkey• OP328760 Colombia 

616*a Red howler monkey• OP328761 Colombia 

61*a Red howler monkey• OP328762 Colombia 

63*a Red howler monkey• OP328763 Colombia 

79*a Red howler monkey• OP328764 Colombia 

81*a Red howler monkey• OP328765 Colombia 

548*b Red howler monkey• OP329405 Colombia 

603*b Red howler monkey• OP329406 Colombia 

608*b Red howler monkey• OP329407 Colombia 

615*b Red howler monkey• OP329408 Colombia 

616*b Red howler monkey• OP329409 Colombia 

617*b Red howler monkey• OP329410 Colombia 

61*b Red howler monkey• OP329411 Colombia 

63*b Red howler monkey• OP329412 Colombia 

79*b Red howler monkey• OP329413 Colombia 

81*b Red howler monkey• OP329414 Colombia 

ST9_Jap Human AF408425 Japan 

ST9_Den Human KC138681 Denmark 

ST10_USA Cattle MT898456 USA 

ST10_Lib Dromedary KC148207 Libya 

ST11_USA Elephant MT898454 USA 

ST12_unk Wallaby EU427515 Unknown 

ST13_UK Mousedeer KC148209 UK 

ST14_USA1 Cattle MT898458 USA 

ST14_USA2 Cattle MT898459 USA 

ST15_UK Gibbon KC148211 UK 

ST16_unk1 Red kangaroo EU427512 Unknown 

ST16_unk2 Red kangaroo EU427514 Unknown 

ST17_Lib Gundi KC148208 Libya 

ST21_USA White-tailed deer MW887929 USA 

ST23_USA Cattle MW887931 USA 

ST24_USA White-tailed deer MW887928 USA 

ST25_USA Cattle MW887933 USA 

ST26_USA Cattle MW887932 USA 

ST27_Bra Indian peafowl MW887934 Brazil 

ST28_Bra Indian peafowl MW887935 Brazil 
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ST29_Bra Chicken MW538473 Brazil 

 

Table 3. Material used for assemblage assignment according to Giardia duodenalis 18S 

polymorphisms. 

Assemblage code Host Accession number Country 

LC437354_assA Dog LC437354 Japan 

MK487706_assB Goat MK487706 Nigeria 

LC437359_assC Dog LC437359 Japan 

LC437362_assD Dog LC437362 Japan 

LN875383_assE Chamois LN875383 Italy 

LC341258_assF Cat LC437365 Japan 

AF199450_assG Rat AF199450 Australia 

71_c Sapajus apella Pending Colombia 

73_c Sapajus apella Pending Colombia 

77c Alouatta seniculus Pending Colombia 

79c Alouatta seniculus Pending Colombia 

81c Alouatta seniculus Pending Colombia 

82c Alouatta seniculus Pending Colombia 

564c Alouatta seniculus Pending Colombia 

603f Alouatta seniculus Pending Colombia 

 

The best evolutionary models were obtained using ModelTest implemented in 

MEGA7. The Maximum Likelihood (ML) method was used to infer phylogenies with 

the aim to confirm the relationships among Blastocystis and Giardia here identified, 

respectively, with the other strains/assemblages. Statistical support at nodes were 

obtained using the bootstrap pseudoreplication method.  

Moreover, evolutionary relationships among Blastocystis sequences 

belonging to the same strain circulating in NHPs in Mexico and South America 

(Table 4) were explored in a smaller scale using phylogenetic network analysis, in 

particular selecting the Median Joining Network [41] carried out with PopART [42]. 

 
Table 4. Material used for partial 18S sequencing comparison of Blastocystis hominis ST8 infecting 

platyrrhines, using Median Joining Network. a: primers Blast 505-532 - Blast 998-1017 from Santin 

et al. 2011 [36]; b: primers BhRDr-RD5 from Scicluna et al. 2006 [35]. • Free-ranging,  Captive.  

Subtype code Host Accession number Country 

NHPJap1 Varecia variegata AB107970 Japan 

Jap2 Pheasant AB107971 Japan 
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AtBr1a Ateles sp. MG280768 Brazil 

LlBr1a Lagothrix lagotricha MG280770 Brazil 

ApMe1a Alouatta palliata• KT591854 Mexico 

ApMe3a Alouatta pigra• KT591853 Mexico 

AlBr1a Alouatta sp. MG280771 Brazil 

AoBr1a Aotus sp. MG280767 Brazil 

ApEc1b Alouatta palliata aequatorialis• KM374608 Ecuador 

ApEc2b Alouatta palliata aequatorialis• KM374609 Ecuador 

ApEc3b Alouatta palliata aequatorialis• KM374610 Ecuador 

AfBr1b Ateles fusciceps MH784453 Brazil 

AnPe1b Aotus nigriceps• MT509449 Peru 

AnPe2b Aotus nigriceps• MT509450 Peru 

AnPe3b Aotus nigriceps• MT509451 Peru 

 

2.3.2 Adult nematodes 

- DNA extraction 

From each collected specimen, except one from M. fascicularis that was fixed and 

mounted in a microscope slide, a body portion not useful for detailed morphological 

observations was used for DNA extraction, using the Isolate II Genomic DNA Kit 

(Meridian Bioscience) according to the manufacturer’s protocol. 

- PCR and electrophoresis 

Conventional PCR for molecular characterisation based on sequence analyses of the 

two partial mitochondrial regions cox1 and rrnL, informative for phylogenetic 

assignment, were conducted according to published methods [34,43]. All PCR 

products were visualized on a 1% agarose gel stained with SYBR Safe and amplicons 

were purified using Sure Clean Plus (Bioline, UK) and shipped to an external 

company for sequencing (Eurofins Genomics). 

- Phylogenetic analyses 

The obtained sequences were compared to homologous GenBank retrieved data, and 

used for phylogenetic inferences with the maximum likelihood (ML) method, after 
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testing for best evolutionary models explaining the data [39]. Sequences of 

Trichinella spiralis and Trichinella britovi were used as outgroups (AF293969, 

KM357413). Tables 5 and 6 show the material used for comparative analyses, as well 

as the accession numbers of the verified sequences here obtained and submitted to 

GenBank. 

Table 5: Material used for Trichuris phylogenetic inferences based on the partial mitochondrial rrnL 

region.  

Code Host species GenBank accession 
number 

Reference 

TMM5 Macaca sylvanus MW448471 Rivero et al. (2021) [34] 

TRMF4 Macaca fuscata MW403712 Cavallero et al. (2021) [44] 

TRMF34 Macaca fuscata MW403713 Cavallero et al. (2021) [44] 

TRM48 Macaca fuscata MW403714 Cavallero et al. (2021) [44] 

TRMF61 Macaca fuscata MW403715 Cavallero et al. (2021) [44] 

TRMF72 Macaca fuscata MW403716 Cavallero et al. (2021) [44] 

MFA3 Macaca fuscata MN088542 Cavallero et al. (2019) [43] 

MFA5 Macaca fuscata MN088543 Cavallero et al. (2019) [43] 
TF1 Trachypithecus francoisi KC481232 Liu et al. (2013) [45] 

TF2 Trachypithecus francoisi KC481233 Liu et al. (2013) [45] 

TPM1 Papio papio MW448472 Rivero et al. (2021) [34] 

TMF31 Macaca sylvanus MW448470 Rivero et al. (2021) [34] 

TRMF87 Macaca fuscata Pending Present study 

RIS1 Macaca fascicularis Pending Present study 

RIS2 Macaca fascicularis Pending Present study 

RIS3 Macaca fascicularis Pending Present study 

RIS5 Macaca fascicularis Pending Present study 

RIS6 Macaca fascicularis Pending Present study 

RIS7 Macaca fascicularis Pending Present study 

RIS8 Macaca fascicularis Pending Present study 

RIS9 Macaca fascicularis Pending Present study 

RIS10 Macaca fascicularis Pending Present study 

H1 Homo sapiens GU385218 Liu et al. (2012) [46] 

H2 Homo sapiens AM993017 Liu et al. (2012) [46] 
H9 Homo sapiens KP781899 Meekums et al. (2015) [47] 

H10 Homo sapiens KP781900 Meekums et al. (2015) [47] 

H22 Homo sapiens KU524541 Hawash et al. (2016) [48] 

H23 Homo sapiens KU524542 Hawash et al. (2016) [48] 

CA1 Chlorocebus aethiops MN088565 Cavallero et al. (2019) [43] 

CA2 Chlorocebus aethiops MN088566 Cavallero et al. (2019) [43] 

CS1 Chlorocebus sabaeus MN088559 Cavallero et al. (2019) [43] 

CS2 Chlorocebus sabaeus MN088560 Cavallero et al. (2019) [43] 

C2 Chlorocebus sabaeus KU524595 Hawash et al. (2016) [48] 

C3 Chlorocebus sabaeus KU524596 Hawash et al. (2016) [48] 

P1 Papio sp. KU524558 Hawash et al. (2016) [48] 

P2 Papio sp. KU524559 Hawash et al. (2016) [48] 

PH92 Papio hamadryas MN088578 Cavallero et al. (2019) [43] 

PH93 Papio hamadryas MN088579 Cavallero et al. (2019) [43] 
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S1 Sus scrofa KP781894 Hawash et al. (2016) [48] 

S2 Sus scrofa KP781895 Hawash et al. (2016) [48] 

CG1 Colobus guereza MN088583 Cavallero et al. (2019) [43] 

CG2 Colobus guereza MN088584 Cavallero et al. (2019) [43] 

Table 6: Material used for Trichuris phylogenetic inferences based on the partial mitochondrial cox1 

region.  

 

 

Code Host species GenBank accession 

number 

Reference 

JPT6_co1 Macaca fascicularis JF690967 Petrasova et al. (2016) (unpublished) 

RIS1 Macaca fascicularis OP108821 Present study 

RIS3 Macaca fascicularis OP108822 Present study 

RIS5 Macaca fascicularis OP108823 Present study 

RIS6 Macaca fascicularis OP108824 Present study 

TMM5_co1 Macaca sylvanus MW448471 Rivero et al. (2021) [34] 

TMF31_co1 Macaca sylvanus MW448470 Rivero et al. (2021) [34] 

TM18_co1 Macaca sylvanus LR130784 Cutillas et al. (2020) (unpublished) 

TPM1_co1 Papio papio MW448472 Rivero et al. (2021) [34] 

H1_co1 Homo sapiens GU385218 Liu et al. (2012) [46] 

H2_co1 Homo sapiens AP017704 Kikuchi et al. (2019) (unpublished) 

H3_co1 Homo sapiens KT449826 Hawash et al. (2015) [49] 

H4_co1 Homo sapiens JF690962 Petrasova et al. (2016) (unpublished) 

C6_co1 Colobus sp. FR846241 Callejón et al. (2016) (unpublished) 

C1_co1 Colobus guereza HE653116 Callejón et al. (2013) [50] 

C2_co1 Colobus guereza HE653117 Callejón et al. (2013) [50] 

Cg1_co1 Colobus guereza MK762948 Cavallero et al. (2019) [43] 

Cg2_co1 Colobus guereza MK762949 Cavallero et al. (2019) [43] 

Ca3_co1 Chlorocebus aethiops MK762931 Cavallero et al. (2019) [43] 

Ca4_co1 Chlorocebus aethiops MK762932 Cavallero et al. (2019) [43] 

Ca14_co1 Chlorocebus aethiops MK762941 Cavallero et al. (2019) [43] 

Ca15_co1 Chlorocebus aethiops MK762942 Cavallero et al. (2019) [43] 

Cs1_co1 Chlorocebus sabaeus MK762923 Cavallero et al. (2019) [43] 

Cs2_co1 Chlorocebus sabaeus MK762924 Cavallero et al. (2019) [43] 

Cs3_co1 Chlorocebus sabaeus MK762925 Cavallero et al. (2019) [43] 

Mfa1_co1 Macaca fuscata MK762905 Cavallero et al. (2019) [43] 

Mfa5_co1 Macaca fuscata MK762906 Cavallero et al. (2019) [43] 

Mfa6_co1 Macaca fuscata MK762907 Cavallero et al. (2019) [43] 

Mfb2_co1 Macaca fuscata MK762908 Cavallero et al. (2019) [43] 

Mfb3_co1 Macaca fuscata MK762909 Cavallero et al. (2019) [43] 

Mfb4_co1 Macaca fuscata MK762910 Cavallero et al. (2019) [43] 

PU1_co1 Papio ursinus LT627353 Callejón and Cutillas (2018) (unpublished) 

Ph1_co1 Papio hamadryas JF690963 Petrasova et al. (2016) (unpublished) 

Ph91_co1 Papio hamadryas MK762943 Cavallero et al. (2019) [43] 

Ph92_co1 Papio hamadryas MK762944 Cavallero et al. (2019) [43] 
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2.4 Ecological analyses  

2.4.1 Parasite prevalence and richness 

For the sampling of free-ranging NHPs in Colombia, the Quantitative Parasitology 

Software [51] was used to calculate the prevalence of parasites per study site and per 

primate species with more than 30 samples (A. seniculus and S. cassiquiarensis), 

with 95% confidence intervals. For captive NHPs it was not possible to calculate the 

parasite prevalence, as the faecal samples were not related to a specific individual. 

The parasite richness was estimated as the number of taxa recovered from the host’s 

faecal samples. For selected parasites of interest infecting free-ranging primates, 

namely Blastocystis sp., Giardia sp., strongyliform larvae, and Entamoeba sp., 

additional significance tests based on Fisher test were performed to compare 

prevalence values on i) the same primate species from different study sites and ii) on 

different primate species from the same study site.  

The RStudio integrated development environment for the R Software was used to 

perform a two-way analysis of variance (ANOVA) in order to evaluate the effect of 

primate species and study site on the prevalence and richness of parasites, using a 

dataset that included the primate species for which more than 30 samples were 

collected (A. seniculus and S. cassiquiarensis). 

2.4.2 Richness accumulation curves and nestedness 

The Vegan package within the RStudio integrated development environment for the 

R Software was used to build parasite richness accumulation curves for the whole 

sampling of free-ranging NHPs and for each study site separately, using the 

specaccum function and the rarefaction method [52]. 
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Additionally, the Vegan package was used to generate a parasite nestedness plot for 

each study site and for each primate species, and to calculate nested temperature 

and nodf values on a presence/absence matrix, using the nestedtemp and 

nestednodft functions respectively [53]. Finally, the significance of nestedness 

temperature was determined using the quasiswap method and the oecosimu 

function. 
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3. RESULTS 

3.1 Free-ranging primates 

3.1.1 Morphological analyses 

About 96% (N=203) of the faecal samples were positive for intestinal parasites. Co-

infections with 2-5 parasite taxa were observed in 139 samples. Overall, fifteen 

parasite taxa were found (Figure 2), including: 

- Protozoans (Blastocystis sp., Balantidium sp., Dientamoeba fragilis*, 

Entamoeba sp., Giardia sp., Eimeria sp.). 

*Dientamoeba fragilis is suspected, confirmation is needed. 

- Cestodes (Hymenolepis sp., Cestoda).  

- Trematodes (Controrchis sp., Trematoda). 

- Nematodes (Ascaris sp., strongyliform larvae**, Trypanoxyuris sp., 

Ancylostomatidae). 

**Based on morphology it was not possible to identify the genus/species. 

- Acanthocephalans. 

Regarding the selected parasite taxa of zoonotic interest: 

- 64 samples were classified as positive for Blastocystis infecting all NHP 

species except A. griseimembra from five of the seven study locations.  

- Giardia sp. was found in 35 samples infecting NHPs from six of the seven 

study locations, except Cabuyaro, and including all NHP species. 

-Ascaris sp. was only found in two different samples of S. cassiquiarensis 

from Cumaral.  

- No positive samples for Trichuris sp. were observed. 
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Figure 2. Representative images from the parasite taxa observed by microscopy. A. Entamoeba sp. 

(30 μm), B. Giardia sp. (12x8 μm), C. Dientamoeba fragilis-like (10 μm), D. Blastocystis sp. (8 μm), 

E. Trypanoxyuris sp. (45x20 μm), F. Strongyliform larvae (40x), G. Controrchis sp. (35x20 μm), H. 

Ascaris sp. (40x75 μm), I. Acanthocephala (40x70 μm), J. Balantidium sp. (50x70 μm). 

 

3.1.2 Molecular analyses 

- Blastocystis 

For Blastocystis, ten high-quality sequences from the PCR carried out with primers 

BhRDr - RD5 (all collected from A. seniculus: five from San Juan, one from Maní, 

and four from Yopal), and eight high-quality sequences with primers Blast505-532 - 

Blast998-1017 (all from A. seniculus: four from San Juan and four from Yopal) were 

obtained. For seven samples, sequences were obtained with both pairs of primers. 

According to the best match in BLAST all sequences were identified as Blastocystis 

hominis ST8, with 97.6 - 99.8% identity to the reference strain sequences.  

Strain and allele assignment supported by the use of the PubMLST website 

confirmed the ST8 identity for the barcoding region and the assignment to allele 21, 

with the exception of two sequences assigned to alleles 156 (OP329405) and 157 

(OP329407). 

Results obtained by ML phylogenetic inferences with the T92+G+I model (G=0.63 

I=0.56) described the cluster affiliation of material here analysed with reference 
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sequences of ST8 available for birds from Japan and captive NHPs, for both partial 

18S datasets, with 99% and 100% of bootstrap support. The best ML consensus tree 

built with the dataset of primers Scicluna et al. 2006 [35] is shown in Figure 3, while 

the best consensus tree built using the dataset of primers Santin et al. 2011 [36] is 

shown in Supplementary material 1, as the same topology was obtained. 

 

 

 

Figure 3. Best ML consensus tree of partial 18S Blastocystis hominis reference strains and samples 

here analysed collected from NHPs in Colombia (dataset primers Scicluna et al. 2006 [35]). 
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The Blastocystis hominis ST8 Median Joining Network built with the dataset of 

sequences obtained with primers of Scicluna et al. 2006 [35] (Supplementary 

material 2) showed five haplotypes, with a main haplotype shared by most of the 

sequences of A. seniculus from this study (blue color, Fig 4A) and Peruvian samples 

of Aotus nigriceps (pink color, Fig 4A), separated by three or more SNPs from 

haplotypes circulating in Alouatta palliata equatorialis in Ecuador (red color, Fig 

4A). For the dataset of sequences obtained with primers of Santin et al 2011 [36] 

(Supplementary material 3), four haplotypes were obtained, each one separated 

from another by one SNP (Figure 4B). Two haplotypes were characterised by 

Colombian samples circulating in A. seniculus from Yopal and San Juan regions 

(Blue color, Fig4B), separated by a central haplotype shared by Brazilian and 

Mexican specimens reported in several NHP species (Ateles sp., L. lagotricha, A. 

palliata, A. pigra, A. fusciceps) (Pink and green colors, Fig 4B).  

 

 

Figure 4. Median Joining Network of Blastocystis hominis ST8 partial 18S built with A. the dataset 

of sequences obtained with primers of Scicluna et al. 2006 [35], B. the dataset of sequences obtained 

with primers of Santin et al. 2011 [36], circulating in platyrrhines. The size of each circle is 

proportional to the frequency of the haplotype and the transversal lines indicate a SNP. 
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- Giardia 

Overall, there were obtained eight high-quality sequences, including one of A. 

seniculus from Maní, two of S. apella and four of A. seniculus from Yopal, and one 

of A. seniculus from San Juan.  

According to the best match in BLAST all sequences were identified as Giardia 

duodenalis, with 95.2 - 100% identity. Sequences are still under evaluation before 

being deposited in GenBank. 

Assemblage assignment was obtained using the PubMLST website and a 297bp 

alignment with 19 variable positions (Supplementary material 4). Results obtained 

for the partial 18S dataset by ML phylogenetic inferences with the T92 model 

described a cluster affiliation of material here analysed with a reference sequence of 

assemblage B (goat host), and a cluster including two sequences from NHPs from 

Colombia and reference sequences of assemblages A (dog host) and F (cat host) 

(Figure 5).  

 
 
Figure 5. Best ML consensus tree of partial 18S Giardia duodenalis reference assemblages and 

samples here analysed collected from NHPs in Colombia. Assemblage E was removed for length 

diversity of input sequences. 
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- Ascaris 

For both faecal samples microscopically classified as positive for Ascaris sp., a PCR 

product of around 1000 bp was obtained. After the digestion with the HaeIII 

restriction enzyme there were obtained banding pattern belonging to the genus 

Ascaris and the “lumbricoides” genotype, displaying two bands of about 610 bp and 

370 bp (Figure 6). 

 

Figure 6. Results of molecular characterisation of Ascaris by PCR-RFLP.  

 

3.2 Ecological analyses 

3.2.1 Parasite prevalence and richness 

- Free-ranging primates 

The prevalence of each parasite taxa according to primate species and study 

sites is shown in tables 7A, 7B, and 7C. 

 

Table 7A. Parasite prevalence (%) in faecal samples, per NHP species, for the two study sites at 

Casanare department. Confidence limits for the prevalence are indicated between square brackets. 

 Maní Yopal 

Parasite taxa Alouatta seniculus 

(n=18) 

Alouatta seniculus 

(n=11) 

Sapajus apella 

(n=18) 

 Blastocystis sp. 8 (44.4%) 

[21.5%-69.2%] 

5 (50.0%) 

[18.7%-81.3%] 

5 (27.8%) 

[9.7%-53.5%] 

Dientamoeba fragilis* 12 (66.7%) 

[41.0%-86.7%] 

2 (18.2%) 

[2.3%-51.8%] 

 

Entamoeba sp.  3 (27.3%) 

[6.0%-61.0%] 
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*Dientamoeba fragilis is suspected, confirmation is needed. 

** Based on morphology it was not possible to identify the genus/species. 

 
Table 7B. Parasite prevalence (%) in faecal samples, per NHP species, at Santander department. 

Confidence limits for the prevalence are indicated between square brackets. 

 

*Dientamoeba fragilis is suspected, confirmation is needed. 

** Based on morphology it was not possible to identify the genus/species. 

 

 

 

Giardia sp. 4 (22.2%) 

[6.4%-47.6%] 

6 (54.5%) 

[23.4%-83.3%] 

6 (33.3%) 

[13.3%-59.0%] 

Strongyliform larvae**  5 (45.5%) 

[16.7%-76.6%] 

18 (100%) 

[81.5%-100%] 

Trypanoxyuris sp.  2 (11.1%) 

[1.4%-34.7%] 

2 (18.2%) 

[2.3%-51.8%] 

 

Hymenolepis sp.   2 (11.1%) 

[1.4%-34.7%] 

 San Juan 

Parasite taxa Alouatta seniculus 

(n=28) 

Aotus 

griseimembra 

(n=5) 

Ateles hybridus 

(n=13) 

Cebus versicolor 

(n=20) 

 Blastocystis sp. 21 (75.0%) 

[55.1%-89.3%] 

 7 (53.8%) 

[25.1%-80.8%] 

6 (30.0%) 

[11.9%-54.3%] 

Balantidium sp. 2 (7.1%) 

[0.9%-23.5%] 

 10 (76.9%) 

[46.2%-95.0%] 

 

Dientamoeba fragilis* 11 (39.3) 

[21.5%-59.4%] 

 1 (7.7%) 

[0.2%-36.0%] 

 

Entamoeba sp. 5 (17.9%) 

[6.1%-36.9%] 

1 (20.0%) 

[0.5%-71.6%] 

1 (7.7%) 

[0.2%-36.0%] 

3 (15.0%) 

[3.2%-37.9%] 

Giardia sp. 5 (17.9%) 

[6.1%-36.9%] 

1 (20.0%) 

[0.5%-71.6%] 

1 (7.7%) 

[0.2%-36.0%] 

2 (10.0%) 

[1.2%-31.7%] 

Eimeria sp. 1 (3.6%) 

[0.1%-18.3%] 

1 (20.0%) 

[0.5%-71.6%] 

 1 (5.0%) 

[0.1%-24.9%] 

Ancylostomatidae    1 (5.0%) 

[0.1%-24.9%] 

Strongyliform larvae** 4 (14.3%) 

[4.0%-32.7%] 

2 (40.0%) 

[5.3%-85.3%] 

7 (53.8%) 

[25.1%-80.8%] 

19 (95.0%) 

[75.1%-99.9%] 

Trypanoxyuris sp.  2 (7.1%) 

[0.9%-23.5%] 

   

Controrchis sp.    10 (50.0%) 

[27.2%-72.8%] 

Trematoda    3 (15.0%) 

[3.2%-37.9%] 

Acanthocephala    4 (20.0%) 

[5.7%-43.7%] 
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Table 7C. Parasite prevalence (%) in faecal samples, per NHP species, for the four study sites at Meta 

department. Confidence limits for the prevalence are indicated between square brackets. 

 

 

*Dientamoeba fragilis is suspected, confirmation is needed. 

** Based on morphology it was not possible to identify the genus/species. 

 

The prevalence of Blastocystis was 30.3%. According to NHP species the 

prevalence was 53.8% [25.1%-80.8%] for A. hybridus, 30.0% [11.9%-54.3%] for C. 

versicolor, 60.7% [46.8%-73.5%] for A. seniculus, 28.6% [11.3%-52.2%] for S. 

apella, and 11.3% [5.8%-19.4%] S. cassiquiarensis. 

 Cabuyaro Cumaral Guacavía Villavicencio 

Parasite taxa Sapajus apella 

(n=3) 

Saimiri cassiquiarensis 

(n=42) 

Saimiri cassiquiarensis 

(n=30) 

Saimiri cassiquiarensis 

(n=24) 

 Blastocystis sp. 1 (33.3%) 

[0.8%-90.6%] 

11 (26.2%) 

[13.9%-42.0%] 

  

Dientamoeba fragilis*  10 (23.8%) 

[12.1%-39.5%] 

1 (3.3%) 

[0.1%-17.2%] 

 

Entamoeba sp.  4 (9.5%) 

[2.7%-22.6%] 

3 (10.0%) 

[2.1%-26.5%] 

2 (8.3%) 

[1.0%-27.0%] 

Giardia sp.  3 (7.1%) 

[1.5%-19.5%] 

3 (10.0%) 

[2.1%-26.5%] 

4 (16.7%) 

[4.7%-37.4%] 

Eimeria sp.   1 (3.3%) 

[0.1%-17.2%] 

 

Ancylostomatidae 1 (33.3%) 

[0.8%-90.6%] 

   

Ascaris sp.  2 (4.8%) 

[0.6%-16.2%] 

  

Strongyliform larvae** 2 (66.7%) 

[9.4%-99.2%] 

38 (90.5) 

[77.4%-97.3%] 

25 (83.3%) 

[65.3%-94.4%] 

23 (95.8%) 

[78.9%-99.9%] 

Trypanoxyuris sp.   1 (2.4%) 

[0.1%-12.6%] 

3 (10.0%) 

[2.1%-26.5%] 

1 (4.2%) 

[0.1%-21.1%] 

Controrchis sp. 1 (33.3%) 

[0.8%-90.6%] 

4 (9.5%) 

[2.7%-22.6%] 

1 (3.3%) 

[0.1%-17.2%] 

 

Trematoda  4 (9.5%) 

[2.7%-22.6%] 

 1 (4.2%) 

[0.1%-21.1%] 

Hymenolepis sp.  1 (2.4%) 

[0.1%-12.6%] 

1 (3.3%) 

[0.1%-17.2%] 

 

Cestoda   1 (2.4%) 

[0.1%-12.6%] 

2 (6.7%) 

[0.8%-22.1%] 

 

Acanthocephala  29 (69.0%) 

[52.9%-82.4%] 

19 (63.3%) 

[43.9%-80.1%] 

9 (37.5%) 

[18.8%-59.4%] 
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For Giardia, the prevalence was 16.5%. According to NHP species the 

prevalence was 10.4% [5.1%-18.3%] for S. cassiquiarensis, 26.3% [15.5%-39.7%] for 

A. seniculus, 28.6% [11.3%-52.2%] for S. apella, 20.0% [0.5%-71.6%] for A. 

griseimembra, 7.7% [0.2%-36.0%] for A. hybridus, 10.0% [1.2%-31.7%] for C. 

versicolor. 

Parasite prevalence values obtained from the same primate species from 

different study sites and from different primate species from the same study site 

revealed significant differences on Blastocystis sp. prevalence for S. cassiquiarensis 

from Cumaral, Guacavía and Villavicencio (p=0.0002) and for A. hybridus, C. 

versicolor and A. seniculus from San Juan (p=0.001). Similarly, Entamoeba sp. 

prevalence values were significantly different in A. seniculus from San Juan, Maní 

and Yopal (p=0.05). Prevalence values for strongyliform larvae were significantly 

different in A. seniculus from San Juan, Maní and Yopal (p=0.003), and in different 

primate species (A. hybridus, A. griseimembra, C. versicolor and A. seniculus) from 

San Juan (p<0.001), and (A. seniculus and S. apella) from Yopal (p=0.001). 

Comparisons performed for Giardia sp. prevalence were not significant. 

Anova and Tukey’s tests for the dataset of A. seniculus and S. cassiquiarensis 

showed that parasite prevalence was not related to primate species (Anova: p-value= 

0.718, F-value= 0.131, Df= 1), nor to study site (Anova: p-value=0.935, F-value= 

0.205, Df= 4). While parasite richness was related to primate species (Anova: p-

value=0.014, F-value=6.063, Df=1), as well as to the study site (Anova: p-

value:0.001, F-value=4.506, Df=4), (Tukey’s test: S. cassiquiarensis vs.  A. seniculus 

(0.014), Villavicencio vs. Cumaral (p-value:0.005)) (Supplementary material 5). 
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3.2.2 Richness accumulation curves and nestedness  

The obtained richness accumulation curves for intestinal parasites found at each 

study site and for the whole sampling on free-ranging primates are shown in Figure 

7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Richness accumulation curves for the whole sampling of free-ranging primates, and for 

each study site. The Y axes indicate the parasite richness (number of parasite taxa) and the X axes the 

number of samples from NHPs. 

 

 

Total sampling  Yopal Maní San Juan 

Guacavía Cumaral Villavicencio Cabuyaro 



 36 

For nestedness, the obtained plots are shown in Figure 8. According to the nested 

temperature values, the nodf values, and the nestedness temperature significance 

values, there is no evidence of a perfect nestedness achieved for the parasite taxa 

datasets from the study sites where free-ranging primates were sampled: Guacavía 

(nestedness temperature: 2.352, nodf: 48.545, P: 0.204), Villavicencio (nestedness 

temperature: 4.768, nodf: 45.377, P:0.642), Cumaral (nestedness temperature: 

12.912, nodf: 44.118, P: 0.872), Cabuyaro (nestedness temperature: 3.627, nodf: 

1.851, P: 0.520), Yopal (nestedness temperature: 3.257, nodf: 41.311, P: 0.110), Maní 

(nestedness temperature: 1.131, nodf: 22.335, P: 0.816), San Juan (nestedness 

temperature: 7.534, nodf: 30.008, P: 0.320). A perfect nestedness is given by a 

nested temperature value=0 or a nodf value= 100. Additionally, a perfect nestedness 

would be achieved if the occurrence of parasite taxa were entirely to the left of the 

curved black lines shown in Figure 8. 

 

Figure 8. Nestedness plot of intestinal parasites infecting free-ranging primates, per each study site. 
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Similarly, a perfect nestedness for the parasite taxa datasets from each primate 

species was not observed. A. seniculus (nestedness temperature: 3.556, nodf: 30.351, 

P: 0.198), S. cassiquiarensis (nestedness temperature: 5.304, nodf: 56.308, P: 

0.210), A. hybridus  (nestedness temperature: 6.799, nodf: 26.190, P: 0.778), C. 

versicolor  (nestedness temperature: 7.361, nodf: 43.954, P: 0.620), S. apella  

(nestedness temperature: 5.197, nodf: 39.047, P: 0.222), A. griseimembra  

(nestedness temperature: 1.148, nodf: 1.739, P: 1). 

 
3.3 Captive primates 
 
3.3.1 Morphological analyses 

- Faecal samples 

Four taxa of protozoans and three of helminths were identified in the faecal samples 

from NHPs living at the Parco Faunistico Piano dell’Abatino (Table 8).  

In particular, all NHP species were positive for the potentially zoonotic ciliate 

Balantidium sp. and all samples from M. tonkeana showed the presence of 

Entamoeba coli, observed in less extent in samples from M. fascicularis and not 

reported in S. apella. Dientamoeba fragilis- like and Trichuris sp. were observed 

only in samples from M. fascicularis. All parasite taxa were found both by faecal 

smears and flotation, except Oesophagostomum sp. observed only in faecal smears.  

Representative images from microscopic analyses are available in the Figure 9. 

 

Table 8. Number of positive samples for each parasite taxa, per primate species.  

Parasite  

taxa 

Macaca  

tonkeana 

(n=4) 

Macaca  

fascicularis 

(n=9) 

Sapajus  

apella 

(n=19) 

Entamoeba coli 4 3 0 

Balantidium sp. 4 1 1 

Dientamoeba fragilis* 0 6 0 
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Iodamoeba bütschlii 0 5 4 

Trichuris sp. 0 2 0 

Strongyliform larvae** 0 0 5 

Oesophagostomum sp. 1 0 0 
 

*Dientamoeba fragilis is suspected, confirmation is needed. 

** Based on morphology it was not possible to identify the genus/species. 

 

 

 
 
Figure 9. A. Oesophagostomum sp. (50x85 μm), B. Balantidium sp. (90μm), C. Trichuris sp. (25x55 

μm), D. Strongyliform larva (40x), E. Entamoeba coli (20 μm), F. Iodamoeba bütschlii (10x12 μm), 

G. Dientamoeba fragilis-like (10 μm).  

 

- Adult nematodes 

Nematodes collected from M. fascicularis and M. fuscata intestinal caeca were 

roughly identified as whipworms (genus Trichuris), because of the presence of a 

filiform long anterior part and a broad and handle-like posterior part, typical of 

whipworms. Most of the measurements were taken from specimens from M. 

fascicularis, given the absence of male specimens and well-preserved females from 

M. fuscata. 

The cuticle shows transversal striation and the anterior portion of the body shows 

bacillary band. Males and females showed similar morphological features described 

for Trichuris sp. in Macaca sylvanus [54] and Papio ursinus [55]. 
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Males showed the intestine and ejaculatory duct close to the term of testis and a wide 

proximal cloacal tube followed by the distal cloacal tube and cloaca (Figure 10A). The 

latter includes the only one spicule, that may be projected or not, always surrounded 

by a spicular tube covered by spines; the spicule has a clear distal tip (Figure 10B). 

The ratio between the anterior and posterior body part is 1.44:1 and the thin anterior 

part is 1:1.69 of the entire length of the body. 

 

Figure 10. Morphology of male Trichuris sp. from Macaca fascicularis. A. Posterior end showing 

the arrowed and invaginated spicule, with distal and proximal cloacal tube and ejaculatory duct. B. 

Posterior end with evaginated spicule and spicule sheath with spines.  

 

Females were slightly smaller than males in the esophagus-intestinal junction area 

corresponding to the vulva (Figure 11A), with an average 370μm for Trichuris sp. 

from both macaques; vulvas were non-protrusive and covered inside with spines 

followed by a relatively short and slightly circumvoluted vagina (Figure 11B). The 

distal end showed a subterminal anus (Figure 11C). The eggs measurements ranged 

from 25.50-27.90 x 54.30-56.80 μm in Trichuris from M. fascicularis and from 30-

35 x 53-61,6 μm in Trichuris from M. fuscata. The ratio between the anterior and 

posterior body part is 1.47:1 and the thin anterior part is 1:2.47 of the entire length 

of the body. 

A B 
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Comparing measurements and gross morphological features to the other Trichuris 

spp included in Table 9, allowed to infer that individual and ratio values are in near 

complete agreement with those reported for T. trichiura in Rivero et al. (2021) [34] 

and Trichuris sp. from M. sylvanus [54,56].  

 
Figure 11. Morphology of female Trichuris sp. from Macaca fascicularis. A. Vulva region with 

visible tegument covered by spines, and B. circumvoluted vagina with eggs. C. Posterior end showing 

the end of uterus and cloaca.  

 

Table 9: Biometric data of adult males and females of Trichuris from Macaca fascicularis here 

analysed, together with data available from the literature regarding other Trichuris spp. infecting 

primates (Males: M1 = total body length; M2 = Length of esophageal region of body; LP = Length of 

posterior region of body; M4 = Maximum width of posterior region of body, thickness; M5 = Body 

width in the place of junction of esophagus and the intestine; M8 = Length of spicule; M10 = Width 

of proximal end of spicule; M12=Maximum width of spicule sheath. Females: F1 = Total body length 

of adult worm; F2 = Length of oesophageal region of body; LP = Length of posterior region of body; 

F3 = Width of esophageal region of body; F4 = Maximum width of posterior region of body, thickness; 

F5 = Body width in the place of junction of oesophagus and the intestine). All measurements are 

indicated in mm.  

   
 Trichuris 

from 
Macaca 

fascicularis 
(present study) 

Trichuris sp. 
from 

Macaca 
sylvanus 

(García-
Sánchez et al 

2019; Rivero et 
al 2020) 
[54,56] 

T. trichiura 
redescription 

(Rivero et al 
2021) [34] 

T. trichiura 
from 
Pan 

troglodytes 
(Cutillas et al., 

2009) [14] 

T. colobae 
from 

Colobus 
guereza 

kikuyensis 
(Cutillas et al., 

2014) [57] 

T. ursinus 
from 

Papio ursinus 
(Callejón et al. 

2017) [55] 

M1 35.7 34.5 37.15 33.5 34.5 36.5 

M2 24.7 21.9 23.45 20.5 26.4 24.3 

LP 11 12.5 13.5 13 8.1 12.7 

M4 0.45 0.61 0.56 0.5 0.4 0.62 
M5 0.35 0.37 0.3 0.2 0.2 0.38 

M8 2.77 2.65 2.71 1.9 1.64 2.1 

M10 0.02 0.06 0.04 0.02 0.04 0.08 

M12 0.06 0.07 0.08 0.09 0.05 0.07 

       

F1 28 34.1 34.3 33.4 46 38 

B A C 
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F2 19 21.9 23 25.3 33.8 26 

LP 8.7 12.1 10.8 8.1 12.2 12.1 

F3 0.15 0.15 0.14 0.14 0.11 0.17 

F4 0.63 0.72      0.64        0.45    0.6 0.68 

F5 0.37 0.42     0.3        0.17      0.23 0.4 

 

3.3.2 Molecular analyses 

- Adult nematodes 

Ten high quality rrnL sequences (nine from M. fascicularis and one from M. fuscata) 

and four cox1 sequences (all from M. fascicularis) were obtained from the collected 

nematodes and used for phylogenetic inferences in comparison to GenBank 

retrieved data, with final datasets of 43 input and 460bp and of 32 input and 341bp, 

respectively. Both phylogenetic trees identified the presence of two main clades, 

namely “Clade 1 and Clade 2” [34]. The rrnL ML consensus tree in Figure 12 

described Clade 1 named as the T. suis clade, including Trichuris colobae as sister 

clade of T. suis + Trichuris sp. from Chlorocebus. The Trichuris specimens from M. 

fascicularis here analysed were placed into the “subclade c” of the so-called Clade 2 

or T. trichiura clade branch [34], with high statistical support (99%-100%). The 

specimen from M. fuscata here collected was grouped in the subclade defined MF in 

previous reports from the same host species living in the Bioparco Zoological Garden 

of Rome [44,58]. The specific “subclade c” branch included T. trichiura with a broad 

host range for primates, shared by several species such as the Japanese macaque, the 

Barbary macaque, the green monkey, the baboon, and humans from Africa and 

Europe.  
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Figure 12. Maximum likelihood consensus tree of partial mitochondrial rrnL of Trichuris spp. 

analysed in the present study (for specimen codes information, see Table 5). Numbers at nodes 

indicate the bootstrap statistical support and red arrows indicate specimens from the present study.  

 

The same topology was obtained for cox1 ML consensus tree, for which two repeated 

analyses were carried out including or not including the only available sequence from 

public repositories of Trichuris from M. fascicularis for comparative purposes. In 

fact, the specimen JPT6 (Accession number JF690967) showed a high number of 

mismatches compared to the remaining specimens placed in Clade 2, creating a very 

long branch in the tree (Figure 13). A BLAST run analysis on this sample was 

performed using different stringent parameters and results showed 100% identity 
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with itself, and no other Trichuris spp. listed among the best matches. The second 

best match with 84% of identity was the fungal species Parengyodontium album 

(accession number KX061492). For this reason, a second ML inference was obtained 

removing the mentioned sample (Figure 14). 

 

Figure 13: ML consensus tree of partial mitochondrial cox1 of Trichuris spp. analysed in the present 

study (for specimen codes information, see Table 6). Numbers at nodes indicate the bootstrap 

statistical support.  
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Figure 14: ML consensus tree of partial mitochondrial cox1 of Trichuris spp. analysed in the present 

study (for specimen codes information, see Table 6). Numbers at nodes indicate the bootstrap 

statistical support.  

 

Such evidence confirmed that specimens infecting M. fascicularis here analysed can 

be identified as T. trichiura, given the similarity with this taxon reported also in 

other primates, including humans.  
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4. DISCUSSION 

Parasites are a diverse and challenging group of eukaryotes, including zoonotic 

pathogens naturally occurring in the environment, already significantly changed by 

globalization and anthropogenic impact. Climate changes can further modify 

fundamental features and transmission dynamics of zoonosis (e.g., parasites' host 

preference, infectivity, geographical distribution). The proximity of humans and 

animals in several settings (e.g., rural landscapes, fragmented sylvatic habitats, 

natural environments close to urban areas), as well as the companion relationship 

between humans and other animals may represent additional risk factors. In this 

scenario, parasitological surveys on primates living in impacted areas or in captivity 

is of high importance for animal health, public health and for conservation 

strategies, involving the One-Health concept. 

 

4.1 Free-ranging primates 

Through the morphological analyses it was possible to identify intestinal 

parasites that have already been reported for the sampled primate species, as well as 

new host records. 

For  the brown spider monkey (Ateles hybridus), Balantidium sp., 

Entamoeba sp., and Strongyloididae have been previously reported [2], while 

Blastocystis sp., Giardia sp., and Dientamoeba fragilis-like are new records. 

Similarly, for the varied white-fronted capuchin (Cebus versicolor) there are also 

new records: Blastocystis sp., Giardia sp., Eimeria sp., and Controrchis sp., while 

Ancylostomatidae, Entamoeba sp., Strongyloididae, and Acanthocephala have been 

previously reported [59]. For the tufted capuchin (Sapajus apella), the new records 
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include Hymenolepis sp., Ancylostomatidae, and Controrchis sp., while Blastocystis 

sp. and Giardia sp. are previous records [2].  

For the gray-handed night monkey (Aotus griseimembra), all parasites found 

(Entamoeba sp., Giardia sp., Eimeria sp., and strongyliform larvae) are new reports 

for this primate species. Also, for the Humboldt's squirrel monkey (Saimiri 

cassiquiarensis) all parasites observed are new records: Blastocystis sp., 

Dientamoeba fragilis-like, Entamoeba sp., Giardia sp., Eimeria sp., Ascaris sp., 

strongyliform larvae, Trypanoxyuris sp., Controrchis sp., Hymenolepis sp., and 

Acanthocephala. On the contrary, for the Colombian Red Howler (Alouatta 

seniculus) almost all parasites here observed have been previously reported: 

Blastocystis sp., Entamoeba sp., Giardia sp., Trypanoxyuris sp., and Balantidium 

sp. [2,7], while only Eimeria sp. and Dientamoeba fragilis-like are new records. 

Overall, considering the parasite species of zoonotic interest selected for this 

study, three of them were found by morphological analysis on the samples from free-

ranging NHPs. Giardia sp. was observed in all primate species, Blastocystis sp. was 

found infecting all NHP species but A. griseimembra, and Ascaris sp. was present 

only in samples of S. cassiquiarensis. Trichuris sp. was not observed. 

Regarding the results obtained for one single primate species when sampled 

in different locations, S. cassiquiarensis was found infected by 14 parasite taxa. 

Interestingly, some parasites as Blastocystis and Ascaris were present only in 

Cumaral, the location where primates are in greater contact with humans and 

domestic animals, and are often fed by people, while parasites such as Giardia sp., 

Entamoeba sp., Trypanoxyuris sp., and acanthocephalans were found in primates 

from all the three sampled locations. In the case of A. seniculus, a higher number of 
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parasite taxa was observed in a flooded forest (i.e. San Juan) rather than in terra 

firme forests (i.e. Maní and Yopal).  

For S. apella, the number of parasite taxa observed was equal in both 

sampling sites, Yopal surrounded by cattle ranching and Cabuyaro surrounded by 

palm oil plantations. However, Giardia sp. and Hymenolepis sp. were present only 

in samples from Yopal, while Ancylostomatidae and Controrchis sp. were present 

only in Cabuyaro. The presence of  palm oil plantations is an ecological factor that 

might have an effect on parasite richness/prevalence by affecting the development 

of the eggs/larvae, as it is known that palm oil has different impacts, for instance in 

the local climate tending to be hotter, drier and brighter than forests due to the less 

dense canopy [60]. 

For San Juan, the study site with four sympatric primate species, differences 

in the parasite taxa according to the NHP species were observed. For instance, for C. 

versicolor we found infection with the higher number of parasite taxa, which could 

be explained by factors as its omnivorous diet and the use of different strata of the 

forest, including ground contact, which could pose an infection risk with soil-

transmitted helminths, supported by the finding of Ancylostomatidae and 

strongyliform larvae. Taking into account the parasites of zoonotic interest selected 

for this study, we found Giardia sp. infecting the four primate species present in San 

Juan, and Blastocystis sp. infecting A. seniculus, A. hybridus and C. versicolor. In a 

previous survey on parasites carried out at the same study site between 2010 and 

2015, Blastocystis hominis was reported only in one sample of A. seniculus, while 

Giardia sp. was not detected by microscopy or by molecular analysis [59].  
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Besides, it is worth highlighting the finding of strongyliform larvae in all 

sampling primate species, and in almost all study sites except Maní. Morphological 

characters for the larvae identification were not clearly visible, and since the 

presence of Strongyloides could be suspected, we made an attempt at molecular 

identification by amplifying the 18S rDNA, with prior DNA extraction carried out 

from faecal samples and not from worms tissues, as performed in other studies 

[61,62]. According to the best matches in BLAST the obtained sequences were 

similar to sequences of nematodes, including Molineus patens, Ancylostoma, 

Trichostrongylus, Travassostrongylus orloffi, and Oesophagostomum muntiacum. 

As strongyloidiasis is a neglected tropical disease [63], future molecular studies on 

Strongyloides from platyrrhini are encouraged to elucidate the species circulating, 

especially in free-ranging populations living in fragmented habitats. For Latin 

America there are reports of Strongyloides sp., Strongyloides cebus, and 

Strongyloides fuelleborni infecting free-ranging primates, while Strongyloides 

stercoralis and Strongyloides venezuelensis have been reported only for captive 

primates. Nevertheless, those records rely mainly only in coproparasitological 

studies, and to a lesser extent in morphological identification of adult parasites 

obtained during necropsy, while molecular studies on Strongyloides are almost null, 

resulting in only one available partial 18D rDNA sequence of S. cebus isolated from 

a fecal sample of Saimiri boliviensis hosted in a zoo in Japan [64]. The distribution 

of Strongyloidiasis was poorly know in Latin America, however, in 2015 a review 

article summarized the literature on the subject, recovering information of 

Strongyloides studies confirming the presence of the parasite in humans in different 

countries, including Colombia [65]. Furthermore, the morphology of larval stages 
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recovered corresponded to rhabditoid L2, not allowing speculation about possible 

species identification. 

Besides, the presence of suspected forms of being Dientamoeba fragilis 

should be furtherly studied to understand if it is actually this parasite species, taking 

into account its potential for zoonotic transmission. Dientamoebiasis is worldwide 

reported causing human gastrointestinal symptoms, equaling or exceeding the 

incidence of giardiasis [66], and in addition to humans, D. fragilis has been reported 

in livestock (pigs), pets (cat and dog), and NHPs [67]. For NHPs in the Americas, 

Dientamoeba sp. was found infecting Alouatta palliata in areas with low percentage 

of trees, in Ecuador [68]. Specifically in Colombia, D. fragilis has been recently 

found circulating in pigs raised in a farm in the Andean region [69]. 

Concerning the molecular analyses, there were found samples positive for 

Blastocystis ST8, providing new information from free-ranging NHPs. Until this 

study, in Colombia, Blastocystis ST4 was the only reported ST infecting NHPs [70], 

while ST8 had been only found circulating in marsupials [70]. Accordingly, this is 

the first report of Blastocystis ST8 from Colombian free-ranging NHPs, confirmed 

also by phylogenetic analyses. 

Blastocystis ST8 has been already detected circulating in NHPs from other 

countries in South America, in particular in free-ranging mantled howler monkeys 

from Ecuador [71] and in captive A. seniculus, A. caraya, A. fusciceps and L. 

lagotricha in Brazil [72]. Moreover, ST8 has been found in captive gibbons, and in 

lemurs from a zoo in Spain [73,74]. Human ST8 infections are rarely reported, 

however, it has been observed a high prevalence of ST8 among primate handlers in 

the United Kingdom [75], and there are some other cases in symptomatic patients in 
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Italy and Australia, among others [76,77]. In Latin America, it has been identified in 

Brazil, in patients with diabetes mellitus and in asymptomatic patients [78,79].  

In this study, the ST8 allele assignment was prevalently to the allele 21, that 

has been previously reported in captive NHPs in Brazil [72], from sequences 

obtained with primers of Scicluna et al [35], and in Colombia this allele has been 

found in samples from Didelphis marsupialis [70]. Network analyses allowed to 

explore Blastocystis haplotype lineages and relationships among ST8 circulating in 

primates in Central and South America suggesting a general low level of variation, 

and only slight differences in the 18S haplotypes were revealed in the Colombian 

specimens according to the sampling site (San Juan and Yopal). 

In surveys on Blastocystis infecting NHPs, it is relevant to take into account 

the host specificity and ecological factors such as the patterns of forest strata use. In 

fact, as from a Blastocystis sequence data including 30 genera of free-ranging and 

captive NHPs it was observed a cryptic host specificity for some STs, and likewise, 

ST8 was primarily seen in arboreal NPH native to South America and Asia [74]. In 

this study, ST8 was identified in samples of A. seniculus, a species of which a 

preference for the upper strata of the forest has been observed [80]. It is worth to 

underline that the animals here analysed did not show any symptoms related to 

gastrointestinal infections.  

Furthermore, the identification of Giardia duodenalis contributes new 

information from free-ranging NHPs. In the Americas, G. duodenalis assemblages 

A-H had been reported infecting humans and/or other animals [81]. Reports from 

2017 to 2021 regarding molecular identification of Giardia spp. in Latin America 

include investigations conducted in Brazil, Cuba, Ecuador, Mexico, Venezuela and 
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Colombia, most of them were cross-sectional studies performed in school-age 

children, and assemblages A and B were the most frequently found [82]. Also in the 

Amazon region  cosmopolitan assemblages A and B prevail within domestic and wild 

animals [83].  

In Colombia, reports of infections with the zoonotic assemblages A and B 

included asymptomatic children from a rural area in central Colombia [84], children 

from the Amazon region [85], soil and water samples from the Quindío River basin 

[86], and samples of horses from four different regions, in molecular studies using 

molecular markers such as the 18SrRNA, triose phosphate isomerase, beta-giardin, 

and glutamate dehydrogenase genes [87]. Additionally, assemblage D was reported 

in children from southwest Colombia [88], assemblage H in raw and treated water 

samples from Nariño department [89], assemblage B in a dog in Cauca [88], 

assemblages C and D in dogs from Tolima [90], assemblage F in cats in Bogota [91], 

and assemblage G in human populations in Montería, Caribbean region [92]. 

According to the most recent systematic review on epidemiology of human G. 

duodenalis infection in Colombia [93], between January 2010 and September 2022 

there were no retrieved records for departments such as Santander and Meta, and 

within the sampled departments the most frequent assemblages were A and B. 

Giardia duodenalis has been previously reported infecting free-ranging NHPs 

in the Americas: Alouatta pigra in Mexico [94], Saimiri oerstedi and Cebus 

capucinus in Costa Rica [95,96], and Alouatta caraya in Argentina [97,98]. For 

captive primates there are reports of G. duodenalis infecting Callithrix jacchus, 

Saimiri sciureus, and A. caraya in the USA, China, and Argentina, respectively [99–
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101], as well as Alouatta caraya, Alouatta guariba and A. seniculus in Brazil 

[102,103], and Alouatta sp. in Mexico [104]. 

Additionally, there are records of Giardia sp. infecting free-ranging Alouatta 

caraya and Aotus azarae in Argentina [105,106], Alouatta palliata in Costa Rica 

and Panama [107,108], Cebus capucinus in Costa Rica [109], Alouatta pigra in 

Belize [110] and Mexico [111], and Brachyteles hypoxanthus in Brazil [112]. While in 

captivity it has been reported Giardia sp. infecting Saimiri sciureus in Colombia 

[113], and several primate species in Brazil including Sapajus apella, Callithrix 

jacchus, Alouatta caraya, Alouatta guariba, Aotus trivirgatus, Ateles sp., 

Brachyteles arachnoides, Callithrix penicillata, Cebus kaapori, Lagothrix 

lagothricha, and Leontopithecus rosalia [114,115]. 

In general, molecular studies on G. duodenalis infecting primates from Latin 

America are scarce. However molecular approaches were used in some of the above 

mentioned studies on NHPs [97], but only few of them had performed genotyping of 

the parasite, for instance, assemblage A was found in captive Alouatta clamitans 

from Brazil [103]. In Colombia, this is the first report of G. duodenalis assemblages 

A and B circulating in free-ranging Sapajus apella and Alouatta seniculus, 

respectively. Some of the samples here genotyped as assemblage B and one sample 

classified as assemblage A were collected in a forest fragment in Yopal, a city within 

the Casanare department. A previous study including human samples from the 

Casanare department reported assemblages A and B circulating in Poré city, and 

assemblage A circulating in Yopal city [92].  

The genotyping of G. duodenalis allows the assessment of infection sources and 

public health potential, improving the understanding of the transmission and 
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epidemiology of giardiasis [116], particularly in zoonotic scenarios, allowing a better 

disease regulation and helping to identify sources of exposure in giardiasis 

outbreaks; especially in areas where wildlife-human interactions are common [117]. 

The use of several genotyping molecular markers is highly recommended to provide 

more robust information and to avoid inaccuracy of the genotype assignment, as 

different Giardia loci differ in total, synonymous, and nonsynonymous substitution 

rates [20]. In this study it was possible to amplify only the conserved SSU rRNA 

gene, which is traditionally used for species and gross assemblage differentiation, 

however, taxonomic inference obtained from a single locus typing must remain 

cautious [117], and further amplification of extra molecular markers is expected to 

be carried out to confirm such evidence. Since assemblages A and F differ by only 

one nucleotide, the obtained cluster including assemblages A and F, and sequences 

of NHPs is not very reliable. In this case the sequences from NHPs presumably 

belong to assemblage A that has been previously reported infecting NHPs, while 

assemblage F has only been reported infecting cats. 

The finding of Ascaris lumbricoides infecting NHPs in Colombia is of high 

interest, as the observation of this parasite infecting free-ranging primates is 

sporadic. Infection with A. lumbricoides has been reported in free-ranging Alouatta 

caraya and A. seniculus [118,119], Alouatta palliata in Costa Rica [120], and Ateles 

fusciceps in Panama [121], as well as in captive Lagothrix lagothricha and A. 

seniculus in Peru and Colombia, respectively [122,123]. In addition, there are records 

of Ascaris sp. infecting free-ranging NHPs in Latin America, including Alouatta 

guariba in Brazil [124], Sapajus nigritus in Argentina [125], Saguinus leucopus in 

Colombia [126], Alouatta palliata in Mexico [127], Alouatta pigra in Belize [128], 
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Alouatta seniculus in French Guiana [129], and Aotus vociferans and Sapajus apella 

in Peru [130]. Those previous records of A. lumbricoides and Ascaris sp. were based 

on morphology of the parasite, so are unable to distinguish between A. lumbricoides 

or Ascaris suum infection, as it is impossible to distinguish between species by their 

eggs [131]. Thus, this is the first study using a molecular approach for identification 

of Ascaris at the species level from samples of American NHPs, and it is also the first 

record for S. cassiquiarensis.  

In Colombia, the presence of A. lumbricoides circulating in pigs and human 

populations has been confirmed, as indicated by a recent study [10]. In the present 

study, NHPs that were found infected with A. lumbricoides are in close contact with 

human populations, so this finding may suggest cross contamination between 

humans and NHPs. 

Ascariasis is still considered a neglected tropical disease [132], therefore, 

additional studies on the molecular epidemiology of Ascaris sp. are required to 

increase our knowledge on the species and genotypes circulating in different 

epidemiological scenarios. Additionally, molecular studies including new vertebrate 

hosts could contribute to the debate on Ascaris taxonomy, as some authors suggest 

that A. lumbricoides and A. suum are different species [133,134], while some others 

consider that the species could be considered as a single species [131,135]. 

Regarding the ecological analyses performed, the richness accumulation 

curves revealed that the number of samples for the total sampling collected was 

sufficient to estimate the number of parasite taxa on free-ranging primates in the 

study areas. However, when evaluating each study site separately, for Yopal, Maní 

and San Juan it is observed that the curves approached an asymptote with the x axis, 
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while for Guacavía, Cumaral, Villavicencio, and much more for Cabuyaro, the curves 

did not reach the asymptote, indicating that more samples would be necessary to 

reasonably detect the total parasite taxa infecting primates in these study sites. 

Nestedness provides a measure of the heterogeneous distributions of links 

among species [136]. In a highly nested network, specialist parasites infect a subset 

of the host species infected by generalist parasites, whereas host species with few 

parasite taxa harbour parasite species that form subsets of those infecting hosts with 

richer parasite faunas. The obtained nestedness values with two different metrics do 

not statistically support evidence of a perfect nestedness in the parasite taxa datasets 

according to study sites or primate species. However, the plots show that for 

Guacavía, Villavicencio, Maní, and Yopal, the occurrence of parasite taxa is mostly 

to the left of the curved black lines, indicating proximity to be nested, while on the 

contrary, San Juan and Cumaral present several occurrences of parasite taxa to the 

right of the curved black lines and higher values of nestedness temperature. While 

for San Juan this could be related to the number of different host species sampled in 

the area (four species), probably reflecting the occurrence of some specialist parasite 

taxa, such explanation does not apply to Cumaral, where only Saimiri 

cassiquiarensis has been sampled. In this case, the not-nested condition may be 

related to the high number of parasite taxa detected, not homogeneously distributed 

in single individual hosts. 

It would be interesting, in the future, to compare the nestedness data obtained 

from sampling in fragmented forest with those from conserved forests, since 

differences could be found in the rate of connecting interactions  between individuals 

or species. For instance, a recent study found differences on nestedness when 
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evaluating arbuscular mycorrhizal fungi communities in remnant vs. restored forests 

[53]; restored forest communities showed strong evidence of nestedness, while 

remnant forest communities did not. Additionally, it must be taken into account that 

analyses here performed were on a presence/absence matrix, but it has been 

observed that nestedness which was strongly apparent in binary structures, 

disappeared when quantitative data were analysed [137]. Thus, considering parasite 

abundances, as well as the evaluation of nestedness along time since it might 

increase in habitat fragments, could provide a better ecological picture of the 

interactions that occur in different ecosystems. 

Moreover, for future research projects several considerations could be 

recommended, as the inclusion of environmental variables (e.g. temperature, 

humidity, forest coverage, forest fragmentation degree) and the performing of 

longitudinal samplings. These will allow more complete analyses, to achieve a better 

understanding of the ecological dynamics of intestinal parasites infecting free-

ranging primates, as well as of the anthropic effects in fragmented forests.  

4.2 Captive primates 

Based on microscopy both helminths and protozoans were identified, almost 

all of them presenting direct life cycles. Captive NHPs may be more susceptible to 

parasites with direct life cycles, which are more prevalent and prone to disseminate 

in confined conditions where the animals might be more stressed, showing clinical 

signs as diarrhea and dehydration, requiring veterinary care [138,139]. Parasite 

transmission mainly occurs through the faecal-oral route via direct contact with 

infected hosts (or their faecal material), or indirectly through the ingestion of 

contaminated water or food [140]. Captive NHPs may act as reservoirs for zoonotic 
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parasite transmission and for parasitic evasion of pharmacological treatments 

[141,142], thus, confined environments  are of great interest for parasitological 

studies, involving the One-Health concept. 

Parasitological investigations have been carried out in some European 

zoological parks housing NHPs, such as the Dublin Zoological Garden (Ireland), the 

Belgrade Zoo (Serbia), the Kiev Zoo (Ukraine), the Antwerpen Zoo (Belgium), the 

Brno Zoological Garden (Czech Republic), the Sofia Zoo (Bulgaria), the Wroclaw Zoo 

(Poland), among others. It has been observed that most often NHPs are the host 

animals, and that nematodes (e.g. Ascaris sp., Trichuris sp., Strongyloides sp.) are 

the most common parasites, followed by cestodes and trematodes [143]. 

Furthermore, Giardia duodenalis, Cryptosporidium hominis, Blastocystis sp., and 

Entamoeba dispar circulation between NHPs and their zookeepers has been 

identified in European zoological gardens, with the confirmation of zoonotic 

transmission events involving Blastocystis sp., and a partial demonstration of C. 

hominis zoonotic transmission [140]. 

In Italy, surveys on intestinal parasites infecting NHPs living in zoological 

gardens have been conducted. In central Italy, at the Giardino Zoologico of Pistoia 

Cryptosporidium sp. and Trichuris sp. have been reported in Lemur catta [144], and 

at the Bioparco Zoological Garden of Rome it has been reported G. duodenalis 

infecting L. catta, as well as Entamoeba spp. infecting Cercocebus torquatus, 

Chlorocebus aethiops, Macaca fuscata, Mandrillus sphinx, Pan troglodytes, L. 

catta, and Pongo pygmaeus [145]. In southern Italy, there have been found 

Trichuris sp., Strongyloides fűelleborni, and Cryptosporidium sp. infecting Papio 

cynocephalus at the Fasano Zoo Safari, while G. duodenalis was found infecting L. 
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catta, Cercopithecus mona, Alouatta caraya, Nomascus concolor, Colobus 

Guereza, and Semnopithecus entellus in a zoological garden in the Benevento 

province [146]. Moreover, Cyclospora was detected in P. troglodytes from a Wildlife 

Animal Rescue Center, and in Macaca fascicularis from an Experimental Primate 

Research Center [147], while eight taxa of intestinal parasites (Trichuris sp., 

Oesophagostomum sp., Entamoeba coli, Endolimax nana, Iodamoeba bütschlii, 

Chilomastix mesnili, Balantidium coli, and Blastocystis sp.) were recorded infecting 

M. fascicularis in a biomedical research center [148]. 

In this study, almost all the parasites found have been previously reported in 

captive NHPs in Europe, as is the case of Trichuris sp., Oesophagostomum sp., 

Balantidium sp., E. coli, and I. bütschlii. However, other parasites of zoonotic 

interest such as Blastocystis sp., Giardia sp., and Ascaris sp. were not found in this 

survey.  

Balantidium sp. was found infecting the three captive NHP species sampled. 

Pigs are the main reservoir host of Balantidium, while rodents and NHPs may 

function as its alternative reservoir host [149]. Wild boars are present at the study 

site (wildlife recovery centre Parco Faunistico Piano dell’Abatino) but in small 

quantity and within a separate facility from the NHPs. Thus, in this case swine are 

unlikely to participate in the transmission cycle, while wild rodents are very common 

within the primate enclosures. For future studies it is highly recommended the use 

of morphological characteristics combined with molecular-phylogenetic data, as it 

has been demonstrated how misleading the cyst morphology-based diagnostics of 

Balantidium and Buxtonella can be, leading to ambiguity in the epidemiology of 

these infections [150]. In Italy, both Buxtonella and Balantidium have been 
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reported, for instance Buxtonella sulcata infecting cattle in central Italy [151], and 

Balantidium coli infecting swine in the south of the country [152]. 

Molecular testing should be also recommended for the optimal identification 

of Dientamoeba fragilis, given the increased sensitivity and specificity of the 

molecular assays [153]. In our survey, D. fragilis-like was found in samples from M. 

fascicularis, which is a parasite recently reported infecting free-ranging M. 

fascicularis in Indonesia [154]. Additionally, future molecular studies to determine 

the species of the strongyliform larvae found infecting S. apella are required; 

peculiarly to confirm the presence of Strongyloides, as it is a zoonotic parasite and 

canine and human strongyloidiasis have been reported in Italy [155]. 

Diet can affect parasite prevalence and richness; in this case it must be 

considered that captive primates have different diets and habits than free-ranging 

primates. This fact could explain the absence of parasites such as acanthocephalans 

(e.g. Oncicola machadoi, Prosthenorchis elegans), trematodes (e.g. Athesmia 

heterolecithoides), and cestodes (e.g. Bertiella mucronata), that have been reported 

in free-ranging S. apella [2]. Additionally, ecological factors such as temperature, 

rainfall, land surface temperature and soil humidity are important for the 

development of some parasites, for example the hookworm larvae which require 

warm and moist conditions to survive [156]. In our study, samples were only taken 

during the winter season, thus, is would be interesting the conduction of new surveys 

including all seasons, in order to better understand parasite dynamics at the wildlife 

recovery centre Parco Faunistico Piano dell’Abatino. 

Regarding Trichuris spp., there have been carried out analyses for the 

morphological and/or molecular characterisation of the parasite, from samples of  
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different Macaca species: the Japanese macaque M. fuscata [43,44,58], the Barbary 

macaque M. sylvanus [54,56] and the long-tailed macaque M. fascicularis [148]; the 

latter performed only in terms of eggs presence in stool samples without any 

molecular characterisation. Such studies revealed the presence of two separated 

taxonomic entities able to infect the Japanese macaque living in a confined 

environment as the zoological garden of Rome, one observed only in this host and 

one shared also by other primates, demonstrating the ability of this taxa to be highly 

or less specific for a host [43,44,58]. Analogous molecular results were obtained also 

regarding the Barbary macaque hosted in the Zoo Castellar (Spain), infected by two 

genotypes within the T. trichiura lineage, supported also by morphological data [54].  

Here we confirm that Japanese macaques hosted at the Bioparco Zoological 

Garden of Rome are still infected with the species-specific T. trichiura of M. fuscata. 

Moreover, we provide for the first time morphological and molecular data from T. 

trichiura from M. fascicularis to be shared with the scientific community for 

comparative purposes, showing that nematodes from this species cluster with many 

T. trichiura sequences from other primates including humans. Although limits of 

species designation are not always easy to define with morphology, given the high 

frequency of convergence, the high rate of variation and the low number of 

specimens collected, evidences here collected are suggestive of T. trichiura 

circulation in captive conditions. The long-tailed macaque analysed in the present 

study lived in a colony of around 30 macaques in a wildlife recovery center [157], and 

this condition may be of high risk for the other macaques of the colony, also 

considering that M. fascicularis has been recently listed as a vulnerable species 

according to IUCN (2021) [29].  
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Moreover, there is a significant risk for handlers and visitors, in terms of 

zoonotic transmission. Captive primates have more opportunities to reach humans 

than wild primates have, thus, confined environments should be constantly 

monitored to trace the presence of eventual parasitic species of zoonotic interest, 

taking into account the One-Health concept. 
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5. CONCLUSIONS 

The present survey could be of support to elaborate a more accurate 

epidemiological picture of intestinal parasites infecting NHP species. Differences on 

parasite prevalence and richness were found for some parasite taxa, primate species, 

and study sites, as well as between captive and free-ranging primates. Factors as the 

diet, habits, environmental conditions, interaction between humans and NHP 

influence the data obtained. 

Parasitological studies including other NHP species are strongly encouraged 

using both microscopy and molecular analyses, especially for NHP species listed as 

critically endangered, endangered or vulnerable according to the IUCN Red List, as 

in the case of A. hybridus and C. versicolor, both included in the present survey.  

In order to properly determine the zoonotic potential of intestinal parasites 

infecting NHPs, it is necessary the use of molecular approaches. In this survey, the 

finding of intestinal parasites with zoonotic potential (e.g. Ascaris lumbricoides, 

Trichuris) suggests epidemiological implications, especially because NHPs that are 

in close contact with humans are involved. 

For a better understanding of the molecular epidemiology of intestinal 

parasites, new surveys including humans and other NHP species, aiming to explore 

the distribution, genetic variation and host specificity are strongly encouraged.  

We recommend conducting regular parasite surveys in NHPs in order to 

monitor the potential zoonotic transmission risk. Additionally, educational activities 

with the exposed local communities should be encouraged to increase the awareness 

regarding the potential risk of zoonotic transmissions, and the importance of 

avoiding food provisioning and physical contact with NHP. 
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6. SUPPLEMENTARY MATERIAL 

Supplementary material 1. Best ML consensus tree of partial 18S Blastocystis hominis reference 

strains and samples here analysed collected from NHPs in Colombia (dataset Santin et al. 2011 [36]). 
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Supplementary material 2. Dataset of sequences obtained with primers of Scicluna et al. 2006 

[35] used to build a Blastocystis hominis ST8 Median Joining Network. 
 

MEGA 

!Title Phylogenetic Analysis; 

!Format 

   DataType=Nucleotide 

   NSeqs=18 NSites=621 

   Identical=. Missing=? Indel=-; 52variable sites 

 

ST8_Jap2    ---GCTTATC TGG--TTGAT CCTGCCAGTA GTCATACGCT CGTCTCAAAG ATTAAGCCAT GCATGTGTAA  [ 70] 

ST8_Jap     ---....... ...--..... .......... .......... .......... .......... ..........  [ 70] 

617c        ---------- -CTGG..... .......... .......... .......... .......... ..........  [ 70] 

548c        -----..... ...-T.-... .......... .......... .......... .......... ..........  [ 70] 

61c         -----..T.T .T.GGG.TTG T......... .......... .......... .......... ..........  [ 70] 

63r         ---------- --------.. .......... .......... .......... .......... ..........  [ 70] 

79r         ---------- --------.. .......... .......... .......... .......... ..........  [ 70] 

81c         ---------- --------.. .......... .......... .......... .......... ..........  [ 70] 

603_f       -----G.... ...--..... .......... .......... .......... .......... ..........  [ 70] 

615_f       CCT.T..... ...GT..... .......... .......... .......... .......... ..........  [ 70] 

608_f       -----..... ...-T.-... .......... .......... .......... .......... ..........  [ 70] 

616_f       ----T..... ...-T..... .......... .......... .......... .......... ..........  [ 70] 

ApEc1       ---------- ---------- ---------- ---------- ---------- ---------- ..........  [ 70] 

ApEc2       ---------- ---------- ---------- ---------- ---------- ---------- ----......  [ 70] 

ApEc3       ---------- ---------- -----..... .......... .......... .......... ..........  [ 70] 

AnPe1       ---------- ---------- ---------- ---------- ---------- ---------- ----------  [ 70] 

AnPe2       ---------- ---------- ---------- ---------- ---------- ---------- ----------  [ 70] 

AnPe3       ---------- -..--..... .......... .......... .......... .......... ..........  [ 70] 

 

ST8_Jap2    GTATAAATAG TTAACTTTAA AACTGCGAAT GGCTCATTAT ATCAGTTATA GTTTATTTGA TGCAATCTAC  [140] 

ST8_Jap     .......... .......... .......... .......... .......... .......... ..........  [140] 

617c        .GTA...... ..C......G .......... .......... .......... .......... ..........  [140] 

548c        .......... .......... .......... .......... .......... .......... ..........  [140] 

61c         .......... .......... .......... .......... .......... .......... ..........  [140] 

63r         .......... .......... .......... .......... .......... .......... ..........  [140] 

79r         .......... .......... .......... .......... .......... .......... ..........  [140] 

81c         .......... .......... .......... .......... .......... .......... ..........  [140] 

603_f       .......... .......... .......... .......... .......... .......... ..........  [140] 

615_f       .......... .......... .......... .......... .......... .......... ..........  [140] 

608_f       .......... .......... .......... .......... .......... .......... ..........  [140] 

616_f       .......... .......... .......... .......... .......... .......... ..........  [140] 

ApEc1       .......... .......... .......... .......... .......... .......... ..........  [140] 

ApEc2       .......... ........GG .......... .......... ...G...... .......... ..........  [140] 

ApEc3       .......... .......... .......... .......... .......... .......... ..........  [140] 

AnPe1       ---------- --------.. .......... .......... .......... .......... ..........  [140] 

AnPe2       ---------- --------.. .......... .......... .......... .......... ..........  [140] 

AnPe3       .......... .......... .......... .......... .......... .......... ..........  [140] 

 

ST8_Jap2    TACTTGGATA ACCGTAGTAA TTCTAGAGCT AATACATGGT AAAGTCCTCA ACTTGTGAAG AGGTGTATTT  [210] 

ST8_Jap     .......... .......... .......... .......... .......... .......... ..........  [210] 

617c        .......... .......... .......... .......... .......... .......... ..........  [210] 

548c        .......... .......... .......... .......... .......... .......... ..........  [210] 

61c         .......... .......... .......... .......... .......... .......... ..........  [210] 

63r         .......... .......... .......... .......... .......... .......... ..........  [210] 

79r         .......... .......... .......... .......... .......... .......... ..........  [210] 

81c         .......... .......... .......... .......... .......... .......... ..........  [210] 

603_f       .......... .......... .......... .......... .......... .......... ..........  [210] 

615_f       .......... .......... .......... .......... .......... .......... ..........  [210] 

608_f       .......... .......... .......... .......... .......... .......... ..........  [210] 

616_f       .......... .......... .......... .......... .......... .......... ..........  [210] 

ApEc1       .......... .......... .......... .......... .......... ....AG.... ..........  [210] 

ApEc2       .......... .......... .......... .....G...G .G........ ....AG.... ..........  [210] 

ApEc3       .......... .......... .......... .......... .......... G...AG.... ..........  [210] 

AnPe1       .......... .......... .......... .......... .......... .......... ..........  [210] 

AnPe2       .......... .......... .......... .......... .......... .......... ..........  [210] 

AnPe3       .......... .......... .......... .......... .......... .......... ..........  [210] 

 

ST8_Jap2    ATTAGAATGA AAACCAGTAG ACTTAGTCTA TTCGTGAGTA ATAATAACTT ATCATATCGC ATGCTTAGGT  [280] 

ST8_Jap     .......... .......... .......... .......... .......... .......... ..........  [280] 

617c        .......... .......... .......... .......... .......... .......... ..........  [280] 

548c        .......... .......... .......... .......... .......... .......... ..........  [280] 

61c         .......... .......... .......... .......... .......... .......... ..........  [280] 

63r         .......... .......... .......... .......... .......... .......... ..........  [280] 

79r         .......... .......... .......... .......... .......... .......... ..........  [280] 

81c         .......... .......... .......... .......... .......... .......... ..........  [280] 

603_f       .......... .......... .......... .......... .......... .......... ..........  [280] 

615_f       .......... .......... .......... .......... .......... .......... ..........  [280] 

608_f       .......... .......... .......... .......... .......... .......... ..........  [280] 

616_f       .......... .......... .......... .......... .......... .......... ..........  [280] 
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ApEc1       .......... .......... ..A....... .......... .......... .......... ..........  [280] 

ApEc2       .......... .......... ..A-...... .......... .......... .......... ..........  [280] 

ApEc3       .......... .......... ..A....... .......... .......... .......... ..........  [280] 

AnPe1       .......... .......... .......... .......... .......... .......... ..........  [280] 

AnPe2       .......... .......... .......... .......... .......... .......... ..........  [280] 

AnPe3       .......... .......... .......... .......... .......... .......... ..........  [280] 

 

ST8_Jap2    AGCGATATGT CTTTCAAGTT TCTGCCCTAT CAGCTTTCGA TGGTAGTGTA TTGGACTACC ATGGCAGTAA  [350] 

ST8_Jap     .......... .......... .......... .......... .......... .......... ..........  [350] 

617c        .......... .......... .......... .......... .......... .......... ..........  [350] 

548c        .......... .......... .......... .......... .......... .......... ..........  [350] 

61c         .......... .......... .......... .......... .......... .......... ..........  [350] 

63r         .......... .......... .......... .......... .......... .......... ..........  [350] 

79r         .......... .......... .......... .......... .......... .......... ..........  [350] 

81c         .......... .......... .......... .......... .......... .......... ..........  [350] 

603_f       .......... .......... .......... .......... .......... .......... ..........  [350] 

615_f       .......... .......... .......... .......... .......... .......... ..........  [350] 

608_f       .......... .......... .......... .......... .......... .......... ..........  [350] 

616_f       .......... .......... .......... .......... .......... .......... ..........  [350] 

ApEc1       .......... .......... .......... .......... .......... .......... ..........  [350] 

ApEc2       .......... .......... .......... ......G--- ---------- ---------- ----------  [350] 

ApEc3       .......... .......... .......... .......... .......... .......... ..........  [350] 

AnPe1       .......... .......... .......... .......... .......... .......... ..........  [350] 

AnPe2       .......... .......... .......... .......... .......... .......... ..........  [350] 

AnPe3       .......... .......... .......... .......... .......... .......... ..........  [350] 

 

ST8_Jap2    CGGGTAACGA AGAATTTGGG TTCGATTTCG GAGAGGGAGC CTGAGAGATG GCTACCACAT CCAAGGAAGG  [420] 

ST8_Jap     .......... .......... .......... .......... .......... .......... ..........  [420] 

617c        .......... .......... .......... .......... .......... .......... ..........  [420] 

548c        .......... .......... .........T .......... .......... .......... A.........  [420] 

61c         .......... .......... .......... .......... .......... .......... ..........  [420] 

63r         .......... .......... .......... .......... .......... .......... ..........  [420] 

79r         .......... .......... .......... .......... .......... .......... ..........  [420] 

81c         .......... .......... .......... .......... .......... .......... ..........  [420] 

603_f       .......... .......... .......... .......... .......... .......... ..........  [420] 

615_f       .......... .......... .......... .......... .......... .......... ..........  [420] 

608_f       .......... ...T...... .......... .......... .......... .......... ..........  [420] 

616_f       .......... .......... .......... .......... .......... .......... ..........  [420] 

ApEc1       .......... .......... .......... .......... .......... .......... ..........  [420] 

ApEc2       ---------- ---------- ---------- ---------- ---------- ---------- ----------  [420] 

ApEc3       .......... .......... .......... .......... .......... .......... ..........  [420] 

AnPe1       .......... .......... .......... .......... .......... .......... ..........  [420] 

AnPe2       .......... .......... .......... .......... .......... .......... ..........  [420] 

AnPe3       .......... .......... .......... .......... .......... .......... ..........  [420] 

 

ST8_Jap2    CAGCAGGCGC GTAAATTACC CAATCCTGAC ACAGGGAGGT AGTGACAATA AATCACAATG CGGAACTATT  [490] 

ST8_Jap     .......... .......... .......... .......... .......... .......... ..........  [490] 

617c        .......... .......... .......... .......... .......... .......... ..........  [490] 

548c        ....C..... ....T..... ..C....... .......... .......... .......... ....T.....  [490] 

61c         .......... .......... .......... .......... .......... .......... ..........  [490] 

63r         .......... .......... .......... .......... .......... .......... ..........  [490] 

79r         .......... .......... .......... .......... .......... .......... ..........  [490] 

81c         .......... .......... .......... .......... .......... .......... ..........  [490] 

603_f       .......... .......... .......... .......... .......... .......... ..........  [490] 

615_f       .......... .......... .......... .......... .......... .......... ..........  [490] 

608_f       .......... .......... .......... .......... .......... .......... .....-....  [490] 

616_f       .......... .......... .......... .......... .......... .......... ..........  [490] 

ApEc1       .......... .......... .......... .......... .......... .......... ..........  [490] 

ApEc2       ---------- ---------- ---------- ---------- ---------- ---------- ----------  [490] 

ApEc3       .......... .......... .......... .......... .......... .......... ..........  [490] 

AnPe1       .......... .......... .......... .......... .......... .......... ..........  [490] 

AnPe2       .......... .......... .......... .......... .......... .......... ..........  [490] 

AnPe3       .......... .......... .......... .......... .......... .......... ..........  [490] 

 

ST8_Jap2    AGTTTTGCAA TTGGATTGAG AACAACGTAC AAACCTTATC GATAAACAAT TGGAGGGCAA GTCTGGTGCC  [560] 

ST8_Jap     .......... .......... .......... .......... .......... .......... ..........  [560] 

617c        .......... .......... .......... .......... .......... .......... ..........  [560] 

548c        .......... .......... .......... ..T....... .......... ....T..... ....------  [560] 

61c         .......... .......... .......... .......... .......... .......... ..........  [560] 

63r         .......... .......... .......... .......... .......... .......... ..........  [560] 

79r         .......... .......... .......... .......... .......... .......... ..........  [560] 

81c         .......... .......... .......... .......... .......... .......... ..........  [560] 

603_f       .......... .......... .......... .......... .......... .......... ..........  [560] 

615_f       .......... .......... .......... .......... .......... .......... ..........  [560] 

608_f       .......... ......---- ---------- ---------- ---------- ---------- ----------  [560] 

616_f       .......... .......... .......... .......... .......... .......... ..........  [560] 

ApEc1       .......... .......... .......... .......... .......... .......... ..........  [560] 

ApEc2       ---------- ---------- ---------- ---------- ---------- ---------- ----------  [560] 

ApEc3       .......... .......... .......... .......... .......... .......... ..........  [560] 

AnPe1       .......... .......... .......... .......... .........- ---------- ----------  [560] 

AnPe2       .......... .......... .......... .......... .......... .......... ..........  [560] 

AnPe3       .......... .......... .......... .......... ........-- ---------- ----------  [560] 
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ST8_Jap2    AGCAGCCGCG GTAATTCCAG CTCCAATAGC GTATATTAAC GTTGTTGCAG TTAAAAAGCT C [621] 

ST8_Jap     .......... .......... .......... .......... .......... .......... . [621] 

617c        .......... .......... .......... .......... .......... .......... . [621] 

548c        ---------- ---------- ---------- ---------- ---------- ---------- - [621] 

61c         .......... .......... .......... .......... .......... .--------- - [621] 

63r         .......... .......... .......... .......... .........T A--------- - [621] 

79r         .......... .......... .......... .......... .......... .A-------- - [621] 

81c         .......... .......... .......... .......... .........T A--------- - [621] 

603_f       .......... .......... .......... ..-------- ---------- ---------- - [621] 

615_f       .......... .......... .......... ...------- ---------- ---------- - [621] 

608_f       ---------- ---------- ---------- ---------- ---------- ---------- - [621] 

616_f       .......... .......... ....C.A..G A.T...---- ---------- ---------- - [621] 

ApEc1       .......... .......... .......... .......... .......... .......... - [621] 

ApEc2       ---------- ---------- ---------- ---------- ---------- ---------- - [621] 

ApEc3       .......... .......... .......... .......... ......---- ---------- - [621] 

AnPe1       ---------- ---------- ---------- ---------- ---------- ---------- - [621] 

AnPe2       .......... .......... .......... .......... .......... ......GCTC A [621] 

AnPe3       ---------- ---------- ---------- ---------- ---------- ---------- - [621] 

 

 

 

Supplementary material 3. Dataset of sequences obtained with primers of Santin et al 2011 [36] 

used to build a Blastocystis hominis ST8 Median Joining Network. 

 
#MEGA 

!Title Phylogenetic Analysis; 

!Format 

   DataType=Nucleotide 

   NSeqs=16 NSites=483 

   Identical=. Missing=? Indel=-; 34 VARIABLE SITES 

 

 

ST8_AB107971birdjap    GGAGGTAGTG ACAATAAATC ACAATGCGGA ACTATTAGTT TTGCAATTGG ATTGAGAACA ACGTACAAAC  [ 70] 

ST8_AB107970NHPjap     .......... .......... .......... .......... .......... .......... ..........  [ 70] 

AlBr1                  ---------- ---------- ---------- ---------- ---------- ----...... ..........  [ 70] 

ApMe3                  --------.. .......... .......... .......... .......... .......... ..........  [ 70] 

ApMe1                  ---------- ---------- ---------- ---------- ---------- ---------- ----------  [ 70] 

AoBr1                  ---------- ---------- ---------- ---------- ---------- ----...... ..........  [ 70] 

512c                   .......... .......... .......... .......... .......... .......... ..........  [ 70] 

615c                   .......... .......... .......... .......... .......... .......... ..........  [ 70] 

616c                   .......... .......... .......... .......... .......... .......... ..........  [ 70] 

AtBr1                  ---------- ---------- ---------- ---------- ---------- ----...... ..........  [ 70] 

LlBr1                  ---------- ---------- ---------- ---------- ---------- ----...... ..........  [ 70] 

603c                   .......... .......... .......... .......... .......... .......... ..........  [ 70] 

61c                    .......... .......... .......... .......... .......... .......... ..........  [ 70] 

63c                    .......... .......... .......... .......... .......... .......... ..........  [ 70] 

79c                    .......... .......... .......... .......... .......... .......... ..........  [ 70] 

81c                    .......... .......... .......... .......... .......... .......... ..........  [ 70] 

 

ST8_AB107971birdjap    CTTATCGATA AACAATTGGA GGGCAAGTCT GGTGCCAGCA GCCGCGGTAA TTCCAGCTCC AATAGCGTAT  [140] 

ST8_AB107970NHPjap     .......... .......... .......... .......... .......... .......... ..........  [140] 

AlBr1                  .......... .......... .......... .......... .......... .......... ..........  [140] 

ApMe3                  .......... .......... .......... .......... .......... .......... ..........  [140] 

ApMe1                  ---------- ---------- ---------- ---------- --------.. .......... ..........  [140] 

AoBr1                  .......... .......... .......... .......... .......... .......... ..........  [140] 

512c                   .......... .......... .......... .......... .......... .......... ..........  [140] 

615c                   .......... .......... .......... .......... .......... .......... ..........  [140] 

616c                   .......... .......... .......... .......... .......... .......... ..........  [140] 

AtBr1                  .......... .......... .......... .......... .......... .......... ..........  [140] 

LlBr1                  .......... .......... .......... .......... .......... .......... ..........  [140] 

603c                   .......... .......... .......... .......... .......... .......... ..........  [140] 

61c                    .......... .......... .......... .......... .......... .......... ..........  [140] 

63c                    .......... .......... .......... .......... .......... .......... ..........  [140] 

79c                    .......... .......... .......... .......... .......... .......... ..........  [140] 

81c                    .......... .......... .......... .......... .......... .......... ..........  [140] 

 

ST8_AB107971birdjap    ATTAACGTTG TTGCAGTTAA AAAGCTCGTA GTTGAAGTGA AGTGAACAAA GAAGAGAAGA ATCTTCGGAT  [210] 

ST8_AB107970NHPjap     .......... .......... .......... .......... .......... .......... ..........  [210] 

AlBr1                  .......... .......... .......... .......... .......... .......... ..........  [210] 

ApMe3                  .......... .......... .......... .........T G.A....... .......... ..GG......  [210] 

ApMe1                  .......... .......... .......... .......... .......... .......... ..........  [210] 

AoBr1                  .......... .......... .......... .......... .......... .......... ..........  [210] 

512c                   .......... .......... .......... .......... .......... .......... ..........  [210] 

615c                   .......... .......... .......... .......... .......... .......... ..........  [210] 

616c                   .......... .......... .......... .......... .......... .......... ..........  [210] 

AtBr1                  .......... .......... .......... .......... .......... .......... ..........  [210] 

LlBr1                  .......... .......... .......... .......... .......... .......... ..........  [210] 

603c                   .......... .......... .......... .......... .......... .......... ..........  [210] 

61c                    .......... .......... .......... .......... .......... .......... ..........  [210] 

63c                    .......... .......... .......... .......... .......... .......... ..........  [210] 

79c                    .......... .......... .......... .......... .......... .......... ..........  [210] 

81c                    .......... .......... .......... .......... .......... .......... ..........  [210] 
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ST8_AB107971birdjap    TCGGATCTAA TGCGTTGACT CTTTCCAAAG TCAATGTATG GGTATTCATT TATCTATATA TTGTGTTTGG  [280] 

ST8_AB107970NHPjap     .......... .......... .......... .......... .......... .......... ..........  [280] 

AlBr1                  .......... .......... .......... .......... .......... .......... ..........  [280] 

ApMe3                  .......... ....G..... ..GGA....C ....A....C ..C....... .....GG... ..T.......  [280] 

ApMe1                  .......... .......... .......... .......... .......... .......... ..........  [280] 

AoBr1                  .......... .......... .......... .......... .......... .......... ..........  [280] 

512c                   .......... .......... .......... .......... .......... .......... ..........  [280] 

615c                   .......... .......... .......... .......... .......... .......... ..........  [280] 

616c                   .......... .......... .......... .......... .......... .......... ..........  [280] 

AtBr1                  .......... .......... .......... .......... .......... .......... ..........  [280] 

LlBr1                  .......... .......... .......... .......... .......... .......... ..........  [280] 

603c                   .......... .......... .......... .......... .......... .......... ..........  [280] 

61c                    .......... .......... .......... .......... .......... .......... ..........  [280] 

63c                    .......... .......... .......... .......... .......... .......... ..........  [280] 

79c                    .......... .......... .......... .......... .......... .......... ..........  [280] 

81c                    .......... .......... .......... .......... .......... .......... ..........  [280] 

 

ST8_AB107971birdjap    TCGTTTACTG TGAGAAAATT AGAGTGTTCA AAGCAGACGT TTGTTTGAAT ACATTAGCAT GGAATAATCA  [350] 

ST8_AB107970NHPjap     .......... .......... .......... .......... .......... .......... ..........  [350] 

AlBr1                  .......... .......... .......... .......... .......... .......... ..........  [350] 

ApMe3                  .T..CAG... .......... .......... ....C..... ........GG ..CA...... T.........  [350] 

ApMe1                  .......... .......... .......... .......... .......... .......... ..........  [350] 

AoBr1                  .......... .......... .......... .......... .......... .......... ..........  [350] 

512c                   .......... .......... .......... .......... .......... .......... ..........  [350] 

615c                   .......... .......... .......... .......... .......... .......... ..........  [350] 

616c                   .......... .......... .......... .......... .......... .......... ..........  [350] 

AtBr1                  .......... .......... .......... .......... .......... .......... ..........  [350] 

LlBr1                  .......... .......... .......... .......... .......... .......... ..........  [350] 

603c                   .......... .......... .......... .......... .......... .......... ..........  [350] 

61c                    .......... .......... .......... .......... .......... .......... ..........  [350] 

63c                    .......... .......... .......... .......... .......... .......... ..........  [350] 

79c                    .......... .......... .T........ .......... .......... .......... ..........  [350] 

81c                    .......... .......... .......... .......... .......... .......... ..........  [350] 

 

ST8_AB107971birdjap    TATAAGGCTT TCATGTGTAT TTGATTGGTT TGGATATGAA AGCAAGGTTA ATAGGGACAG TTGGGGGTAT  [420] 

ST8_AB107970NHPjap     G......... .......... .......... .......... .......... .......... ..........  [420] 

AlBr1                  .......... .......... .......... .......... .......... .......... ..........  [420] 

ApMe3                  .....T.T.. ......C.-- ---------- ---------- ---------- ---------- ----------  [420] 

ApMe1                  .......... .......... .......... .......... -......... .......... ..........  [420] 

AoBr1                  .......... .......... .......... .......... .......... .......... ..........  [420] 

512c                   ....G..... .......... .......... .......... .......... .......... ..........  [420] 

615c                   ....G..... .......... .......... .......... .......... .......... ..........  [420] 

616c                   ....G..... .......... .......... .......... .......... .......... ..........  [420] 

AtBr1                  .......... .......... .......... .......... .......... .......... ..........  [420] 

LlBr1                  .......... .......... .......... .......... .......... .......... ..........  [420] 

603c                   ....G..... .......... .......... .......... .......... .......... ..........  [420] 

61c                    G......... .......... .......... .......... .......... .......... ..........  [420] 

63c                    G......... .......... .......... .......... .......... .......... ..........  [420] 

79c                    G......... .......... .......... .......... .......... .......... ..........  [420] 

81c                    G......... .......... .......... .......... .......... .......... ..........  [420] 

 

ST8_AB107971birdjap    TCATATTCAA TAGTCAGAGG TGAAATTCTC GGATTTATGG AAGATGAACA AATGCGAAAG CA- [483] 

ST8_AB107970NHPjap     .......... .......... .......... .......... .......... .......... ..- [483] 

AlBr1                  ......---- ---------- ---------- ---------- ---------- ---------- --- [483] 

ApMe3                  ---------- ---------- ---------- ---------- ---------- ---------- --- [483] 

ApMe1                  .......... .......... .......... .......... .......... .G........ ..A [483] 

AoBr1                  ......---- ---------- ---------- ---------- ---------- ---------- --- [483] 

512c                   .......... .......... .......... .......... .......... .G........ ..- [483] 

615c                   .......... .......... .......... .......... .......... .G........ ..- [483] 

616c                   .......... .......... .......... .......... .......... .G........ ..- [483] 

AtBr1                  ......---- ---------- ---------- ---------- ---------- ---------- --- [483] 

LlBr1                  ......---- ---------- ---------- ---------- ---------- ---------- --- [483] 

603c                   .......... .......... .......... .......... .......... .G........ ..- [483] 

61c                    .......... .......... .......... .......... .......... .G........ ..- [483] 

63c                    .......... .......... .......... .......... .......... .G........ ..A [483] 

79c                    .......... .......... .......... .......... .......... .G........ ..A [483] 

81c                    .......... .......... .......... .......... .......... .G........ ..A [483] 

 

 
 

Supplementary material 4. 18S gene sequences alignment of Giardia duodenalis isolates.  

 
#LC437354_assA    TCATCCGGTC GATCCTGCCG GAGCGCGACG CTCTCCCCAA GGACG-AAGC CATGCATGCC CGCTCACCCG  [ 70] 

#LC341258_assF    .......... .......... .......... ........C. .....-.... .......... ..........  [ 70] 

#71_c             .......... .......... .......... .......... .....-.... .......... ..........  [ 70] 

#73c              .......... .......... .......... .......... .....-.... .......... ..........  [ 70] 

#MK487706_assB    .......... .......... ..ATC..... .......... ....AC.... .......... ...G......  [ 70] 

#LC437359_assC    .......... .......... ..ATC..... .......... ....AC.... .......... ...A......  [ 70] 

#LN875383_assE    ---------- ---------- ------.... .......... .....-.... .......... ..........  [ 70] 

#AF199450_assG    -......... .......... ..ATC..... .......... .....-.... .......... ...A......  [ 70] 

#LC437362_assD    .......... .......... ..ATC..... .......... ....ACC... .......... ...A......  [ 70] 

#564c             .......... .......... ..ATC..... .......... ....AC.... .......... ...G......  [ 70] 
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#82c              .......... .......... ..ATC..... .......... ....AC.... .......... ...G......  [ 70] 

#79c              .......... .......... ..ATC..... .......... ....AC.... .......... ...G......  [ 70] 

#81c              .......... .......... ..ATC..... .......... ....AC.... .......... ...G......  [ 70] 

#77c              .......... .......... ..ATC..... .......... ....AC.... .......... ...G......  [ 70] 

#603f             .......... .......... ..ATC..... .......... ....AC.... .......... ...G......  [ 70] 

 

#LC437354_assA    GGACGCGGCG GACGGCTCAG GACAACGGTT GCACCCCCCG CGGCGGTCCC TGCTAGCCGG ACACCGCTGG  [140] 

#LC341258_assF    .......... .......... .......... .......... .......... .......... ..........  [140] 

#71_c             .......... .......... .......... .......... .......... .......... ..........  [140] 

#73c              .......... .......... .......... .......... .......... .......... ..........  [140] 

#MK487706_assB    ...G...... .......... .......... .......... .......... .......... ..........  [140] 

#LC437359_assC    ...G...... .......... .......... .......... .......... .......... ..........  [140] 

#LN875383_assE    .......... .......... ...G...... .......... .......... .......... ..........  [140] 

#AF199450_assG    ...G...... .......... .......... .......... .......... .......... ..........  [140] 

#LC437362_assD    ...A...... .......... .......... .......... .......... .......... ..........  [140] 

#564c             ...G...... .....----- ---------- ---------- ---------- ---------- -----.....  [140] 

#82c              ...G...... .......... .......... .......... .......... .......... ..........  [140] 

#79c              ...G...... .......... .......... .......... .......... .......... ..........  [140] 

#81c              ...G...... .......... .......... .......... .......... .......... ..........  [140] 

#77c              ...G...... .......... .......... .......... .......... .......... ..........  [140] 

#603f             ...G...... .......... .......... .......... .......... .......... ..........  [140] 

 

#LC437354_assA    CAACCCGGCG CCAAGACGTG CGCGCAAGGG CGGGCGCCCG CGGGCGAGCA GCGTGACGCA GCGACGGCCC  [210] 

#LC341258_assF    .......... .......... .......... .......... .......... .......... ..........  [210] 

#71_c             .......... .......... .......... .......... .......... .......... ..........  [210] 

#73c              .......... .......... .......... .......... .......... .......... ..........  [210] 

#MK487706_assB    .......... .......... .......... .......... .......... .......... ..........  [210] 

#LC437359_assC    .......... .......... ........T. .......... .......... .......... ..........  [210] 

#LN875383_assE    .......... .......... .......... .......... .......... .......... ..........  [210] 

#AF199450_assG    .......... .......... .......... ...A...... .......... .......... ..........  [210] 

#LC437362_assD    .......... .......... ........T. ...R...... .......... .......... ..........  [210] 

#564c             .......... .......... .......... .......... .......... .......... ..........  [210] 

#82c              .......... .......... .......... .......... .......... .......... ..........  [210] 

#79c              .......... .......... .......... .......... .......... .......... ..........  [210] 

#81c              .......... .......... .......... .......... .......... .......... ..........  [210] 

#77c              .......... .......... .......... .......... .......... .......... ..........  [210] 

#603f             .......... .......... .......... .......... .......... .......... ..........  [210] 

 

#LC437354_assA    GCCCGGGCTT CCGGGGCATC ACCCGGTCGG CGCGGTCGCG GCGCGCCGAG GGCCCGACGC CTGG-CGGAG  [280] 

#LC341258_assF    .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#71_c             .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#73c              .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#MK487706_assB    .......... .......... .......... .......... .......... .......... ....G.....  [280] 

#LC437359_assC    .......... .....R.... .......... .......... .......... .......... ....-.....  [280] 

#LN875383_assE    .--------- ---------- ---------- ---------- ---------- ---------- ----------  [280] 

#AF199450_assG    .......... .......... ...T...... .......... .......... .......... ...A-.....  [280] 

#LC437362_assD    .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#564c             .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#82c              .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#79c              .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#81c              .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#77c              .......... .......... .......... .......... .......... .......... ....-.....  [280] 

#603f             .......... .......... .......... .......... .......... .......... ....-.....  [280] 

 

#LC437354_assA    AATCAGGGTT CGACTA- [297] 

#LC341258_assF    .......... ......- [297] 

#71_c             .......... ......- [297] 

#73c              .......... ....A.A [297] 

#MK487706_assB    .......... .....-- [297] 

#LC437359_assC    .......... ......- [297] 

#LN875383_assE    ---------- ------- [297] 

#AF199450_assG    .......... .....CC [297] 

#LC437362_assD    .......... ......- [297] 

#564c             .......... ......- [297] 

#82c              .......... ......A [297] 

#79c              .......... ......A [297] 

#81c              .......... ......A [297] 

#77c              .......... ....A.A [297] 

#603f             .......... ....ACA [297] 
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Supplementary material 5. Parasite richness calculations carried out using RStudio, with a 
dataset including only A. seniculus and S. cassiquiarensis 
 
 

> richnessAloSai<-read.table("Desktop/Calculos 
R/Alouatta&Saimiri_Riqueza.csv",sep=";",header=T) 
 
> res.aov2<-aov(N_Taxa ~ Primate_species + Study.site, data= richnessAloSai) 
> summary(res.aov2) 
                           Df Sum Sq Mean Sq F value  Pr(>F)    
Primate_species   1   5.78   5.776   6.063 0.01496 *  
Study.site        4  17.17   4.293   4.506 0.00184 ** 
Residuals       147 140.05   0.953                    
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
1048363 observations deleted due to missingness 
 
> res.aov3<-aov(N_Taxa ~ Primate_species*Study.site, data= richnessAloSai) 
> summary(res.aov3) 
                 Df Sum Sq Mean Sq F value  Pr(>F)    
Primate_species   1   5.78   5.776   6.063 0.01496 *  
Study.site        4  17.17   4.293   4.506 0.00184 ** 
Residuals       147 140.05   0.953                    
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
1048363 observations deleted due to missingness 
 
> TukeyHSD(res.aov3) 
  Tukey multiple comparisons of means 
    95% family-wise confidence level 
 
Fit: aov(formula = N_Taxa ~ Primate_species * Study.site, data = richnessAloSai) 
 
$Primate_species 
                                               diff        lwr 
Saimiri_cassiquiarensis-Alouatta_seniculus 0.401864 0.07932062 
                                                 upr     p adj 
Saimiri_cassiquiarensis-Alouatta_seniculus 0.7244075 0.0149631 
 
$Study.site 
                                                       diff              lwr            upr 
Guacavía-Cumaral               -0.60476190 -1.2785238  0.06899998 
Maní-Cumaral                     -0.72512009 -1.5191561  0.06891590 
San_Juan-Cumaral              -0.34813596 -1.0357913  0.33951938 
Villavicencio-Cumaral         -0.90476190 -1.6259809 -0.18354290 
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Yopal-Cumaral                     -0.07865545 -1.0333016  0.87599067 
Maní-Guacavía                     -0.12035819 -0.9606869  0.71997052 
San_Juan-Guacavía              0.25662594 -0.4840015  0.99725341 
Villavicencio-Guacavía       -0.30000000 -1.0718912  0.47189121 
Yopal-Guacavía                    0.52610646 -0.4673765  1.51958942 
San_Juan-Maní                     0.37698413 -0.4745246  1.22849287 
Villavicencio-Maní             -0.17964181 -1.0584786  0.69919499 
Yopal-Maní                          0.64646465 -0.4322135  1.72514276 
Villavicencio-San_Juan      -0.55662594 -1.3406737  0.22742178 
Yopal-San_Juan                   0.26948052 -0.7334767  1.27243774 
Yopal-Villavicencio             0.82610646 -0.2001538  1.85236674 
                                              p adj 
Guacavía-Cumaral           0.1057467 
Maní-Cumaral                  0.0949281 
San_Juan-Cumaral          0.6889136 
Villavicencio-Cumaral     0.0052829 
Yopal-Cumaral                 0.9998940 
Maní-Guacavía                 0.9984236 
San_Juan-Guacavía          0.9171016 
Villavicencio-Guacavía     0.8714431 
Yopal-Guacavía                 0.6460678 
San_Juan-Maní                 0.7963283 
Villavicencio-Maní           0.9915530 
Yopal-Maní                       0.5139228 
Villavicencio-San_Juan   0.3195273 
Yopal-San_Juan               0.9711889 
Yopal-Villavicencio          0.1909602 
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