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Introduction

Trypanosomatids are parasites widely distributed in nature, parasitizing several host species in single or co-infections. Campo Grande (CG), capital of Mato Grosso do Sul State, is characterized by several green areas and forest fragments where wild mammals have been reported infected by diverse trypanosomatid species. In this study, we evaluated the parasitism by trypanosomatids in the non-human primates (NHP) Sapajus cay and Alouatta caraya sampled in three different areas of CG.





Material and methods

For the detection of infections and identification of trypanosomatid species, we made hemoculture, blood smears, molecular and serological tests.





Results

We detected trypanosomatids in 37/55 (67.3%) of sampled animals, all by the molecular test. DNA sequencing analyzes were performed on 32 samples, resulting in the following species identification: Trypanosoma cruzi, T. minasense, T. rangeli, Leishmania (L.) infantum and L. (L.) amazonensis (species already recorded in primates in Latin America), and for the first time T. lainsoni, a parasite related to small mammals, and Trypanosoma sp. DID, originally reported in marsupials Didelphis sp. 





Discussion

The detection of trypanosomatids of public health importance as L. infantum, L. amazonensis and T. cruzi (genotypes TcI, TcII/TcVI and TcIV) indicates the enzootic character of these species in the studied area. Also, the presence of T. cruzi TcIV and T. minasense in the conservation area supports previous studies that these parasites would be associated with the arboreal stratum. We conclude that (i) the NHP at CG participate in a complex reservoir system for parasites of great importance for Public Health in the studied area, such as L. infantum, L. amazonensis and T. cruzi, and (ii) there is a great diversity of trypanosomatids circulating in the urban area of this city located in the Brazilian Midwest.
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1 Introduction

Non-human primates (NHP) coexist with humans and their domestic animals in fragmented urban areas, and this proximity over time may result in stress factors that may negatively impact their populations (de-Almeida-Rocha et al., 2017; McLennan et al., 2017; Back et al., 2019). Additionally, with 60% of free-living primates currently endangered (Estrada et al., 2017), urban forest remnants offer refuge in environments increasingly degraded, but may also pose a risk to these species due to stressor factors, including parasite transmission from humans and their domestic animals (Cibot et al., 2015; Kane and Smith, 2020; Dian et al., 2022; Lopes et al., 2022). In this sense, it is increasingly important to understand the different impacts of human encroachment that threaten primate populations.

Among the most common primate species in urban forest fragments are Sapajus cay and Alouatta caraya. Both species have a broad geographic distribution: (i) S. cay is distributed across Argentina, Bolivia, Paraguay and the Brazilian Midwest, and is a generalist species that has an omnivorous habit, feeding more frequently fruits and insects, eventually vertebrates (Alfaro et al., 2012; Rímoli et al., 2012; Júnior et al., 2020; Falótico, 2023); and (ii) A. caraya, that has a wide geographical distribution in South America from Argentina, Bolivia, Paraguay to the entire Cerrado biome in Brazil in sympatry with S. cay, with a folivore-frugivore diet, consisting of leaves, flowers and buds (Do Nascimento et al., 2007; Rímoli et al., 2012; Chaves et al., 2021).

Trypanosomatids (Euglenozoa; Kinetoplastea) comprise a group of ubiquitous multi-host parasites widely distributed in nature. The group is composed of flagellate protozoans with monoxenous and heteroxenous life cycles, parasitizing invertebrates, plants, or vertebrates. In general, these parasites establish long-lasting infections in mammals (Hoare, 1972; Stevens, 2008), although the epidemiological role of a given mammalian host species in the trypanosomatid transmission cycles may change according to local fauna community (Roque and Jansen, 2014). Among trypanosomatids, Trypanosoma cruzi and Leishmania spp. cause important tropical human diseases, respectively Chagas disease and leishmaniasis (Hoare, 1972).

Trypanosomatids in NHP that inhabit urban forest fragments in Brazil have been the object of some studies. Evidence of infection (presence of DNA) from Leishmania (L.) infantum (syn. L. (L.) chagasi) was found by Malta et al. (2010) in Sapajus xanthosternos and Alouatta guariba at the zoo of Belo Horizonte, Brazilian state of Minas Gerais. Paiz et al. (2019) recorded L. infantum in two species of marmosets (Callithrix penicillata and Callithrix jacchus) by serological and molecular tests, in the municipality of Campinas, Brazilian state of São Paulo. Cândido et al. (2021) detected L. infantum, Leishmania (L.) amazonensis, Trypanosoma minasense and Trypanosoma rangeli by molecular test in different species of NHP living in forest fragments near the city of Cuiabá, Brazilian state of Mato Grosso. Leishmania sp. has been detected in free-ranging Sapajus nigritus, by serological and molecular tests in an urban park at Brazilian Paraná state (Lopes et al., 2022); and Trueb et al. (2018) detected Leishmania spp. in free-living Callithrix sp. at urban rainforest fragments in the city of Salvador, coastal area of Brazilian Northeastern.

In Campo Grande (CG), capital of Mato Grosso do Sul (MS) state, Midwest Brazil, S. cay and A. caraya are found inhabiting urban forest fragments. This city is considered an area of intense transmission for visceral leishmaniasis due to high prevalence in humans, dogs and their vector, Lutzomyia longipalpis (Botelho and Natal, 2009; Brazuna et al., 2012; Cunha et al., 2014; Neitzke-Abreu et al., 2022). Furthermore, it has been reported that some wild and domestic animals including opossum Didelphis albiventris (Humberg et al., 2012; Nantes et al., 2021), non-hematophagous bats (de Rezende et al., 2017; Castro et al., 2020; da Silva et al., 2024; Torres et al., 2024), the carnivorous coati Nasua nasua (de Macedo et al., 2023), the rattlesnake Crotalus durissus (Nantes et al., 2024), and domestic cat (Metzdorf et al., 2017) compose the reservoir system for L. infantum in CG city. The causative agent of the American Cutaneous Leishmaniasis, L. amazonensis, have been reported to circulate in CG, being detected in phyllostomid bats, D. albiventris, and N. nasua [27.31, de Macedo GC, unpublished data], as well as in Bichromomyia flaviscutellata, its main vector (Neitzke-Abreu et al., 2022). Furthermore, regarding Trypanosoma species found parasitizing vertebrates in CG, Nantes et al. (2021) showed T. cruzi DTU TcII, Trypanosoma lainsoni and an unidentified Trypanosoma spp. DID in D. albiventris; Torres et al. (2024) isolated T. cruzi DTU TcI, T. cruzi marinkellei, Trypanosoma dionisii, and Trypanosoma janseni in non-hematophagous bats; and Nantes et al. (2024) detected T. cruzi DTU TcII/VI, Trypanosoma sp. DID, Trypanosoma cascavelli, and Trypanosomatidae CROT in C. durissus and Bothrops moojeni.

Because NHPs are found inhabiting urban forest fragments at CG and are described as hosts of different trypanosomatid species in South America, and diverse trypanosomatid species are described in wild hosts from CG, we aimed to investigate the richness of trypanosomatid infections in the S. cay and A. caraya at CG. Moreover, we discuss the role of these PNH species in the maintenance of T. cruzi and Leishmania spp., parasites of public health importance.




2 Materials and methods



2.1 Study areas and captured animals

The Capuchin monkeys (S. cay) were captured in two forested fragments from Campo Grande (CG) municipality, Mato Grosso do Sul state, Midwest Brazil: “Instituto São Vicente” (ISV) and “Parque Estadual Matas do Segredo” (PEMS). Approximately 2.15 km apart (Figure 1), both areas present phytophysiognomy of the savannah forest, riparian forest and lowland areas. The ISV is an anthropized complex of 191 hectares of mixed land use, divided into forested areas, mixed crops (corn, beans and fruits) and a school farm from the Dom Bosco Catholic University (UCDB) with livestock production practices. The PEMS is a preserved conservation unit covering an area of 180 hectares that harbor several wildlife species as the coati (N. nasua), crab-eating fox (Cerdocyon thous), puma (Puma concolor), tapir (Tapirus terrestres), opossum (D. albiventris), and gracile mouse opossum (Gracilinanus agillis). We also included samples from S. cay and Howler Monkeys (A. caraya) from the local Wildlife Rehabilitation Center (WRC), located within another conservation unit, the “Parque Estadual do Prosa” (PEP) (Figure 1). The WRC receives dozens of wildlife species (mammals, birds, reptiles) from the illegal trade, run over and voluntarily delivered by the local people. The primates sampled at the WRC were kept in captivity for a period ranging from six months to four years and derived from different municipalities in the MS.




Figure 1 | Studied area belonging to the Cerrado Biome. In detail are the anthropized area “Instituto São Vicente” (ISV), the preserved conservation unit “Parque Estadual Matas do Segredo” (PEMS) and the Wildlife Rehabilitation Center (WRC) located within the conservation unit “Parque Estadual do Prosa” (PEP).






2.2 Capture procedures

From September to November 2020, the capuchin monkeys were habituated to box traps (90 x 45 x 50 cm) installed on the top of two-meter platforms at ISV and PEMS, using fruits and eggs inside the open traps. Afterwards, from December 2020 to September 2021, the captures took place during five consecutive days every three months. The traps were opened at dawn (05:00 am), checked up every 30 min, and closed around 01:00 pm of the same day. The total effort was 7,680 hour-trap. At the WRC the captive animals were caught using nets.

The sedation protocol consisted of a combination of midazolam hydrochloride (0.5 mg/kg) and ketamine hydrochloride (12 mg/kg), and benzodiazepine flumazenil (0.025 mg/kg) (LANEXAT®, Roche) as a reverser. All captured animals were tagged with subcutaneous transponders (AnimallTag®, Brazil). After total recovery from sedation, the animals were released at the capture sites in the ISV and PEMS, and into their respective cages at the WRC. All field procedures were performed in accordance with the “Instituto Chico Mendes de Conservação da Biodiversidade” (license number 70946-3), the “Instituto de Meio Ambiente de Mato Grosso do Sul” (006/2020, process No. 71/401070/2020), and the Ethics Committee for Animal Use of UCDB (license number 001/2020).




2.3 Biological sample collection

Blood and bone marrow samples were collected via the femoral vein and manubrium sterni respectively, after an asepsis protocol containing bactericidal soap, iodine, and 70% alcohol. Blood samples were taken using 24G hypodermic needles and bone marrow samples were obtained using 18G needles. Both samples were deposited in EDTA (Ethylenediamine tetraacetic acid) tubes. Blood samples were also deposited in clot activator tubes to obtain serum and clot samples, adding absolute ethanol (1:1) to the clot samples. All samples were kept under refrigeration (−20°C) until laboratory analysis. We also performed blood smears of peripheral blood from the tip of the ear.




2.4 Parasitological test

Axenic cultures were performed by placing 0.3 ml of blood in biphasic media Novy-MacNeal-Nicolle (NNN) containing Liver Infusion Tryptose overlay, and 0.2 ml of bone marrow in biphasic media NNN containing Schneider’s Insect medium overlay, both supplemented with 10% fetal bovine serum. The tubes were incubated at 26–28°C and examined weekly (bone marrow cultures) or every two weeks (hemocultures) for up to two and four months, respectively. The positive axenic culture at exponential phase was amplified and deposited in the COLTRYP-FIOCUZ/RJ.

Blood smears were stained using Panoptic kit (Laborclin®, Brazil) and examined for trypanosomatid flagellates under optical microscopy at 400x and 1000x magnifications. Positivity in blood cultures and/or blood smears was considered indicative of high parasitemia and potential to serve as a source of infection for vectors at the time of capture.




2.5 Serological diagnosis

A serological survey for the detection of anti-Leishmania and anti-T. cruzi IgG antibodies was performed using an Indirect Immunofluorescent Antibody Test (IFAT) as previously described by Camargo (1966). The antigens used in Leishmania spp. serology were an equal mixture of the strains MHOM/BR/1975/M2903 (Leishmania braziliensis-IOC/L566) and MHOM/BR/1974/PP75 (L. infantum-IOC/L579) obtained from the Collection of Leishmania from Oswaldo Cruz Institute (CLIOC-FIOCRUZ/RJ) from the Oswaldo Cruz Foundation (FIOCRUZ – Rio de Janeiro – RJ/Brazil), and in serology to T. cruzi we used an equal mixture of parasites derived from the strains M000/BR/1974/F90 (TcI) and MHOM/BR/1950/Y (TcII), obtained from the Collection of Trypanosoma from Wild, Domestic and Vector Mammals (COLTRYP-FIOCUZ/RJ) from FIOCRUZ. Sera from all primates were tested with anti-monkey IgG conjugated with Fluorescein Isothiocyanate (Sigma, St. Louis, MO, USA), and the cut-off point adopted was 1:10 (Lisboa et al., 2004). In addition to IFAT, the sera were submitted to ELISA (Enzyme-Linked Immunosorbent Assay) (ELISA, Biomanguinhos, Rio de Janeiro, Brazil) using anti-monkey peroxidase-conjugated antibodies (IgG) and the same antigens used for IFAT. The cut-off point was established by the mean OD (Optical Density) of the negative control ± three standard deviation and the gray range adopted was 20% above the cut-off value (Kerr et al., 2016). For each serological assay, two positive and two negative controls for Leishmania spp. and T. cruzi were added. We adopted as seropositivity criteria the positive reaction in both serological tests (IFAT and ELISA).




2.6 Molecular tests

The obtained parasite culture was subjected to DNA extraction using the phenol-chloroform method (Michael and Joseph, 2012). Genomic DNA of clots was extracted using the ammonium acetate method (Rodrigues et al., 2019), while the DNA of blood and bone marrow samples was extracted using the QIAamp Blood DNA Mini Kit (Qiagen®, Germany) according to the manufacturer instructions. Total DNA was diluted with 20 μl of elution buffer and stored at −20°C until molecular diagnosis. Detection of trypanosomatids in clots, blood, and bone marrow, besides the axenic culture, was performed by the Nested Polymerase Chain Reaction (nPCR) targeting the trypanosomatid 18S rDNA gene (~650 bp) (Smith et al., 2008). The DNA extracted from the bone marrow samples was also subjected to a conventional PCR targeting the conserved region of the kinetoplast (kDNA) (120 bp) for Leishmania spp. detection (Schubach et al., 1998).

The products of nPCR and from the axenic culture were purified using the Illustra GFX PCR DNA and gel band purification kit (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK). The axenic culture sample was sequenced for both strands of DNA with BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) on an ABI 3730 DNA sequence available on the PDTIS/FIOCRUZ sequencing platform. The sequences were edited, aligned, and corrected using BioEdit software.

DNA from 18S rDNA nPCR positive samples was quantified using the broad-range Qubit DNA fluorimeter (Invitrogen®, United States). Samples with a minimum concentration of 20 ng/µl in a volume of 20 µl, totalizing a minimum of 400 ng per sample of DNA, were subjected to amplicon Next Generation Sequencing (NGS) according to Illumina recommended protocols (Illumina Demonstrated Protocol: Metagenomic Sequencing Library Preparation) and sequenced on an Illumina HiSeq2500 (PE250) platform, using 18S rRNA primers described by Barbosa et al. (2017).




2.7 Statistical analysis

In order to verify if there were differences in 18S rDNA detection among different templates (blood, clot and bone marrow), we performed a Cochran Q test (x²-based Cochran Q statistic) for related samples, followed by a McNemar Post hoc test. Also, to test if there was a match between the models, we performed a Fleiss Kappa test. Chi-squared test (p < 0.05) was applied to verify differences in 18S rDNA detection between females and males. All statistical analyses were performed through the R software (R Core Team, 2022).




2.8 Bioinformatics analysis

The NGS-generated data were imported in the R v3.6.2 platform in which all the analysis was carried out (R Core Team, 2022). Sequences were analyzed using DADA2 package v1.14.0 following the analysis pipeline as given in the tutorial (https://benjjneb.github.io/dada2/tutorial.html) (Callahan et al., 2016). Further, taxonomy was assigned using SILVA v132. The Amplicon Sequence Variant (ASV) table, assigned taxonomy, and sample metadata information were combined as a phyloseq object (phyloseq package version 1.30.0) (McMurdie and Holmes, 2013). As a read cut-off for determining the species occurrence per sample, the total reads per sample obtained in the ASV table were normalized to 100,000 reads and AVS that presented ≤ 50 reads in the sample were excluded from the analysis according to Dario et al. (2022a).




2.9 Phylogenetic analysis

The ASV reads were aligned to other kinetoplastid 18S rRNA sequences retrieved from the GenBank (https://www.ncbi.nlm.nih.gov/genbank/) database using the algorithm L-INS-i in MAFFT v.7.0 software (Katoh and Standley, 2013).The alignment was inspected and manually edited on Mega7 (Kumar et al., 2016). Maximum likelihood (ML) and Bayesian inference (BI) were performed. For each analysis, the best base substitution models were chosen according to the corrected Akaike information criterion (cAIC) in jModelTest-2.1.10 (Darriba et al., 2012). ML reconstruction was performed in the IQ-Tree software (Nguyen et al., 2015) with branch support of 5000 replicates with 1000 maximum interactions and 0.99 minimum correlation coefficients by ultrafast bootstrapping (Hoang et al., 2018). The SH-aLRT branch test was performed with 5000 replicates to validate the ultrafast bootstrapping result. The heuristic search method used was the program’s default and the algorithm to obtain the final tree was Neighbor joining (NJ). All these analyses were available on PhyloSuite v.1.2.2 software (Zhang et al., 2020).

Bayesian inference was performed in Bayesian Evolutionary Analysis Sampling Trees (BEAST) v2.6.2 (Bouckaert et al., 2019) using the Bayesian Markov chain Monte Carlo (MCMC) method to assign kinetoplastid prior to information. The Yule model specification was used for species tree reconstruction. Seven independent runs were performed for 20M with sampling every 2000 generations and pre-burn-in of 5M. The runs converged and the effective sample size (ESS) were observed in TRACER v.1.6 (Rambaut et al., 2018). Parameters greater than 500 were considered appropriate. The final tree was generated with maximum clade credibility (MCC) based on 15002 trees (burn-in = 5000) and a 0.6 posterior probability limit (PP) in Tree Annotator. The ML and BI reconstruction trees were visualized in Figtree v.1.4.3.





3 Results

A total of 50 NHP were sampled: 11 capuchin monkeys in ISV (five females and six males), and 27 in PEMS (15 females and 12 males). At the WRC, eight capuchin monkeys (one female and seven males) and four Howler monkeys (three females and one male) were sampled (Table 1). During the field works, five capuchin monkeys were recaptured: two in ISV (two females), and three in PEMS (two females and one male), totaling 55 samples.


Table 1 | Infections by trypanosomatids in capuchin monkeys (Sapajus cay) and Howler monkeys (Alouatta caraya) sampled in Campo Grande, Midwest Brazil.



A single culture from blood was positive for T. rangeli, while all blood smears and bone marrow cultures were negative for trypanosomatids. Also, all Leishmania sp. specific PCR performed in bone marrow samples were negative. We detected trypanosomatids in 37/55 (67.3%) samples by Nested PCR for 18S rDNA gene. From these 37 positive samples, we found differences according to templates: blood (n = 18), clot (n = 6), bone marrow (n = 6) and both clot + blood (n = 7). Indeed, the Cochran Q test showed that there was significative difference among the rates of infection by templates (x²-based Cochran Q = 13.9, df = 2, p-value = 0.000939), mainly between blood and clot (x² = 6.2609, df = 1, p-value = 0.01234) and between blood and bone marrow (x² = 9.4815, df = 1, p-value = 0.002076). Also, we found no agreement in 18S rRNA detection by templates (Kappa = 0.00107, p-value = 0.989) and we did not observe differences in 18S rDNA detection between sex (x² = 1.3889, df = 1, p-value = 0.2386). Furthermore, none of the tested PNHs were serological positive for the two performed tests.

Overall, the infection rate for trypanosomatids (18S rDNA) was similar between the preserved PEMS (16/27 59.3%) and anthropized ISV (6/11 54.5%) areas. In the WRC all sampled animals (n = 12) were infected by trypanosomatids. Considering the five recaptured animals, four were positive for trypanosomatids in the first and second collection, within an interval up to nine months between captures. Only the female 480 captured in the PEMS was negative in the first collection and positive three months later.

From the nPCR positive samples, we selected the 32 that presented a minimum concentration of 400 ng for NGS analysis: four from ISV, 16 (15 individuals and 1 recapture) from PEMS, and 12 from WRC (Table 1). A summary of the NGS sequencing data quality is shown in Supplementary Table 1. A total of 3,330,184 raw sequences were obtained. Then, 2,548,089 reads were selected after the preliminary quality filtering. Denoised F/R quality filtering was then performed, which yielded 2,520,437 (denoised F) and 2,519,297 (denoised R) reads. The total number of merged forward-reverse reads was 2,353,170 sequences, and 2,267,671 sequences were selected for analysis after chimera removal. Finally, the relative number of passed reads after all the above steps ranged from 94.46 to 99.68%. In the 436 reads that constituted the database, we observed ten groups of kinetoplastids, according to the phylogenetic analysis: T. cruzi Discrete Typing Unit (DTU) TcI (ASV2/GenBank accession number OQ888191), T. cruzi DTU TcII/VI (ASV3/GenBank accession number OQ888192 and OQ888200), T. cruzi DTU TcIV (ASV1/GenBank accession number OQ888190 and OQ888199), T. rangeli lineage B (ASV4/GenBank accession number OQ888195), Trypanosoma sp. DID (ASV5/GenBank accession number OQ888196 and OQ888202) (Figure 2); T. lainsoni (ASV6/GenBank accession number OQ888193) (Figure 3); T. minasense (AVS7/GenBank accession number OQ888194 and OQ888201) (Figure 4); L. (L.) infantum (ASV8/GenBank accession number OQ888189 and OQ888198); L. (L.) amazonensis (ASV9/GenBank accession number OQ888188 and OQ888197) (Figure 5); and Bodo sp. (AVS10/GenBank accession number OQ888187) (Figure 6).




Figure 2 | Trypanosoma cruzi clade phylogenetic tree based on 18S rDNA gene for whole blood DNA from different primate species. The trees were inferred with the Tamura Nei model plus gamma distribution among sites (TN+G). The number at nodes corresponds to SH-aLRT, ultrabootstrap (ML) and posterior probability (BI), respectively. The scale bar shows the number of nucleotide substitutions per site. The red line indicates the group formed by T. cruzi DTU TcI; the blue line indicates the sequences grouped as T. cruzi DTU TcIV; the purple line indicates the sequences groups as T. cruzi DTU TcII/VI; the pink line indicates the sequences identified as T. rangeli lineage B and the yellow line indicates the sequences identified as Trypanosoma sp. DID.






Figure 3 | Trypanosoma lainsoni phylogenetic tree based on 18S rDNA gene from whole blood DNA from different primate species. Phylogenetic tree was inferred with Tamura Nei model plus gamma distribution among sites (TN+G). The number at nodes corresponds to SH-aLRT, ultrabootstrap (ML) and posterior probability (BI), respectively. The scale bar shows the number of nucleotide substitutions per site. The ASV6 grouped with T. lainsoni sequences from different mammal species and biomes.






Figure 4 | Trypanosoma minasense phylogenetic tree based on 18S rDNA gene from whole blood DNA from different primate species. Phylogenetic tree was inferred with the transition model with invariant, equal frequency plus gamma distribution among sites (TIMef3+I+G). The number at nodes corresponds to SH-aLRT, ultrabootstrap (ML) and posterior probability (BI), respectively. The scale bar shows the number of nucleotide substitutions per site. The ASV7 grouped with T. minasense sequences.






Figure 5 | Leishmania spp. phylogenetic tree based on 18S rDNA gene from whole blood DNA from different primate species. Phylogenetic tree was inferred with the Tamura Nei equal site frequencies model plus gamma distribution among sites (TNef3 + G). The number at nodes corresponds to SH-aLRT, ultrabootstrap (ML) and posterior probability (BI), respectively. The scale bar shows the number of nucleotide substitutions per site. The purple, blue, and red lines correspond to the Leishmania (Leishmania), L. (L.) infantum/donovani, and L. (Viannia) complexes, respectively. The ASV9 grouped with Leishmania sequences from the Leishmania (Leishmania) complex, identified by geographical criteria as Leishmania (L.) amazonensis, and the ASV8 grouped with Leishmania sequences from the Leishmania (L.) infantum complex.






Figure 6 | Kinetoplastea class phylogenetic tree based on 18S rDNA gene from whole blood DNA from different primate species. Phylogenetic tree was inferred with the SYM model plus gamma distribution among sites (SYM+G). The number at nodes corresponds to SH-aLRT, ultrabootstrap (ML) and posterior probability (BI), respectively. The line colors correspond to the following trypanosomatid orders: purple – Trypanosomatida; green – Eubodonida; red- Neobonida; blue – Parabodonida. The ASV10 grouped together.



Co-infections were more predominant (n = 30) than single infections. Indeed, only two females of capuchin monkeys sampled in PEMS displayed single infections by Trypanosoma sp. DID (Table 1). Concerning capuchin monkeys (n = 28 samples), the following infections were detected in the sampled areas: Trypanosoma sp. DID in all examined samples (n = 28), L. infantum (n = 22), T. cruzi TcII (n = 18) and L. amazonensis (n = 4) (Table 1). We found 12 individuals infected by T. cruzi TcI, nine in the conserved PEMS and three in the anthropized ISV. Concerning T. cruzi TcIV, we detected seven capuchin monkeys in PEMS and four in WRC. We also detected T. minasense in the PEMS (n = 9) and WRC (n = 4). Furthermore, T. rangeli (n = 2) and Bodo sp. (n = 1) were detected only in ISV and T. lainsoni (n = 1) only in WRC (Table 1). The female 304 captured in PEMS in December 2020 (ID number 304A) showed infection by T. cruzi TcI, TcII and TcIV, besides Trypanosoma sp. DID in the clot, and nine months later (ID number 304B) this animal displayed only Trypanosoma sp. DID, positive in whole blood (Table 1). Additionally, a male captured in ISV (ID number 489) was positive for T. rangeli in axenic culture (GenBank access number ON364108) and in the NGS, also this animal showed coinfection with L. infantum, L. amazonensis and Trypanosoma sp. DID (Table 1).

All Howler monkeys (n = 4) displayed coinfections by T. cruzi (three by TcIV and one by TcII/TcIV), T. minasense, and Trypanosoma sp. DID. Also, we detected L. amazonensis (n = 2) and L. infantum (n = 2) in Howler monkey, always in association with other trypanosomatids (Table 1). Concerning T. cruzi infection, we highlight the T. cruzi TcIV that was found in all four Howler monkeys and 11 capuchin monkeys. This genotype was detected separately (n = 7) or together with TcI and TcII (n = 8) (Table 1).




4 Discussion

We detected DNA sequences of ten kinetoplastid species and T. cruzi genotypes in the NHP that inhabit urban forested fragments at Campo Grande, including for the first time T. lainsoni and Trypanosoma sp. DID, originally associated with small mammal species (Rodrigues et al., 2019; Nantes et al., 2021; Santos et al., 2022), and Bodo sp., a putative free-living protozoon. The other detected species L. (L.) infantum, L. (L.) amazonensis, T. cruzi TcI, TcII/TcVI and TcIV, T. minasense and T. rangeli, these last also isolated, already have been recorded infecting primates in the Latin America (Acosta et al., 2016; Cândido et al., 2021; Guiraldi et al., 2022). The great richness of kinetoplastids found in this study reflects the ability of the capuchin and the Howler monkey to inhabit different ecological niches (soil, understory and canopy) and feed on both insects (potential vectors) and small mammals (Porfirio et al., 2017; Williamson et al., 2021). Besides this huge diversity and detection rates, the active transmission in the studied area is attested by the five recapture events, including four animals that were positive in both sampling in an interval up to nine months, and a NHP that was negative in the first sampling, but positive one year later.

As different trypanosomatid species present differences in their biology, inhabiting different tissues, the use of different templates, such as total blood, blood clot, and bone marrow increased our detection, and no association was observed between a particular trypanosomatid species and the host tissue. We did not find differences according to sex regarding the detection of trypanosomatids. Even though in nature male and female of NHP are reported to forage in different stratum (Williamson et al., 2021), probably the anthropized environments can modify the natural behavior of NHP (McLennan et al., 2017).

The kinetoplastid detections performed by the analysis of small DNA reads (200bp – 400bp) obtained by NGS, especially in the case of T. cruzi and Leishmania spp. in animals that were seronegative for these parasites, led us wonder whether the detection of these DNA fragments could (or not) represent infection in these animals. Seronegative animals with blood circulating DNA from T. cruzi and Leishmania spp. represent a challenge that still needs to be clarified. It would be difficult to think that everyone would be at the beginning of infection (immunological window), as reported in natural and experimental infections by trypanosomatids (Herrera et al., 2001; Herrera et al., 2004; Rodrigues et al., 2019). We can interpret the seronegativity as no success in the multiplication of the parasites and consequently failure in the establishment of infection and, consequently, production of IgG. We also considered the possibility of protein degradation in the serum that would lead to non-detection of immunoglobulins in the performed tests. However, some individuals presented positive IFAT or ELISA reactions, but none of them in both tests, which would be necessary to consider these animals seropositive. In addition, as a quality control step, we submitted these sera to a immunocromatographic Chagas disease test (TR Chagas, Bio-Manguinhos®, Rio de Janeiro, Brazil), and the positivity in the control band attested the integrity of the sera, since the protein A of the test was able to bind to the preserved fraction of the immunoglobulin (FC fraction) present in the samples (data not shown). One possibility is that, after T. cruzi and Leishmania spp. parasites penetrate in the NHP host, by vectorial or oral route, they are destroyed by mechanisms distinct of the humoral immunological response, through mechanisms to be elucidated. The herein detection, in this case, would be the result of small DNA sequences (reeds) found in suspension in the circulatory system because NGS is a very sensitive tool capable of detecting nucleic acid sequences at a concentration of 0.0016 ng (less than 1 equivalent parasite) (Nasereddin et al., 2022).

In the case of Leishmania sp., although neotropical primates have been suggested as hosts and/or potential reservoirs (Roque and Jansen, 2014; Santos and de Oliveira, 2020), and captive NHP has been reported to infect Lu. longipalpis with L. infantum (Rodrigues de Oliveira et al., 2019), the NHP resistance to Leishmania infection has already been reported by experimental and natural infections. In fact, resistance to infection can be described as limiting the infection burden itself, a defense strategy developed throughout the evolutionary process (Råberg et al., 2009). Carneiro et al. (2012) examined the susceptibility in vitro of some neotropical NHP species to L. infantum, suggesting that they developed an efficient mechanism capable of controlling the macrophage intracellular growth of L. infantum. Based in their results, these authors do not encourage the use of neotropical NHP as an animal model for studying visceral leishmaniasis. The control of infection by L. amazonensis, L. braziliensis and L. lainsoni in S. apella experimentally infected was associated to the ability of different species of Leishmania to trigger both innate and acquired immune responses that allow elimination of the parasite (Silveira et al., 2004; Laurenti et al., 2014).

Considering their possible role as dead-end hosts for Leishmania sp., S. cay and A. caraya that inhabit urban forest fragments in CG may have an important epidemiological role because, as the area is considered of intense transmission of visceral leishmaniasis for humans and dogs (Botelho and Natal, 2009; Brazuna et al., 2012; Cunha et al., 2014), every time that an infected vector feeds on S. cay and A. caraya, the transmission cycle of L. infantum will be largely reduced or interrupted. Contemplating the hypothesis that S. cay and A. caraya can be considered as dead-end hosts for Leishmania species in CG, they may have an important role in the local reservoir system by promoting an ecological phenomenon known as the dilution effect. It is worth mentioning, however, that future studies involving xenodiagnosis and characterization of skin parasitism is necessary to confirm the role of these primates as dead-end Leishmania hosts in CG (Bourdeau et al., 2020).

The non-colonization by T. cruzi and Leishmania spp. may also be related to the anointing behavior in NHP, characterized by crushing and rubbing parts of plants, citrus fruits, mud and insects in their body (Baker, 1996; Verderane et al., 2007). The genus Piper, a pioneer and invasive plant found throughout in the forest fragments of CG (Lepš et al., 2002; Kukla et al., 2022), has been reported in vitro to have strong activities against Leishmania (Garcia et al., 2013; Ceole et al., 2017) and Trypanosoma (Regasini et al., 2009; Villamizar et al., 2017). Since it has been recorded that NHP use plant parts for self-medication in a preventive or therapeutic way (De la Fuente et al., 2022), and it is reported that NHP eat and rub Piper (Gonçalves et al., 2022), this association would be related to the non-success of trypanosomatid colonization. Indeed, search for T. cruzi in primates that inhabit urban forest fragments in Northeast Brazil (by PCR and hemoculture) did not find positive results (Trüeb et al., 2018). However, this hypothesis cannot be considered a general rule for a given population since T. rangeli was isolated from a single S. cay in this study. We highlight that elevated parasitemia by T. cruzi, expressed by positive hemoculture, is observed in NHP only those inhabiting megadiverse environments such as the Amazon and Atlantic Forest, and not in urban environments (Jansen et al., 2020).

The observed results in the NHP from CG indicate that TcI, TcII/TcVI and TcIV genotypes of T. cruzi circulate in the studied area. Sympatric lineages of T. cruzi have occurred in transmission cycles independent of their hosts (Zingales and Bartholomeu, 2022). Different genotypes such as TcI, TcII, TcIII, TcV and TcVI were found infecting NHP of the genus Alouatta and Ateles in southern Mexico (Rovirosa-Hernández et al., 2021) and TcI and TcIV genotypes have been reported infecting captive primates at one of the National Primate Center facilities in Texas (USA) (Hodo et al., 2018).

Here, we increase knowledge about the geographical distribution of T. cruzi TcIV, not previously reported in CG. In the Brazilian Amazon, several NHP species were reported infected with TcI and TcIV, with the most common TcI genotype associated with Rhodnius species (Marcili et al., 2009), already recorded in CG (Santos FM personal communication). Also, Abad-Franch and Gurgel-Gonçalves (2021) mentioned that Triatoma sordida could act as a vector of T. cruzi to howler monkeys in the humid Chaco and Paraná flooded savanna. Moreover, we found the DTU TcIV in single or mixed infection with TcI and/or TcII/TcVI in S. cay and A. caraya, as previously reported in humans, reduviid species and wildlife such as bats, rodents and marsupials throughout several Brazilian biomes (Rodrigues et al., 2017; dos Santos et al., 2018; Silva et al., 2022). The DTU TcIV is associated with the sylvatic cycle, commonly found in arboreal stratum (Barros et al., 2017), and terrestrial microhabitats (Abad-Franch and Gurgel-Gonçalves, 2021). As Cebidae species can also go to the ground in search of fruits and insects (Porfirio et al., 2017), they may also act as a bridge among transmission cycles in different forest strata (Jansen et al., 2017).

We found NHP infected by T. cruzi TcI and TcII genotypes in all sampled areas. Specifically in CG, TcI and TcII were previously reported in bats and opossums D. albiventris, respectively, that inhabit green areas (Nantes et al., 2021; Torres et al., 2024). Also, de Macedo GC (manuscript in preparation) found TcI and TcII infecting coatis N. nasua that inhabiting green areas of CG. These genotypes are commonly found in Latin America in rodents, marsupials, bats, carnivores and primates, without any association with biological, environmental variable (biomes) or host species (Jansen et al., 2020; Gómez-Sánchez et al., 2022). Moreover, the golden-lion tamarins (Leontopithecus rosalia and Leontopithecus chrysomelas) are suggested as reservoirs of TcII in Atlantic Rain Forest (Lisboa et al., 2015).

We detected T. minasense in 37.5% of the individuals sampled at PEMS and WRC, both forested areas. This could suggest that forest cover could favor the interaction with possible infected vectors. T. minasense was first described infecting black-tufted marmosets (C. penicillata) in Brazil (Rodhain, 1941; Deane et al., 1974), and it has been documented infecting marmosets, capuchins, squirrel monkeys, spider monkeys, howler monkeys, and wooly monkeys from Central America to South America (Deane et al., 1974; Sousa and Dawson, 1976; Ziccardi et al., 2000); however, their developmental stages and its vector remain unknown. It has been reported that NHP in captivity has been already found parasitizing by T. minasense (Malta et al., 2010; Guiraldi et al., 2022), probably due to the long duration of infection, they may arrive in captive already infected from the wild (Rodhain, 1941; Deane et al., 1974).

In the ISV, an unprotected area under pressure from anthropogenic activities, we found a S. cay that displayed high parasitemia for T. rangeli (indicative of an active transmission). This animal also displayed co-infection with L. infantum, L. amazonensis and Trypanosoma sp. DID. In this area, we also detected another animal infected with T. rangeli, together with TcI and TcII/TcVI, L. infantum and Trypanosoma sp. DID. The T. cruzi and T. rangeli co-infection is not uncommon among free-living mammal species and triatomines (Maia da Silva et al., 2008; Jansen et al., 2018; Santos et al., 2019).

Trypanosoma sp. DID detected in all sampled NHP shows that this Molecular Operational Taxonomic Unit (MOTU) is quite dispersed in NHP, regardless of its transmission strategy. Rodrigues et al. (2019) showed that Trypanosoma sp. DID is a MOTU positioned in a clade that includes trypanosomes detected in chiropteran hosts. However, this MOTU has been already detected in opossums as Didelphis spp. at Atlantic rainforest (Rodrigues et al., 2019; Dario et al., 2022b) and Cerrado biomes (Nantes et al., 2021; Dario et al., 2022b), in didelphid Thylamys macrurus, small rodents Oecomys mamorae and Clyomys laticeps (Santos et al., 2022), as well as in the rattlesnake C. durissus in CG, state of Mato Grosso do Sul (Nantes et al., 2024). The fact of finding Trypanosoma sp. DID in NHP increases knowledge about the diversity of host species that this uncultured trypanosomatid can parasitize.

The detection of T. lainsoni in a single S. cay at WRC simply reflects a snapshot and provides no information about the parasitism status but indicates that NHP is exposed to the transmission cycle of this flagellate. Indeed, Nantes et al. (2021) reported T. laisoni in opossum D. albiventris in the “Parque Estadual do Prosa”, where the WRC is located. Nevertheless, here we increase the knowledge about the host species than previously reported since it has been reported in Mesomys hispidus (Echimyidae), the opossum G. agilis and D. albiventris, and the cricetids O. mamorae and Rhipidomys macrurus from the Brazilian Amazon rainforest, Cerrado and Pantanal biomes (Naiff and Barrett, 2013; Rodrigues et al., 2019; Nantes et al., 2021; Santos et al., 2022; de Oliveira et al., 2023). Many ecological aspects of T. lainsoni are still unknown, as its vector, and there was a previous unsuccessful attempt at experimental infection of T. lainsoni in laboratory rodents, D. marsupialis, and triatomine vectors (Naiff and Barrett, 2013; de Oliveira et al., 2023).

Because Bodo sp., a free-living bacterivorous kinetoplastid closest relative of the trypanosomatid parasites, are found worldwide in freshwater habitats (Mitchell et al., 1988; Jackson et al., 2008), we can consider the possibility that their ASVs can be found in the bloodstream after ingestion of food or water contaminated. It has been reported that meal-derived DNA fragments can resist the digestive process and, through an unknown mechanism, cross the intestinal barrier into the circulatory system (Spisák et al., 2013). Indeed, there are animal studies supporting the idea that small sequences of nucleic acids can pass directly into the bloodstream and even enter various tissues (Rizzi et al., 2012). Despite that, the possibility of an active infection, previously suggested for bats (Alves et al., 2023), cannot be ruled out.

Our results show that the forest fragments in CG maintain diverse kinetoplastid transmission cycles, as we found DNA sequences of L. infantum, L. amazonensis, T. cruzi, T. minasense, T. rangeli, T. lainsoni, Trypanosoma sp. DID, and Bodo sp. in the sampled NHPs. In relation to T. lainsoni and Trypanosoma sp. DID, the NHP indicates that the transmission cycle also occurs in the arboreal stratum. Furthermore, NHPs living in forest fragments at CG have been shown to be, at least, exposed to the reservoir system of highly important zoonotic parasites for Public Health, such as L. infantum, L. amazonensis and T. cruzi.
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