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Abstract 

In the southwestern Brazilian Amazon, palm-dwelling triatomines maintain sylvatic 

transmission cycles of Trypanosoma cruzi, the causative agent of Chagas disease, 

and Trypanosoma rangeli, a related non-pathogenic parasite. Deforestation can 

reduce biodiversity and increase pathogen prevalence in triatomine populations; how-

ever, the effects of landscape structure on triatomine infection patterns remain poorly 

understood. Here, we address this knowledge gap by examining how forest cover 

and proximity to human dwellings influence triatomine infection patterns across gra-

dients of deforestation. Field surveys were conducted in 2022 and 2024 in 20 land-

scape units in Cruzeiro do Sul, Acre state, Brazil, where triatomines were collected 

from palm trees located at varying distances from inhabited households. Distances 

and land-use composition were quantified from high-resolution drone and satellite 

imagery, while parasite infections were identified using molecular assays. Bayesian 

binomial mixed-effects models revealed contrasting responses between parasites. T. 

cruzi infection probability was higher in more deforested landscapes and was further 

modulated by palm-household distance, with the strongest effects observed for palms 

closer to dwellings. In contrast, T. rangeli infection showed no supported association 

with forest cover or distance to households. Blood meal analysis revealed frequent 

feeding on sylvatic hosts, particularly marsupials, and detected human blood in a 

nymph collected only 33 m from a household; T. cruzi infections detected in the study 
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were exclusively assigned to TcI discrete typing unit, a lineage commonly associated 

with sylvatic transmission. These findings demonstrate that deforestation reshapes 

host-vector-parasite interactions in palm-based systems, increasing spillover risk at 

the sylvatic-human interface without requiring domiciliated triatomines.

Introduction

Triatomines are hematophagous insects that act as vectors of Trypanosoma cruzi, 
the etiological agent of Chagas disease, and Trypanosoma rangeli, a non-pathogenic 
parasite frequently found in the same vectors [1–3]. Trypanosoma rangeli is primarily 
associated with triatomines of the genus Rhodnius, in which it can complete its devel-
opmental cycle without causing disease in humans [4]. Despite its non-pathogenic 
nature, T. rangeli is epidemiologically relevant because it can co-occur with T. cruzi 
in vectors and biological samples, potentially interfering with diagnostic assays and 
leading to cross-reactivity or false-positive results depending on the detection method 
used [5,6]. In the Brazilian Amazon, Chagas disease remains a neglected zoono-
sis that predominantly manifests through oral transmission, following the ingestion 
of food contaminated with T. cruzi-infected triatomine feces or secretions [7–9]. 
Although acute Chagas disease (ACD) can be effectively treated with nifurtimox or 
benznidazole when diagnosed early, most infections occur in remote regions with 
limited access to early diagnosis and treatment efficacy [10,11].

Deforestation is a major ecological driver of vector-borne and zoonotic diseases 
in the Amazon [12–14]. Landscape alteration modifies vector habitats, reshapes 
host communities, and alters the interfaces between sylvatic and human environ-
ments [15]. In the context of Chagas disease, forest loss has been associated with 
increased invasion of households by sylvatic triatomines seeking alternative blood 
sources following habitat degradation [1,14]. In Acre, Rondônia, and Pará states, 
species such as Rhodnius montenegrensis, Rhodnius robustus, and Panstrongylus 
geniculatus have been reported in peridomestic settings, frequently infected with T. 
cruzi or T. rangeli [7,16,17]. These observations suggest that deforestation gradients 
and landscape fragmentation influence both the spatial distribution of triatomines and 
their infection profiles.

Palm trees play a crucial ecological role as nesting habitats for several triatom-
ine species in the Amazon [18–20]. Palm crowns constitute stable microhabitats 
that support diverse communities of vertebrate reservoirs, including marsupials and 
rodents, which sustain transmission cycles of both T. cruzi and T. rangeli [21,22]. We 
therefore hypothesize that variation in forest cover and proximity to human dwellings 
modulates triatomine infection risk. Specifically, T. cruzi infections are expected to be 
more frequent in highly anthropized landscapes, whereas T. rangeli is anticipated to 
be more common in preserved forest habitats (Fig 1).

Identifying how landscape structure shapes parasite-vector associations is critical 
for assessing Chagas disease risk and informing prevention strategies [23–25]. In 
this study, we evaluate the relationship between forest cover, distance to households, 
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and infection by T. cruzi and T. rangeli in palm-dwelling triatomines across landscapes of Cruzeiro do Sul, Acre state. 
Using ecological field data collected in 2022 and 2024 and Bayesian statistical models, we test whether deforestation and 
proximity to human dwellings increase the probability of T. cruzi infection, while more preserved forest environments favor 
T. rangeli.

Materials and methods

Study area

The study was conducted in the municipality of Cruzeiro do Sul, located in the westernmost region of Acre State, Brazil 
(Fig 2). The municipality lies within the southwestern Amazon and is currently experiencing rapid forest loss and expan-
sion of rural settlements. Deforestation in Cruzeiro do Sul is a relatively recent process, driven by political and socio-
economic transformations, making the area suitable for investigating how landscape change influences sylvatic disease 
transmission [26–28].

Fig 1.  Conceptual diagram of the triatomine microcosm in Amazonian palm trees across a sylvatic-domestic gradient. Palm crowns provide 
microhabitats that support sylvatic vertebrate hosts and palm-dwelling triatomine colonies. The diagram depicts three palm-based landscapes along a 
deforestation and human-use gradient: forested landscapes, where triatomines are primarily associated with T. rangeli; human-modified landscapes, 
where both T. rangeli and T. cruzi may occur; and highly anthropized landscapes near human dwellings, where T. cruzi can predominate. The figure was 
created by the authors using Inkscape v1.4, with icons adapted from the Noun Project.

https://doi.org/10.1371/journal.pone.0349311.g001
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Fig 2.  Study area and landscape context of triatomine sampling in Cruzeiro do Sul, Acre, Brazil. Land-use and land-cover map showing for-
ested (green) and anthropized areas (yellow). Circles represent the 22 landscape units surveyed for triatomines. Solid black circles indicate landscapes 
sampled in 2022; solid pink circles indicate landscapes sampled in 2024, and combined black-and-pink circles indicate landscapes sampled in both 
2022 and 2024. The map was created by the authors using ArcMap 10.8.2 based on open-access datasets from IBGE (administrative boundaries) and 
MapBiomas (land-use and land-cover), along with field-collected GPS data.

https://doi.org/10.1371/journal.pone.0349311.g002
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The region is a known focus of ACD transmitted orally, with approximately one to five outbreaks reported annually, 
affecting 5–20 individuals [3]. Diagnostic and treatment protocols for Chagas disease are available in local health ser-
vices, and the prevalence of untreated asymptomatic or chronic infection is estimated at around 1% [8,29].

Landscape site selection and geospatial metrics

Twenty landscape sites (landscapes 1–20 in Fig 2) were selected to represent a gradient of forest cover and anthropo-
genic disturbance [30]. Site selection was guided by spatial modeling integrating forest cover, deforestation timelines, 
proximity to human settlements, and projected deforestation probabilities for 2025 [31,32]. A random forest classifier com-
bined with D-optimality-based random selection ensured a representative and spatially balanced sampling design [32,33]. 
Each site corresponded to a rural settlement lot typically used for cassava cultivation and small-scale cattle grazing. The 
regional environment consists of tropical moist forests, gentle slopes (200–300 m elevation), dystrophic yellow argisol 
soils, and a high water table that ensures perennial water availability [34,35].

At each landscape site, one dominant palm tree (Attalea sp.) located in the vicinity of a household was selected for 
triatomine sampling. Palms were chosen based on a combination of proximity to human dwellings and structural suitability 
for triatomines, prioritizing well-developed crowns with accumulated organic material known to support triatomine colo-
nies. Because landscape sites were selected to represent a gradient of forest cover and anthropogenic disturbance, some 
sites contained no suitable palms in 2022 (landscapes 02, 08, 09, 12, and 13 in Fig 2). Where palms were present, trees 
at varying distances from households were sampled. In 2024, a subset of sites was revisited to intentionally sample palms 
located farther from human residences, including palms near forest edges or within interior forest fragments, in order to 
better capture distance-related variation. Two additional landscapes containing suitable palms were included in 2024 to 
increase sampling coverage.

All landscape sites and sampled palms were georeferenced using GPS+GLONASS (Garmin International, Olathe, 
Kansas, USA) under UTM WGS 1984 Zone 19S projection. High-resolution Sentinel-2 images (10 m) from August 2022 
and July 2024 were obtained from the Copernicus Open Access Hub (European Space Agency, Paris, France). Images 
were preprocessed and classified in QGIS 3.3 using the Semi-Automatic Classification Plugin [31,36,37], mapping four 
land-cover classes: native forest, secondary forest, exposed soil, and surface water [23]. Forest cover was quantified as 
the proportion of native forest within a 3-km2 circular buffer surrounding each household. This buffer size was selected to 
reflect the local spatial scale relevant to palm-dwelling Rhodnius spp., whose dispersal is typically limited to short-range 
flights among nearby palms and host habitats [38–40].

High-resolution RGB orthomosaics of each landscape site were generated from drone imagery acquired in July 2024 
using a Mavic 3 Multispectral (DJI, China) and processed in DroneDeploy. Flights were planned to cover each landscape 
site with sufficient overlap for accurate orthorectification. The resulting orthomosaics (few centimeters per pixel) enabled 
precise georeferencing of all sampled palms, calculation of Euclidean distances to the human domicile, and verification of 
palm locations sampled in 2022.

Triatomine collection and processing

Within each sampled palm tree, triatomines were collected following established entomological protocols for sylvatic cap-
ture [40,41]. Trees were felled using a chainsaw (MS 382; Stihl, Waiblingen, Germany) under environmental authorization 
from the Brazilian Ministry of the Environment (license n. 52260−1). Bracts and palm fibers were manually inspected for 
triatomines, which were collected alive, placed in 50 mL Falcon tubes, and kept in thermal boxes for transport to the field 
laboratory. A supplementary video illustrates triatomine collection from palm bracts (S1 Video).

Collected specimens were morphologically identified to genus level (Rhodnius) using taxonomic keys [40,41]. The 
intestinal contents of adult triatomines and selected nymphs were diluted in saline and examined microscopically for 
flagellate protozoa. All specimens, including their digestive contents, were individually preserved in microtubes with 80% 
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ethanol at −20 °C for subsequent molecular detection of T. cruzi and T. rangeli and for molecular identification of the 
ingested blood.

Molecular diagnosis

Triatomines preserved in 80% ethanol were washed twice with 1x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na
2
HPO

4
, 

and 1.8 mM KH
2
PO

4
) to remove residual ethanol. Each specimen was incubated in 200–500 µL of lysis buffer containing 

proteinase K at 56 °C for 16 h [42]. After digestion, 200 µL of lysate was extracted using Trizol reagent followed by chloro-
form and ethanol precipitation steps (centrifugations at 14,000xg, 4 °C). Pellets were washed with 70% ethanol, dried, and 
resuspended in 40 µL of 10 mM Tris-HCl (pH 7.5); nucleic acids were stored at −20 °C.

Detection of T. cruzi was performed by qPCR targeting the satellite DNA region [5,6] using primers T.cruzi1  
(5’-ASTCGGCTGATCGTTTTCGA-3’), T.cruzi2 (5’-AATTCCTCCAAGCAGCGGATA-3’), and probe T.cruzi3 (FAM-5’- 
CACACACTGGACACCAA-3’-BHQ1). Trypanosome species were identified by PCR amplification of a 661-bp fragment of 
the 18S rRNA gene using oligonucleotides designed with available bioinformatics software [43,44]. T. cruzi-positive sam-
ples were genotyped by multiplex qPCR to determine discrete typing unit (DTU) [45].

The origin of ingested blood was determined by PCR. Human blood was identified via the mitochondrial hypervariable 
region 1 (HV1; 440 bp) [46], and other vertebrate hosts were identified using a 307 bp fragment of the cytochrome b (cytb) 
gene [47]. PCR products were visualized on 1.5% agarose gels, purified with ExoSAP, and sequenced using BigDye Ter-
minator 3.1 chemistry on an ABI 3500 XL Genetic Analyzer. Sequences were identified via BLAST searches.

Statistical analysis and modeling

To test hypotheses about landscape influences on triatomine infection, we used a Bayesian generalized linear mixed 
model implemented in JAGS via the jagsUI package in R [48]. The response variable was the number of infected triato-
mines per palm (y

i
), modeled as a binomial outcome with the total number of triatomines collected (N

i
) as the number of 

trials:

	 yi ∼ Binomial(pi,Ni)	

The probability of infection p
i
 was modeled on the logit scale as a linear combination of standardized fixed effects (dis-

tance from household, proportion of forest within a 3 km2 buffer, and their interaction when tested) and a random intercept 
for each landscape site to account for repeated measures:

	

logit
(
pi
)
= b0, site[i] +

∑
j

βjxij
	

Weakly informative priors were assigned to the fixed-effect coefficients β
j
 ~ Normal (0,1), while random intercepts were 

drawn from a normal distribution with hyperparameters b
0,site[i]

 ~ Normal (μ, σ2). Hyperpriors were specified as μ
0
 ~ Normal 

(0,10) and σ ~ Uniform (0,10).
Posterior distributions were obtained using three MCMC chains, with 10,000 iterations, a burn-in of 1,000, and thinning 

only kept samples every five iterations. Model convergence was assessed via the R statistic. Probabilities of infection 
along gradients of distance and forest cover were derived by back transforming from the logit scale for visualization.

Ethics statement

This study did not involve human subjects. Access to triatomine genetic material and Trypanosoma DNA complied 
with regulations of the Brazilian Ministry of the Environment (SISGEN registration n. AFF4128, A910886). Triatomine 
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collections were authorized by the Brazilian Ministry of the Environment (SISBIO n. 95072−1), including specific permis-
sion for palm tree cutting during sampling (authorization n. 52260−1).

Results

Across the 15 landscape sites with palms in 2022, a total of 23 triatomines were collected (Table 1). In 2024, a subset of 
previously sampled landscapes was revisited, and two additional landscapes with suitable palms were included, resulting 
in 32 triatomines collected. All specimens were morphologically identified to genus Rhodnius (S1 Fig).

Molecular screening confirmed the presence of T. cruzi and T. rangeli in both sampling years (S1 Table). All T. 
cruzi-positive samples were assigned to DTU TcI. Infections occurred in adults and nymphs, reinforcing evidence of active 
transmission cycles associated with palms.

Blood meal analysis showed a predominance of sylvatic hosts, with marsupials (Philander opossum and Didelphis mar-
supialis) frequently detected at sites where trypanosome infections occurred (S1 Table). Blood from lizards and domestic 
or peri-domestic animals was also identified. Human blood was detected at site A21, only 33 m from the nearest inhabited 
household.

Table 1.  Number of triatomines collected per landscape site and year, infection with T. cruzi or T. rangeli, and associated landscape charac-
teristics, Cruzeiro do Sul, Acre state, Brazil.

Sitea Year Triatomines collected T. cruzi-positive T. rangeli-positive Forest cover (3 km2, %) Distance to household (m)

A1 2022 0 0 0 52.23 44.16

A3 2022 0 0 0 31.60 326.05

A4 2022 10 2 1 64.73 482.39

A5 2022 1 0 0 10.54 262.70

A6 2022 0 0 0 45.78 73.97

A7 2022 5 5 0 4.18 98.85

A10 2022 0 0 0 29.35 115.73

A11 2022 0 0 0 60.32 219.62

A14 2022 0 0 0 65.41 66.33

A15 2022 0 0 0 25.41 85.77

A16 2022 0 0 0 48.98 30.83

A17 2022 0 0 0 54.55 152.09

A18 2022 0 0 0 45.18 251.16

A19 2022 1 1 0 13.62 177.88

A20 2022 6 0 0 18.51 251.57

A1 2024 0 0 0 47.13 227.59

A3 2024 1 0 0 35.55 113.75

A4 2024 1 0 0 26.99 228.64

A5 2024 4 1 0 12.22 205.74

A6 2024 2 0 0 41.22 245.68

A7 2024 10 3 0 6.08 261.77

A14 2024 3 0 3 64.12 210.02

A20 2024 9 1 4 19.21 335.25

A21 2024 2 0 0 58.32 33.01

A22 2024 0 0 0 26.46 252.17

aLandscapes 02, 08, 09, 12, and 13 contained no suitable palms in 2022. In 2024, we repeated collections at sites where suitable palms were available 
and included landscapes A21 and A22.

https://doi.org/10.1371/journal.pone.0349311.t001
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To contextualize variation in triatomine occurrence and infection, we examined fine-scale landscape structure and 
palm-to-household distances for a subset of representative sites (Fig 3). Fig 3A illustrates a relatively preserved landscape 
(A14, ~ 65% forest cover within 3 km2) where triatomines infected exclusively with T. rangeli were detected (Table 1). Fig 
3B shows a moderately deforested landscape (site A20, ~ 20% forest cover) in which triatomines infected with both par-
asites were found, with T. rangeli detected more frequently than T. cruzi. In contrast, in the most deforested landscapes 
illustrated in Fig 3C and Fig 3D (sites A5 and A7, ~ 10% forest cover), only T. cruzi-infected triatomines were detected.

Species-specific models revealed contrasting responses to landscape structure (Table 2). For T. cruzi, forest cover 
within the 3 km2 landscape unit had a significant negative effect on infection probability (posterior mean = −1.27; 95% 
credible interval: −2.52 to −0.03), indicating higher infection risk in more deforested landscapes. In addition, the interac-
tion between forest cover and palm-household distance was positive and strongly supported (posterior mean = 1.02; 95% 
credible interval: 0.31 to 1.79), demonstrating that the effect of distance depended on the surrounding forest context. In 

Fig 3.  Fine-scale landscape structure and palm-household distances at representative sampling sites in Cruzeiro do Sul, Acre, Brazil. Panels 
show four sites across a gradient of forest cover within 3 km2 landscape units: (A) A14 (~65% forest cover), where only T. rangeli-infected triatomines 
were detected; (B) A20 (~20% forest cover), with both T. rangeli and T. cruzi infections; and (C–D) A5 and A7 (~10% forest cover), where only T. cruzi–
infected triatomines were detected. Yellow palm icons indicate palm trees sampled in 2022, and pink icons indicate those sampled in 2024; selected 
households are shown in brown. Maps were produced by the authors in ArcMap 10.8.2 using orthomosaics generated from original drone imagery (DJI 
Mavic 3) collected during fieldwork and processed by the authors.

https://doi.org/10.1371/journal.pone.0349311.g003
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contrast, for T. rangeli, none of the evaluated covariates exhibited supported effects, as all credible intervals overlapped 
zero.

Model-based predictions indicate that T. cruzi infection probability increases markedly under conditions of low forest 
cover, with the strongest effects observed at shorter palm-household distances (Fig 4).

Discussion

In this study, we show that landscape structure modulates infection patterns of palm-dwelling triatomines in the south-
western Amazon, with contrasting responses between T. cruzi and T. rangeli infection. By explicitly integrating fine-scale 
palm-household distances with landscape-level forest cover, our analysis provides new evidence that spatial context 
shapes parasite-specific transmission dynamics within sylvatic palm systems. Consistent with our initial hypothesis, T. 
cruzi infection was more frequent in deforested landscapes and in palms located closer to human dwellings. In contrast, T. 
rangeli showed no clear association with forest cover or palm-household distance, suggesting greater ecological stability 

Table 2.  Effects of landscape structure on triatomine infection probability.

Covariatea Posterior mean 95% credible interval Bayesian p-values

T. cruzi

Distance to household −0.45 −1.46, 0.55 0.19

Forest cover (3 km2) −1.27 −2.52, −0.03 0.028

Distance x Forest cover 1.02 0.31, 1.79 0.0026

T. rangeli

Distance to household 0.92 −0.49, 2.40 0.10

Forest cover (3 km2) 0.80 −0.95, 2.44 0.17

Distance x Forest cover −0.43 −1.69, 0.96 0.25

aInfection was modeled as the proportion of infected triatomines per site-year, with forest cover (% within 3 km2) and palm-household distance as covari-
ates; site was included as a random intercept.

https://doi.org/10.1371/journal.pone.0349311.t002

Fig 4.  Predicted probability of T. cruzi infection in Rhodnius across a gradient of forest cover (%) at short and long palm-household dis-
tances. Short and far distances correspond to the 10th and 90th percentiles of palm-household distances (i.e., 53 and 301 meters, respectively). Solid 
lines represent posterior medians and dashed lines indicate 95% credible intervals.

https://doi.org/10.1371/journal.pone.0349311.g004
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across landscape gradients. Together, these findings indicate that deforestation and human proximity selectively favor T. 
cruzi transmission within sylvatic palm-based triatomine systems.

The negative association between forest cover and T. cruzi infection probability supports the idea that habitat degrada-
tion reshapes host-vector-parasite interactions in Amazonian landscapes [23]. Forest loss is known to reduce vertebrate 
host diversity while favoring generalist and synanthropic mammals, including marsupials, which are key reservoirs of T. 
cruzi [49]. Consistent with this pattern, marsupial blood meals were frequently detected at sites where T. cruzi infection 
occurred in our study, reinforcing their role in sustaining transmission within disturbed palm habitats. Previous studies 
in the Amazon have also reported higher triatomine abundance in deforested landscapes than in continuous forest [50]. 
These findings suggest that deforestation not only alters host community composition but may also increase vector pres-
ence and infection risk, contributing to enhanced T. cruzi circulation in human-modified environments [38].

The significant interaction between forest cover and palm-household distance indicates that proximity to human dwell-
ings does not operate independently of landscape context [51]. Short palm-household distances were associated with 
higher T. cruzi infection probability primarily in deforested landscapes, whereas this effect was attenuated under higher 
forest cover. This pattern is consistent with previous studies showing that palms located closer to houses often harbor 
higher numbers of triatomines per tree, particularly in disturbed settings, which may further amplify infection risk near 
dwellings [52,53]. Forested environments may buffer the influence of human proximity by maintaining more complex syl-
vatic transmission cycles, while deforested landscapes facilitate spillover processes at the sylvatic-domestic interface [54].

In contrast to T. cruzi, we did not detect associations between landscape metrics and T. rangeli infection probabil-
ity. This parasite is considered non-pathogenic to humans and is commonly associated with stable sylvatic transmis-
sion cycles involving palm-dwelling triatomines and forest vertebrates [3]. Its apparent insensitivity to forest cover and 
palm-household distance may reflect broader host use, lower pathogenic costs to vectors, or reduced dependence on 
anthropized environments [4].

The detection of human blood meals, including in a fourth-instar nymph collected only 33 m from an inhabited house-
hold, underscores the permeability of sylvatic palm systems to human exposure [16]. Because nymphal stages are wing-
less and have limited dispersal capacity, this finding strongly suggests local host-vector contact rather than long-distance 
movement, indicating that feeding on humans can occur within or immediately adjacent to dwellings [55,56]. The concur-
rent detection of T. cruzi DTU TcI, the lineage most commonly associated with sylvatic transmission cycles and human 
infections in the Amazon, further highlights the epidemiological relevance of these encounters [57–59]. TcI is frequently 
implicated in outbreaks of orally transmitted ACD and is characterized by broad host plasticity, enabling its persistence 
across gradients of forest disturbance and host community change [60,61].

Although palm-associated triatomines are traditionally regarded as strictly sylvatic, our results add to growing evidence 
that deforestation increases trophic connectivity between forest habitats and human-modified environments [62,63]. In this 
context, palms retained near dwellings in deforested settings may function as ecological stepping stones, bringing sylvatic 
vectors, wildlife hosts, and humans into closer and more frequent contact [38]. The presence of TcI-infected triatomines 
feeding on humans suggests that anthropized landscapes may facilitate the spillover of enzootic transmission cycles into 
peridomestic contexts without the need for stable household colonization [64–66]. This process is particularly relevant in 
Amazonian settings, where palms are commonly preserved for cultural, economic, or subsistence purposes and often 
occur near houses and food preparation areas, creating repeated opportunities for vector contact, contamination of food 
substrates, and oral transmission [8,29,67–69]. Rather than advocating broad wildlife removal, these findings highlight the 
potential value of targeted environmental management, such as the spatial planning, selective management, or substi-
tution of palm trees near households, as complementary strategies to reduce human exposure at the sylvatic-human 
interface.

Although our findings reveal clear landscape-mediated patterns in triatomine infection, sample sizes were constrained 
by the low density and patchy distribution of palm-associated triatomines, limiting inference to infection probability. In 



PLOS One | https://doi.org/10.1371/journal.pone.0349311  May 18, 2026 11 / 15

addition, sites with higher forest cover may include secondary or regenerating forests; variation in forest age and tree spe-
cies composition, not captured in our analysis, could influence palm availability, host assemblages, and T. cruzi transmis-
sion risk. Future studies integrating longitudinal sampling, tree species composition matrices, and host community data 
will be essential to clarify the mechanisms linking deforestation and parasite transmission in Amazonian palm systems.

Conclusions

Landscape structure strongly influences parasite-specific infection patterns in palm-dwelling triatomines in the south-
western Amazon. T. cruzi infection was more frequent in deforested landscapes and further modulated by proximity to 
human dwellings. The detection of T. cruzi DTU TcI and human blood meals highlights the permeability of sylvatic palm 
systems and the epidemiological relevance of landscape disturbance. These findings indicate that deforestation reshapes 
host-vector-parasite interactions, increasing spillover risk at the sylvatic-human interface independently of documented 
triatomine domiciliation.

Supporting information

S1 Fig. Rhodnius triatomine specimen collected in the field. 
(JPEG)

S1 Table. Molecular detection of T. cruzi and T. rangeli and identification of blood meal sources in Rhodnius spp. 
collected from palm trees across landscape sites in Cruzeiro do Sul, Acre state, Brazil, in 2022 and 2024. 
(DOCX)

S1 Video. Field collection of palm-dwelling triatomines from palm bracts. 
(MP4)

Acknowledgments

We extend our gratitude to the staff of the Municipal Health Secretariat of Cruzeiro do Sul and the Acre State Health Ser-
vices, with special acknowledgment to Antônio de Oliveira, community health agent, and Helio Cameli and Leonisio Men-
donça, administrative officers, for their invaluable support and enduring collaboration in this research. Lastly, we sincerely 
thank the rural villagers for their continued participation and contributions to this study.

Author contributions

Conceptualization: Gabriel Z. Laporta, Paula R. Prist, Denis Valle.

Data curation: Gabriel Z. Laporta, Fernanda P. Madeira, Marcia A. Sperança.

Formal analysis: Gabriel Z. Laporta, Roberto C. Ilacqua, Denis Valle.

Funding acquisition: Gabriel Z. Laporta, Melissa S. Nolan, Andreia F. Brilhante, Marcia A. Sperança.

Investigation: Leandro J. Ramos, Carla M. Santana, Wandercleyson U. Abreu, Roberto C. Ilacqua, Andreia F. Brilhante, 
Fredy Galvis-Ovallos, Marcia A. Sperança.

Methodology: Leandro J. Ramos, Carla M. Santana, Wandercleyson U. Abreu, Roberto C. Ilacqua, Andreia F. Brilhante, 
Fernanda P. Madeira, Fredy Galvis-Ovallos, Marcia A. Sperança.

Project administration: Fernanda P. Madeira, Marcia A. Sperança.

Resources: Roberto C. Ilacqua, Melissa S. Nolan, Dionatas U. O. Meneguetti, Marcia A. Sperança.

Supervision: Melissa S. Nolan, Paula R. Prist, Denis Valle.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349311.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349311.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349311.s003


PLOS One | https://doi.org/10.1371/journal.pone.0349311  May 18, 2026 12 / 15

Validation: Gabriel Z. Laporta, Melissa S. Nolan, Dionatas U. O. Meneguetti, Paula R. Prist, Denis Valle, Marcia A. 
Sperança.

Visualization: Gabriel Z. Laporta, Melissa S. Nolan, Andreia F. Brilhante, Fernanda P. Madeira, Dionatas U. O. 
Meneguetti, Fredy Galvis-Ovallos, Paula R. Prist, Denis Valle, Marcia A. Sperança.

Writing – original draft: Gabriel Z. Laporta.

Writing – review & editing: Gabriel Z. Laporta, Leandro J. Ramos, Carla M. Santana, Wandercleyson U. Abreu, Roberto 
C. Ilacqua, Melissa S. Nolan, Andreia F. Brilhante, Fernanda P. Madeira, Dionatas U. O. Meneguetti, Fredy Galvis-
Ovallos, Paula R. Prist, Denis Valle, Marcia A. Sperança.

References
	 1.	 Coura JR, Junqueira AC. Risks of endemicity, morbidity and perspectives regarding the control of Chagas disease in the Amazon Region. Mem 

Inst Oswaldo Cruz. 2012;107(2):145–54. https://doi.org/10.1590/s0074-02762012000200001 PMID: 22415251

	 2.	 Confalonieri UEC, Margonari C, Quintão AF. Environmental change and the dynamics of parasitic diseases in the Amazon. Acta Trop. 
2014;129:33–41. https://doi.org/10.1016/j.actatropica.2013.09.013 PMID: 24056199

	 3.	 Vergara-Meza JG, Brilhante AF, Valente V da C, Villalba-Alemán E, Ortiz PA, Cosmiro de Oliveira S, et al. Trypanosoma cruzi and Trypanosoma 
rangeli in Acre, Brazilian Amazonia: Coinfection and Notable Genetic Diversity in an Outbreak of Orally Acquired Acute Chagas Disease in a Forest 
Community, Wild Reservoirs, and Vectors. Parasitologia. 2022;2(4):350–65. https://doi.org/10.3390/parasitologia2040029

	 4.	 Vallejo GA, Guhl F, Schaub GA. Triatominae-Trypanosoma cruzi/T. rangeli: Vector-parasite interactions. Acta Trop. 2009;110(2–3):137–47. https://
doi.org/10.1016/j.actatropica.2008.10.001 PMID: 18992212

	 5.	 De Winne K, Büscher P, Luquetti AO, Tavares SBN, Oliveira RA, Solari A, et al. The Trypanosoma cruzi satellite DNA OligoC-TesT and Trypano-
soma cruzi kinetoplast DNA OligoC-TesT for diagnosis of Chagas disease: a multi-cohort comparative evaluation study. PLoS Negl Trop Dis. 
2014;8(1):e2633. https://doi.org/10.1371/journal.pntd.0002633 PMID: 24392177

	 6.	 Ramírez JC, Torres C, Curto M de LA, Schijman AG. New insights into Trypanosoma cruzi evolution, genotyping and molecular diagnostics from 
satellite DNA sequence analysis. PLoS Negl Trop Dis. 2017;11(12):e0006139. https://doi.org/10.1371/journal.pntd.0006139 PMID: 29253860

	 7.	 Julião GR, Bragança MAH, Torres PG, Lima L, Neves R de A, Nobre JMS, et al. Acute Chagas Disease Caused by Trypanosoma cruzi TcIV 
and Transmitted by Panstrongylus geniculatus: Molecular Epidemiological Insights Provided by the First Documented Autochthonous Case in 
Rondônia, Southwestern Amazonia, Brazil. Vector Borne Zoonotic Dis. 2022;22(4):244–51. https://doi.org/10.1089/vbz.2021.0086 PMID: 35404133

	 8.	 Nolan MS, Tonussi Mendes JE, Perez Riera AR, Laporta GZ. Oral Trypanosoma cruzi Transmission Resulting in Advanced Chagasic Cardiomyop-
athy in an 11-Month-Old Male. Case Rep Infect Dis. 2020;2020:8828950. https://doi.org/10.1155/2020/8828950 PMID: 33123392

	 9.	 Neves Pinto AYN, Valente VC, Valente SAS, Motta TAR, Ventura AMRS. Clinical, Cardiological and Serologic Follow-Up of Chagas Disease in 
Children and Adolescents from the Amazon Region, Brazil: Longitudinal Study. Trop Med Infect Dis. 2020;5(3):139. https://doi.org/10.3390/tropi-
calmed5030139 PMID: 32878335

	10.	 Carvalho EOC, Rosa JA, de Carvalho AA, Chaves HCO, Souza EA, Ostermayer AL, et al. Study on Chagas disease occurrence in the munic-
ipality of Monte Negro, State of Rondônia, Brazilian Amazon. Rev Soc Bras Med Trop. 2011;44(6):703–7. https://doi.org/10.1590/s0037-
86822011000600010 PMID: 22231244

	11.	 Magalhães BML, Coelho LIARC, Maciel MG, Ferreira JMBB, Umezawa ES, Coura JR, et al. Serological survey for Chagas disease in the rural 
areas of Manaus, Coari, and Tefé in the Western Brazilian Amazon. Rev Soc Bras Med Trop. 2011;44(6):697–702. https://doi.org/10.1590/s0037-
86822011000600009 PMID: 22231243

	12.	 do Socorro Carvalho Miranda C, Costa de Souza B, Carvalho Garcia Miranda Filgueiras T, de Sousa AM, Cibelle da Silva Peixoto M, Carvalho 
Garcia Miranda Filgueiras T, et al. Visceral Leishmaniasis and Land Use and Cover in the Carajás Integration Region, Eastern Amazon, Brazil. 
Trop Med Infect Dis. 2022;7(10):255. https://doi.org/10.3390/tropicalmed7100255 PMID: 36287996

	13.	 Portella TP, Sudbrack V, Coutinho RM, Prado PI, Kraenkel RA. Bayesian spatio-temporal modeling to assess the effect of land-use changes 
on the incidence of Cutaneous Leishmaniasis in the Brazilian Amazon. Sci Total Environ. 2024;953:176064. https://doi.org/10.1016/j.scito-
tenv.2024.176064 PMID: 39245386

	14.	 de Noya BA, González ON. An ecological overview on the factors that drives to Trypanosoma cruzi oral transmission. Acta Trop. 2015;151:94–102. 
https://doi.org/10.1016/j.actatropica.2015.06.004 PMID: 26066984

	15.	 Chaves LSM, Bergo ES, Conn JE, Laporta GZ, Prist PR, Sallum MAM. Anthropogenic landscape decreases mosquito biodiversity and drives 
malaria vector proliferation in the Amazon rainforest. PLoS One. 2021;16(1):e0245087. https://doi.org/10.1371/journal.pone.0245087 PMID: 
33444320

	16.	 Moura MS, Silva LB, Madeira FP, Neves FWO, Menezes ALR, Rosa JA, et al. Flying to the moon: Impactful accounts of triatomines inva-
sion from the 2nd to the 13th floor of an urban residential building in the municipality of Rio Branco, Acre, Brazil. Rev Soc Bras Med Trop. 
2024;57:e004152024. https://doi.org/10.1590/0037-8682-0122-2024 PMID: 39230162

https://doi.org/10.1590/s0074-02762012000200001
http://www.ncbi.nlm.nih.gov/pubmed/22415251
https://doi.org/10.1016/j.actatropica.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24056199
https://doi.org/10.3390/parasitologia2040029
https://doi.org/10.1016/j.actatropica.2008.10.001
https://doi.org/10.1016/j.actatropica.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18992212
https://doi.org/10.1371/journal.pntd.0002633
http://www.ncbi.nlm.nih.gov/pubmed/24392177
https://doi.org/10.1371/journal.pntd.0006139
http://www.ncbi.nlm.nih.gov/pubmed/29253860
https://doi.org/10.1089/vbz.2021.0086
http://www.ncbi.nlm.nih.gov/pubmed/35404133
https://doi.org/10.1155/2020/8828950
http://www.ncbi.nlm.nih.gov/pubmed/33123392
https://doi.org/10.3390/tropicalmed5030139
https://doi.org/10.3390/tropicalmed5030139
http://www.ncbi.nlm.nih.gov/pubmed/32878335
https://doi.org/10.1590/s0037-86822011000600010
https://doi.org/10.1590/s0037-86822011000600010
http://www.ncbi.nlm.nih.gov/pubmed/22231244
https://doi.org/10.1590/s0037-86822011000600009
https://doi.org/10.1590/s0037-86822011000600009
http://www.ncbi.nlm.nih.gov/pubmed/22231243
https://doi.org/10.3390/tropicalmed7100255
http://www.ncbi.nlm.nih.gov/pubmed/36287996
https://doi.org/10.1016/j.scitotenv.2024.176064
https://doi.org/10.1016/j.scitotenv.2024.176064
http://www.ncbi.nlm.nih.gov/pubmed/39245386
https://doi.org/10.1016/j.actatropica.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26066984
https://doi.org/10.1371/journal.pone.0245087
http://www.ncbi.nlm.nih.gov/pubmed/33444320
https://doi.org/10.1590/0037-8682-0122-2024
http://www.ncbi.nlm.nih.gov/pubmed/39230162


PLOS One | https://doi.org/10.1371/journal.pone.0349311  May 18, 2026 13 / 15

	17.	 Brito RN, Gorla DE, Diotaiuti L, Gomes ACF, Souza RCM, Abad-Franch F. Drivers of house invasion by sylvatic Chagas disease vectors 
in the Amazon-Cerrado transition: A multi-year, state-wide assessment of municipality-aggregated surveillance data. PLoS Negl Trop Dis. 
2017;11(11):e0006035. https://doi.org/10.1371/journal.pntd.0006035 PMID: 29145405

	18.	 Miles MA, Arias JR, de Souza AA. Chagas’ disease in the Amazon basin: V. Periurban palms as habitats of Rhodnius robustus and Rhodnius  
pictipes--triatomine vectors of Chagas’ disease. Mem Inst Oswaldo Cruz. 1983;78(4):391–8. https://doi.org/10.1590/s0074-02761983000400002 
PMID: 6443629

	19.	 Noireau F, Abad-Franch F, Valente SAS, Dias-Lima A, Lopes CM, Cunha V, et al. Trapping Triatominae in silvatic habitats. Mem Inst Oswaldo Cruz. 
2002;97(1):61–3. https://doi.org/10.1590/s0074-02762002000100009 PMID: 11992149

	20.	 Ricardo-Silva AH, Lopes CM, Ramos LB, Marques WA, Mello CB, Duarte R, et al. Correlation between populations of Rhodnius and presence of 
palm trees as risk factors for the emergence of Chagas disease in Amazon region, Brazil. Acta Trop. 2012;123(3):217–23. https://doi.org/10.1016/j.
actatropica.2012.05.008 PMID: 22664419

	21.	 Dias FB, Quartier M, Diotaiuti L, Mejía G, Harry M, Lima AC. Ecology of Rhodnius robustus Larrousse, 1927 (Hemiptera, Reduviidae, Tri-
atominae) in Attalea palm trees of the Tapajós River Region (Pará State, Brazilian Amazon). Parasit Vectors. 2014;7:154. https://doi.
org/10.1186/1756-3305-7-154

	22.	 Teixeira AR, Monteiro PS, Rebelo JM, Argañaraz ER, Vieira D, Lauria-Pires L, et al. Emerging Chagas disease: trophic network and cycle of trans-
mission of Trypanosoma cruzi from palm trees in the Amazon. Emerg Infect Dis. 2001;7(1):100–12. https://doi.org/10.3201/eid0701.700100 PMID: 
11266300

	23.	 Laporta GZ, Valle D, Prist PR, Ilacqua RC, Santos TC, Madeira FP, et al. Intermediate forest cover and malaria risk in an Amazon deforestation 
frontier. Acta Trop. 2025;269:107757. https://doi.org/10.1016/j.actatropica.2025.107757 PMID: 40749883

	24.	 Prist PR, Prado A, Tambosi LR, Umetsu F, de Arruda Bueno A, Pardini R, et al. Moving to healthier landscapes: Forest restoration decreases the 
abundance of Hantavirus reservoir rodents in tropical forests. Sci Total Environ. 2021;752:141967. https://doi.org/10.1016/j.scitotenv.2020.141967 
PMID: 32892056

	25.	 Fornace K, Conn J, Sallum MAM, Chaves MAM, Logan J. Landscape ecology and vector-borne diseases in the Amazon. Planetary health 
approaches to understand and control vector-borne diseases. Netherlands: Wageningen Academic. 2023. 15–33.

	26.	 de Oliveira Padilha MA, de Oliveira Melo J, Romano G, de Lima MVM, Alonso WJ, Sallum MAM, et al. Comparison of malaria incidence rates 
and socioeconomic-environmental factors between the states of Acre and Rondônia: a spatio-temporal modelling study. Malar J. 2019;18(1):306. 
https://doi.org/10.1186/s12936-019-2938-0 PMID: 31484519

	27.	 Vittor AY, Laporta GZ, Sallum MAM, Walker RT. The COVID-19 crisis and Amazonia’s indigenous people: Implications for conservation and global 
health. World Dev. 2021;145:105533. https://doi.org/10.1016/j.worlddev.2021.105533 PMID: 36570383

	28.	 Chaves LSM, Conn JE, López RVM, Sallum MAM. Abundance of impacted forest patches less than 5 km2 is a key driver of the incidence of 
malaria in Amazonian Brazil. Sci Rep. 2018;8(1):7077. https://doi.org/10.1038/s41598-018-25344-5 PMID: 29728637

	29.	 Paixão DS, Portela Madeira F, Costa de Jesus A, Paixão HCS, Camargo JSAA, Ribeiro MAL, et al. Mapping the Silent Threat: A Comprehensive 
Analysis of Chagas Disease Occurrence in Riverside Communities in the Western Amazon. Pathogens. 2024;13(2):176. https://doi.org/10.3390/
pathogens13020176 PMID: 38392913

	30.	 MapBiomas B. Land Use Land Cover (Collection 9). 2022. https://brasil.mapbiomas.org/colecoes-mapbiomas/

	31.	 Laporta GZ, Ilacqua RC, Bergo ES, Chaves LSM, Rodovalho SR, Moresco GG, et al. Malaria transmission in landscapes with varying deforesta-
tion levels and timelines in the Amazon: a longitudinal spatiotemporal study. Sci Rep. 2021;11(1):6477. https://doi.org/10.1038/s41598-021-85890-
3 PMID: 33742028

	32.	 Valle D, Hyde J, Marsik M, Perz S. Improved Inference and Prediction for Imbalanced Binary Big Data Using Case-Control Sampling: A Case Study 
on Deforestation in the Amazon Region. Remote Sensing. 2020;12(8):1268. https://doi.org/10.3390/rs12081268

	33.	 Smucker B, Krzywinski M, Altman N. Optimal experimental design. Nat Methods. 2018;15(8):559–60. https://doi.org/10.1038/s41592-018-0083-2 
PMID: 30065369

	34.	 Abel ELS, Delgado RC, Vilanova RS, Teodoro PE, Silva CAJ, Abreu MC. Environmental Development and Sustainability. 2021;23:6769–85. https://
doi.org/10.1007/s10668-020-00890-z

	35.	 Salisbury DS, Schmink M. Cows versus rubber: Changing livelihoods among Amazonian extractivists. Geoforum. 2007;38(6):1233–49. https://doi.
org/10.1016/j.geoforum.2007.03.005

	36.	 Ilacqua RC, Chaves LSM, Bergo ES, Conn JE, Sallum MAM, Laporta GZ. A method for estimating the deforestation timeline in rural settlements 
in a scenario of malaria transmission in frontier expansion in the Amazon Region. Mem Inst Oswaldo Cruz. 2018;113(9):e170522. https://doi.
org/10.1590/0074-02760170522 PMID: 30043836

	37.	 Ilacqua RC, Medeiros-Sousa AR, Ramos DG, Obara MT, Ceretti-Junior W, Mucci LF, et al. Reemergence of Yellow Fever in Brazil:  
The Role of Distinct Landscape Fragmentation Thresholds. J Environ Public Health. 2021;2021:8230789. https://doi.org/10.1155/2021/8230789 
PMID: 34341668

	38.	 Abad-Franch F, Ferraz G, Campos C, Palomeque FS, Grijalva MJ, Aguilar HM, et al. Modeling disease vector occurrence when detection is imper-
fect: infestation of Amazonian palm trees by triatomine bugs at three spatial scales. PLoS Negl Trop Dis. 2010;4(3):e620. https://doi.org/10.1371/
journal.pntd.0000620 PMID: 20209149

https://doi.org/10.1371/journal.pntd.0006035
http://www.ncbi.nlm.nih.gov/pubmed/29145405
https://doi.org/10.1590/s0074-02761983000400002
http://www.ncbi.nlm.nih.gov/pubmed/6443629
https://doi.org/10.1590/s0074-02762002000100009
http://www.ncbi.nlm.nih.gov/pubmed/11992149
https://doi.org/10.1016/j.actatropica.2012.05.008
https://doi.org/10.1016/j.actatropica.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22664419
https://doi.org/10.1186/1756-3305-7-154
https://doi.org/10.1186/1756-3305-7-154
https://doi.org/10.3201/eid0701.700100
http://www.ncbi.nlm.nih.gov/pubmed/11266300
https://doi.org/10.1016/j.actatropica.2025.107757
http://www.ncbi.nlm.nih.gov/pubmed/40749883
https://doi.org/10.1016/j.scitotenv.2020.141967
http://www.ncbi.nlm.nih.gov/pubmed/32892056
https://doi.org/10.1186/s12936-019-2938-0
http://www.ncbi.nlm.nih.gov/pubmed/31484519
https://doi.org/10.1016/j.worlddev.2021.105533
http://www.ncbi.nlm.nih.gov/pubmed/36570383
https://doi.org/10.1038/s41598-018-25344-5
http://www.ncbi.nlm.nih.gov/pubmed/29728637
https://doi.org/10.3390/pathogens13020176
https://doi.org/10.3390/pathogens13020176
http://www.ncbi.nlm.nih.gov/pubmed/38392913
https://brasil.mapbiomas.org/colecoes-mapbiomas/
https://doi.org/10.1038/s41598-021-85890-3
https://doi.org/10.1038/s41598-021-85890-3
http://www.ncbi.nlm.nih.gov/pubmed/33742028
https://doi.org/10.3390/rs12081268
https://doi.org/10.1038/s41592-018-0083-2
http://www.ncbi.nlm.nih.gov/pubmed/30065369
https://doi.org/10.1007/s10668-020-00890-z
https://doi.org/10.1007/s10668-020-00890-z
https://doi.org/10.1016/j.geoforum.2007.03.005
https://doi.org/10.1016/j.geoforum.2007.03.005
https://doi.org/10.1590/0074-02760170522
https://doi.org/10.1590/0074-02760170522
http://www.ncbi.nlm.nih.gov/pubmed/30043836
https://doi.org/10.1155/2021/8230789
http://www.ncbi.nlm.nih.gov/pubmed/34341668
https://doi.org/10.1371/journal.pntd.0000620
https://doi.org/10.1371/journal.pntd.0000620
http://www.ncbi.nlm.nih.gov/pubmed/20209149


PLOS One | https://doi.org/10.1371/journal.pone.0349311  May 18, 2026 14 / 15

	39.	 Gurgel-Gonçalves R, Galvão C, Costa J, Peterson AT. Geographic distribution of chagas disease vectors in Brazil based on ecological niche mod-
eling. J Trop Med. 2012;2012:705326. https://doi.org/10.1155/2012/705326 PMID: 22523500

	40.	 Lent H, Wygodzinsky PW. Revision of triatominae (Hemiptera, Reduviidae) and their significance as vectors of Chagas’ disease. Bull Am Mus Nat 
Hist. 1979;163:123–520.

	41.	 Da Rosa JA, Rocha CS, Gardim S, Pinto MC, Mendonça VJ, Filho JCRF, et al. Description of Rhodnius montenegrensis n. sp. (Hemiptera: Reduvi-
idae: Triatominae) from the state of Rondônia, Brazil. Zootaxa. 2012;3478(1). https://doi.org/10.11646/zootaxa.3478.1.8

	42.	 Santos D, Ribeiro GC, Cabral AD, Sperança MA. A non-destructive enzymatic method to extract DNA from arthropod specimens: Implications for 
morphological and molecular studies. PLoS One. 2018;13(2):e0192200. https://doi.org/10.1371/journal.pone.0192200 PMID: 29390036

	43.	 Burland TG. DNASTAR’s Lasergene sequence analysis software. Methods Mol Biol. 2000;132:71–91. https://doi.org/10.1385/1-59259-192-2:71 
PMID: 10547832

	44.	 Lei G, Dou Y, Wan W, Xia F, Li R, Ma M, et al. CPU-GPU hybrid accelerating the Zuker algorithm for RNA secondary structure prediction applica-
tions. BMC Genomics. 2012;13 Suppl 1(Suppl 1):S14. https://doi.org/10.1186/1471-2164-13-S1-S14 PMID: 22369626

	45.	 Cura CI, Duffy T, Lucero RH, Bisio M, Péneau J, Jimenez-Coello M, et al. Multiplex Real-Time PCR Assay Using TaqMan Probes for the Identifi-
cation of Trypanosoma cruzi DTUs in Biological and Clinical Samples. PLoS Negl Trop Dis. 2015;9(5):e0003765. https://doi.org/10.1371/journal.
pntd.0003765 PMID: 25993316

	46.	 Tsutsumi H, Komuro T, Mukoyama R, Nogami H. Hypervariable region structure and polymorphism of mtDNA from dental pulp and a family analy-
sis. J Oral Sci. 2006;48(3):145–52. https://doi.org/10.2334/josnusd.48.145 PMID: 17023747

	47.	 Kocher TD, Thomas WK, Meyer A, Edwards SV, Pääbo S, Villablanca FX, et al. Dynamics of mitochondrial DNA evolution in animals: amplifica-
tion and sequencing with conserved primers. Proc Natl Acad Sci U S A. 1989;86(16):6196–200. https://doi.org/10.1073/pnas.86.16.6196 PMID: 
2762322

	48.	 Kellner K. jagsUI: A wrapper around “rjags” to streamline “JAGS” analyses. 2024. https://CRAN.R-project.org/package=jagsUI

	49.	 Jansen AM, Xavier SCC, Roque ALR. The multiple and complex and changeable scenarios of the Trypanosoma cruzi transmission cycle in the 
sylvatic environment. Acta Trop. 2015;151:1–15. https://doi.org/10.1016/j.actatropica.2015.07.018 PMID: 26200785

	50.	 Meneguetti DUO, Trevisan O, Camargo LMA, Rosa RM. Natural infection of triatomines (Hemiptera: Reduviidae) by trypanosomatids in two dif-
ferent environments in the municipality of Ouro Preto do Oeste, State of Rondônia, Brazil. Rev Soc Bras Med Trop. 2012;45(3):395–8. https://doi.
org/10.1590/s0037-86822012000300023 PMID: 22760144

	51.	 Ramsey JM, Gutiérrez-Cabrera AE, Salgado-Ramírez L, Peterson AT, Sánchez-Cordero V, Ibarra-Cerdeña CN. Ecological connectivity of 
Trypanosoma cruzi reservoirs and Triatoma pallidipennis hosts in an anthropogenic landscape with endemic Chagas disease. PLoS One. 
2012;7(9):e46013. https://doi.org/10.1371/journal.pone.0046013 PMID: 23049923

	52.	 Massaro DC, Rezende DS, Camargo LMA. Estudo da fauna de triatomíneos e da ocorrência de doença de Chagas em Monte Negro, Rondônia, 
Brasil. Rev Bras Epidemiol. 2008;11:228–40. https://doi.org/10.1590/S1415-790X2008000200005

	53.	 Moraes MHS, Jesus AC, Madeira FP, Moresco GG, Oliveira J, Rosa JA, et al. Trypanosoma cruzi vectors in a periurban area of the Western Brazil-
ian Amazon. Rev Inst Med Trop Sao Paulo. 2020;62:e87. https://doi.org/10.1590/S1678-9946202062087 PMID: 33206861

	54.	 Gottdenker NL, Streicker DG, Faust CL, Carroll CR. Anthropogenic land use change and infectious diseases: a review of the evidence. Ecohealth. 
2014;11(4):619–32. https://doi.org/10.1007/s10393-014-0941-z PMID: 24854248

	55.	 San Juan E, Araya-Donoso R, Sierra-Rosales C, Correa JP, Quiroga N, Campos-Soto R, et al. Humans as blood-feeding sources in sylvatic 
triatomines of Chile unveiled by next-generation sequencing. Parasit Vectors. 2023;16(1):225. https://doi.org/10.1186/s13071-023-05841-x PMID: 
37415248

	56.	 Ribeiro G Jr, Verde MRV, Argibay HD, Cardoso CW, Simões F, de Lima Costa EC, et al. Deforestation effects and house invasion by chagas dis-
ease vectors in Brazil. Sci Rep. 2025;15(1):38218. https://doi.org/10.1038/s41598-025-22086-z PMID: 41173999

	57.	 Yeo M, Acosta N, Llewellyn M, Sánchez H, Adamson S, Miles GAJ, et al. Origins of Chagas disease: Didelphis species are natural hosts of 
Trypanosoma cruzi I and armadillos hosts of Trypanosoma cruzi II, including hybrids. Int J Parasitol. 2005;35(2):225–33. https://doi.org/10.1016/j.
ijpara.2004.10.024 PMID: 15710443

	58.	 Zingales B. Trypanosoma cruzi genetic diversity: Something new for something known about Chagas disease manifestations, serodiagnosis and 
drug sensitivity. Acta Trop. 2018;184:38–52. https://doi.org/10.1016/j.actatropica.2017.09.017 PMID: 28941731

	59.	 Malavazi PFNS, Daudt C, Melchior LAK, Meneguetti DUO, Xavier SCC, Jansen AM, et al. Trypanosomes of vectors and domestic dogs in Trypano-
soma cruzi transmission areas from Brazilian southwestern amazon: New mammalian host for Trypanosoma janseni. Acta Trop. 2020;210:105504. 
https://doi.org/10.1016/j.actatropica.2020.105504 PMID: 32526167

	60.	 Marcili A, Valente VC, Valente SA, Junqueira ACV, da Silva FM, Pinto AY das N, et al. Trypanosoma cruzi in Brazilian Amazonia: Lineages TCI and 
TCIIa in wild primates, Rhodnius spp. and in humans with Chagas disease associated with oral transmission. Int J Parasitol. 2009;39(5):615–23. 
https://doi.org/10.1016/j.ijpara.2008.09.015 PMID: 19041313

	61.	 Santana RAG, Magalhães LKC, Magalhães LKC, Prestes SR, Maciel MG, da Silva GAV, et al. Trypanosoma cruzi strain TcI is associated with 
chronic Chagas disease in the Brazilian Amazon. Parasit Vectors. 2014;7:267. https://doi.org/10.1186/1756-3305-7-267 PMID: 24916362

	62.	 Galvão C, Justi SA. An overview on the ecology of Triatominae (Hemiptera:Reduviidae). Acta Trop. 2015;151:116–25. https://doi.org/10.1016/j.
actatropica.2015.06.006 PMID: 26086951

https://doi.org/10.1155/2012/705326
http://www.ncbi.nlm.nih.gov/pubmed/22523500
https://doi.org/10.11646/zootaxa.3478.1.8
https://doi.org/10.1371/journal.pone.0192200
http://www.ncbi.nlm.nih.gov/pubmed/29390036
https://doi.org/10.1385/1-59259-192-2:71
http://www.ncbi.nlm.nih.gov/pubmed/10547832
https://doi.org/10.1186/1471-2164-13-S1-S14
http://www.ncbi.nlm.nih.gov/pubmed/22369626
https://doi.org/10.1371/journal.pntd.0003765
https://doi.org/10.1371/journal.pntd.0003765
http://www.ncbi.nlm.nih.gov/pubmed/25993316
https://doi.org/10.2334/josnusd.48.145
http://www.ncbi.nlm.nih.gov/pubmed/17023747
https://doi.org/10.1073/pnas.86.16.6196
http://www.ncbi.nlm.nih.gov/pubmed/2762322
https://CRAN.R-project.org/package=jagsUI
https://doi.org/10.1016/j.actatropica.2015.07.018
http://www.ncbi.nlm.nih.gov/pubmed/26200785
https://doi.org/10.1590/s0037-86822012000300023
https://doi.org/10.1590/s0037-86822012000300023
http://www.ncbi.nlm.nih.gov/pubmed/22760144
https://doi.org/10.1371/journal.pone.0046013
http://www.ncbi.nlm.nih.gov/pubmed/23049923
https://doi.org/10.1590/S1415-790X2008000200005
https://doi.org/10.1590/S1678-9946202062087
http://www.ncbi.nlm.nih.gov/pubmed/33206861
https://doi.org/10.1007/s10393-014-0941-z
http://www.ncbi.nlm.nih.gov/pubmed/24854248
https://doi.org/10.1186/s13071-023-05841-x
http://www.ncbi.nlm.nih.gov/pubmed/37415248
https://doi.org/10.1038/s41598-025-22086-z
http://www.ncbi.nlm.nih.gov/pubmed/41173999
https://doi.org/10.1016/j.ijpara.2004.10.024
https://doi.org/10.1016/j.ijpara.2004.10.024
http://www.ncbi.nlm.nih.gov/pubmed/15710443
https://doi.org/10.1016/j.actatropica.2017.09.017
http://www.ncbi.nlm.nih.gov/pubmed/28941731
https://doi.org/10.1016/j.actatropica.2020.105504
http://www.ncbi.nlm.nih.gov/pubmed/32526167
https://doi.org/10.1016/j.ijpara.2008.09.015
http://www.ncbi.nlm.nih.gov/pubmed/19041313
https://doi.org/10.1186/1756-3305-7-267
http://www.ncbi.nlm.nih.gov/pubmed/24916362
https://doi.org/10.1016/j.actatropica.2015.06.006
https://doi.org/10.1016/j.actatropica.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26086951


PLOS One | https://doi.org/10.1371/journal.pone.0349311  May 18, 2026 15 / 15

	63.	 Schofield CJ. The behaviour of Triatominae (Hemiptera: Reduviidae): a review. Bull Entomol Res. 1979;69:363–79. https://doi.org/10.1017/
S0007485300018897

	64.	 Jansen AM, Xavier SC das C, Roque ALR. Trypanosoma cruzi transmission in the wild and its most important reservoir hosts in Brazil. Parasit 
Vectors. 2018;11(1):502. https://doi.org/10.1186/s13071-018-3067-2 PMID: 30189896

	65.	 Roque ALR, Xavier SCC, da Rocha MG, Duarte ACM, D’Andrea PS, Jansen AM. Trypanosoma cruzi transmission cycle among wild and domes-
tic mammals in three areas of orally transmitted Chagas disease outbreaks. Am J Trop Med Hyg. 2008;79(5):742–9. https://doi.org/10.4269/
ajtmh.2008.79.742 PMID: 18981516

	66.	 Roque ALR, Xavier SCC, Gerhardt M, Silva MFO, Lima VS, D’Andrea PS, et al. Trypanosoma cruzi among wild and domestic mammals in different 
areas of the Abaetetuba municipality (Pará State, Brazil), an endemic Chagas disease transmission area. Vet Parasitol. 2013;193(1–3):71–7. 
https://doi.org/10.1016/j.vetpar.2012.11.028 PMID: 23261089

	67.	 de Sousa AS, Vermeij D, Ramos AN Jr, Luquetti AO. Chagas disease. Lancet. 2024;403(10422):203–18. https://doi.org/10.1016/S0140-
6736(23)01787-7 PMID: 38071985

	68.	 Nóbrega AA, Garcia MH, Tatto E, Obara MT, Costa E, Sobel J, et al. Oral transmission of Chagas disease by consumption of açaí palm fruit, Brazil. 
Emerg Infect Dis. 2009;15(4):653–5. https://doi.org/10.3201/eid1504.081450 PMID: 19331764

	69.	 Souza-Lima R de C de, Barbosa M das GV, Coura JR, Arcanjo ARL, Nascimento A da S, Ferreira JMBB, et al. Outbreak of acute Chagas 
disease associated with oral transmission in the Rio Negro region, Brazilian Amazon. Rev Soc Bras Med Trop. 2013;46(4):510–4. https://doi.
org/10.1590/0037-8682-1367-2013 PMID: 23681429

https://doi.org/10.1017/S0007485300018897
https://doi.org/10.1017/S0007485300018897
https://doi.org/10.1186/s13071-018-3067-2
http://www.ncbi.nlm.nih.gov/pubmed/30189896
https://doi.org/10.4269/ajtmh.2008.79.742
https://doi.org/10.4269/ajtmh.2008.79.742
http://www.ncbi.nlm.nih.gov/pubmed/18981516
https://doi.org/10.1016/j.vetpar.2012.11.028
http://www.ncbi.nlm.nih.gov/pubmed/23261089
https://doi.org/10.1016/S0140-6736(23)01787-7
https://doi.org/10.1016/S0140-6736(23)01787-7
http://www.ncbi.nlm.nih.gov/pubmed/38071985
https://doi.org/10.3201/eid1504.081450
http://www.ncbi.nlm.nih.gov/pubmed/19331764
https://doi.org/10.1590/0037-8682-1367-2013
https://doi.org/10.1590/0037-8682-1367-2013
http://www.ncbi.nlm.nih.gov/pubmed/23681429

	Deforestation and human proximity influence Trypanosoma cruzi infection in palm-dwelling triatomines
	Introduction
	Materials and methods
	Study area
	Landscape site selection and geospatial metrics
	Triatomine collection and processing
	Molecular diagnosis
	Statistical analysis and modeling
	Ethics statement

	Results
	Discussion
	Conclusions
	Supporting information
	References


