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SUMMARY

Many factors contribute to reduced microbial diversity associated with Westernization, complicating efforts 

to identify early drivers of microbiome change. Here, we examine microbiome variation during the introduc

tion of a sustained medical program into previously low-exposure remote Indigenous villages. We analyze 

fecal samples and body-site swabs from 335 Amerindians across multiple villages before and during 

repeated program visits, prior to major dietary or lifestyle transitions. Low-exposure villages show higher 

baseline gut microbiota diversity than the medium-exposure village, and microbiota diversity declines 

over time in association with repeated exposure, particularly in children. Changes include loss of specific 

gut taxa, reduced bacterial network connectivity, and shifts in functional gene profiles toward those reported 

in urban populations. Oral microbiota diversity decreases, while skin and nasal diversity show modest 

changes. These findings indicate that repeated exposure to basic medical interventions coincides with rapid 

microbiome restructuring during early stages of ecological transition.

INTRODUCTION

Over 45 Indigenous nations live in Venezuela, many occupying 

the remote, sparsely populated jungles of the southern states 

of Amazonas and Bolı́var.1 Jungle villagers use their ancestral 

knowledge and technology to live in subsistence economies 

that rely on fishing, hunting, gathering, and gardening; they culti

vate yucca, plantain, bananas, and pineapple. They harness nat

ural resources for sustenance, craft tools and canoes, and build 

houses out of natural materials. Because of their remoteness, 

they are only reachable by air or river. The more-accessible vil

lages, including those having a landing strip, are increasingly 

visited by medical doctors, scientists, explorers, and photogra

phers. These more-accessible villages often have a medical 

post and a small school, and some residents may speak Spanish 

or Portuguese. In less-accessible villages, traditional lifestyles 

have remained largely unchanged.1

Onchocerciasis (river blindness) is a disease of the skin and 

the eye caused by Onchocerca volvulus, a parasitic worm trans

mitted by Simulium species (black flies) that breed in fast-flowing 

rivers.2 The disease is endemic in 31 countries in sub-Saharan 

Africa, three countries in Latin America, and in Yemen.3 Along

side other neglected tropical diseases (like schistosomiasis, hel

minthiasis, leishmaniasis, trypanosomiasis, and trachoma), it 

poses a significant health burden in parts of the Americas and Af

rica.2 The Venezuela-Brazil border is an endemic region for 

O. volvulus and is one of the few remaining foci of this disease 

in the Americas.4–6 While nodulectomy and vector control have 

been implemented in the past, the current intervention strategy 

is based on the mass drug administration of ivermectin, a 
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common anthelmintic also effective against some intestinal 

pathogenic and commensal protozoa.7 In Africa, annual commu

nity-directed treatment with ivermectin is the main intervention in 

most areas except in a few foci where semi-annual treatment is 

implemented.8,9 In the Americas, semi-annual ivermectin treat

ment with a minimum coverage of 85% is the main intervention4; 

recently, quarterly treatment has been implemented in some 

foci.10

Programs for controlling malaria, tuberculosis, and neglected 

tropical diseases, such as onchocerciasis, have been notably 

effective in non-urban regions of the world.11,12 Specifically, 

the Carter Center’s Onchocerciasis Elimination Program for the 

Americas (OEPA) has successfully led to the elimination of 

onchocerciasis in Colombia, Ecuador, Mexico, and Guatemala 

between 2013 and 2016, and efforts continue in Venezuela.9–11,13

The program began to focus on communities from the border be

tween Venezuela and Brazil in Bolı́var state, reaching most 

airplane-accessible villages first in 2014.4,5 By May and October 

2015, the program extended its efforts to more-remote villages 

using helicopters in a region that is home to Indigenous Yek’

wana and Yanomami-Sanema peoples.4 OEPA’s quarterly med

ical visits provide ivermectin treatments for everyone over the 

age of 4 years and offer other medical services as needed.3,4

Since 1995, Yek’wana communities in the Caura River basin— 

and to a lesser extent Yanomami-Sanema communities—have 

had intermittent exposure to Western medicine,1 but now the 

OEPA program reaches even remote populations quarterly (at 

least until the beginning of 2025), introducing them to regular 

medical treatments and likely fostering other influences associ

ated with transculturation.

Urban lifestyle practices, characterized by strong antimicro

bial measures, disrupt the transmission and colonization of 

human-coevolved microbes within the microbiota.14–16 This 

interference affects developmental programming,17–20 subse

quently influencing host gene expression and contributing to 

immune,19,21–23 metabolic,16,18,24 and neurodevelopmental dis

eases.25–28 While industrialization has led to improved control 

of many infectious diseases, it is strongly associated with 

reduced gut microbiota diversity,14–16,29–32 increased antimicro

bial resistance and horizontal gene transfer,15,16,33–36 and 

heightened risks of chronic immune-metabolic diseases.37–39

The initiation of the OEPA program in Bolı́var state, targeting 

remote Indigenous communities along the upper Caura River, 

provides a unique opportunity to investigate microbiome 

changes associated with early stages of medical exposure within 

broader processes linked to urbanization.

We hypothesized that rapid changes in the human microbiome 

coincide with increasing number of medical visits, with more pro

nounced changes in the developing microbiomes of children. To 

test this hypothesis, we conducted a longitudinal analysis of the 

microbiota from the most remote Amerindian villagers as they 

received OEPA medical visits. This analysis included compari

sons between the microbiotas of children and adults from 

remote and more-accessible communities deep in the jungle.

Amerindian Yek’wana and Yanomami-Sanema villages are 

scattered in a region of 45,000 km2 in the southern Bolı́var state 

of Venezuela (Figure 1). We studied seven of the small remote vil

lages as they were integrated into the OEPA medical program 

(before the program and the first two visits), as well as one 

village in which onchocerciasis is not endemic, with longer- 

term exposure to Western visitors and medicine. The Venezuelan 

research team has a long-standing history of mutual respect and 

collaboration with the communities involved in this study, with 

community members actively supporting the fieldwork by orga

nizing logistics and serving as guides and interpreters.

Each village was categorized based on its urban exposure us

ing previously established metrics40 (Table S1); village exposure 

level accounts for the historical exposure to non-Indigenous, ur

ban visitors and to medicines. The medium-exposure village is 

larger than the low-exposure villages (Figure 1; Table S2); it 

has a landing strip and has hosted missionaries, medical doc

tors, anthropologists, photographers, and other visitors since 

the 1970s.1 The village also has a small school, four certified 

health workers who speak Spanish, and a medical post that re

ceives intermittent supplies of antibiotics, antiparasitic drugs, 

analgesics, and vaccines. Although this village is not part of 

the onchocerciasis-endemic area and is excluded from the 

OEPA program, it serves as the program’s operational center 

in the region. Quarterly, an airplane lands there with supplies 

that are then transported by helicopter to the seven endemic 

remote villages, in a logistical operation coordinated by Dr. 

Noya-Alarcon. The program provides ivermectin treatment to 

all persons in endemic areas older than 4 years of age, in the 

dose recommended by the WHO (150 μg/kg body weight5). 

With these medical visits, all villages receive medical attention 

and basic medication, most commonly vaccines, amoxicillin, an

algesics, antifungals, non-steroidal anti-inflammatory drugs, and 

vitamins. This study design allows separation of long-term urban 

exposure from short-term exposure associated with OEPA pro

gram visits.

RESULTS

Sampling visits were conducted in October 2015 and February 

2016 (Table S2), during the dry season; thus food variations 

are relatively limited. Across both visits, a total of 1,506 samples 

were obtained from 335 participants (200 children and 75 adults; 

Tables S3 and S4), including 97 samples collected from the 

same individuals at both time points. Fecal specimens and 

oral, nasal, and skin swabs were processed for DNA extraction; 

fecal samples were analyzed by shotgun metagenomic 

sequencing and all samples by 16S rRNA gene amplicon 

sequencing.

Fecal microbiome

This study examines microbiome variation along two partially in

dependent axes: (1) differences across villages with distinct 

long-term levels of urban exposure (low vs. medium exposure) 

and (2) longitudinal changes within low-exposure villages asso

ciated with repeated OEPA program visits, which introduce 

medical teams and medicines.

Shotgun metagenomic fecal analyses (Table S5) revealed pro

nounced differences in the fecal β-diversity of Amerindian vil

lagers according to the level of urban exposure during the first 

visit in 2015. Here, ‘‘urban exposure’’ reflects historical and infra

structural contact with non-Indigenous visitors, including the 
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presence of an airstrip, school, and medical post, rather than 

participation in the OEPA program. These differences were no 

longer significant at the second visit in 2016 (Figures 2A and 

2B; Table S5), consistent with rapid microbiome restructuring 

over time within low-exposure villages following repeated pro

gram visits. Compared with US subjects, the fecal microbiota 

of Amerindians had not yet converged toward the typical West

ern configuration (Figure 2C), consistent with an ongoing transi

tional state. Urban exposure-related alterations were further 

supported by network analyses, which showed lower connectiv

ity and higher node degree in US subjects relative to Amerindian 

villagers (Figure S1).

Taxa decreasing with exposure

Although shotgun metagenomic analyses revealed no significant 

differences in α-diversity between exposure levels (Figure S2; 

Table S6), taxonomic composition shifted markedly along the 

urban exposure gradient. Bacterial taxa characteristic of 

low-exposure, traditional microbiomes were consistently dimin

ished along the urban exposure gradient, most notably members 

of the genera Prevotella (Bacteroidota) and Treponema (Spiro

chaetota) and families Ruminococcaceae and Lachnospiraceae 

(Bacillota), (Figures 2D–2F; Table S7), which include hallmark fi

ber-degrading and short-chain fatty acid (SCFA)-producer bac

teria. Medium-exposure children sampled in 2015 exhibited 

reduced relative abundance of Anaerovibrio, Roseburia, Rumi

nococcus, Anaerostipes, and multiple Prevotella species, with 

additional reductions in 2016 that included Collinsella and Trep

onema (Figures 2D and 2E; Table S7). Compared to Indigenous 

participants, the US reference samples showed broader deple

tion across multiple lineages, including marked losses of Prevo

tella, Brachyspira, Succinivibrio, Treponema peruenese, and 

Mycoplasma (Figure 2F; Table S7). Across the wide extremes 

of exposure—from low through medium to US reference popula

tions—a subset of fecal bacterial taxa showed a consistent 

directional decline with increasing urban exposure, including 

Figure 1. Geographic location and exposure context of study villages 

(A) Map of the Orinoco River Basin showing the locations of the study villages. The main channel of the Orinoco River is shown in red and its tributaries in blue; the 

study region is highlighted in yellow. 

(B) Aerial view of the medium-urban-exposure Yek’wana village of Kanarakuni. 

(C) Aerial view of the low-urban-exposure Yek’wana village of Fiyakwanha. 

(D) Aerial view of the low-urban-exposure Yanomami-Sanema village of Shianana. 

White text in (B–D) indicates relative levels of exposure to visitors, urban practices, medical care, and medicines (see urban exposure score in Table S1).
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Figure 2. Metagenomic-based fecal microbiome and functional profiles across the urban exposure gradient 

(A–C) Shotgun metagenomic Bray-Curtis β-diversity distances in children and adults: (A) comparisons between villages in 2015, (B) comparisons between villages 

in 2016, and (C) comparisons between Amerindian and US reference subjects in 2016. 

(D–F) The 10 most abundant fecal bacterial taxa with decreased relative abundance in children across exposure contrasts: (D) medium- versus low-urban- 

exposure villages in 2015, (E) medium- versus low-urban-exposure villages in 2016, and (F) medium-urban-exposure villages versus US reference subjects in 

2016. 

(G and H) Odds ratios (ORs) of metagenomic functional gene pathways relative to low-urban-exposure villages are shown for (G) medium-urban-exposure 

villagers and (H) US reference subjects compared with medium-urban-exposure villagers. Red brackets denote pathways with statistically significant differences 

(false discovery rate [FDR]-corrected p < 0.05). ORs >1 or <1 indicate relative enrichment or reduction, respectively.
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multiple Spirochaetota (Brachyspira spp. and Treponema spp.); 

anaerobic and fermentative lineages such as Anaerovibrio slack

iae, Roseburia porci, Enterocloster citroniae, and Oribacterium 

sp.; as well as several enteric or mucosa-associated bacteria, 

including Helicobacter pylori and Shigella sonnei (Table S7).

Consistent with these findings, 16S rRNA gene analyses 

confirmed significant β-diversity differences across urban expo

sure categories (Figure 3). The fecal microbiota structure of low- 

and medium-exposure villages in this study were most similar to 

that of the Hadza people in Tanzania, clustering apart from urban 

populations in Mexico, North America, and the United Kingdom 

(Figure 3A), forming a shared cluster of traditional lifestyle popu

lations. Within this cluster, fecal β-diversity differed significantly 

between Tanzania and low-urban-exposure Bolı́var villages 

(Figure 3A top).

Direct comparisons of β-diversity across OEPA visit numbers 

within low-urban-exposure villages showed significant composi

tional differences (Figures 3B and 3C; Tables S8 and S9). These 

shifts were accompanied by a reduction in fecal α-diversity be

tween visits 1 and 2 (p = 0.01; Figures 3D and 3E; Table S10), 

alongside declines in taxa spanning Bacillota (Ruminococca

ceae and Erysipelotrichaceae), Actinobacteria (Collinsella), 

Mycoplasmatota (Mollicutes RF39), and Methanobacteriota 

(Methanobrevibacter) (Figure S3).

Taxa increasing with exposure

Conversely, Table S7 identifies a complementary set of fecal 

taxa whose relative abundance increases with increasing urban 

exposure (i.e., taxa enriched in medium-exposure villages and/ 

or further enriched in US reference samples). These ‘‘urban-en

riched’’ lineages were dominated by taxa commonly observed 

in gut configurations in people in more-industrialized set

tings,14,30,32,35,41 including multiple Bacteroidota (e.g., Alistipes 

spp., Bacteroides spp., Parabacteroides distasonis, and Pho

caeicola spp.), Verrucomicrobia (Akkermansia muciniphila), and 

select additional taxa showing consistent directional enrichment 

across the low→medium→US gradient (Table S7).

Intestinal parasites

Finally, there was a high prevalence of intestinal parasites across 

exposure levels. Blastocystis colonization patterns varied mark

edly with long-term urban exposure and geography (Figure S4). 

Multi-subtype colonization (triple or quadruple species sub

types) predominantly among villagers with very low and low ur

ban exposure, whereas medium-exposure individuals and refer

ence populations from Caracas showed fewer mixed infections. 

In contrast, single-subtype colonization dominated in highly ur

banized reference populations from Ireland and the United 

States, consistent with reduced intestinal microbial and protistan 

diversity in industrialized settings (Figure S5). The burden of 

other parasites (Table S11) was broadly comparable across vil

lages, although Trichuris trichiura was significantly reduced in 

medium-exposure villagers in 2016 (p = 0.025). Entamoeba coli 

cysts and Chilomastix mesnili cysts also showed differential 

prevalence (p = 0.049 and p < 0.001, respectively), suggesting 

partial shifts in enteric parasite ecology associated with 

increasing medical exposure and sanitation.

Fecal functional differences by urban exposure

Shotgun metagenomic analyses of fecal gene content revealed 

pronounced restructuring of microbial metabolic potential along 

the urbanization gradient, consistent across comparisons among 

Amerindian villages with differing exposure levels (Figure 2G; 

Table S12). When data from all Amerindian groups were pooled 

and compared with those from the US population, the same 

functional pathways showed even greater divergence, under

scoring the profound impact of urbanization on microbial meta

bolic functions (Figure 2H; Table S13).

Among the 43 pathways that changed with exposure, 27 were 

increased with urban exposure, including starch and sucrose 

metabolism, galactose metabolism, pentose and glucuronate in

terconversions, amino sugar and nucleotide sugar metabolism, 

and glycosaminoglycan degradation—reflecting shifts in carbo

hydrate utilization pathways. Genes associated with antimicro

bial resistance, including beta-lactam and cationic antimicrobial 

peptide resistance, were also enriched in the medium-exposure 

and US subjects (Figures 2G and 2H).

The remaining 16 pathways that declined with increasing ur

ban exposure were primarily associated with core biosynthetic, 

energy, and repair processes (Figure 2G; Table S12). Reductions 

in glycolysis/gluconeogenesis, pyruvate and carbon metabolism, 

and amino acid (valine, leucine, and isoleucine) degradation 

genes suggest altered central carbon flux and increased reliance 

on simpler substrates. Consistent with these functional patterns, 

fecal acetate concentrations were lower in adults from the me

dium-exposure village than in those from the low-exposure 

village (Figure S6). Decreases in genes involved in methane 

and taurine metabolism were also observed, and qPCR analyses 

Figure 3. 16S rRNA-based microbiota diversity across body sites and visits 

(A) Fecal Bray-Curtis β-diversity comparing Venezuelan Indigenous populations with global reference populations (American Gut Project and Hadza-hunter- 

gatherer cohort, Tanzania). Points are colored by population. Boxplots show the distribution of samples of each population along principal coordinate 1 (PC1). 

Letters indicate statistically significant differences between populations (Kruskal-Wallis pairwise comparisons). 

(B, F, J, and N) Bray-Curtis β-diversity for children (<18 years) from feces, oral cavity, nasal cavity, and skin, respectively. p values indicate significant PERM

ANOVA tests across OEPA visit numbers within low-urban-exposure villages. 

(C, G, K, and O) Bray-Curtis β-diversity for adults (≥18 years) from feces, oral cavity, nasal cavity, and skin, respectively. Large symbols indicate visit group 

centroids; small symbols indicate individual samples. p values indicate significant PERMANOVA tests across OEPA visit numbers within low-urban-exposure 

villages. Blue shades denote low-exposure villages sampled at visit 0 or visit 1 (2015); green shades denote visit 1 or visit 2 (2016); gray denotes the medium- 

urban-exposure village (not enrolled in the OEPA program). 

(D, H, L, and P) Shannon α-diversity comparisons between OEPA visit 0 and visit 1 (solid blue, visit 0; segmented blue, visit 1). 

(E, I, M, and Q) Shannon α-diversity comparisons between OEPA visit 1 and visit 2 (solid green, visit 1; segmented green, visit 2). Gray symbols and lines represent 

the medium-urban-exposure village, shown for reference only.
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confirmed lower methanogen abundance in children from me

dium- compared with low-exposure villages (Figure S7).

Multiple body-site microbiota diversity

Consistent with cumulative medical exposure across visits, fecal 

and oral β-diversity differences were significant between visits in 

low-exposure villagers (PERMANOVA, p adj = 0.002; Table S8). 

16S rRNA gene analyses confirmed shotgun findings (Figure 3), 

except for a significantly higher α-diversity in low-exposure vil

lagers (Table S10). Both Amerindian groups exhibited greater di

versity than US subjects, with the highest richness observed 

among low-exposure children (Figure S2; Table S6).

For other body sites, oral microbiotas showed significant 

β-diversity separation across exposure levels in both children 

and adults (Figures 3F and 3G; Table S9), as did nasal microbio

tas in children (Figure 3J; Table S9) and skin communities 

(Figures 3N and 3O; Table S9). Increasing exposure across visits 

generally reduced α-diversity, except in the nose where it 

increased after two visits (Figure 3M; Table S10). In medium- 

exposure villages, α-diversity did not show a significant differ

ence except in the oral microbiota (Table S10).

The oral microbiota showed a significant decline in α-diversity 

after the first OEPA visit (p < 0.001; Figure 3H; Table S10), with a 

consistent, but nonsignificant, downward trend after the second 

visit (Figure 3I; Table S10). Vanishing oral taxa spanned multiple 

phyla, including Fusobacterium (Fusobacteriota), Alloprevotella 

(Bacteroidota), and several Proteobacteria (Aggregatibacter, 

Campylobacter, and Moraxella), indicating broad depletion 

across anaerobic and facultative lineages (Figure S8).

The nasal microbiota exhibited the opposite trend, with 

α-diversity increasing significantly between the first and second 

visits (p = 0.03; Figure 3L; Table S10). Compositionally, nasal 

communities showed reductions in Actinobacteria, including 

Nesterenkonia, Ornithinicoccus, Dietzia, Aeromicrobium, and 

Brevibacterium (Figure S9).

The skin microbiota α-diversity tended to decrease after the 

first OEPA visit (p = 0.013; Figure 3P; Table S10), with taxonomic 

losses on the right arm including Actinobacteriota (Nesterenko

nia, Glutamicibacter, and Aeromicrobium), Bacillota (Exiguobac

terium and Pediococcus), and Bacteroidota (Porphyromonas) 

(Figure S10).

DISCUSSION

This study leverages a rare longitudinal dataset from remote 

Amazonian Indigenous communities to examine how the human 

microbiome shifts during the earliest stages of contact with 

external institutions, prior to major dietary or lifestyle urbaniza

tion. By sampling communities before and after their integration 

into a large-scale public health program, and by contrasting low- 

and medium-exposure villages, we capture microbiome restruc

turing that occurs alongside initial, limited interactions with 

outsiders rather than as a consequence of broader urbanization 

processes. Sampling occurred between early October 2015 and 

mid-February 2016, corresponding to the dry season, when sea

sonal variation in food availability is likely reduced in this tropical 

context; plant foods are largely derived from household gardens, 

and many fruits and animal foods are available year-round. To 

our knowledge, no additional organized groups visited these 

remote communities between sampling points, and interactions 

with visitors were brief and centered on medical activities, 

without food distribution.

Interpretation of these findings requires consideration of non- 

medical exposures associated with repeated program visits. 

Although OEPA visits involved the arrival of external personnel, 

interactions were brief, episodic, and centered on medical 

screening and treatment, without prolonged social engagement 

or environmental disturbance. No non-local food sources were 

brought in or distributed during medical campaigns, and subsis

tence practices based on hunting, fishing, gathering, and house

hold gardening remained unchanged. Sampling occurred 

between early October 2015 and mid-February 2016, during 

the dry season, yet, seasonal dietary variation cannot be 

excluded as contributor to the observed gut microbiome 

changes. To our knowledge, no additional organized groups 

visited the remote villages between sampling points. While un

measured factors such as transient infections or short-term 

behavioral changes cannot be fully excluded, the consistency 

of microbiome shifts across visits, body sites, and exposure 

gradients suggests that the observed restructuring reflects cu

mulative external exposure associated with early program con

tact rather than abrupt changes in diet, climate, or village social 

structure.

Although multiple factors may contribute to temporal micro

biome change—including short-term dietary fluctuations, inter

annual climatic variation, concurrent medical encounters, and 

unmeasured infections—the coherence of observed shifts 

across time, body sites, and exposure gradients is consistent 

with the interpretation that microbiome ‘‘Westernization’’ can 

begin rapidly, even in the absence of overt lifestyle change. 

This natural experiment, therefore, provides a unique and early 

view of microbiome transitions that are typically obscured by 

many confounded elements of industrialization.14–16,29–32

Across body sites, microbiome composition and diversity 

consistently differed by exposure level and across visits, with 

particularly pronounced effects observed in children. In the 

gut, the reduced lineages—Prevotella, Treponema, Methanobre

vibacter, Ruminococcaceae, and Lachnospiraceae—form part 

of the microbial guilds that sustain fermentation, hydrogen turn

over, and SCFA production.42–49 These lineages have been 

repeatedly associated with high-fiber diets and complex carbo

hydrate fermentation in non-industrialized populations,14–16,29–32

and their loss in this context mirrors patterns reported across 

diverse global comparisons of traditional and urbanized 

populations.

Functional profiling based on metagenomic gene content re

vealed coordinated shifts in metabolic potential associated 

with exposure, including enrichment of pathways related to sim

ple carbohydrate utilization and antimicrobial resistance, along

side reductions in pathways linked to core biosynthetic and 

energy metabolism. Although only acetate concentrations 

differed significantly between exposure groups, the conver

gence of taxonomic, network, functional gene, and metabolite 

patterns is consistent with a partial erosion of fermentative ca

pacity.15,16,29 These findings echo prior work demonstrating 

that loss of fiber-degrading taxa precedes more extensive 
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functional erosion in urbanized microbiomes,14–16,30–32 while 

also underscoring that functional redundancy may buffer some 

metabolic outputs during early stages of transition.

Children exhibited the most pronounced microbiome 

changes across visits, consistent with heightened sensitivity 

of the developing microbiome to ecological perturba

tion.18,19,29,50–52 Early-life microbial communities play a critical 

role in immune, metabolic, and neurodevelopmental program

ming,18,19,29,37–39,50–52 and even modest disruptions during this 

period may have disproportionate downstream consequences. 

While our study was not designed to assess clinical outcomes, 

the observed patterns raise important questions about how 

repeated medical visits during early childhood may intersect 

with long-term health trajectories in populations undergoing 

societal transition.

Beyond the gut, oral, nasal, and skin microbiotas also 

showed exposure-associated restructuring, although with 

site-specific patterns. Oral microbiota diversity declined with 

exposure, accompanied by loss of anaerobic and several 

genera that include known oral pathobionts, suggesting that 

medical exposure may simultaneously reduce microbial diver

sity and alter pathogen-associated niches.21–23,53,54 Notably, 

some taxa that declined in the oral microbiome, including 

Campylobacter and Aggregatibacter, are commonly associated 

with oral pathobionts, indicating that not all observed microbial 

losses necessarily represent adverse ecological change. In 

contrast, nasal microbiota diversity increased across visits, 

while skin communities showed declining diversity and loss of 

multiple Actinobacteriota and Bacillota taxa. Together, these 

findings highlight that microbiome responses to early medical 

exposure are not uniform across body sites, but instead reflect 

distinct ecological dynamics shaped by local selective 

pressures.

The inclusion of a medium-exposure village not participating in 

the onchocerciasis elimination program is critical for interpreting 

these patterns. This village serves as a reference for sustained 

medical and urban exposure independent of the OEPA interven

tion. Comparisons across villages, therefore, allow partial sepa

ration of short-term exposure associated with program visits 

from longer-term exposure linked to infrastructure and sustained 

contact, strengthening inference while remaining within the con

straints of an observational design.

From a broader perspective, these findings contribute to an 

emerging understanding of microbiome ‘‘Westernization’’ as a 

process that begins early and progresses incrementally.14–16,29–32

While the benefits of infectious disease control are indisput

able,2,8–11,13 our data suggest that even essential medical inter

ventions may coincide with unintended ecological consequences 

for the human microbiome, particularly in populations that have 

historically maintained high gut microbial diversity. This under

scores the importance of developing public health strategies 

that both preserve the lifesaving benefits of medicine and remain 

attentive to the long-term ecological dimensions of human- 

microbe relationships.

The coherence of patterns across taxonomic, network, 

functional gene, and metabolite analyses supports that early 

exposure to medical teams and medicines is closely associ

ated with rapid microbiome restructuring. For Indigenous 

communities in transition, this represents a profound 

trade-off: access to modern medical care reduces 

infectious disease burden, yet it may also coincide with 

diminishing microbial diversity that has co-evolved with tradi

tional lifestyles14–16,29 and increasing risk of chronic dis

eases.19,21–23,54–58 Understanding and navigating this balance 

is essential not only for microbiome science but also for 

ethical, culturally informed approaches that respect both bio

logical and social dimensions of well-being.

Limitations of the study

This observational study offered a rare opportunity to 

examine microbiome restructuring associated with early med

ical exposure in remote Indigenous villages. Several limita

tions should be acknowledged. (1) The study is observational, 

and unmeasured factors associated with repeated medical 

visits and mass drug administration—including transient infec

tion dynamics, environmental changes, or dietary fluctua

tions—may have contributed to the observed changes. (2) 

Only one medium-exposure village was included as a refer

ence not in the OEPA program. (3) Clinical endpoints such 

as immune markers, growth, and inflammation could not be 

collected due to permit constraints.18,19,29,37–39,50–52 (4) While 

microbiome profiles consistently shifted with exposure across 

multiple body sites, long-term recovery or resilience could 

not be evaluated. (5) The study lacks the longitudinal and inte

grative approaches needed to understand the complex inter

actions between medical interventions and the ecology of 

the human microbiome during early stages of societal 

transition.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subjects and samples

This study was approved by the communities and by the Ethical Review Board of the Venezuelan Institute for Scientific Research 

(IVIC-DIR-0021/1582/2017), and individuals provided their consent to participate at each sampling time. Amerindians from Yek’wana 

and Yanomami-Sanema villages in a region of 100 sq Km in the Southern Bolivar State of Venezuela were recruited. Seven remote, 

low-exposure villages were integrated into the OEPA program in 2015. One nonendemic village with medium exposure to Western 

visitors and medicines was included in the study as a reference for long-term exposure to medicines. The village has a medical post 

supplying medicines, antibiotics, antiparasitic drugs, and vaccines.

In total, 118 subjects from low-exposure villages and 79 subjects from medium-exposure villages were recruited in 2015, before 

the low-exposure villages started Ivermectin treatment; 161 subjects from low-exposure villages and 74 subjects from medium- 

exposure villages were recruited in 2016, after all villages received Ivermectin treatment (see Table S5 for details). Samples were 

taken from the nose, mouth, skin (on the right arm and right hand), and feces by swabbing, and were immediately frozen in dry ship

pers in the field.

OEPA villages receive quarterly medical visits to screen for the parasite and administer Ivermectin to villagers older than 4 years of 

age (dose of 150 μg per kilogram of body weight) in accordance with the OEPA protocols9’.43 In addition to ivermectin, health workers 

also offered medical services and provided medicines, most commonly vaccines, amoxicillin, analgesics, antifungals, anti-inflamma

tories, and vitamins.

METHOD DETAILS

Library preparation and sequencing

Microbial DNA was extracted from collected samples using Qiagen DNeasy PowerSoil HTP 96 Kit following the manufacturer’s in

structions. The V4 region of 16S rRNA gene was amplified using the 515F/806R primers according to the EMP protocol (https:// 

earthmicrobiome.org/).62 Prepared amplicon libraries were sequenced using Illumina MiSeq sequencing instrument. Shotgun meta

genomic sequencing was performed on fecal DNA and library was prepared using Nextera or NEBNext. Sequencing was performed 

at Children’s Hospital of Philadelphia Microbiome Center (Philadelphia, PA, USA) or at Genewiz, LLC. (South Plainfield, NJ, USA).

16S rRNA sequencing data processing

Raw reads were de-multiplexed, and quality filtered using QIIME2 2018.4.0.63 Quality-filtered reads were clustered into amplicon 

sequence variants (ASVs) using DADA2.64 Taxonomic classification of these ASVs was obtained with q2-feature-classifier plugin65

with the SILVA ribosomal RNA database66 v132 as a reference. For comparison between samples with difference sequencing depth, 

ASV counts were rarefied to 10,000 reads per sample. Faith’s Phylogenetic Diversity,67 observed ASV, Pielou evenness, and Shan

non indices were calculated for α-diversity metrics. Unweighted/weighted UniFrac distances68 and Bray-Curtis similarity were calcu

lated for β-diversity.

Beta diversity analysis for Figure 3A was based on 16S rRNA gene amplicon data from 342 fecal samples in this study and publicly 

available reference datasets, including industrialized populations from the American Gut Project (Australia, Canada, Mexico, United 

Kingdom, and United States; ENA PRJEB11419) and a non-industrialized Hadza hunter-gatherer cohort from Tanzania (ENA 

PRJEB27517). All datasets were processed using a harmonized pipeline, Bray–Curtis dissimilarities were computed on relative abun

dance data, and patterns were visualized by principal coordinate analysis (PCoA), with population differences along PC1 assessed by 

Kruskal–Wallis tests.

Shotgun metagenomic sequencing data processing

Shotgun metagenomic data were analyzed using Sunbeam, a user-extendable bioinformatics pipeline that we developed for this pur

pose.69 Quality control steps were performed by the default workflows in Sunbeam, which are optimized to remove host-derived se

quences and reads of low sequence complexity. The abundance of bacteria was estimated using Kraken.70 Reads were mapped to 

the KEGG database71 using Diamond72 to estimate the abundance of bacterial gene orthologs. Sample similarities were assessed by 

Bray-Curtis and Jaccard distances. Metagenomic shotgun data of healthy US subjects are used from previously published study 
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sequenced at Children’s Hospital of Philadelphia Microbiome Center, children (n = 74, age range 0–18 yr)73,74; adults (n = 27, 17 fe

male, Age range 21–78 yr),75 as control. To correct batch effects of the shotgun metagenomic data from two facilities, we used 

ConQuR76 to adjust the gene count table from Genewiz sequencing data.

Quantitative real-time PCR of methanogens

Copy numbers of Methanobrevibacter smithii were measured using quantitative PCR with specific primers (Fwd- 

AAGGATTTGCACCCAACAC, Rev-GACCACAGTTAGGACCCTCTGG). The real-time PCR grogram started with an initial step at 

95 for 10 min, followed by 40 cycles of 10 s at 95 C, 30 s at 57 C, 20 s at 72 C.77 The copy numbers were normalized by total bacteria 

copy numbers with universal primer (Fwd-ACTCCTACGGGAGGCAGCAG, Rev-ATTACCGCGGCTGCTGG). The real-time PCR 

grogram for total bacteria is initial at 95 for 5 min, followed by 45 cycles of 10 s at 95 C, 10 s at 60 C, 10 s at 72 C. Real-time PCR 

was performed using a Quantstudio 3 system (Thermo Fisher, Waltham, MA, USA) with Quantinova SYBR green PCR kit (Qiagen, 

Hilden, Germany), 1 μL of extracted DNA were added as templates, genomic DNA with known copy numbers were used as the 

standards.

Fecal volatile fatty acid analysis

Fecal volatile fatty acid (VFA, including acetate, propionate, butyrate, valerate, isobutyrate and isovalerate) concentrations were 

determined by GC-MS analysis. Sample preparation was performed as described.78 In brief, frozen fecal samples were weighed 

and load into bead tubes, then resuspended in 1 mL of 0.5% phosphoric acid per 0.1 g of samples and samples were homogenized 

and then centrifuged (10 min at 17,949xg). The aqueous fecal suspensions were extracted with diethyl ether (1:1, vol:vol). Before 

analysis, 2-methyl hexanoic acid (Thermo Fisher Scientific, Dallas, TX, USA) was added to the organic phase extract as an internal 

standard. Samples were analyzed in duplicate, with independent extractions for each replicate. The procedures for VFA quantitation 

have been previously described by Honarbakhsh et al.79

Intestinal parasites detection

Microscopic parasite detection was performed on fecal suspensions in the field, by a clinical laboratory technologist. Fecal Blasto

cystis sp was detected by PCR amplification on fecal DNA, and subtype classification was performed by allele barcoding using the 

primer pair RD5 and Bhr according to standard protocols.80,81 Sequences were used to assign Blastocystis subtype and allele using 

the online database http://pubmlst.org/blastocystis.82 Additional PCR assays were conducted to determine Blastocystis species 

richness—defined as the number of distinct subtypes present—using nested PCRs with primers targeting ST1, ST2, ST3, and 

ST4, as previously described.83

QUANTIFICATION AND STATISTICAL ANALYSIS

Microbiota diversity analyses

Linear regression models were performed to examine the effects of exposure, age, and gender on alpha diversities. Wilcox test of 

alpha diversity between different exposure level or between 2015 and 2016 was also performed and p-values were adjusted with 

FDR. Beta diversity difference between sample groups were assessed using adonis2 function in R package vegan with 999 permu

tations. Principal coordinate analyses (PCoA) were generated to reduce dimensions. Distance-based Redundancy Analyses (dbRDA) 

were performed to assess the microbial community composition change explained by exposure level or year.

Gene pathways analyses

Linear models were used to detect differences in logit-transformed gene and pathway abundance between sample groups; p-values 

from multiple testing procedures were corrected to control for a specified false discovery rate.

Differential taxa analyses

ANCOM84 was used to search for determining discordant bacterial taxa by between groups at the genus (16S rRNA data) or species 

level (shotgun metagenomic data). The results were corrected by age and p-values adjusted by FDR.

Co-abundance network analyses

SparCC from SpiecEasi85 was employed to represent co-abundance network. The pseudo p-value <0.01 were considered signifi

cant and correlation magnitudes >0.7 and < − 0.7 were kept and visualized with ggraph in R.
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Figure S1. Co-occurrence network structure of the fecal microbiota; related to 

STAR Methods and Figure 2 

Co-occurrence networks constructed from shotgun metagenomic data, stratified by 

urban exposure level and sampling year. Nodes represent bacterial taxa and edges 

represent significant co-occurrence relationships. Differences in network connectivity 

and node degree illustrate variation in community structure across exposure groups. 
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Figure S2. Fecal α-diversity across urban exposure levels; related to STAR 

Methods and Figure 2 

Chao1 richness estimates and Shannon diversity  derived from shotgun metagenomic 

data across urban exposure levels. Asterisks indicate levels of statistical significance 

following the standard convention used throughout the figures: *p < 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001. 
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Figure S3. Differentially abundant fecal bacterial taxa between sampling years; 

related to STAR Methods and Figure 3 

Differentially abundant fecal bacterial taxa identified by 16S rRNA gene sequencing 

between the 2015 and 2016 sampling visits in low–urban-exposure villages. Taxa 

shown meet the statistical significance threshold (FDR-corrected p < 0.05). (B-J) 

Boxplots showing log₁₀-transformed relative abundances of representative genera that 

changed significantly between years. Comparisons were performed using Wilcoxon 

rank-sum tests; FDR-adjusted p values are indicated:*p < 0.05; **p < 0.01; ***p < 

0.001. 
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Figure S4. Association of fecal microbiota composition with Blastocystis 

colonization 

(A) Prevalence of Blastocystis detected by PCR in Amerindian villagers with low or

medium urban exposure. Children were defined as ≤17 years old. The numbers of

positive and total subjects are shown above each bar. Blastocystis prevalence was

lower among children from medium–urban-exposure villages compared with those

from low-exposure villages, whereas positivity was nearly universal among adults.

(B) Alpha diversity of the fecal microbiota according to Blastocystis status and age

group. Diversity was significantly higher in Blastocystis-positive children, with a

similar trend in adults.

(C) Differentially abundant bacterial taxa associated with Blastocystis status based on

16S rRNA sequencing. Discordant taxa were identified using the ANCOM log-ratio

test and are clustered by relative abundance. “+” and “–” indicate enrichment and

depletion in the Blastocystis-positive group, respectively. Double signs “++” or “– –”

indicate ANCOM |log₂ ratio| > 2.
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Figure S5. Distribution of Blastocystis subtype colonization patterns; related to 

STAR Methods  

Bars show the relative frequency of single- versus multi-subtype Blastocystis 

colonization within each population group. 
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Figure S6. Fecal short-chain fatty acid concentrations by urban exposure level; 

related to STAR Methods   

Short-chain fatty acid concentrations measured in fecal samples collected in 2016, 

stratified by urban exposure level. Statistically significant differences are indicated 

where applicable. 
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Figure S7. Methanobrevibacter smithii abundance across age groups and exposure 

levels; related to STAR Methods and Figure 2 

Relative abundance of Methanobrevibacter smithii measured by quantitative PCR in 

fecal samples from children and adults collected in 2016, stratified by urban exposure 

level. Statistically significant differences are indicated. 
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Figure S8. Differentially abundant oral bacterial taxa between sampling years; 

related to STAR Methods and Figure 3 

Differentially abundant oral bacterial taxa identified by 16S rRNA gene sequencing 

between the 2015 and 2016 sampling visits in low–urban-exposure villages. Taxa 

shown meet the statistical significance threshold (FDR-corrected p < 0.05). 
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Figure S9. Differentially abundant nasal bacterial taxa between sampling years; 

related to STAR Methods and Figure 3 

Differentially abundant nasal bacterial taxa identified by 16S rRNA gene sequencing 

between the 2015 and 2016 sampling visits in low–urban-exposure villages. Taxa 

shown meet the statistical significance threshold (FDR-corrected p < 0.05). 
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Figure S10. Differentially abundant skin bacterial taxa between sampling years; 

related to STAR Methods and Figure 3 

Differentially abundant right arm skin bacterial taxa identified by 16S rRNA gene 

sequencing between the 2015 and 2016 sampling visits in low–urban-exposure 

villages. Taxa shown meet the statistical significance threshold (FDR-corrected p < 

0.05). 
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