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Abstract. Hitipeuw D, Nuranindita R, Widjanarko B, Muh F. 2025. Gut microbiota composition and variation in Baduy infants living 

traditional lifestyles in Banten, Indonesia. Biodiversitas 26: 4522-4533. Early-life gut microbiota development shapes immediate and 

long-term health. Studying infants in traditional, pre-industrial populations provides insights into natural microbial colonization, yet data 

on microbiota assembly in minimally medically exposed indigenous communities remain scarce. This study aimed to characterize the 

gut microbiota profiles of infants from the Baduy community of Indonesia, an indigenous population that maintains traditional practices 

with minimal exposure to industrialization. Fecal samples were collected from two Baduy infants aged 12-13 months (one male and one 

female) living under traditional conditions. Total genomic DNA was extracted using standardized protocols, and full-length 16S rRNA 

gene sequencing (V1-V9 regions, 1484 bp) was performed using Oxford Nanopore technology to achieve species-level taxonomic 

resolution. Alpha diversity metrics, including the Shannon diversity index, Simpson index, and species richness estimators (Chao1 and 

ACE), were calculated to assess within-sample microbial diversity. Female infants (13BL_P) exhibited higher Shannon diversity (3.44 

vs 3.03) and were dominated by beneficial taxa, including Faecalibacterium (Firmicutes), Bifidobacterium (Actinobacteria), and 

Anaerobutyricum (Firmicutes). Conversely, the male infant (12BL_L) demonstrated higher species richness (543 vs. 511 observed 

species) but was dominated by potentially pathogenic genera, including Enterococcus and Streptococcus (both Firmicutes), alongside 

Bifidobacterium. Preliminary findings indicate significant microbiota variability within culturally similar traditional populations, 

suggesting that host factors affect microbial colonization. This study provides baseline microbiota data for the Baduy population and 

offers frameworks for investigating gut diversity in indigenous communities. 
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INTRODUCTION 

The human gut microbiota undergoes critical assembly 

during the first 1000 days of life, establishing microbial 

communities that influence immune system maturation, 

metabolic programming, and lifelong health trajectories 

(Bäckhed et al. 2015; Robertson et al. 2019). Early 

colonization patterns determine susceptibility to chronic 

diseases, including obesity, allergies, inflammatory bowel 

disease, and neurodevelopmental disorders, making infant 

microbiota development a fundamental determinant of human 

health (Tamburini et al. 2016; Stiemsma and Michels 2018). 

Infant gut development follows distinct temporal phases: 

an initial colonization phase (0-3 months) with rapid 

bacterial establishment, an expansion phase (3-14 months) 

with increasing diversity, and eventual stabilization toward 

adult-like communities by 2-3 years (Stewart et al. 2018). 

However, trajectories vary across populations, with traditional 

communities showing assembly patterns distinct from 

industrialized societies (Clemente et al. 2015; Smits et al. 

2017; Stewart et al. 2018). 

Traditional populations harbor exceptional gut microbiota 

diversity, reflecting ancestral human-microbe relationships 

that are largely absent in industrialized nations. Hadza 

hunter-gatherers demonstrate seasonal microbiota cycling, 

with bacterial taxa appearing and disappearing based on 

diet, a flexibility lost in Western populations (Smits et al. 

2017). Yanomami Amerindians exhibit the highest recorded 

human gut bacterial diversity, nearly double that of 

Americans, with unique antimicrobial resistance genes and 

protective bacteria, including Oxalobacter, which prevents 

kidney stones (Clemente et al. 2015). These communities 

maintain fiber-degrading bacteria, including Prevotella, 

Treponema, and Spirochaetes, which support carbohydrate 

metabolism and immune regulation (Sonnenburg and 

Sonnenburg 2014).  

Co-evolution between the human diet and gut microbiota 

has been demonstrated in comparative studies. Traditional 

populations consuming high-fiber diets (100-150 g daily) 

support different microbial communities than industrialized 

populations consuming processed foods with minimal fiber 

(15 g daily) (Smits et al. 2017). Fermented food consumption 

provides microbial diversity through indigenous lactic acid 

bacteria, enhancing short-chain fatty acid production and 

immunomodulation (Tamang et al. 2016). These dietary 

patterns maintain microbial gene diversity for metabolizing 
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plant polysaccharides, with traditional populations harboring 

40-77% of unknown bacterial species representing therapeutic 

potential (Pasolli et al. 2019). 

Birth mode and feeding practices shape microbiota 

development. Vaginal delivery promotes maternal-infant 

microbial transmission, fostering beneficial bacteria like 

Bacteroidales and Lachnospiraceae, while cesarean section 

leads to colonization by opportunistic taxa such as 

Enterococcus and Klebsiella (Dominguez-Bello et al. 2016; 

Shao et al. 2019). Exclusive breastfeeding supports 

Bifidobacterium growth, influenced by maternal genetics 

(Lewis et al. 2015). Traditional populations show enhanced 

preservation of milk oligosaccharide-degrading bacterial 

capabilities, with studies showing higher Bifidobacterium 

infantis prevalence in non-industrialized communities than 

in Western infants, where this species is largely absent 

(Tamburini et al. 2016; Carter et al. 2023). 

Despite their critical role in understanding the 

development of the natural human microbiota, traditional 

populations are underrepresented in research. Southeast 

Asia accounts for 26% of the global population but only 

2% of microbiome samples, whereas North America and 

Europe, 14% of the population, comprise 71% of the 

samples (Blake 2024). This underrepresentation limits our 

understanding of healthy microbiota patterns and their 

therapeutic applications. Studies of indigenous Malaysians 

have shown that gut bacteria are mostly uncultured species, 

highlighting knowledge gaps in traditional community 

microbiota (Tee et al. 2022). 

Indonesian indigenous communities, especially Baduy of 

West Java, are critically understudied in the literature. They 

maintain pre-industrial lifestyles that are ideal for studying 

natural microbiota. The Baduy, approximately 12,000 

people, practice strict traditions prohibiting modernization, 

including sustainable agriculture, traditional foods, and 

medicine (Iskandar and Iskandar 2017; Iskandar et al. 2018). 

They have minimal exposure to antibiotics, processed foods, 

and pollutants that are typical of industrialized societies. 

These research gaps necessitate the urgent documentation 

of microbiota in traditional populations before globalization 

eliminates these microbial communities. Over 124 bacterial 

species have vanished from industrialized populations, with 

traditional communities serving as irreplaceable microbial 

heritage reservoirs (Carter et al. 2023). Understanding 

microbiota assembly in traditional Indonesian populations 

could help identify beneficial bacteria for population-

specific interventions while preserving indigenous knowledge. 

This study aimed to provide the first characterization of 

gut microbiota of Baduy infants as an initial investigation 

into the microbial profiles of this traditional Indonesian 

population. Examining the microbial community in infants 

from a population maintaining pre-industrial practices 

contributes foundational data for understanding the natural 

development of human microbiota.  

MATERIALS AND METHODS 

Study area 

This study was conducted in Baduy Luar, Kanekes 

Village, Banten, Indonesia, which represents an indigenous 

Sundanese community that maintains traditional subsistence 

practices and exhibits minimal exposure to modern dietary 

interventions or pharmaceutical treatments. The Baduy Luar 

settlement constitutes the outer community of the broader 

Baduy traditional territory, where inhabitants practice 

sustainable agriculture, predominantly consume plant-

based traditional foods, and maintain cultural practices that 

have remained largely unchanged for centuries (Figure 1). 

 

 

 

 
 

Figure 1. Study site location in Baduy Luar, Kanekes Village, Banten Province, Indonesia. The red dot indicates the sampling site location 
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Ethics statement  

This study was approved by the Health Research Ethics 

Committee of the Faculty of Public Health, Universitas 

Diponegoro (No: 319.03/EA/KEPK-FKM/2023). At the 

beginning of the field study, we reported and asked 

permission for conducting the research. Written informed 

consent was obtained from the parents, as explained in a 

language that is easy to understand, including consent for 

the collection and publication of information related to the 

gender and age of participants. 

Participant selection criteria 

Participant recruitment followed systematically defined 

inclusion and exclusion criteria developed through culturally 

responsive methodological frameworks that accommodate 

traditional community knowledge systems and indigenous 

privacy protocols within the Baduy research context. The 

inclusion criteria were as follows: (i) infant age range of 

12-15 months representing the transitional microbiota 

developmental phase; (ii) continuous residence within Baduy 

Luar territory since birth, ensuring consistent exposure to 

traditional environmental and dietary factors; and (iii) 

multi-generational family residence within Baduy territory, 

indicating sustained traditional lifestyle maintenance. 

Exclusion criteria included: (i) extended residence outside 

Baduy territory (>7 consecutive days) within 60 days of 

sampling and (ii) inability to obtain adequate fecal sample 

volume due to practical constraints.  

Participant demographic and perinatal data collection 

was constrained by cultural protocols and community 

privacy considerations within Baduy traditional society. 

While basic demographic information (age and sex) was 

documented with parental consent, detailed perinatal 

variables, including delivery mode, gestational age, birth 

weight, early feeding practices, maternal health status, and 

antibiotic exposure history, were not systematically collected. 

These methodological constraints represent acknowledged 

limitations that may influence the interpretation of microbiota 

composition.  

Sample collection  

Fecal specimens were collected in the morning during 

natural defecation events using sterile collection methods 

to prevent contamination from toilet water. Fresh fecal 

samples (approximately 1 g) were immediately transferred 

into DNA/RNA Shield™ Fecal Collection Tubes (Zymo 

Research, Irvine, CA, USA) using a sterile spoon, according 

to the manufacturer's instructions. Each collection tube 

containing 9 mL of DNA/RNA Shield reagent was tightly 

capped and inverted 10 times to create a homogeneous 

suspension, ensuring complete sample stabilization. The 

preserved samples were maintained at ambient temperature 

during transport and subsequently stored at -20°C prior to 

DNA extraction.  

DNA extraction and quality assessment 

Total genomic DNA was extracted from fecal samples 

using the ZymoBIOMICS™ DNA Miniprep Kit (Zymo 

Research, Irvine, CA, USA), following the manufacturer's 

protocol. DNA concentration and purity were determined 

using dual quantification methods: a NanoDrop 

spectrophotometer (Thermo Scientific, Waltham, MA, USA) 

for initial assessment and a Qubit fluorometer (Thermo 

Fisher Scientific) for precise quantification. DNA integrity 

was evaluated by agarose gel electrophoresis to confirm 

that high-molecular-weight genomic DNA is suitable for 

long-read sequencing applications.  

Library preparation and nanopore sequencing 

Full-length 16S ribosomal RNA gene amplification 

(1484 bp, V1-V9 regions) was performed using universal 

bacterial primers 27F (5′‑AGAGTTTGATCMTGGCTCAG‑3′) 

and 1492R (5′‑TACGGYTACCTTGTTACGACTT‑3′), which 

represent optimized variants with enhanced taxonomic 

coverage (Isenbarger et al. 2008) based on the foundational 

primer design framework of Weisburg et al. (1991). PCR 

reactions were conducted using MyTaq HS Red Mix, 2X 

(Bioline, BIO-25048, London, UK) according to the 

manufacturer's specifications, with reaction volumes 

optimized for full-length 16S rRNA gene amplification. 

Each 25 μL reaction contained 12.5 μL MyTaq HS Red 

Mix (2X), 1 μL each of 10 pmol μL⁻¹ forward and reverse 

primers, 5.5 μL nuclease-free water, and 5 μL template 

DNA (100-250 ng μL⁻¹). Thermal cycling conditions were 

as follows: initial denaturation at 95°C for 3 min, followed 

by 30 cycles of denaturation at 95°C for 30 s, annealing at 

55°C for 30 s, extension at 72°C for 90 s, and a final 

extension at 72°C for 5 min (Weisburg et al. 1991; Frank et 

al. 2008).  

PCR amplification products were systematically evaluated 

by agarose gel electrophoresis using a 1% agarose gel 

matrix prepared in TBE buffer (Bioline, London, UK) 

supplemented with SYBR™ Safe DNA Gel Stain 

(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) 

at manufacturer-recommended concentrations for optimal 

DNA visualization under blue light transillumination. 

Electrophoretic separation was conducted with 2 μL of 

PCR products alongside a 1 kb DNA ladder (Promega, 

Madison, WI, USA) loaded at 2.5 μL volume as a 

molecular weight standard to confirm the successful 

amplification of the expected 1484 bp fragment. Non-

Template Control (NTC) reactions were systematically 

included in each electrophoretic run to verify the absence 

of contamination artifacts during the PCR amplification. 

Amplicons demonstrating appropriate molecular weight 

correspondence and fluorescent intensity were subsequently 

purified using standard purification protocols and quantified 

spectrophotometrically prior to library preparation using 

commercial kits manufactured by Oxford Nanopore 

Technologies (ONT, Oxford, UK). Library preparation 

encompassed comprehensive end-repair, barcode ligation, 

and sequencing adapter attachment procedures, following 

the manufacturer's optimized protocol for full-length 16S 

rRNA gene sequencing applications, ensuring maximal 

sequencing efficiency and taxonomic resolution.  

Nanopore sequencing was performed using the 

MinKNOW software version 23.04.5 on R9.4 flow cells with 

a GridION sequencer (Oxford Nanopore Technologies). 

Real-time base-calling was conducted using Guppy version 
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6.5.7 with high-accuracy models to maximize read quality 

and taxonomic resolution (Wick et al. 2019). 

Bioinformatics analysis 

Raw electrical signals (FAST5 format) were converted 

to FASTQ files through base-calling using Guppy v6.5.7 

with High-Accuracy (HAC) models. Quality control and 

summary statistics were assessed using NanoPlot v1.40.0 

(De Coster et al. 2018). Reads were then filtered using 

NanoFilt v2.8.0 (De Coster et al. 2018) with the following 

optimized parameters: Phred quality score Q≥12 and read 

length 1200-1800 bp. This filtering removed low-quality 

reads and adapter sequences, yielding datasets enriched for 

full-length 16S rRNA gene amplicons. 

Taxonomic classification of filtered reads was performed 

using Centrifuge classifier v1.0.4 (Kim et al. 2017) against 

a comprehensive bacteria and archaea index constructed 

from the NCBI 16S RefSeq database (https:// 

www.ncbi.nlm.nih.gov/refseq/targetedloci/). Classification 

results were processed using score-based filtering with a 

minimum alignment score of ≥300 and minimum match 

length of ≥40% of the read length to ensure taxonomic 

accuracy. Reads that failed to meet these criteria were 

classified as unassigned.  

Downstream analysis and visualization were conducted 

using multiple complementary platforms: Pavian v1.0 (https:// 

github.com/fbreitwieser/pavian) for interactive metagenomics 

analysis, Krona Tools v2.8.1 (https://github.com/marbl/ 

Krona) for hierarchical taxonomic visualization, and R 

v4.2.3 within RStudio (https://www.R-project.org/) for 

diversity metric calculations and custom visualization.  

Data analysis 

Alpha diversity metrics including observed species 

richness, Chao1 estimator, Shannon diversity index, Simpson 

index, Inverse Simpson index, Abundance-based Coverage 

Estimator (ACE), and Fisher's alpha were calculated to 

assess within-sample microbial diversity following established 

ecological principles for microbiota analysis.  

Taxonomic abundance data were analyzed at multiple 

hierarchical levels (phylum, class, order, family, and genus) 

to provide a comprehensive community structure assessment. 

Relative abundance calculations were performed after 

normalization to account for variations in the sequencing 

depth between samples. Due to the exploratory pilot study 

design and limited sample size (n = 2), formal statistical 

hypothesis testing was not performed. Alpha diversity 

metrics and taxonomic abundance patterns were presented 

as descriptive comparisons to establish the baseline 

microbiota characteristics within this traditional population.  

Data visualization included stacked bar plots for taxonomic 

composition, Krona charts for hierarchical abundance 

representation, and Sankey diagrams for quantitative 

taxonomic flow visualization. All analyses were performed 

using appropriate quality control measures and analytical 

validation protocols to ensure the reproducibility and 

accuracy of the results. 

RESULTS AND DISCUSSION 

Electrophoresis result and data quality information 

PCR amplification of the full-length 16S rRNA gene 

(approximately 1484 bp) from fecal samples of two Baduy 

infants yielded distinct single bands at the expected size 

(Figure 2). Both samples (lanes 1 and 2) showed clean, 

specific amplification, while no band was observed in the 

NTC, confirming the absence of contamination and 

validating the specificity of the PCR reactions. 

 

 
 

 
 

Figure 2. Agarose-gel electrophoresis of PCR amplification products 

of the full-length 16S rRNA gene (V1-V9, approximately 1484 

bp) from fecal samples of two Baduy infants. M: 1-kb DNA 

ladder, band sizes indicated at right). 1: 13BL_P (13-month-old 

female), 2: 12BL_L (12-month-old male); NTC: non-template control 

 

 

 

Table 1. Nanopore sequencing quality metrics and preprocessing outcomes for full-length 16S rRNA gene amplicons from Baduy infant 

fecal samples 

 

Sample 

ID 

Raw dataset metrics Quality-filtered dataset metrics 
Processing 

efficiency 

Total 

reads 

(reads) 

Total bases 

(bp) 

Mean 

length 

(bp) 

Mean Q-

score 

(Phred) 

Retained 

reads 

(reads) 

Retained 

bases 

(bp) 

Mean 

length 

(bp) 

Mean Q-

score 

(Phred) 

Retention rate 

(%) 

12BL_L 100,000 149,905,445 1499 14.7 84,635 135,879,667 1606 15.1 84.6 

13BL_P 97,673 143,260,378 1467 14.6 80,562 127,787,416 1586 15.0 82.5 

Note: Q-scores >14.0 indicate >97.5% base-calling accuracy, and retention rates >80% indicate optimal sequencing performance. Both 

samples achieved sufficient sequencing depth (>80,000 high-quality reads) for robust taxonomic classification and species-level 

resolution of the data 
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Nanopore sequencing of these PCR amplicons generated 

high-quality long-read datasets suitable for microbial 

community analysis. The 12BL_L sample yielded 100,000 

raw reads (mean length 1499 bp; mean quality score 14.7), 

corresponding to 149.9 Mb. After quality filtering with 

NanoFilt (Q≥12; read length 1200-1800 bp), 84,635 reads 

(approximately 85%) were retained, with a mean length of 

1606 bp (approximately 1.6 kb), a mean quality score of 

15.1, and a total of 135.9 Mb. Similarly, the 13BL_P 

sample produced 97,673 raw reads (mean length 1467 bp; 

mean quality score 14.6; total 143.3 Mb). After filtering, 

80,562 reads (approximately 82%) remained, with a mean 

length of 1586 bp (approximately 1.6 kb), a mean quality 

score of 15.0, and a total of 127.8 Mb. 

Overall, approximately 82-85% of the reads were 

retained after filtering, and the filtered datasets exhibited 

mean read lengths of approximately 1.6 kb, consistent with 

the expected size of full-length 16S rRNA gene amplicons. 

Sequencing depths exceeding 125 Mb per sample indicated 

sufficient coverage to support downstream microbial 

diversity and taxonomic analyses. A detailed summary of 

sequencing statistics for each sample is provided in Table 

1. The high-quality sequencing datasets obtained from both 

infants provided a solid basis for subsequent analyses of 

microbial diversity and taxonomic composition. 

Diversity and composition of microbiota communities  

Alpha diversity analysis was used to quantify bacterial 

richness and diversity patterns within each sample. The two 

infant samples, 13BL_P (13-month-old female) and 

12BL_L (12-month-old male), showed different patterns. 

The richness metrics revealed that sample 12BL_L contained 

more bacterial species (543 observed species) than compared 

to sample 13BL_P (511 observed species) (Figure 3). 

Estimators confirmed this pattern, with 12BL_L showing 

Chao1 values of 940 (±77) and ACE values of 890 (±17), 

whereas 13BL_P exhibited lower values of 755 (±49) and 

761 (±15), respectively (Figure 3). Diversity indices 

demonstrated contrasting patterns, with 13BL_P displaying 

higher Shannon diversity (3.44 versus 3.03), InvSimpson 

values (15.9 versus 8.4), and Simpson index values (0.94 

versus 0.88). For Fisher's alpha values, the 12BL_L sample 

was relatively higher than the 13BL_P sample (77.6 versus 

72.9) (Figure 3). 

 

 

 

 

 
 

Figure 3. Alpha diversity metrics for fecal microbiota samples from two Baduy infants. Sample identification: 13BL_P (13-month-old 

female, red) and 12BL_L (12-month-old male, blue). Seven diversity indices were displayed across separate panels: Species richness 

estimators (Observed, Chao1, ACE), diversity indices (Shannon, Simpson, and InvSimpson), and Fisher's alpha. Error bars represent 

standard errors for the Chao1 and ACE richness estimators 
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Building on these diversity analyses, genus-level 

taxonomic profiles revealed clear differences between the 

two infant samples (Figure 4). At 13 months, sample 

13BL_P exhibited higher taxonomic heterogeneity and 

evenness, dominated by Faecalibacterium, followed by 

Anaerobutyricum, Bifidobacterium, Bacteroides, and 

Veillonella, with minor contributions from Mediterraneibacter 

and Limosilactobacillus. At 12 months, sample 12BL_L, in 

contrast, displayed lower diversity and was dominated by 

Enterococcus and Bifidobacterium, with a substantial 

representation of Streptococcus. These two profiles highlight 

marked differences in taxonomic composition: one exhibits 

greater evenness, while the other is dominated by a few 

taxa (Figure 4). 

To further support these observations, hierarchical 

abundance relationships among bacterial genera were 

assessed using heatmap visualization (Figure 5). This 

analysis demonstrated pronounced compositional differences 

across the full spectrum of detected taxa, with abundance 

gradients spanning four orders of magnitude (1-4096 

sequence counts). Distinct clustering patterns were observed, 

reflecting systematic segregation of bacterial groups 

between the two infant samples. 

Further hierarchical visualization using Krona charts 

and Sankey diagrams provided enhanced taxonomic resolution, 

revealing the diverse composition of the female profile at 

the species level (Figure 6.A). Sample 13BL_P demonstrated 

substantial proportions of Anaerobutyricum hallii (4%), 

Anaerobutyricum soehngenii (5%), and Fusicatenibacter 

saccharivorans (5%), with notable presence of Veillonella 

ratti (4%) and Sellimonas intestinalis (4%) (Figure 6.A). 

Quantitative analysis through Sankey visualization confirmed 

greater Bacteroides representation (4.49k, Figure 6.A), 

alongside substantial populations within Oscillospiraceae 

(23.6k, Figure 6.A), a family that includes taxa which have 

been associated with intestinal inflammation in some 

studies. Consistent with these observations, the female 

infants displayed elevated relative abundances of 

Faecalibacterium butyricigenerans (5%), Blautia (2%), 

and Dorea longicatena (4%) (Figure 6.A), which are 

potentially involved in inflammatory modulation, collectively 

representing a more balanced distribution among constituent 

taxa. 

Comparative visualization methodologies consistently 

demonstrated a pronounced predominance of potentially 

pathogenic bacteria in the male sample (Figure 6.B). Sample 

12BL_L exhibited marked abundance of Bifidobacterium 

longum (29% versus 11% in female) alongside a substantial 

enterococcal burden, with significantly elevated 

concentrations of multiple Enterococcus species: E. 

faecium (9.56k/11%), E. faecalis (5.42k/6%), E. avium 

(2.55k/3%), and E. durans (2.11k/2%) (Figure 6.B). The 

male microbiota displayed considerable streptococcal 

diversity through both visualization techniques, with 

Streptococcus lactarius (2%), S. thermophilus (2%), and S. 

salivarius (3%), represented by Krona visualization (Figure 

6.B, left panel radial sectors), corresponding to quantitative 

measurements of S. lactarius (1.55k), S. thermophilus 

(1.39k), and S. salivarius (2.43k) in the Sankey diagram 

(Figure 6.B, right panel numerical annotations). Notably, 

this sample uniquely exhibited substantial presence of 

Enterobacteriaceae (6.06k), with distinct Escherichia 

(1.60k) and Shigella (409) components established enteric 

pathogens largely absent in the female profile (Figure 6.B, 

Sankey diagram numerical annotations; compare with 

Figure 6.A). These integrated visualization approaches 

collectively substantiate the distinct colonization patterns of 

opportunistic pathogens between the two subjects, with 

implications for understanding developmental microbiota 

dynamics. These taxonomic observations provide 

compositional insights, although functional activity and 

metabolic consequences require validation through 

complementary approaches, including metatranscriptomics, 

metabolomics, and cultivation-based methods. 

Discussion 

This exploratory study of two Baduy infants provides 

preliminary insights into gut microbiota patterns within an 

understudied traditional Indonesian population, although 

the findings require cautious interpretation given the 

limited sample size. The two contrasting microbiota 

profiles, one dominated by beneficial commensals and the 

other by potentially pathogenic taxa, illuminate the 

fundamental principles of microbial ecosystem assembly in 

traditional populations, while highlighting the complex 

interplay of factors influencing early life microbiota 

development. Recent large-scale studies consistently 

demonstrate that the age-related developmental stage exerts 

a substantially stronger influence on infant gut microbiota 

composition than sex, with even a one-month age difference 

producing measurable changes (Wu et al. 2024; Fahur 

Bottino et al. 2025). Consistent with these findings, the 

differences observed between the two subjects in this study 

are more plausibly attributable to age-related microbial 

maturation rather than sex. 

 

 

 

 
Figure 4. Taxonomic composition at the genus level in fecal 

microbiota samples from two Baduy infants. 13BL_P: 13-month-

old female infant, 12BL_L: 12-month-old male infant 
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Figure 5. Genus-level abundance heatmap of fecal microbiota in Baduy infants. Hierarchical visualization displaying the relative 

abundance patterns of predominant bacterial genera across two infant fecal samples: 13BL_P (13-month-old female) and 12BL_L (12-

month-old male). Color intensity reflects relative abundance patterns using logarithmic scaling, with red indicating higher abundance 

and dark blue to black representing lower abundance (scale: 1-4096 sequence counts represent the empirical range of raw sequence 

counts before logarithmic transformation and color mapping) 

 

 

 

Baduy infant microbiota patterns can be contextualized 

within the broader literature on traditional populations, 

although direct comparisons require caution given the 

methodological differences. Studies of traditional populations 

have revealed distinctive microbiota characteristics that 

differ markedly from those of industrialized societies. 

Hadza hunter-gatherers demonstrate exceptional microbial 

diversity, with over 20% of detected genomes representing 

novel species absent from global databases and the 

complete absence of Bifidobacterium throughout development 

(Schnorr et al. 2014; Olm et al. 2022). 

Yanomami populations exhibited the highest recorded 

bacterial diversity in humans, with Firmicutes/Bacteroidetes 

ratios of 0.24 reflecting traditional lifestyle patterns 

(Clemente et al. 2015). Mexican Me´phaa indigenous 

children show high Prevotella abundance and enrichment 

of VANISH (Volatile and/or Associated Negatively with 

Industrialized Societies of Humans) bacterial groups, 

including Treponema and Eubacterium species (Sánchez-

Quinto et al. 2020). In comparison, the microbiota 

composition of female Baduy infants, characterized by 

Faecalibacterium dominance and substantial Bifidobacterium 

representation, exhibited features distinct from those of 

documented traditional populations. The presence of 

appreciable Bifidobacterium levels contrasts with Hadza 

patterns, but aligns more closely with rural populations that 

maintain some traditional practices while having limited 

exposure to industrialization. Elevated Enterococcus and 

Streptococcus abundances in male infants represent 

patterns less commonly reported in traditional population 

studies.
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Figure 6. Integrated visualization approaches for metagenomic profiling of infant fecal microbiota samples using complementary 

analytical platforms. Krona charts (left panels) display hierarchical taxonomic organization with proportional abundance representation 

from the domain to species level, with sector size corresponding to relative abundance and colors distinguishing taxonomic 

classifications. Sankey diagrams (right panels) quantitatively illustrate taxonomic abundances across hierarchical classifications (D: 

Domain, P: Phylum, F: Family, G: Genus, S: Species), with bandwidth proportional to absolute read counts and flow direction 

representing taxonomic relationships from higher to lower classification levels. Panel A: Sample 13BL_P (13-month-old female infant), 

Panel B: Sample 12BL_L (12-month-old male infant). The numerical values within the Sankey diagrams represent the absolute 

sequence counts for each taxonomic classification 

 

 

Rural-urban comparative studies help explain how 

Baduy's traditional lifestyle might influence their infants' 

microbiota, relative to more modernized populations. 

Nigerian rural Bassa infants demonstrated significantly 

higher microbial diversity and accelerated adult-like 

maturation compared to their urban counterparts, with 

environmental factors, including untreated water consumption 

and extensive soil contact, promoting microbial dispersal 

throughout communities (Ayeni et al. 2018). Vietnamese 

studies revealed that rural Ha Long Bay infants maintained 

higher beneficial bacterial concentrations while urban Ha 

Noi infants exhibited increased potentially harmful bacteria 

including Klebsiella and Citrobacter (Kortman et al. 2023). 

The urban infant microbiota consistently demonstrates 

reduced diversity, delayed maturation, and altered 

taxonomic composition across multiple geographic regions, 

correlating with higher rates of cesarean delivery, increased 

antibiotic exposure, and reduced environmental microbial 

contact (Morandini et al. 2023). These rural-urban 

differences demonstrate that traditional lifestyle factors 

preserve beneficial microbiota patterns, providing a 

framework for understanding the distinct microbiota 

profiles of Baduy infants as products of their traditional 

environmental exposure.  

A 

B 
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The observed microbiota differences between the two 

infant samples may reflect the different environmental 

microbial exposure characteristics of traditional Baduy 

agricultural practices. The Baduy maintains a zero-tillage 

swidden agriculture system (huma) with complete 

prohibition of chemical fertilizers and pesticides (Iskandar 

et al. 2018), preserving natural soil microbial communities 

that could influence human gut colonization through 

multiple pathways (Blum et al. 2019). Their traditional 

farming methods involve direct soil contact during rice 

cultivation and forest foraging activities (Iskandar and 

Iskandar 2017), potentially exposing individuals to diverse 

soil microbiota that are absent in industrialized populations. 

The 5-10‑year fallow period practiced in Baduy agriculture 

allows natural microbial succession in soil ecosystems, 

creating temporal and spatial variations in environmental 

microbial exposure (Blum et al. 2019). The contrasting 

microbiota compositions may also reflect varying degrees 

of forest microbiota exposure, as approximately 48.85% of 

Baduy territory consists of protected forests providing 

regular microbial contact through traditional livelihood 

activities (Saleh et al. 2020). The Baduy practice extensive 

forest foraging for honey, medicinal plants, and seasonal 

foods (Iskandar and Iskandar 2017), exposing individuals 

to diverse environmental bacteria that can seed the gut 

microbiota (Mhuireach et al. 2023). Additionally, the 

distinct microbiota profiles observed may reflect variations 

in traditional Baduy dietary exposure, particularly 

regarding fermented foods and traditional food preparation 

methods. The complete prohibition of modern food 

additives, preservatives, and processed foods (Lindawati et 

al. 2024) means that gut microbiota development occurs 

exclusively through traditional food sources, potentially 

supporting distinct bacterial populations compared with 

industrialized populations (Li et al. 2025). 

The bacterial composition observed in female infants 

includes genera with well-documented beneficial functions, 

although extrapolating health implications from taxonomic 

data alone requires caution. Faecalibacterium prausnitzii 

produces butyrate, which supports intestinal barrier function 

and exhibits anti-inflammatory properties by reducing 

inflammatory signaling pathways (Rios-Covian et al. 

2015). Bifidobacterium species demonstrate a specialized 

capacity for human milk oligosaccharide utilization and 

produce metabolites that support immune development 

(Rivière et al. 2016; Laursen et al. 2021). Anaerobutyricum 

species contribute to butyrate production via lactate 

conversion mechanisms, potentially supporting metabolic 

cross-feeding networks (Shetty et al. 2020). The presence 

of these taxa may indicate optimal environmental microbial 

exposure, thereby supporting beneficial fermentation 

processes. Conversely, the taxonomic profile of male 

infants includes bacterial groups with documented 

pathogenic potential in clinical contexts, although their 

significance within healthy traditional populations remains 

unclear. Enterococcus species, particularly E. faecium and 

E. faecalis, exhibit intrinsic antibiotic resistance and have 

been associated with healthcare-associated infections (Prieto 

et al. 2016). Certain Streptococcus species can cause 

neonatal infections, although clinical outcomes depend on 

multiple factors including strain characteristics, host 

immunity, and environmental context. Enterobacteriaceae 

expansion has been linked to intestinal inflammation in 

some populations (Litvak et al. 2017), although these 

clinical associations are primarily derived from studies in 

industrialized populations and may not apply directly to 

traditional communities. 

Methodological considerations necessarily temper 

interpretation. The absence of critical perinatal metadata, 

including delivery mode, gestational age, early feeding 

practices, and maternal microbiota composition, represents 

a significant constraint, as these variables constitute primary 

determinants of infant gut colonization patterns (Milani et 

al. 2017; Wampach et al. 2018). The cross-sectional design 

and limited sample size precluded determination of 

temporal stability or causal relationships. Additionally, 

although 16S rRNA sequencing provides robust taxonomic 

resolution, it cannot directly assess functional gene 

expression or strain-level virulence determinants. This 

exploratory study identified notable microbiota heterogeneity 

between two infants within a culturally homogeneous 

traditional population, suggesting that environmental 

homogeneity may not uniformly determine the microbial 

assembly patterns. While these preliminary observations 

cannot establish causality given the limited sample size, 

they indicate the potential roles of intrinsic host factors in 

shaping colonization trajectories. 

In conclusion, this investigation established the first 

microbiota baseline for the Baduy indigenous community, 

demonstrating that traditional populations harbor 

irreplaceable microbial diversity critical for global microbiota 

conservation efforts. The observed heterogeneity among 

infants, particularly the contrasting beneficial versus 

potentially pathogenic profiles, reveals urgent research 

priorities for understanding the protective mechanisms 

against modern microbiota depletion. The documented 

microbiota patterns suggest potential resilience mechanisms 

that confer resistance to modern disorders prevalent in 

industrialized populations, including inflammatory diseases, 

metabolic dysfunction, and immune-mediated conditions. 

The enrichment of butyrate-producing taxa (Faecalibacterium, 

Anaerobutyricum) and beneficial commensals 

(Bifidobacterium) in female infants represents microbial 

configurations associated with enhanced barrier function, 

anti-inflammatory responses, and optimal immune 

programming that may provide natural protection against 

obesity, autoimmune disorders, and chronic inflammatory 

conditions characteristic of Western populations. 

Future investigations should prioritize longitudinal cohort 

studies that incorporate comprehensive environmental 

sampling, maternal microbiota analysis, and detailed 

documentation of traditional practices, including fermented 

food preparation and forest interaction protocols. Such 

research would elucidate the mechanisms of microbial 

inheritance within traditional communities and inform 

therapeutic strategies for restoring the beneficial microbiota 

in industrialized populations. Understanding how traditional 

populations maintain protective microbial communities 

represents a critical window for developing culturally 

appropriate interventions, while preserving indigenous 
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knowledge systems and respecting community sovereignty 

over biological resources. 
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