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Fig. 1. Microbiota diversity in fecal, oral, and skin sam-
ples from uncontacted Yanomami in relation to other
human groups. (A) Faith’s phylogenetic diversity (PD)
(average ± SD) of fecal samples from Yanomami and
Guahibo Amerindians, Malawians, and U.S. subjects. OTU
tables rarefied at 5000 sequences per sample. Interpopula-
tion differences were significant (P < 0.001, ANOVA with
Tukey’s HSD) for all but Guahibo-Malawi comparison (P =
0.73). (B) PCoA plot based on UniFrac distances calculated
on the OTU table of fecal samples rarefied at 5000 se-
quences per sample. (C) Top discriminative bacteria among
populations in fecal samples as determined by linear dis-
criminant analysis (LDA) effect size (LEfSe) analysis. (D)
Normalized prevalence/abundance curves for all OTUs
found at 1% abundance or more in fecal samples. (E) Faith’s
phylogenetic diversity (average ± SD) of oral samples from
Yanomami and U.S. subjects. OTU tables rarefied at 1500
sequences per sample. Interpopulation differences were
not significant (P = 0.296, ANOVA with Tukey’s HSD). (F)
PCoA plot based on UniFrac distances calculated on OTU
tables of oral samples rarefied at 1500 sequences per sam-

ple. (G) Top discriminative bacteria among populations in oral samples as determined by LEfSe analysis. (H) Normalized prevalence/abundance curves for all
OTUs found at 1% abundance or more in oral samples. (I) Faith’s phylogenetic diversity (average ± SD) of skin samples from Yanomami and U.S. subjects.
OTU tables rarefied at 1500 sequences per sample. Interpopulation differences were significant (P < 0.001, ANOVA with Tukey’s HSD). (J) PCoA plot based
on UniFrac distances calculated on OTU tables of skin samples rarefied at 1500 sequences per sample. (K) Top discriminative bacteria among populations in
skin samples as determined by LEfSe analysis. (L) Normalized prevalence/abundance curves for all OTUs found at 1% abundance or more in skin samples.
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and Tukey’s honest significant difference (HSD) test, P < 0.001; Fig.
1A]. Principal coordinate analysis (PCoA) of UniFrac distances reveals
that bacterial communities from each body site segregate westernized
people from agrarian and hunter-gatherer groups (Fig. 1, B, F, and J,
and fig. S1). Accumulation curves of fecal operational taxonomic units
(OTUs) and phylogenetic species richness (g diversity) confirmed that
the Yanomami harbor significantly higher diversity than other popula-
tions (unpaired t test with Bonferroni correction, P < 0.0001; fig. S2A)
and, at the same time, have the lowest microbiome variability (fig.
S2B). Within-population distances in the Yanomami were lower than
those in the semi-accultured Guahibo Amerindians (fig. S2C). Prevalence/
abundance curves further confirm that the Yanomami share a higher
proportion of their fecal microbiota despite their higher diversity (Fig.
1D). These results were consistent with those obtained sequencing the
V2 region of the 16S rRNA gene of the same set of samples extracted,
amplified, and sequenced together with samples from U.S. subjects
(fig. S3).

On the basis of taxa detectable at the obtained sequencing depth,
the Yanomami fecal microbiota was characterized by high Prevotella
and low Bacteroides, contrary to what was observed in U.S. subjects
and similar to that in Guahibo Amerindians, Malawians (fig. S4),
and African hunter-gatherers (13). Analyses of discriminative bacteria
in relation to U.S., Malawian, and Guahibo populations (14) indicated
that Yanomami had higher intestinal Bacteroidales S24-7 (a poorly
characterized family close to the Parabacteroides), Mollicutes and
Verrucomicrobia, members of the families Aeromonadaceae, Oxalo-
bacteraceae, and Methanomassiliicoccaceae, and genera Phascolarcto-
bacterium, Desulfovibrio, Helicobacter, Spirochaeta, and Prevotella (Fig.
1C). Although diet plays a significant role in shaping the microbiome,
factors other than nutrition also influence microbiota composition. For
example, Helicobacter was absent in the feces of U.S. subjects, and in-
testinal Oxalobacter and Desulfovibrio were markedly increased in the
Yanomami in relation to U.S. subjects (fig. S5).

In contrast to the fecal microbiome, the Yanomami had similar lev-
els of oral bacterial diversity to those found in U.S. subjects (Fig. 1E) de-
spite a distinct composition (Fig. 1F), and higher prevalence of oral taxa
(Fig. 1H). Although both populations were dominated by Streptococcus,
the Yanomami had higher proportions of several oral Prevotella, Fuso-
bacterium, and Gemella, and lower Rothia, Stenotrophomonas, Acineto-
bacter, or Pseudomonas (Fig. 1G and fig. S4). The Yanomami cutaneous
microbiota had significantly higher diversity (Fig. 1I) and clustered
apart from that of U.S. subjects (Fig. 1J). No single taxon dominated
the Yanomami skin microbiota, in contrast to the low skin bacterial
diversity in U.S. subjects and high relative proportions of Staphylococ-
cus, Corynebacterium, Neisseriaceae, and Propionibacterium (Fig. 1K
and fig. S4). Some bacterial taxa previously reported as environmental,
such as Knoellia or Solibacteraceae (15–17), appeared to be enriched in
the skin microbiota of the Yanomami. As with fecal and oral micro-
biota, skin bacterial prevalence was also higher in the Yanomami
(Fig. 1L).

Metagenomic predictions using PICRUSt (18) showed distinct mi-
crobiome functional profiles for different human populations (Fig. 2,
B, F, and J), with the Yanomami having higher fecal and skin (Fig. 2,
A and I), but not oral (Fig. 2E), functional diversity, higher gene prev-
alence (Fig. 2, D, H, and L), and lower intragroup variation (fig. S2D).
Pathways involving amino acid metabolism, glycosyltransferases, and
biosynthesis of lipopolysaccharides, terpenoid-quinones, and vitamins
[including riboflavin, previously reported to be increased in non-
Clemente et al. Sci. Adv. 2015;1:e1500183 17 April 2015
Western populations (11)] were found to be overrepresented in the
Yanomami (Fig. 2C). Their oral mucosa also had significant overrep-
resentation of pathways of fatty acid biosynthesis, glycosyltransferases,
and methane metabolism (mostly derived from members of the Methyl-
ocystaceae) (Fig. 2G). Their skin was enriched in organic acids, amino
acids, vitamins, and methane (originating fromMethylobacter,Methyl-
osinus, and Methylocystaceae) pathways (Fig. 2K). Validation of the
predicted bacterial functions by comparing against the sequenced me-
tagenome of the same samples and using a previously reported meta-
genome from Guahibo Amerindians (11) confirmed the robustness of
our results (see Materials and Methods).

To provide an archive to study human microbial evolution, we iso-
lated 1097 bacterial strains from Yanomami fecal or oral samples. Char-
acterization of 24 Yanomami Escherichia coli strains using multilocus
sequence typing (MLST) based on seven housekeeping genes (19) showed
that they differ substantially from strains circulating in Western societies,
and that none of the isolates belonged to phylogenetic group B2 common
in Western populations (fig. S6).

Presence of AR genes in the microbiome of
uncontacted Amerindians
Phenotypic resistance was tested in 131 Amerindian E. coli strains iso-
lated from 11 fecal specimens. We found that all E. coli isolates were
sensitive to all 23 antibiotics tested. However, functional libraries cre-
ated from the genomic DNA of 38 of these E. coli isolates, including
the 24 typed strains (table S12), yielded AR genes targeted against
eight antibiotics, including four antibiotics from within the phenotypic
screen (table S3). Overexpression of chromosomally encoded E. coli genes
was likely responsible for most of the resistance (89% have homologs
in E. coli K-12 MG1655; table S4).

For a culture-independent interrogation of the commensal Amer-
indian resistome, we created shotgun metagenomic libraries from fecal
and oral microbiota of four subjects (table S5) (8, 20) after multiple
displacement amplification (MDA) and screened them against 15 anti-
biotics (table S6). We identified 28 functional AR genes in the microbiota
of these people naïve to anthropogenic antibiotics (table S4), including
genes resistant to semisynthetic and synthetic antibiotics, to which the
villagers and their surroundings are highly unlikely to have ever been ex-
posed. These genes include an extended-spectrum cblA b-lactamase that
confers resistance to five later-generation antibiotics, including a fourth-
generation cephalosporin and a synthetic monobactam, and penicillin-
binding proteins (PBPs) resistant to the third-generation cephalosporin
ceftazidime (Fig. 3A). The six PBPs have 81 to 100% amino acid identity
to PBPs from Neisseria and Kingella, oral commensals in both Western
and Amerindian hosts (21).

Most of the AR genes had close homologs in human microbiota from
industrialized societies. Seventy-nine percent of the AR genes aligned to
the Human Microbiome Project (HMP) assemblies with ≥95% nucleo-
tide identity, and all genes that aligned to HMP (87% of fecal genes) also
aligned to MetaHIT assemblies (Fig. 3B). Only one gene (F3_TE_1), a
ribosomal protection protein (RPP) encoding resistance to tetracycline,
did not align to HMP, MetaHIT, or any protein in National Center for
Biotechnology Information (NCBI) nr (at >70% amino acid identity)
and may be exclusive to this population. Thus, despite different antibi-
otic exposures, the microbiota from antibiotic-naïve and industrialized
people share a common resistome.

Whole metagenome shotgun sequencing of fecal and oral specimens
from the Amerindian village was performed to quantify the abundance
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