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Studies of traditional Indigenous compared to ‘Western’ gut microbiomes are
underrepresented, and lacking in young children, limiting knowledge of early-life
microbiomes in different cultural contexts. Here we analyze the gut metagen-
omes of 50 Indigenous Australian infants (median age <one year) living remotely
with variable access to Western foods, compared to age- and sex-matched
non-Indigenous infants living in urban Australia. Indigenous infants had greater
alpha diversity and significant differences in bacterial beta diversity, with 114
species and 38 genera differing in abundance. Indigenous infants almost exclu-
sively had higher carriage of Megaspaera, Streptococcus, Caecibacter, Parolsenella
and Prevotella species, and markedly higher numbers of gut viruses and fungi.
Bifidobacteria ssp. were dominant in Indigenous infants. Despite encroaching
Westernisation, the gut microbiome of Indigenous infants retains key features
of traditional societies worldwide, attesting to the dominant influence of remote

environment and traditional lifestyle in maintaining microbiome diversity.

Indigenous Australians are distinguished as the oldest, continuous
living culture, successful as hunter-gatherers and subsistence farmers
for over 60,000 years prior to European settlement'. Along with the
degradation of their traditional culture, Indigenous Australians have
experienced a marked increase in cardiometabolic non-communicable
diseases (NCDs), including obesity, diabetes, cardiovascular diseases,
chronic kidney disease, and cancers®. NCDs are associated with
chronic low-grade, systemic inflammation*” and a shift to a less diverse
gut microbiome (dysbiosis)®’. These pathophysiological features are
considered to be a maladaptive response to a “Western” lifestyle,
especially to the “Western” diet rich in saturated fat, simple carbohy-
drates, additives, and processed components, and low in fiber”®, and
to other less well understood factors such as the cumulative burden of
spiritual, cultural, and environmental stressors’.

Following colonization at birth, the gut harbors the largest and
most diverse microbiome, critical for the development and ongoing
health of the gut, immune, and other body systems. Distinct taxo-
nomic and functional differences have been identified between the gut
microbiomes of traditional hunter-gatherer or subsistence societies
compared to urban Western societies'®", providing insights into the
evolution of the gut microbiome under the influence of ethnicity,
environment, and lifestyle. The gut microbiome of Western compared
to traditional societies is less diverse, with a lower abundance of fiber-
degrading bacteria that produce anti-inflammatory short-chain fatty
acids and a higher abundance of mucus-degrading bacteria, which may
impair gut epithelium integrity, leading to leakiness of bacterial pro-
ducts and systemic inflammation”. The Western gut microbiome
contains a higher abundance of Bacteroides, Enterobacteria, and
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Akkermansia and a lower abundance of beneficial Bifidobacteria and Table 1| Characteristics of Indigenous and non-Indigenous

Lactobacilli; in the traditional gut microbiome, Prevotella, Treponema, —subjects

Proteobacteria, Clostridiales, and Ruminobacter predominate, some -
. . . . 1011 Indigenous Non- P value®

having disappeared from the Western gut microbiome'*". e egrane

Counted among the hundreds of clans of Indigenous Australians  “se; female, male 24, 26 24, 26

are the Yolngu people, living in a remote area of northern Australia,

ne © area of nort 2% Age (days)
whose traditional customs endure despite an increasingly pervasive Median (QR) 331 (166, 462) 332 (175, 458) G
Western lifestyle. Typically, they live in a community of modest, single- Mean (SD) 317 (170), 317 (171)I
storey concrete dwellings, multiple generations sharing a household.
: . . i . . . Gestational age at delivery (weeks)
The interiors are sparse, with minimal furniture. Some also live in :
temporary demountable structures installed following cyclone damage. Median (ICR) f’;% 30.0) f’;g 30.4) 0200
The co‘mmumt)'/ c0|‘11pr.lses d|§t|nFt groups, each with its own network.s MoaniED) 37.6282) 38.2(163)
of family and kinship ties. Daily life takes place mostly outdoors, parti-
. . . Mode of delivery
cularly on verandahs, which serve as important spaces for gathering and 8
social interactions. The Yolngu diet comprises mainly Western-style Vaginal 32/50 (64%) 26/50 (52%) 0.3
food and beverages with a variable mix of traditional foods (see Cesarean section (elective) 11/50 (22%) 13/50 (26%) QEE
“Methods”). Yolngu children are increasingly exposed to sugar- Cesarean section (emergency)  7/50 (14%) 11/50 (22%) 0.436
sweetened beverages and ultra-processed and takeaway foods, and  Intrapartum antibiotics
experience periods of food scarcity”. Indigenous Australians appear to Vaginal Unknown 15/26 (58%)
have a genetic propensity for strong inflammatory responses'. Indeed Cesarean section (elective) - 12/13 (92%)
the Yolngu children display elevated concentrations of circulating Cesarean section (emergency)  * 11/11 (100%)
inflammatory cytokines (Hasthi Dissanayake, personal communica-  “gith weight (Kg)
tion), consxstgnt with gut microbiome dySblOS.lS anda prgdlsp(PSItlon to Median (QR) 315277,337) 353315 386)  0.0004
NCDs. Analysis of the oral® and upper respiratory'® microbiomes of Moan (D) 3.00 (0613) 352(0552)
Indigenous Australian children by 16S rRNA gene amplicon sequencing -
. . . . . Breastfeeding
has revealed the carriage of bacteria potentially associated with an
. . . . Current 47/50 (94%) 24/50 (48%) <0.0001
increased prevalence of NCDs, but knowledge of the gut microbiome in : -
young Indigenous children is lacking. Whether the gut microbiome of Exclusive for the first 6 months  42/50 (84%) 3/50 (6%) <0.0001
these Indigenous infants is ancestral and to what extent and at what age &’gf‘]‘t’:g)“e“tary food started
it might exhibit features of Westernization is unknown. The infant gut -
Median (IQR) 5.00 4.60(4.37,552)  0.006

microbiome is shaped initially by vertical transmission from the mother, (450, 6.00)
but also by genetic background and multiple environmental exposures

S e ' bl ’ Mean (SD) 5.46 (1.38) 4.80 (0.924)

encompassing living conditions, diet, water, soil, animals, toxins, para- - 5

.. . . e . . . Maternal body mass index (BMI)

sitic and other infections, antibiotics, and psycho-social stress, which .

. s . . Median (IQR) 22.6(18.6,25.8)  25.2(21.9,30.7)  <0.0001

vary between populations and may distinguish Indigenous children v s 27140 635

living remotely from non-Indigenous children living in urban settings. ean (SD) -7 (4.9) 6.3(4.9)

Consumption of traditional foods ~ 46/50 (92%) Not applicable

In order to characterize the remote, Indigenous gut microbiome X
. . . . . by the mother, at least twice
in early childhood, and as a basis on which to understand the impact of  \yeekiy
the Western lifestyle, we used shotgun metagenomic sequencing to  “yumber of people living in
compare the gut microbiomes of 50 randomly-selected Indigenous  the home

Australian infants living in a remote Yolngu community to those of 50 Median (IQR) 4.00 4.00 0.017
age- and sex-matched non-Indigenous infants living in different urban (3.00, 7.25) (3.00, 4.75)

areas of Australia. We show that Indigenous infants have greater alpha Mean (SD) 6.70 (8.14) 3.87 (113)

diversity and significant differences in bacterial beta diversity, with114 At least one furred animalinthe ~ 25/50 30/50 0.422

species and 38 genera differing in abundance. Some taxa were unique ~_household
to Indigenous infants, who had higher carriage of Bifidobacteria at ~ Type 1 diabetes proband

younger ages and Prevotella at older ages; in contrast, non-Indigenous Father 0 12/50 (24%)
infants had a high abundance of Phocaeicola (Bacteroides) across ages. Mother 0 27/50 (54%)
Indigenous infants also had markedly higher numbers of gut viruses Sibling 0 10/50 (20%)

and fungi. Thus, despite encroaching Westernization, these Indigen-  Fecal calprotectin (normal
ous infants begin life with a gut microbiome that retains key features of =~ 100 mg/g)

traditional societies worldwide. The Western gut microbiome has not Median (IQR) 1318 (515,1809)  39.9 (4.40,102)  <0.0001
been transmitted intergenerationally and has not yet emerged, Mean (SD) 1274 (734) 71.5 (103)
attesting to the dominant influence of a remote environment and  serum intestinal fatty acid bind-
traditional lifestyle in maintaining gut microbiome diversity. ing protein (normal <1664 pg/ml)
Median (IQR) 637 (419-1091) 689 (517-1572) 0.538
Results Mean (SD) 954 (962) 1062 (777)
Study populations Fecal parasites by microscopy 15/50 (30%) Not determined
The study groups comprised 24 Indigenous and 24 non-Indigenous  “axtibiotic (amoxyeillin in the 5 (10%) 8 (16%) 0.554

females, median (IQR) ages 294 (153, 428) and 293 (114, 433) days,  majority) within 1 month of fecal

respectively, and 26 Indigenous and 26 non-Indigenous males, median ~_Sotlection

(IQR) ages 360 (222, 476) and 377 (226, 467) days, respectively. Mat- ~_Any antibiotic ever Unknown 11/50 (22%)

ched pairs and individual data for mode of delivery, breastfeeding, and  °Unpaired t-test (two-tailed) or Fisher's Exact test for categorical variables.

furred pets in the household are detailed in Supplementary Datal. The ®Indigenous was post-pregnancy when the infant was assessed; non-Indigenous was pre-
characteristics of the groups are summarized in Table 1. pregnancy.
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Bar charts of observed taxa (bacteria) proportions
(25 most abundant) classified by MetaPh1An
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Fig. 1| Bar charts of observed taxa (bacteria) proportions (25 most abundant) classified by MetaPhlAn. a Elcho (Indigenous) infants. b ENDIA (Non-indigenous)
infants. For each population, samples were ranked left to right by increasing age. Relative proportions of taxa are ranked highest from bottom to top.

Indigenous and non-Indigenous infants did not differ significantly
by gestational age at delivery, mode of delivery, number of furred pets
in the household, recent antibiotic exposure, or serum intestinal fatty
acid binding protein (iFABP). They were distinguished, however, by
lower birth weight, a markedly higher frequency of current and
exclusive breastfeeding, later introduction of complementary feeding,

and markedly higher fecal calprotectin. BMI was significantly lower in
Indigenous women but could only be obtained with their consent after
pregnancy, when their infant was seen; in non-Indigenous women, BMI
was documented at the time of pregnancy diagnosis. Significantly
more Indigenous women were underweight and significantly more
non-Indigenous women were obese (Supplementary Data 1).
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Bar charts of observed taxa (viruses) proportions (25 most abundant)
classified by Kraken2
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Fig. 2 | Bar charts of observed taxa (viruses) proportions (25 most abundant) classified by Kraken2. a Elcho (Indigenous) infants. b ENDIA (Non-indigenous) infants.
For each population, samples were ranked left to right by increasing age. Relative proportions of taxa are ranked highest from bottom to top.

Indigenous infants have distinct taxonomic profiles

MetaPhlAn4 classified 1679 bacterial species (Indigenous=1581;
non-Indigenous =1310) in the 100 samples. Kraken2-classified
371 viral (Indigenous=367; non-Indigenous=353), 31 fungal
(Indigenous =31; non-Indigenous=31), and 15 other eukaryote
species following their taxonomic confirmation with BLAST
(Indigenous =12; non-Indigenous=10). Complete bacterial abun-
dance data are provided in Supplementary Data 2; all Kraken2 virus
and eukaryote abundance data are provided in Supplementary
Data 3. Bacterial taxa proportions at the genus level (Fig. 1) revealed a
high prevalence of Bifidobacteria in Indigenous infants, especially at
younger ages, and of Prevotella, especially at older ages, in contrast

to non-Indigenous infants who had a high prevalence of Phocaeicola
(Bacteroides) across the ages.

Viruses (Fig. 2) were significantly more abundant in Indigenous
than non-Indigenous infants (17.2 vs. 2.9 million counts, respectively)
and were different, and their abundance profile was more consistent in
Indigenous infants, possibly due to their geographic homogeneity. In
Indigenous infants, the dominant viruses were Enterobacteria
(Escherichia) phages (as classified by the International Committee on
Taxonomy of Viruses, https://ictv.global/), viz., Quadragintavirus
ev129, Tequatrovirus, Evevirus ev239, and Jouyvirus ev017. These viruses
were virtually non-existent in non-Indigenous infants. The most com-
mon viruses in non-Indigenous infants were the CrAssphages,

Nature Communications | (2025)16:9904
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Bar charts of observed taxa (fungi) proportions
(25 most abundant) classified by Kraken2
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Fig. 3 | Bar charts of observed taxa (fungi) proportions (25 most abundant) Relative proportions of taxa are ranked highest from bottom to top. White columns
classified by Kraken2. a Elcho (Indigenous) infants. b ENDIA (Non-indigenous) are samples in which no classified fungi were detected.

infants. For each population, samples were ranked left to right by increasing age.
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Heatmap of non-fungal eukaryote counts classified by Kraken2
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Fig. 4 | Heatmap of non-fungal eukaryote counts classified by Kraken2. Highest to lowest abundance is indicated by a red to green gradient.

Carjivirus communis, Carjivirus hominis, and Kingevirus communis,
which infect Bacteroides”. The potential pathogen, human Mastade-
novirus, appeared in the top 25 viruses in both Indigenous and non-
Indigenous infants, being strain F and strains C and D, respectively.
However, its occurrence was sporadic in both populations in only a few
infants, but at high counts. The only other potentially pathogenic virus
identified was Primate bocaparvovirus 2 (Human bocavirus 2c), in
Indigenous infants, which is known to cause respiratory tract
infections.

Fungi (Fig. 3) were also significantly more abundant in Indigenous
than non-Indigenous infants (mean counts/sample 4835 vs 71,
respectively). Candida albicans (total counts 226,104) was by far the
most abundant in Indigenous infants, especially at a younger age, and
Saccharomyces cerevisiae (total counts 1122) was the most abundant in
non-Indigenous infants, although this was predominantly due to a
single individual (888 counts). After S. cerevisiae, Aspergillus luchuensis
was most abundant in non-Indigenous infants (total counts 248), with
counts spread more evenly over several samples.

Due to the limited number of non-fungal eukaryotic genomes
classified in the Kraken2 database, species-level classification was not
reliable without a BLAST check step. The abundances of the 15 iden-
tified and BLAST-confirmed non-fungal eukaryote taxa are shown as a
heatmap (Fig. 4). Total counts of these classified eukaryotes were
higher in Indigenous than non-Indigenous infants (22,190 and 10,674,
respectively). Several animal food taxa were present in both Indigen-
ous and non-Indigenous infants, namely Bos taurus (beef), Sus scrofa
(pork), and Gallus gallus (chicken), as well as plant foods, e.g., Zea mays
(maize), Musa acuminata (banana), and Vitis vinifera (grape). The
mollusc, Mizuhopecten yessoensis (scallop) and Citrus sinensis (sweet
orange) were present only in Indigenous infants, and Spinacia oleracea
(spinach) and Fragaria vesca (strawberry) only in non-Indigenous
infants. Non-food eukaryotes, two protozoan parasites, Cryptospor-
idium parvum and Blastocystis hominis, and the house dust mite,
Dermatophagoides pteronyssinus, were present in two, three, and three
Indigenous samples (seven infants), respectively. Parasites were
detected microscopically in 15 (30%) Indigenous infants: protozoans
(either Cryptosporidium spp or Giardia intestinalis) in 10 and helminths
(Trichiuris trichiuria or Ascaris lumbricoides) in five (see also ref. 18).

Indigenous infants have greater bacterial alpha diversity
Indigenous infants had significantly greater alpha diversity than non-
Indigenous infants, when observed at the family taxonomic level and
above (e.g., Shannon [family] REML, P=0.012; see Table 2). Females
from both populations had significantly higher diversity than males at
all levels above species (e.g., Shannon [genus] P=0.030). As expected
for the developing gut microbiome, alpha diversity increased with age
at the species level in both populations (Shannon P=0.042), although
this effect was not evident at higher taxonomic levels, except for the
richness metric, indicating that while some degree of diversification
occurs, it is more a case of species succession (see beta diversity
below). Mode of delivery and presence of furred pets had no sig-
nificant effect on alpha diversity. The exclusive breastfeeding for the
first 6 months category contrasted with the currently breastfeeding
category in having a significant positive effect on alpha diversity at
most taxonomic levels above genus. REML tests were also carried out
with corrections for both categories (shown in Supplementary Data 4).
These corrections only slightly altered the observed significant com-
parisons in Table 2, with P values becoming non-significant in one
currently breastfeeding and eight exclusively breastfeeding cases.
Examples of significant Shannon indices (P < 0.05) for the two groups
by population (family), sex (genus), and age category (species) are
shown in Fig. 5. Alpha diversity results are presented in full in Sup-
plementary Data 4.

Bacterial beta diversity distinguishes Indigenous and non-
Indigenous infant populations

Beta diversity was significantly different between populations and
between age categories at all taxonomic levels (see Table 3). This is
evident in the distribution of samples in principal coordinate analysis
(PCO) plots of beta diversity (Fig. 6). Breastfeeding was also significant
in ADONIS tests, as expected because of its close linkage to population.
A 3-D PCO plot, online at https://html-preview.github.io/?url=https://
github.com/theo-allnutt-bioinformatics/Indigenous_gut_microbiome_
2023/blob/main/pco3d.html, was used to explore further potential
clusters in the data, but none were clearly discerned. As for alpha
diversity, currently breastfed and exclusively breastfed categories
corrected for in ADONIS tests had no effect on the significant

Nature Communications | (2025)16:9904
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Table 2| Summary of P values (REML tests) for alpha diversity
metrics (Richness, Shannon index, Simpson index) among
groups of independent variables at each taxonomic level
(phylum, class, order, family, genus, and species)

P values for alpha diversity metrics

Taxonomic level

Group category Richness Shannon Simpson
Phylum

Population 0.0049 0.0109 0.0219
Age category 0.0001 0.5152 0.8113
Sex 0.8870 0.0173 0.0087
Mode of delivery 0.3993 0.4292 0.3940
Currently breastfeeding 0.4828 0.0544 0.0881
Exclusive breastfeeding 0.0099 0.0008 0.0017
Furred pets 0.6724 0.7256 0.9178
Class

Population 0.0092 0.0014 0.0060
Age category 0.0000 0.3535 0.6116
Sex 0.8122 0.0105 0.0057
Mode of delivery 0.3349 0.2763 0.2798
Currently breastfeeding 0.4095 0.0214 0.0474
Exclusive breastfeeding 0.0171 0.0001 0.0003
Furred pets 0.8059 0.5539 0.8864
Order

Population 0.0705 0.0179 0.0172
Age category 0.0000 0.4704 0.8008
Sex 0.4600 0.0088 0.0048
Mode of delivery 0.7088 0.4918 0.4244
Currently breastfeeding 0.1048 0.1041 0.0610
Exclusive breastfeeding 0.1395 0.0017 0.001
Furred pets 0.4965 0.8722 0.8437
Family

Population 0.0061 0.0119 0.0232
Age category 0.0000 0.0394 0.3979
Sex 0.3975 0.0029 0.0024
Mode of delivery 0.7568 0.8261 0.9313
Currently breastfeeding 0.1148 0.6957 0.4565
Exclusive breastfeeding 0.0184 0.0019 0.0020
Furred pets 0.6440 0.7665 0.5839
Genus

Population 0.3584 0.8368 0.7984
Age category 0.0002 0.0003 0.0252
Sex 0.1361 0.0295 0.0360
Mode of delivery 0.5407 0.6071 0.5852
Currently breastfeeding 0.0130 0.2224 0.3382
Exclusive breastfeeding 0.7728 0.3527 0.1857
Furred pets 0.7593 0.8887 0.9781
Species

Population 0.3725 0.57M 0.6689
Age category 0.0000 0.0000 0.0002
Sex 0.2235 0.2012 0.2468
Mode of delivery 0.6456 0.7836 0.9151
Currently breastfeeding 0.0224 0.0773 0.2460
Exclusive breastfeeding 0.5002 0.4378 0.2619
Furred pets 0.6929 0.9846 0.8658

Significant P values (<0.05) are in bold.

uncorrected comparisons (see Supplementary Data 4, which also
details the statistics).

Mode of delivery did not differ by frequency between the Elcho
and ENDIA populations, and, as shown (Tables 2 and 3), alpha and beta
diversity were not different by delivery mode across both populations.
However, this would not exclude a population-specific effect. There-
fore, we performed REML testing on alpha diversity and Adonis testing
on beta diversity within each population for cesarean vs. vaginal
delivery. All comparisons were non-significant (Supplementary Data 5),
which demonstrates that the populations were not differentially
affected by mode of delivery.

Bacterial abundance differentiates infant populations
Differential abundance (DA) data are summarized in Table 4. Detailed
tables of classified taxa and abundances are presented in Supple-
mentary Data 6 for population, and in Supplementary Data 7 for
breastfeeding. For the population overall, DA was significant for 114
species, 38 genera, 12 families, 8 orders, 3 classes, and 2 phyla. The 25
most differentially abundant species prevalent in both populations
(most positive or negative ALDEX2 effect) are shown in Fig. 7. Species
virtually exclusive to Indigenous infants were Megasphaera spp.,
Streptococcus lactarius, Caecibacter spp., Parolsenella spp., and Pre-
votella spp; those almost exclusive to non-Indigenous infants were
Muricomes oroticus and Fecalibacillus spp. Bifidobacteria spp. were
dominant in Indigenous infants, and Intestinibacter bartlettii, Clos-
tridium AQ innocuum, and Ruminococcus spp. were dominant in non-
Indigenous infants.

At the genus level, Megasphera, Caecibacter, Parolsenella, Prevotella,
Allisonella, Dialister, Thermophilibacter, Paratractidigestivibacter, Acid-
ominococcus, UBA7748, Olsenella, and Coriobacterium were virtually
unique to Indigenous infants, whereas Intestinibacter, Sellimonas, Rumi-
nococcus, Muricomes, Clostridium, Ventrimonas, UBA9414, Hespelia, and
Erysipelatoclostridium were the dominant genera in non-Indigenous
infants.

For currently breastfeeding, seven of the top 10 most differen-
tially abundant taxa in Indigenous infants (Megasphaera_spp, Strepto-
coccus lactarius,  Megasphaera stantonii, = Megasphaera elsdenii,
Megasphaera_cerevisiae, Caecibacter spp, Caecibacter hominis) were
shared with the population, as well as several Bifidobacteria_spp, which
is consistent with the much higher frequency of breastfeeding in this
population. The effect of exclusively breast fed on DA was not exam-
ined separately because only three mothers were exclusively breast-
feeding and not also currently breastfeeding, a category too small to
correct for any effect of exclusive breastfeeding alone, and likely to be
contained in the observed DA for currently breast fed.

DA was also analyzed separately on each age category (see Sup-
plementary Data 8), aiming to reveal more details about age-
dependent differences between the populations. Because of the
smaller sample size in each category, fewer differentially abundant
taxa were present in each, although the ages at which some taxa were
also differentially abundant in the total populations were revealed.
Thus, Indigenous infants had higher carriage of Streptococcus at
younger ages and Prevotella and Megasphaera at older ages. Clostridia
spp. were more abundant in non-Indigenous infants at older ages.

Functional profiling distinguishes infant populations

Metagenomic functional annotation using SUPER-FOCUS with the
SEED database” and analysis with Aldex2 revealed many differentially
expressed functions, e.g., at SEED level 2, 18 functions were increased
in Indigenous compared to non-Indigenous infants, and 48 were
increased in non-Indigenous compared to Indigenous infants
(P<0.05) (see Supplementary Data 9). In general, metabolism-related
functions (involving RNA, nucleotides, proteins, DNA, lipids) were
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significantly increased in Indigenous infants, in some cases reflecting
the relative abundance of certain taxa we had identified (e.g., Strep-
tococci, viruses). Other functions (e.g., tetrapyrroles, mono-
saccharides) were increased in non-Indigenous infants. It is not
possible to assign these functions to specific bacterial taxa, because
reads are mapped to the SEED database in SUPER-FOCUS

Fig. 5| Dotplots of alpha diversity (Shannon index) for taxonomic levels found
to be significantly different between groups (REML, P < 0.05). a Population
(family); b sex (genus); and c age (species). Elcho (Indigenous) = red dots; ENDIA
(non-Indigenous) = blue dots. Vertical lines = 5th-95th percentile; boxes = 25th-75th
percentile; horizontal lines = means. The selection of age ranges is described in
“Methods.” In (c), pair-wise comparisons between age groups were significant (each
P=0.006), except for 13-149 vs. 160-285 days and 306-441 vs. 458-617 days
(P=1.000). This information is also in Supplementary Data 4.

independently of those mapped for taxonomic classification. Also,
without transcriptomic data, any inferences from changes in bacterial
function between Indigenous and non-Indigenous infants would be
questionable. Overall, the differences in function reflect those in
phenotypic diversity between the populations, and further comment
on the possible significance of individual functions would be
speculative.

Markers of gut pathology in infant populations

Derived from neutrophils, calprotectin in feces is employed as a mar-
ker of gut inflammation®. The concentration of fecal calprotectin is
higher in very young children*%, but the reference range is not well
defined. In young Finnish children, the upper limit is regarded as
100 mg/g”. At this value, fecal calprotectin was increased in 46/50
(92%) Indigenous infants and 12/50 (24%) non-Indigenous infants
(median [IQR]: 1318 [515, 1809] vs 39.9 [4.40,102], respectively;
P=0.0001) (Table 1). Males (1287 mg/g) and females (1123 mg/g) did
not differ.

Serum iFABP is a marker of gut epithelial integrity”. A reference
range is not available for young children. Therefore, based on the
median value of a control group in a study of childhood inflammatory
bowel disease?, we used the 1.5 x IQR outlier rule to define the upper
limit as 1664 pg/ml. Serum iFABP was increased in 6 (12%) of Indigen-
ous infants and 7 (14%) of non-Indigenous infants (median [IQR]: 637
(419-1091) vs 689 (517-1572), respectively; P=0.126) (Table 1).

Discussion
Metagenomic sequencing revealed major differences in the gut
microbiomes between Australian Indigenous infants living remotely
and age- and sex-matched Australian non-Indigenous infants living in
urban environments. This is the first such comparative study of the gut
microbiome in infants of which we are aware. The gut microbiome of
the Indigenous infants shared features with gut microbiomes of other
pre-industrialized societies. It comprised significantly greater numbers
of bacteria, viruses, and fungi than the non-Indigenous gut micro-
biome, and displayed greater bacterial diversity, 114 bacterial species
being differentially abundant. Some taxa present in Indigenous infants,
e.g., species from the families Prevotellaceae, Spirochaetaceae, Succi-
nivibrionaceae, and Veillonellaceae, were absent in non-Indigenous
infants. This is reminiscent of the “VANISH” (volatile and/or associated
negatively with industrialized societies of humans) bacterial species,
reported as missing in other studies of modern, urban societies com-
pared to traditional hunter-gatherer or agricultural societies"*. Indi-
genous infants had a higher abundance of Bifidobacteria,
commensurate with their high frequency of breastfeeding, provision-
ing milk oligosaccharides that promote the growth of Bifidobacteria®.
Prevotella, a marker of non-urban, pre-industrial microbiomes'’, was
prevalent in the older Indigenous infants, but not in the non-
Indigenous infants, whereas Phocaeicola (Bacteroides), previously
noted to be more abundant in urban societies'*", characterized non-
Indigenous infants across the ages. Differences in observed taxa could
not be attributed to recent antibiotic (mainly amoxycillin) usage,
which applied to only a minority in each population.

Our findings show that the gut microbiome of Yolngu Indigenous
infants retains key features of traditional gut microbiomes and appears
not to have been substantially modified at this stage by encroaching
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Table 3 | Summary of beta diversity tests

Beta diversity category Phylum Class Order Family Genus Species
Population 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
Age category 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
Sex 0.3730 0.3760 0.4080 0.3520 0.4340 0.6990
Mode of delivery 0.8960 0.8060 0.8310 0.7430 0.7390 0.6950
Breastfeeding 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
Exclusive breastfeeding 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
Furred pets 0.7450 0.7310 0.7350 0.6780 0.8920 0.8040

ADONIS P values among categories are shown for each taxonomic level (phylum, class, order, family, genus, and species). Significant P values (<0.05) are in bold.

Westernization. The infant gut microbiome is shaped initially from
birth by vertical transmission of microbiota primarily from the
mother’s gut, and to a lesser extent from the vagina and skin, and
breast milk?”’. Mode of birth for each population and time of intro-
duction of complementary food did not differ between Indigenous and
non-Indigenous infants. Therefore, it seems reasonable to suggest that
the unique gut microbiome of Indigenous infants reflects a persisting
inter-generational influence of the remote environment, traditional
diet, and lifestyle. Host-microbiota relationships evolve in response to
diverse environmental modifiers, including exposure to family mem-
bers and other humans, animals, plants, air, soil, and water, as well as
man-made products (e.g., chemicals, antibiotics, drugs, food additives,
etc.) and poorly-defined psycho-social “stressors.” These exposures
obviously differ between the Indigenous and non-Indigenous infants.
We did not set out to identify them or the relative roles of environment
and host genetics, as this would require a separate study of Yolngu
infants away from their traditional environment, which is unlikely to be
feasible. Nevertheless, the greater diversity of the gut microbiome in
Indigenous infants is likely to be due to their distinctive exposures, and
those of their mothers and other family members, to a more diverse
natural environment compared to the built, urban, and more “hygie-
nic” environment of the non-Indigenous infants.

Two markers of gut pathology were measured in this study.
Neutrophil-derived fecal calprotectin was significantly higher in Indi-
genous infants. While this would be expected to reflect gut inflamma-
tion, this is not necessarily the case. Increased fecal calprotectin has
been associated with gut bacteria that promote inflammation®, but
these were not present in the Indigenous infants. Parasites modify the
gut microbiome®, but they were detected in only a small minority of
Indigenous infants, and fecal calprotectin was similar in infants with
parasites compared to the population as a whole (median: 1133 vs
1318 mg/g). Fecal calprotectin was shown to be a marker of Environ-
mental Enteric Dysfunction (EED), a low-grade inflammatory disorder
associated with stunting in children living in poor communities®, but
the Indigenous infants did not display criteria for EED. Furthermore,
iFABP, a marker of intestinal epithelial damage and permeability*>**, was
not increased in Indigenous compared to non-Indigenous infants.
Importantly, fecal calprotectin in infancy may also be elevated for non-
pathological reasons, a major one being exclusive breastfeeding®®*.
This is a plausible explanation for the difference between the Indigen-
ous and non-Indigenous infants, in whom the proportions exclusively
breastfed were 84% and 22%, respectively, closely matching those for
raised fecal calprotectin. Follow-up studies as the children age and
cease breastfeeding may resolve the fecal calprotectin question.

A caveat of this study, which limits our conclusions, was the
unavailability of microbiome data on the mothers, as permission could
not be obtained to collect samples from them. A further caveat is that
while infants were closely matched for age and sex, the non-
Indigenous infants had a first-degree relative with type 1 diabetes
and were therefore at increased genetic risk for type 1 diabetes.
Although none had detectable pancreatic islet autoantibodies, the
earliest known marker of sub-clinical disease, we can’t exclude the

possibility that their gut microbiome differs from that of children
without genetic susceptibility to type 1 diabetes. Nevertheless, we
show that the Indigenous infants begin life with a distinctive ancestral
gut microbiome. This suggests that if Westernization of the gut
microbiome occurs in them, it will be acquired and not be transmitted
intergenerationally. Our findings may only be a snapshot in the
ongoing inter-generational extinction of the ancestral microbiome®,
but this remains to be seen. They extend knowledge of the infant gut
microbiome and are a foundation on which to explore environmental
and lifestyle factors that shape the development of the gut micro-
biome and its relationship to future health in Indigenous children.

Methods

Study populations

Fifty Indigenous infants, 24 females and 26 males, aged 22-617 days,
numbering all available infants under 2 years of age who could be
accessed, were recruited in October 2017 in a remote community in
north-east Arnhem Land, Northern Territory, Australia, in the Early Life
Child Health Observation (Elcho) study. As described previously'®,
prior to commencing the study and after community engagement, the
local research team participated in a week-long codesign and training
program which involved telling the research story in the local lan-
guage, with discussion of the study protocol, means of recruitment,
data collection, and consent. In this program, the concept of the
microbiome was discussed using metaphors and microscopy to
develop an understanding of the role of microscopic organisms in
human health. Prior to enrollment, parents or guardians gave written
informed consent on behalf of infant participants. After explanation
and discussion in both English and the local language, trained research
staff collected maternal socio-demographic, nutritional, environ-
mental, breastfeeding, and dietary data using a structured ques-
tionnaire. The majority of infants were being breastfed. On up to 3 days
a week, their mothers consumed traditional foods, viz., seafoods such
as turtle, shellfish, fish, oysters and crabs, mangrove worms, game such
as kangaroo, bush fruits, plant roots, and tuber-like yams. The study
protocol was approved by the Human Research Ethics Committee of
the Northern Territory Department of Health and Menzies School of
Health Research (Ref. 2017-2814), Melbourne Health Human Research
Ethics Committee (Ref. 2017.064), Miwatj Health Indigenous Cor-
poration Board, and the Local Shire Authority.

Fecal samples were obtained within 2 h from freshly soiled dia-
pers, transferred to sterile 5mL screw cap containers, immediately
frozen at -20°C, and transported on dry ice to the Peter Doherty
Institute, Melbourne, where they were stored at —80 °C for 5 months
before DNA extraction and metagenomic sequencing were performed
at the Walter and Eliza Hall Institute, Melbourne. All samples were
coded and de-identified before being analyzed in a blinded manner.

Indigenous Australian infants in this Elcho study were matched
(see Supplementary Data 1) for sex, and as closely as possible for age,
with non-Indigenous infants participating in the Australia-wide Envir-
onmental Determinants of Islet Autoimmunity (ENDIA) pregnancy-
birth cohort study (Australia New Zealand Clinical Trials Registry
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Fig. 6 | Principal coordinate analysis (PCO) plots of beta diversity at the species level. Each plot is the same PCO with the points colored to indicate different categories
or groups. a Population; b sex; ¢ age; PCOI (x-axis) =13.3% and PCO2 (y-axis) = 6.7% of total variation. Selection of age ranges is described in “Methods”.

ACTRN12613000794707), in which the child has a first-degree relative  studies. Less than 50% of ENDIA infants in this study were being
with type 1 diabetes®. Participants selected for this study were from breastfed at the time of collection of stool samples, which were pro-
urban areas of NSW, Victoria, South Australia, Western Australia, and cessed similarly to those of the Indigenous infants. Human Research
Queensland. Parents or guardians gave written informed consent for  Ethics Committee (HREC) approval was obtained at each clinical site,
their children to participate in ENDIA research, including collaborative ~ with the Women’s and Children’s Hospital, Adelaide, acting as the lead
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Table 4 | Numbers of differentially abundant taxa between populations (Elcho vs. ENDIA) and between currently and not
currently breastfeeding categories according to ALDEx2 effect size statistic corrected P value <0.05

Phylum Class Order Family Genus Species
Population Up o] 1 2 5 21 73
Down 2 2 6 7 17 41
Total 2 3 8 12 38 14
Currently breastfeeding Up 2 2 4 4 8 21
Down 1 1 4 5 17 98
Total 3 3 8 9 25 19

“Up” =increased abundance in Elcho vs. ENDIA or currently breastfeeding vs. not currently breastfeeding; “Down” = decreased abundance in the same.

HREC site under the Australian National Mutual Acceptance Scheme
(HREC/16/WCHN/066). Fecal samples were collected similarly to those
from the Indigenous children. None of the matched non-Indigenous
ENDIA infants had autoantibodies to pancreatic islet antigens, a mar-
ker of sub-clinical TID, although five subsequently became ser-
opositive after 4 years of age.

Whole metagenome sequencing and taxonomic analysis

DNA was extracted with the MoBio PowerSoil kit (MoBio Laboratories,
Carlsbad, CA) and whole metagenome sequencing (WMS) libraries
generated as previously described*. Sequencing by 2 x 150 bp paired-
end chemistry was performed on an Illumina NovaSeq 6000 (lllumina,
San Diego, California, USA) machine by the Ramaciotti Centre for
Genomics (Sydney, Australia).

Illumina reads for each sample were filtered by KneadData (v0.7.7
https://github.com/biobakery/kneaddata) using default settings. Data
were then further filtered to remove low entropy reads using a script
based on the Shannon information index (https://github.com/theo-
allnutt-bioinformatics/scripts/blob/master/shannons-filter.py). Where
possible, following filtering, read counts were capped at 10 million per
sample.

Diversity analysis

All bioinformatic pipelines, scripts, and program settings are available
at https://github.com/theo-allnutt-bioinformatics/Indigenous_gut_
microbiome_2023. The bacterial taxonomic composition of infant
gut metagenomic samples was profiled with MetaPhlAn 4.0%. Meta-
PIAn classifications were converted to GTDB species taxonomy
(https://gtdb.ecogenomic.org/) and taxa counts normalized to counts
per million (cpm). Only taxa with >100 total counts (prior to normal-
ization) and containing at least three non-zero samples were retained
for analysis. Alpha diversity (diversity within microbial communities)
metrics, viz., Richness, Shannon, and Simpson indices, were calculated
for the taxonomic levels Phylum, Class, Order, Family, Genus, and
Species using USEARCH v10.0.240%. Viruses, fungi, and higher
eukaryotes were classified and quantified using Kraken2*, as pre-
viously described®®. The identity of Kraken2-classified taxa was
checked by BLAST (nt database, 28/8/2022). Taxa with a predominant
BLAST match other than the Kraken2 classification were excluded.
Counts obtained from Kraken2 classifications were not normalized or
adjusted.

Bacterial differences in alpha diversity were assessed using
restricted maximum likelihood (REML) models implemented in the R
package “Imer.” Each independent variable (“population,” “sex,” “cur-
rently breastfeeding,” “exclusively breastfeeding in first six months,”
“presence of furry pets,” and “age category”) was initially tested
separately in univariate models. Age was treated as a categorical vari-
able to reflect distinct stages of microbiota development during
infancy. The four age categories were: age 0 (13-149 days, n=20), age 1
(160-285 days, n=24), age 2 (306-441 days, n=30), and age 3
(458-617 days, n=26). These categories were balanced between Indi-
genous and non-Indigenous infants to reduce confounding in

comparisons by population. Given the modest sample size (n=100
total), we did not adjust for age in multivariable REML models due to
the risk of overfitting and loss of statistical power.

Beta diversity (diversity between microbial communities) was
analyzed using the R package “pairwiseAdonis” with Bray-Curtis dis-
tances, an implementation of Permanova (https://github.com/
pmartinezarbizu/pairwiseAdonis), for the same variables as alpha
diversity. Models were fitted separately for each covariate of interest,
including “population,” “sex,” and feeding-related variables. Age
category was not included as a covariate in these models due to con-
cerns about statistical power and model complexity, given the
sample size.

Alpha and beta diversity were analyzed separately for the taxo-
nomic levels: phylum, class, order, family, genus, and species.

Differential abundance

DA of raw counts between Indigenous Elcho and non-Indigenous
ENDIA populations overall, and within each age category, was tested at
each bacterial taxonomic level using ALDEx2 v1.31.0%*. The
Benjamini-Hochberg-corrected P value of Welch’s t-test was used to
determine significance (P < 0.05), and significant results were ranked
by the ALDEX2 effect-size metric. DA of Kraken2 counts was also tested
with ALDEx2, but no lower threshold was applied to the number of
non-zero count samples, and only the species level was tested; a total
abundance count threshold of 300 was used for viruses and 100 for
fungi and other eukaryotes. It should be noted that, due to its limited
coverage, the eukaryotic Kraken2 database classification of species®
should be regarded as indicative only and not necessarily quantitative.

Metagenomic functional profiling
Functional annotation of metagenomic data was performed with
SUPER-FOCUS".

Fecal calprotectin

Fecal calprotectin (mg/g) was measured by quantitative, enzyme-
linked immunoassay (CALPRO Oslo, Norway), according to the man-
ufacturer’s instructions.

Serum intestinal fatty acid binding protein (iFABP)

Serum iFABP (pg/ml) was measured by ELISA (Enzyme-Linked Immu-
nosorbent Assay; Hycult Biotech, The Netherlands), according to the
manufacturer’s instructions.

Fecal parasites

Parasites in fecal samples were analyzed directly by microscopy, both
in the field and following fixation and storage in sodium-acetate for-
malin, as previously described™.

Statistics

Group differences between calprotectin and iFABP biomarkers were
analyzed by a non-parametric, two-tailed Mann-Whitney test, and
proportions were compared by Fisher’s Exact test, using GraphPad
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Significant differentially abundant taxa between
ELCHO and ENDIA infants

a Species
ELCHO ENDIA
Species sum effect wi.eBH
Megasphaera spp. 22,157,661 -1.074 0.000
Megasphaera elsdenii 3,329,110 -0.948 0.000
Streptococcus lactarius 4,876,487 -0.944 0.000
Caecibacter spp. 800,515 -0.886 0.000
Megasphaera stantonii 1,009,519 -0.881 0.001
Megasphaera cerevisiae 66,290 -0.838 0.001
Parolsenella catena 247,000 -0.807 0.002
Intestinibacter bartlettii 478,259 0.788 0.001
Caecibacter hominis 126,381 -0.777 0.002
Clostridium AQ innocuum 2,953,116 0743  0.002
Ruminococcus B 997,236 0.711 0.002
Dialister spp. 2,382,052 -0.690 0.002
Streptococcus spp. 5,677,305 -0.689 0.000
Ruminococcus B gnavus 14,190,013 0.678 0.001
Bifidobacterium jacchi 135,113 -0.666 0.001
i ib 24,913 0.638 0.001
Parolsenella uli B 12,203,195 -0.638 0.004
Collinsella spp. 3,809,416 -0.626 0.005
Bifidobacterium scardovii 690,695 -0.623 0.002
Bifidobacterium xylocopae 10,789 -0.621 0.002
Erysipelatoclostridium merdavium 167,424 0.605 0.005
Bifidobacterium pullorum C 43,845 -0.604 0.004
Muricomes oroticus 15,008 0.597 0.011
Faecalibacillus spp. 26,252 0.595 0.008
Bifidobacterium pullorum B 188,679 -0.595 0.003
b Genus
Genus sum effect wi.eBH
Megasphaera 27,107,383 -1.074 0.000
Caecibacter 999,502 -0.956 0.000
Parolsenella 13,776,809 -0.876 0.000
Prevotella 96,371,199 -0.828 0.000
Intestinibacter 590,995 0.778 0.000
Allisonella 167,388 -0.627 0.005
Sellimonas 372,362 0.6 0.004
Ruminococcus 19,532,441 0.586 0.000
Dialister 2,989,638 -0.585 0.004
Romboutsia 373,225 0.559 0.011
Alloscardovia 33,712 -0.547 0.002
Faecalimonas 1,282,007 0.531 0.010
Thermophilibacter 19,325 -0.516 0.012
Muricomes 170,240 0.512 0.018
Clostridium 34,196,353 0.501 0.000
Paratractidigestivibacter 157,228 -0.494 0.017
Ventrimonas | 1 295635 0491 0014
UBA9414 25,248 0.479 0.010
Hespellia 20,309 0.478 0.006
Acidaminococcus 1,436,987 -0.456 0.018
UBA7748 2,729 -0.449 0.042
Erysipelatoclostridium ] | | ITRIIANIE | . || 3541,223 0443 0018
Olsenella I 32,104 -0.434 0.036
Aeriscardovia 9,846 -0.426 0.026
Coriobacterium 3,461 -0.424 0.037
¢ Family
Family sum effect wi.eBH
Atopobiaceae 14,173,054 -1.21 0.000
Megasphaeraceae 29,394,647 -0.87 0.000
Peptostreptococcaceae 4,867,552 0.735 0.000
Dialisteraceae 3,157,026 -0.68 0.001
Clostridiaceae 28,103,732 0.631 0.000
Acidaminococcaceae 2,273,708 -0.54 0.010
UBA1381 959,409 0.422  0.009
Coriobacteriaceae 4,037,490  -0.4 0.015
Veillonellaceae 22,567,211 0.346 0.019
Lachnospiraceae 109,841,135 033 0.000
Erysipelotrichaceae 4,901,853 0313 0.020
Coprobacillaceae 4,601,639 0.303 0.003

Fig. 7 | Differentially abundant taxa between ELCHO and ENDIA infants.
Significantly differentially abundant taxa are shown at the species (a), genus (b)
and family (c) levels (ALDEx2 BH <0.05) (BH = expected Benjamini-Hochberg-
corrected P value of Welch ’s t-test). ALDEx2 was performed using CLR

normalization, but the figures depict raw counts. For each taxon, highest to lowest
abundance is indicated by red to green gradient. Taxa are sorted by effect size,
lowest to highest, top to bottom, i.e., increased abundance in Elcho vs. ENDIA.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data presented in this study are included in the article and Sup-
plementary Data. In addition, the raw data and their descriptions are
deposited in the European Nucleotide Archive (ENA) (https://www.ebi.
ac.uk/ena/browser/submit) BioProject, under the ID PRJEB87209.
Further inquiries can be directed to the corresponding author. Data on
individual living humans cannot be publicly available due to their
sensitive nature, as regulated by privacy legislation. Individual-level
data cannot be made publicly available because disclosure would risk
re-identification of participants and would contravene the Australian
Privacy Principles Guidelines under Section 28(1) of the Privacy Act
1988 as administered by the Office of the Australian Information
Commissioner (OAIC). The ethical framework set by the Australian
National Statement on Ethical Conduct in Human Research also
requires confidentiality and proportional, risk-minimizing data shar-
ing. De-identified individual-level data can be made available to qua-
lified researchers upon reasonable request, subject to prior approval
or waiver by an accredited Human Research Ethics Committee (HREC)
or international equivalent, execution of a Material Access Agreement
with the relevant data custodian, and commitment to OAIC-aligned
safeguards (e.g., secure storage, no re-identification, destruction/
return at project end). Requests should be directed to L.C.H.
(harrison@wehi.edu.au).

Code availability

All scripts and code written for this study are available in a GitHub
repository: https://github.com/theo-allnutt-bioinformatics/Indigenous_
gut_microbiome_2023.
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