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SUMMARY
The human microbiome seeding starts at birth, when pioneer microbes are acquired mainly from the mother.
Mode of delivery, antibiotic prophylaxis, and feeding method have been studied asmodulators of mother-to-
infantmicrobiome transmission, but other key influencing factors likemodern westernized lifestyles with high
hygienization, high-calorie diets, and urban settings, compared with non-westernized lifestyles have not
been investigated yet. In this study, we explored the mother-infant sharing of characterized and uncharac-
terizedmicrobiomemembers via strain-resolvedmetagenomics in a cohort of Ethiopianmothers and infants,
and we compared them with four other cohorts with different lifestyles. The westernized and non-western-
ized newborns’ microbiomes composition overlapped during the first months of life more than later in life,
likely reflecting similar initial breast-milk-based diets. Ethiopian and other non-westernized infants shared
a smaller fraction of the microbiome with their mothers than did most westernized populations, despite
showing a higher microbiome diversity, and uncharacterized species represented a substantial fraction of
those shared in the Ethiopian cohort. Moreover, we identified uncharacterized species belonging to the Se-
lenomonadaceae and Prevotellaceae families specifically present and shared only in the Ethiopian cohort,
and we showed that a locally produced fermented food, injera, can contribute to the higher diversity
observed in the Ethiopian infants’ gut with bacteria that are not part of the human microbiome but are ac-
quired through fermented food consumption. Taken together, these findings highlight the fact that lifestyle
can impact the gut microbiome composition not only through differences in diet, drug consumption, and
environmental factors but also through its effect on mother-infant strain-sharing patterns.
INTRODUCTION

The gut microbiome is an integral part of human health that starts

to be acquired and shaped at birth. Substantial seeding of the

newborn microbiome from the maternal microbiome occurs

already at birth, with a strong influence of mode of delivery1–5
Current B
and intrapartum or postpartum antibiotic prophylaxis,6,7 and

with potential long-term effects.8,9 Breast- or formula-feeding is

another factor that showed an effect in shaping the infant micro-

biome in the first months of life,10–13 with weaning representing a

turning point in gut microbiome maturation.10,12,14,15 The initial

colonization of the gut microbiome by microbes transmitted
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Figure 1. Ethiopianmother and infantmicrobiome composition differs from that of age-matched Italian and Swedish subjects but resembles

that of the two Tanzanian and Ghanaian populations

(A) Non-metric multidimensional scaling of the Bray-Curtis distance on sample taxonomic composition shows a trend ranging from newborns (<1 year of age,

darker colors) to children (R1 year of age, lighter colors). Ethiopian samples (green shades) tend to cluster together and with samples from the Tanzanian and

Ghanaian communities (yellow shades), with the exception of some infant and child samples that cluster with same-age samples of the Italian and Swedish

cohorts (violet shades). NMDS presenting the different cohorts, including adult samples, is available in Figure S1A.

(B) Species most associated with Ethiopian, westernized (here, Italian and Swedish), and non-westernized (here, Tanzanian and Ghanaian) infants aged 0–12

years. Because of the different age distribution between non-westernized and westernized infants, we randomly picked westernized infants aged 0–6months, 6–

12 months, and 1–12 years to get a similar age distribution with respect to Ethiopian ones before performing aWilcoxon test. The test was repeated 10 times with

10 different random pickings, with each test comparing the microbiome composition of 127 westernized and 20 Ethiopian infants (0–6 months: 55 West. and 12

Eth.; 6–12 months: 27West. and 6 Eth.; 12–36 months: 9 West. and 2 Eth.). Non-westernized cohorts already had an age distribution similar to the Ethiopian one,

so we performed a simple Wilcoxon test (28 non-West. and 26 Eth.). Reported here are the 20 species that showed the strongest association with Ethiopian,

(legend continued on next page)
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from the mother at delivery and during the first months of life has

been identified as a key factor in microbiome development, and

different species have been identified as commonly shared be-

tween mother and child and retained over time.10,15–17

Several factors shape the microbiome during the whole life,

including diet,18–20 antibiotic use,6,21 and other lifestyle as-

pects.22,23 These factors have been investigated together in mul-

tiple studies that contrasted the human microbiome in popula-

tions living in highly industrialized countries, with limited contact

with wildlife, high-calorie diets, higher exposure to xenobiotics,

highly processed foods, antibiotics, and antimicrobials (western-

ized communities) against that of populations living in more rural

areas with larger exposure to wildlife or domesticated animals,

local food production and consumption, and limited access to

pharmaceuticals (non-westernized communities).22–25 However,

no studies so far focused on how mother-to-infant transmission

of the microbiome is impacted by the westernization process,

which includes particularly controlled infant delivery settings

and care. It is thus currently unknown howmaternal and environ-

mental seeding varies in populations with radically different life-

styles, and insights into this phenomenon could explain the

different microbiome composition in westernized versus non-

westernized populations that was extensively described for adult

individuals. Expanding mother-to-infant microbiome transmis-

sion analysis with metagenomes from underrepresented com-

munity lifestyles would help characterizing the universal

dynamics of microbiome structures and development.

In this study, we aimed to survey the potentially different dy-

namics of mother-infant strain sharing in westernized and non-

westernized communities and to highlight the difference in re-

gard to which species are shared. To this end, we assessed

gut microbiome members strain sharing between mothers and

their infants in an Ethiopian cohort26 and compared the results

with two westernized and two non-westernized age-matched

cohorts10,15,16,26 that we expanded with 70 newly sequenced

stool metagenomes from healthy infants and their mothers living

in northern Italy. Additional metagenomic sequencing of locally

produced fermented foods (Ethiopian injera—fermented teff

flour) were tested for their potential source of microbiome diver-

sity for the Ethiopian mothers and infants enrolled in this study.

RESULTS

To investigate the mother-infant microbiome sharing patterns in

rural non-westernized populations and to test the hypothesis

that such patterns may differ from those in westernized popula-

tions, we analyzed here a metagenomic cohort of 25 mother-
westernized, or non-westernized infants and that had >0.05% average relative ab

For a full list, see Data S1. The box plots show the first and third quartiles (boxes

(C) Ethiopian infants share more species-level genome bins (SGBs, spanning < 5

assigned to uncharacterized species) with infants from Tanzania and Ghana (22.7%

have only limited SGB overlap with Italian and Swedish infants’ microbiomes (15

these overlapping SGBs, only 18 are found at least once in infants from all countr

details in Data S2C).

(D) Phylogenetic trees based on SGB-specific core genes (see STARMethods) of

(R2 positive infants per cohort, SGBs taxonomically assigned to the same species

The term kSGB indicates an SGBassigned to species for which reference genome

genomes). Additional phylogenetic trees of interesting species are reported in Fi

See also Tables S1 and S4.
infant pairs from two villages in Ethiopia (Igu-kura andGimbichu).

For all the enrolled individuals, we performed metagenomic

sequencing of the stool microbiome and characterized mother-

infant sharing events via newly improved strain-resolved map-

ping-based metagenomic tools27,28 as well as via metagenomic

assembly. The same computational profiling was applied on a

total of 580 samples from existing mother and infants cohorts

spanning geographical location and distinct lifestyles10,15,16,26

and further expanded with 70 newly sequenced stool samples

obtained from age-matched healthy mother-infant pairs living

in urban areas in northern Italy. We moreover collected and

sequenced two samples of a typical fermented Ethiopian food

(sourdough made with teff flour) that is part of the traditional

postpartum diet and is used during weaning in the investigated

cohort and could therefore be a potential source of mother and

infant microbiome members. In total, we analyzed 702 metage-

nomic samples, including stool samples collected from new-

borns (here defined as infants <1 year of age), children (1–12

years old), and their mothers. In the present study, we use the

term ‘‘infant’’ to refer to newborns and children as a single group.

The composition of the gut microbiome of Ethiopian
children is distinct from that of westernized populations
Metagenomic sequencing and quantitative taxonomic profiling

using MetaPhlAn 3 (see STAR Methods) showed that the micro-

biome composition of Ethiopian newborns highly overlaps with

the one of other same-age individuals living in rural non-western-

ized communities from previous studies from Ghana and

Tanzania26 (PERMANOVA [permutational multivariate analysis

of variance] p value newborns = 0.85), while only partially resem-

bling the one of European newborns and children fromSweden10

and Italy15,16 (PERMANOVA p value = 0.003; Figure 1A). Impor-

tantly, the difference between Ethiopian and European infants in-

creases with the age of the individuals, with newborns showing

substantially lessdivergence than children andadults (Figure 1A),

suggesting an effect of the milk-based diet that is common to all

cohorts at a very young age. Accordingly, this difference in mi-

crobiome composition between Ethiopian and westernized pop-

ulations increases in children probably as an effect of the differ-

ence in diet during and after weaning across lifestyles, and it

becomes even clearer in adulthood, when all samples from

non-westernized populations cluster tightly together and are

well separated from those fromwesternized populations (PERM-

ANOVA p value = 0.001, Figure S1A).

Severalmicrobial specieswere specifically associatedwith the

infants of the Ethiopian cohort when compared with those in

westernized populations (Figure 1B). In particular, Dialister
undance and >20% prevalence in at least one of the two compared categories.

) and the median (middle line); the whiskers extend up to 1.53 the IQR.

% genetic diversity, see STAR Methods) and particularly more uSGBs (SGBs

of SGBs found in Ethiopian and in both non-westernized infants’ cohorts) and

.2% of SGBs found in Ethiopian and in both westernized infants’ cohorts). Of

ies, with only 1 uSGB shared across all cohorts (Eubacterium SGB4290; more

the most relevant species shared across all infant cohorts included in this study

are summed. Subtrees with bootstrap > 70%are identified with purple circles.

s are available; uSGB indicates an SGB assigned to a species lacking reference

gure S1C.
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invisus, Bacteroides dorei, Clostridium innocuum, Ruminococ-

cusgnavus, andEggerthella lentawere associatedwithEuropean

samples (Wilcoxon rank-sum test with FDR-corrected p

values < 0.05), whereas Prevotella copri, Prevotella stercorea,

Prevotella sp. AM42 24, and Ligilactobacillus ruminis (previously

Lactobacillus ruminis) were thosemost associatedwith Ethiopian

microbiomes (Figure 1B; Data S1A). L. ruminis was associated

with Ethiopian infant microbiomes even when compared with

theother available non-westernizedcohorts. Thecomparisonbe-

tween Ethiopian and the other two non-westernized populations

highlighted three Bifidobacterium species, namely B. breve,

B. adolescentis, and B. bifidum, that were more associated with

Ethiopian infantmicrobiomes (Figure 1B; Data S1B). On the other

hand, Ghanaian and Tanzanian infant microbiomes were more

associated than Ethiopian ones with Streptococcus parasangui-

nis, Haemophilus sp. HMSC71H05, and H. parainfluenzae (Fig-

ure 1B; Data S1B)— which are usually more associated with

oral microbiomes29 and gastrointestinal problems30—andOdor-

ibacter splanchnicus and Veillonella sp. T110116, which instead

are gut commensals exerting potential beneficial effects.31,32

While there is thus a great degree of overlap between Ethiopian

and Ghanaian and Tanzanian microbiomes, remarkable attri-

butes in microbiome compositions and structures still differen-

tially characterize each specific (non-westernized) community.

Previously uncharacterized species strengthen the
similarity between Ethiopian and non-westernized
infant microbiomes
Microbiome members of individuals from non-westernized pop-

ulations are particularly underrepresented by current cultivation-

based genomic catalogs causing metagenomic profiling ap-

proaches to miss large fractions of the microbial diversity in

the samples. Recent efforts showed that metagenomic assem-

bly can partially mitigate this problem,23,25,33,34 but also metage-

nomic surveys are deeply biased toward the microbiome of

westernized populations.35,36 To have amore thorough overview

of themicrobiome composition of the Ethiopian cohort as well as

of the cohort we used for contextualizing them, we applied de

novometagenomic assembly and binning on all the 702metage-

nomes considered here to identify also previously uncharacter-

ized species (see STAR Methods).

From the Ethiopian cohort, we reconstructed 1,134 metage-

nome-assembled genomes (MAGs, considered of sufficient qual-

ity with completeness >50% and contamination <5%; see STAR

Methods) that were assigned to 376 species-level genome bins

(SGBs, spanning 5% genetic diversity; see STAR Methods).

Among all SGBs, 116 were classified as ‘‘known’’ (kSGBs) as

they included reference genomes available in public databases

and 260 as ‘‘unknown’’ (uSGBs, comprising 751 MAGs) lacking

reference genomes (Data S2A). As a proxy for species-sharing

across cohorts, we then surveyed the fraction of SGBs that

were found both in the Ethiopian and westernized and/or non-

westernized populations. Of all the 376 SGBs, 128 were uniquely

found in the Ethiopian cohort (totaling 231 MAGs) and not in the

other westernized and non-westernized cohorts considered in

this study. The Ethiopian cohort instead shared 51.4% of the

SGBs (n = 18, 3 kSGBs and 15 uSGBs, representing 98 Ethiopian

MAGs, 8.64% of the total) found in both Ghanaian and Tanzanian

samples but not in westernized samples, and 12.2% (n = 30, 21
4 Current Biology 33, 1–12, May 22, 2023
kSGBs and 7 uSGBs, representing 71 Ethiopian MAGs, 6.26%

of the total) of the 245SGBs found in both Italian and Swedish co-

horts but not in Ghana and Tanzania. This SGB-based analysis

showed a degree of microbial overlap between the considered

non-westernized populations that is larger than with the western-

ized ones despite the lower number of samples and SGBs avail-

able for them (Data S2B).With the aim of identifying SGBs shared

across populationsdespite differences in lifestyle and geographic

location,we founda ‘‘core’’ of 50SGBs (31 kSGBsand19uSGBs)

present at least once in all five cohorts (representing 25.6% ±

2.7% of the MAGs of each single cohort). Nine of them (7 kSGBs

and 2 uSGBs) also had an overall mean prevalence >10% in the

700 samples considered in this study (Data S2B), thus potentially

representing SGBs tightly linked with the human host irrespec-

tively of lifestyle and geography (i.e., universal environment-inde-

pendentmicrobiome features). Among them,Eubacterium rectale

SGB4933 (36 MAGs in Ethiopian cohort) and Prevotella copri

Clade A SGB1626 (15 MAGs26) were the most prevalent kSGBs

in the Ethiopian cohort (72% and 30%, respectively).

E. rectale SGB4933, Ruminococcus bromii SGB4285, Faeca-

libacterium prausnitzii SGB15316, and Firmicutes bacterium

AF22 6AC SGB4910 were also part of the 18 SGBs (1 uSGB)

consistently detected in infants of all cohorts (Figure 1C;

DataS2C). Phylogenetic strain-level profiling of these common

infant SGBs revealed that for some of them, strains from non-

westernized infants tended to cluster into specific clades (Fig-

ure 1D).23,37–39 This was particularly clear for R. bromii

SGB4285, F. prausnitzii SGBs 15316 and 15318, and E. rectale

SGB4933 and the related Eubacterium uSGB4290 (Figures 1D

and S1C) but not for two of the most prevalent SGBs in infants,

namely Parabacteroides distasonis SGB1934 and Phocaeicola

vulgatus SGB1814, which showed no specific lifestyle-depen-

dent strain similarity pattern (Figure S1C).

For the infant microbiome, 79 SGBs (of which 62 are uSGBs)

were uniquely found in Ethiopian infants and never observed in

infants of other cohorts (Figure 1C). Interestingly, 19 SGBs (14

uSGBs) were found in all the considered non-westernized infant

cohorts but were never present in the westernized ones (Fig-

ure 1C). Of these, 10 SGBs were assigned to the Prevotellaceae

family and 5 were unassigned at the phylum level (Data S2C),

suggesting that not only non-westernized adults22,24,40 but also

infants, which are still poorly sampled in studies focusing on

non-westernized communities, harbor a large amount of unchar-

acterized microbial diversity in their gut. This microbial under-

characterization in non-westernized populations was confirmed

by the detection of 90 uSGBs that were uniquely found in non-

westernized and Ethiopian infants’ metagenomes (in compari-

son, only 24 SGBswere found in both Ethiopian and westernized

infants but not in non-westernized ones; Figure 1C).

Ethiopian infants share a lower fraction of the
microbiome with their mothers than in westernized
populations
We then evaluated towhich extent the infantmicrobiomecompo-

sition could be explained by the extent of microbes that are

shared with the mother,10,15–17,41 a phenomenon that has never

been described at the strain level in non-westernized populations

and thatmight in part be responsible for the differences observed

later in life betweenmicrobiomes of populationswithwesternized



Figure 2. Ethiopian infants and their mothers share fewer and uncharacterized microbiome species

(A) Percentage of infant microbiome species that are also shared at the strain level with their ownmother (yellow) or with unrelated mothers from the same cohort

(pink) in different countries. With respect to westernized infants, Ethiopian infants tend to share a more limited fraction of the intestinal species with their mothers,

in concordance with the other two non-westernized cohorts. This could be due to a greater contribution of other sources, such as other family members or the

environment (*p value < 0.05). The box plots show the first and third quartiles (boxes) and the median (middle line); the whiskers extend up to 1.53 the IQR.

(B) Percentage of infant kSGBs (light blue) and uSGBs (purple) that are also shared at the strain level with their ownmother. Ethiopian infants share a larger fraction

of uSGBs than kSGBs with their mothers, contrary to infants from other countries, especially westernized ones (***p value < 0.001). The box plots show the first

and third quartiles (boxes) and the median (middle line); the whiskers extend up to 1.53 the IQR.

(C) SGBs shared at the strain level between infant andmother in all cohorts or in the Ethiopian, non-westernized (including Ethiopian), or westernized cohorts only.

For each SGB, strain-sharing rate (red scale) is reported as the percentage of the strains found in the infant that is also found in the corresponding mother. SGB

prevalence in infants of each country is also reported (blue scale). The taxonomic label reported for uSGBs specifies if the assignment is at the genus (g), family (f),

or phylum (p) level.

See also Figure S2 and Data S2.
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and non-westernized lifestyles. To do this, we extended our pre-

vious methodology16 by applying MetaPhlAn 3 and StrainPhlAn

328 on a collection of SGB-specific marker genes, enabling the

reconstruction of strain-level phylogenies for SGBs of interest

(including uSGBs; see STAR Methods). For each mother-infant

pair, this approach allowed us to verify whether the strains of an

SGB found in both microbiomes are the same strain—thus infer-

ring possible mother-to-infant transmission—or distinct strains

and thus likely acquired independently.

We found that Ethiopian infants shared with their mothers a

median of 4.9% of the SGBs found in their microbiome at the

stain level, in line with other non-westernized cohorts (median

7.6%) but substantially lower than westernized infants (median

28.6%, Fisher test p value < 2.2E�16; Figure 2A). Of note, Ethi-

opian and non-westernized infants had on average 35.6 SGBs

that could be profiled at the strain level, which is higher than

that for westernized infants (24.3 SGBs), suggesting the lower
fraction of microbes shared in non-westernized microbiomes is

not due to technical artifacts and may be in part explained by a

much higher microbiome richness, possibly due to increased

acquisition of microbiome members from other environmental

or family sources.42,43 Similarly, the presence of C-section sam-

ples in the Italian and Swedish cohorts (15/156 and 30/300,

respectively) showed no effect on the strain-sharing comparison

by lifestyle. For instance, both the Italian and Swedish cohorts

had a higher strain-sharing rate than the Ethiopian, Ghanaian,

and Tanzanian populations, which is the opposite effect exerted

byC-section samples in the Swedish cohort (i.e., reduction of the

strain-sharing rate; Figure S2A).

Most of the strains shared between Ethiopian mothers
and their infants are from uncharacterized species
In the Ethiopian cohort, the taxa from which mother-infant strain

sharing was inferred belonged to uncharacterized SGBs (i.e.,
Current Biology 33, 1–12, May 22, 2023 5



Figure 3. Blastocystis species are rarely shared at the strain level between mothers and their infants

(A) Blastocystis sp. subtypes (STs) prevalence in the different cohorts of infants (I) and mothers (M). Blastocystis spp. prevalence is much higher in Ethiopian and

non-westernized infant metagenomes than in westernized ones, even though only three STs are found in the former. Westernized gut metagenomes generally

show a lower prevalence of Blastocystis spp. but contain up to six different STs. Further details available in Table S2.

(B) Breadth of coverage and strain sharing (*) for different Blastocystis sp. STs in different countries. Samples reported here are those for which either the

mother or the infant (or both) tested positive (BoC > 10%; see STAR Methods) for at least one ST. ST2 was shared at the strain level in all cases

where both the infant (I) and the mother (M) were positive for that specific ST. ST2 was also shared between two siblings (blue *). For more details, see

Figure S2B.
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uSGBs; Figure 2B), in stark contrast with what was observed in

the Swedish cohort, where infants shared an extremely limited

fraction of uSGs with their own mothers (Figure 2B). Indeed, of

the 13 SGBs that were specifically shared only in the Ethiopian

cohort, only 4 were kSGBs, whereas the other 9 were uSGBs

taxonomically unassigned at the species (n = 1), genus (n = 5),

and class (n = 3) levels (Figure 2C). Among these, the Selenomo-

nadaceae uSGB6973 was not only highly prevalent in Ethiopian

mother-infant pairs (42.9%) but also highly shared (17.9% of

positive pairs), while being present only in one individual and

never shared in both Ghana and Tanzania (Figure 2C). Similarly,

all the four SGBs (3 uSGBs) that were only shared in the Ethio-

pian and in the other non-westernized cohorts belonged to the

Prevotellaceae family, and they were present on average in

37.7% and shared in 14.3% of the non-westernized mother-in-

fant pairs while completely absent in Italian and Swedish ones

(Figure 2C). On the contrary, there are also 19 SGBs (2 uSGBs)

that are inferred to be shared only in these two European co-

horts. These include Escherichia coli kSGB10068 and four Bifi-

dobacterium species (B. uniformis, B. bifidum, B. breve, and

B. catenulatum) that have been found to be highly transmitted

from mother to child in several studies10,15–17,41 and that are

also present but not shared in pairs from non-westernized pop-

ulations (Figure 2C). Although we also detected a small set of

kSGBs that were consistently shared between mother and

infant in all five cohorts (Prevotella copri Clade A SGB1626, Eu-

bacterium rectale SGB4933, Roseburia inulinivorans SGB4940,

and Roseburia faecis SGB4925; Figure 2C), these results

further highlight how differences in lifestyle may impact not

only the composition of the microbiome but also the set of mi-

crobes that are acquired from the mother during the first years

of life.
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Blastocystis sp. is present in bothmothers and infants of
all cohorts but is only rarely shared
Given that mother-to-infant transmission may not be limited to

the prokaryotic fraction of the microbiome, we investigated the

strain-sharing pattern of some eukaryotes that are known to be

present in the human gut44–46 (Table S1). While intestinal para-

sites such as Cryptosporidium, Entamoeba, and Giardia spp.

were never or rarely identified and at very low relative abundance

in our samples (Cryptosporidium and Entamoeba spp. preva-

lence = 0/700, Giardia spp. prevalence = 4/700; Table S1), we

identified Blastocystis sp. in 10 Ethiopian mothers and 5 Ethio-

pian infants (Table S2) by applying a previously validated pipe-

line.47 Blastocystis sp. was detected in 30% of the samples

with three distinct sequence types (STs), namely ST1, ST2, and

ST3. In concordance with previous findings,48 we confirmed

that Blastocystis sp. was never detected in Ethiopian newborns

(the youngest positive child was 21 months old), suggesting that

this eukaryote is acquired later in life also in non-westernized

communities where its prevalence is higher in the adults. For 3

of the 5 colonized Ethiopian infants, we found that the mother

was colonized as well but in only one case with the same ST

(namely ST1 in family D07; Figure 3B; Table S2).

We then extended our analysis also to the other mother-infant

cohorts and found that in the non-westernized populations Blas-

tocystis sp. was present at a similar average prevalence (37%)

and with the same three STs (i.e., ST1, ST2, and ST3; Figure 3A).

On the contrary, in the westernized cohorts, Blastocystis sp. was

present in only 8% of the samples and with three additional STs

(i.e., ST4, ST6, and ST7; Figure 3A). Only one Italian newborn

was found positive for Blastocystis sp. on the day of delivery

but not on the following days (Table S2), suggesting potential

transmission that did not lead to stable colonization. Overall,



Table 1. Species found in injera samples (E1 and E2) and their prevalence in Ethiopian (ETH), non-westernized (NW), and westernized

(W) gut metagenomes.

Species

Rel. ab. in injera (%) Prevalence (%)

E1 E2 ETH NW W p value

Lacticaseibacillus paracasei SGB7142 56.06 48.56 4 0 8.1 n.s.

Lactiplantibacillus xiangfangensis SGB7204 36.62 32.90 2 0 0 1.04E�03

Gluconobacter oxydans SGB1165 1.15 9.52 0 0 0 –

Fructilactobacillus sanfranciscensis SGB7164 4.71 2.10 28 0 0.2 4.68E�36

Gluconobacter cerinus SGB1160 0.60 3.60 0 0 0 –

Gluconobacter japonicus SGB1161 0.44 2.42 0 0 0 –

Acetobacter orientalis SGB1187 0.14 0.67 0 0 0 –

Latilactobacillus curvatus SGB7249 0.17 0.10 0 0 0.3 n.s.

Secundilactobacillus silagei SGB7208 0.05 0.03 0 0 0 –

Pediococcus parvulus SGB7180 0.05 0.02 46 0 0 1.05E�63

Only species with a relative abundance (rel. ab.) > 0.05% in at least one of the two injera samples are reported. Mann-Whitney U test FDR-corrected p

values highlight injera species that are statistically more prevalent in Ethiopian gut metagenomes than in westernized ones. n.s. = not significant. See

also Tables S3 and S4.

ll

Please cite this article in press as: Manara et al., Maternal and food microbial sources shape the infant microbiome of a rural Ethiopian population,
Current Biology (2023), https://doi.org/10.1016/j.cub.2023.04.011

Article
westernized infants had amuch lower prevalence of Blastocystis

spp. (3%) with amedian age of 4 years and 7months for the pos-

itive individuals. Non-westernized infants, including Ethiopian

ones, had instead a higher prevalence (29%) but a very similar

median age (6 years), which again suggests that acquisition of

Blastocystis sp. occurs later in life independently of lifestyle. In

cases in which both the mother and the infant were colonized

by Blastocystis spp., infants of non-westernized cohorts shared

the same ST with their mothers only in 3 out of 5 cases (Fig-

ure 3B), as already observed in the Ethiopian cohort, with sib-

lings belonging to the same family carrying different STs. On

the contrary, all mothers of positive westernized offspring were

carrying the same ST as their children (Figure 3B), suggesting

that in non-westernized cohorts the environmental acquisition

might be more relevant than in westernized cohorts.

To test whether Blastocystis sp. was shared at the strain level

in the mother-infant pairs sharing the same ST, we performed a

single-nucleotide polymorphism (SNP)-calling analysis (see

STAR Methods). Among all considered STs, only ST2 and

ST6 showed the presence of the same strain in the mother

and her infant (Figures 3B and S2B). ST2 was also the only

ST shared at the strain level in all cases in which it was present

both in the mother and the infant, and also in one case of two

siblings sharing the same ST (Figure S2B). This was true across

3 different cohorts, suggesting that ST2 might be particularly

prone to be shared between mother and infant in the first years

of life.

Impact of a traditional fermented teff-based food
product as a source of specific gut microbiome
members
Teff (Eragrostis tef) is a cereal typically grown in the tropics and

especially in Ethiopia, where it represents amajor food grain. Teff

is commonly used in Ethiopia to make injera, a typical fermented

bread-like food, but also other fermented products, such as

soups and alcoholic beverages.49 Teff is traditionally naturally

fermented by saving part of the liquid that forms at the top of

the fermentation vessel (ersho) to start a new fermentation pro-

cess driven by both prokaryotic and eukaryotic microbes.50–52
To better understand the role of so widely used fermented teff

products in the dynamics of the gut microbiome of Ethiopian

mothers and infants and mother-to-infant microbiome strain

sharing, we collected two samples of fermented dough and

shotgun sequenced their microbial communities. Lacticaseiba-

cillus paracasei subsp. paracasei SGB7142 (previously Lactoba-

cillus paracasei) and Lactiplantibacillus xiangfangensis SGB7204

(previously Lactobacillus xiangfangensis) were the most abun-

dant microbes in both samples, where they represented 92.7%

and 81.5%of themicrobial community (Table 1). Only eight other

species were present at a relative abundance >0.05% in at least

one of the two samples (Table 1). These included three previ-

ously Lactobacillus species (Fructilactobacillus sanfranciscen-

sis, Latilactobacillus curvatus, and Secundilactobacillus silagei),

three Gluconobacter species (G. oxydans, G. cerinus, and

G. japonicus),Acetobacter orientalis, and Pediococcus parvulus.

While lactic acid bacteria (LAB) belonging to the former genus

Lactobacillus and genus Pediococcus are commonly found in

different teff sourdoughs,50,51 the acetic acid bacteria (AAB)Glu-

conobacter and Acetobacter spp. were not described in fer-

mented teff products before, even if they are commonly found

in other fermented foods, such as kombucha and kefir, but

also in the cocoa bean and buckwheat fermentation, and the

sourdough fermentation starter jiaozi.53–55

Given that teff-based porridges and gruels (i.e., genfo) are

traditionally eaten by new mothers and weaning infants, we

investigated whether microbes found in the teff dough were

also present in the gut metagenomes of the Ethiopian commu-

nity. Only four out of the ten species found in the dough were

also present in Ethiopian individuals (i.e., three previously Lac-

tobacillusspecies and Pediococcus parvulus; Table 1),

although their relative abundance was always <0.05%. Three

dough species were statistically more prevalent in Ethiopian

than in westernized and other non-westernized metagenomes

(Mann-Whitney U test, FDR-corrected p values < 0.05; Ta-

ble 1): Fructilactobacillus sanfranciscensis (previously Lactoba-

cillus sanfranciscensis), P. parvulus, and L. xiangfangensis.

Strain-level analysis was further conducted on these species

to test the hypothesis that fermented teff products could be
Current Biology 33, 1–12, May 22, 2023 7
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valuable sources of these unusual members of the gut

microbiome.

For F. sanfranciscensis (found in 14 gut microbiomes from

Ethiopia and in only 1 from westernized cohorts, p value

4.68E�36; Table 1), gut metagenomes’ reads were mapped to

the MAGs reconstructed from the dough and other available

reference genomes (see STAR Methods). The dough MAGs ex-

hibited the highest breadth of coverage (thus likely best match)

for 50% of the Ethiopian samples, whereas the remaining ones

mapped better against other reference genomes (i.e.,

GCA_009496975 in 6 cases and GCA_000225325 in 1 case;

Table S3). However, also when these other genomes were the

best match for the Ethiopian strains, the dough MAGs were on

median the second and fourth closest references and only the

21st and 24th closest to the only strain of F. sanfranciscensis

from westernized populations (Table S3). Additionally, all top

alignments with the dough MAGs for F. sanfranciscensis were

the Ethiopian strains (Table S3). This provides strong evidence

for teff fermented products to be a nutritional source of

F. sanfranciscensis, a species otherwise very rarely found in

gut metagenomes of westernized and non-westernized commu-

nities.56 We could not perform the same kind of analysis for the

other two dough species. Despite its high prevalence in Ethio-

pian samples (46%), P. parvulus was indeed detected only at a

0.03% mean relative abundance in the dough, therefore making

it not feasible to reconstruct a MAG to be used as a reference for

mapping (Table 1). On the contrary, MAGs of L. xiangfangensis

were reconstructed from dough, but this species was detected

only in Ethiopian samples, therefore a comparison with external

cohorts was not possible. Our analysis suggests that locally pro-

duced fermented teff products could be the source of these two

unusual species that were detected in the Ethiopian cohort but

never found in the set of 650 metagenomes not belonging to

the Ethiopian community (Table 1).

DISCUSSION

In this study, we assessed the strain-sharing patterns of gut mi-

crobiomemembers in acohort of Ethiopianmothers and infants26

in the context of other westernized and non-westernized cohorts

from Ghana,26 Tanzania,26 Sweden,10 and Italy,15,16 which we

expanded with 70 newly sequenced stool metagenomes from

Italian infants and their mothers (total analyzed fecal metage-

nomes = 700). This analysis highlighted that Ethiopian and other

childrenwith non-westernized lifestyles hadamore similarmicro-

biomecomposition thatwas insteaddifferent from theoneof chil-

dren with westernized lifestyles. Similar, albeit less marked, pat-

terns were already observed for adults22–25 with different

lifestyles but were never investigated in younger individuals.

Newborns under 1 year of age indeed showed a higher degree

of microbiome composition similarity regardless of their lifestyle

(westernized or non-westernized), probably driven by their milk-

based diet. Infants from the Ethiopian and other non-westernized

populations also shared a smaller fraction of the strains in their

gut microbiome with their mothers, when compared with west-

ernized ones, with a large fraction of the shared strains belonging

to uncharacterized species. Among these, we identified some

species that are highly prevalent and shared between mother

and infant only in the Ethiopian population, suggesting potential
8 Current Biology 33, 1–12, May 22, 2023
population effects driven by geographically confineddifferences.

An example is the locally produced teff-based fermented sour-

dough that we newly sequenced in this study and that proved

to be a source of microbial strains uniquely present in the Ethio-

pian cohort, albeit probably only transiently.

Most of the studies about infant microbial colonization have

been conducted in westernized populations, and thus the effect

of different lifestyles on bacterial seeding has been largely under-

explored. Previous studies in adults have described differential

microbiota patterns in non-westernized populations, high-

lighting, for example, Prevotella spp. as a marker for non-west-

ernized microbiomes.26,57 Similarly to what was described in

adults, we found an enrichment in Prevotella spp. such as

P. copri, P. stercorea, and Prevotella sp. AM42 24 in Ethiopian in-

fants’ microbiomes, when compared with infants from western-

ized communities. Recently, a study based on 16S rRNA gene

sequencing confirmed these results in children from a non-west-

ernized Gambian community, where P. copri, F. prausnitzii, and

P. stercoreawere themost abundant species in the infant gut mi-

crobiome,58 and they increased gradually with age. Interestingly,

we also reported that the differences between Ethiopian and

westernized children increased with age, suggesting a crucial

role of the environment and diet in the microbiome composition

divergence between lifestyles.

Here, we started investigating the extent to which mother-in-

fant strain-sharing affects the observed microbiome differences

in different populations with divergent lifestyles. Our results re-

vealed a lower strain sharing in the Ethiopian mother-infant pairs

and other non-westernized cohorts than in the westernized

ones, and also differences in the shared species. While Escher-

ichia coli and Bifidobacterium spp. are the most shared within

the European pairs, as previously described,10,15–17,41 uncharac-

terized species, mainly from Selenomonadaceae and Prevotella-

ceae families, are among themost shared with themother during

the first years of life in non-westernized populations. To our

knowledge, this is the first study addressing mother-infant strain

sharing in non-westernized communities and reporting how

environmental conditions affect not only infant microbiome

composition but also its acquisition. Indeed, even though diet

could be a determinant in the shaping of the infant microbiome,

our results about the mother-infant sharing of mainly unassigned

Prevotellaceae spp. could not discard that maternal seeding dur-

ing early life may also contribute to the divergence in microbiota

composition associated with non-westernized communities. In

fact, the higher presence of unknown bacterial species not pre-

sent in the reference databases is also a feature of the non-west-

ernized communities,23 and our results highlight that these pre-

viously uncharacterized species are also shared at the strain

level between mother and infant. Further studies are needed to

decipher the potential impact of these strains shared with the

mother on infant colonization and development in the long

term and to elucidate which lifestyle factors impact transmission,

which we could not assess in the present work.

As themicrobiome is not composed only of prokaryotic organ-

isms, we also explored the potential transmission of the less

investigated eukaryotic fraction of the infant microbiome.Blasto-

cystis sp., which was the most prevalent (30%) eukaryote in the

non-westernized infant microbiome, was detected only in chil-

dren older than 1 year, supporting the hypothesis that it would
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beacquired later in life. In agreementwithother studies,48,59,60we

found a higher presence of this eukaryotic group in non-western-

ized cohorts compared with westernized communities. Cinek

et al. reported that the prevalence and subtypes of Blastocystis

varied among six different geographical locations and it would

bealso related to thebacterial fractionof the infantmicrobiome.61

Thus, we investigated whether this difference could be partially

explained by strain sharing with their mothers. However, our re-

sults suggest that the mother-infant sharing of Blastocystis spp.

would be relevant in the case of westernized countries but

much less in non-westernized communities where the environ-

ment may be the main source for these species. Overall, our

observations highlight the environment (likely as a medium from

fecal sources) as one of the main microbial sources in non-west-

ernized countries, showing that maternal seeding may play a

more limited role in both prokaryotic and eukaryotic seeding of

the infant’s gut.

Due to the large impact of the environment on the infant micro-

biome composition, we further hypothesized that diet, and spe-

cifically traditional fermented fooddue to its capacity tomodulate

gutmicrobiota,62,63 could also contribute to the increasedmicro-

bial diversity of Ethiopian infants metagenomes with transiently

present species. To test this, we included in the metagenomic

analysis two samples of injera, a highly consumed food made

of teff sourdough fermented for 24–96 h, depending on the opti-

mum temperature, which contain higher counts of LAB and yeast

(LAB to yeast ratio of 10:1 to 100:1).64 Aswas expected,we found

a higher presence of LAB, mainly belonging to the former genus

Lactobacillus and to Pediococcus species, in the injera but also

AABwhicharecommonlydescribed inother fermentedproducts.

Indeed, we also found these species with a higher prevalence in

the Ethiopian cohort compared with the rest of the populations,

including other non-westernized ones, where these uncommon

taxa are barely detected. Despite the limitations in genome

reconstruction from injera metagenomes derived from the low

relative abundance of these species, our results suggest that

the highly consumed fermented food would be a source of LAB

for thegutmicrobiome, contributing to thedifference in themicro-

bial patterns observed in this population. However, the viability of

these species needs further investigation, as it is possibly a tran-

sient presence in the gut due to continued consumption of injera

in the Ethiopian population. These analyses are limited by the

small sample size and by the lack of metagenomes of fermented

food items consumed by new mothers and weaning infants from

the other surveyed westernized and non-westernized cohorts,

and further studies are needed to understand the role of fer-

mented food in the initial phases of microbiome establishment.

Overall, the work presented here highlights how lifestyle can

impact microbiome composition not only through the different

food sources, drug availability, and environmental factors but

potentially also through different patterns of mother-to-infant

sharing of microbiome strains that strongly differ between west-

ernized and non-westernized lifestyles. These preliminary find-

ings on mother-infant strain sharing strongly support the need

for a more comprehensive understanding of maternal transmis-

sion in light of geography and lifestyle, which can be achieved

by diversifying sampling cohorts according to geography and

lifestyle and intensifying research efforts on maternal-infant gut

microbiome transmission.
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and PRJNA716780

Newly sequenced teff

sourdough metagenomes

This study NCBI-SRA BioProject: PRJNA504891

Software and algorithms

MEGAHIT (version 1.1.1) Li et al.65 RRID: SCR_018551; https://github.com/voutcn/megahit

MetaBAT2 (version 2.12.1) Kang et al.66 RRID: SCR_019134; https://bitbucket.org/berkeleylab/metabat

CheckM (version 1.0.7) Parks et al.67 RRID: SCR_016646; https://github.com/Ecogenomics/CheckM

CMSeq (version 1.0.0) Pasolli et al.23 https://bitbucket.org/CibioCM/cmseq

PhyloPhlAn 3 (version 3.0.2) Asnicar et al.68 https://github.com/biobakery/phylophlan

Mash (version 2.0) Ondov et al.69 RRID: SCR_019135; https://github.com/marbl/Mash

MetaPhlAn 3 (version 3.0) Beghini et al.28 https://github.com/biobakery/MetaPhlAn

StrainPhlAn 3 (version 3.0) Beghini et al.28 https://github.com/biobakery/MetaPhlAn

RAxML (version 8.1.15) Stamatakis70 RRID: SCR_006086; https://github.com/

stamatak/standard-RAxML

SAMtools (version 1.3.1) Li et al.71 RRID: SCR_002105; https://github.com/samtools/samtools

BEDtools Quinlan72 RRID: SCR_006646; https://github.com/arq5x/bedtools2

bowtie2 (version 2.4.0) Langmead and Salzberg73 RRID: SCR_016368; https://github.com/BenLangmead/bowtie2

Vegan R package Oksanen et al.74 RRID: SCR_011950; https://github.com/vegandevs/vegan

ggplot2 (version 3.3.2) Wickham75 RRID: SCR_014601; https://github.com/tidyverse/ggplot2

Other

RefSeq (F. sanfranciscensis genomes) O’Leary et al. 201676 RRID: SCR_003496; https://www.ncbi.nlm.nih.gov/refseq/
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nicola

Segata (nicola.segata@unitn.it).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d Raw data for the 72 metagenomes newly sequenced in this study are publicly available in NCBI-SRA as of the date of publi-

cation. Accession numbers are listed in the key resources table. This paper analyzes existing, publicly available data. These

accession numbers for the datasets are listed in the key resources table.

d All original code has been deposited and is publicly available as of the date of publication. DOIs are listed in the key resources

table.
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d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mother-infant cohorts surveyed in this study
To expose lifestyle-dependent biases in the rate and species-specificity of mother-infant strain sharing events, we included stool

metagenomes obtained from an Ethiopian cohort we previously sequenced,26 one Swedish,10 and two Italian15,16 mother-infant co-

horts. We moreover included 70 newly sequenced follow-up samples from this last cohort and from another cohort of healthy new-

borns and children aged 0-11 years and their mothers living in urban areas in Northern Italy (Table S4). As representatives of other

non-Westernized mother-infant cohorts, we selected mother-infant pairs from Ghana and Tanzania26 with infants of the same age

range as Ethiopian ones (newborns, here defined as infants <1 year, and children, here defined as infants aged 1-12 years). Infants

were vaginally delivered with no perinatal antibiotic prophylaxis exposure, except for some C-section delivered Italian (15/156 Italian

samples) and Swedish newborns (30/300 Swedish samples). In addition to stool microbiomes from mothers and infants, we more-

over collected and sequenced two samples of teff sourdough from one fermentation pot (Table S4). Teff is used in this community to

prepare different foods, including injera, a flatbread made of teff flour and water fermented for 24 h and steam-cooked for 1–3 min on

a gentle heat, or genfo, a kind of teff-based porridge servedwith a tablespoon of clarified butter and paprika. In the community, genfo

is traditionally consumed by newmothers after birth to regain energy, and it is served to weaning babies. Households share the same

food bowl, and the family consumes food in a patriarchal order, with men eating first, followed by male children, female children, and

women. Women are also in charge of cooking for the household and prepare, ferment, and cook teff-based sourdough, therefore

being exposed to the sourdough microbes while at the same time representing a source of microbes for the sourdough. In total,

702 metagenomes were included in the study.

Lifestyle of the Ethiopian communities assessed in this study
Ethiopia is the largest and most populated country in the Horn of Africa. Ethiopia is the second most populous nation in Africa after

Nigeria, and still the fastest growing economy in the region, with 6.3 percent growth in FY2020/21. However, it is also one of the poor-

est, with a per capita gross national income of $890.77 Gimbichu and Igu-kura are two towns at the core of Ethiopia, about 100 kms

from the capital Addis Ababa and the homeland of the Oromo people.78 In these towns, the typical household is a hut made of cow

droppings and mud, with a straw roof and an earthen floor. The cabin consists of a single space, where people cook with firewood

and live with the animals; the spaces are barely separated with a cloth or blanket, as a common bedroom, and the family sleeps on

straw or blanket, on the floor or cot, all together. The animals enter and leave the enclosure freely and at night they sleep inside the

enclosure.

In the huts, there is no runningwater, electricity, or latrines. Thewells that have been drilled in these towns have improved the health

and quality of life of the community, especially the boys and girls who suffered and still suffer, to a lesser extent, from parasites.

To access healthcare, people of the community can refer to the nearest hospital, but the costs of transportation, food, treatments,

and accommodation or hospitalization must be paid for by the patient or his family. There are not many biomedical specialists avail-

able. Because of this, people of these communities do not usually leave their work in the fields or at home to go to the hospital, but

they resort to the medicine of local healers first. Access to public healthcare is for those who have resources, but those who have

resources prefer private healthcare.79

It is a subsistence economy, based on crops, which are usually teff, the cereal with which they prepare the enjera, a basic and

essential fermented food, to which they add potatoes, chickpeas, broad beans and/or lentils, which are also grown in the area. During

the celebrations they prepare bread as a special food, which they combine with a kind of paprika called "mirmita", and they offer

popcorn and coffee. Both coffee and enjera are consumed daily, if the generally precarious economy of the family allows it. Carbon-

ated drinks begin to appear at celebrations, which they consider a sign of their entering in a globalized economy and society.

In the capital and more urban centers, Westernized lifestyles and eating habits are taking hold and the inhabitants of these cities

consume a significant amount of carbohydrates and simple sugars such as: bread, pasta, rice, cookies, soluble cocoa, sugar drinks

etc. This way of eating affects an increase in noncommunicable inflammatory diseases such as type II diabetes and obesity.

Definition of Westernized and Non-Westernized lifestyles
The microbiome reflects lifestyle which varies not only between but also within human populations. In anthropology, it has been es-

tablished that biology is always ‘‘situated’’, or rather, influenced by socio-political and material conditions.80 Nowadays, these con-

ditions are articulated in different ways in the encounter with global processes81 and populations are highly differentiated and dy-

namic and bio-social diversity cannot be encapsulated into homogenous population labels.

In this work, we define populations with Westernized lifestyles as those cohorts living in highly industrialized countries, with limited

contact with wildlife, high-calorie diets, higher exposure to xenobiotics, highly processed foods, antibiotics, and antimicrobials. Pop-

ulations living inmore rural areaswith larger exposure towildlife or domesticated animals, local food production and consumption, and

limited access to pharmaceuticals, are here defined as cohorts with a non-Westernized lifestyle. According to these definitions, in this

work,weconsider theavailable Italiancohorts,15,16 thenewly sequenced Italiancohort, and theSwedishcohort10 ascoming fromWest-

ernized populations, and the Ghanaian, Tanzanian, and Ethiopian26 cohorts as coming from non-Westernized populations. Variation
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across and within populations does not depend solely on lifestyle patterns as these are crucially grounded in socio-political circum-

stances such as access to healthcare and education, socio-economic status, market integration, degree of industrialization, pollution,

housing, infrastructure, etc.82–88 that cut across and intersect the individual to the regional, national and macro-geographical scale.

METHOD DETAILS

Newly sequenced metagenomes
In addition to the published metagenomes reported in the previous paragraph, we included in this study 70 newly sequenced

samples from healthy Italianmothers and infants and two samples of fermented teff-dough collected in the Ethiopian community pre-

viously sequenced in Tett et al.26 Fourteen newly sequenced stool samples were later time points of infants belonging to the cohort

previously described in Ferretti et al. 16, namely stool samples collected at 7, 12, and 24 months of the infants (Table S4). DNA was

extracted with the PowerSoil DNA Isolation Kit (Qiagen)89 and libraries were constructed with the NexteraXT DNA Library Preparation

Kit (Illumina) and sequenced on the Illumina HiSeq2500 100nt paired end platform (target depth: 5Gb/sample). Protocols were

approved by the Ethics Committee of the University of Trento and the Ethics Committee of Santa Chiara Hospital (Trento, Italy,

EC ref number: 51082283 - 30/07/2014), as previously reported.16 The remaining 56 newly sequenced stool metagenomes were

instead collected from healthy mothers and infants (Table S4) at the IRCCS Istituto Giannina Gaslini, Genoa, Italy, after ethical

approval by the Regional Ethics Committee of Liguria (N� 006/2019). Collection of the fermented teff dough was performed in agree-

ment with the protocols approved by the Ethics Committee of the Consejo Superior de Investigaciones Cientı̀ficas (Madrid, Spain, nr.

058/2018) and by the Research Ethics Committee of the Valencia University (ref. nr. H1484811493170).

MAGs reconstruction, clustering, and taxonomic assignment
Metagenome-assembled genomes (MAGs) were reconstructed through single-sample metagenomic assembly and contig binning

as validated elsewhere.23 Briefly, assemblies were produced with MEGAHIT,65 and MetaBAT266 was used to bin contigs longer

than 1,000 nt. This approach produced 11,250 medium- and high-quality MAGs with CheckM 1.0.767 completeness >50% and

contamination <5%, as defined in Bowers et al.90 MAGs were clustered into species-level genome bins (SGBs), genus-level genome

bins (GGBs), and family-level genome bins (FGBs) spanning 5%, 15%, and 30% of genetic diversity respectively, as previously

described in Pasolli et al.23 The SGB assignment is based on the application of a subroutine of PhyloPhlAn 3 called ’phylophlan_me-

tagenomic’ which makes use of MASH69 to compute the average genetic distance between genomes and SGBs. A genome was

assigned to the closest SGB in case its genetic distance resulted below 5%. Otherwise, new SGBs were defined by applying a

hierarchical clustering based on the average linkage. The same procedure was applied for the assignment and definition of new

GGBs and FGBs at 15% and 30% of genetic distance. Every genome finally inherited a taxonomic label from the assigned known

or unknown SGB, called kSGB and uSGB respectively, whose difference resides in the presence and absence of reference genomes.

Taxonomies of kSGBs were defined by applying a majority voting mechanism on the taxonomic labels of their reference genomes. In

case of SGBswith no reference genomes (uSGBs), a taxonomic label was inferred by applying the samemechanism at theGGB level.

The same logic was repeated by considering the reference genomes at the FGB level in case of uGGBs (GGBs with no reference

genomes). Ultimately, in case of uFGBs, a taxonomic label was assigned by considering up to 100 closest reference genomes re-

ported by ‘phylophlan_metagenomic’.

Species-level and strain-level profiling of mother-infant cohorts
The relative abundance of known microbial species was estimated using MetaPhlAn 328 version 3.0 with marker database version

201901.

Strain-level profiling of SGBs was performed with MetaPhlAn 3 and StrainPhlAn 328 using a custom marker database including a

collection of 17,340 SGBs previously published,23,37 with the addition of the 146 new uSGBs recovered in this study. Unknown SGBs

with less than 5 MAGs overall (including MAGs external from the study cohorts) were excluded, as we cannot ensure they are not

populated with assembly artifacts or chimeric genomes. The core genes of each SGB were divided into 150 nucleotide fragments

and aligned against the genomes of all SGBs using bowtie2 (version 2.3.5.1; –sensitive option).73 A core gene was considered pre-

sent in a genome if at least one of the gene’s fragments was mapped against it. Core genes never found in more than 1% of the se-

quences included in any other SGBs were selected as marker genes.

To infer strain sharing, strain-level phylogenies were then reconstructed using MetaPhlAn 3 and StrainPhlAn3 with parameters

"–marker_in_n_samples 5 –sample_with_n_markers 10—phylophlan_mode accurate". For detecting strain sharing events, we

executed the StrainPhlAn’s strain_transmission.py script with default parameters. Using the StrainPhlAn’s phylogenetic trees, this

script generates a pairwise distance matrix normalized by the total branch length of the tree and infers a threshold defining identical

strains by selecting the first percentile of the distribution of the non-related-samples distances. Related samples were defined as

samples coming from the same subject or mother-infant pairs. SGBs with a distance smaller than the inferred threshold are reported

as strain-sharing events.

Phylogenetic analysis of the SGBs shared across all infants cohorts
Phylogenetic trees of the five selected SGBs (IDs: 1814, 1934, 4290, 4285,4933, 15316, 15318) were reconstructed with PhyloPhlAn

3.068 with the following parameters: "–diversity low –fast –trim greedy –min_num_marker [50%]". Mapping was performed with
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BLAST with parameters "-outfmt 6 -max_target_seqs 1000000", MSA was performed with MAFFT with parameters "–localpair

–maxiterate 1000 –anysymbol", and the phylogenetic tree was reconstructed with RAxML with parameters "-m GTRCAT". Custom

SGB-specific databases have been constructed with the "phylophlan_setup_database" script with the core genes identified as

described in the "Species-level and strain-level profiling of mother-infant cohorts STAR Methods section.

Blastocystis sp. profiling and SNP calling
We identified Blastocystis sp. by applying previously validated methods and thresholds.47 Briefly, metagenomic reads were mapped

against reference genomes that included ST1, ST2, ST3, ST4, ST6, ST7, ST8, and ST9 (Table S2) using Bowtie2.73 Bowtie2 output

was processed with SAMtools71 and BEDtools72 to obtain the breadth of coverage for each ST (parameters ‘‘genomecov –bg’’). Only

samples with a breadth of coverage >10% for a specific ST reference genome were considered positive for Blastocystis sp. and for

that specific ST (Table S2).

We sought to analyze strain sharing events between family members for ST1, ST2, ST3, ST4, and ST6, combining reference-based

mapping approach and phylogenetic analysis. Processedmetagenomic datawere first aligned against reference genomes represen-

tative of five Blastocystis subtypes respectively, using bowtie273 with parameters ‘‘–end-to-end -a’’. The resulting bam files were

used to reconstruct, based on each reference genome, multiple sequence alignments (MSAs) comprising strain consensus se-

quences of mapped metagenomic reads using a python package CMSeq (https://github.com/SegataLab/cmseq) with following

criteria: (1) mapping quality >= 30, (2) coverage >= 5 folds, (3) minimum identity of reads >= 97%, (4) aligned read length >= 30nt,

(5) minimum dominant allele frequency >= 80%. Next, we excluded columns containing > 50% missing data in each MSA, and per-

formed phylogenetic analysis on the cleaned MSAs using RAxML (v8.1.15)70 under a GTR model of substitution with 4 gamma cat-

egories and 100 bootstrap pseudoreplicates.

Boxplots and heatmaps were produced with ggplot2 v. 3.3.2.75

Fructilactobacillus sanfranciscensis (previously Lactobacillus sanfranciscensis) mapping
As the coveragewas too low to performStrainPhlAn profiling, we downloaded all the F. sanfranciscensis genomes (n = 31) available in

NCBI RefSeq76 as December 2020 and integrated them with the two MAGs of the same species reconstructed from injera. Wemap-

ped raw reads against this set of 33 genomes/MAGs with bowtie2 (v. 2.4.0, ‘‘–sensitive’’ option)73 and computed the breadth of

coverage using SAMtools (v. 1.3.1).91

QUANTIFICATION AND STATISTICAL ANALYSIS

Non-metric multidimensional scaling plots were generated using the Bray-Curtis distance on sample taxonomic compositionwith the

metaMDS function in the vegan R package74 and visualized with ggplot2 v. 3.3.2..75 Permutational analysis of variance (PERMA-

NOVA) was performed with the adonis function in the vegan R package.74

Statistical significance was assessed through Fisher, Wilcoxon or Mann-Whitney U’s tests with multiple hypothesis testing

Benjamini-Hochberg FDR corrections, as reported in the text. Because of the different age distribution between Ethiopian andWest-

ernized infants, we randomly picked Westernized infants aged 0–6 months, 6-12 months, and 1-12 years to get a similar age distri-

bution with respect to Ethiopian ones before performing statistical tests. Each test was repeated 10 times with 10 different random

pickings, with each test comparing the microbiome composition of 127Westernized and 20 Ethiopian infants (0-6 mo.: 55West. and

12 Eth.; 6-12 mo.: 27 West. and 6 Eth.; 12-36 mo.: 9 West. and 2 Eth.). Benjamini-Hochberg FDR corrections were performed to ac-

count for multiple hypothesis testing. Non-Westernized cohorts already had an age distribution similar to the Ethiopian one.
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