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Supplementary text 22 

Selection of public datasets. To formulate an ad hoc culture medium suitable for in vitro cultivation of 23 

the infant gut microbiota, a meta-analysis aimed at assessing the taxonomic composition of the infant 24 

intestinal microbiota based on all publicly available shotgun metagenomics datasets was performed. In 25 

this context, an in-depth literature search was performed to select shotgun metagenomics datasets based 26 

on Illumina sequencing technology corresponding to fecal samples from healthy, full-term infants. 27 

Specifically, exclusively shotgun metagenomics-based datasets were selected in order to i) obtain high 28 

quality and coverage data, ii) eliminate biases associated with 16S rRNA gene-based microbial profiling, 29 

principally due to the lack of agreement among the scientific community about which primer pairs are 30 

most appropriate for the amplification of the 16S rRNA gene or which region(s) of the latter gene is(are) 31 

to be targeted to obtain the best sequencing efficiency and, iii) provide a high resolution characterization 32 

of the infant gut microbiota with high accuracy down to the species-level1-4. Furthermore, to cover the 33 

entire life period characterized by an infant-like gut microbiota, publicly available datasets corresponding 34 

to fecal samples of infants aged between few days and three years were considered. Indeed, weaning and 35 

concomitant transition from a milk-based to a solid and more varied diet prompts a profound change in 36 

the taxonomic composition of the infant gut microbiota with an overall increase in bacterial biodiversity, 37 

and it is around the third year of life that the transition from an infant- to an adult-like gut microbiota is 38 

thought to occur5-9. Based on these parameters, 2411 publicly available datasets were selected from 17 39 

cohorts covering different geographical areas. However, in case of longitudinally studies, only one 40 

sample per infant was considered to avoid redundant samples, while in case of studies involving the 41 

administration of drugs, prebiotics or probiotics, only infant fecal samples belonging to the control group 42 

were taken into account. 43 

Meta-analysis of the infant gut bacterial community and reconstruction of the species-level infant 44 

“core” gut microbiota. Species richness analysis revealed a progressive and statistically significant 45 
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increment in the average number of species across groups that positively correlates with increasing age 46 

(ANOVA post-hoc p-value < 0.01) (Figure 1). Specifically, while the 1-6M group showed an average of 47 

15 bacterial species per sample, an average of 19 and 24 bacterial taxa was observed for the 6-12M and 48 

12-36M group, respectively (Figure 1). This finding not only corroborates the already well accepted 49 

notion that the infant gut microbiota gradually diversifies from birth to the third year of life, but it also 50 

emphasizes the relevant role of weaning in shaping the human intestinal ecosystem and its contribution 51 

in increasing intestinal biodiversity8,10-13. Similarly, a PCoA representation-based beta-diversity analysis 52 

highlighted clear compositional differences between samples belonging to 1-6M and 12-36M groups, 53 

while 6-12M samples did not create a separate group. Rather, they seemed to cluster with samples of 54 

either of the other two groups (Figure 1), thus strengthening the pivotal role of weaning in influencing 55 

the taxonomic composition of the infant gut microbiota. Indeed, while the separation of samples 56 

belonging to the 1-6M and 12-36M may be attributable to the different diets followed by infants during 57 

these two age groups, i.e. an exclusively milk-based diet for the first group and a solid and varied diet 58 

for the second group, from the sixth month to the first year of life, infants go through a transition phase 59 

(weaning) during which they are supposed to follow a ‘hybrid’ diet characterized by milk assumption 60 

and introduction of complementary feeding resulting in a bacterial composition oscillating between that 61 

of the other two groups14-18. 62 

Furthermore, to evaluate how and to what extent diet and/or geographic location may impact on the infant 63 

intestinal microbial composition, the “core” gut microbiota was further assessed subdividing samples 64 

according to the geographic origin per each considered age group. Specifically, to provide more 65 

robustness to the analysis, only groups with at least 10 samples based on their geographical origin were 66 

considered. Interestingly, all subgroups of the 1-6M group were characterized by a simultaneous high 67 

relative abundance and prevalence of the four main species identified as “core” gut microbiota of infants 68 

aged between one and six months, i.e., B. bifidum, B. breve, B. longum, and E. coli (Supplementary Table 69 
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4). This finding suggests that the latter species can be considered as infant gut microbial players typical 70 

of the very first months of life regardless of geographic origin. However, the subdivision of 1-6M samples 71 

according to their geographical origins revealed that four additional species, i.e., Streptococcus 72 

salivarius, Prevotella copri, Klebsiella pneumoniae, and Blautia wexelerae, not previously identified, 73 

displayed a prevalence >40% in four different 1-6M subgroups, suggesting that these species are typical 74 

of the intestinal ecosystem of 1-6M infants of a specific nationality (Supplementary Table 4). As 75 

observed for 1-6M infants, also fecal samples of the 6-12M group showed a high prevalence of the 76 

bacterial species identified as “core” gut microbiota in weaning infants regardless of geographical origin, 77 

except for fecal samples from South African or Malawian infants. Indeed, the latter showed a partial 78 

variation of the “core” gut microbiota with a reduced prevalence or total absence of B. wexelerae as well 79 

as of most of the bacterial species previously identified as accessory gut microbiota (Supplementary 80 

Table 4). In this context, while the geographical location does not appear to affect the composition of the 81 

core gut microbiota when diet is exclusively based on milk, different geographical origin, and therefore 82 

different dietary habits, may modulate the intestinal microbial ecosystem when the passage from a liquid 83 

to a solid diet occurs19. Finally, the two geographic origin-based subgroups of the 12-36M group were 84 

characterized by the presence of all bacterial species identified as “core” gut microbiota of the 12-36M 85 

infants with a reduced prevalence of species belonging to the genus Bacteroides for fecal samples of 86 

New Zealand infants (Supplementary Table 4). This finding indicates that, for this age group, diet or 87 

geographical origin seems to play a marginal role in the modulation of the prevalent intestinal bacterial 88 

species. However, a higher number of groups by geographic origin would help to better understand the 89 

impact of diet and nationality on the intestinal ecosystem of 12-36M infants. 90 

Altogether, these data demonstrate that diet and geographical origin may play a role in the modulation 91 

of the infant gut microbiota, but they do not drastically affect the prevalent species identified as “core” 92 

gut microbiota of each age group. 93 
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Identification of species-level Infant Gut Community State Types (sIGCSTs). To validate the 94 

identified sIGCSTs and sub-sIGCSTs, a two-way frequency table was employed to assess if the 95 

geographic origin or the cohort to which each fecal sample belongs to could represent a bias in the 96 

subdivision of samples into sIGCSTs and ssIGCSTs. By considering the sIGCSTs, certain observed 97 

frequencies of samples within a cluster differ from the calculated expected frequency based on both 98 

geographic origin and study cohort (Supplementary Table 7). Indeed, especially sIGCST2 and sIGCST4 99 

showed some frequencies related to samples from Finland/Estonia/Russia and Malawi that were two-100 

fold higher or lower than predicted. Thus suggesting, as expected, that geographic origin and study cohort 101 

may have a role in influencing the taxonomic composition and metagenomic data related to this microbial 102 

ecosystem, respectively 20-22. However, since no cluster resulted to be exclusively represented by samples 103 

from a single nation or cohort, the identified clusters can be considered as real discrete compositional 104 

patterns.  105 

Furthermore, the same analysis was conducted to verify and validate the identified ssIGCSTs. As above 106 

observed for sIGCSTs, also for the sub-clusters, the two-way frequency analysis highlighted that various 107 

observed frequencies varied from those expected for both the considered factors, thus reinforcing the role 108 

of geographic origin and study cohort in influencing the subdivision of samples into clusters. However, 109 

also in this case, no clusters included samples exclusively related to a single nation or bioproject, with 110 

the exception of cluster 7 and 10 which were represented by more than 90% of samples from a specific 111 

geographical origin or study cohort (Supplementary Table 7). Thus, clusters 7 and 10 were excluded 112 

from the identified ssIGCSTs, while all the other clusters were considered as putative compositional 113 

motifs of the infant gut microbiota.  114 

 115 

 116 

  117 
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Supplementary Figure 1: Unsupervised cluster validation analyses. Panel a reports Prediction Strength analyses 
calculated with kmeans clustering method (panels on the left) and with clara/pam clustering method (panels on 
the right) both with 5 (top panels) and 50 (bottom panels) resampled data sets. Panel b displays the Silhouette 

Width analysis.
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Supplementary Figure 2: In vitro growth performances of infant fecal samples in different culture media. Each 
bar plot-based graph is related to one of the five infant fecal samples cultivated in 18 different culture media. The 

y-axis reports flow-cytometry based bacterial cell enumeration, while bar plot colors correspond to a specific 
bacterial species. Numbers reported on bar plots refer to the number of species detected in each replicate 

considering only those species with a relative abundance >0.5%.
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Escherichia coli Megasphaera unknown_species Bifidobacterium pseudocatenulatum Veillonella seminalis

Bifidobacterium longum Citrobacter youngae Klebsiella pneumoniae Slackia isoflavoniconvertens

Phocaeicola vulgatus Bacteroides faecis Sutterella wadsworthensis Veillonella parvula

Bacteroides xylanisolvens Citrobacter unknown_species Bacteroides uniformis Flavonifractor plautii

Citrobacter portucalensis Escherichia unknown_species Bacteroides koreensis Citrobacter pasteurii

Bifidobacterium dentium Phocaeicola dorei Acidaminococcus unknown_species Megasphaera elsdenii

Morganella morganii Bifidobacterium catenulatum Citrobacter freundii Colibacter unknown_species

Collinsella aerofaciens Phocaeicola massiliensis Other

Reads Taxonomy I6
-C

I6
-A C/A I6
-S S/A I8
-C

I8
-A C/A I8
-S S/A

I1
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C

I1
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C/A

I1
3-

S
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A

C/A

I1
5-

S

S/A

I1
6-

C

I1
6-

A

C/A

I1
6-

S

S/A

Bacteroides faecis 1.1E+08 6.6E+07 1.64 8.1E+07 1.35 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Bacteroides koreensis 4.2E+07 2.4E+07 1.72 3.5E+07 1.20 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Bifidobacterium longum 4.1E+07 3.0E+07 1.35 2.3E+07 1.78 3.0E+06 0.0E+00 0.0E+00 1.2E+07 8.6E+06 1.42 8.6E+06 1.43 4.2E+06 7.4E+06 0.57 4.6E+06 0.91 1.7E+08 1.9E+08 0.88 2.5E+08 0.66

Citrobacter amalonaticus 1.7E+07 1.7E+07 1.00 1.1E+07 1.54 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Citrobacter braakii 1.0E+07 9.6E+06 1.07 5.6E+06 1.83 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Citrobacter freundii 2.6E+07 2.7E+07 0.94 2.3E+07 1.14 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Citrobacter pasteurii 4.0E+07 3.8E+07 1.04 3.3E+07 1.23 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Citrobacter portucalensis 4.7E+07 5.5E+07 0.85 3.7E+07 1.27 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Citrobacter youngae 1.8E+08 1.6E+08 1.07 1.3E+08 1.38 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Klebsiella pneumoniae 1.1E+08 1.5E+08 0.74 1.3E+08 0.87 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Phocaeicola vulgatus 1.1E+08 6.5E+07 1.71 7.8E+07 1.43 6.4E+06 4.4E+06 1.45 4.7E+06 1.35 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.5E+06 4.1E+06 1.08 0.0E+00

Bifidobacterium 
pseudocatenulatum 0.0E+00 0.0E+00 0.0E+00 3.5E+06 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 2.6E+08 4.0E+08 0.65 2.1E+07 12.03

Megasphaera elsdenii 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 2.9E+07 3.4E+07 0.86 6.9E+06 4.23

Phocaeicola dorei 2.1E+07 1.1E+07 1.85 1.2E+07 1.74 2.0E+06 1.5E+06 1.28 1.4E+06 1.41 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.7E+07 3.5E+07 1.07 9.2E+06 4.06

Slackia
isoflavoniconvertens 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 7.9E+07 1.2E+08 0.63 1.4E+07 5.78

Escherichia coli 2.2E+09 2.5E+09 0.90 2.2E+09 0.99 1.2E+09 1.1E+09 1.10 1.1E+09 1.09 1.6E+09 1.7E+09 0.94 1.8E+09 0.88 1.2E+09 1.1E+09 1.02 1.1E+09 1.04 1.3E+08 1.3E+08 1.01 1.2E+09 0.11

Veillonella seminalis 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.4E+08 1.2E+08 2.73 1.1E+08 2.97 0.0E+00 0.0E+00 0.0E+00 5.3E+06 7.5E+06 0.70 0.0E+00

Flavonifractor plautii 8.3E+06 6.1E+06 1.36 4.2E+06 1.99 0.0E+00 0.0E+00 0.0E+00 5.5E+07 5.2E+07 1.05 2.5E+07 2.18 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Sutterella wadsworthensis 0.0E+00 0.0E+00 0.0E+00 7.7E+07 5.3E+07 1.45 7.0E+07 1.10 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.9E+07 6.3E+07 0.77 7.7E+07 0.63

Veillonella parvula 6.7E+07 4.2E+07 1.59 5.0E+07 1.35 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Morganella morganii 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 2.4E+07 3.1E+07 0.78 2.9E+07 0.84 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Bacteroides xylanisolvens 6.3E+07 3.1E+07 2.03 2.2E+07 2.89 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.4E+06 2.8E+06 1.25 3.8E+06 0.92

Bifidobacterium dentium 7.9E+06 4.0E+07 0.20 2.8E+07 0.28 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Parabacteroides 
distasonis 8.3E+06 4.3E+06 1.95 3.6E+06 2.32 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.8E+06 8.7E+06 0.55 0.0E+00

Phocaeicola massiliensis 2.1E+07 1.2E+07 1.83 1.0E+07 2.10 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Escherichia albertii 4.2E+06 5.1E+06 0.82 5.7E+06 0.73 1.9E+07 7.7E+06 2.49 6.9E+06 2.77 6.9E+06 6.4E+06 1.08 6.6E+06 1.05 3.4E+06 2.4E+06 1.38 3.2E+06 1.06 0.0E+00 0.0E+00 4.2E+06

Clostridium neonatale 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 9.0E+06 3.8E+06 2.37 5.8E+06 1.55 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Bacteroides uniformis 5.6E+07 3.6E+07 1.56 3.4E+07 1.61 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 1.2E+06 0.0E+00

Other 1.6E+08 1.6E+08 1.2E+08 7.9E+07 8.0E+07 7.3E+07 5.6E+07 4.6E+07 4.5E+07 1.9E+07 3.0E+07 2.1E+07 8.2E+08 9.1E+08 1.8E+08
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Supplementary Figure 3: In vitro growth performances of infant fecal samples in different culture media. Each 
bar plot-based graph is related to one of the five infant fecal samples cultivated in 18 different culture media. The 

y-axis reports flow-cytometry based bacterial cell enumeration, while bar plot colors correspond to a specific 
bacterial species. Numbers reported on bar plots refer to the number of species detected in each replicate 

considering only those species with a relative abundance >0.5%.
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