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Schwartz	et	al,	Genome Biol.	2012

Le	microbioteintestinal	de	l’enfant	défini	par	sa	consommation	en	lait
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La	diversification	du	microbioteintestinal	durant	la	petite	enfance:	impact	de	l’alimentation

sevrage

Koenig	et	al,	PNAS	2011

phylogenetic tree: the greater the PD, the greater the diversity
represented in the sample (7). As expected, PD increased over
time and was positively correlated with age (R2 = 0.5; Fig. 1).
The first stool sample produced by the infant (meconium, a tarry
substance consisting of the in utero accumulation of gut luminal
material) had the lowest PD, and the sample with the highest PD
was the mother’s sample collected on the same day. There are
several time points that deviate from the general trend of in-
creasing PD over time (Fig. 1). Day 85, a time point just before
a fever, had a low PD compared with preceding days; day 168,
when peas and formula were introduced to the diet, had a rela-
tively high PD compared with the previous sample day; and day
195 also had a high PD; however, this was not associated with
any documented changes. Two of the three antibiotic treatments
are followed by a decrease in PD relative to previous sample
days. Although PD for day 244 is located on the trend line il-
lustrated in Fig. 1, it is lower than previous sample days. The
second treatment with amoxicillin, however, does not seem to
affect the PD of the infant’s microbiome as judged by 16S rRNA
sequence analysis of sample day 297; this may be an indication of
the adaptive power of the human microbome as it pertains to
multiple exposures to the same antibiotic. Consistent with the
infant’s first amoxicillin treatment, a low PD is observed on days
413, 432, and 441 after the infant’s first exposure to the antibiotic
cefdinir (a broad-spectrum cephalosporin).
In addition to comparing samples using measures of PD, we

performed a principal coordinates analysis (PCoA) of unweighted
UniFrac (8) to determine how the diversity among samples
changed during the sampling period. This analysis showed that the
diversity changed gradually over time (Fig. 2 A–D). Fecal samples
collected early in the time series harbored microbial communities
more similar to one another than to samples collected later on,
and vice versa. The samples that deviate from this diversity gra-
dient, days 413, 432, and 441, are the samples noted above with
a lower relative PD. Samples associated with the same diet are
adjacent in the gradient because they were collected from the
same period in the infant’s life. For instance, breast-milk, formula,
and solid food associated samples form a contiguous pattern in the
PCoA plot (Fig. 2 B–D).

Succession of Bacterial Consortia and Patterns of Quantitative Diversity.
The abundance of operational taxonomic units (OTUs) was as-
sessed across all samples, and OTUs were clustered in a heat

map according to their cooccurrence (Fig. 3A). This clustering
analysis revealed a succession of bacterial communities that re-
solved four discrete phases (steps) initiated by life events (e.g.,
fever at day 92 separates step 1 from step 2, diet change at day 161
divides steps 2 and 3, and antibiotic treatment and adult diet at day
371 divides steps 3 and 4). A linear discriminant analysis (LDA)
was carried out to assess the statistical significance of these four
steps: the a posteriori assignment probabilities of the steps indicate
whether the fecal samples can be properly assigned to the steps
given their community structure. Thus, we assigned the four steps
as a priori categories in the LDA, and the resulting posterior
probabilities for steps 1–4 were 0.90, 0.64, 0.76, and 0.71, re-
spectively (Table S3). These results indicate that the steps can be
differentiated according to the bacterial consortia of their re-
spective fecal samples.
In step 1 (days 3–84; Fig. 3A), the gut microbiome comprises

a specific suite of Firmicute OTUs. Step 2 is preceded by an
increase in the abundance of proteobacterial OTUs (days 92–
100), which coincided with fever symptoms. Actinobacterial and
proteobacterial OTU abundances increased in step 2, and the
suite of Firmicute OTUs observed in step 1 differed from those
observed in step 2. The introduction of formula and peas to the
infant’s diet is associated with an increase in bacteroidetes in
step 3 (days 172–297) that continues in step 4 (days 454–838);
however, the specific Bacteroidetes OTUs enriched differ be-
tween these two steps (Fig. 3 A and B). The transition phase
(days 371–441) from steps 3 to 4 is characterized by a number of
environmental changes, including cefdinir treatment for an ear
infection, exclusion of breast milk and formula from the diet, and
an introduction of cow milk and a full adult diet. Interestingly,
the transition phase preceding step 4 comprises OTUs that are
typical of those observed during step 1, and therefore appear as
outliers; again, these are the same samples that are outliers in
the PD and UniFrac patterns (Figs. 1 and 2). Because this is
a case study, we cannot attribute any single life event as the
definitive pressure leading to the formation of the gut micro-
biomes defined within step 4. One scenario is that this change in
the infant’s microbiome may have been induced by a purge in PD
as a result of cefdinir treatment. The microbial landscape in the
gut could then reform according to substrates that are typical of
an adult diet. Regardless, the abundances of bacterial phyla are
relatively constant in step 4: this constancy among samples col-

Fig. 1. Bacterial PD of the infant gut microbiota over time. PD provides a measure of the diversity within a community based on the extent of the 16S rRNA
phylogenetic tree that is represented by that community. Symbols are fecal samples. The mother’s fecal sample, collected at day 3, is denoted as a filled square.

Koenig et al. PNAS | March 15, 2011 | vol. 108 | suppl. 1 | 4579Thus, the microbiota has been suggested as a target for thera-
peutic intervention for several chronic diseases (13, 20–22).
Adult microbiotas are thought to be relatively stable over time (14,
23, 24); this stability imparts resilience to disturbance, ensuring
continued gut function. In a disease context, however, such sta-
bility and resilience could be detrimental if the gut community is
pathogenic. Understanding the succession of bacterial consortia in
the human gut during childhood may help in the development of
strategies to guide the formation of health-promoting microbiotas
that could then be maintained throughout the life of the host.
Our study of the gut microbiome of one infant followed over

a 2.5-y period allowed an in-depth look into the dynamics of a de-
veloping intestinal ecosystem in relation to known disturbances.
We observed a gradual increase in diversity over time, related to
a gradual change in community diversity. Superimposed on these
patterns of gradual change are the effects of life events, such as
drastic diet changes or antibiotic treatments, which result in large
shifts in the relative abundances of taxonomic groups. The quali-
tative measures of diversity, such as PD and UniFrac, responded
to time, but the quantitative measures, such as the specific abun-
dances of OTUs assembled into consortia of interacting species,
responded to life events. Additional studies considering multiple
subjects will assess whether infant microbiomes respond consis-
tently to the same life events.
Our metagenomic analyses provided additional insight into the

dynamics of the developing microbiome. For instance, the infant
suffered a fever at day 92, during the exclusively breast-milk–fed
period, which is followed by a shift in the abundances of a specific
suite of OTUs. Fungal and viral genes were enriched at that time,
suggesting a transient imbalance in the microbiota that might have
been directly related to the fever. Another noteworthy observation
was that genes facilitating the breakdown of plant-derived poly-
saccharides were present during this period, despite an exclusive
breast-milk diet. This second observation is consistent with other
metagenomic analyses of infant gut microbiomes, which reported
microbial enzymes that degrade nondigestible polysaccharides of
plant origin (2, 5). Together these studies suggest that the infant
microbiome is metabolically ready for receiving simple plant-de-
rived foods, such as rice cereal. This may explain why the in-
troduction of rice cereal did not result in detectable changes in the
16S rRNA gene profiles in this intant’s gut microbiome.
The introduction of peas and formula, followed by other table

foods, may have been the cause of a codominance of the Bacter-
oidetes and Firmicutes and enrichment in functional genes char-
acteristic of the adult gut microbiome. In addition to carbohydrate-

using genes used for the breakdown of plant polysaccharides,
functional genes present in the weaned infant microbiome in-
cluded those involved in the breakdown of xenobiotic compounds
and in vitamin biosynthesis. The abundances of bacterial phyla
were relatively constant after weaning, indicating that the infant
gut microbiome has reached a stable state. Together these results
suggest that the 2.5-y-old human gut microbiome has many of the
functional attributes of the adult microbiome.
The fine-scale temporal sampling allowed us to test whether

the gut microbial community was subject to ecological assembly
rules over time. The C-score and checkerboard analyses, which
test for species cooccurrence and exclusion, strongly support
a nonrandom pattern of community assembly. The human gut
microbiota is known to be composed of syntrophic partners (25),
as well as competing members (26, 27). Such ecological inter-
actions likely underlie the nonrandom associations of species
constituting the microbiota.
The introduction of table foods was followed by a large shift in

phyla abundances within the infant’s microbiome, in addition to
increased bacterial loads and SCFA levels. Although specific
members of the Firmicute phylum, such as Roseburia spp., are
known to produce butyrate and respond to carbohydrate levels in
the diet (28), this analysis did not detect positive relationships
between Firmicute OTUs and SCFA levels, perhaps because
a wide variety of gut bacteria can produce these metabolites.
However, our 16S rRNA gene analysis showed a dramatic and
sustained increase in the abundance of Bacteroidetes immedi-
ately after the introduction of peas and other table foods to the
diet. The Bacteroidetes are specialized in the breakdown of
complex plant polysaccharides (29); the introduction of plant-
derived carbohydrates into the diet could have boosted pop-
ulations of Bacteroidetes, which is consistent with mouse micro-
biome studies (30). The metabolic activities of these Bacteroidetes
may have either directly or indirectly increased production of
SCFAs. Consistent with these observations, low levels of Bacter-
oidetes in the gut are correlated with obesity, which itself may
result from a diet low in plant-derived polysaccharides (23, 31).
Thus, together these results further support the notion that a diet
high in plant material promotes a microbial community structure
and metabolite production that is beneficial to the human host.
This study revealed the power of sampling a microbiome over

time to gain insight into the events that can alter its phylogenetic
and functional composition. Our results complement those of
Palmer et al. (4), who documented large compositional shifts in
the abundances of major bacterial taxa over time in 14 babies,

 Meconium

 Day 6 
 Day 85 
 Day 92 
 Day 98 
 Day 100 
 Day 118 
 Day 371 
 Day 413 
 Day 441 
 Day 432 
 Day 454 

02.0-
31.0-
70.0-

00.0
70.0
3 1.0
02.0

A B% sequences
0 25 50 75 100

Proteobacteria
Euryarchaeota
Verrucomicrobia

Firmicutes
Bacteroidetes
Actinobacteria

Viruses
Fungi

Fig. 6. Metagenomic analysis of DNA sequences extracted from infant fecal DNA. (A) Taxonomic assignment of metagenomic sequences. (B) Heat map and
hierarchical clustering of samples based on MG-RAST subsystem gene content.

Koenig et al. PNAS | March 15, 2011 | vol. 108 | suppl. 1 | 4583

Naissance	par	voie	vaginal	(n=1)
60	échantillons	:	de	la	naissance	à	
l'âge	de	2	ans	et	demis



28	mars	2018
Espace	de	conférences	|	Paris 14

De	Philippo et	al.,	PNAS	2010
Diversité	et	distribution	des	grands	groupes	bactériens	sont	modifiées

L’	impact	de	l’alimentation	sur	le	microbioteintestinal	de	l’enfant

Peu	de	calories,	beaucoup	de	fibres

Enfants	du	Burkina	Faso	(n=14) Enfants	européens	(n=15)
Beaucoup	de	calories,	peu	de	fibres

Enfants	âgés	
de	1	à	6	ans



28	mars	2018
Espace	de	conférences	|	Paris 15

Le	microbioteintestinal	de	l’enfant	se	rapproche	de	celui	de	l’adulte	,	se	stabilise	et	varie	en	

fonction	de	la	zone	géographique	

Yatsunenko et	al,	Nature	2012	

by the analytic methods used, by the low number of subjects examined,
or by the scope of the populations surveyed. These studies have
nonetheless provided important insights. Using 16S rRNA gene-based
microarrays14, a recent study found considerable intra- and inter-
personal variation in fecal bacterial community structures during the
first year of life in 12 unrelated children and 1 twin pair. Interpersonal
variation was less within the twin pair, and intrapersonal variation
decreased as a function of age. A quantitative PCR study of five
bacterial taxa in the fecal microbiota of 1,032 Dutch infants at 1 month
of age15 documented differences based on birth mode (Caesarian
versus vaginal; also see ref. 8).

We collected bacterial V4 16S rRNA data from 326 individuals aged
0–17 years (83 Malawian, 65 Amerindian and 178 US residents), plus
202 adults aged 18–70 years (31 Malawians, 35 Amerindians and 136
US residents). The 16S rRNA data sets were first analysed using
UniFrac, an algorithm that measures similarity among microbial
communities based on the degree to which their component taxa
share branch length on a bacterial tree of life16. There were several
notable findings. First, the phylogenetic composition of the bacterial
communities evolved towards an adult-like configuration within the
three-year period after birth in all three populations (Fig. 1a and
Supplementary Fig. 1). Second, interpersonal variation was signifi-
cantly greater among children than among adults; this finding was
robust to geography (Fig. 1b; see also ref. 4). Third, there were

significant differences in the phylogenetic composition of fecal micro-
biota between individuals living in the different countries, with espe-
cially pronounced separation occurring between the US and the
Malawian and Amerindian gut communities; this was true for indi-
viduals aged 0–3 years, 3–17 years, and for adults (Fig. 1b and
Supplementary Table 3). Unsupervised clustering using principal
coordinates analysis (PCoA) of UniFrac distance matrices indicated
that age and geography/cultural traditions primarily explain the vari-
ation in our data set, in which US microbiota clustered separately
from non-US microbiota along principal coordinate 1 (Fig. 1c and
Supplementary Fig. 2). However, within the non-US populations,
separation between Malawians and Amerindians was also observed
(along principal coordinate 3 in the case of adults; Supplementary Fig.
2f). We did not find any significant clustering by village for Malawians
and Amerindians or by region within the United States. Fourth,
bacterial diversity increased with age in all three populations
(Fig. 2a, b). The fecal microbiota of US adults was the least diverse
compared with the two other populations (Fig. 2c, P , 0.005, analysis
of variance (ANOVA) with Bonferroni post-hoc test): these differ-
ences were evident in children older than 3 years of age (P , 0.005,
ANOVA with Bonferroni post-hoc test), but not in younger subjects.

We next used the non-parametric Spearman rank correlation to
determine which bacterial taxa change monotonically with increasing
age within and between the three sampled populations. We only
considered children who were breastfed and used data sets obtained
from the V4 region of the 16S rRNA gene as well as data sets of
shotgun pyrosequencing reads from the fecal microbiomes of the
110 sampled individuals (24 babies (0.6–5 months old), 60 children
and adolescents (6 months to 17 years old) and 26 adults). Shotgun
reads were mapped to 126 sequenced human gut-derived microbial
species (Supplementary Table 4). The advantage of using these 126
gut microbes as a reference database is that spurious hits of shotgun
microbiome reads to taxa that are not present in the gut are minimized.
Nonetheless, when we repeated the entire analysis, blasting against
1,280 genomes in KEGG, the results were similar (Supplementary
Fig. 3). Phylotypes belonging to Bifidobacterium longum exhibited a
significant decline in proportional representation with increasing age
in all three populations (Supplementary Fig. 3a). Most (75 6 20%)
shotgun and 16S rRNA V4 sequences in all babies mapped to members
of the Bifidobacterium genus. Bifidobacteria continued to dominate
fecal communities throughout the first year of life, although their
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Figure 1 | Differences in the fecal microbial communities of Malawians,
Amerindians and US children and adults. a, UniFrac distances between
children and adults decrease with increasing age of children in each population.
Each point shows the average distance between a child and all adults unrelated
to that child but from the same country. Results are derived from bacterial V4
16S rRNA data sets. b, Large interpersonal variations are observed in the
phylogenetic configurations of fecal microbial communities at early ages.
Malawian and Amerindian (Amr) children and adults are more similar to one
another than to US children and adults. UniFrac distances were defined from
bacterial V4 16S rRNA data generated from the microbiota of 181 unrelated
adults ($18 years old) and 204 unrelated children (n 5 31 Malawians 0.03–3
years old, 21 3–17 years old; 30 Amerindians 0.08–3 years old, 29 3–17 years
old; 31 US residents 0.08–3 years old, 62 sampled at 3–17 years of age).
*P , 0.05, **P , 0.005 (Student’s t-test with 1,000 Monte Carlo simulations).
See Supplementary Table 3 for a complete description of the statistical
significance of all comparisons shown. c, PCoA of unweighted UniFrac
distances for the fecal microbiota of adults. PC, principal coordinate.
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by the analytic methods used, by the low number of subjects examined,
or by the scope of the populations surveyed. These studies have
nonetheless provided important insights. Using 16S rRNA gene-based
microarrays14, a recent study found considerable intra- and inter-
personal variation in fecal bacterial community structures during the
first year of life in 12 unrelated children and 1 twin pair. Interpersonal
variation was less within the twin pair, and intrapersonal variation
decreased as a function of age. A quantitative PCR study of five
bacterial taxa in the fecal microbiota of 1,032 Dutch infants at 1 month
of age15 documented differences based on birth mode (Caesarian
versus vaginal; also see ref. 8).

We collected bacterial V4 16S rRNA data from 326 individuals aged
0–17 years (83 Malawian, 65 Amerindian and 178 US residents), plus
202 adults aged 18–70 years (31 Malawians, 35 Amerindians and 136
US residents). The 16S rRNA data sets were first analysed using
UniFrac, an algorithm that measures similarity among microbial
communities based on the degree to which their component taxa
share branch length on a bacterial tree of life16. There were several
notable findings. First, the phylogenetic composition of the bacterial
communities evolved towards an adult-like configuration within the
three-year period after birth in all three populations (Fig. 1a and
Supplementary Fig. 1). Second, interpersonal variation was signifi-
cantly greater among children than among adults; this finding was
robust to geography (Fig. 1b; see also ref. 4). Third, there were

significant differences in the phylogenetic composition of fecal micro-
biota between individuals living in the different countries, with espe-
cially pronounced separation occurring between the US and the
Malawian and Amerindian gut communities; this was true for indi-
viduals aged 0–3 years, 3–17 years, and for adults (Fig. 1b and
Supplementary Table 3). Unsupervised clustering using principal
coordinates analysis (PCoA) of UniFrac distance matrices indicated
that age and geography/cultural traditions primarily explain the vari-
ation in our data set, in which US microbiota clustered separately
from non-US microbiota along principal coordinate 1 (Fig. 1c and
Supplementary Fig. 2). However, within the non-US populations,
separation between Malawians and Amerindians was also observed
(along principal coordinate 3 in the case of adults; Supplementary Fig.
2f). We did not find any significant clustering by village for Malawians
and Amerindians or by region within the United States. Fourth,
bacterial diversity increased with age in all three populations
(Fig. 2a, b). The fecal microbiota of US adults was the least diverse
compared with the two other populations (Fig. 2c, P , 0.005, analysis
of variance (ANOVA) with Bonferroni post-hoc test): these differ-
ences were evident in children older than 3 years of age (P , 0.005,
ANOVA with Bonferroni post-hoc test), but not in younger subjects.

We next used the non-parametric Spearman rank correlation to
determine which bacterial taxa change monotonically with increasing
age within and between the three sampled populations. We only
considered children who were breastfed and used data sets obtained
from the V4 region of the 16S rRNA gene as well as data sets of
shotgun pyrosequencing reads from the fecal microbiomes of the
110 sampled individuals (24 babies (0.6–5 months old), 60 children
and adolescents (6 months to 17 years old) and 26 adults). Shotgun
reads were mapped to 126 sequenced human gut-derived microbial
species (Supplementary Table 4). The advantage of using these 126
gut microbes as a reference database is that spurious hits of shotgun
microbiome reads to taxa that are not present in the gut are minimized.
Nonetheless, when we repeated the entire analysis, blasting against
1,280 genomes in KEGG, the results were similar (Supplementary
Fig. 3). Phylotypes belonging to Bifidobacterium longum exhibited a
significant decline in proportional representation with increasing age
in all three populations (Supplementary Fig. 3a). Most (75 6 20%)
shotgun and 16S rRNA V4 sequences in all babies mapped to members
of the Bifidobacterium genus. Bifidobacteria continued to dominate
fecal communities throughout the first year of life, although their
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Figure 1 | Differences in the fecal microbial communities of Malawians,
Amerindians and US children and adults. a, UniFrac distances between
children and adults decrease with increasing age of children in each population.
Each point shows the average distance between a child and all adults unrelated
to that child but from the same country. Results are derived from bacterial V4
16S rRNA data sets. b, Large interpersonal variations are observed in the
phylogenetic configurations of fecal microbial communities at early ages.
Malawian and Amerindian (Amr) children and adults are more similar to one
another than to US children and adults. UniFrac distances were defined from
bacterial V4 16S rRNA data generated from the microbiota of 181 unrelated
adults ($18 years old) and 204 unrelated children (n 5 31 Malawians 0.03–3
years old, 21 3–17 years old; 30 Amerindians 0.08–3 years old, 29 3–17 years
old; 31 US residents 0.08–3 years old, 62 sampled at 3–17 years of age).
*P , 0.05, **P , 0.005 (Student’s t-test with 1,000 Monte Carlo simulations).
See Supplementary Table 3 for a complete description of the statistical
significance of all comparisons shown. c, PCoA of unweighted UniFrac
distances for the fecal microbiota of adults. PC, principal coordinate.
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531	individus	en	bonne	santé	de	0	à	86	ans	de	3	origines	différentes	
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Les	recherches	sur	le	microbioteintestinal	à	MétaGénoPolis(MGPs)

Construction	d’un	catalogue	adapté	au	microbiote bébé:	13.1	M	de	gènes

Données	non	publiées:	
- 90	bébés	

Données	publiées:	
- 1	267	individus	du	projet	MetaHit 9.9	M	de	gènes	(Li	et	al.,	2014)
- 5	bébés	(<1,5	ans;	Kurokawa et	al.,	2007)
- 80	bébés	(<	6	ans;	Yasunenko et	al.,	2012)
- 100	paires	maman/bébé	(0	à	1	an;	Backhed et	al.,	2015)

4	M 9.1	M

Alvarez	et	al,	2018	a	soumettre
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Le	microbioteintestinal	coregènome:	plutôt	similaire	mais	pas	identique

the cohort. For this purpose, we used a non-redundant set of 650
sequenced bacterial and archaeal genomes (see Methods). We aligned
the Illumina GA reads of each human gut microbial sample onto the
genome set, using a 90% identity threshold, and determined the
proportion of the genomes covered by the reads that aligned onto
only a single position in the set. At a 1% coverage, which for a typical
gut bacterial genome corresponds to an average length of about
40 kb, some 25-fold more than that of the 16S gene generally used
for species identification, we detected 18 species in all individuals, 57
in $90% and 75 in $50% of individuals (Supplementary Table 8). At
10% coverage, requiring ,10-fold higher abundance in a sample, we
still found 13 of the above species in $90% of individuals and 35
in $50%.

When the cumulated sequence length increased from 3.96 Gb to
8.74 Gb and from 4.41 Gb to 11.6 Gb, for samples MH0006 and
MH0012, respectively, the number of strains common to the two
at the 1% coverage threshold increased by 25%, from 135 to 169.
This indicates the existence of a significantly larger common core
than the one we could observe at the sequence depth routinely used
for each individual.

The variability of abundance of microbial species in individuals
can greatly affect identification of the common core. To visualize
this variability, we compared the number of sequencing reads aligned
to different genomes across the individuals of our cohort. Even for
the most common 57 species present in $90% of individuals with
genome coverage .1% (Supplementary Table 8), the inter-individual
variability was between 12- and 2,187-fold (Fig. 3). As expected10,23,
Bacteroidetes and Firmicutes had the highest abundance.

A complex pattern of species relatedness, characterized by clusters
at the genus and family levels, emerges from the analysis of the net-
work based on the pair-wise Pearson correlation coefficients of 155
species present in at least one individual at $1% coverage
(Supplementary Fig. 9). Prominent clusters include some of the most
abundant gut species, such as members of the Bacteroidetes and
Dorea/Eubacterium/Ruminococcus groups and also bifidobacteria,
Proteobacteria and streptococci/lactobacilli groups. These observa-
tions indicate that similar constellations of bacteria may be present in
different individuals of our cohort, for reasons that remain to be
established.

The above result indicates that the Illumina-based bacterial pro-
filing should reveal differences between the healthy individuals and
patients. To test this hypothesis we compared the IBD patients and
healthy controls (Supplementary Table 1), as it was previously
reported that the two have different microbiota22. The principal com-
ponent analysis, based on the same 155 species, clearly separates
patients from healthy individuals and the ulcerative colitis from
the Crohn’s disease patients (Fig. 4), confirming our hypothesis.

Functions encoded by the prevalent gene set

We classified the predicted genes by aligning them to the integrated
NCBI-NR database of non-redundant protein sequences, the genes in
the KEGG (Kyoto Encyclopedia of Genes and Genomes)24 pathways,
and COG (Clusters of Orthologous Groups)25 and eggNOG26 data-
bases. There were 77.1% genes classified into phylotypes, 57.5% to
eggNOG clusters, 47.0% to KEGG orthology and 18.7% genes
assigned to KEGG pathways, respectively (Supplementary Table 9).

Relative abundance (log10)
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Butyrivibrio crossotus
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Holdemania filiformis
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Eubacterium siraeum 70 3
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Roseburia intestinalis M50 1
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Faecalibacterium prausnitzii SL3 3
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Ruminococcus torques L2−14
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Bacteroides thetaiotaomicron VPI−5482
Clostridium sp. SS2−1
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Ruminococcus bromii L2−63
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Bacteroides uniformis
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Figure 3 | Relative abundance of 57 frequent microbial genomes among
individuals of the cohort. See Fig. 2c for definition of box and whisker plot.
See Methods for computation.
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Figure 2 | Predicted ORFs in the human gut microbiome. a, Number of
unique genes as a function of the extent of sequencing. The gene accumulation
curve corresponds to the Sobs (Mao Tau) values (number of observed genes),
calculated using EstimateS21 (version 8.2.0) on randomly chosen 100 samples
(due to memory limitation). b, Coverage of genes from 89 frequent gut
microbial species (Supplementary Table 12). c, Number of functions captured
by number of samples investigated, based on known (well characterized)
orthologous groups (OGs; bottom), known plus unknown orthologous
groups (including, for example, putative, predicted, conserved hypothetical
functions; middle) and orthologous groups plus novel gene families (.20
proteins) recovered from the metagenome (top). Boxes denote the
interquartile range (IQR) between the first and third quartiles (25th and 75th
percentiles, respectively) and the line inside denotes the median. Whiskers
denote the lowest and highest values within 1.5 times IQR from the first and
third quartiles, respectively. Circles denote outliers beyond the whiskers.
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57	espèces	(~	5%)	trouvées	dans	plus	de	90%	
des	124	individus	considérés	pour	l ’étude

Qin	et	al,	Nature,	2010

Similarité:

Gènes	cœur	du	métagénome :	
~50	%	des	gènes	individuel	sont	partagés	par	au	
moins	50	%	des	individu	de	la	cohorte

Individualité:

Gènes	rares	du	métagénome:	
Gènes	partagés	par	moins	de	20	%	des	individus
=	2.4	million	de	gènes
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Le	microbioteintestinal:	stabilité	et	résilience

Faith et	al.,	Science	2013

Þ Résilience	du	microbiote intestinal	

Microbiote intestinal	(n=37)	échantillonné	sur	5	ans

La	stabilité	du	microbiote inversement	proportionnelle	à	la	
stabilité	du	BMI	de	chaque	individu
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Habitudes	alimentaires	et	diversité	du	microbiote

N=45	(25	à	65	ans;	BMI	25	et	38	kg/m2),	3	types	de	prises	alimentaire	(cluster),	pour	26	
catégories	d’aliments	et	sur	la	base	de	relevés	complets	de	7	jours

A	un	régime	plus	riche	en	fibres	(cluster	3)	correspond	
un	microbiote plus	diversifié

Kong	et	al,	PLoS one	2014

Karine	Clément,	ICAN,
&	Danone	Research



28	mars	2018
Espace	de	conférences	|	Paris 20

Intervention	nutritionnelle	et	diversité	du	microbiote
intervention stabilisation

Microbiote	
atrophié

Microbiote	enrichi

Un	microbiote dominant	atrophié	prédit	une	moindre	réponse	au	régime
Un	régime	riche	en	fibres	peut	diversifier	un	microbiote dominant	atrophié

Intervention	:	apports	enrichis	en	protéines,	peu	gras	
et	enrichis	en	sucres	 à	faible	index	glycémique,	
apportant	une	grande	diversité	de	fibres	

(régime	KOT	calibré	pour	apporter	1	200	à	
1	500	Kcal)

Cotillard	et	al,	Nature	2013
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Projet	Eldermet:	187	échantillons	fécaux	de	sujets	âgés	(>65	ans)	vs. 9	de	sujet	adultes	

Claesson et	al,	Nature	2012

Code	couleur	par	sujet:	
Green:	communauté;	
Yellow:	hospitalisation;	
Orange:	réhabilitation;	
Red:	résidence	longue;	
Purple:	sujet	jeune

Chez	les	personnes	âgées	se	sont	l’alimentation et	l’état	de	santé	
qui	impactent	la	composition	du	microbiote intestinal

Une	faible	diversité	du	microbiote associée	avec	l’accroissement	
de	la	fragilité	chez	les	personnes	âgées

community-dwelling subjects. Eighteen other non-UniFracb-diversity
metrics supported microbiota separation by residence location
(Supplementary Fig. 1).

When we examined OTU abundance, we identified a cluster com-
prised of the majority of the long-stay subjects, separated from the
majority of the community-dwelling and young healthy subjects
(Fig. 1c). Family-level microbiota assignments showed that long-stay
microbiota had a higher proportion of phylum Bacteroidetes, compared
to a higher proportion of phylum Firmicutes and unclassified reads in
community-dwelling subjects (Fig. 1c). At genus level, Coprococcus and
Roseburia (of the Lachnospiraceae family) were more abundant in the
faecal microbiota of community-dwelling subjects (Supplementary
Table 1 shows complete list of genera differentially abundant by com-
munity location). Genera associated with long-stay subjects included

Parabacteroides, Eubacterium, Anaerotruncus, Lactonifactor and
Coprobacillus (Supplementary Table 2). The genera associated with
community belonged to fewer families, Lachnospiraceae were the most
dominant. Thus, the microbiota composition of an individual segre-
gated depending on where they lived within a single ethnogeographic
region, in a homogeneous cohort where confounding effects of climate,
culture, nationality and extreme environment were not a factor.

Concordance of diet and microbiota
Dietary data (for 168 of the 178 subjects, plus five percutaneous
endoscopic gastrostomy (PEG)-fed subjects) was collected through
a semiquantitative, 147-item, food frequency questionnaire (FFQ),
weighted by 10 consumption frequencies. The data were visualized
with correspondence analysis (CoA; Fig. 2a). The first CoA axis
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Figure 1 | Microbiota analysis separates elderly subjects based upon where
they live in the community. a, Unweighted and b, weighted UniFrac PCoA of
faecal microbiota from 191 subjects. Subject colour coding: green, community;
yellow, day hospital; orange, rehabilitation; red, long-stay; and purple, young
healthy control subjects. c, Hierarchical Ward-linkage clustering based on the
Spearman correlation coefficients of the proportion of OTUs, filtered for OTU
subject prevalence of at least 20%. Subjects colour coding as in a. Labelled

clusters in top of panel c (basis for the eight groups in Fig. 4) are highlighted by
black squares. OTUs are clustered by the vertical tree, colour-coded by family
assignments. Bacteroidetes phylum, blue gradient; Firmicutes, red;
Proteobacteria, green; and Actinobacteria, yellow. Only 774 OTUs confidently
classified to family level are visualized. The bottom panel shows relative
abundance of family-classified microbiota.
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Figure 2 | Dietary patterns in community location correlate with
separations based on microbiota composition. a, Food correspondence
analysis. Top panel, FFQ PCA; bottom panel, driving food types. b, Procrustes
analysis combining unweighted and weighted UniFrac PCoA of microbiota
(non-circle end of lines) with food type PCA (circle-end of lines). c, Four dietary
groups (DG1, DG2, DG3 and DG4) revealed through complete linkage
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correspondence analysis. Colour codes in a, and horizontal clustering in b and
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vertical clustering in c: green, fruit and vegetables; orange, grains such as
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most driving foods are labelled; for a complete list see Supplementary Table 2.
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Qu’est	ce	qui	impacte	le	microbioteintestinal	chez	les	personnes	âgées?	
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Qu’est	ce	qui	impacte		le	microbioteintestinal	chez	les	personnes	âgées?	

Jeffrey	et	al,	ISMEJ	2016

Projet	Eldermet:	732	échantillons	fécaux	de	371	sujets	âgés	(>65	ans)

GN:	General	(n=314)
MX:	Mixé	(n=23)
HD:	Diversité	importante	(n=147)
Uc:	Non-associé	(n=8)
LD:	Diversité	faible	(n=60)
LD-LA:	faible	diversité	- résidence	longue	(n=6)
GN-LA:	General	- résidence	longue	(n=173)

Chez	les	personnes	âgées	un	long	séjour	en	maison	de	retraite	
impacte	la	composition	du	microbiote intestinal	particulièrement	
ceux	dont	le	microbiote intestinal	est	le	plus	pauvre
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Evolution	du	microbioteintestinal	chez	les	personnes	âgées

Biagi et	al,	Cell 2016

105-109:	n=	24
99-104:	n=15
65-75:	n=15
22-48:	n=15

Cohorte	Italienne	de	69	personnes

Aucune	donnée	sur	le	régime	alimentaire	ou	la	prise	d’antibiotiques
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Evolution	du	microbioteintestinal	chez	les	personnes	âgées

Odamaki et	al,	BMC	Microbiology 2016

>100:	n=	6
90-99:n=19
80-89:n=48
70-79:n=15
60-69:n=28
50-59:n=25
40-49:n=34
30-39:	n=88
20-29:n=40
10-19:	n=10
4-9:	n=14
Sevré	à	3	ans:	n=18
Sevrage:	n=12
Pré-sevrage:	n=14

Cohorte	japonaise	de	367	personnes

Aucune	donnée	sur	le	régime	alimentaire	ou	la	prise	d’antibiotiques
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Messages	clés

les	microbiomes humains	partagent	un	noyau	métagénomique commun	mais	diffèrent	par	
les	gènes,	espèces,	stratifiés	par	les	enterotypes (écologie)	et	la	richesse	en	gènes

la	richesse	en	gène	est	un	marqueur	de	santé	notamment	dans	les	maladies	chroniques	dont	
l’incidence	augmente	depuis	les	années	50

Le	microbiote humain	est	stable	et	résiliant	tout	au	long	de	la	vie	mais	connait	des	
changements	caractéristiques	en	début	et	fin	de	vie

Le	microbiote en	baseline est	un	modulateur	des	réponses	à	des	actifs-santé	et	la	
nutrition est	un	levier	des	approches	personnalisées	dans	la	prévention	et	en	clinique
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