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Studying the human microbiome …
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membership within complex microbial communities 
such as the gut microbial eco system. In addition, these 
methods cannot address ecological questions to reveal 
interactions and variability inside the community. By 
contrast, develop ments in the field of environmen-
tal micro biology, as described above, now permit the 
study of the genomes of entire populations of micro-
organisms in parallel. These studies provide a complete 
profile of the organisms that inhabit an environ ment 
and delineate the genetic and metabolic capacities of the  
entire community.46

What is a ‘normal’ gut microbiota?
A ‘healthy’ gut microbiota must be defined to understand 
what would be the biological importance of the differ-
ent patterns of microbial colonization associated with 
disease states. Admittedly, the composition and func-
tional characteristics of a healthy gut microbiota remain 
to be elucidated. However, the latest developments in 
molecular biology have enabled accurate investigations 
of the microbial communities in human faecal and gut 
mucosal samples. A number of studies published in the 
past few years have profiled the ‘normal’ patterns of the 
human gut microbiota, and will be briefly summarized 
in this section.

Studies based on 16S rDNA sequencing have high-
lighted that only 7–9 of the 55 known divisions or phyla 
of the Bacteria domain are detected in faecal or mucosal 
samples from the human gut.47 Moreover, >90% of all 
the phylotypes (sequences with 97% identity, assumed to 
represent a single species) belong to just two divisions: 
the Bacteroidetes and the Firmicutes.47 The other divi-
sions that have been consistently found in samples from 
the human distal gut are Proteobacteria, Actinobacteria, 

Fusobacteria and Verrucomicrobia. Of the 13 divisions 
of the domain Archea, only one or two species seem to be 
represented in the human distal gut microbiota.47 Thus, 
at the division level, the human intestinal ecosystem is 
less diverse than other ecosystems on Earth, such as soils 
and ocean waters that might contain 20 or more divi-
sions. However, at the lower taxonomic levels (species or 
strain), considerable variation exists in the composition 
of the gut microbiota among human individuals.47

A study in two healthy people, a male and a female 
who were sampled daily for 15 months and 6 months, 
respectively, has shown that there are permanent fluctua-
tions in the composition of the faecal microbiota over 
time.48 However, the faecal microbiota tends to return 
to its typical compositional pattern, in a phenomenon 
termed resilience. Temporal variation might arise follow-
ing exposure to different types of foods, medications, or 
physical environments, and also from changes in transit 
time, as microbial composition in the lumen varies 
from caecum to rectum. In addition, the community 
of mucosa-associated bacteria differs from that in the 
colonic lumen.47 Interestingly, mucosa-associated com-
munities are highly stable from the terminal ileum to the 
large bowel in a given individual.47,49

A whole-genome shotgun sequencing study revealed 
a total of 3.3 million nonredundant microbial genes 
in faecal samples from a cohort of adult Europeans, 
mostly formed of healthy individuals but also includ-
ing a few patients with IBD or metabolic syndrome.43 
For the first time, this study provided a gene catalogue 
of the human gut microbiome, defined as the collec-
tive genome of the microbial symbionts in a host. Up to 
98% of the genes in the catalogue are bacterial, and the 
rest belong to yeasts, viruses (including bacteriophage) 
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Figure 2 | Technologies to investigate the gut microbiota. On the left side, the approaches used when culture of an 
individual microorganism or the amplification of its genome is conceivable. On the right side, when most of the bacteria in 
the sample are not cultivable, approaches including metagenomics and metatranscriptomics are applied to the whole 
microbial community in the sample to collect information on microbial diversity, gene content and gene expression.

 FOCUS ON GUT MICROBIOTA

© 2012 Macmillan Publishers Limited. All rights reserved

Carnoy-fixed stool
samples, or

biopsy material

FISH



The phylogenetic tree of life
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VIRUS

• (Wo)Man = a 
“supraorgansim”

• Microbiome = part 
of our genetic 
landscape = the 
human metagenome



Just bacteria?.... rather not ;-)
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Generation of reference gene catalogues: 

Human microbiomes differ in species & genes
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• n=124 individuals (Europeans)

• 3.3 Mio bacterial genes (>99%)

• approx. 1150 bacteria

• 160 bacterial species/individual

• 57 species common to >90%

• 530,000 genes/individual

ICG 
• 10,000,000 bacterial genes in n=1267 individuals

• 500,000 genes per individuum

• approx. 50% of genes shared by 50% of individuals

(metagenomic core)

• Comparable catalogues for Europeans, Americans, 

Japanese, Chinese

Qin J et al. Nature 2010; 464:59-65
Li et al. Nat Biotechnol 2014; 32: 834-41



Human microbiomes differ in gene counts –
gut microbial structure as a biomarker?
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Cottilard A et al. Nature 2013; 500: 585-8
Le Chatellier E et al. Nature 2013: 500: 541-6

LETTER
doi:10.1038/nature12480

Dietary intervention impact on gut microbial
gene richness
Aurélie Cotillard1,2*, Sean P. Kennedy3*, Ling Chun Kong1,2,4*, Edi Prifti1,2,3*, Nicolas Pons3*, Emmanuelle Le Chatelier3,
Mathieu Almeida3, Benoit Quinquis3, Florence Levenez3,5, Nathalie Galleron3, Sophie Gougis4, Salwa Rizkalla1,2,4,
Jean-Michel Batto3,5, Pierre Renault5, ANR MicroObes consortium{, Joel Doré3,5, Jean-Daniel Zucker1,2,6, Karine Clément1,2,4

& Stanislav Dusko Ehrlich3

Complex gene–environment interactions are considered important
in the development of obesity1. The composition of the gut micro-
biota can determine the efficacy of energy harvest from food2–4 and
changes in dietary composition have been associated with changes
in the composition of gut microbial populations5,6. The capacity to
explore microbiota composition was markedly improved by the
development of metagenomic approaches7,8, which have already
allowedproductionof the first humangutmicrobial gene catalogue9

and stratifying individuals by their gut genomic profile into diffe-
rent enterotypes10, but the analyses were carried out mainly in non-
intervention settings. To investigate the temporal relationships
between food intake, gut microbiota and metabolic and inflamma-
toryphenotypes,we conducteddiet-inducedweight-loss andweight-
stabilization interventions in a study sample of 38 obese and
11 overweight individuals. Here we report that individuals with
reduced microbial gene richness (40%) present more pronounced
dys-metabolism and low-grade inflammation, as observed concomi-
tantly in the accompanying paper11. Dietary intervention improves
low gene richness and clinical phenotypes, but seems to be less
efficient for inflammation variables in individuals with lower gene
richness. Low gene richness may therefore have predictive potential
for the efficacy of intervention.
To examine relationships between variations in gutmicrobiota com-

position and bioclinical parameters after dietary intervention, we used
the approach termedquantitativemetagenomics11. Forty-nine obese or
overweight subjects were recruited and subjected to a 6-week energy-
restricted high-protein diet followed by a 6-week weight-maintenance
diet (Methods); the compliance was good, as indicated by a principal
component analysis (PCA) of 35 nutrients over time (Supplementary
Fig. 1). Bioclinical characteristics and detailed qualitative and quant-
itative features of individuals’ food intake were obtained at baseline, 6
and 12weeks (Supplementary Tables 1 and 2). The 35% decrease in
energy intake after the first 6 weeks was associated with a reduction in
body-fat mass, adipocyte diameter and improvements in insulin sensi-
tivity and markers of metabolism and inflammation (Supplementary
Tables 1 and 3). During the weight-maintenance phase, intake of
nutrients tended to return to baseline values, whereas dietary total
energy, carbohydrate and lipid intake remained lower than at begin-
ning of the intervention (Supplementary Tables 2 and 3). Serum lipid
variables also tended to return to their basal levels as well, while a pro-
gressive reduction occurred in systemic inflammation markers.
We first examined the gutmicrobial composition of the study popu-

lation at baseline (Methods). A bimodal distribution of bacterial gene
number was observed (Fig. 1a), similar to the one found in a cohort of
292 Danish individuals11, albeit less distinct, possibly owing to a lower

cohort size. At a threshold of 480,000 genes, corresponding to that
from the accompanying manuscript11, there were 18 (40%) low gene
count (LGC) and 27 (60%) high gene count (HGC) individuals, har-
bouring on average 379,436 and 561,499 genes respectively, a one-
third difference. A difference in diversity between lean and obese
individuals was reported previously12, but the difference among the
obese was not described.
We then examined the baseline phenotypes of the study population.

The LGC group had significantly higher insulin resistance and fasting
serum triglyceride levels, aswell as a tendency towards higher LDLcho-
lesterol and inflammation than the HGC group (Fig. 2); as observed in
the accompanying paper11. Analysing gene richness as a quantitative
variable gave similar results (SupplementaryTable 4).Weconclude that
in two European countries, the individuals of the LGC group present
phenotypes that expose them to an increased risk of obesity-associated
co-morbidities. Antibiotic treatments, which lower the diversity, have

*These authors contributed equally to this work.
{A list of authors and affiliations appears at the end of the paper.

1Institut National de la Santé et de la RechercheMédicale, U872, Nutriomique, Équipe 7, Centre de Recherches des Cordeliers, Paris 75006, France. 2Université Pierre et Marie-Curie-Paris 6, Nutriomique,
15 rue de l’Ecole de Medecine, Paris 75006, France. 3INRA, Institut National de la Recherche Agronomique, Metagenopolis, Jouy en Josas78350, France. 4Institute of Cardiometabolism and Nutrition,
Assistance Publique-Hôpitaux de Paris, CRNH-Ile de France, Pitié-Salpêtrière, Boulevard de l’Hopital, Paris 75013, France. 5INRA, Institut National de la Recherche Agronomique, UMR 1319Micalis, Jouy
en Josas 78350, France. 6Institut de Recherche pour le Développement, IRD, UMI 209, UMMISCO, France Nord, Bondy F-93143, France.
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Figure 1 | Gut microbial composition of LGC (n5 18) and HGC (n5 27)
subjects. a, Baseline gene count. b, Presence and frequency of 25 tracer genes
for species differentially abundant in LGC and HGC groups; Mann–Whitney
probability (q, false discovery rate (FDR) adjusted) is given. Genes are in rows,
frequency is indicated by colour gradient (white, not detected; red, most
abundant); individuals, ordered by increasing gene number, are in columns.
c, Highest AUCvalues for a combination of a given number of species in a ROC
analysis of 45 individuals of our cohort (red) and 292 individuals of the Danish
cohort11. Inset, AUC for the combination of six species.
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ü Gut microbial composition in obese and non-obese Danish sj (n=292)
ü Low gene count (LGC), 23% of population more adiposity, IR, 

dyslipidemia and a higher degree in inflammation
ü LGC = Predictor for relaps in IBD, aggravation of chronic conditions, etc. 



Low Species Richness and Low Gene Count (LGC) 
characterize dysbiosis and bad health
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„symbionts“ „pathobionts“



How is CRC linked to our microbiome?
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Feng et al. Nature Communication 2015
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Which are the bad bugs ?
Mechanism linking specific bacteria with CRC

Tilg H / Moschen AR. Cancer Cell 2018



CRC and the fight for luminal iron
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Moschen AR et al. unpublished

Host factors shaping 
microbial communities are 
important for building and 
maintaining a homeostatic 
relationship and to defend 
host integrity from 
aggressive bacteria. 



In the steady−state Lcn2−⁄− mice are healthy, while
IL10−⁄−/Lcn2−⁄− show massive inflammation ...
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Moschen et al. Cell Host & Microbe 2016



IL10−⁄−/Lcn2−⁄− animals exhibit an 
altered microbial ecology ... 
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Moschen et al. Cell Host & Microbe 2016



In the steady−state Lcn2−⁄− mice are healthy, while
IL10−⁄−/Lcn2−⁄− show massive inflammation ...
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Moschen et al. Cell Host & Microbe 2016



... and transmissible to cross−fostered animals. 
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Moschen et al. Cell Host & Microbe 2016



... and transmissible to cross−fostered animals. 
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Moschen et al. Cell Host & Microbe 2016

Alistipes !



So what next ... ?

human/mouse
organoid cultures

identification of
metabolites, 

metabolic
pathways, 
genes of
interest

specific mutants





Transmitting gut function and behavior from IBS 
patients to mice … microbial composition not relevant! 
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De Palma et al. Sci Transl Med 2017

- FMT from IBS-D patients
plus/minus anxious
behavior and healthy
controls to GF mice

- Study intestinal biology
and behavior. 



Transmitting gut function and behavior from IBS 
patients to mice … microbial composition not relevant! 

23AR Moschen

De Palma et al. Sci Transl Med 2017

• No difference in taxonomic 
composition between IBS-D 
and control recipient mice.

• Differences in the profile of 
serum metabolites.

• IBS-D microbiota induces:
ü Shorter GI transit time
ü Impaired gut barrier 

function („leaky gut“)
ü Higher grade of immune 

activation
ü More anxiety



Our GI tract is, so to say, a huge bioreactor …
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„ Of bugs and (wo)men ... “
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100,000 generations 2 to 3 g.

A co-evolution from the very beginning 
accounts for a high grade of mutualism



PROBLEM: „mechanism“ gap in current
microbiome studies
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Patterson/Turnbaugh. Cell Metabol 2014



Studying the human microbiome … 
the multi–‘omic‘ approach
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membership within complex microbial communities 
such as the gut microbial eco system. In addition, these 
methods cannot address ecological questions to reveal 
interactions and variability inside the community. By 
contrast, develop ments in the field of environmen-
tal micro biology, as described above, now permit the 
study of the genomes of entire populations of micro-
organisms in parallel. These studies provide a complete 
profile of the organisms that inhabit an environ ment 
and delineate the genetic and metabolic capacities of the  
entire community.46

What is a ‘normal’ gut microbiota?
A ‘healthy’ gut microbiota must be defined to understand 
what would be the biological importance of the differ-
ent patterns of microbial colonization associated with 
disease states. Admittedly, the composition and func-
tional characteristics of a healthy gut microbiota remain 
to be elucidated. However, the latest developments in 
molecular biology have enabled accurate investigations 
of the microbial communities in human faecal and gut 
mucosal samples. A number of studies published in the 
past few years have profiled the ‘normal’ patterns of the 
human gut microbiota, and will be briefly summarized 
in this section.

Studies based on 16S rDNA sequencing have high-
lighted that only 7–9 of the 55 known divisions or phyla 
of the Bacteria domain are detected in faecal or mucosal 
samples from the human gut.47 Moreover, >90% of all 
the phylotypes (sequences with 97% identity, assumed to 
represent a single species) belong to just two divisions: 
the Bacteroidetes and the Firmicutes.47 The other divi-
sions that have been consistently found in samples from 
the human distal gut are Proteobacteria, Actinobacteria, 

Fusobacteria and Verrucomicrobia. Of the 13 divisions 
of the domain Archea, only one or two species seem to be 
represented in the human distal gut microbiota.47 Thus, 
at the division level, the human intestinal ecosystem is 
less diverse than other ecosystems on Earth, such as soils 
and ocean waters that might contain 20 or more divi-
sions. However, at the lower taxonomic levels (species or 
strain), considerable variation exists in the composition 
of the gut microbiota among human individuals.47

A study in two healthy people, a male and a female 
who were sampled daily for 15 months and 6 months, 
respectively, has shown that there are permanent fluctua-
tions in the composition of the faecal microbiota over 
time.48 However, the faecal microbiota tends to return 
to its typical compositional pattern, in a phenomenon 
termed resilience. Temporal variation might arise follow-
ing exposure to different types of foods, medications, or 
physical environments, and also from changes in transit 
time, as microbial composition in the lumen varies 
from caecum to rectum. In addition, the community 
of mucosa-associated bacteria differs from that in the 
colonic lumen.47 Interestingly, mucosa-associated com-
munities are highly stable from the terminal ileum to the 
large bowel in a given individual.47,49

A whole-genome shotgun sequencing study revealed 
a total of 3.3 million nonredundant microbial genes 
in faecal samples from a cohort of adult Europeans, 
mostly formed of healthy individuals but also includ-
ing a few patients with IBD or metabolic syndrome.43 
For the first time, this study provided a gene catalogue 
of the human gut microbiome, defined as the collec-
tive genome of the microbial symbionts in a host. Up to 
98% of the genes in the catalogue are bacterial, and the 
rest belong to yeasts, viruses (including bacteriophage) 
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Figure 2 | Technologies to investigate the gut microbiota. On the left side, the approaches used when culture of an 
individual microorganism or the amplification of its genome is conceivable. On the right side, when most of the bacteria in 
the sample are not cultivable, approaches including metagenomics and metatranscriptomics are applied to the whole 
microbial community in the sample to collect information on microbial diversity, gene content and gene expression.
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Wang Z et al. Nature 2011; 452:57-63 
Tang WHW et al. N Engl J Med 2013; 368:1575-84

• n=4007
• fasting plasma TMAO
• F/U: 3 yrs
• PEP: MI, stroke, death
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Zu W et al. Cell 2016;165:111-124
Tilg H. N Engl J Med 2016; 374:2494-2496
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Wang et al. Cell 2015;163:1585–95





Intervening in the microbiome …
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Intervening in the microbiome … 
ways to do so … ?
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Diet and supplementations
- Composition of diet (low fiber, low FODMAP, GFD)

- Calories, minerals, vitamins, trace elements
- Fasting periods ?

Removal of predisposing factors
- Treatment of hyperglycemia, endocrine/motility dysfunction

- Stopp PPIs, antibiotics, immunosuppressives, NSAIDs etc.

Interventions
- Biotherapy: Prebiotics, Probiotics, (Synbiotics, Postbiotics)

- Fecal microbiome transplantation
- Antibiotics

- Precision edititing ?



37AR Moschen

Olano & Corzo. J Sci Food Agriculture 2009, 89(12), 1987-1990 
Gibson GR et al. Nat Rev Gastroenterol Hepatol 2017

What are prebiotics ?

• „Prebiotics are fermentable, non-digestible oligosaccharides that increase the activity 
and number of some bacteria in the intestine, thus, promote the host health“

• ... ‘a substrate that is selectively utilized by host microorganisms conferring a health 
benefit’ ...

International 
Scientific 

Association
for Probiotics

and
Prebiotics

(ISAPP) 
Consensus

Lactulose
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Wu M, ... & Gordon JI. Science 2015; 350:55 

Next generation prebiotics ?
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The PAGODA study
Linking PHGG-induced alterations in gut microbial 
composition with genus− and species−specific 
fitness determinants on the levels of bacterial 
gene expression and metabolism
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The PAGODA study

Judith Tragust
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The PAGODA study – clinical outcomes
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The PAGODA study – community structure
„alpha diversity“

V1-V3 V3-V4
before

during

Dr Simon 
Reider
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The PAGODA study – community structure
„NMDS and PCoA plots of Bray-Curtis distance“

V1-V3 V3-V4

Note: subject had a predictor value (r-squared) of 0.69 and 0.67 (p < 0.01) 
while timepoint (i.e. week) had an r-squared of 0.026 and 0.021 (p < 0.01)
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The PAGODA study – community structure
„Changes of Bray-Curtis distances over time“

V1-V3 V3-V4

Note: PHGG induces changes in microbial community structure from the baseline 
configuration, that revert back to the original state after the intervention.
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The PAGODA study – (DeSeQ2)
„16S Data: Differential abundance at the OTU level“ 

V1-V3 V3-V4

Note: Small but specific changes in taxa abundance by PHGG: “bloom” of 
Ruminococcus, Fusicatenibacter and Faecalibacterium, suppression of certain 
Lachnospiraceae, Roseburia, and Blautia.
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The PAGODA study – (Tax4Fun)
16S Data: Mapping to KEGG orthologues (enzymes)
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The PAGODA study – (Tax4Fun)
16S Data: Mapping to KEGG functional profiles
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PAGODA Studie – NMR profiles
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The PAGODA study –
Metabolome: PHGG – associated changes

Note: Known metabolites of PHGG 
increase during the intervention 
(supports the credibility).  
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The PAGODA study –
Metabolome: PHGG – associated changes

Note: Metabolite names were assigned to peaks automatically using 
ASICS, and plots generated by Metaboanalyst PHGG associated changes 
in NMR spectra are mostly due to Acetate and Butyrate concentrations.
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The PAGODA study –
Metabolome: PHGG – associated changes in SCFA

Acetate Butyrate Propionate
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The PAGODA study –
Metabolome: PHGG – associated changes in SCFA

Note: There seems to be a transient, sex-dependent 
effect of PHGG on acetate concentrations in the feces.
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The PAGODA study – (sparcc)
Combining 16S metagenomics with NMR metabolomics

Analysis of co-occurrence/co-exclusion 

Note: Butyrate 
seems to be the key 
metabolite in PHGG 
associated 
metabolomic 
changes. It also 
shows strong links to 
certain bacterial taxa 
abundances, 
confirming results 
from DESEQ2 
analysis.



Precision editing of the microbiome
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Hughes ER et al. Cell Host Microbe 2017;21:208–219 
Zhu W/Winter MG et al. Nature 2018;553:208-211 

• Intestinale inflammation = metagenomics = penmanship 
of increase in molybdenum cofactor dependent 
metabolism 

• Molybdenum cofactor dependent metabolic pathways 
contribute to fitness advantage of Enterobacteriaceae

• Molybdenum cofactor consists of molybdopterin and 
molybdenum oxyde

• Tungsten can edge out molybdenum from this chemical 
bond leading to its inactivation



Precision editing of the microbiome
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Hughes ER et al. Cell Host Microbe 2017;21:208–219 
Zhu W/Winter MG et al. Nature 2018;553:208-211 



Precision editing of the microbiome

57AR Moschen

Hughes ER et al. Cell Host Microbe 2017;21:208–219 
Zhu W/Winter MG et al. Nature 2018;553:208-211 



Conclusions
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• The microbiome represents a „powerful tool“ to intervene 
with human health in both in the positive and in the 
negative sense.

• Point and width of effect of microbiota-modulating 
strategies (alone or in combination with other therapeutics) 
seem an attractive strategies  

• On the basis of the complexity of host-microbe, microbe-
host, and microbe-microbe interactions, we still have to 
learn about long-term safety and efficacy, and the possibility 
of personalized approaches regarding microbiota-targeted 
therapies.



THANKS FOR LISTENING :-)


