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Health Care By Your Microbes Inside   



Few Thousand Species in the Human Gut – > 1000 Species Cultured	

	


High Throughput Technologies 	
        > 10 M Gut Genes ! 

Microbial Metagenomics: Faster, Better & Cheaper 



Microbes Dominate Our Body   

Karyome 
~1013 human cells 

single genome 
3 Gbase sequence 
 ~ 30 k proteins 

Mitochondriome 
~ 1014 mitochondria 

single genome 
17 Kbase sequence 

13 proteins 
 

Intestinal  Microbiome 
~ 1014  microbial cells ~ 103 – 104 species 

reference genome of  ~ 10 M genes or proteins (~ 10 Gbase)  
0.5 – 1 M Genes per Subject 

 
J Qin et al MetaHit Consortium - Nature 464 (2010) 59-65    

M Amurugam et al MetaHit Consortium – Nature 473 (2011) 174-180 
E Le Chatelier et al MetaHit Consortium – Nature  500 (2013)541-546 

S Sunagawa et al – Nature Meth 10 (2013)1196-99   
WM De Vos & M Nieuwdorp – Nature 498 (2013) 48-49  

 
 
 



Which	  microbes	  
are	  there?	  

What	  are	  the	  
microbes	  doing?	  

What	  is	  the	  gene2c	  
poten2al?	  

Holistic & High Throughput Avenues - Cohorts & Controlled 
Interventions -  Systems Approaches 

…How to Learn More from the Gut….  

Zoetendal EG, M Rajilić-Stojanović & WM de Vos  (2008) High throughput diversity and functionality  
analysis of the  gastrointestinal tract microbiota. Gut 57 : 1605-15 
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Nature Biotechnology sent a survey to 55 
prominent researchers in the microbiome 
field and asked them to identify and com-
ment on what they thought were the most 
influential papers since the field’s incep-
tion. The results received from 17 of these 
researchers are presented in this article. 
Perhaps the most striking finding was  

A snapshot of the microbiome field

A survey of leading scientists from academia and industry 
highlights notable papers that have garnered momentum in 
microbiome research.

that a handful of papers dominated their 
selections.

We present the top five papers selected most 
often (all were selected by three or more scien-
tists), together with comments from experts to 
illustrate why each paper was chosen. All but 
one of the selected papers focus on the micro-
biota of the gut, probably because this niche is 

where most of the approximately 100 trillion 
microbes in the human body reside. Only one 
of the top five papers used an animal model, 
and was selected because it provided the first 
evidence of a mechanistic link between the 
complement (and functioning) of gut microbes 
and obesity. The bulk of the selected papers 
catalog the membership of the microbiome, 
because that has been the main focus of much 
of the research effort. Moving forward, a panel 
of experts contacted by Nature Biotechnology 
(Feature p. 304) identify function as the next 
hurdle in this field. So expect to see studies on 
microbiome metabolomes, integrated views of 
host and microbial genotypes and phenotypes, 
and RNA-seq analyses dominating the future 
research landscape.
Susan Jones

Qin, J. et al. A human gut 
microbial gene catalogue 
established by metage-
nomic sequencing. 
Nature 464, 59–65 (2010).

Ranked
1st

Arumugam, M et al. 
Enterotypes of the 
human gut microbiome. 
Nature 473, 174–180 
(2011).
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“Stirred up discussions but indicates high-level clustering that will be 
useful to provide further segmentation.” Willem de Vos, Wageningen 
University, The Netherlands.

“The authors showed that the microbiome could actively shape disease sus-
ceptibility. All the ingredients of microbiome research (germ-free mice, next-
generation sequencing and fecal transplantation) are included in this paper. 
The study has trail-blazed this field of research and provided a template for 
investigation of the impact of the microbiome on diseases and health such as 
cancer, diabetes, behavior and colitis.” Christian Jobin, University of North 
Carolina at Chapel Hill, USA.

Turnbaugh, P.J. et al. An 
obesity-associated gut 
microbiome with 
increased capacity for 
energy harvest. Nature 
444, 1027–1031 (2006).

Ranked
3rd

Susan Jones, Senior Editor, Nature Biotechnology

“The first gene catalog of the human microbiome, demonstrating 
that the [gut microbiome] metagenome contains 150-fold more genes 
than our own genome.” Frederik Bäckhed, University of Gothenburg, 
Sweden.

“Demonstrated in rodents that an obese phenotype could be transferred or 
reversed by fecal transplant of the microbiota.” Peter DiStefano, Second 
Genome, San Bruno, California, USA.

NEWS  FEATURE
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Our Microbiome: A Hot Topic 
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Funding for microbiome research
US National Institutes of Health (NIH) has provided nearly two-thirds of funding.

Publications over time
Since 2003, microbiome research publications have undergone explosive growth.

Top ten institutions receiving microbiome funding
Washington University has received by far the greatest amount of microbiome-related 
funding.

Patenting related to the microbiome
The number of patent filings reached a peak in 2011.

Trends in microbiome research 
Susan Jones

Institutes of Health and the European Union’s MetaHIT project. In con-
trast to publications, microbiome-related patents have increased less 
markedly. Recently published trials underscore the clinical promise of 
this research.

More than a decade after the first paper detailing the immense diver-
sity of human microflora (Proc. Natl. Acad. Sci. USA 96, 14547–14552, 
1999), the microbiome research literature has expanded enormously. 
This reflects an influx of funding from such agencies as the US National 
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Susan Jones is Senior Editor at Nature Biotechnology.

Top ten cited research articles in human microbiome research (2003–2013)
Times cited

Eckburg, P.B. et al. Diversity of the human intestinal microbial flora. Science 308, 1635–1638 
(2005). 

1,433

Turnbaugh, P.J. et al. An obesity-associated gut microbiome with increased capacity for energy 
harvest. Nature 444, 1027–1031 (2006). 

1,064

Gill, S.R. et al. Metagenomic analysis of the human distal gut microbiome. Science 312, 1355–
1359 (2006). 

902

Turnbaugh, P.J. et al. A core gut microbiome in obese and lean twins. Nature 457, 480–484 
(2009). 

786

Qin, J. et al. A human gut microbial gene catalogue established by metagenomic sequencing. Nature 
464, 59–65 (2010). 

776

Ley, R.E. et al. Microbial ecology—human gut microbes associated with obesity. Nature 444, 
1022–1023 (2006). 

734

Ley, R.E. et al. Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. USA 102, 11070–11075 
(2005). 

668

Frank, D.N. et al. Molecular-phylogenetic characterization of microbial community imbalances in 
human inflammatory bowel diseases. Proc. Natl. Acad. Sci. USA 104, 13780–13785 (2007). 

536

Palmer, C. et al. Development of the human infant intestinal microbiota. PLoS Biol. 5, e177 
(2007). 

428

Ley, R.E. et al. Evolution of mammals and their gut microbes. Science 320, 1647–1651 (2008). 420

Source: Thomson Reuters Web of Science, accessed 6/03/2013, using title search terms (human microbiota, human  
microbiome,  microbiome, human microbial, human microbes or gut ecology) for the period 2003–2013. 

Notable recent trial and clinical study results

Publication Indication Result summary

van Nood, E. et al. N. 
Engl. J. Med.  368, 
407–415 (2013)

Clostridium difficile 
associated long- 
standing diarrhea

Three-arm randomized FECAL (fecal therapy to eliminate  
C. difficile–associated long-standing diarrhea) trial showed 
that infusion of donor feces was significantly more effective 
for the treatment of recurrent C. difficile infection than the 
use of vancomycin.

Vrieze, A. et al. 
Gastroenterology 143, 
913-916 (2012)

Metabolic syndrome Two-arm randomized FATLOSE (fecal administration to lose 
weight) trial showed that transfer of intestinal microbiota 
from lean individuals increased insulin sensitivity in indi-
viduals with metabolic syndrome.

Graessler, J. et al. 
Pharmacogenomics J.  
doi:10.1038/tpj.2012.43 
(2 October 2012)

Morbid obesity and 
type II diabetes

Pilot study of six patients in which metagenomic sequencing 
revealed extensive changes in the gut microbiome before 
and 3 months after bariatric surgery that correlated with 
post-operative improvements including weight loss, and 
improved glucose and lipid metabolism.

NIH

MetaHIT (EU)

Canadian microbiome initiative

Other members of IHMC
(Aus, Jap, other)

Private - VC, angels

Private - foundations

Total = $290 million

59%

7%
6%

13%

5%

10%

Source: Thomson Reuters Web of Science, accessed 6/3/2013, using title search terms (human micro-
biota, human microbiome, microbiome, human microbial, human microbes or gut ecology) for the period 
2003–2013. Citations are to source items indexed within Web of Science. All article types are included.

Source: Bernat Olle, Pure Tech Ventures and Vedanta Biosciences.

Source: Bernat Olle, Pure Tech Ventures and Vedanta Biosciences. IHMC, International Human 
Microbiome Consortium. VC, venture capitalists.

Source: IP Checkups, a patent analytics firm (http://www.ipcheckups.com/). United States Patent and 
Trademark Office and European Patent Office published applications and grants. Search terms: enterotype, 
microflora, microbiota, fecal transplantation, microbiome, probiotic, bacteriotherapy and bacterial therapy.
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Peter S. DiStefano: There continue to be 
many microorganisms uncovered in humans 

that need to be fully 
sequenced, annotated 
and banked. As these 
resources become 
more complete, it 
will become easier 
to query changes in 
microbiota relevant 
to health and disease.

Joël Doré: Let me 
start [by] noting that 
this is dependent on 
the depth of analysis 
because the deeper we 
go (more sequences 
per sample), the more 
diversity we find. The 
dominant human 
fecal microbiota 

(down to 1 per 1,000 of most dominant mem-
bers) is already fairly well covered for popula-
tions of the Northern Hemisphere, but similar 
efforts are lacking for populations of South 
America, Africa and India, for example. The 
intestinal mucus layering the 300 square meters 
of gut epithelium in each individual has yet to 
be explored at the level of [the] metagenome. 
The presence of the epithelium (bearing human 
genes) and the access to this niche mainly via 
biopsies (invasive sampling process) is a major 
limitation towards [achieving] this challenging 
goal.

Curtis Huttenhower: Just as there’s no particu-
lar limit to the number of interesting biological 
conditions under which microarrays or RNA-
seq can be executed, there’s not any obvious 
‘saturation point’ for metatranscriptomics. 
Sequencing rare organisms or genes will be 
better addressed by single-cell techniques than  

Translating the human microbiome 
James Brown, Willem M de Vos, Peter S DiStefano, Joël Doré, Curtis Huttenhower, Rob Knight, Trevor D Lawley, 
Jeroen Raes & Peter Turnbaugh

Nine experts discuss the challenges in translating current research on the human microbiome into strategies for 
disease prediction, diagnosis and therapy.

Over the past decade, an explosion of 
descriptive analyses from initiatives, such 

as the Human Microbiome Project (HMP) and 
the MetaHIT project, have begun to delineate 
the human microbiome. Inhabitants of the 
intestinal tract, nasal passages, oral cavities, 
skin, gastrointestinal tract and urogenital 
tract have been identified using whole genome 

sequencing, cultivation, metagenomics, meta-
transcriptomics, metaproteomics and metabo-
lomics. Generation of these data has led to an 
improved understanding of the contribution of 
the human microbiome to physiology, health 
and disease. Nature Biotechnology approached 
several experts to seek their views on what 
steps need to be taken to move from descriptive 
microbiome biology to targeted therapies that 
tackle diseases in which microbiome dysfunc-
tion is a contributory factor.

How deep will we need to go in terms 
of sequencing depth and microbial 
characterization in each body niche?

James Brown: I don’t 
see any limitations to 
the amount of DNA 
or RNA sequencing 
that will be needed, 
given the variability 
at the individual per-
son level. As we move 
to more personalized 

medicine, the microbiome might be another 
area of deeper characterization for patient 
diagnosis. Also given that the microbiota 
within an individual varies over time, there 
will be [a] need for more frequent testing and 
monitoring.

Willem M. de Vos: Saturation of the readers 
is likely to be reached earlier than saturation 

of the ecosystems as 
[the ecosystems] are 
highly personalized, 
quite diverse and 
differ at different 
depths—hence some 
more deep sequenc-
ing remains to be 
done.

James Brown is director, computational biology, 
GlaxoSmithKline, Collegeville, Pennsylvania, 
USA; Willem M. de Vos is professor of 
microbiology, Wageningen University, 
Wageningen, Netherlands, and Finland Academy 
Professor, Helsinki University, Helsinki, Finland; 
Peter S. DiStefano is senior vice president, 
research & development, Second Genome, Inc., 
San Bruno, California, USA; Joël Doré is group 
leader at the Institut National de la Recherche 
Agronomique, Microbiologie de l’Alimentation 
au Service de la Santé Humaine, Paris, France; 
Curtis Huttenhower is at the Biostatistics 
Department, Harvard School of Public Health, 
Boston, Massachusetts, USA; Rob Knight is at 
the Department of Chemistry and Biochemistry, 
University of Colorado at Boulder, Boulder, 
Colorado, USA, and the Howard Hughes Medical 
Institute, Boulder, Colorado, USA; Trevor D. 
Lawley is at the Wellcome Sanger Trust Institute, 
Wellcome Trust Genome Campus, Hinxton, 
Cambridge, UK; Jeroen Raes is a group leader 
at VIB (Vlaams Instituut voor Biotechnologie) 
and professor at the Vrije Universiteit Brussel, 
Flanders, Belgium; and Peter Turnbaugh is at 
the Harvard FAS Center for Systems Biology, 
Cambridge, Massachusetts, USA. 
e-mail: james.r.brown@gsk.com;  
psd@secondgenome.com; tl2@sanger.ac.uk; 
willem.devos@wur.nl; jeroen.raes@vib-vub.be;  
joel.dore@jouy.inra.fr; chuttenh@hsph.harvard.
edu; rob.knight@colorado.edu;  
pturnbaugh@fas.harvard.edu

Peter S. DiStefano

Willem M. de Vos

James Brown

Joël Doré

F E AT U R E

Rapid Development Due To EU & NIH Funding 

Nature Biotechnology April 2013   



…We Are All Different  … 

Dozen Subjects – Discovered Dozen Years Ago 
Zoetendal et al (1998) AEM 



Growing Up In A Microbial World 

Happy Birthday: Born Virtually Sterile  

Early Life Colonization Is A Programmed Fecal Transplantation   

Millions of Baby - Mother Transfers – Mom Knows Best ! 



…We Are All Different  … 

…But A Bit The Same… 



Colic Babies 
 2-4 weeks 

 
Crying 

 
Reduced Diversity 

Microbiota 
Signatures 

 
De Weerth et al  
Pediatrics 2013 

Centenarians  
>100 yers 

 
Inflamaging 

 
Reduced Diversity  

Microbiota 
Signatures 

 
Biagi et al  

PLoS One 2010 

Development Provides Opportunities 

 Lahti et al unpublished; Ottman et al  FCIM 2013 

Diversity Development in 3000 Subjects 

Striking Similarities in Signatures: 

Butyrate Producers Reduced & Pathobionts Up   

Signaling & Immune Impact -  Very Early Biomarkers ! 
  



Impact of Our Intestinal Microbiome 

Coeliac 
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Role of the intestinal microbiome in health and disease: from
correlation to causation
Willem M de Vos and Elisabeth AJ de Vos

Recorded observations indicating an association between intestinal microbes
and health are long-standing in terms of specific diseases, but emerging
high-throughput technologies that characterize microbial communities in the
intestinal tract are suggesting new roles for the supposedly normal microbiome. This
review considers the nature of the evidence supporting a relationship between the
microbiota and the predisposition to disease as associative, correlative, or causal.
Altogether, indirect or associative support currently dominates the evidence base,
which now suggests that the intestinal microbiome can be linked to a growing
number of over 25 diseases or syndromes. While only a handful of cause-and-e!ect
studies have been performed, this form of evidence is increasing. The results of such
studies are expected to be useful in monitoring disease development, in providing a
basis for personalized treatments, and in indicating future therapeutic avenues.
© 2012 International Life Sciences Institute

INTRODUCTION

Virtually every day we are all confronted with the activity
of our intestine, and it is no surprise that at least some of
us have developed a fascination for our intestinal condi-
tion and its relation to health and disease. Following his
discovery of microbial life, Antonie van Leeuwenhoek
reported in 1681 the first observation relating a disturbed
microbial composition to the diarrhea he experienced,
possibly after drinking polluted Amsterdam canal water.1

The account that his watery excrements contained more
and di!erent “little animals,” as he called the bacteria, is
largely correct. It reflects the association between some
forms of diarrhea and a sudden shedding of intestinal
microbes, including those that inhabit the mucosa. As we
now know, the mucosal microbial communities may
di!er in composition and abundance from those present
in the colon.2 This hallmark discovery of several centuries
ago was not followed up by further well-documented
work until the end of the last century, when interest in the
intestinal microbes experienced a real renaissance.3 It led
to the notion that intestinal microbes can be considered a

personalized human organ with a metabolic activity
second only to that of the liver.4 It also resulted in a
change in terminology: what was first known as “microf-
lora” – a term still found in some publications and
medical textbooks – has now been renamed “microbiota”
on the basis of the diversity of microorganisms revealed
mainly by microbial ecologists, who used molecular sys-
tematics and positioned microbes in ancestral evolution-
ary terms far away from plants.5 With the implementation
of genomics-based approaches, the exploration of the
human intestinal microbiome, defined here as all micro-
biota in the intestinal tract, has begun. The collective
genomes within the microbiome have been found to
contain more than 3 million unique genes.6

It is known that the intestinal microbiota shows a
specific spatial organization,2 but as the vast majority of
microbes are found in the colon, virtually all present-day
studies focus on the microbiome that is recovered from
fecal samples. An understanding of the human intestinal
microbiome is now rapidly developing, and in many cases
the relationship between the microbiome and health and
disease is being explored. In most instances, however, this

A!liations: WM de Vos is with the Laboratory of Microbiology, Wageningen University, Wageningen, The Netherlands, and the
Departments of Veterinary Biosciences and Bacteriology and Immunology, Helsinki University, Helsinki, Finland. EAJ de Vos is with the
Medical School, Free University Amsterdam, Amsterdam, The Netherlands.

Correspondence: WM de Vos, Laboratory of Microbiology, Dreijenplein 10, NL-6703 HB Wageningen, The Netherlands. E-mail:
willem.devos@wur.nl. Phone: +31-653735635.

Key words: disease, health, high-throughput approaches, microbiota

doi:10.1111/j.1753-4887.2012.00505.x
Nutrition Reviews® Vol. 70(Suppl. 1):••–•• S1
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Intestinal Microbiota Link Metabolic 
Endotoxemia To Metabolic Inflammation 	

And Metabolic Diseases	


Intestinal Microbiota in T2D & Obesity	


Cani et al Diabetes 2007 
Cani et al Gut 2009 
Everard et al Diabetes 2011 

LPS  

permeability  



More Butyrate	

Producers	

In Controls	


More 	

Proteobacteria	

In T2D - LPS	


W I L L E M  M .  D E  V O S  &  M A X  N I E U W D O R P

Microbial cells make up the major-
ity of cells in the human body, and 
most of these reside in the intestinal 

tract1,2. Researchers have long recognized that 
some intestinal microorganisms are associated 
with health, but the beneficial impact of most 
of the gut’s microbes on human metabolism 
has been discovered only relatively recently2. 
It is of great medical and societal importance 
to pinpoint the associations of these intestinal 
microbes with health and with diseases such 
as obesity, metabolic syndrome and type 2 
diabetes (T2D)3. A study by Karlsson et al.4, 
published on Nature’s website today, is an 
important contribution to this growing body 
of evidence.

Experiments in mice have revealed a 
causal relationship between certain intestinal 
microorganisms and obesity5, and evidence 
from work in humans suggests6 that intesti-
nal microbes have a causal role in mitigating 
insulin resistance — the hallmark of T2D. 
However, the human intestinal microbiota is 
immensely complex and includes thousands of 
species that have a collective genome, termed 
the metagenome, of close to 5 million genes4,7,8. 
High-throughput sequencing of this metage-
nome, which is derived from stool samples, is 
now regularly used to analyse the intestinal 
microbiota and is replacing characterization 
of individual microbes. When metagenomic 
analysis is combined with clinical data, it is 
known as a metagenome-wide association 
study (MGWAS). 

Karlsson and colleagues conducted a 
detailed MGWAS in 145 European women 
who had T2D or impaired glucose metabo-
lism (an indicator of pre-T2D), or who were 
healthy. The authors’ results complement those 
of a similar study, by Qin and colleagues8, in a 
group of Chinese men and women that com-
prised T2D and healthy cohorts (Table 1). The 
results of both studies are astonishing, show-
ing highly significant correlations of specific 
intestinal microbes and their genes with T2D. 
These findings could take approaches for early 
diagnosis and treatment of T2D far beyond 
what is possible with existing methods. More-
over, the findings indicate that the predictive 

power of MGWASs surpasses that of genome-
wide association studies, which include only 
human genes; this is testament to the fact that 
microbial genes, in addition to our genes, are 
intricately related to the pathogenesis of T2D, 
and almost certainly other diseases.

Metagenome analysis is a rapidly emerg-
ing field and new sequencing methods and 
computational-analysis approaches are being 
developed. Karlsson et al. and Qin et al. 
used the same high-throughput sequenc-
ing platform, which generates sequences of 
about 50 nucleo tides in size, but their subse-
quent methods differed: Qin and co-workers 
mapped their sequences to known metagen-
ome data sets, whereas Karlsson and colleagues 
constructed their own sequence assembly 
that they then annotated using newly devel-
oped algorithms. Both teams then identified 
sequences that act as signatures of groups 
of correlated genes, which Qin et al. termed 
metagenomic linkage groups and Karlsson 
et al. called metagenomic clusters. 

When Karlsson et al. compared the frequen-
cies of these signatures in T2D patient and 

control groups, they found that the presence 
of fewer Clostridiales bacteria that produce 
the short-chain fatty acid butyrate (Roseburia 
species and Faecalibacterium prausnitzii) 
was highly discriminant of T2D — as had 
also been seen by Qin and colleagues. Thus, 
the two studies underscore the known role of 
butyrate-producing bacteria as regulators of 
human glucose and lipid metabolism3, and 
the function of butyrate (together with other 
short-chain fatty acids) in maintaining intes-
tinal integrity. However, several associations 
differed between the two studies (Table 1). 
For example, Karlsson and colleagues identi-
fied an enrichment of Lactobacillus gasseri and 
Streptococcus mutans, usually known as oral 
and upper intestinal tract bacteria, in their 
T2D cohort, whereas Qin et al. saw an enrich-
ment of Proteobacteria, which may produce 
inflammatory lipopolysaccharides that lead to 
endotoxaemia. 

Microbial characteristics such as these might 
constitute early warning signals9 that indicate 
new ecological states in the intestinal micro-
biota that deviate from the resilient microbiota 
of healthy people1,2. The findings lend support 
to a model (Fig. 1) in which changes in the 
composition of gut microorganisms are fol-
lowed by tissue destruction; in the case of T2D, 
this affects insulin sensitivity of the liver and 
muscles. These initial stages could progress to 
catastrophic shifts in the microbiota that are 
associated with chronic disease and that may 
be reversible only through therapeutic inter-
vention to change the intestinal microbiota. 

However, further work is needed before our 
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stress. Furthermore, the genomic potential for production of metabolites
with possible deleterious effects on host health (among which pro-
carcinogens)—including modules forb-glucuronide degradation, degra-
dation of aromatic amino acids, and dissimilatory nitrate reduction—
was significantly higher in LGC participants. Many of the significantly
increased modules could be due to the increased abundance of Bacteroides
spp. (for example, pectin degradation). By contrast, HGC individuals
were characterized by a potentially increased production of organic
acids—including lactate, propionate and butyrate—combined with a
higher hydrogen production potential. Concerning hydrogen removal,
a shift from a methanogenic/acetogenic ecosystem in HGC individuals
towards a sulphate-reducing one in LGC individuals might take place.
The functional capacity of the microbiota in LGC and HGC indivi-
duals, when combined with the phylogenetic signal, leads to several
interesting observations: in the former group we see (1) a reduction of
butyrate-producing bacteria; (2) increased mucus degradation poten-
tial combined with a decreased Akkermansia to R. torque/gnavus ratio);
(3) reduced hydrogen and methane production potential combined
with increased hydrogen sulphide formation potential; (4) an increase
in Campylobacter/Shigella abundance; and (5) an increased potential to
manage oxidative stress (peroxidase). Overall, this suggests that LGC
individuals harbour an inflammation-associated microbiota (Fig. 3).

Phenotypes of the HGC and LGC groups
Characteristics of study materials are given in Supplementary Table 8.
We performed an anthropometric and biochemical phenotyping of
multiple interrelated features of LGC and HGC individuals, and iden-
tified significant differences between them at a false discovery rate
(FDR)41 of up to 10% (Table 1 and Supplementary Table 9). This value
was used to avoid missing significant associations; a less stringent level,
up to 25%, was chosen in a recent and comparable study design42. The
LGC individuals, who represented 23% of the total study population,
included a significantly higher proportion of obese participants (Fig. 4a;
the difference is significant for men and a trend is detected for women),
and were as a group characterized by a more marked adiposity, as reflec-
ted by an increase in fat mass percentage and body weight (Table 1).
The adiposity phenotype of LGC people was associated with increased
serum leptin, decreased serum adiponectin, insulin resistance, hyper-
insulinaemia, increased levels of triglycerides and free fatty acids, decrea-
sed HDL-cholesterol and a more marked inflammatory phenotype
(increased highly sensitive C-reactive protein (hsCRP) and higher white
blood cell counts) than seen in HGC individuals (Table 1). We further

tested the significance of our observations by treating the gene counts
as a continuous variable and examining its correlation with the anthro-
pometric and biochemical variables. All but two (BMI and weight) of
the observed differences between LGC and HGC individuals were found
significantly associated with the gene counts (Table 1). Together, these
analyses suggest that the LGC individuals are featured by metabolic
disturbances known to bring them at increased risk of pre-diabetes,
type-2-diabetes and ischaemic cardiovascular disorders43,44. Similar
abnormalities were found in the accompanying paper24.

We propose that an imbalance of potentially pro- and anti-inflammatory
bacterial species triggers low-grade inflammation and insulin resist-
ance (Fig. 3). In parallel, we suggest that an altered gut microbiota of
LGC individuals induces the noted increase in levels of serum fasting
induced adipose factor (FIAF, also known as ANGPLT4), eliciting an
increased release of triglycerides and free fatty acids (Table 1), as evi-
denced by studies in rodent models45–47. Broad spectra antibiotics may
improve glycaemic regulation and change the hormonal, inflamma-
tory and metabolic status in obese mice. Possibly, the reduction of
diversity mediated by the antibiotic treatments has a different effect
in mice48 and man, or, alternatively, is counterbalanced by the restora-
tion of the pro- and anti-inflammatory species balance, which may have
been altered in the obese animals. Antibiotic use in early childhood, which
may have affected the richness, led to an increased risk of overweight49.

Interestingly, obese LGC individuals gained on average significantly
more weight than HGC individuals during the past 9 years (Fig. 4b);
the BMI change was significant without and with linear adjustment for
baseline BMI and age. We searched for species associated to the BMI
change among the 58 species that differed significantly between LGC
and HGC individuals (Supplementary Table 6) and found eight (Fig. 4c).
The average weight gain of individuals with the lowest or undetectable
levels of a species was in all cases greater than that of their counterparts
with the highest species levels; all eight species were more abundant in
HGC than in LGC individuals. These species may therefore protect
against weight gain. All but one (Methanobrevibacter smithii) lack species-
level taxonomic assignment, but four could be assigned at a genus level
(Anareotruncus colihominis, Butyrivibrio crossotus and Faecalibacterium;
Supplementary Table 4). All are butyrate producers, in agreement with the
general tendency of lower butyrate producers among the LGC individuals.

Gut microbes of lean and obese individuals
We also attempted to assess the difference in bacterial species between
the lean (BMI , 25 kg m22, n 5 96) and obese (BMI . 30 kg m22,
n 5 169) individuals by the approach used for LGC/HGC individuals
(Methods). Only 15,894 significantly different genes (P , 0.05) were
found, indicating that the gut microbiota of lean and obese individuals
differs less than that of the LGC and HGC individuals. The genes were
attributed to 18 species by the covariance-based clustering (Supplemen-
tary Fig. 12 and Supplementary Tables 10 and 11). To test whether lean
and obese individuals can be distinguished by these species, we carried
out an exhaustive ROC analysis, with tenfold cross validation (Sup-
plementary Fig. 12). The best AUC, of 0.78, was reached with nine
species. This accuracy, albeit lower than that for the separation of LGC
and HGC individuals, is substantially better than an AUC of 0.58,
achieved by ROC analysis of 32 human genome loci associated with
adiposity measures6. Accordingly, we suggest that the obesity-associated
signal in the human gut microbiome may be much stronger than that
presently known in the human genome. This view is supported by
efficient discrimination of lean and obese individuals in a previous
study, in which an AUC of 0.88 was reached with a combination of
50 16S-defined operational taxonomic units (OTUs), separated at the
92% homology level50.

Discussion
Contemporary lifestyle is associated with a tide of metabolic abnor-
malities characterized by a core of excessive body fat accumulation.
However, obesity is not just obesity. Some obese individuals seem to
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appropriate glycosidases to degrade theN-acetylgalactosamine
and N-acetylglucosamine components from mucin, which
might be exposed in the terminal part, and to use them as
growth substrates.

Cells of strain MucT were oval-shaped (Fig. 3a), showing a
different size depending on the medium. In mucin medium,
strain MucT was 640 nm in diameter and 690 nm in length
and in BHI, strain MucT was 830 nm in diameter and 1 mm
in length. Cells stained Gram-negative. Flagella were not
seen on negatively stained EM preparations. Spore forma-
tion was never observed. In mucin medium, the organism
could grow as single cells or in pairs, but rarely in chains;
it often formed aggregates in which a translucent layer of
material was observed between organisms. In BHI and
Columbia media, this material was rarely, if ever, observed
and cells occurred singly or in pairs, but rarely in groups.
In basal medium, supplemented with N-acetylglucosamine
or N-acetylgalactosamine, together with some sources of
proteins (a combination of yeast extract, peptone, tryptone
and casitone), cells occurred singly and sometimes in pairs.
Cells of strain MucT grown in mucin medium could exclude
Indian ink, which is characteristic of capsule-possessing
bacteria. EM revealed the existence of filamentous structures
on cells grown in mucin medium (Fig. 3b). It is assumed
that these filaments are capsular polymers that are used
to connect cells together. Since this aggregation is mainly
observed in mucin medium, this capsule may aid in adhe-
sion and colonization of mucin-secreting epithelia in the
GI tract. On soft agar medium, colonies of strain MucT

appeared white and were 0?7 mm in diameter.

Based on morphological, physiological and phylogenetic
features of strain MucT, a new genus, Akkermansia, with
the type species Akkermansia muciniphila gen. nov., sp. nov.
is proposed.

Description of Akkermansia gen. nov.

Akkermansia (Ak.ker.man9si.a. N.L. fem. n. Akkermansia
derived from Antoon Akkermans, a Dutch microbiologist
recognized for his contribution to microbial ecology).

Cells are oval-shaped, non-motile and stain Gram-negative.
Strictly anaerobic. Chemo-organotrophic. Mucolytic in
pure culture.

The type species is Akkermansia muciniphila.

Description of Akkermansia muciniphila sp. nov.

Akkermansia muciniphila (mu.ci.ni9phi.la. N.L. neut. n.
mucinum mucin; Gr. adj. philos loving; N.L. fem. adj.
muciniphila mucin-loving).

Cells are oval-shaped, non-motile and stain Gram-negative.
The long axis of single cells is 0?6–1?0 mm, depending on
the substrate used. Cells occur singly, in pairs, in short
chains and in aggregates. Growth occurs at 20–40 uC
and pH 5?5–8?0, with optimum growth at 37 uC and
pH 6?5. Strictly anaerobic. Able to grow on gastric mucin,
brain–heart infusion and Columbia media, and on N-
acetylglucosamine, N-acetylgalactosamine and glucose
when these three sugars are in the presence of (each at
2 g l21) peptone, yeast extract, casitone and tryptone.
Cellobiose, lactose, galactose, xylose, fucose, rhamnose,
maltose, succinate, acetate, fumarate, butyrate, lactate,
casitone, Casamino acids, tryptone, peptone, yeast extract,
proline, glycine, aspartate, serine, threonine and glutamate
do not support growth. Capable of using mucin as carbon,
energy and nitrogen source. Able to release sulfate in a free
form from mucin fermentation. In mucin medium, cells are
covered with filaments. Growth occurs without vitamins.
Colonies appear white with a diameter of 0?7 mm in soft
agar mucin medium.

The type strain is MucT (=ATCC BAA-835T=CIP
107961T), isolated from the human intestinal tract. Its
DNA G+C content is 47?6 mol%.
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Gut microbe may fight obesity and diabetes
Bacterium helps to regulate metabolism in mice.

13 May 2013

The gut is home to innumerable different bacteria — a
complex ecosystem that has an active role in a variety of
bodily functions. In a study published this week in
Proceedings of the National Academy of Sciences1, a team
of researchers finds that in mice, just one of those bacterial
species plays a major part in controlling obesity and
metabolic disorders such as type 2 diabetes.

The bacterium, Akkermansia muciniphila, digests mucus
and makes up 3–5% of the microbes in a healthy
mammalian gut. But the intestines of obese humans and
mice, and those with type 2 diabetes, have much lower
levels. A team led by Patrice Cani, who studies the
interaction between gut bacteria and metabolism at the
Catholic University of Louvain in Belgium, decided to investigate the link.

Mice that were fed a high-fat diet, the researchers found, had 100 times less A. muciniphila in their guts than
mice fed normal diets. The researchers were able to restore normal levels of the bacterium by feeding the
mice live A. muciniphila, as well as 'prebiotic' foods that encourage the growth of gut microbes. 

The effects of this treatment were dramatic. Compared with untreated animals, the mice lost weight and had a
better ratio of fat to body mass, as well as reduced insulin resistance and a thicker layer of intestinal mucus.
They also showed improvements in a host of other indicators related to obesity and metabolic disorders.

“We found one specific common factor between all the different parameters that we have been investigating
over the past ten years,” says Cani.

Cani’s team has started unravelling the complicated mechanisms through
which the bacterium may influence metabolism. Restoring normal levels of
A. muciniphila led to increased intestinal levels of endocannabinoids,
signalling molecules that help to control blood-glucose levels and maintain

Obese mice lost weight after being fed the
microbe Akkermansia muciniphila, which appears
to have a symbiotic relationship with the inner
lining of the intestine.

MICHELLE D. MILLIMAN/SHUTTERSTOCK
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…Confirmed by Shin et al  Gut 2014 
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