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 The human gut microbiome in health and disease 



How to study microbes: Until recently via growing them 
…but 99% cannot be easily cultured, so only a few were studied individually 

Petri dishes with agarose (nutrient cocktail)…invented 1887! 

From toilet air From the hand of an 8 year old 



16S profiling 

Molecular approaches to access a microbiome 

Metatranscriptom. 

Metaproteomics 

Metabolomics 

Species Function Variation Costs* Output 

X 

X 

X 

X 

*per sample per data output (example human stool) 

knowledge economics 

3k OTUs 

150 species/ 

0.5 Mio genes 

10k proteins 

800 metabol. 

Expensive 

Metagenomics 
250 species/ 

3 Mio genes 

Good/cheap 

Towards structure and function of a microbiome 



- Microbiome structure, variation and limitations 

 I. The landscape of microbial gut community compositions 

III. From associations to diagnostics 

- Colon cancer, confounding factors 

IV. Impact on chemical and microbial therapy 

- Medication and faecal microbiota transplantation 

II. Basics still to be discovered: Origin and temporal variation 
- Birth, family and local environment 

 The human gut microbiome in health and disease 



The Milky Way harbours ca. 100 Billion (1011) stars... 

We have ca. 40 Trillion  (4x1013), i.e. ca 400x more, microbial cells in our gut, more than human cells 



Which and how many microbes are in the gut? 
In 2010 already hope for diagnostics, but not even basics where known 

56Mio genes, 10GB per sample 

Qin et al, Nature 464(2010)59 

With metagenomics wee see ca 250 species/pers: in 2010 together 3.3 Mio genes 

2014: 1267 samples 

Li et al, Nat.Biotech. 32(2014)834 

More bacterial than human cells, biomass together up to ca 1.5kg (brain 

1.3kg)  

Mostly bacteria, >1000 species per person, exact number unclear  

2010: 124 samples 

3.3 Mio genes, 4Gb per sample 10 Mio genes, 5GB per sample 

Coelho et al., in revision 

2010 

2018: 7200 

samples 

2014 

Kids included, 

diverse locations,  

more diseases 

From 3 

continents 

From Danes and 

Spaniards 

Some mispredicted genes aside, each of us carries a lot of unique genes (or rare species)! 



3 distinct community types at genus level… 

How different are our gut microbes? 

 Nature 473(2011)174  

…now in context of a complex composition landscape 

ET2 
ET3 

ET1 

Lots of biological variation in taxonomic composition, yet there is structure in the data 

Nature Microbiol. 3(2018)8 



There are still limitations, e.g. little comparability or resolution 

Numerous 16S profiling and metagenomic association studies (MWAS), but difficult to compare 

Lots of technical variation as standards are still emerging 

Voigt et al., Genome Biol.  16(2015)73 

Costea et al., Nature Biotech 35(2017)1069 

Different protocols but also same protocol in 

in different labs vary considerably 

Taxonomic resolutions towards strain populations 

Schloissnig et al., Nature 493(2013)45 

Zhu et al, Genome Biol. 16(2015)82 

Two individuals differ in conspecific strains, 

even monozygotic twins have individual strains 
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 The human gut microbiome variation and associated factors 

Effect 

size of 

host 

genetics 

<2%! 

Association studies do not 

reveal causality…does not 

matter for diagnostics though 

Rothschild et al.. 

Nature (2018) 

Schmidt, Raes# and Bork#, Cell 172(2018)1298 

Transmission from mother? 



Where do our bugs come from and do we keep them ? 

Bacterial strains from mother are a kind of protection, as “proven” in mother 

At birth? All from the mother and father has no impact (microbe-wise)? 
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Baby strains in comparison to their mothers 

Cohort: 400 Families from 5 countries: 

From mother From environment 

Korpela et al., Genome Res. 28(2018)561 

Ferretti et al., Cell Host Mic 24(2018)133 

Also after birth some transmission from 

mother to baby (more than from father) 

At Caesarean birth bugs come from 

environment 

Most species and strains come from 

mother via the birth channel  



Environment impacts conspecific strain composition, even species can change 

Strain pools change faster than species composition over time  

There is an influx of species and 

even more of strains from the 

environment all the time! 

Korpela et al., Genome Res. 28(2018)561 



Transmission of gut microbial strains between family members 

Longitudinal sampling of family members 

allows to infer directionality of transfer 

(first in one person, than in another) 

 Fathers spread most  

strains to family members ! 

Father Mother 

Siblings 

Korpela et al., Genome Res. 28(2018)561 
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Medical relevance of the gut microbiome 

• Diagnosis of diseases: First microbiome-based tests soon applied 

•  Microbial therapies: (1) Fecal microbiota transplantation, little understood; 

needs improvements to be widely applicable, (2) probiotics, (3) prebiotics or 

combinations of (2) and (3) (synbiotics) 

• Due to large individual variations, we still don’t know what a “healthy” microbiome is and 

in how many flavors it can come 

• Personalized medication after gut microbiome assessment:  

    choice of drug (response, resistance awareness), dose, drug combinations, 

    side effect assessment 

• Gut bugs can be “good” or “bad” depending on environment 

Still many issues due to limited knowledge, e.g.  



 Microbial biomarkers need to take co-variation into account 

Effect 

size of 

host 

genetics 

<2%! 

Biomarkers for diagnosis 

have to be sensitive and 

(disease-) specific 

Rothschild et al.. 

Nature (2018) 

Schmidt, Raes# and Bork#, Cell 172(2018)1298 

Medication has effect on 

microbiome and vice versa 



Metagenome-wide association studies (MWAS) link  

gut microbiome to a multitude of diseases 

 
Crohn’s 
disease 

• Gut 2006 

Arthritis 
• Nat. Rev. 

Rheumatology 2011 

Autism 
• J. Med. Microbiol. 

2005 

Multiple 

Sclerosis 
• Nature 2011 

Parkinson 

Disease 

• Eur. J. Neurosci. 

2009     

Obesity • Nature 2006 

Diabetes • Nature (2012) 

NASH • Nature 2012 

Athero-

sclerosis 
• Nature 2011 

Colo-
rectal 
cancer 

• Genome Res. 2012 

Neurological disorders 

Metabolic diseases 

Cardiovascular diseases 

Cancer 

Inflammatory diseases 

Indication areas 

Yet, we still don‘t 

know what 

„healthy“ is! 



Colon cancer: Early stage detection  

and complementarity to Fecal occult blood test (FOBT) 

Marker species detect stage I/II, 

not adenomas though 

FOBT and microbial signals complementary, a 

combination thus enhances prediction accuracy… 

Combination has  

>45% TPR 

increase over 

FOBT 

Zeller*, Tap*, Voigt* et al, Mol.Sys.Biol. 10(2014)766 patent granted in 2018 

French cohort (N=156) with external validation on a German cohort reveals 20+ marker species 



Marker species stand out across country and study biases 
Consistency despite different processing and analysis 

Wirbel et. al., Nat. Med. 25(2019)679 Thomas et. al., Nat. Med. 25(2019)667 

Several cohorts in 2 studies with consistent signal, additionally validated by 3 external cohorts 

    US 

FR  

AT 

CN 

IT1 

IT2 

      US2 

Two different species-calling approaches (mOTU and metaphlan), different stats etc 

Combination of cohorts gains statistical power 



Many oral species are transmitted to gut in healthy individuals 

SNV-based identification of transmission: 

45% of fecal species are at least 

occasionally replaced by oral strains 

Out of 310 species from 470 healthy 

individuals, 77% show evidence of 

transmission 

Schmidt, Hayward et. al.,  

eLife (2019) e42693 



In CRC patients, transmission is increased over healthy, even more so for marker species 

healthy 

CRC patients compared to healthy 

(marker species) 

Many CRC marker species are oral, transmitted and from patient 
  

…all great, but metagenomics 500 EURO, FOBT 5 Euro… 

Schmidt, Hayward et. al.,  

eLife (2019) e42693 



Forslund, Hildebrand et al.,  

Nature 228(2015)262 

BUT the drug metformin is a major confounder that needs to be disentangled 

Associations can be unspecfic, confounded or indirect 

Qin et al., Nature 2012, AUC 0.81 (Chinese cohort)  Karlsson et al., Nature 2013   AUC 0.83 (Swedish cohort) 

 “The gut microbiome is associated with type 2 diabetes” 

(with EU Metahit consortium) 

(What if all CRC patients have inflammation and we developed an unspecific inflammation test?) 
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In vitro drug-bug screen for direct interactions 

Automation of work flow at EMBL, 

robotics also in anaerobic chamber; 

1200 drugs vs 1 bug in 1 day 

With Typas, Patil and Zeller groups at EMBL 

1200 medicinal drugs vs 40 representative gut strains 

Movie by EICAT 

(1) Therapy by medicinal drugs 
 



Maier, Pruteanu, Kuhn et al., Nature 555(2018)623 
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With Typas, Patil and Zeller groups at EMBL 

Many “human targeted” therapeutic drugs change our gut microbiome 

This fraction is probably much higher 

(low doses, only 40 of 1000+ tested) 

 1197 marketed drugs 

Antibacterial 

Antifungal and antiviral 

Human-targeted 

Some changes part of drug action,  

most lead to unwanted side effects 

>24% of the human-targeted 

drugs deplete at least one 

gut bacterium 



Maier, Pruteanu, Kuhn et al., Nature 555(2018)623 
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With Typas, Patil and Zeller groups at EMBL 

Many “human targeted” therapeutic drugs change our gut microbiome 

 1197 marketed drugs 

Antibacterial 

Antifungal and antiviral 

Human-targeted 

Antibiotics are designed against pathogens, not against commensals 

Some human-targeted drugs act like broad-spectrum antibiotics 

Some drugs only inhibit one specific species 

Drugs as baseline for new 

antibiotics? 



Quantifying the impact of bug on drugs 

(in addition to drugs on bugs) 

With Patil and Typas groups (EMBL); Brochado et al., Nature 2018, Klünemann et al., Nature, in revision 

Pilot: 25 bugs vs 15 drugs 

Bacteria can modify or 

accumulate drugs, thus 

changing pharmacology 

of drugs 

Gut bacteria interact with drugs and food (e.g. biotransformation) 

Emerging individual 

drug-bug and  

drug-chemical 

interaction networks 

Bioaccumulation is a 

considerable drug-bug 

interaction category 

Goal: individual 

microbiome status 

guides medication 



(1) Microbial therapy: 

Tracing strain transfer in Fecal Microbiota Transplantation (FMT) 

• Transfer of stool from a healthy donor to patient 

• Usually following antibiotics treatment or bowel lavage 

• Positive effects reported in GI and non-GI diseases  

• Over 90% success in treating Clostridium difficile infection 

• Not so straight forward in other diseases   

• Mechanism is still unknown 

Analysis usually at 

species/OTU level, 

but most species 

are shared 



Strain replacement after FMT for metabolic syndrome  
The need of donor-recipient microbiome “compatibility”  

Donors strains with 

durable colonization, 

often in coexistence 
Li et al., Science 352(2016)586 

2. Donor strains can colonise and persist over at least 3 months 

3. New donor strains colonise better than donor species, 

    perhaps by hiding from the immune system 

Strain replacement implies personalized treatment 

options, e.g. by replacing multidrug resistance. 

Thus, microbiome census first, then treatment 

Species 

Strains 

1. There is no “superdonor” – 1 donor has different outcomes 

4. Extensive donor and recipient strain coexistence 

Donor species 

barely above 

random fluctuation  

same donor 

same donor 

With W. de Vos, M. Nieuwdorp 



MWAS need to be coupled with in vitro 

microbiomics for mechanistic insights enabling 

individual modulation  

30 

 
Metagenome-wide association studies 

(MWAS) still reveal basics and are sufficient for 

diagnostics 

 

 The human gut microbiome and its clinical relevance 



For details see: www.bork.embl.de 

IHMC, IHMS, METAHIT (EU), METACARDIS (EU), I. Sobhani, (UPEC, F), M. von 

Knebel, H. Brenner, N. Ulrich (HD), N.Segata (Univ. Trento); K. Korpela (Univ. Helsinki), 

Sofia Forslund (now MDC), Genecore facility (EMBL), N. Typas, K. Patil, G. Zeller 

(EMBL) ... and many more 

Thanks also to group alumni and collaborators 

@BorkLab 


