
Population epidemiology of the gut 
microbiome and human health outcomes

Curtis Huttenhower

05-30-17
Harvard T.H. Chan School of Public Health
Department of Biostatistics



Population studies of the
human microbiome
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Meta-
analysis

Translation

More publications contained 
“microbiome” than “GWAS” in 

2015, but multi-population, 
translatable studies are lagging.



Population studies of the
human microbiome
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HMP1-II
With Owen White, Anup Mahurkar

2,400 mgx, 5,200 16S

HMP2
With Ramnik Xavier
1,400 mgx, 700 mtx,
500 mbx, 500 mpx…

TEDDY
With Ramnik Xavier, Joe Petrosino

11,000 mgx

STARR/MLVS/HPFS
With Wendy Garrett, Andy Chan, Zsofia Stadler

900 mgx, 400 mtx

16S Mgx Mtx Mbx
DIABIMMUNE 4000 900
RISK 1600 150
PROTECT 1500
STARR 250 900 400
HMP1/II 5200 2400
HMP2 400 1400 700 500
Framingham 250
TEDDY 11000
PRISM 700 250

…

16S Mgx Mtx
PanCa / Palmer 600
HEU / Powis 800
Industry 3300 1000
ALS / Acherio 115
Faroese / Grandjean 150
CACTI / Alman 800 160
MEHP / Kwon 220
Asthma / Shore 200
FUT2 / Chervonsky 50 50

…



Funded by National Institutes of Health, Dept. of Health and Human Services

The “HMP2” IBD Multi’omics Data resource
http://ibdmdb.org With Ramnik Xavier

http://ibdmdb.org


The MicroBiome Quality Control 
Project (MBQC)
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Lab Location Lab Location
Robbie Burk Einstein David Mills UC Davis
Rick Bushman UPenn Joe Petrosino Baylor
Roberto Flores NCI Jacques Ravel UMD
Dirk Gevers Broad Pat Schloss UMich
Greg Gloor UWO Orin Shanks EPA
Andy Goodman Yale Rashmi Sinha NCI
Rob Knight UCSD Peter Turnbaugh UCSF
Dan Littman NYU

Lab Location
Robbie Burk Einstein
Greg Caporaso NAU
Nick Chia Mayo
Greg Gloor UWO
Curtis Huttenhower HSPH
Rob Knight UCSD
Joe Petrosino Baylor
Jacques Ravel UMD
Rashmi Sinha NCI

With Rashmi Sinha, Christian Abnet, Rob Knight, Owen White

http://mbqc.org

2,238 samples seq’d, 16,555 samples analyzed:
~3x HMP data, ~6x HMP seqs.!

http://mbqc.org


Microbiome functional epidemiology in 
dietary cancer risk and population studies
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With Andy Chan, Zsofia Stadler, Wendy Garrett, Jacques Izard

Galeb
Abu-Ali



Taxonomic profiles as expected,
down to the strain level
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http://huttenhower.sph.harvard.edu/metaphlan2

http://huttenhower.sph.harvard.edu/metaphlan2


StrainPhlAn: metagenomic
strain identification and tracking
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http://segatalab.cibio.unitn.it/tools/strainphlan

Nicola
Segata

http://segatalab.cibio.unitn.it/tools/strainphlan


Taxonomic profiles as expected,
down to the strain level
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http://segatalab.cibio.unitn.it/tools/strainphlan

http://segatalab.cibio.unitn.it/tools/strainphlan


But important to link taxonomy to metagenomic and 
metatranscriptomic functional profiles
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Pathways 
contributed by 

specific organisms 
to the gut 

metagenome.



HUMAnN2 for taxon-specific metagenome 
and metatranscriptome functional profiling
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http://huttenhower.sph.harvard.edu/humann2

Eric
Franzosa

Lauren
McIver

Gene Family Abd.
UniRef50_A6L0N6 67
UniRef50_A6L0N6|s__Bacteroides_fragilis 8
UniRef50_A6L0N6|s__Bacteroides_finegoldii 5
UniRef50_A6L0N6|s__Bacteroides_stercoris 4
UniRef50_A6L0N6|unclassified 1
UniRef50_G9S1V7 60
UniRef50_G9S1V7|s__Bacteroides_vulgatus 31
UniRef50_G9S1V7|s__Bacteroides_thetaiotaomicron 22
UniRef50_G9S1V7|s__Bacteroides_stercoris 7

Pathway Abd.
indole-3-acetate activation 57.01
indole-3-acetate activation|unclassified 32.26
indole-3-acetate activation|s__Bacteroides_ovatus 4.5
indole-3-acetate activation|s__Alistipes_putredinis 3
indole-3-acetate activation|s__Bacteroides_caccae 2.25
melibiose degradation 55
melibiose degradation|unclassified 17
melibiose degradation|s__Parabacteroides_merdae 8
melibiose degradation|s__Bacteroides_caccae 6

http://huttenhower.sph.harvard.edu/humann2


Functional potential and expression are correlated, 
but with very different contributing taxa
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Metagenomic
community
structure

Metatranscriptomic
community
structure



Functional potential and expression are correlated, 
but with very different contributing taxa
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A pathway’s
contributional alpha-diversity
is calculated from the distribution 
of taxa providing it (DNA or RNA)

within a community;

contributional beta-diversity
is the corresponding comparison

between communities.

Contributional diversity: linking 
ecological structure and function
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High alpha,
High beta.

High alpha,
Low beta.

Low alpha,
High beta.

Low alpha,
Low beta.

Eric
Franzosa



Type 1 diabetes, the gut microbiome, and the 
hygiene hypothesis in infancy
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In Finland, 6-fold higher incidence of T1D compared to Russia

In Estonia, rapid transition towards Finnish incidence after Soviet exit

~1000 newborn infants were screened for increased HLA-conferred susceptibility to 

autoimmunity

Tommi
Vatanen
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Number of stool 
samples sequenced:

1585 (16S sequencing)
785 (WGS sequencing)

DIABIMMUNE infants have similar 
genetic risk for autoimmunity
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Bacteroidetes

Most HMO utilization genes are conferred by Bifidobacterium in 
Russians and Bacteroides in Finns and Estonians

HMO metabolism is driven by different 
species in Finland and Russia



http://huttenhower.sph.harvard.edu/lefse

Lipopolysaccharide (LPS) biosynthesis pathways are 
differentially abundant between Finland and Russia 

http://huttenhower.sph.harvard.edu/lefse


Bacteroides dorei has been previously associated 
with T1D pathogenesis (Davis-Richardson et al. 2014)
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Finnish and Estonian microbiome has 
LPS from many Bacteroidetes species 
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● Lipid A is a lipid component of LPS responsible for its immunostimulatory properties

● The number of acyl chains is known to affect the immune activation

● E. coli has six acyl chains

Lipid A of E. coli is hexa-acylated
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● Repeating the same experiment with B. dorei LPS shows two peaks

The structure of B.dorei lipid A 
may be less immunostimulatory

Lipid A in B dorei is tetra/penta acylated
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HEK293 NFκB reporter 
downstream TLR4 signaling

Human peripheral blood 
mononuclear cells (PBMCs), 

mean cytokine production

LPS from Bacteroides species is less 
immunostimulatory compared to E. coli LPS

B. dorei and B. vulgatus harbor 
immunologically silent form of LPS



Population studies of the
human microbiome
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Translating the microbiome starts with population studies…
• Not all mechanisms are taxon-linked – multi’omics.
• Dynamic on an intermediate time scale – longitudinal samples.
• Microbial physiology is strain-specific – culture isolates.
• Causality is unclear in humans – model systems.



Source code, 
documentation, 
& tutorials 24

http://huttenhower.sph.harvard.edu/biobakery
First hit when you google “biobakery”

• Upstream microbial genome curation

• Taxonomic & functional profiling of meta’omes
(metagenomes + metatranscriptomes)

• Microbial & clinical association discovery 

• Reproducible workflows & infrastructure

http://huttenhower.sph.harvard.edu/biobakery


Human Microbiome Project 2
Lita Procter
Jon Braun
Dermot McGovern
Subra Kugathasan
Ted Denson
Janet Jansson
Owen White

Ramnik Xavier

http://huttenhower.sph.harvard.edu

Bruce Birren
Chad Nusbaum

Clary Clish
Joe Petrosino

Thad Stappenbeck

Thanks!

Hera Vlamakis

Interested?  We’re
looking for a 

bioinformatics center lead!

Interested?  We’re
looking for a 

bioinformatics center lead!
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High-level taxonomy is as expected, 
but with tremendous diversity
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Galeb
Abu-Ali



Biospecimen

Biospecimen

Handling

Bioinformatics

Boyu
Ren



Emma
Allen-Vercoe

Positive controls: fecal and oral 
defined communities
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Fecal Oral
Coprobacillus cateniformis Bacillus licheniformis
Bifidobacterium angulatum Bifidobacterium sp.
Collinsella aerofaciens Rothia mucilaginosa
Bilophila wadsworthia Parvimonas micra
Escherichia coli Mogibacterium timidum
Fusobacterium gonidiaformans Campylobacter concisus
Fusobacterium varium Eggerthella lenta
Anaerostipes hadrus Slackia exigua
Clostridium bolteae Klebsiella pneumoniae
Lactobacillus iners Fusobacterium periodonticum
Pediococcus acidilactici Leptotrichia goodfellowii
Ralstonia pickettii Weissella cibaria
Paenibacillus barengoltzii Eikenella corrodens
Parabacteroides merdae Neisseria mucosa
Bacteroides caccae Tannerella sp.
Propionibacterium acnes Prevotella oralis
Alistipes shahii Capnocytophaga sputigena
Subdoligranulum variabile Granulicatella adiacens
Enterococcus saccharolyticus Streptococcus gordonii
Synergistes sp. Gemella morbillorum

Dialister pneumosintes
Veillonella parvula

Handling labs

Bioinformatics labs

HLA HLD HLL HLE HLK HLG HLM HLB HLC HLJ HLH HLF HLN HLI

BL8 BL4 BL9A BL1 BL9B BL3 BL2 BL6
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Anything that can go wrong,
will go wrong, sometimes
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Amnon
Amir,

Knight lab



Negative controls: buffer blanks
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Handling labs

Bioinformatics labs

HL-D HL-K HL-I HL-J HL-A HL-E HL-H HL-L HL-N HL-B HL-F

Handling labs

Ta
xa

Emma
Schwager



Outcomes from the MBQC-baseline

• Explored sequencing and bioinformatics protocol space
– Labs chose very broadly from among

nearly all possible protocol variables
– The HMP explored microbiome variation;

MBQC-base outlined protocol variation

• All of that possible technical variation…
– …was no bigger than, and often smaller than, biological phenotypes
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What’s next for MBQC-II?
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Specimens:
Stool Skin? Saliva? Chemostat Positive controls

MBQC-base mocks
HMP mocks (DNA+cell)

ZymoBIOMICS
Isolates (3 domain)

Negative controls
Storage fixative
Extraction kits

PCR kits
OMNIgene, ZymoBIOMICS, Norgen, EtOH

-80 C, 4C, RT
Swab, FOBT, etc.

Blinding

Sample sets:
16S + 18S/ITS

Shotgun

MO BIO QIAGEN ZymoBIOMICS

Illumina sequence generationIllumina sequence generation
Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 ...

NanoporeNanopore
Lab 1

PacBioPacBio
Lab 1

TargetedTargeted
Lab 1

AssaysAssays
Lab 1

Data 
Coordinating 

Center

Bioinformatics:
16S tool SOPs

18S/ITS SOPs

Taxonomic prof.

Functional prof.

Targeted tools

…

Evaluation:
Positive control 

accuracy
Negative control 

background

Between-group 
consensus Replicate agreement

Modified from MBQC-base figure from Owen White
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B. dorei LPS antagonizes 
immune stimulation by E. coli LPS

Stimulate human PBMCs:

B. dorei LPS dose (log ng/ml)
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Microbe-specific LPS stimulation may be responsible 
for a component of the hygiene hypothesis
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