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It’s important to remember that
our world...

NASA: Earth from Apollo



...is a microbial world

- Multicellular lineages
 (red) rare, not diverse
 as measured by SSU rRNA

- Most molecular diversity
 can be found in microbes

-  Most (99%+) microbes 
  can’t be cultured:
 known only from
 sequences

Tree adapted from Pace 1997 Science 276:734-740. 



Ribosomal RNA is an excellent
phylogenetic marker
- Found in all species

- Has fast- and slow-
 evolving regions so can
 reconstruct relationships
 at different depths

- Large pre-existing
  databases for comparison



Microbes are ubiquitous, provide 
key ecosystem services

http://www.epa.gov/ncer/rfa/2009/2009_star_usda.jpg



Early observations: body teeming
with microbial life

“...animalcules were in such enormous numbers, that all 
the water...seemed to be alive.” — van Leeuwenhoek (1683)
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Why should you care about your
microbes?
They determine whether Tylenol is
toxic to your liver...

...they tell you who to have
sex with (if you’re  a fruit fly)...

...and they steal genes from your food to help you
digest it



Bajzer & Seeley 2006 Nature 444:1009

There are about as many E. coli
in your gut...



Bajzer & Seeley 2006 Nature 444:1009

...as there are humans on Earth!

=

www.gsfc.nasa.gov



We think of E. coli as a classic
gut microbe...



....but only because it is easy to
grow in captivity, unlike most



...and any two humans you pick
have 99.9% identical genomes...



...but two E. coli cells can have
genomes that are 40% different.



So you are not a beautiful and
unique snowflake...



...but your microbial symbionts
are!



All this microbial diversity raises
question: how human are we?

Microbiota:
100 trillion microbial cells

Microbiota:
2-20 million microbial genes

Human:
10 trillion human cells
20,000 human genes

99.9% of our genomes the same, but our microbes...?
Micah Hamady, PhD thesis, 2009
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We are poised to answer key 
questions about our microbial selves

Overarching question: How can we develop
technologies that manipulate our microbiota to
improve health?

- How are microbes distributed
 over our bodies?

- How do our microbes change
  over time?

- How can we translate between
 humans and animal models?



Microbiome studies motivate a
broad range of bioinformatics

- Homology search
- Sequence alignment
- Phylogenetic trees
-  Assembly
-  Functional assignment
-  Distance metrics
-- Dimensionality reduction
- Supervised and unsupervised classification
- Networks (interaction, biochemical, regulatory)
- Data visualization



Sequencing is getting so cheap...

$/base



The issue: need to interpret vast
amounts of sequence/tree data

~0.1% of the tree file naive visualization of tree...first 9 of 130,000 sequences



Microbial biogeography on the
keyboard?

-  Sample keys and fingertips: are keys a desert where
 few microbes survive?
- Is there a “Wallace line” between G and H? etc.
Fierer et al. 2010 PNAS



Colored by subject:123 Colored by key/fingertip



QIIME: integrating analysis of 
hundreds of samples

Tag 16S genes from
hundreds of samples
with DNA barcode

Mix samples and
sequence on 454’s
GS FLX instrument

Because each sequence
has a barcode, can tell
which sample each is from

Align sequences 
to identify taxon-
specific regions

Clip off 
barcodes

Hamady et al. 2008 Nature Methods 5:235; Caporaso et al. 2010 Nature Methods 7:335

454: short sequence 
+ added barcode

Use the sequences to
build phylogenetic tree
with samples on branches

Use the tree to cluster the
samples, e.g. healthy/
diseased samples cluster?
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Different body habitats are very
different from one another

M2 on antibiotics: all
body habitats change

Costello et al. (2009), Science 326:1694



Now getting first picture of overall
human microbiome variability

E. Costello et al. (2009) Science 326:1694



But a handful of timepoints isn’t
really sufficient...



So where do our microbes come
from?



So where do our microbes come
from?



Sampling of the microbiota 20
minutes after birth

Dominguez-Bello et al. (2010) PNAS 107:11971



Sampling of the microbiota after 
birth... (alternative view)

Dominguez-Bello et al. (2010) PNAS 107:11971



We can understand how the
microbiome develops in infants...

day

d
iv
e
rs
ity

Koenig et al. PNAS 2011 108 suppl 1:4578



...and across cultures...

Yatsunenko et al. 2012 Nature 486:222



...although converging on very
different endpoints!

Yatsunenko et al. 2012 Nature 486:222



And the HMP only covers the
start of this diversity

HMP HMP

Yatsunenko et al. 2012 Nature 486:222



Starting to cover rest of diversity by
crowdfunding, with American Gut



American Gut: you can get
involved!

>$500k
>6000 people
>1200 kits
  returned incl
 400 PGP 
 samples...

...but we ...but we 
 need more!



Of course, not everyone wants to
know what’s in there...



Data just released into EBI for first
1080 American Gut samples



Demographics cover more range
than previous studies



Overall results very consistent
with prior studies at overall level...



How can I tell
cause from
effect?



Can’t do Koch’s Postulates in
humans, but can use mice

Gnotobiotic isolation units
in Jeff Gordon’s lab at
Wash U



Do differences in the microbiome
matter? Ask a fat mouse...

Firmicutes
Bacteroidetes



TLR5 mutant mice get fat for a
different reason...

Vijay-Kumar et al. 2010 Science



...their transmissible gut microbes
make them want to eat more!

Vijay-Kumar et al. 2010 Science



...their transmissible gut microbes
make them want to eat more!

Vijay-Kumar et al. 2010 Science



Do the results extend to humans?
Apparently so...



Do the results extend to humans?
Apparently so...

Classify lean/obese
with 90% accuracy 
by microbiome
Knights et al. 2011 Cell Host & Microbe



...so can we change the 
microbiome to cure disease...?



Future directions: personalized
medicine in developing nations?
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Future directions: personalized
medicine in developing nations?

Cell phones 
ubiquitous in 
Malawi due to 
Moore’s Law...

...and not just
in Malawi, but
everywhere...

Photo: Tanya Yatsunenko, Malawi 2009



Future directions: personalized
medicine in developing nations?

Cell phones 
ubiquitous in 
Malawi due to 
Moore’s Law...

Photo: Tanya Yatsunenko, Malawi 2009
...will DNA sequencing follow?



Pilot studies in humanized mice

Photo: Tanya Yatsunenko, Malawi 2009; collaboration with Gordon lab



Pilot studies in humanized mice:
input microbes, diet change BMI

Photo: Tanya Yatsunenko, Malawi 2009; collaboration with Gordon lab



...and individual phenotypes
can be transplanted into mice

Smith et al. (2013) Science 339:551



Culture collections permit
mechanistic hypothesis tests



Ridaura et al. (2013) Science

The same type of transplant also
works for obesity phenotypes

Twins discordant for
obesity stably
transplant different
microbes into germ-
free mice



Ridaura et al. (2013) Science

The functional stability of the
transplant is excellent

ECs are highly
correlated in
donor and
recipient for
all individuals



Ridaura et al. (2013) Science

Body composition and fat mass
depend on donor



Ridaura et al. (2013) Science

SCFAs upregulated in mice with
lean donor



Ridaura et al. (2013) Science

Multi-omics levels agree with
each other to surprising degree



Ridaura et al. (2013) Science

Results from culture collections
agree with primary specimens
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the entire microbial world?

G. Evelyn
Hutchinson Niche space:

hypervolume

Predict dynamics



To address these questions, we
held series of EMP meetings



EMP now provides framework for
samples through data analysis

Sample
submission

+

DNA
extraction

DNA
sequencing

Ecological
insights



The community response to the
EMP has been truly inspiring
EMP Structure:

Steering committee
(10 members)

Advisory committee
(45 members)

Participants
(>100 members)(>100 members)



We have processed thousands of
samples from around the world
Currently >60,000
samples pledged
from >100 researchers

Selected based on rich
standards-compliant
metadata, ability to
inform about processesinform about processes
on different spatial and
temporal scales



...what principles can we derive
that cross systems and scales?

http://www.flickr.com/photos/terrabella/2713519265/; http://www.earthmaps.com/Grinnellquad_frMtGould_color.jpg



Gradients in environments such
as Yellowstone...

Courtesy of J. Gregory Caporaso



...are reproducible across highly
variable spatial scales...

Courtesy of J. Gregory Caporaso



...including the scale transformations
critical for translational medicine



GSC standards and EMP allow
unprecedented data integration

Yilmaz et al. 2011, Nature Biotech 29:415
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EMP pilot studies



Database enables unanticipated
benefits, e.g. source tracking

Knights et al. 2011 Nat Meth



...to outdoor air...

Bowers et al. 2011 AEM



...to public restrooms

Flores et al. 2011 PLoS ONE

skin gut soil



Nat. Geo.
Mar 2010

Wolves have profound effect on 
Yellowstone ecosystem...



Can we develop a restoration
ecology for microbes?

Lozupone et al. 2012, Nature 489:220
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