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

NASA: Earth from Apollo




...Is a microbial world
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Ribosomal RNA is an excellent
phylogenetic marker
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Microbes are ubiquitous, provide
key ecosystem services
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Early observations: body teeming
with microbial life

“...animalcules were in such enormous numbers, that all
the water...seemed 1o be alive.” — van Leeuwenhoek (1483)
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Why should you care about your
microbes?

They determine whether Tylenol is RO wiw
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Pharmacometabonomic identification of a significant
host-microbiome metabolic interaction affecting
human drug metabolism

T. Andrew Clayton®, David Baker?, John C. Lindon®, Jaremy R. Everatts, and Jeremy K. Nicholsona.1

*Biomolecular Medicine, SO0RA Dhvision, Faculty of Medicine, Sir Alexander Fleming Bullding, Imperial College London, South Kensington, London SWT 2AZ,
United Kingdom; "Pfizer Inc, 50 Peguot Avenue, New London, CT 06320; and “Pfizer Global Research and Development, Ramsgate Road, Sandwich, Kent
CT13 9N, United Kingdom

2\ A

Comimun icated by Burton H. Singer, Princeton University, Princeton, M), April 29, 2009 (received for review December 8, 2008)
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Why should you care about your

microbes?

They determine whether Tylenol is RO wiw

toxic to your liver... L
..they tell you who to have = - - = -
sex with (if you're a fruitfly)... = = .. ==

Commensal bacteria play a role in mating preference
of Drosophila melanogaster

Gil Sharon®, Daniel Segal®, John M. Ringo®, Abraham Hefetz", llana Zilber-Rosenberg®, and Fugene Resenberg®!

T *Department of Molealar Microbiclogy and Biotechno logy, Tel Aviv University, Tel Aviv 69978, krael: “School of Biology and Emlogy, Unversity of Maine,
Orono, ME 044959; “Department of Zoology, Tel Awiv Lniversity, Tel Aviv G997E, lsrael; and 18 Rachavat |lan St, Givat Shmuel 51905, krael
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Why should you care about your
microbes?
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There are about as many E. coli
in your gut...
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...as there are humans on Earth!

www.gsfc.nasa.gov
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We think of E. coli as a classic
gut microbe...




....out only because it is easy to
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...and any two humans you pick

have 99.9% identical genomes...
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...but two E. coli cells can have
genomes that are 40% different.




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




...but your microbial symbionts
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All this microbial diversity raises
question: how human are we?

bial cells 2-20 million microbial genes
f our genomes the same, but our microbes...?
sis, 2009

00 frillion micro
99.9% o
icah Hamady, PhD the
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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?
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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 mlcroblota t
improve health? % \2\ 3 n}
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- How are microbes distributed
over our bodies? |

- How do our microbes change
over time?

- How can we ifranslate between
humans and animal models?




Microbiome studies motivate a
broad range of bioinformatics

- Homology search

- Sequence alignment

- Phylogenetic trees

- Assembly

- Functional assighment

- Distance metrics

- Dimensionality reduction

- Supervised and unsupervised classification

- Networks (interaction, biochemical, regulatory)
- Data visualization



Sequencing is getting so cheap...

2001 2003 2005 2007 2009

1

0.1

S/base .
0.001

0.0001

0.00001

0.000001

0.0000001




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

P

) (30 Terminal — vim — 70x47

sFEkeyG_B ATAATCTCGTCR

CTGGGLCGTATCTCAG T CAR TG TOGC GG TCALCCTC TCAGGLCGEL TAC L GTC ARG TTEETAL
A TAC LA A ARG T GA T ARG GG AG T A TOC O A LGOS AAAL TTTOCAACCCCCACAT
GCAGCAGGAGC TCC TAT GG TAT TAGCCCCAGT TTCL TRAAGT TATCCC AAAG TCAMGEGCAGG TTACT
CACGTETTACTCACCCGTTCGMCA

*NFMicd ek 1 ACACACTATGRD

CTGGGLCGTGTCTCAG TCLCAR TETRGCCGT TCATCCTC TCAGALCGEC TAC TEATC G TOGIC TAGETHA
G T TACC TEACC T AL AL TAATCAGAC G AGAC L ATCAACAGG TEATAGC ATARARAGATCCCCTG
LT T T TG T ARG A G TATG GG TAT TAGCAT TEC T T TOGAAATG T TETCLL AL TARTAGGLAGATT
COTAARTD

sHolelSpoce_ 2 ATCGCGGACGAT

TTGGALCETGTCTCAG T TECAR TG THAEEGACC T TCCTC TCAGAAC L TAC TEATCGTAGLC TTRE TS
GG T TACCCCGL T A AL TARTCAGAC G ATCLCCATCCATTACCEATAM T TTTACTTCARATCT
AT T AT GAMGAC TA T B TAT TAGTC TR T T TEROCAGH T TATCCC ACAGT AATOEGARGET
TEGATACGOGTTACTCACCOGTGEG

=MFkeyl 3 ACCTGTCTCTCT

TG TATC T GG TOLCAR TR THEC GG TC AL O T TCAGEOCGGL T AL TCARAGLC T TR TAA
GLCAC TACCC AT A4 CAAGC TGAT A GO ECGAGTCCATCOC CAACCECCRARAL TTTECAACTCOCAC
AT GG AGGALD TOCTATC GG AT T AL LA TT TCC TGAAGT TATCECAMGTCAAGGELAGGT T
ACTCACGTGTTACTCACCCGTTCECCA

SREPirkyR_4 AGTACGCTCGAG

TG TATC T AG T L AR TR TG GG T AT TG LG T AL TCARAGLL T THETAL
GLCAC TACCC AL A ARG TGATAKGLCECGAGETCCATCOC CAACTECCOARAL TTTOCAACTLOCAC
CATGCAGAGGARE TECTATC GG AT TACCCCCAG TT TCC TGAAGT TATCECAMAGTCAAGG G AGGTT
ALTCACGTGTTACTCACCCGTTCRCCA

*FEkel & ATACTATTGOGL

CTG GG T AT T AS T AR TR TEGE GG TCACCCTE TEAGAL COGE T AL LG TCARRGLE TTHETAG
AL TALCCCALT AA ARG TOATAAGC RO GAG TCCATCOCCAACTEC Lo ARAL TTTECAACCICTAL
CATGCAGCAGGAR TCCTATCOGGTATTAGCCCCAG TT TCCTGAAGT TATCCCAMGTCAAGEGTAGGTT
ACTCACGTOTTACTCACCCRE TR,

»DHkeyy 6 ACTGTACGLGTA

TG GG G T AT T AG T AR TR T GG LG G T CAL LT T AG LG G TACCEGTCAAAGCC TTRG T AL
LA TALCC AL A AL AAGE TOATAAGCC SO GAE TCCATCOCCAACCRE Lo ARAL TTTEC AALCLCACA
TECAGCAGGAG TCCTATCCGG TATTAGC T AG T TTOC TRAAGT TATCCCAAGTC AL GEAGET TAC
CTCACGTETTACTCACCOGT TOGCTA

s[HkeyG_T AGAGCAAGAGCA

CTGGGL G TATCTCAG T L AR TG TGHC GG TCACCTC TCAGGLCGEL TAL L GTC AL TTEE TAL
GO AL T AL C AL A AL AAGE TOG TAA GO R BAE TECA TCOC CAAC LR COARAL TTTEC AACCLOCAL
CATGCAGCAGGAT TCCTATCCGGTAT TAGCCLCAG TT TCLTOAAGT TATCCCARMAGTC AAGGGCAEGTT
ACTCACGTGTTACTCACCLGTTCGICA

s[HindexR_5 ACTAGCTCCATA

CTGGGL G TATCTCAG T CAR TG TOHC GG TCALCCTC TCAGGLCGEL TAL L GTC ARG TTEETAL
A TACC LA AA ARG THA T AR LA TECATC L CAAC R LG AR AL T T TEC AR CTCCCAL
CATGCAGCAGGARE TCCTATCCGETAT TAGCCLCAGTT TCLTGAAGT TATCCCARAGTC AAGGGCAGGTT
ACTCACGTGTTACTCACCLGTTCELCA

*FEkeyEnter_ 9 ATCCTCAGTAGT

<put_data/input faste™ 26Z760L, 34TI9I0EC 1,1 Top

first 9 of 130,000 sequences

= O O Terminal — vim — F0x47
BCCCECALTE 0L BPR3LZ, ({1 ({296 10 _AZL118 , 2500 10 A28550" B IGISS 145028,
BERASE )20 BRZIST , ({( { (202510, BEZ3T5 2325 10 21514 )10, DR2420, 1994 10, B0
TLZY 0B BAIETY 2675 -0 AHEEL 1B BLIPES, (330 BRILYT, {2644 10 . AL1603, 721 -
8, BL2E41 ) 10 BEAED ), DESESE) 10 BR5I5T 100G 10 . AZ2300 ) o8 B384 ) 20 AL
55, THE 1B, B304 ) 10 .BBS5T2 , (2385 10 A3E452 206910 53895 ) 1 BLZ745 )10 .88
F288, (GEL 0 . B1EAS 11460 B462TT) 1B B44252 20814272 0, BI005E 21188
112804 )20 B16335, ({ (1548 10, PRS2 | ([ ({1391 10, B0MBS4 2432 10, A393T5 10
AIFET, (BE518.075558, (434 10, 819340 FA1 +B  BEAFAR") B . A12FES 18 829573 -
B, BB3266, BI50, 35T 10 B30T64 , ({((ES60. 05362 1904 10, G205 120 0238
57 o (E2318.063798 ,{ (128310 BAESEZ 1777 1A A12165 10847749, 1443 10, AE973
G =B BPEAET o8 BETET, {{ ({23530, 812729, 420 -0 BB4EIZ ) 0. BB4352 (23720
SAELIEE (3020, 0E2E06, 10T 1L TS ) 10 BT 0, DOEEEE ) 10 B BE3S  18ET
£A B3RS TA Y10 BETTES , ({22008 805552 , 2215 10  BA5159 )10 . A1 T462 1155 8.8
G41BT Y 1B BB4EEE (21628 811598, (L1640 L3689, 1255 18 B3T233) 10 BOETLA )
10 BZIE 10, 015835, 1096 10 BRETT3) 10 004434 ) 10, BL5324 ) 10 B0S54T 3 10, A2
57, (((2237:0 . PAZAB5 1191 :0. 14756 10 B3EERT (993 8. 816467, { (164688
OGH3S, (242220 017279, 2149 -0, D00ein ) 0  BEE 1T )0, BL0490 B0 B 012745 ) -
0. BP4E29) 10 . BATIE, (2464 10, B3TL39 1162 10 1227210 DREE4T ) 1A BBE3A )10
JBBETLL 24498, 877458 0 AILIER )0 BLE2TE, 07 10 AYIE0E ) 10 BL1386 )20 83
1767, ({17940, BIA139 , 2434 10 G099 ) 10, 065425 , (10603 10, 089619, 2481 10,850
B52% 10, 811543 )20 29506 10, B14902 1554 10 BIT672 ) 10054591 ) 10 A24264 (|
({1165 0, BETT30, ({ (1407 10, B49005, 1967 10 B4756) 20 _B10524 1744 10 025835
Ji0,.005749 1265 10 054137 )10 BREZE2 0 006291, [ ({( {1016 10 . A09385 2223
10 BZTIYA 10044223, (289 10 BE3EST , (216 10 A13133 685 10  B1ES43) 10 BETIEZ
Do BLETEA ) 20 BEISA, ({1177 10, BAIEES,, 10310 LA3ES ) 10, BOSTEE , (2998:0
JAITAET, (15510, 022642, 59710, 009618 10 DABH49 )10 DB3651 ) 10 BLASES , (]
700, BAEIEA , 3391 1B BALEES) 1A BI24TI 66T 10 B1E20E) 10 DL, 54410, 8492
24710 08536, (2163 :0 24785, 217 10 BATAZE 10015376 ) 10 BL2T32, ({ (278910
JB1Z332, ({2607:0 BBG521 2737 10009125 10 .AILTES 52 1 -0  BAL367 ) 10 011852
1l BEREAE, ({4908 -0 000529 955 10 . BASTT ) 10031363, 1317 10 085781 ) A A3
BE53, ( (1641 10 ALR4B3 2641 10, ABA556 ) 10, BAGALE , 59 10, B1A994 110, 818751 ) 8.
811615 )0 BIESEZ , (141 :0 835612 2590 847171 ) 10 BLIASD) 10 BATIHG ) 10, BOE
25870 10, BEA , 21590  BEETLS 0. BETLSS , [ (1290, 0370, 775 10 BLTIS ehLe
B35, ({175 10 PHEEZT 130510 A39605 ) 1A, BLITI9 1517 10 A1 ZT65 118 818853 -
0. 011719) 10 BLLI34 )00, BEESAE, ({165 8 07198 1752 1A A14396 )1 0. 095524,3
518.018253 ) 10, BL9389 , ({30760, 010018, 53 10, BOSIES 10, 012443, (253 10,814
73,2424 18, BRSEAT ) -0 BBEAZ2 B BL15PY  PE43 1B BPET24 )10 L6273 ) 10 BLIEE
€8, BIELL (0 ({0 (1292 -0, BO5ES5 2130 10 B11220 )10, 039288, 1999 :0, 018
ZZTi0,BBE92 ({34210, 003003 (2532 10, 099325 , 76 10 . BO5TEE ) 10, BA1614 214
-8 BRI TARY P BAZ158 )8 815212, (11990 . BB41T 1501 18 853431 ) 0  B1458T )
1AL 20320, 512058, 2958 1A, BASZIN ) 10 AZESAS , 2944 10, BE5554 ) 10 AZEH1L ,
{({1919:0 .055614 534 10 BILI13 10, 815857 471 19853578 10 . BOEZSE 172618,
DTG ) 20 BOESET D00 10 BEI00T )00, 07430, 1576 00 BE T ) 10 B0EET ) o0, BeG
863, {{{ ({35510.835264, { (251 10 BZAET3 254 10, BI49E4 18, 815397 49910, 8161
538 . L8365 -0 BIEE3S { (157 1B BBETSE 1174 -0 . BA43T3 )0 BRZ05T , 2426 8.8
BT ) o0, BUBARHE) 18 AETEI, {{(T6A A, AIZIEL , (15100, 000544, 2301 0, SR8
1,1 ALl

~0.1% of the tree file

naive visualization of tree...



Microbial biogeography on the
keyboard?
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Bewm Vork: larper & Deotbhers

- Sample keys and fingertips: are keys a desert where
few microbes survive?

- Is there a “Wallace line” between G and H? eic.

Fierer et al. 2010 PNAS



Two other views of these same
data make patterns clear...

Colored by subject: 1238 Colored by key/

...I.e., each individual has a unique skin community
that is transferred from fingertips to keyboards




QIIME: integrating analysis of
hundreds of samples

i @: 454: short sequence
4N @ +added barcode E
MR ' . == .
Mix samples and Because each sequence
Tag 16S genes from sequence on 454’s has a barcode, can tell
hundreds of samples GS FLX instrument which sample each is from
with DNA barcode
Clip off
barcodes
@ o A
< -
o ®
Use the tree to cluster the Use the sequences to Align sequences
samples, e.g. healthy/ build phylogenetic tree to identify taxon-
diseased samples cluster? with samples on branches specific regions

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



Why is it called “454"?



Why is it called “454”?




Different body habitats are very
different from one another

A Habitat

Earwax
® Urine
@ Hair
® Mouth
® Gut
® Skin

Nostril

M2 on antibiotics: all
body habitats change

PC2:7.8%

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

PC1: 8.5%




Now getting first picture of overal
human microbiome variability
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But a handful of fimepoints isn’t
really sufficient...



So where do our microbes come
from?



So where do our microbes come
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Sampling of the microbiota 20
minutes after birth

Streptococcus

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



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

Dominguez-Bello et al. (2010) PNAS 107:11971
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We can understand how the
microbiome develops in infants...

Breast milk
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Koenig et al. PNAS 2011 108 suppl 1:4578
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...and across cultures...
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Yatsunenko et al. 2012 Nature 486:222



Amerindians

Malawi
USA
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different endpoints!

Yatsunenko et al. 2012 Nature 486:222



And the HMP only covers the

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

4 = 3 wwwindiegogo.com c KR ©

gy [I] 8 SCCM Lab calendar Google Google Maps Wikipedia Mews = Amazom  «Bay  Apple * +

Want crowdfunding Sps and tricks? Download Indiegoge’s e Crowdiunding Fleld Guidel  LEARM MORE b

American Gut - what's in your gut?

QMENCON  wordds LARGEST open-source, community driven effort to characterze the microblal diversity of the Global Gut. All US and Infermational
1‘* ‘!'QUT participants welcoma.

Carnpaign Home Updates /15 Commeents [ 266 Funders 19003 Gallary 710

$339,114

——
Raised of $400,000 Goal

Flexible Funding campaign

This campaign recelved all of 1he
fumda contributed by Sat 02 Feb.

Perks for your contribution

This is a Flexible Campaign and the project proceeds whether or not we reach our funding goal. Join us!

$49

Share This Campaign: hétp:/igg. maatiamericangul 1 L Add One More Body Site

1 sirw i bt aliuowhs faarmid i Tae A Al A id



American Gut: you can get
involved!

>S$500k
>6000 people

>1200 kits
QMENCAN  “emeine
400 PGP
samples...

...but we
need morel




“ A

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

w/
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Data just released into EBI for first
1080 American Gut samples

american Preliminary Characterization of the
’ﬁ"ﬁ‘ ’%\QUT American Gut Population

We have, as of September 5, 2013, completed sequencing and quality control of the gut bacteria from the first
1080 samples from 844 participants in the American Gut study. This document gives a first look at results for
the whole population. Your individual results (if your sample is among these first 1080 samples) will be avail-
able shortly.

Here we compare the American Gut pnpuraticn to other populations who have had their gut bacteria character-
ized, describe the participants in the study, show the major kinds of bacteria in the gut microbiota of the Amer-
ican Gut population, and provide some information about what affects the gut bacteria (as well as show that
some variables such as sex have surprisingly little effect).

Technical note: “microbiota” refers to a particular community of microbes, including bacteria (e.g. the human
gut microbiota); “microbiome” refers to the genes those microbes contain (e.g. the human gut microbiome).
Most participants in American Gut have signed up for characterization of the microbiota.



Demographics cover more range
than previous studies

Participants with Fecal Samples

HMP GG
USA Venezuela, Malawi, USA
Total Samples 4,7882 BR1°
Total Participants 242 531
Sequences 36,797,226 1,093,740,274
Gender Age
900 1 =unknown i bl
4 "Females 800 A
iﬁ- AT 700 H
800 600 1 b
500 | 500 - .
400 4 400 - -
300 - 300 -
200 200 1 N .
100 1 102* -
T R e e Ga | TPeP | AGT

Adults Adults, Children
USA
* *
439 1,080
9,509,776 45,389,415
Body Mass Index
= Unknown 900
= 80+ 800
e 700 " Unkown
T 600 u Very severely obese
ha 500 Severely obese
s 40-49
Moderately obese
= 30-39 400 )
B Overweight
20-29 300 '
® Optimal
s 13-19 200
§ Underweight
= 3-12 100
0-2 A
HMP




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

PC2 (8%) PC2 (8%)

Skin

HMP-Fecal

HMP-Ciral

HMP-Skin

PC1 (16%)
PC3 (3%) PC3 (3%)



How can | tell
cause from
effect?
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Can’t do Koch'’s Postulates in
humans, but can use mice

A isolator envelope

port Gnotobiotic isolation units
- in Jeff Gordon’s lab at

! ——. = -
T }wﬁm“ﬂ_‘xqm .;;!: i! SRR



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

'Y

Normal Leptin

mouse muiant
(+/+) (ob/ob)

Firmicutes

Bacteroidetes
*

o
o

44
Qo

;0
o

b
o

Percentage of total sequences
¥
o

o

+/+ ob/+ ob/ob
[ean [ean Obese

Ley et al. 2005 PNAS 102:11070



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

WT

PC2 (13.7%)

*
|
O
O
=
-DI.'I [I] U.II U.IZ ﬂ.lﬂ-

MaIELs Females
- w*
0.75 0.3
=
=
S 050 0.2
"".' —
[T
0.25
0.1

WT TSKO WT TSKO
Vijay-Kumar et al. 2010 Science
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Elood Pressure [mmHg]

Serum Triglycerides [mg/dl)
Serum Cholesteral [mg/dl]

T
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s

WT T5KO, WT T5KO,
systole diastole

PC1 (26.1%)
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...Their transmissible gut microbes
make them want to eat more!

T
3

Food Intake [g/mouse/day]
oY)
o

e
3

Vijay-Kumar et al. 2010 Science



...Their transmissible gut microbes
make them want to eat more!
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Food Intake [g/mouse/day]
oY)
o

e
3

WT TSKO

Vijay-Kumar et al. 2010 Science



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

MICROBIAL ECOLOGY

Human gut microbes associated with obesity

o

B firmicutes [ Boctersidetes

| .u : _
- m =
i ;
- 13 o
T1 —{_ %% Weesks on diet
12 3
| ] L 13 [ ® CARB-R
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4 [ R=08/
a gt ~ ]
L - y o

- I I
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& of total
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L= oo
1
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]

Ruth E. Ley, Peter J. Turnbaugh, Samuel I{Ieij'l,
Jeffrey |. Gordon
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Do the results extend to humans?

Apparently so...

MICROBIAL ECOLOGY

Human gut microbes associated with obesity

b &
B Firmicutes [l Bacteroidetes o
_ 100r
=
a 10 2 B0}
T0 = 8
I | Lo ©
=
o ' R S
T | b 20k
5 .
— 13 . ¢ 1
T —{_ -,% Weeks on diet 8
]z '\-2 -
| 2 L 1al € 301 ecagsr o
10 Tl 2 5. WFAT-R
—L 13 T 2 2, .
—T0 & £ 20} 2E
. s nl 3E ‘5 R2=08/
I . G - :
= TS .
T 13 - <y
—1 El' — < . =0
[2 TS %% 3t .
FAT-R r3 CARB-R 5‘ ok
O -5 =10 -15 =20 =25

Change in body weight (%)

Ruth E. Ley, Peter J. Turnbaugh, Samuel I{Ieii'l,
Jeffrey |. Gordon

Lean-Obese

0.82

I I I I I I I
0.70 0.80 0.90 1.00

OTU theshold (16S rRNA identity)
Classify lean/obese

with 90% accuracy
by microbiome

Knights et al. 2011 Cell Host & Microbe
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...SO0 can we change the
microbiome to cure disease...?
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Future directions: personalized
medicine in developing nations?
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~ Photo:Tanya Yatsunenko, Malawi 2009
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Future directions: personalized
medicine in developing nations?

Cell phones
ubiquitous in
Malawi due to
Moore’s Law...
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Future directions: personalized

medicine in developing nations?

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

o

...and not just
in Malawi, but
everywhere...
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Future directions: personalized

medicine in developing nations?

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

2r Raw Megabase of DNA Sequence

...will DNA sequencing follow?
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Pilot studies in humanized mice
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Pilot studies in humanized mice:
input microbes, diet change BMI

- iy I T A (.
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...and individual phenotypes
can be fransplanted into mice

E. =
A 120 1 Malawian diet RUTF Malawian diet B | Malawian diet RUTF Malawian diet
110 4 . *
=
oh
‘@ 100 —
= 2
Z N
E gD' :"
2 g0, £
o
8
o
BD I ] | | | | L] L] I ] | | | | L L] I ]
0 7 14 21 28, 30 4ZEmny o5hi! B 0 7 14 21 28 30 42 4859 BShREEs
Time (days) Time (days)

—»- Healthy -~ Kwashiorkor

Smith et al. (2013) Science 339:551
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Culture collections permit

mechanistic hypothesis tests

Extensive personal human gut microbiota culture
collections characterized and manipulated in
gnotobiotic mice

=@ Andrew L. Goodman’, George Kallstrom, Jeremiah J. Faith, Alejandro Reyes, Aimee Moore, Gautam Dantas,
7 and Jeffrey I. Gordon*

Center for Genome Science and Systemns Biolegy, Washington University School of Medicine, 5t. Louis, MO 63108

Contributed by Jeffrey |. Gordon, February 24, 2011 (sent for review January 21, 2011)

The Long-Term Stability
of the Human Gut Microbiota

Jeremiah ]. Faith,’* Janaki L. Guruge,* Mark Charbonneau,* Sathish Subramanian,*
Henning Seedorf,® Andrew L. Goodman,t Jose C. Clemente,** Rob Knight,***
Andrew C. Heath,? Rudolph L. Leibel,® Michael Rosenbaum,® Jeffrey I. Gordont



The same type of fransplant also
works for obesity phenotypes

A

Twin Pair 1(DZ) 2 (DZ) 3 (DZ) 4 (MZ)
BMI (kg/m?)| 23 | 32 |25.5] 31 |19.5]130.7| 24 | 33
B i Twin pair 1
s 5 A8 ¢ . ¢
NG . é
O
=
E Lean donor o
O
a Obese donor
i
(] b
¥ - = .
-
o .
1 3 7 10 15 dpc
@ Input samples @ Experiment 1 Experiment 2 @ Experiment 3

Ridaura et al. (2013) Science

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



The functional stability of the

transplant is excellent

T
® Lean co-twan (Spearman r=0.91) Twin pair 1 # Lean co-ten [ Spearman r=0 92) Twin pair 2
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R|daura et aI (201 3'). Sﬂe‘nﬁehuumn fescal input % of ECs an human lacal mput

ECs are highly
correlated in
donor and
recipient for
all individuals
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Body composition and fat mass
depend on donor

T
D E okk
s> 69 [ Fat mass
_5 Lean body mass %
= o < 10
{:J et
Q Y
Z =
O 2- ) 5
- ()]
© =
8 —— &
£0 — o0
> X
| =
5_2# ._5 l .
All lean All obese All lean All obese
co-twin donors co-twin donors co-twin donors co-twin donors

* Two-Way ANOVA, significant donor effect

e driven by the difference in adiposity
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SCFAs uvpregulated in mice with
lean donor

b -
- -
o o

Log , (spectral abundance)
h

Cellobiose

Ridaura et al. (2013) Science

Maltose
or similar disaccharide

pmol/g wet cecal content

Propionate

Il Obese donors

Bl Lean donors
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Butyrate
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Multi-omics levels agree with
each other to surprising degree

T
PC2 (17%)

PC1 (41%)

Ridaura et al. (2013) Science PC3 (13%)



Results from culture collections
agree with primary specimens

T i
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How can we extend this vision to
the entire microbial world?
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How can we extend this vision to
the entire microbial world?

G. Evelyn
Hutchinson



X . 22222 e
How can we extend this vision to
the entire microbial world?

G. Evelyn
Hutchinson

Niche space:
hypervolume
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How can we extend this vision to
the entire microbial world?
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G. Evelyn
Hutchinson

Niche space:
hypervolume

Predict dynamics



To address these questions, we
held series of EMP meetings

The First Internatlonal EMP (Earth Mlcroblcme Project) Conference

13th-15th, Jun ED 5




EMP now provides framework for
samples through data analysis

Sample DNA
P =)

DNA =) Ecological
submission extraction

sequencing insights

=)
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The community response to the
EMP has been truly inspiring

EMP Structure: a
geartn
Steering committee |

(1 0 members) Janet Jansson, Rob Knight, Jack A.

Gilbert, Bin Hu, Noah Fierer, Folker
Meyer, Rick Stevens, Jonathan A Eisen,
Jed Furhman, Mark Bailey, Jeff Gordon,
Norman Pace, Jeroen Raes, James Tiedje,
Ruth Ley, Noah Fierer, Dawn Field, Nikos
Kyrpides, Frank-Oliver Glockner, Hans-
Peter Klenk, K. Eric Wommack, Elizabeth
M. Glass, Kathryn Docherty, Rachel
Gallery, George Kowalchuk, Mark Bailey,
Dion Antonopoulos, Pavan Balaji, C. Titus
Brown, Christopher T. Brown, Narayan

Advisory committee
(45 members)

Participants
(>100 members)

Desai, Dirk Evers, Wu Feng, Daniel Huson,

James Knight, Eugene Kolker, Kostas
Konstantindis, Joel Kostka, Rachel

Mackelprang, Alice McHardy, Christopher

Quince, Alexander Sczyrba, Ashley Shade

... And VOU? N"O llumina @ VirginiaTech

>100 members, 30 institutes, 12 countries

JGIS
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We have processed thousands of
samples from around the world

Currently >60,000 .
samples pledged
from >100 researchers

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




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

-'-".i:i

Grinnell Glacier from Mt. Gould

1938
Hilaman Key/ USGS Fagre/ USGS Reardon/

phota/ GNP photo phota USGS phato

Archives

http://www.flickr.com/photos/terrabella/2713519265/; oW IA A nia T ololgaTACTTaTa I [0 VE:Te Mg L CToIV1 o IEWo) (o o5
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Gradients in environments such

as Yellowstone...




ighly

are reproducible across hi

ble spatial scales...

varic




- NN
...including the scale transformations
critical for translational medicine
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GSC standards and EMP allow
unprecedented data infegra’rion

genoméc
STANDARDS consortium

MIGS
MIMS
MIMARKS

i éeor’rh

GENOME 10K.
Microbiome project

Yilmaz et al. 2011, Nature Biote h29415



EMP pilot studies

. B & % 7

ax Annie Moore & Colleagues sampling cenote gradients, Yucatan, Mexico N

. # 1Y g rT, ; *
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EMP pilot studies

| Merlot Microbiome:

High school volunteers
Long Island
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Extreme environments:
Acidic hot springs, Yellowstone—
contributed by Greg Caparoso



EMP pilot studies

Chris Meyer, French
Polynesia, sampling water
and sediment at the LTER
sites on the tropical island
and reefs of Moorea.



EMP pilot studies

Tar Sand, Athabasca river (AB) us forest

L PR

o gy

P e T
oo

o

Contributed by Josh Neufeld Univ. Waterloo, Canada




EMP pilot studies

e

Thar Desert {Great Indian Desert) * Arctic Permafrost

Sampling desert sand, Subramanya Rao




- B

EMP pilot studies

Beck Wehrle, The lguana Microbiome

-

Corrie Moreau, Tne ant microbiome - Brazil
-‘::-_-‘__:; - -.-‘?. L :I o = o " -




EMP pilot studies

B ..
Deepwater Horizon oil spill

f

'

-
-

Terrv Hutn, Janet lanssun & LBNL colleagues
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Database enables unanticipated
benefits, e.g. source fracking

B 0 A
B Gut B O B skin 1 soil

B Unknown

b
PCR water 1 PCR water 4 Scissars 1 Scissors 2 Swab 1 Swab 2
Lab 1: PCR water 1
Lab 1:
FCR water 1 PCR water 4 Swab 1 Swab 2 Swab 3 Swalb 4
Lab 2:

Lab 1: PCR water 4
Bench 1 Handle Hood 1 PCR table 1 PCR table 2 Sill 1

Lab 3:

Button 1 Counter 1 Counter 2 Handle 1 Incubator 1 Screen 1

NICU:

Dffice: Fhone NY 2

Fhone AZ 1 Phone AZ 2 Fhone NY 1 Phone NY 2 Phone 5F 1 Phone S5F 2

COCOOEe ..

Knights et al. 2011 Nat Meth

Office:




...1o outdoor air...

80

70}

60

50/

% Abundance

Bowers et al. 2011 AEM Fecal

Taxa indicative of 2

Ml Acidobocteria

sails L «-Rhirobloles E
Taxa indicative n[_'-_ A-Enterobacteriales © 0l
the leaf surface | [ Bocteroidetes-Sphingoboacteria 1: i"l';

Taxa indicative of

animal feces | I Firmicutes-Clostridiales - :"'"I
S

Maywille

Il Bocteroidetes-Bacteraldales 3 40|

LB rusobacterio-Fusobacterium

Leaf Surface Feca

Chicago Detroit Cleveland Mayville Chicago Detroit  Cleveland

Summer Winter

Leaf Surface

Soil
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...1o public restrooms

60%

A%

Average contribution

Oﬁcpﬁﬁ}fa@g& @&3#&“‘

Flores et al. 2011 PLoS ONE
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Wolves have profound effect on
Yellowstone ecosystem...

Before
& After
Wolves

Resioring wolves o
Yelowsiona afler a

Ti-year abasnce 83 a top e ]
predator i . o = reach 10 1o 15 feet tall.
of alk—aet off & cascade of g T e g el COVOTES Wit
changes that is restorng the i A - ; predation
YELLOWSTONE : | be a tackce in the
WITHOUT WOLVES resurgence of the park's
1926-1895 prongharm.
ELK owesrtaronassd the
d and ofher
streaen side willows, cotion- . mmmw
woods, and ahnubs thal pressent stresan banks, helping
B - resiore nnbural wader flow.
space. Habitat for fish and other branches again
wlers bacam broader and e el
ahalicaver and, withoul shade
from slreamside vegetabon BEAVER cclaries in norh
. i et e frer)
3 Trom ore b 12, now Shal
ASPEN trees in Yellowsione's
s a " ik mmmum
wATlET, wene aaldom able 1o
‘ol oo B3 e willows (0 key beaver food)
all the: new sprouts. ard Farshes, L
Tish, ampheans., beds, small
COYOTE murnbers. clirmbed s, mnd @ rich insect
M e population fo feed them,
cabves, they prey mainly on
VN FraTTS N ground CARRION Walves dan't
SuiTels and volis, reduding ; i, ; cover their kil, o they've
hmwhm | 4 r - o U = ., - mhmm.:
e y AT FERvie el . RFTHTA, ) HTARF. & ’ " e ard gokden eagles, coyoles,

Mar 2010 i
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Can we develop a restoration

ecology for microbes?

ST T
A flourishing ..is devastated Left alone, weedy

gut ecosystem.., after antibiotics.

o i

Probiotics Frebiatics Bacteriotherapy

Iseed good microbes)  (promote good microbe growth)  (transplant ecosystem)
=3 o T A

Unsolved problem:
which strategies
restore ecosystem
fastest, most reliably,
and best for a given

Lozupone et al. 2012, Nature 489:220 individual?
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Knight lab:

Cathy Lozupone
Chris Lauber
Donna Berg-Lyons
Elizabeth Costello -> Stanford
Greg Caporaso -> NAU

Justin Kuczynski -> 2nd Genome
Jesse Stombaugh
Doug Wendel
Antonio Gonzalez
Jeremy Widmann
Meg Pirrung

Tony Walters
Daniel McDonald
e QlINNE
Dan Knights

Jesse Zaneveld -> Oregon State
Jens Reeder -> Genentech

Julia Goodrich -> Cornell

Ryan Kennedy -> Penn

Zongzhi Liv -> Yale

Micah Hamady -> world travels
Jerry Kennedy

Greg Humphrey

Jose Clemente

Will van Treuren

Jess Metcalf

Laura Parfrey-Wagner

Bharath Prithiviraj

Gail Ackermann

Luke Ursell
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