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Everything you ever wanted to know about
microbial community analysis methods
J~ but were afraid to ask

« Community composition and ecology by 16S
— Organism identification
— Alpha- and beta-diversity
— Ordination

* Meta'omics: shotgun DNA and RNA seq.
— Taxonomic profiling
— Assembly
— Metabolic profiling

 Downstream analyses
— Statistical association testing
— Microbial association networks
— The Human Microbiome Project



What's metagenomics?

THE MICROFLORA AND THE PRODUCTIVITY OF LEACHED AND
NON-LEACHED ALKALI SOIL

J. E. GREAVES*
Utsh Agricudturcl Experiment Siation

Total collection of microorganisms
within a community

Also microbial community or microbiota
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Molecular biological access to the chemistry of unknown

soll microbes: a new frontier for natural products N
Jo Handelsman', Michelle R Rondon', Sean F Brady?, Jon Clardy2 and  ***
Robert M Goodman'
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ness that they are thoughe to contain. The methodology has Commensal Host-Bacterial Relationships
been made possible by advances in molecular biology and in the Gut

cukaryotic genomics, which have laid the groundwork for Lora V. Hooper and Jeffrey I. Gordon*
cloning and funcuonal analysis of the collective genomes of
soil microflora, which we term the metagenome of the sotl.
ber our somatic and germ cells (3). The Nobel
Total genomic potentia| of laureate Joshua Lederberg has suggested us-
a microbial community mg the term ;

crobes (n ora), the idea being that a
comprehensive genetic view of Homo sapi-

ens as a life-form should include the genes in

Study of uncultured microorganisms our microbiome ().
from the environment, which can include
humans or other living hosts

Total biomolecular repertoire
of a microbial community



Examples of metagenomic studies:
Global Ocean Sampling
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JTC Sequencer Lab
The BIOdlverSIty Of Capacity: 240,000 sequences/day or 80 million lanes/year at 24 runs per day

Each New Region is Different

J. Craig Venter
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Metagenomic methods:
Early work and /n situ fluorescence

ON THE MICROSCOPIC METHOD OF STUDYING BACTERIA

IN SOIL o : = e
Phylogenetic Identification and In Situ Detection of Individual

H. J. CONN Microbial Cells without Cultivation
New York Agricultural Experiment Station RUDOLF I. AMANN,* W NG LUDWIG, axp KARL-HEINZ SCHLEIFER

Recelved for pablication May 31, 1928 Lehrstuhl fiir Mikrobiologie, Te Universitit Miinchen, D-80290 Munich, Germany

Several years ago the writer (1) proposed a method for the microscopic ex-
amination of bacteria in soil. The technic has recently assumed considerable
importance because of its adoption with a few slight modifications by Wino-
gradsky (5) in his “direct method” of studying soil bacteria. The method has

A Technique for the Quantitative Estimation
of Soil Micro-organisms

By P. C. T. JONES a~xp J. E. MOLLISON

Soil Microbiology Department, Rothamsted Experimental Station,
Harpenden, Herts

ArpLieo MicromoLoGy, June 1971, p. 1040-1045 Vol. 21, No. 6
Copyright © 1971 American Society for Microbiology Printed in US A,

Microorganisms in Unamended Soil as Observed by

Various Forms of Microscopy and Staining'

L. E. CASIDA, JR.

Department of Microbiology, The Pennsylvania State University, University Park, Pennsylvania 16802

Received for publication 23 March 1971

Identification in situ and
phylogeny of uncultured
bacterial endosymbionts

Rudolf Amann, Nina Springer, Wolfgang Ludwig,
Hans-Dieter Gortz* & Karl-Heinz Schleifer

Lehrstuhl fiir Mikrobiologie, Technische Universitat Minchen,
Arcisstr. 21, 8000 Miinchen 2, German

* Zoologisches Institut der Universitat, SchloBplatz 5,

4400 Miinster, Germany
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Metagenomic methods: 16S rRNA gene

 Structural component of the prokaryotic ribosome

« Used as molecular clock to identify phylogeny:
» Large, good scale for mutations
» Range of mutation rates
 Portions are constant, allowing amplification

* Not single copy! Researcher beware...

Woese, 1987

Pace, 199
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Metagenomic methods:
shotgun sequencing

Analysis of a Marine Picoplankton Community by 16S rRNA Characterization of Uncultivated Prokaryotes: Isolation and

Gene Cloning and Sequencing

THOMAS M. SCHMIDT, EDWARD F. DELONG,i AND NORMAN R. PACE*

Department of Biology and Institute for Molecular and Cellular Biology, Indiana University,
Bloomington, Indiana 47405

Received 7 January 1991/Accepted 13 May 1991

PROTOCOLS
NATURAL POPULATION

RESULTS

Collect cells by
tangential fiow fRtration

BIOMASS
Break celis, phenol extract,
purify DNA on CeCl gradient
TOTAL DNA

Shotgun clone into
phage lambda vector

1x107 recombinants

38 rDNA clones selected
from 3.2 x 104 recombinants

PHYLOGENETIC CHARACTERIZATION 4 cyancbacteria (fig. 7A)
OF POPULATION CONSTITUENTS 11 proteobacteria (fig. 78)
1 eukaryote

FIG. 1. Flow chart of the protocols used to characterize marine
picoplankton without cultivation and a summary of some results.

ob1 ob1 ob2
Versus Versus versus
lean1 lean1 lean2

KEGG category (3730) (GS20) (3730) KEGG pdthdy

Analysis of a 40-Kilobase-Pair Genome Fragment
from a Planktonic Marine Archaeon
JEFFEREY L. STEIN,'* TERE! i L. MARSH,? KE Yl\l(‘ W
AND EDWARD F. DELONG**
Recombinant BioCatalysis, Inc., La Jolla, California 92037"; Microbiology Department, University
of Illinois, Urbana, lllinois 61801% Department of Ecolo ‘volution and Marine Biology,

University of Califomia, Santa Barbara, California 93106%; and Division of Biology,
California Institute of Technology, Pasadena, California 91125*

> HIROAKI SHIZUYA*

ed 14 July 1995/Accepted 14 November 1995

1. Concentrate bacteria, digest protein and preserve high MW DNA
o0 0

noodle” l

ase - K, detergent L \
v v

2. Partially digest DNA and select 40 kbp fragments by
PFGE or by A-packaging (step 3)

0

3. Ligate to fosmid arms, package and transfect to E. coli.
Array library in microtiter plates.

—— N\ — - J
OO

—— A —
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4. Replica plate onto into high density filters

5. Probe and "walk' to
identify contiguous
fragments

FIG. 1. Flowchart depicting the construction and screening of an environ-
mental library from a mixed picoplankton sample. MW, molecular weight;
PFGE, pulsed-field gel electrophoresis.

Carbohydrate

Energy

Lipid

Amino acid

Other amino acids
Glycan

Transcription
Folding/sorting/degradation
Membrane transport

Cell motility

Cell growth and death

Citrate cy

Pentose/ g uronate interconversions*
Galactose metabolism

Starch/sucrose metabolism*
C5-branched dibasic acid metabolism *
Reductive carboxylate cycle
Pyruvate/oxoglutarate oxidoreductases
Glycerolipid metabolism

Phe, Tyr and Trp biosynthesis*

fB-Ala metabolism

Lipopolysaccharide biosynthesis*
Glycosphingolipid metabolism*
Undassified transcriptional regulators*®
Type lll secretion system

ABC transporters*

Flagellar assembly*

Bacterial motility proteins

Sporulation*

An obesity-associated gut microbiome
with increased capacity for energy harvest

Peter J. Turnbaugh', Ruth E. Ley’, Michael A. Mahowald’, Vincent Magrini?, Elaine R. Mardis' 2 & Jeffrey |. Gordon'

Environmental Genome Shotgun
Sequencing of the Sargasso Sea

). Craig Venter,* Karin Remington,1 John F. Heidelberg,3
Aaron L. Halpern,z Doug Rusc:h,2 Jonathan A. Eisen,3
Dongying Wu,? lan Paulsen,® Karen E. Nelson,? William Nelson,?
Derrick E. Fouts,? Samuel Levy,? Anthony H. Knap,®
Michael W. Lomas,® Ken Nealson,® Owen White,?
Jeremy Peterson,? Jeff Hoffman,” Rachel Parsons,®
Holly Baden-Tillson,” Cynthia Pfannkoch,’ Yu-Hui Rogers,*
Hamilton O. Smith’

We have applied “whole-genome shotgun sequencing” to microbial populations
collected en masse on tangential flow and impact filters from seawater samples
collected from the Sargasso Sea near Bermuda. A total of 1.045 billion base pairs
of nonredundant sequence was generated, annotated, and analyzed to elucidate
the gene content, diversity, and relative abundance of the organisms within
these environmental samples. These data are estimated to derive from at least
1800 genomic species based on sequence relatedness, including 148 previously
unknown bacterial phylotypes. We have identified over 1.2 million previously
unknown genes represented in these samples, including more than 782 new
rhodopsin-like photoreceptors. Variation in species present and stoichiometry
suggests substantial oceanic microbial diversity.

JTC Sequencer Lab

Capacity: 240,000 or 80 million

at 24 runs per day

Supplementary Table 3 — Assembly of reads from capillary sequencer and
pyrosequencer datasets.

Average NS50 contig
contig Contiged Largest length
Sample Contigs length bases Assembly (kb)”

leanl (GS20) 10‘ 299 11.966.580 2,793 0.109

obl (GS20) 56. 6.518.469 0.109

leanl (3 52 254.985 1.62

lean2 ( x1) 59 650. 49) 5.522 1.71

1.59

1.49

1.70

: 1.78

All (GS20) 0.110

All (GS20 and 2.275.46¢ 755 0.903
3730x1)




Sequencing as a tool for
microbial community analysis

Lyse cells
Extract DNA (and/or RNA)

. s
Amplicons Meta’omic

George Rice, Montana State Universit

PCR to amplify a single
marker gene, e.g. 16S rRNA

Classify sequence

V. SR\
2%

______ => microbe
Samples -
. ” EEE Genes,
~ o ]
Adapted from = - Genomes,
Van de Peer, 1996 0 - i . -
----- S Metabolic profiling,
= )
u Relative abundances,

Relative Genetic variants...
abundances



‘Y What to do with your metagenome?

Reservoir of Comprehensive
gene and protein snapshot of
functional microbial ecology
information and evolution

Public health tool Diagnostic or
monitoring prognostic

population health biomarker for

and epidemiology host disease
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Composition-based analyses

Acidobacteria
Aquificae
Chlamydiae
Chlorobi

il h

SUlolop,

L~
‘ ,;;‘\jg@ Actinobacteria
' O Bacteroidetes
@ Firmicutes
© Proteobacteria

Chlamydophila
Treponema <
Borrefja Chlamydia

Y
iy ! w
TR T
Chloroflexi O Fusobacteria

'®)
Crenarchaeota @ Planctomycetes @
Cyanobacteria @ Spirochaetes @ Thermotogae

®

Tenericutes
Thermi

Euryarchaeota @ Synergistetes Verrucomicrobia
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Microbiome composition analyses:
phylotypes and binning

Binning: nontrivial
@ RIBOSOMAL DATABASE PROJECT assignment of reads

rdp.cme.msu.edu to phylotypeS

L°T Phylotype or operational
taxonomic unit (OTU):
organisms clonal to within some

tolerance (e.g. 95%); “species”

Actinobacteria

u Bacteroidetes
Full-length

- e (T Indirect binning: BLAST etc.
i ' W Fusobacteria y . . . . .
l Other Proteobacteria ‘ ReheS on hlgh S|m|lar|ty,
Verrucomicrobia
Alphaproteobacteria ) ’ reference Seq

“ Betaproteobacteria

Deltaproteobacteria . . .

Epsionproseabactetia Direct binning: analyzes seq,.
[t ; characteristics (GC, codons, etc.)

Unclassified

Relies on long reads

Flamady, 2009 PhyloPythia: McHardy, 2007 TETRA: Chan, 2008 Phymm: Brady, 2009 MetaPhlAn: Segata, 2012 11



Microbiome composition analyses:
OTU clustering

Open reference Closed reference

12



Microbiome composition analyses:
f ~diversity

== Chimeric reads Hamady, 2008
Diversity: broadly, a
community’s number and
distribution of taxa

Also community
composition or structure

Taxonomic vs. phylogenetic

Coupon collector’s Qualitative vs. quantitative

problem or L ‘1 0 [1£ 6 1 4]
rarefaction curve: @ ‘ @ ‘ é
estimate population ‘ o

diversity based on a
subsample

Estimate

b4
oooooo

4 4 g 4 0.1
Number of Sequences Fraction of Sequences

Schloss, 2006 1 3




DOC Microbiome composition analyses:

Ordination is the constrained
projection of high-dimensional
data into fewer dimensions.

guarantees the new dimensions

PCA or Principal Component Analysis .
maximize normal variation.

NMDS or Nonmetric Multidimensional Scaling,
also called
PCoA or Principal Coordinates Analysis,
guarantees the new dimensions maximize an arbitrary
similarity score (such as UniFrac beta-diversity).

Samples —
0
] icrobi f imoli
o Microbiomes of ant castes implicate new
o microbial roles in the fungus-growing ant
o . .
2 o Trachymyrmex septentrionalis
E o Heather D. Ishak', Jessica L Miller', Ruchira Sen', Scot E. Dowd?, Eli Meyer' & Ulrich G. Mueller
3 0.5 2 Garden worker
l [11] 4 Outside worker
5 F Reproductive Female]
0.4 nt: M Male
o M o Ga‘rden
Bug 1 ‘ I + Sol cxcavaee
P Pheidole ant
g
N
c
2
=
8
e
P
Variation 1 (X%)

ordination

UniFrac

Euclidean

Hamady, 2009
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Meta'omic analyses




2w Typical shotgun metagenome and
metatranscriptome analyses

- . Q\\
VI S\

O
‘l\ I 74 e
S

Taxonomic ¥ Mg
Profiling 3

5
>

Assembly

Functional

Microbes
Genes or
Pathways

Relative Relative
abundances abundances 16



e \Vhat can you do with thousands of microbial
f genomes that you can’t do with one?

NCBI now contains ~17,000 bacterial genomes
— Plus ~300 archaeal, ~200 eukaryotic, and a few thousand viruses
— About half final and half draft

These comprise about 4,100 species
— >1,200 genera, >380 families, 50 phyla 00 2180

And roughly 55M genes

287

These genes and genomes are a tremendous resource to:
— Identify conserved markers that can be used to infer phylogeny
— ldentify unique markers that can be used to infer taxonomy

— Relate the microbial members of a community to their
metagenomic functional potential 17



it MetaPhlAn2: Taxonomic profiling using
unique marker gene sequences

~1M most representative markers used for identification
« 184145 markers per species (target 200)

~7,100 species (excludes incomplete annotations, spp., etc.)
FP/FN rates of ~1 in 10°

Profiles all domains of life: bacteria, viruses, euks, archaea
Strain level profiling using marker combination barcodes
Quasi-markers used to resolve ambiguity in postprocessing

ChocoPhlAn (offline pipeline)

Umﬂue - Identify all core genes for all clades A¥a11able
meal:'e: le - Screen core genes for unique marker genes ‘— reeg(f)f;llecse
s - Select most representative marker genes g

- Assign, count, normalize reads

( MetaPhlAn )
Metagenome > (Blast reads agains the marker genes




it MetaPhlAn2: Taxonomic profiling using
unique marker gene sequences

Percentage Relative Abundance
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it MetaPhlAn2: Taxonomic profiling using
unigue marker gene sequences

1072 10t 10° 10!

s

Visit number

Body site

Gender

I Dataset

Staphylococcus caprae/capitis
Propionibacterium sp KPL1844
Merkel cell polyomavirus

Finegoldia magna

Campylobacter ureolyticus
Peptoniphilus rhinitidis
Propionibacterium granulosum
Staphylococcus epidermidis
Propionibacterium avidum
Malassezia globosa
Corynebacterium tuberculostearicum
Corynebacterium kroppenstedtii
Micrococcus luteus
|Enhydrobacter aerosaccus
Polyomavirus HPyV7
Corynebacterium pseudogenitalium
Rothia dentocariosa

Haemophilus parainfluenzae
Corynebacterium matruchotii
Streptococcus mitis/oralis/pneumoniae
Corynebacterium accolens
Corynebacterium durum
Propionibacterium phage P101A
Propionibacterium phage P100D
Propionibacterium acnes




W%y Gene-based fingerprints capture strain variation
in individuals” most abundant (stable) bugs

Posterior fornix, Lactobacillus crispatus marker gene-based fingerprint contributions FIRST SUBJECT (3 VISITS)
|

|

|

v

| |

| |
Spemes.—spemﬁc marker genes —> Encoded
(genomic order) Marker

Visit## —>

W Marker found in first subject but not second

Marker abundance > 5.0 RPKM
A Marker found in second subject but not first

Marker abundance < 0.5 RPKM
\/ Marker acquired between timepoints Marker abundance < 5.0 RPKM

Stool, Prevotella copri marker gene-based fingerprint contributions FIRST SUBJECT (3 VISITS)

FIRST SUBJECT (2 VISITS)

A A
I I
I I
I I




e PhyloPhlAn: From markers for taxonomy
to markers for phylogeny

J

« Hundreds of unique markers per clade provide great taxonomic classification

« What if we use hundreds of conserved markers for phylogenetic classification?
— PhyloPhlAn identifies the most informative residues of the most conserved 400 proteins
— These can then be used for phylogenetic reconstruction, placement, and taxonomy

Sulfolobus (Archaea) C

Metallosphaera sedula
(Sulfolobus outgroup)

S. tokodaii

S. acidocaldarius

0
=)
RS}
o
©
-~
2
o
0
0}

Genome origin

S. islandicus .
strains Russia
Iceland

S. islandicus

22
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PhyloPhlAn: Taxonomic curation and reannotation
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Man cannot live on bacteria alone —

don'’t forget the viruses and eukaryotes!

The human gut virome: Inter-individual variation
and dynamic response to diet

Samuel Minot,” Rohini Sinha," Jun Chen,? Hongzhe Li,? Sue A. Keilbaugh,® Gary D. Wu,?
James D. Lewis, and Frederic D. Bushman'~*

~0.5g stool 40mL SM buffer

Homogenize

Lactamase
Pathogenicity factor
Bactenocin

Plant virus
Eukar%o:-uprokaryonc
viral shared domain
Restriction modification
Restriction enzyme

dRP

1.0 4

08

Centrifuge at 3,700g
RNaseH

Reverse ranscriptase
Hydrolase
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Peptidase
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Topoisomerase
Recombinase
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Transposase

Phage - DNA packaging
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Phage - other
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Phage - regulation
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Phage - portal

Phage - capsid

Phage - integrase

08

Myoviridae
Siphoviridae
Podoviridae
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Leviviridae
Inoviridae
Microviridae
Multiple hits
Unknown
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Disrupt membranes with chloroform
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0.0

Treat with DNase

Isolate DNA

<« <

Stain nucleic acids Translation, ribosomal structure and biogenesis ===
Transcription - B Total
Signal transduction mechanisms Ee—> B VLP
Secondary metabolites biosynthesis, transport and catabolismp
RNA processing and modification|
Replication, recombination and repair S ——
Posttransiational modification, protein turnover, chaperones e
Nucleotide transport and metabolism G-«
Lipid transport and metabolismg=—
Intracellular trafficking, secretion, and vesicular transport@E=
Inorganic ion transport and metabolism gr——===m
General function prediction Ny e ———
Function unknown G
Energy production and conversion F———>
Defense mechanisms v
Cytoskeleton)
Coenzyme transport and metabolismg—
Chromatin structure and dynamics|
Cell wall/membrane/envelope biogenesis S——
Cell' motilitys
Cell cycle control, cell division, chromosome partitioning &
Carbohydrate transport and metabolism Er——====m
Amino acid transport and metabolism ger——————x=>

DNA Quantification

16S qPCR

Random amplification

Pyrosequencing
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Man cannot live on bacteria alone —
don'’t forget the viruses and eukaryotes!

Genus Species

Core body sites:
+ External auditory canal Back
Plantar heel Inguinal crease ¢ Glabella
Manubrium + Nare
+ Retroauricular crease ¢ Occiput

Hypothenar
palm

Toe web

Toenail

Plantar
heel

ITS1 median richness

. | Hypothenar palm
Volar forearm
Topographic diversity of fungal and bacterial Amecumﬁ‘?

communities in human skin T }
40 60
16S median richness

Xeisha Findley', Julia Oh', Joy Yang', Sean Conlan’, Clayton Deming', Jennifer A. Meyer’, Deborah Schoenfeld”, Effie Nomicos®,
M I ', NIH Intramural S encing Center ( I nt, Heidi ong™* & A. Segre™®



Orthology:
Grouping genes by conserved
sequence features
COG, KO, FIGfam...

ABC-type sugar transport, periplasmic
Na+-driven multidrug efflux pump
Outer membrane proteins, Fe transport
DNA or RNA helicases of superfamily Il
Deoxyribodipyrimidine photolyase
Nucleoside-diphosphate-sugar epimerases
Predicted permeases
FOG: TPR repeat
Predicted hydrolases or acyltransferases
FOG: PAS/PAC domain
Signal transduction histidine kinase
Glycine/D-amino acid oxidases
Predicted transcriptional regulators
Transcriptional regulators
7 Permeases of the drug/metabolite transporter
Predicted dehydrogenases and related proteins
Dehydrogenases (and short-chain alcohol deHases)
Glycosyltransferase
Dehydrogenases (flavoproteins)
ABC-type antimicrobial peptide transport
Zn-dependent hydrolases, including glyoxylases
Glycosyltransferases involved in cell wall biogenesis
Integrase
ABC-type dipeptide transport
Fe-S oxidoreductase

I Acetylornithine deacetylase
Transposase and inactivated derivatives
Predicted hydrolases or acyltransferases
Methionine synthase Il (cobalamin-independent)
Succinate dehydrogenase/fumarate reductase
TRAP-type uncharacterized transport

Delong, 2006

Structure:
Grouping genes by similar
protein domains
Pfam, TIGRfam, SMART, EC...

Table 1| Glycoside hydrolases and carbohydrate-binding modules

[

-1,4-G
arabinofurano

non-catalytic proteins

Warnecke, 2007

Microbiome meta’'omic analyses:
molecular functions and biological roles

Biological roles:
Grouping genes by pathway
and process involvement
GO, KEGG, MetaCyc, SEED...

Relative abundance (percentage of KEGG assignments)
KEGG category 0 6 8 10 12

Transcription
Translation
Nucleotide metabolism

Amino-acid metabolism

Biosynthesis of
secondary metabolites

Replication and repair

Metabolism of
other amino acids
Glycan biosynthesis
and metabolism

Carbohydrate metabolism

Lipid metabolism

Biosynthesis of polyketides

Cell growth and death
Metabolism of cofactors M core
and vitamins D Variable
Energy metabolism

Turnbaugh, 2009
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< Pathways—,

«— Pathways—

«— Samples —

Vaginal Oral (BM)

«— Samples —

Gut Oral (SupP) Oral (TD) Skin Nares

W kA

Microbiome meta’'omic analyses:

Pathway
abundance

Pathway
coverage

metabolic profiling (with HUMANN)

100 subjects
1-3 visits/subject
~7 body sites/visit
10-200M reads/sample
100bp reads

Metagenomic

Functional seq. reads

KEGG + MetaCYC
CAZy, TCDB,
VFDB, MEROPS...

Enzymes and
pathways

HUMANN
HMP Unified Metabolic

Analysis Network




h»  “\WWho's there,” versus, “What they're doing,”
In the inflamed gut

J

* Over six times as many microbial metabolic

processes disrupted in IBD as microbes.

— If there’s a transit strike, everyone working for the MBTA is
disrupted, not everyone named Smith or Jones.
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purine and pyrimidine biosynthesis
lysine and histidine biosynthesis

n://huttenhower.sph.harvard.edu/ibd2012
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L Microbiome meta’'omic analyses: LEfSe:

LDA Effegt Size
metabolic profiling (with HUMANN)  diagenomic siomariers

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

—

Metabolic modules in the
Retroauricular crease KEGG functional catalog

2tc;o| _ enriched at one or more
nterior nares ¢ ’ .
Posterior fornix & 2 body habitats
Supragingival plaque

Buccal mucosa

Tongue dorsum

L
®
o
L
o
(]
o

*—
Structural > ——Pathways
\\ Ymplexes, ®

Energy metabolism

@ Jnctional

modules /S
v o /[

MO00334: Type VI secretion system

ative abundance

» Most processes are “core”. <10% are differentially present/absent even by body site
» Contrast zero microbes meeting this threshold!

» Most processes are habitat-adapted: >66% are differentially abundant by body site




Proteoglycan degradation
by the gut microbiota

Glycosaminoglycans
(Polysaccharide chains) 3\

Anterior Posterior;  Supragingival Buccal Tongue
nares fornix plaque mucosa dorsum

MO00061: Uronic acid metabolism

MO00076: Dermatan sulfate degradation
@ MO00077: Chondroitin sulfate degradation

MO00078: Heparan sulfate degradation

v o R M00079: Keratan sulfate degradation
“ "‘:'7"2?""*;‘.:"":"*'

i
" 5 dans RN
B bodadedade o o

i _l"
T s ¥

B
Relative abundance (logarithmic scale)

Samples



K00041

Enzyme relative abundance

108 103

K01685

K01686

GLYCOSAMINOGLYCAN DEGRADATION

— — — _/ Chondroitin sulfate Heparan sulfate Keratan sulfate
| biosynthesis biosynthesis biosynthesis
|

|

% Keratan sulfate

|
|
|
|
K01136 : 3.2.1.103
|
|
| K01132
K01217 |
|
5 Chondroitin sulfate
K01217 K12309
O
K01565
K01197
O
K10532
K01137 K01195
K01205

Proteoglycan degradation:
From pathways to enzymes

K01812
Uronic acid
metabolism

K00040

K01812

Y
27744 —pQet¢—— 27143 —»Q
A

K01195

* Heparan sulfate degradation
missing due to the absence of
heparanase, a eukaryotic enzyme

» Other pathways not bottlenecked
by individual genes

* HUMANN links microbiome-wide
pathway reconstructions —
site-specific pathways —
individual gene families

KV



With Jacques lzard, Andy Chan, Wendy Garrett

Cohort Sampling Handling Sequencing Eric
Franzosa
° o— DA DNA 3.2/0.4 Gnt

8 samples total initial
filtered microbial

.~ DX DNA 29/23Gnt

' <R ONA 2o
EtOH + _» DX DNA 3.0/2.3 Gnt
Simulated Shipping TS MM RNA 2.1/1.6 Gnt

8 adult males

Participants in the
Health Professionals
Follow-Up Study (HPFS)

RNAIater® + _» DA DNA 2.7/23 Gnt
Lifestyle, diet, and health Simulated Sh|pp|ng ~ W RNA 22/17 Gnt
metadata covering
1986 to present 24 samples total Gnt counts are
(1 / method / subject) averages over samples

2) Investigate links 1) Evaluate stability of 3) Relate the gut
between the meta’omic samples  metagenome and
mouth and gut under subject-shipped metatranscriptome
microbiomes conditions




Genes & transcripts are generally well correlated

DN 3292 RNA

DORBA

3,292 gene families

DAAZBA
DOAZDA

Mean Relative RNA Abundance

/R
LW %
LW %
LW %

Remaining genes are

Mean Relative DNA Abundance

5 ~40% upregulated (RNA) and
it ~60% downregulated (DNA)




Some functions are highly under-expressed

DNA RNA (RNA/DNA ratios used as input to a

"uu’[é&w’“ W functional enrichment analysis)

Sporulation

—
<

DAAZBA
DOAZDA

Mean Relative RNA Abundance
)
A

Eé // . ‘RNA>DNA
107 5.7 ® DNA > RNA
"/. I-'-l I-!-"H T T TTITTTTTI—T-rTTTm|

107 10 10° 10* 10° 102 10"
Mean Relative DNA Abundance




Other functions are highly over-expressed

DNA RNA

DAV "B N/ No/Ba” NPT e e e

Methanogenesis

—
<

DAAZBA
DOAZDA

-
<
N

—
o
w

Mean Relative RNA Abundance
)
A

= 7 ® RNA > DNA

™ 107 - e ® DNA > RNA
‘u/@w/ﬂ W e I-q l-!--q T rrrm—r-rrrm|

107 10® 10®° 10* 10° 102 10"
\ Mean Relative DNA Abundance




Other functions are highly over-expressed

DNA

DORBA

DAARBA
DOAZDA

— — —
S 9o 29
w N -

Mean Relative RNA Abundance
S o
3} A

R DR B a i aa i e |
107 10® 10° 10* 10° 10% 10"
Mean Relative DNA Abundance



Functional potential is stable, activity is variable

Top 10 Genera

3

(EC level-3 categories)

‘«f Top 10 Gene Families, DNA

Top 10 Gene Families, RNA

(EC level-3 categories)

08 — W Parabacteroides 0.4 7 W 242 04 — | 1.15.1
8- @ Dorea 8 0 25.1 3 o 1.2.1
S B Roseburia S 0.3 W 231 S 03 m 2.3.1
T 0.6 @ Bifidobacterium p2 0321 ad o 6.1.1
S B Coprococcus e _ 421 e m 271
< 0.4 - O Ruminococcus < 02 0271 < 0.2 - 0o 4.21
L B Faccalibacterium 2 ® 363 2 m 363
T 02 - @ Alstipes S 0.1 - B277 8o, @365
@ acteroides A | 111 14 m277

O Eubacterium 06.1.1 01141

00 - Donors 00 - Donors 00 - Donors

), oracurts Dissimiarty Microbial membership varies.
06 — OO * Early colonization? Genetics?
0.5 - S
o0 o ) . .
ol O@%& p<10® Over time, the community “solves” for a
024 & ‘ m habitat-specific metagenome.
0.1 - P
0.0 g . :
T T T It then differentially regulates that metagenome.
Ge(\e‘a DNP\ 0, RNP\

* These two types of regulation differ at least in time scale.
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One can recover general
community function with
reasonable accuracy from
16S profiles.

Pathways Orthologous Taxon
and modules gene families abundances

HUMANN

-

-

PICRUSt Accuracy (Spearman,r)

0.8

0.6

0.4

0.2

0.0

bW PICRUSLt: Inferring community metagenomic potential
from marker gene sequencing

® Hypersaline

{

0.05

Average 16S distance to nearest reference genome (NSTI)

Soil
® Mammal
® Human
¥ o
e
x T T
0.15 0.20 0.25 0.30




Microbiome meta’'omic analyses:
- assembly " Tyson2004)

76Mbp, JAZZ
>2kb: 1183 contigs, 11Mbp

GOS (Venter 2004) Termite hindgut Lake Washington
265Mbp, Celera (Warnecke 2007) (Kalyuzhnaya 2008)
3x coverage: 333 scaffolds, 2226 contigs, 31Mbp 71Mbp, Phrap 255Mbp, PGA

14x coverage: 21 scaffolds, 9.5Mbp 42k contigs, 44Mbp, 25% singlets ~1.5x coverage: 25k contigs, 70Mbp

ALLPATHS: Butler, 2008 MetaORFA Ye, 2008

5 Metagenomic
Whole genome — 5 ORFome Assembly
assembly (WGA) = N (MetaORFA)

(e) Gene
annotation

Mate-pairs
A Sl N () Assembly of
(c) Scaffolding . = annotated ORFs

- B (g) Scaffolding of
annotation assembled peptides

2
=
5]
=
=
@
o
o
a

10000 20000 30000 40000 50000 60000 70000 80i

% Erroneous Assembly

. Mavromatis, 2007
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Scaling metagenome sequence assembly
with probabilistic de Bruijn graphs

Jason Pell’, Arend Hintze®, Rosangela Canino-Koning®, Adina Howe®, James M. Tiedje*, and C. Titus Brown®*'

khmer (Pell 2012)

Meta-IDBA: a de Novo assembler for metagenomic data

Yu Peng, Henry C. M. Leung, S. M. Yiu and Francis Y. L. Chin*
ner , The g, Hol

Evaluating the Fidelity of De Novo Short Read
Metagenomic Assembly Using Simulated Data

Miguel Pignatelli"**, Andrés Moya'?

20000

Microbiome meta’'omic analyses:

assembly

MetaVelvet: an extension of Velvet assembler to
de novo metagenome assembly from short

P25 sequence reads

Toshiaki Namiki'?, Tsuyoshi Hachiya', Hideaki Tanaka' and Yasubumi Sakakibara™*

MetaVelvet (Namiki 2012)

MetAMOS: a metagenomic assembly and analysis pipeline for AMOS

011, 12(Suppl 1):P2¢

MetaAMOS (Treangen 20127?)

Genovo: De Novo Assembly for Metagenomes

*JONATHAN LASERSON, *VLADIMIR JOJIC, and DAPHNE KOLLER

Genovo (Laserson 2011)

Individual genome assembly from complex

community short-read metagenomic datasets Assessment of Metagenomic Assembly Using Simulated

Next Generation Sequencing Data

Daniel R. Mende™, Alison S. Waller', Shinichi Sunagawa’, Aino . Jérvelin', Michelle M. Chan,
Manimozhiyan Arumugam’, Jeroen Raes®, Peer Bork'**

100 genomes
LC Metagenomic

MC Metagenomic
HC Metagenomic
LC Isolated
MC Isolated
HC Isolated

Refere

Co

~t

N50 length (kbp)
Number

25

20000 40000 60000 80000 100000 Reference genome coverage

Length of conbg (Kbs




Microbiome meta’'omic analyses:
gene calling and proxygenes

Extrinsic gene calling: — 7— _' | — _'
’ BLAST etc. (proxygenes) | « ,
’ Intrinsic gene calling: " — 7 — — |
}, ORF detection from seq. | « ,

Krause, 2006 L M/ -
Yooseph, 2008 BLAST — I

| | ”

Orphelia: Hoff, 2009
MetaGene: Noguchi, 2006

HMM models




Downstream analyses

GC”‘lO""WC Medicine

The $1,000 genome, the $100,000 analysis?

43



The two big questions...

Who is there?
What are they doing?

Y N N N N

scesiug2] 000 | o0 | 035 | 037 | 0ov | 005 |
" caseal o0 | om | osr | om | 0s | oes |
Gaceaiuga] 011 | 000 | om0 | 03 | 015 | o |
asceziougs] 045 | 013 | or | o0 | 039 | oas |
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The tweo

W

three big questions...

at does it all mean?

Y I I N N N
[ Gender]_wate | Female | remate | wate | e | remate |
e

" aseal o0 | ow | om | om | 0w | om |

scesiug2] 000 | o0 | 035 | 07 | 0ov | 005 |
" caseal o0 | om | o | om | 0s | oes |
Gaceaiuga] 011 | 000 | om0 | 03 | 015 | o |
ascezioups] 045 | 013 | or | o0 | 039 | oas |
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Properties of microbiome data

e Compositional nature (2 = 1)
 Abundance is relative, not absolute
High dynamic range
Often sparse (sample dominated by a few species)
Noisy
Hierarchical organization

~ Ste| Ol | Gu | Oml | Guw | Ol
cacenlsuez] 000 | 030 | 036 | ow | oor
" clasez| 0c0 | 013 | o | om | oss
cadezisuga] 011 | 000 | 010 | om | oas
cacezisuea] 045 | 013 | o7 | oo | o35

Gut
0.32
0.27
0.05
0.68
0.23
0.45
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Properties of microbiome data

* General problem: correlate microbiome features with
metadata (potentially controlling for other features)
* Intuitively summarize the results

“samper] 1 | 2 | 3 | 4 | 5 | o
" Gender|_Wote | Female | Female | wale | wate | remale
T I T I T e T
" codea] 0w | ow | 0@ | o | owr | om

cadenioug| 040 | 056 | 007 | o | oar | omr
cadenlougz] 000 | 030 | 036 | 037 | 0os | oos
" cacez] o0 | o1 | 057 | om | osa | oms
cadeziouga 011 | 000 | 010 | 032 | 015 | om
cacezinuga] 045 | 013 | 047 | 000 | 03 | oss

47



J

Features 1 through n

% LEfSe: LDA Effect Size

Finding metagenomic biomarkers

Data

Class 1 Class 2

- |

="

Cui

Step 1

Kruskal Wallis

o

qf S
—>0.13Q A
—>0.01 B
—>0.19Q C

—>0.00» D

Samples 7 through m

|
).'7 7 \:.)7 eé)

<9
Subclasses

A

(g

—>0.039) E\

| (o e T M == e 2

N\

Statistical
consistency

Wilcoxon on subclasses

Nicola
Segata

Step 2 Step 3

Signed LDA log-score

)
U

Class 1
HEREN © 4
o—1H..
3
2
L)1 ]@® .
~ 0]
N\
-1
| | NEEEEEEN - v
—1 -2
O N
| | Ei@ 4

o Class 2
B C

Biological Biological

consistency Effect size
48



Microbiome downstream analyses:
statistical association testing (with LEfSe)

Bacteria.Actinobacteria.Actinobacteria.Bifidobacteriales.Bifidobacteriaceae.Bifidobacterium
0.16 -

rac
tru

2

0.14

0.12

0.10

0.08

0.06

Relative abundance

0.04

0.02

g il

( 0.00

(18] C[JLU\_U\_\..GLCGCI

‘Bifidobacterium animalis subsp. ‘lactis fermented milk
product reduces inflammation by altering a niche for
colitogenic microbes

Patrick Veiga®®, Carey Ann Gallini?, Chloé Beal®, Monia Michaud?, Mary L. Delaney¢, Andrea DuBois",

ce,2
I

Artem Khlebnikov®*, Johan E.T. van Hylckama Vlieg®, Shivesh Punit*', Jonathan N. Glickman
Andrew Onderdonk®®, Laurie H. Glimcher*®*, and Wendy S. Garrett®*9-3
3Harvard School of Public Health, Boston, MA 02115; PDanone Research, 91767 Palaiseau, France “Brigham and Women’s Hospital, Boston, MA 02115;

9Dannon Company Inc., White Plains, NY 10603; ®*Harvard Medical School, Boston, MA 02115; Ragon Institute of MGH, MIT and Harvard, Charlestown,
MA 02129; and °Dana Farber Cancer Institute, Boston, MA 02115

Edited by Peter K. Vogt, The Scripps Research Institute, La Jolla, CA, and approved September 8, 2010 (received for review August 5, 2010)



Metadata

DOC

Study Groups
{ Age

Data

MaAsLin: Multivariate (microbial) Association
with Linear Models

Overview of MaAsLin Association Methodology

Sex

| ]>

otu1|
{OTU 2| [ ]
otus| B ]| |
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Microbiome downstream analyses:
Interaction network reconstruction

It’s a jungle in there —
microbial interactions follow
patterns from classical
macro-ecology.

Mu’_cualism

W,
igpk k}n

Given microbial relative abundance measurements over many samples,
can we detect co-occurrence and co-exclusion relationships?

51



Sequencing assays provide only compositional
measurements, in which information is lost

t
50 100 150 200 250
1 1
ooooT
BN =
(2]
[e]
[
p=1
\ 2

T T T T T T
A 0 50 100 150 200 250

Subject Index ndex
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Friends, neighbors, and enemies:
Microbial co-occurrence and exclusion in the human microbiome

s__Aggregatibacter_aphrophilus

s__Vei atypica

gilfonella_atypica

s__Aggregatibacter Zaphrophilus s__Streptoco‘arasanguin
\ s__Straptocaccus_para uinis

s__Aggregatj e DD ‘ :
s__Veijllonella_atypica

’/ treptoCQccus_p anguinis

s__Streptococcus_australis

~_s__Streptococcu

_australis

Fah
Sathirapongsasuti 53
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Typical microbial community analysis tasks

HUMANN

Meta’omic analyses

-
—

PICRUSt

16S analyses

HUMANN

(@)
N



Bringing it all together:
The Human Microbiome Project

- ,«M’\'\—\f\_“

You CALL P ‘@ P
THIS LVING? E _ g

bl Oy




Dirk Gevers

The NIH Human Microbiome Project (HMP):
A comprehensive microbial survey Sibat & W

What is a “normal®”® human microbiome?

300 healthy human subjects

Multiple body sites

5,200 16S samples
Spanning 300 subjects, 18 sites
- |5 male, |18 female

700 shotgun samples
Subset of 100 subjects, six sites

Multiple visits

Clinical metadata

http://www.nature.com/naturelfocus/humanmicrobiotal

! ! FELLOW 4
TRAVELLERS ¥

i MIM&

www.hmpdacc.org

HUMAN
MICROBIOME
PROJECT




Slide by Dirk Gevers

Figure |. Timeline of microbial community studies using high-throughput sequencing.

(]
wHuman HAnimal 6 Environment

Terabases
MetaHit
600Gb
[ 130 Gb Soil

‘ 100 Gb human gut
s> o9

., 30 Gb HMP 16S
L 14Gb Cow rumen @ .
* .
e ©
74 Gb Costal ocean o ° ° o
T . '
Gigabases 2 Gb Lean/obese gut o ) et .
+-600 Mb Open ocean . R : : .
250 Mb Human ° - : .« )
150 Mb Lean mouse microbiome ¢ .1
: . . N . . LI | 1
80 Mb Deep sea C : : l
10 Mb Diarrheal
illness *
Megabases - .
I 1 1 1 1 1 1 1
2006 2007 2008 2009 2010 2011 2012 2013

Gevers D, Knight R, Petrosino JF, Huang K, et al. (2012) The Human Microbiome Project: A Community Resource for the Healthy
Human Microbiome. PLoS Biol 10(8): e1001377. doi:10.1371/journal.pbio.1001377
http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.1001377

MILkuUBIOME
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..for mining metagenomic data

>3k reads
_per sample

—Organlsmalfensus

— at different taxonomic levels

__:_ —~100M reads

__ persample

“census.




ha® \Vhat aspects of a human host most influence
microbial community composition”? g

Gastrointestinal

PC1 (13%)

closer = more similar  Rob Knight
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L  \VWhich human body sites harbor the greatest
microbial diversity per individual?

Within—Sample Alpha Diversity

<t —
~N — e I *‘ T
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Phylotypes (16S)
OTUs (16S)
Reference genomes (WGS)
Metabolic modules (WGS)
Gene index (WGS)
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Microbiome meta’'omic analyses:
taxonomic profiling (with MetaPhlAn)

Mean nonzero abundance (size) and population prevalence (intensity)

Lactobacillus crispatus I

Propionibacterium acnes

Streptococcus mitis I

Lactobacillus iners I

Lactobacillus gasseri I

Prevotella amnii I

Lactobacillus jensenii I

Prevotella copri l

Corynebacterium kroppenstedtii

Corynebacterium accolens

|
0% 100%

revalence

Actinobacterial|Actinobacteria .p AHter/- Ret/‘o
Bacteroidetes|Bacteroidia [l Or Da,.

Firmicutes|Bacilli [l €s
Firmicutes|Negativicutes [l
Abundance Proteobacteria|Gammaproteobacteria [l




Relative Streptococcus species abundance (%) Qe
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How unique is your personal microbiome?

Rel. abundance of
oral Streptococcus
In 127 subjects

127 tongue dorsum samples 63
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How unique is your personal microbiome?

Average relative
Streptococcus abundance = other

60
m S. sanguinis
S. mitis = S. gordonii
> \ = S. oralis
= S. thermophilus
40 = S. mitis
= S. peroris

® S. vestibularis

» S. australis

® S. infantis

= S. salivarius

= S. parasanguinis

Relative Streptococcus species abundance (%) Qe
—_ N w
o o o

o

127 tongue dorsum samples 64



DOC

40 genes in the
“same” microbe,
Prevotella copri

. Present

Absent

I Unpublished Red Boxes highlight the only
HMP datasets samples from the same subjects

(at 2 or 3 different time points)

MetaHIT

60 gut microbiomes with abundant P. copri

How unique is your personal microbiome?

65



Are there discrete “types” of
typical human microbiomes?

] T
Kashiwa Campus, Kashiwa-no-ha 5-1-5, Kashiwa, Chiba, 277-8561, Japan. *“Division of-B_i-o_envwon mental Science, Frontier Science Research Center, University of Miyazaki, 5200 Kiyotake, Miya3
1692, Japan. *®Laboratory of Microbiology, Wageningen University, 6710BA Ede, The Netherlands. 1®Tokyo Institute of Technology, Graduate School of Bioscience and Biotechnology, Depart
Biological Information, 4259 Nagatsuta-cho, Midori-ku, Yokohama-shi, Kanagawa Pref. 226-8501, Japan. }”BGI-Shenzhen, Shenzhen 518083, China. ®Novo Nordisk Foundation Center f
Biosustainability, Technical University of Denmark, DK-2800 Lyngby, Denmark. *°Institucié Catalana de Recerca i Estudis Avangats (ICREA), Pg. Lluis Companys 23,08010 Barcelona, Spain. °Dejj
of Biology, University of Copenhagen, DK-2200 Copenhagen, Denmark. 2! Institute of Biomedical Science, Faculty of Health Sciences, University of Copenhagen, DK-2200 Copenhagen, Denm
22Hagedorn Research Institute, DK-2820 Gentofte, Denmark. 2Faculty of Health Sciences, University of Aarhus, DK-8000 Aarhus, Denmark. niversity of Helsinki, FI-00014 Helsinki, Finlang
Delbriick Centre for Molecular Medicine, D-13092 Berlin, Germany.
*These authors contributed equally to this work.
tLists of authors and affiliations appear at the end of the paper.
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-~ - L~ Lactobacillus crispatus
Che New JJork Times
Atopobium vaginae
Prevotella amnii
WORLD

Gardnerella vaginalis

ENVIRONMENT SPACE & CO Bifidobacterium breve

Lactobacillus gasseri

Bacterial Ecosystems Divide People Into 3 Groups, brevotella multiformis
SCieIltiStS Say Bifidobacterium dentium

= <

L I W 1 il 1D &
691 samples that passed quality control
l anterior nares B throat B subgingival plaque saliva posterior fornix
B right retroauricular crease buccal mucosa tongue dorsum l palatine tonsils M vaginal introitus 66

|left retroauricular crease supragingival plague attached keratinized gingiva © stool mid vagina



Are there discrete “types” of
typical human microbiomes?

HMP samples N MetaHIT samples
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What defines the core “normal” human
microbiome that we all share?

«— Subjects —
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Many Corynebacterium

Propionibacterium acnes
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Translation

What high-impact outcomes can we
reasonably expect from the microbiome?

Public health and policy
Health policy

Early life exposures
Pharma. best practices

-

Risk diagnosis

Treatment | o

Lifetime, onset, activity, and outcome

Dense longitudinal measures,

Prospective epi. study design M g==r

multiple nested outcomes

More and simpler model systems
Systematic understanding of current models
More perturbation experiments,

“knock ins” and “knock outs”

Ethics and privacy r 9@ @
|dentifiability %
Tracking ey

Basic biology and
molecular mechanism

Microbial experiments

« Systematic application of
computational tools

* Meta-analysis of
genomes and metagenomes

Host-microbe-microbiome interactions

* Immunity in more human tissues

* Non-immune mechanisms
(metabolites, peptides) 0
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