From microbes to microbiota and back:

Using thousands of genomes to understand thousands of metagenomes
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Sequencing as a tool for
microbial community analysis
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ChocoPhlAn: Cataloging core and
f unique marker gene sequences

IMG alone now contains ~3,100 bacterial genomes

— Plus ~100 archaeal, ~100 eukaryotic, and a few thousand viruses Nicola Segata
— About half final and half draft

These comprise 1,222 bacterial species

— 652 genera, 278 families, 130 orders, 66 classes, 33 phyla 00 210
— 2,383 total clades ™
* And roughly 12M genes

287

These genes and genomes are a tremendous resource to:

— Identify unique markers that can be used to infer taxonomy
— Identify conserved markers that can be used to infer phylogeny

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



MetaPhlAn: phylogenetically unique markers
sequences for taxonomic profiling
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ChocoPhlAn (offline pipeline)

Uglrgue - Identify all core genes for all clades A\f{allable
menes?i)B - Screen core genes for unique marker genes <_ reeg(l;;rllgse
g - Select most representative marker genes =

( MetaPhlAn )

Metagenome __} - Blast reads agains the marker genes
- Assign, count, normalize reads
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MetaPhlAn: phylogenetically unique markers
sequences for taxonomic profiling

« ~2M total unique marker genes
« Validated by whole-genome BLAST, not just annotated genes
« ~400k most representative markers used for identification

« 231107 markers per species (350 fixed max)
* Only 12 species with <15 markers (9 of which are Brucella)

Unique
marker
genes DB

ChocoPhlAn (offline pipeline)

- Identify all core genes for all clades
- Screen core genes for unique marker genes ‘_
- Select most representative marker genes

Available
reference
genomes

Metagenome

- Assign, count, normalize reads

( MetaPhlAn )
' (Blast reads agains the marker genes
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MetaPhlAn: inferring microbial abundances
f fromm metagenomic data using marker genes

 Map metagenomic reads to marker genes to infer
microbial abundances

— Normalizing for copy number, gene length, etc.

10° : 1 1 I : : ' '
~1000x faster than previous approaches
104l i .
_ Hours instead of weeks for
T O ] lllumina samples with 100Gbs of sequence
a
8 102 . Eight log-normally distributed low-complexity (25 organisms each) synthetic metagenomes
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The HMP’s human microbiome at
species-level resolution

http://hmpdacc.org/HMSMCP
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The HMP’s human microbiome at
species-level resolution

DNAseq RNAseq

OEFCGH ABCDEFGOGH

Alcherpesviridae - lctalurivirus
Ascovindae - Ascovirus - frugiperda
Myoviridae - difficile
Myoviridae - phage - ET08

incae - Betapapiliomavinus

Watch for MetaPhlAn v2: e
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DNA/RNA viruses, and SShn gnemeems
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=y Totivindae - shrimp
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i PhyloPhlAn: From markers for taxonomy
to markers for phylogeny [

—o— genera
—o— families
orders

Hundreds of unique markers per clade provide great By
taxonomic classification

What if we use hundreds of conserved markers for o Mncficd win

subsampling

phylogenetic classification? -+ - hofhod without

subsampling

ccccc tenated

— PhyloPhlAn identifies the most informative residues of the most conserved 400 proteins ribosomal

proteins method

— These can then be used for phylogenetic reconstruction, placement, and taxonomy method
Taxonomic accuracy: precision Taxonomic accuracy: recall
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Taxonomic consistency (recall)
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iz PhyloPhlAn: From markers for taxonomy
to markers for phylogeny [

—o— genera
—o— families

orders
—o— classes

Hundreds of unique markers per clade provide great phyla
taxonomic classification

What if we use hundreds of conserved markers for - mefodwin
phylogenetic classification? -+ iciedmnou

— PhyloPhlAn identifies the most informative residues of the most conserved 400 proteins ribosomal

proteins method
16S rRNA

— These can then be used for phylogenetic reconstruction, placement, and taxonomy method
Taxonomic accuracy: precision Taxonomic accuracy: recall
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Archaea

Themodesulfobium
Dictyoglomi
Coprothermobacter

OPS5 - Caldisericum exile

Thermotogae
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Chloroflexi
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Bacteroides supephylum
Proteobacteria super-phylum

‘Y PhyloPhlAn: for phyla to subspecies
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A Actinobacteria

Il Actinomycetaceae I Intrasporangiaceae
Il Bifidobacteriaceae I Microbacteriaceae
Brevibacteriaceae Micrococcaceae
Coriobacteriaceae Micromonosporaceae
Il Corynebacteriaceae
Dermacoccaceae
B Frankiaceae

a:Slackia
b:Eggerthella
c:Collinsella
d:Mobiluncus
e:Propionibacterium
f:Salinispora
g:Micromonospora

Mycobacteriaceae
I Nocardiaceae
Nocardioidaceae
I Nocardiopsaceae
Propionibacteriaceae
Pseudonocardiaceae
Segniliparaceae
I Streptomycetaceae
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‘Y PhyloPhlAn: for phyla to subspecies
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PhyloPhlAn: Taxonomic curation and reannotation
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PhyloPhlAn: Taxonomic curation and reannotation
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PhyloPhlAn: Automatically assigning precise
taxonomy using precise phylogeny

Re ining genus to species species wish species with species with
level annotations genomes >2 genomes >5 genomes
100%

90%

m Detected misannotations
m Correct reannotations
®m [ncorrect reannotations

Prediction
confidence

0% == - - — — — — —
medium  high ve medium high  ve medium high verz / level
hig hig hig
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L PhyloPhlAn: Automatically assigning precise
taxonomy using precise phylogeny

m Detected misannotations
m Correct reannotations
®m [ncorrect reannotations

Correcting mislabeled
annotations

species with genera with families with species with genera with families with
>2 genomes >2 genomes >2 genomes >5 genomes >5 genomes >5 genomes
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Propionibacterium acnes
lives on the
skin and
nose of most
people

A map

of diversity
in the human
microbiome

Lactobacillus species
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Bar lengths indicate microbial abundance
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Many Corynebacterium
species characterize
different body sites: AR~

C. matruchoti
the plaque
C. accolens
the nose
C. croppenstedtii
the skin

Several Prevotella species are
present in the gastrointestinal
tract. P copriis presentin
o .
'/ 19% of the subjects and

", dominates the intestinal
R flora when present
“\, )

Microscopy from http://bacmap.wishartlab.com

Bacteroides
is the most
abundant
genus in
the gut

of almost
all healthy
subjects
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opportunistic [
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but members ¥

/ live in the G
o oral cavities
~ of most
healthy
people in
the cohort

ncludes

CaMbyiobacte,  sopi0o1ed

E. coli is present in the gut of
the majority of healthy subjects
but at very low abundance




HUMANN: Metabolic profiling for
microbial communities

J

100 subjects
1-3 visits/subject

T VaginalSkin Nares Oral (SupP) Oral (BM) Oral (TD) Gut
" ~7 body sites/visit

g 10-200M reads/sample
< 100bp reads
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The “core” human microbiome
consists of genes, not bugs.

< Subjects —
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Bacterial community assembly based on functional
genes rather than species

Catherine Burke™”, Peter Steinberg™”, Doug Rusch®, Staffan Kjelleberg™, and Torsten Thomas™'

The convergence of carbohydrate active gene
repertoires in human gut microbes

Catherine A. Lozupone*®, Micah Hamady®, Brandi L. Cantarel*", Pedro M. Coutinho'?, Bernard Henrissat®,
Jeffrey I. Gordon™, and Rob Knight*




The “core” human microbiome
f consists of genes, not bugs.

http://hmpdacc.org/HMSMCP
< Subjects —

< Phylum abundance —

Nares| Skin  Oral (BM) cut ~ | # This is the “core” human microbiome,
R Not this.

Over 2/3 of its genes are uncharacterized,

T
® more than almost any single bacterial genome
o Il H 13 ” H
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HPFS Pilot Project: Overview

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

RNAIater® + _» DA DNA 2.7/23 Gnt

8 adult males

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

Lifestyle, diet, and health Simulated Shlpplng — ™w/™ RNA 2.2/1.7 Gnt
metadata covering
1986 to present 24 samples total Gnt counts are
(1 / method / subject) averages over samples

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




2) Relating the gut metagenome and metatranscriptome

A large portion of genes .
(~50%) correlate well at the 8 &
DNA and RNA levels g e
é < ~1000 KOs gt
X8 *Genes are KEGG = i vy ¥
Orthogroups, KOs S oy g EadReny - ~150010s
c Yoy
© ‘s Yof
|= . %
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0 Te-5 Te-4 le-3 le-2

Relative Gene Abundance



2) Relating the gut metagenome and metatranscriptome

* Microbial membership varies.
e Early colonization? Genetics?

e QOver time, the community “solves” for a
habitat-specific metagenome.

* |t then differentially regulates that metagenome.
* These two types of regulation differ at least in time scale.

le-5 le-4 le-3 le-2

How consistent are the top ten... Helative Gene Abundance

1 Genera = Dorea tor Genes (3 lev. EC) Transcripts (39 lev. EC)

= Bifidobacterium

0.75 & Parabacteroides

. 0.0075
& Roseburia

i Coprococcus

0.5

H Ruminococcus 0.005

H Faecalibacterium
0.25 I Alistipes 0.0025

H Bacteroides

H Eubacterium 0



PICRUSt: Inferring community metagenomic potential
from marker gene sequencing

Seq. genomes

Orthologous Taxon
gene families abundances

Reconstructed

“genomes” ;| |
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Relative abundance 27



Ly PICRUSH:

—

Gene families in one
HMP hard palate sample

0.006

0.004 -

0.002 -

Metagenomic abundance

O ': T T
0 0.003 0.006

16S predicted abundance

Orthologous

Inferring community metagenomic potential
from marker gene sequencing

HMP stool sample

0.006

0.004 -

0.002

0 B — T T
0 0.003 0.006

Taxon

gene families abundances
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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




It's not shotgun sequencing,

but it's not too shabby, either

WV PICRUSt (16S)
‘ Metagenome

\"
'”’_" v WWW

PC2 (19.5%)

v Airways (PICRUSE)
;o3 e ® Airways (WGS)

\ (o] Vv Gl tract (PICRUSL)
) ® Gl tract (WGS)
v Oral (PICRUSt)
® Oral (WGS)

Vv Skin (PICRUSt)

® Skin (WGS)

v Urogenital (PICRUSt)
@ Urogenital (WGS)

|
|
|
|
|
|
|
00 0.02 0.04 0.06
PC1 (34.3%)



Ask both what you can do for your microbiome

and what your microbiome can do for you
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