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0. Workshop agenda

9:00 - 10:00 Session 1: Introductory lecture

10:00-10:30 Coffee break

10:30-12:00 Session 2: Preparation and installation Instructors
12:00—-14:00 Lunch break

14:00 — 15:30 Session 3: Running mOTUs Hans Ruscheweyh
15:30-16:00 Coffee break

16:30-17:30 Session 4: Analyzing data in [R]

Chris Field



Overview

1. Introduction - Microbial communities / meta[gen |transcript]omics

2. Taxonomic profiling of metagenomes

3. mOTUs: protein-coding single-copy marker gene-based Operational Taxonomic Units
4. Profiling with mOTUs

5. Summary + Outlook



1. Introduction - Microbial communities

Microbial communities drive global biogeochemical cycles
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1. Introduction - Microbial communities

Ocean microbiome Human gut microbiome

C. aerofaciens

Patel et al., Nat Protoc, 2007; Smith et al., Science, 2013; Welch et al., PNAS, 2017; Wang et al., Microbiol, 2017



1. Introduction - Meta[gen |transcript]omics

Who is What can they
there/where? do?

Who can do what?




1. Introduction - Meta[gen |transcript]omics

@ Genus
& Species
]

16S database / >
OTU clustering

Who is

16S Amplicons  ume

* low phylogenetic resolution
e copy number variation

* PCR primers not universal

* PCRregion bias

* PCR chimera

there/where?

Mende, Sunagawa et al., Nat Methods, 2013
Klappenbach et al., NAR, 2001

Parada et al., Environ Microbiol, 2016
Claesson et al., NAR, 2010

Haas et al., Genome Res, 2011

Microbiologist have adopted the concept of taxonomic ranks

* Species Escherichia coli

* Genus Escherichia

*  Family Enterobacteriaceae

* Order Enerobacteriales

* Class gamma-Proteobacteria
*  Phylum Proteobacteria

* Domain Bacteria

and (now) use DNA sequence similarity as the method of choice to
determine genetic relatedness:
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Hanson et al., NRM, 2012



1. Introduction - Meta[gen |transcript]omics

Who is

What can they ¢
do?

Genes

there/where?

Who can do what?

@ Genus
@ Species
A Strain Genomes Metagenomes

® Haplotype
Functional profiling of metagenomes
Qin et al., Nature, 2010

Taxonomic profiling of metagenomes Arumugam et al., Nature, 2011
Truong et al., Nat Meth, 2015 Huson et al., Genome Res, 2007
Lu et al., Peer) Comp Sci, 2017 Kultima, Sunagawa, et al., PLoS One, 2012




1. Introduction - Meta[gen |transcript]omics

Who is
there/where?

Genes

Who can do what?

@ Genus
@ Species
A Strain Genomes

® Haplotype

Metagenomes




1. Introduction - Meta[gen |transcript]omics

Metagenomic profiling of diverse microbiomes

Host-associated metagenomes

Human skin A

Human airways -
Human urogenital tract
Human mouth -

Human stool -

Human

mouse
baboon -

Marine metagenomes
Surface water layer -
DCM layer -

Mixed layer -

Ocean

Mesopelagic zone -
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Gap in microbial
sequence space
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‘Species’-level database coverage (%)

Fraction of sequence space covered when

relying on sequenced reference genomes
Unknown sequence space is particularly large
in the oceans (also for mice, apes, soil, etc.)

after Nayfach et al., Genome Res, 2016

Who is

there/where?

Who can do what?

What can they ¢

do?
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Genes

Metagenomes
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1. Introduction - Meta[gen|transcript]omics &  Cenus

Salazar and Sunagawa, Current Biol, 2017

@ Species

A Strain E
® Haplotype

Who is Genes Phylogenetic
there/where? : MENES

Who can do what?

@ Genus
@ Species
&/ Strain Genomes Metagenomes

A Haplotype

Sunagawa et al., Nat Methods, 2013 11
Milanese et al., Nat Commun, 2019



1. Introduction - Meta[gen|transcript]omics &  Cenus
@ Species

A Strain E
® Haplotype

Phylogenetic

Genes
markers

Who can do /
what?

@ Genus
@ Species
&  stan Genomes Meta[gen | Jomes

+ MAGs*
@ Haplotype
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*Metagenome-assembled genomes (MAGs)



2. Taxonomic profiling of metagenomes

Whole-metagenome sequencing profile
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NCBI

Reference Create a database of reference
genomes k-mers or marker genes genomes @
(marker genes
or k-mers)
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2.
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\\\ . Metagenomic genomes Count and normalize reads, calculate
= = @ f\—\ ,§’ sequencing reads relative abundance
~=== Extract DNA
Microbiome sample clade-
universal k-mers specific
Main strategies | moTus2[1] | mOTUs1[2] | Kraken[3] |MetaPhlan2[4]] 1650TUs

e Use of universal marker genes
e Use of k-mers of reference genomes
Use of clade-specific marker genes

[1] Milanese et al., Nat Commun, 2019
[2] Sunagawa et al., Nat Methods, 2013
[3] Wood et al., Genome Biol, 2014

[4] Truong et al., Nat Methods, 2015



3. mOTUs: protein-coding single-copy marker gene-based Operational Taxonomic Units

Molecular definition[1,2]

16S rRNA (single marker gene)

* 16S OTUs (97%) can include several species even from
different genera

40 aa-coding single-copy marker genes (MG)

* universal across domains of life single-copy and low rate of
HGT

Define taxonomic congruency-maximized clustering cutoffs
1.00 -
I Species cluster =
N 96.5% sequence identity
> L .
e in 3,500 genomes:
Q -
> >95% congruency
2 L
(@]
U —
]
-
a0 F
<

Use for metagenomics [3]

MG-based OTUs: mOTUs

10 out of the 40 MGs - good candidates

COG0012
COGO0016
COG0018
COGO0172
COG0215
COGO0495
COGO0525
COGO0533
COGO0541
COGO0552

[1] Mende et al., Nat Methods, 2013; [2] Ciccarelli et al., Science 2006; [3] Sunagawa et al., Nat Methods, 2013

Ribosome-binding ATPase YchF, GTP1/OBG family
Phenylalanyl-tRNA synthetase alpha subunit
Arginyl-tRNA synthetase

Seryl-tRNA synthetase

Cysteinyl-tRNA synthetase

Leucyl-tRNA synthetase

Valyl-tRNA synthetase

tRNA A37 threonylcarbamoyltransferase TsaD
Signal recognition particle GTPase (Ffh)

Signal recognition particle GTPase (FtsY)



3. mOTUs: protein-coding single-copy marker gene-based Operational Taxonomic Units

Step 1 Extract 10 phylogenetic marker genes > 3,000
(MGs) with HMMs metagenomic
@ ‘ samples

>25,000 reference %; |:| |:||:| -
E\:l - Assemble reads “
into contigs

genomes
Step 2 Cluster similar gene sequences to create marker gene clusters
(MGCs), independently for each MG (MG1 to MG10)
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3. mOTUs: protein-coding single-copy marker gene-based Operational Taxonomic Units

Need to link MGCs from different marker genes
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Nielsen et al., Nat Biotechnol, 2014 relative abundance MGC1



3. mOTUs: protein-coding single-copy marker gene-based Operational Taxonomic Units

“Unknown” species mapped onto prokaryotic Tree of Life

Inner nodes Bars in ring

mOTU-LG (new) ® B mOTU-LG (new) Taxonomic novelty
mOTU-LG (reference) @ Euryarchaeota

@ Cyanobacteria mOTUs without phylum level annotation:
= cthooacten ~ 60% BLASTp identity to known species
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4. Profiling with mOTUs

Issue of compositionality / re-normalization of relative abundance data

4 Community composition
(relative proportions)

Genome size (e.g. in Mbp)
or 16S rRNA gene copy number

w

Shotgun / amplicon sequencing reads
(relative proportions)

Effect of re-normalization (example)

S

No genome size / 16S rRNA gene
copy number normalization

<

Genome / marker gene(s) for

least abundant taxon missing most abundant taxon missing

Genome / marker gene(s) for

d

Single copy marker genes
for all taxa available

@
S

- mOTUs can estimate the proportion of unknown taxa, providing less biased abundance profiles

Taxon | gold profiled re-normalized
Species 1 | 0.3 0 0
Species 2 | 0.25 0.25 0.5
Species 3 | 0.2 0 0
Species 4 | 0.15 0.15 0.3
Species 5 | 9.1 0.1 0.2
unknown | (0.5

profiled re-normalized
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o
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| I I I I 1 I I I I I I

00 01 02 0.3 04 05 00 01 02 03 04 05
gold gold
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Predicted rel. ab. (log10)

Precision

Profiling with mOTUs
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5. Summary + Outlook

Reference genome-independent taxonomic profiling of microbial communities

mE)TUs
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Use of universal, single copy marker genes from
reference genomes and denovo assembled metagenomes
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Original: Sunagawa et al., Nat Methods, 2013; New: Milanese et al., Nat Commun, 2019
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5. Summary + Outlook

Reference genome-independent taxonomic profiling of microbial communities

mTUS http://motu-tool.org Outlook

* Extension to other biomes
- mouse
- soil
- lakes
- air

* Link taxa to functions through genomes & MAGs
* Use as classification tool for new genomes

* Democratize tool through custom extendibility
- tutorial online now!




MGWAS: microbiome-wide genome wide association study

Microbiome-wide GWAS: linking phenotypes to microbiome features

Phenotype , Readout Features
| » ' » Species diversity / richness

* Presence/absence/abundance of:
e viral + microbial taxa
e genes, transcripts, functions
* methylation patterns, etc.

Analogous to GWAS, microbiome-features can be linked to Examples
* groups of individuals and/or health states * lean vs obese, healthy vs colorectal cancer
European patent: EP14172205.8
» differential response to drugs (or nutrition) e cardiac drug digoxin inactivation by E. lenta strains

* role of gut microbiome in cancer immune therapy

Ridaura et al, Science, 2013; Zeller et al., MSB, 2014; Wirbel et al., Nat Medicine, 2019; Haiser et al., Science, 2013; Gopalakrishnan, et al. 2018; Matson, et al. 2018; Routy, et al. 2018;



MGWAS: microbiome-wide genome wide association study

‘unknown’” mOTUs (species)

Parvimonas micra [1145]

Gemella morbillorum [4513)

Peptostreptococcus stomatis [4614)
F.nucleatum subsp. animalis [0776] I

| unknown Dialister |5867||
unknown Porphyromonas (76561

Solobacterium moorei [0531)
Pormphyromonas uenonis [4616) [
Clostridium symbiosum [1475)
| unknown Clostndiales [6105]|
Hungatella hathewayi [0882]
Prevotella intermedia [0515]
Porphyromonas somerae [2101] |
Porphyromonas asaccharolytica [1517] [
F. nucleatum subsp. nucleatum [0777] [
Parvimonas sp. [4961)
Prevotella nigrescens [0276]
L___unknown Porphyromonas [54311] I8
Ruminococcus torques [1376]
F. nucleatum subsp. vincentii [0754] [
Fusobacterium sp. oral taxon 370 [1403] I

| unknown Peptostreptococcaceae [5742 ||

Anaerococcus obesiensis/ivaginalis [0429]
l unknown Anaerotruncus [6835]]
Porphyromonas uenonis [2102]
unknown Clostridiales [7553
&l
Clostridium boltae/clostridioforme [0886]
Subdoligranulum sp. [4738]

Wirbel et al., Nat Medicine, 2019

O R
o ®og
®
RG233 ® w0°
%
0' “’
=
A &
0% 3
o8
o® &
Gl %
o X
© L ¢
o® o

SUOIJBI20SSE 2109 JO 9ZIS 19913

o

SaIpn}s [ENPIAIPUI Ul SUONBIDOSSE Sal2adS

-
o

~log(g-value)
o o
1
-n
O
s
A
T
=
(&)

aoueoyiubis sisAjeue-ejapy




6. Workshop agenda
Example data used during the workshop
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ARTICLES

Integrated multi-omics of the human gut
microbiome in a case study of familial
type 1 diabetes

Anna Heintz-Buschart'*, Patrick May', Cédric C. Laczny’, Laura A. Lebrun’, Camille Bellora?,
Abhimanyu Krishna', Linda Wampach’, Jochen G. Schneider**#, Angela Hogan?,
Carine de Beaufort'® and Paul Wilmes'*

Metagenomic and metatranscriptomic data from stool samples from 4 families (including time-series)

MO1 [(HO MO2 MO3 MO4 @ Female with TIDM
l 6 O | am CH- B Male with TIDM
- 21 | 24 3] 46| 41
11 | 12 1.3 I | I ] (O Female without TIDM
e ¢ ® o . O O B [] Male without TIDM
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