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Aims of this lecture

Introduction of the taxonomic profiling problem

- Conceptual overview over approaches for taxonomic profiling
+ Sources of bias in taxonomic profiling

* Introduction of the mOTU profiling tool

- Comparative evaluation of existing tools on community benchmarks

« How to account for unknown species, i.e. ones for which an isolate genome sequence is
not available



Culture-independent sequencing of microbial communities

Culture-based study of microbial communities

>

Culture-independent study of microbial communities

* Who's there? » Taxonomic profiling

« Cave: DNA extraction and bioinformatics analysis are not standardized (technical biases)

« Key limitation: technology provides only snapshots, spatial information lost, causalities unclear

[Costea et al., Nat. Biotechnol., 2017]



Taxonomic profiling — what is it?
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Taxonomic profiling — why it is important?

Taxonomic analysis is fundamental to the analysis of microbial communities

Describing the microbial community under study
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[Morgan et aI Trends in Genetics, 2013]
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Several Prevotelia species are
present in the gastrointestinal
tract. P.copriis presentin
19% of the subjects and
dominates the intestinal

flora when present

Correlating environm. or host features to microbes
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[Zeller et al., MSB, 2014]

PC2 (8%)

Comparing different microbial communities

PC3 (3%)

[McDonald et al.,

mSystems, 2018]

Comparing findings to literature

Fusobacterium nucleatum Contributes to the
Carcinogenesis of Colorectal Cancer by
Inducing Inflammation and Suppressing Host

Immunity
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Fusobacterium nucleatum Promotes Colorectal
Carcinogenesis by Modulating E-Cadherin/3-Catenin
Signaling via its FadA Adhesin
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Taxonomic profiling — how it is done?

- DNA purification
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SRR Shotgun sequencing
sample SRR

Bacteroides vulgatus
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Eubacterium rectale

Blautia wexlerae

Alistipes putredinis




Taxonomic profiling — how it is done?

- DNA purification
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Taxonomic profiling approaches — whole-genome mapping

Environmental sample

Shotgun sequencing
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Taxonomic profiling approaches — whole-genome mapping

Environmental sample
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Taxonomic profiling approaches — whole-genome mapping

Environmental sample
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True taxonomic annotation

Estimated by whole-genome mapping

7 | - genome size issue



Taxonomic profiling approaches — marker gene mapping

Environmental sample
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Taxonomic profiling approaches — marker gene mapping

Environmental sample

| I ||

| I ||

I — ||

Shotgun sequencing
|
|
— — - DNA extraction bias
—— — - sequencing biases
EE— — - sampling noise
— I



Taxonomic profiling approaches — marker gene mapping

Environmental sample

Shotgun sequencing

- DNA extraction bias
- sequencing biases
- sampling noise



Taxonomic profiling approaches — marker gene mapping

Environmental sample
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Taxonomic profiling — mapping reads to genomes

Environmental sample

Shotgun sequencing




Taxonomic profiling — incomplete reference databases

Environmental sample




Taxonomic profiling — incomplete reference databases

Environmental sample

- assigned to the
wrong species




Taxonomic profiling — incomplete reference databases

Environmental sample

True taxonomic annotation

Estimated when dark green is missing

(ignore genome size issue)

- assigned to the
wrong species




Taxonomic profiling — incomplete reference databases

Environmental sample

- ignore the reads




Taxonomic profiling — incomplete reference databases

Environmental sample

True taxonomic annotation

Estimated when dark green is missing

] _ - ignore the reads




Taxonomic profiling — incomplete reference databases

Environmental sample

Globally
unassigned




Taxonomic profiling — incomplete reference databases

Environmental sample

True taxonomic annotation
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How much is unknown?
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[Pasolli et al., Cell, 2019]



How much is unknown?
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Taxonomic profiling approaches — marker gene mapping

Environmental sample
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Taxonomic profiling approaches — 16S rRNA amplicon

DNA purification
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[Meisel et al., J Invest Dermatol, 2016]



Taxonomic profiling approaches — 16S rRNA amplicon

DNA purification
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[Meisel et al., J Invest Dermatol, 2016]



Taxonomic profiling approaches — 16S rRNA amplicon

DNA purification
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[Meisel et al., J Invest Dermatol, 2016]



Taxonomic profiling approaches — 16S rRNA amplicon

DNA purification
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[Meisel et al., J Invest Dermatol, 2016] OTU = ,,operational taxonomic unit*



Taxonomic profiling approaches — 16S rRNA amplicon

DNA purification
€0 | WARNING:
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[Meisel et al., J Invest Dermatol, 2016] OTU = ,,operational taxonomic unit*
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The mOTUs framework — DB construction

(10 universal, single copy, protein-coding genes)
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The mOTUs framework — mapping / profiling

[Sunagawa et al. Nat. Methods 2013]
Phylogenetic markers [Milanese et al. Nat. Commun. 2019]

(10 universal, single copy, protein-coding genes)
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Co-abundance binning

Break till 14:20



High-accuracy profiling of uncharacterized microbial species

T _
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vagina | . reference genome available
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Species profiled (sample avg) Cumulated relative abundance (sample avg)

High recall (non-reference species)
High accuracy

High resolution (up to subspecies)
Also useful for meta-transcriptomics

[Milanese et al., Nat. Commun. 2019]



Improved quantification owing to comprehensive DB

Missing species in the reference database lead to overestimating the abundance of known
taxa, i.e. to biased quantification.
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High-accuracy profiling as evaluated by an independent
benchmark - CAMI
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High-accuracy profiling as evaluated by an independent
benchmark - LEMMI

Taxa F1-Score Taxa precision Taxa recall
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Incorporation of MAGs into the mOTUs3 database
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Improvement of scope in mOTUs since first version
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2
1
{753 18
mOTUs 1.0

mOTUs 2.5
2018 2019
mOTUs 2.0 mOTUs 3.0
ref-mOTUs — from isolates
3
4
Before v3.0, all meta-mOTUs were human-associated
1. [Sunagawa et al., Nat. Methods 2013] 3. [Milanese et al., Nat. Commun. 2019] 5. [Mende et al., Nucleic Acids Res. 2020]

2. [Mende et al. Nat. Methods 2013] 4. [Mende et al., Nucleic Acids Res. 2017] 6. [Ruscheweyh, Milanese et al. bioRxiv 2021]



MmOTUs3 — database extension by marker genes from
metagenome-assembled genomes (>500,000 MAGs)

mQTUs 2.5 Database 150,000 450,000
newly External
11,915 2,297 constructed  MAGS/SAGs/
ref-mOTUs meta-mOTUs MAGs isolates
i |
,', Filter
500,000
Genomes

——

S 7

11,915 2,297 19,358
ref-mOTUs meta-mOTUs ext-mOTUs

mOTUs 2.6 Database

motu-tool.org [Ruschewey, Milanese et al., bioRxiv 2021]



How do you map MAGs to mOTUs?



MmOTUs3 — database extension by marker genes from
metagenome-assembled genomes (>500,000 MAGs)

mOTUs 2.5 Database 150,000 450,000
newly External
11,915 2,297 constructed ~ MAGS/SAGS/
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Enables profiling an unprecedented diversity of prokaryotes (33,570 species) across many environments.

motu-tool.org [Ruschewey, Milanese et al., bioRxiv 2021]



What is the added value of using mOTUs?
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Since we are able to profile unknown species, we can study associations of unknown species to disease

[Wirbel et al., Nature Medicine 2019]



What is the added value of using mOTUs?
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Functional profiling

Environmental sample

Shotgun sequencing

Taxonomic profiling

- Universal marker gene reads can be
used for taxonomic profiling



Functional profiling

Environmental sample

Shotgun sequencing

Taxonomic profiling Functional profiling

- Universal marker gene reads can be - The other gene can be used to
used for taxonomic profiling understand the functional potential



Strengths and weaknesses of different approaches

——L

16S amplicon profiling

- Taxonomic profiling

- High sensitivity
(discover the unknown)

- No functional profiling

- Sequencing errors

- PCR amplification errors

- Copy number bias

- Lower resolution

MAGs

whole-genome profiling

Taxonomic profiling
Need to estimate
unknown species
Functional profiling
(potential)
Sequencing errors

High resolution
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mOTUs

culture-based analysis

Taxonomic profiling is
limited to cultivable
species

Full potential for
functional activity that
can be tested

Best resolution



Take home message

Taxonomic profiling is a fundamental step in the analysis of microbial communities

Incomplete reference databases yield incomplete pictures (missing taxa)
and tend to overestimate the abundances of known taxa

16S rRNA amplicon, shotgun sequencing and culture based approaches are
complementary

16S rRNA amplicon is a cheap solution that allow for sensitive taxonomic profiling

Shotgun sequencing allows for a more precise taxonomic profiling (species and
subspecies resolution) and functional profiling

Culture based approaches are limited on the number of species that can study, but allows
to fully investigate species properties

mOTUs is one of the most competitive tools on the market for taxonomic profiling of
metagenomes



