Multi-resolution phylogenetic analysis of known
and unexplored members of the human
microbiome with PhyloPhlAn 2

3rd Workshop on Statistical and Algorithmic Challenges
in Microbiome Data Analysis

Francesco Asnicar - University of Trento
Computational Metagenomics lab - Prof. Nicola Segata




Increasing availability of genomes from isolates and MAGs
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Increasing availability of genomes from isolates and MAGs
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Increasing availability of genomes from isolates and MAGs
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Large-scale whole-genome comparative genomics
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Large-scale whole-genome comparative genomics
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PhyloPhlAn (version 2)

An integrated framework for phylogenetic analysis

Reference genomes from isolates
MAGs from metagenomes
Clade-specific phylogenetic markers
Retrieval of additional genomes & MAGs
Taxonomic assignment of MAGs

Main features:

Scalable, flexible, automatic, modular, customizable
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PhyloPhlAn (version 2)

An integrated framework for phylogenetic analysis -

- Reference genomes from isolates unannotated
- MAGs from metagenomes
- Clade-specific phylogenetic markers
- Retrieval of additional genomes & MAGs

PhyloPhlAn 2

- Taxonomic assignment of MAGs ophi
sequence

alignment

Main features: PUBLIC DATABASES
- Scalable, flexible, automatic, modular, customizable

- several scoring position - several subsampling - trimAll - discarding low-quality inputs

functions implemented, approaches implemented - gappy positions - discarding low-quality markers

e.g. MUSCLE and trident - conserved positions - discarding fragmenatary sequences
- all of the above extracted from inputs
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PhyloPhlAn (version 2)

An integrated framework for phylogenetic analysis
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An integrated framework for phylogenetic analysis

- Reference genomes from isolates

- MAGs from metagenomes
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PhyloPhlAn (version 2)

- Reference genomes from isolates unannotated
- MAGs from metagenomes

An integrated framework for phylogenetic analysis -

- Clade-specific phylogenetic markers _
- Retrieval of additional genomes & MAGs
. . PhyloPhlAn 2
- Taxonomic assignment of MAGs Y o
1€ sequence
alignment inference

Main features: PUBLIC DATABASES
- Scalable, flexible, automatic, modular, customizable

Examples of use-cases:

Tree-of-life size Species-level Metagenomic

phylogenies phylogenies application

High number of inputs Newly assembled MAGs
Universal markers Species-specific markers



PhyloPhlAn (version 2)

INCREASING RESOLUTION
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Large-scale metagenomic assembly
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9,428 metagenomes

Metagenomic assembly

- 32 countries, multiple lifestyles - Single-sample assembly

- 4 bodysites, all ages - Validation and strict QC

- 7 non-Westernized datasets - Clustering into species-level
(inc. newly added Madagascar) genome bins (SGBs)

154,723 microbial genomes from metagenomes

uSGB kSGB uSGB uSGB
New species without Known oral species New species associated New oral species associated
known isolates with non-Westernized lifestyles with Westernized lifestyle
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— Available and annotated reference genome (usually from isolate sequencing)



Large-scale metagenomic assembly

Single-sample assembly-based

Strict QC on reconstructed genomes
Implemented strain-heterogeneity filtering [new]
Species-level genome bin (SGB) clustering [new]

Assembly Binning
% 500 345,654

metaSPAdes
MEGAHIT

MetaBAT2

CheckM

Quality control CMSeq

Assemblies
grouping
Mash A

Hierarchical
clustering

Taxonomic
characterization

Downstream
EREWSH
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- 32 countries, multiple lifestyles

- 4 bodysites, all ages

- 7 non-Westernized datasets
(inc. newly added Madagascar)

Metagenomic assembly

- Single-sample assembly

- Validation and strict QC

- Clustering into species-level
genome bins (SGBs)

154,723 microbial genomes from metagenomes
kSGB uSGB

Known oral species New species associated New oral species associated
with non-Westernized lifestyles with Westernized lifestyle
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— Available and annotated reference genome (usually from isolate sequencing)
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Large-scale metagenomic assembly

9,428 metagenomes

single-sample
assembly

154,723 reconstructed genomes
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Large-scale metagenomic assembly
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154,723 reconstructed genomes

Metagenomic assembly

- 32 countries, multiple lifestyles - Single-sample assembly
- 4 bodysites, all ages - Validation and strict QC
. . - 7 non-Westernized datasets - Clustering into species-level
Sp@CleS'Ievel Genome BlnS (inc. newly added Madagascar) genome bins (SGBs)
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154,723 microbial genomes from metagenomes
uSGB kSGB uSGB uSGB

New species without Known oral species New species associated New oral species associated
known isolates with non-Westernized lifestyles with Westernized lifestyle

4,930 SGBs
(77% without a reference genome)
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PhyloPhlAn for microbial tree-of-life phylogemes

© Acidobacteria

Microbial tree of life of 17,672 SGBs 8 Aquricae "

@ Bacteroidetes
© Melainabacteria
QO Saccharibacteria

Including all isolate genomes in NCB|, @ chiamyaiae

all MAGs from Parks (2017) and Pasolli 8 Sosfex....
(2019)

O Crenarchaeota
© Euryarchaeota

Phylogeny based on the 400
PhyloPhlAn marker genes validated in
Qiyun (2019) with 4,522 AA positions

Building took 10 days and 15 hours
using 100 CPUs

QO Elusimicrobia
O Firmicutes
(O Fusobacteria
O Planctomycetes Q) Tenericutes
-nf-Ii . @ Proteobacteria @ Thermotogae
Tree Of Ilfe Size @ Spirochaetes (O Verrucomicrobia
phylogenies © Synergistetes @ Others



Diversity and prevalence of human-associated SGBs
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Characterization of lower taxonomic clades

— 1 Ruminococcus spp.

A A Subdoligranulum variabile
B Gemmiger formicilis
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uUSBG 15286: “Candidatus Cibiobacter qucibialis”
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Automatic SGBs assignment to new MAGs

New Ethiopian non-Westernized dataset of 50 metagenomes in collaboration
1.  Which SGBs are present in this population? with MC Collado

2.  Which new SGBs can be found in this population?

uSGB 2075 (Prevotella genus)

kSGB 2230 (Alistipes sp. CAG 435)

kSGB 3677 (Succinatimonas sp. CAG 777)
uSGB 19692 (Elusimicrobiaceae family)
kSGB 4933 (Eubacterium rectale)

kSGB 4303 (Clostridium sp. CAG 217)

SGB 714 (Methanobrevibacter smithii CAG 186)
uSGB 19894 (Proteobacteria phylum)

uSGB 6973 (Selenomonadaceae family)
uSGB 5756 (Phascolarctobaterium genus)
uSGB 3548 (Spirochaetaceae family)

uSGB 1701 (Prevotellaceae family)

SGB 5904 (Mitsuokella jalaludinii)

kSGB 5239 (Firmicutes bacterium CAG 791)
kSGB 2214 (Bacteroides sp. CAG 217)
uSGB 19938 (Chlamydiae phylum)

SGB 1024 (Clostridium sp. CAG 568)

SGB 2076 (Prevotella sp. CAG 873)

kSGB 5809 (Dialister sp. CAG 486)

kSGB 10068 (Escherichia coli)

SGB presence/absence uSGB

[] present || absent kSGB
000000 HHHHOHOHOOHOHOO0OOHHNOOOHIMHOAHAHO—TOOHNNAHAHOO0O
Number of SGBs SEESS=ZT I IS TIE I E S IS TIE S S IS SS9 IS IO IS S TSI I TS S 2
T T mNAs = o 1o s 1T T 1 1o Tio idooo _Im 1T T I Tningso 11T
Shcb b e N e e e e e L R
0 2 4 6 8 10 12 14 DQDDDDB: O O o0 < a<< [ayalala] 8 [a) [a N ala] SS [aNala]
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Automatic SGBs assignment to new MAGs

in collaboration
with MC Collado

Focus on two SGBs:
1. Escherichia coli (kSGB 10068) — common gut commensal
2. uSGB 19938 that do not have any reference genomes

USGB 19938 (Chlamydiae phylum) | [ I NN I

kSGB 10068 (Escherichia coli) [ NI TN NN D DN DN

‘ 10




kSGB 10068: E. coli

Automatic download of E. coli core set

of UniRef90 proteins
Phylotype

Automatic download of 1,000 E. coli  ® *

reference genomes

Ordination of the phylogenetic
distances of the E. coli phylogeny
comprising the 8 Ethiopian MAGs

Ethiopian
Species-level Benomes
phylogenies

o000 06OGOO
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uSGB 19938: Chlamydiae (?)

The lower taxonomic assignment for —
uSGB 19938 is the Chlamydiae phylum

Automatic download of reference
genomes for the Chlamydiae phylum and
two Mycobacterium species (rooting)

Reconstruction of a phylum-level
diversity phylogeny

4 Genome from

Ethiopian metagenome
Tree-of-life size
phylogenies



PhyloPhlAn (version 2)

- Reference genomes from isolates unannotated
- MAGs from metagenomes

An integrated framework for phylogenetic analysis -

- Clade-specific phylogenetic markers _
- Retrieval of additional genomes & MAGs
. . PhyloPhlAn 2
- Taxonomic assignment of MAGs \ — mulme
identifice t?on seguence phylogeny
and selection alignment inference

Main features: PUBLIC DATABASES A

- Scalable, flexible, automatic, modular, customizable -

- Available open-source in Bitbucket: https://bitbucket.org/nsegata/phylophlan

- Will be soon available in CONDA

- Working on tutorials to describe the new functionalities by example @

- The software can be used and any feedback is appreciated! 13




Integrated approach for metagenomic analysis

Quantitative
taxonomic

profiling

Quantitative
functional
potential profiling

Metagenomic Analysis
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Integrated approach for metagenomic analysis

Quantitative Quantitative
taxonomic functional

profiling potential profiling

Metagenomic Analysis

Characterize new MAGs within the SGBs

Phylogenetic investigations including
available reference genomes

New data to update the SGB resource
to improve future analyses

(novel) genome
reconstruction
+ PhyloPhlAn

14



Integrated approach for metagenomic analysis

Quantitative Quantitative (novel) genome Feedback to improve
taxonomic functional reconstruction taxonomic and
profiling potential profiling + PhyloPhlAn functional analyis
Metagenomic Analysis
2N e Mappability
O My 4 100

~
—
=~ -

~ -

~ - =
i e

Characterize new MAGs within the SGBs

-/ 95% median
mappability
—160 (stool samples)

Phylogenetic investigations including
available reference genomes

, 20
New data to update the SGB resource ! ‘Pasoll et al, Cell (2019)
(I ' 0

to improve future analyses —r— )

Westernized

40

Mapping reads (%)
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Supermatrix vs. Supertree

marker A marker B marker C
supermatrix
3 1 1 1 1
£ 3 A— ? s
c 4 4 —— 4 4
% 5 5 5 5
* Tips branch length
« Better for low-diversity phylogeny
0
8 summary methods
= 0.6
2 ASTRAL
) ASTRID

5 1 2 4 5 1 2 3 4 5

5 1 2 3 4
 No tips branch length
Sty IO e () « Better for large phylogenies

Siavash et al., Bioinformatics (2014) Vachaspati and Warnow, BMC Genomics



Automatic and manual single-sample assembly and

kSGB 17256
Mico-assembly bacterium bifidum
Othis study
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Large-scale single-sample assembly approach

Assembly Binning

2.04e08
345,654
metaSPAdes

MEGAHIT

MetaBAT2

CheckM
CMSeq

Quality control

Assemblies
grouping
Mash A

Hierarchical
clustering

Taxonomic
characterization

Downstream
EREWSS




CuratedMetagenomicData

— Offline high computational load pipeline

(incrementally performed on new data)

Associated
metadata

Raw
metagenomic
datasets
from
- NCBI/EBI
- Papers
- Authors

~ 30 datasets
~ 10k samples
~ 20 conditions

Download
(>300 TB)

Manual
curation

Uniform
preprocessing

Standardi-
zation

MetaPhlAn2 HUMANN2

Species
abundance

Gene family
abundance

Pathway
abundance

Marker
abundance

Marker
presence

Pathway
coverage

Bioconductor

curatedMetagenomicData
w & distributed by
ExperimentHub

- Amazon cloud-based

- Snapshot dates

- Searchable dataset tags
- Automatic local caching

Integrate data
and metadata
as
Bioconductor
ExpressionSet
objects

)

A4

User

environment

Download individual
processed datasets

OR Using the

Using the R
| command line

) 2

\.

Perform the analysis!

E.Ig. comparative analysis,
classification, subtyping,
biomarker discovery, etc.

J

Pasolli et al., Nat Methods (2017)

- Mandatory metadata fields:
sampleID DNA extraction kit

subjectID

sequencing platform

body site number reads
country number bases

antibiotics current use
minimum read length

study condition median read length

disease NCBI accession
age category PMID
gender non westernized

- Optional metadata fields are... All the available
ones!

» Currently >10,000 metagenome samples

- New available datasets are continuosly included

https://waldronlab.github.io/curatedMetagenomicDat
fa]




