Main topics

A Microbial life and multi-omic revolution:

A Microbiomes, microbiome science and microbiome
biotechnology;

A Next generation sequencing, second and third generation
technologies;

A Bioinformatics, reads mapping, assembly and genomes
reconstruction;

A In silico biodiscovery, metagenome mining for the discovery
and production of new bioactive molecules.
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Microbial life, multi-omic revolution
and microbiomescience
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Microorganisms, the invisible life
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MULTI-OMICS, THE LAST PARADIGM SHIFT IN

MICROBIOLOGY

Technological innovation Paradigm shifts

" multi-omics: metagenomics,
metatrascriptomic, metabolomic
\(NGS, NMR, LC and GC-MS)

(.. . \ (
first microscope access to the invisible world
(Anthony van Leuwenhook)
\ J/ \
SN N\ /7 ~ :
cultivation based approaches Kochods explanation
human diseases, concept of
athogenicit
9 y \IO g y )
Winogradsky column beginning (_)f mlcr(_)bl_al ecolqu, the
overwhelming majority of microbes are
essential for ecosystem functioning
\_ ) \_ J
4 . . N\ _ ~
molecular microbiology culture-independent targeted
(PCR - FISH -Sanger seq.) kmicrobiology )
\. < \

culture-independent untargeted
microbiology, access to the

microbial world in a natural samp
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UNTARGET CULTURE INDIPENDENT
MICROBIOLOGY, THE DARK SIDE OF THE MOON

only minimal fraction (~2-10%) of
the planet microbial diversity is
cultivable

V

by studying the total microbial DNA
In a sample, metagenomics
revolutionized microbiology,

shedding light on the total microbial
diversity living on our planet
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THE MULTI-OMICS ERA

NEW OMICS THECNOLOGIES
REVOLITIONIZED MICROBIAL ECOLOGY

J

~
PROVIDING STRUCTURE AND FUNCTIONAL

POTENTIAL OF WHOLE MICROBIAL
COMMUNITIES IN THEIR NATURAL
\_ HABITATS




microbiomes: hundreds of strongly interacting microbial species
behaving as a whole

a there are 100 milliontimes as many bacteria on Earth (13x 1028) as stars in the universe,
and viruses are even more (13« 1031)
https:/mwww.micropia.nlen/

: 0..:"‘*9;“«
air microbiomes

animalmicrobiomes
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NEW ACTORS AND NEW DEFINITIONS

g MICROBIOTA )
all living microbes populating a given habitat

% (bacteria, archea, fungi) y

4 )

MICROBIOME (Whipps 1988)
characteristic microbial community in a well-defined habitat
which has distinct physiochemical properties as their

\ Ntheatre of acti vy
4 METAGENOME A
collection of genomes and genes from the member of the
microbiota
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THEATRE OF ACTIVITY

" Microbiota | <=
Bacteria ’ Archaea ’
‘ Fungi \ Protists ’
l Algae ’
/Internal/external structural elements |
Environmental
\ conditions

Microbiome

5 . peptides

“Theatre of activity”

Microbial structural elements

Poly-

Proteins/ ‘
_ sacharides

Lipids ’

Nucleic acids
structural DNA/RNA

mobile genetic elements
incl. viruses/phages relic DNA

Microbial metabolites

Signalling . (An)organic
Toxins
molecules | | molecules

Biome: a reasonably well defined habitat which has distinct bio-physio-chemical properties

'
N\
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MULTI-OMIC AND MICROBIOME ASSESMENT

METAGENOMICS IS CENTRAL
IN THE WORKFLOW FOR
PRODUCING MICROBOME

KNOWLEDGE

Who is there? What can they do? What are they doing?

Microbial potential: Metabolic potential: Microbial function:
available cellular material available genetic material active metabolic pathways

——————

/

Substrate \
Cells —> DNA =) RNA ) Protein |—_'—(> Metabolite

J J
[ | f )

Microscopy Cultoromics  Metabarcoding Metagenomics Metatranscriptomics Metaproteomics Metabolomics
Microbial phenotype Spp. Characterization Community composition Genes/Genomes Gene expression Protein expression Metabolites production
Colonization patterns Cellular function Microbial networks Genes function Active gene function Metabolic functions Microbial products

| RACS plattform for cultivation-free studying microbial metabolic pathways ]

12
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SCALES OF MICROBIOMES KNOWLEDGE

Sructural

w Kingdoms
w Phyla

w Jasses

w Orders

w Families
w Genera

w oecies
w Srains

Functional

w Genomes

w Pathways

w Genes

w Metabolites

Network of
Interactions
w Positive

w Neutral

w Negative

w Altruistic

w Hubs

w Keystones

Temporal
dynamics

w Hours

w Days

w Months
w Years

w Millennia
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MOST BAVCTERIAAND ARCHEA ON EARTH
EXISTS IN BIG 5 HABITATS

Major habitats

Total bacterial and Minor habitats / \
archaeal cell numbers e Groundwater: 5x10?% d ee p
on Earth: e Phyllosphere: 2x10%

~1%10% « Cattle: 4x 107 continental and

° Tgrmites: 6x10% )
e e 107 oceanic
E/Z\tf&i‘égﬁéfeﬁasyiiéff 10 subsurfaces
hold 60% of all
microbial cells
In the

biosphere

o J

Soil: 3 x 102

Deep continental subsurface: 3 x 10%°

Deep oceanic subsurface: 4 x 10%°
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TARGETS OF METAGENOMIC STUDIES

[I\/IETAGENOI\/IICSJ

74\

ENV. <:> HOLOBIONT
MICROBIOMES MICROBIOMES

communities of microorganisms communities of microorganisms
living in environmental sites (eg, hosted as symbionts by complex
soil, air, waters and foods) organisms (plants and animals)

microbiomes are a host -selected subset of microbial
communities living in environmental sites

15
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ENV. MICROBIOMES

Pa i “'u a -

15 ‘. e
[ 'a::z’ s

ATCCGGACTAGC

environmental microbial
communities are the basement of
life on earth, being responsible of
the biogeochemical cycles (N, P
and S), C recycling and food
transformation, and being the
source from which microbiomes
component are selected
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MICROBIOMES

all the macroorganisms populating our
planet lives as holobionts , defined
as animals or plants together with
associated microorganisms living

on them . The holobionts microbiomes
contribute to the host phenotype by

providing essential physiological
functions
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NGS BOOSTED METAGENOMICS

high throughput NGS sequencing technologies and dedicated bioinformatics
pipelines combined in modern metagenomics, transforming microbiology

allowing to study the planet
microorganisms - beyond the limits of
culturing - NGS-based metagenomics
offers important biotechnological
promises , pinpoint the centrality of
microorganism to planetary, animal
and human health

ALMA MATER STUDIORUM
18 UNIVERSITA DI BOLOGNA



Microbiomes as life support systems for global biosphere

microbiomes: hundreds of strongly
interacting microbial species
behaving as a whole

POSITIVE SERVICES

OF THE MICROBIOME life support system for

marine ecosystems

Developmont
of the immune
system
\

.
O 4 VN ° N
Totsocge 1\ -. '. oy = .
sythess ol : Natrent
) shsortion
; Y/
PLANTS [ st
— fortity
'l
B i AND SOILS i
sequestration  TIN]TEY 4 Y
: - . to posts and
Foud for Carbon T ssenios
= <

the microbiome world constitutes the life
support system for the biosphere

50% of O, production

carbon and nutrient cycling animal/plant health

global food web

L 108+
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METAGENOMES EXPLOITATION FOR
ONE HEALTH

holistic and integrative vision of health, were the health of the planet
ecosystems and all organisms living on it are strongly interconnected

The One Health Triad

climate change
mitigation

human health

ALMA MATER STUDIORUM
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1x10209% OF THE TOTAL DNA OF EARTH HAVE BEEN
SEQUENCED

“earth

microbiome project

the Earth Microbiome Project is a systematic attempt to
characterize global microbial taxonomic and functional diversity
for the benefit of the planet and humankind

21
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MICROBIOME BIOTECHNOLOGY

LEVAREGING SPECIFIC ECOLOGICAL CONCEPTS FROM
NATURAL MICROBIOMES FOR THE IMPLEMENTATION OF
CONCRETE MICROBIOME BASED ACTIONS FOR 4
IMPROVED PLANET HEALTH




a better understanding of microbiome-dependent
ecosystem services can provide microbiome-based
solutions for our society and planet
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MICROBIOME SCIENCE IS HIGHLY
MUTIDISCIPLINARY

MICROBIOME
SCIENCE

e

| BIOLOGY

[ CHEMIST | ‘MEDICINE

B%)NOMY
MATEMATICS \
;% \, ANIMAL

INFORMATICE HUSBANDRY [ FOODJ

v |MODELLING SCIENCE
STATISTICS

OMY |

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII*

KNOWLEDGE TECHNOLOGY APPLICATION
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METAGENOMICS OPEN THE WAY TO MICROBIOME
BIOPROSPECTING AND BIOTECHNOLOGY

exploit natural microbiomes for
biotechnological applications

bioremediation

xenobiotic
degradation

The inngf';lr.liversé
of health =~ .

¢,

~~ Microbiome

integrated
biorafineries

synthetic

Synthetic biology Plastic recycling Pharma packaging Biofairs Compass
DNA-based apps for cell Can enzymes solve the world's How digitalisation saves costs The ultimate guide to relevant

diagnostics and therapeutics biggest waste problem? through improved compliance life science events in H1/2018
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The planet microbiomes, carbon upcycling one carbor
biotechnology for sustainable transition

Of 545Gtonsof live matter, more than 80% consists of plants, while the bulk of the
rest (17%) correspond to microorganisms (75% bacteria), animals accounting for O..
of the total sum

Since mostly made of inherent polymers (cellulose, hemicellulose, lignin), plan
account for only 15% of the the biochemically active biomass, while microorganigms
take over the leading position, with bacteria running for 60% of the biochemicall
active biomass.

The whole microbial biomass is an exhaustive, ubiquitous
and genetically determined catalysts with the capacity to
make a difference at the face necessary to face global
changes

Carbon Upcyclingreate value from €ontaining waste
One Carbon biotechnologtyo deliver marketable items
from CO2

Increasing mobilization of methane, improving the
biological reduction of NO and NO2 and biodegrading
fluorinated gasses




Rubiscosphergthe most important supporter of life on earth

RuBisCébased photosynthesig reductive tricarboxylic acid cycle reductive
acetyl coenzyme A pathway 3-hydroxypropionate cycle

L
A

A |

CH.OPO Feature RuBisCO (Calvin) rTCA Cycle Reductive Acetyl-CoA 3-HP Cycle
2
Organisms Plants, algae, Anaerobic Anaerobic bacteria, Green non-
— 2 i 1 I i,
C o CHZOPO) H cyanobacteria bacteria, archaea sulfur bacteria
H—C—OH + H0 + O, —> HO—C—H + coo archaea
H—C—OH Key Enzyme RuBisCO ATP-citrate co Acetyl-CoA
~ H—C—OH coo lyase dehydrogenase/acetyl- carboxylase
CH.OPO.> H CH,0PO,* CoA synthase
=\ 2 3
ATP Use (per High Moderate Low (most efficient) High
CO;)
( ) \\(%L/ @ ? '9 (h) Oxygen High High Very high (anaerobic) Moderate
f ﬁvqk\N )/f/ Sensitivity (photorespiration) (anaerobic)
ALY K
/Q %2 {@ ‘ Efficiency Moderate High Highest (anaerobic) Moderate
@\ \\\\ 2\ (anaerobic)
o \ RN N 9
//‘ fi / \‘ N Ancient Less ancient Ancient Most ancient Relatively
/ Ry N .
(v A A )@ Evolutionary ancient
: 118
g //,// '//Z . Role
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Providing the most powerful catalytic capacity in the natural
world microbiomes and microbial based technologies may be
critical for achieving SDGs

1 No poverty

Volume 187
Number 19
September 19, 2024

" 2 Zero hunger
Nurturing health
and addressing
disease 3 Good health and
well-being

Sustainable cities
1

and communities
Food production

and nutrition

13 Climate action

Clean energy 14 Life below water

production
15 Life on land
Synthesizing

and recycling

Clean water and
products

sanitation
Industry,
9 i , and
infrastructure
10 Reduced

inequalities

Bioremediation

Decent work and

Facilitating economic growth
healthy
ecosystems Responsible
12 consumption and
production
Global Affordable and
biogeochemical clean energy
cycles and

P 5 Gender equality

- ~— . 4 Quality education

Peace, justice,
. 16 and strong
institutions

climate change
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Microbiome powered circular economy, 60% of the inputs to the
global economy could be produced biologically

il - V pharmaceuticals and
rrrrrrrrr _Circular Automotive . .
e W s nutriaceuticals
- VS V alternatives of synthetic chemicals

for food systems
V protein, fats and carbohydrates
V food preservatives
V polymers and biomaterials as
bioplastic and bacterial cellulose
V fuels: methane, ethylene and
butanol, biological oils and
hydrogen
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Biodiscovery and bioprospecting

microbialevolutionpast3.5billion of yearshasproducedan immense
biologicaldiversityin geneticand phenotypicvariation microbiomes
representa primarytarget forbioprospectingandbiotecnologies

bioprospecting , discovery and
exploiting new products based on
biological resources.

(between 1981-2010, one third oﬁ
all small molecule new chemical
entities approved by the U.S.
FDA were either natural products
or compounds derived from

\_ natural products. )

ALMA MATER STUDIORUM
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Next Generation Segquencing and
Metagenomics

A MATER STUDIORUM
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INTRODUCTION

metagenomics Is the untargeted sequencing of the
genetic material present in a given sample

ALMA MATER STUDIORUM
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MICROBIAL METAGENOMICS

microbial metagenomics is the study of the total

microbial DNA (virus, bacteria and fungi)

present in a given sample

Environmental Genome Shotgun
Sequencing of the Sargasso Sea

J. Craig Venter, Karin Remington,’ John F. Heidelberg,?
Aaron L. Halpern,? Doug Rusch,? Jonathan A. Eisen,?
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.

33N~

20°-

Venter et al., Science 2004

-/

/
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Cost/Gibabase

34

SEQUENCING COST AND DATA OUTPUT

iIn 2012 next generation sequencing (NGS) technology incredibly
boosted the sequencing power, while reducing the sequencing costs.
Thus opening the way to metagenomic applications

$100,000,000 +,

$10,000000 .
X HiSegX Ten
$1,000,000 5 10,000
‘ v -
Q
$10,000 - b t 100 Q
o NGS o
$1,000 - 0 &
$100 o Anavzer e 1 %
$10 ABI 37304 A o1 @
.
$1 " | . 0.01
2000 2002 2004 2006 2008 2010 2012 2014 COSt

output
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The bases of metagenomics approaches applied to
complex microbial communities

Microbial community

I
v v
16S rBRNA  Metagenome Metatranscriptome
gene

SO\ U g,
L
i,

y Y o < mapping
y e

Phylogeny ; "

i
Potential Expression

Ty
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MARKER GENE ANALYSIS

the 16S rDNA gene is the best phylogenetic clock for prokaryotes

Prokaryotic Ribosome

Largae Subunit
(L5

Small Syt
[SSU)

-

55 rRNA

AALL THE ORGANISMS POSSESS AT
LEAST ONE COPY OF SUCH GENE
universal marker

A CONSERVED GENE, SAMI
FOR ALL ORGANISMS

same housekeeping function and same
selective pressure for all organisms

A  NOT I NVOLVED I N LATE
TRANSFER
only vertical transmission
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THE 16 rDNA GENE

¥ el
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 bp “jﬁ,{/’}%j ,3
Ny OES
Vi w2 V3 va Vs,  ve V7 ve | vo M $E -
b RS §
o
CONSERVED REGIONS: unspecific applications (SN _J:E__[_T' .
TR
VARIABLE REGIONS: group or species-specific applications {_?5:-;5'5' *f
_;:JI’ ,,,,,,,,

AMPLIFY, CLONE AND
CONSERVED REGIONS @ » SEQUENCE THE GENE FROM
UNKNOWN MICOORGANISMS

\_ J/(
IDENTIFICATION AND
VARIABLE REGIONS e > PHYLOGENESIS
L J
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THE 16 rDNA GENE BASED PHYLOGENETIC TREE

Dominio-Regno-Phylum-Classe-Ordine-Famiglia-Genere-Specie

clone
{ C-Bonn enrichment clone HI06Ba11
C-Benzerje enrichment clone J{S07Ba09

the % of homology of the
16S rDNA gene is used to
weight the degree of
similarities among
\_ microorganisms )

DELTAPROTEOBACTERIA
BF1-Cluster

Peptococcaceae

: ufea ;mc D m M&;;w;m‘“ AF050591
(T), U68528 - 1
%'w:;&mmwju{z:;lmgmw [ microorganisms are \

al taminated aquifer clone WCHB189, AF050588 - -
rface water clone DRIB8CH110701SACHS35, DQ230980
urface water clone DR938CH110701SACHS36, DQ230961 I y I
ic
Benzene enrichment clone HT06Ba10 W 225 bp T-RF
B

T T e, ers tree on the bases of the

Moorelia thermoautotrophica (T), L0168
Actinotalea sp. strain GF

Ty percentage of homology of

"
C B clone
12C-Benzene enrichment clone HT08Ba07 ] 1650p TRF:

":’”;wmm;m Jowrar | \_ the 16S rDNA gene

Uramum omamhaedclon AKAU 164, DQ125903
poanglum calvum, AJ566232 ] 145bp T-AF

= Ten Mclwlunwscm s (7). X83812

barkeri, AF028692
+,—L— Methanosaeta concild, X16932
X153684

CLOSTRIDIA
3
=
|
g
B

I

ACTINOBACTERIA
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Metagenomesampling, DNA extraction
and library preparation



A microbiome sample is a native sample of the correspondi
theatre of activity, containing the microbiota and its metagenom

SAMPLING, PRESERVATION AND STORAGE

samples collection, preservation and storage methods need to be
validated for the kind of samples which are going to be collected
methods validated for one sample type cannot be optimal for
different samples

samples collection, preservation and storage protocols can impact
guality and accuracy of metagenomics data

curiosity rover collects V' Key objective in sampling is to collect sufficient microbial

first Martian bedrock biomass for sequencing and to minimize contaminants (eg. 250 mg
sample February 9,
2013, NASA for stools)

MOST COMMON APPROACHES FOR
PRESERVATION AND STORAGE

i . .

ALMA MATER STUDIORUM

0 freezing exsiccation DNA preservation buffers’™ o


http://www.nasa.gov/home/index.html

DNA EXTRACTION AND PURIFICATION

/ | EXTRACTION \

DNeasy Blood & Tissue Kits

fast and easy silica-based purification of
total DNA from animal blood and tissues
and from cells, yeast, bacteria, or viruses

~

PURIFICATION

QIAcube HT

Robot for automated mid- to high-
throughput nucleic acid purification in
96-well format

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA
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DNA QUANTIFICATION AND QUALITY ASSESSEMENT

QUANTITY AND PURITY \

NanoDrop 1000

The NanoDrop® ND-1000 UV-Vis Spectrophotometer
(UV and visible spectrum, 220-750 nm) enables highly
accurate quantification of DNA, RNA, proteins from 1 ul
samples with remarkable reproducibility. /

~

DIMENSION AND INTEGRITY

QlAxcel

The QIAxcel Advanced system fully automates
sensitive, high-resolution capillary electrophoresis of up
to 96 samples per run. DNA fragment analysis of 12
samples can be performed in as little as 3 minutes. 4

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA
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CONTAMINATION RISK

contamination during all samples processing stages (eg. DNA extraction
and library preparation) can always happen

~

UV-irradiated hood

'j’i.’;l—esf ’-m bleach-sterilized work areas, UV-irradiated laminar
<~ flow hood, sterilized tools, coats and gloves

=) |laboratory reagents may contain variable amounts of microbial
contaminants

=) low biomass samples are particularly vulnerable

=) as PCR cycle numbers increase contaminating microorgansisms.are
iIncreasingly over-represented

ALMA MATER STUDIORUM
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NEXT GENERATION SEQUENCING TECHNOLOGY

SHORT-READS LONG-READS
THECNOLOGY THECNOLOGY
| v

=" =
=R T =
5!1.& —
||umln?® 2 rros0
up to 3 Tb per cell with read 20 Gb per cell with
lengths ranging between average read lengths
100-300 bp up to 30 kb
v v
SHOT GUN SINGLE CELL

METAGENOMICS SEQUENCING

ALMA MATER STUDIORUM
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Hlumina
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METAGENOME SHOTGUN SEQUENCING

( :\'jé‘(ﬁg~>

-

METAGENOME

(species) each in multiple copies;

the correspondent species in the
\sampled microbiome

hundreds of different genome types

the proportional abundance of each
genome type in term of copy number
reflects the proportional abundance of

\

J

ﬁ?ANDOI\/I FRAGMENTATIOm
for each genome type in the
metagenome all the copies are
fragmented randomly

f RANDOM FRAGMENTS \
from each genome type a series
of random fragments is obtained
from the fragmented genome
copies

. J

ABBUNDANCE

[GENOME PROPORTIONAL] »[

- J

10° - 1019 copies

46

PROPORTIONAL ABUNDANCE OF
COPIES PER GENOME REGION

105 - 100 copes per genome region’

ALMA MATER STUDIORUM
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METAGENOME MARKER GENE SEQUENCING

/ METAGENOME \ / 16rDNA GENES \ / 16S rDNA GENES \
hundreds of different genome types (species) each genome type possess AMPLICONS
each in multiple copies; the 16rDNA in a number of each genome type produce a
the proportional abundance of each genome in copies proportional to its number of 16rDNA amplicons
tebrm gf copy Puhmber reflectsdthe propc')rtiqnalh abundance in the proportional to its abundance
abundance of the correspondent species in the in the m nom

\sampled microbiome / \metagenome / \ e melagenome /

ZTR ST

GENOME PROPORTIONAL » PROPORTIONAL ABUNDANCE 16S
ABBUNDANCE 'DNA AMPLICONS
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SHOT GUN METAGENOMICS, DNA TAGMENTATION

tagmentation reaction of a metagenome from a given sample involves
the transposon cleaving and tagging of the double stranded DNA with a
universal overhang

Tra nsposomes

57 ii) — [S 10 ng-1 pg J

tarting DNA

P . D \ 4
—_— [ n. 300 pb J

Oligonucleotidetags ‘

‘ Tagmentation fragments

1111 — -‘— S —

Tagmented DNA fragment
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FRAGMENTS CLONING AND BARCODING BY INDEX
PCR

Index PCR allows to clone and tag each 300 pb DNA fragment from a
given sample with R1 and R2 sequencing primers, a unique combination of
two barcode index and the P5 and P7 regions for bridge PCR on the

flowcell
¥+
PE\
Indax 1

Read 2 Sequencing Primer s

N, P7

4 PCR Amplification

Seguencing-Heady Fragment

ALMA MATER STUDIORUM
49 UNIVERSITA DI BOLOGNA



50

16S SEQUENCING, MARKER GENE PCR

25 cycles of PCR for the amplification of the V3/V4 region (450 bp) of the
16rDNA gene from a metagenome in a given sample

first-round tailed PCR to amplify regions of interest

overhang adapter sequence used in
second-round PCR and paired-end
sequencing on MiSeq

\ region of interest-specific primer
", forward’

genomic i -
DNA -

reverse ey,

PCR \ /35 cycles
LV

L and R primers
possessed an universal
overhang adapter for the

following index PCR

ALMA MATER STUDIORUM
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BARCODING BY INDEX PCR

Index PCR allows to tag each 450 pb V3/V4 DNA fragment from a given
sample with R1 and R2 sequencing primers, a unigue combination of two
barcode index and the P5 and P7 regions for bridge PCR on the flowcell

second-round tailed PCR to add indices and adapter sequences

dual-indexed sequences (red; indices 1/2) and adapter
/ sequences (green: P5/7) binding to flowcells

diluted first PCR T — ———
products o
primer-binding site PCR \ /12 cycles primer-binding site
for read 1 ¥ for read 2
GEEEmmmmoTD 0 T IS 00 020 OIS
CEEEESN— 4 essss—  Essss——"n 0000 GO
P5 index . index P7
I insert to be sequenced 2

TG
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SAMPLE RADY FOR NGS

the final outcome of a sample preparation procedure for NGS is the
Insertion of n. 3001 450 bp DNA fragments from the metagenome to be
sequenced (both marker gene and shot gun metagenomics) between:

A L and R sequencing primers

binding sites; N—
A L and R samples specific —
barcodes index l ~
A L and R flow attachment sites
' DNA fragment

insert

4 . . L )
fluorimetric quantification (Qubit)

sequencing primer

dilution at 4 nM index binding sites index

——  flow cell attachment sites
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FLOW CELL, SURFACE SEQUENCING

—F 5t[p8 ] b1 | R1 R2
31 0P8 1] R1 R2

revers seq. forward seq.

<
<

v
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ILLUMINA SEQUENCING THECNOLOGY

https://youtu.be/womKfik WIxXM

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA


https://youtu.be/womKfikWlxM

HOW CAN WE FIGURE OUT THE TOTAL
SEQUENCING POWER?

( N
SINGLE READS 10X COVERAGE
PAIRED-ENDS
\ / FOR A GIVEN DNA FRAGMENT, AT LEAST 10
SEQUENCING COPIES NEEDS TO BE SEQUENCED IN 10
REACTION REACTORS

clonal bridge amplification of
L and R strands

TOTAL SEQUENCING POWER DEPEND ON READS LENGTH AND ON THE TOTA
NAMBER OF SEQENCING REACTORS TO BE AVAILABLE PER FLOW CELL

ALMA MATER STUDIORUM
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SINGLE GENOME SEQUENCING, COVERAGE 10X,
READS TO BE PROVIDED

- D =~
[‘- /{J'_d’ ﬁ’—(
_— — S ! ‘Q—-gf \

\__f-< LT
-—/
SINGLE GENOME ) JER 4
TO BE SHOTGUN RANDOM
SEQUENCED 10 GENOME COPIES - SINGLE FRAGMENTATIO
(2.5 Mb) STRAN - ARE NEEDED N

(10 X 2.5 MB)

100 K 300 pb RANDOM
FRAGMENTS
(10 K 300 bp per genome copy)

“sequencing cluster”

L o000 o0 o000 oo
OO 0O OO OO0 OO

100 K SEQUENCING CLUSTERS PROVIDING
EACH A 300 BP READ (2 PAIR ENDS)

D08
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SEQUANCING METAGENOMES WITH AN UNEVEN
SPECIES DISTRIBUTION

®
o® e ®
MAJOR COMPONENT 10X o=
THE MINOR COMPONENT g
MINOR SAME SAMPLE, AS A SOLUTION WITH TWO
COMPONENT SOLUTES, THE MAJOR 10 TIMES MORE

CONCENTRATED THAT THE MINOR

ALMA MATER STUDIORUM
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RENDOM FRAGMENT GENERATION FOR UNEVEN
METAGENOMES

uw,e" ¥,
ek A
» 1 »

*en ‘:’_.-’, a.’:
— . l’.": .‘-‘.0 — _____—__—_
h‘ ‘. } - [r—— ] —__
’..‘:’-'.5‘0"’: = = =—
.’. . " . " . —
10 GENOME COPIES - SINGLE 100 K 300 pb RANDOM FRAGMENTS
STRAN - ARE NEEDED RANDOM (10 K 300 bp per genome copy)
FRAGMENTATION

(10 X 2.5 MB)

1.000 K 300 pb RANDOM FRAGMENTS
(10 K 300 bp per genome copy)

P

100 GENOME COPIES - SINGLE RANDOM
STRAN - ARE RECRUITIED FRAGMENTATION

(100 X 2.5 MB)

ALMA MATER STUDIORUM
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SEQUENCING DEPTH FOR COVERING THE MINOR
COMPONENTS

— e e e e 100 K 300 pb RANDOM FRAGMENTS
(10 K 300 bp per genome copy)

1.000 K 300 pb RANDOM FRAGMENTS
(10 K 300 bp per genome copy)

“sequencing cluster”

N ONONONONONONONONONORNONONS,
ONONONONONORNONONONONONONONS,

1.1 M SEQUENCING CLUSTERS PROVIDING EACH A
300 BP READ (2 PAIR ENDS)

10x COVERAGE OF THE 100x COVERAGE OF THE MAJOR
MINOR COMPONENT COMPONENT

THE PROPORTIONAL ABUNDANCE OF THE REDAS FROM MINOR AND MAJOR
COMPONENTS REFLECT THE RESPECTIVE PROPORTIONAL ABBUNDANCE *
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GENOME SEQUENCING DEPTH, ILLUMINA
PAPELINE

@ enolase gene

( _ '""‘“"‘"---------‘».Iiijj:;jj; -------- > _—= ==
ol _—— = =
- = = = =
( = > ===
N - / random fragment: 10%-1010
10°-10%%copies random fragmentation fragments per genome region
. . PCR amplification
10x coverage : at least 5 fragments g — = == == == IO= —
(double strand) per genome region must ,/’-'-E.::'::i === ===
be sequenced in corresponding 10 "% e === ===
clusters (strands), producing 10 readS S, S _— e = =

per genome region -~~~

bacterial genome: 2.5 Mb, 10 k

A
fragments 300 bp

A 10 genome copies (cov. 10x): 100 k

A

A

-

fragments 300 bp, 25 Mb

sed. power (cov. 10x): 100 k reads (150
bp pair-ends), 50 Mb

flow cell request: 100 k sequencing
clusters for 100 k random fragmets

each 300 bp

ALMA MATER STUDIORUM
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METAGENOME SEQUENCING DEPTH, ILLUMINA

PAPELINE

-7 = ==l [4nM] dilution
- W/ N\ — E — =_=_=_=_ =_=—_’Q$". \\ ]
( i G\\ VA R4 = S ==== == SN [5ul] sampling
- S e~ - _ == = B *
( -3 \-’} *( ) —=—====_ === == === \\
~-(_ 7 === TEESTENN
== {"" - / = =_= ‘--1"'_"'-.;0 = '0: \‘\\\\
__===0“—_‘====...’.‘ """ * \\\\
metagenome, up to random random fragments, n. of ey T R e XY
fragmentation fragments from a given =s=t==x="=="

200 genomes types at
different proportional
abundance (50-

genome type reflect its
proportional abundance

at least 100 k 300pb

fragments for the
less abundant
genome (0.01%) i
10x cov.

0.01%)

P
OOO OO % OWO\CHO&%%)O =

“sequencing cluster”

| 1
o o

A 50-400 gnome types (species)

A rel. abb. ranging from 50 to 0.01%

A low abb. species: 100 K 300bp fragments for 10x minimal cov.

A high abb species: >>>>> 100 k 300bp fragments

A seq. power: 5 to 100 M reads (pair-ends 150 bp), 1-25 Gb total sequencing

A flow cell request: 5 to 100 M reads sequencing clusters for 5 to 100 M random metagenome fragments

ALMA MATER STUDIORUM
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GOOD PRACTICES PER SAMPLE

A single bacterial genome = around 50 Mb; 250 K reads (pair-ends
100-125 bp)

A 16S rRNA marker gene metagenome =4 to 18 Mb; 10-30 K
reads (400 bp, single reads or 2x300/2x250 bp paired-ends)

A shot gun metagenome sequencing = between 1 to 25 Gb; 5 to
100 M reads (pair-ends 100-125 bp)

A human genome =50 Gb, 250 M reads (pair-ends 100-125 bp)

the level of multiplexing is selected on the bases of the desired
per-sample sequencing depth

ALMA MATER STUDIORUM
62 UNIVERSITA DI BOLOGNA



63

ILLUMINA PLATFORM, THE PREDOMINANT CHOICE
FOR SHOT GUN METAGENOMICS

Benchtop Sequencers

Run Time
Maximum Output
Maximum Reads Per Run

Maximum Read Length

=

iSeq 100 System

MiniSeq System

9-17.5 hours
1.2Gb
4 million

2 x 150 bp

4-24 hours
7.5Gb
25 million

2 x 150 bp

MiSeq Series ©

4-55 hours
15Gb
25 million T

2 x 300 bp

NextSeq Series ©

12-30 hours
120 Gb
400 million

2 x 150 bp

NI
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ILLUMINA PLATFORM

NextSeq Series ©

Run Time 12-30 hours
Maximum Output 120 Gb

Maximum Reads Per Run 400 million
Maximum Read Length 2 x 150 bp

HiSeq 4000 System

< 1-3.5 days

1500 Gb
5 billion

2 x 150 bp

Production-Scale Sequencers

NovaSeq 6000

HiSeq X Series* System

~13-25 hours (dual S1 flow

cells)
~16-36 hours (dual S2 flow

< 3 days

cells)

~44 hours (dual S4 flow

cells)
1800 Gb 6000 Gb
6 billion 20 billion

2 x 150 bp 2 x 150 bp

ALMA MATER STUDIORUM
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NGS MEANS MULTIPLEXING WITH BARCONDING

considering that optimal sequencing require 10x coverage of the target DNA,
the extreme sequencing power of the lllumina platforms allow multiplexing,
sequence on the same flow cell up to 384 different barcoded samples

== DNA Fragments
Sequencing Reads
= Reference Genome
Sample 1 Barcode
m—— Sample 2 Barcode

A B C 0
) — /::\ .
7 B el f: — =
‘\,IIIlIIIIIlIIIIIﬂII ’ } }
\\ @

‘ IIIIIIIIIIIIIIIIII :
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METAGENOMES BARCODING FOR MULTIPLEXING

5

@,

Sample 1: 4 blue; 3 black, 2 yellow Sample 2: 2 blue; 3 red, 4 yellow Sample n: 2 blue; 1 grey, 3 gréen
. I | | —1 —
-
= = T
I = =
[ e — -
— — = — T e
i — = [ S
= o= i e =— =
B | i . O
= .
= . I = e =0 =58
B = 2 =0 B

D08
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FLOW CELL MULTIPLEXING, DE-MULTIPLEXING AND
QUANTIFICATION, GENERAL CONCEPT

| |
e
-:--_- = ]
— —— R ey
T e ] N e =
s I aa N B s E—aa B = o e
Sample 1 Sample 2

S

clonal ampllflca |on
of F and R stra d
and sequencmg

44% BLUE 44% YELLOW S0% SRERN
Sample 11 529 YELLOW Sample 2 [ 2204 BLUE Samplen | oo coay
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METAGENOME SEQUENCING LIBRARY PREPARATION

Index set A

C 96-well plate

A Index 2 primers (white caps)
B Index 1 primers (or:

ange caps)

Index set B

A Index 2 primers (white caps)
B Index 1 primers (orange caps)
C  96-well plate

Index set C

1 Index set D

~ : : ™
a total of 384 different index
PCR for barcoding 384 different
3 bt vhiears) e L metagenomics samples

Read 2 Sequencing Primer
- b
\ NPT
Index 1 ”

\\ ’
\\
~

each set (A,B,T;Dyinclude specific
array of 12 reetindex -1 L and 8
blank index -2 R primers each
endowed with a specific index ID,
combining in 96 different index
PCR for barcoding 96 different
matagenomic samples

68
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POOLING

Sample 1 Sample 2 Sample 3 Sample n = 384

[4nM] [4nM]

\ !
[SHI]\‘ [sil] ready for NGS

guantification
dilution at 6picoM )
denaturation ( NaOH)

ALMA MATER STUDIORUM
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LOADING A RUN

each multiplexed sample is tagged by a peculiar combination of
indexes 1 and 2 and a sample name

index 1

Numina Experiment Manager

\\
N

Sample Plate W/i'éard - Plate Samples

U
Neadera XT v Index Kit A Semple Plate ¢
/

[Tabke | Plte | Pate Graphic| ,' [ | indicates nvalid sampiee
Gty Do
Indesc1 (17) 4
Index2 (15 1 z 3 3 5 5 7 8 9 10 Bl | 12
A A
I RN
P c >
I N
I “E | N
£ N
1 _F | S
| | G | N
I H N
1 \\
index 2 sample name
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PacBIio
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Third generationseguencing

SecondGeneration Sequencing Systems Have Major Weaknesses

V the need for clonal amplification of the DNA fragments to be sequenced, in order to
generate a detectable signal for nucleotide identification.

V the short read length of the sequences produced.

V clonal amplification, in addition to being a labhatensive step in many NGS sequencing
systems, can introduce biases.

V short reads make it extremely challenging to assemble genomes,

Third -generation sequencing systems

V Perform singlemolecule DNA sequencing without the need for prior clonal amplificat

V Generate much longer reads compared to segendration platforms.

V The Pacific Biosciences and Oxford Nanopore systems are the twcgﬁmeaiatlon
sequencing platforms currently available to researchers. SatR

0]
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Pacific Biosciences (PacBio) sequencing technolo

Pacific Biosciences (PacBio) sequencing technology, a
known as Single Molecule, Rdaie (SMRT)
sequencing, is a thirdeneration sequencing method
based orreal-time monitoring of DNA synthesis at the
singlemolecule level

PacBi@®

ThePacBioRSsequencingplatform, releasedby PacificBioscience®f California,Inc. (PacBio)representsthe
first example of a singlemolecule DNA sequencingtechnology The sequencingtechnology developed
by PacBiowascommercializedn 2010andis more commonlyknown by the acronymSMRT(SingleMolecule
RealTime)sequencing

A SingleMoleculeRealTime(SMRT}$equencing

A Producesrerylongreads(upto 30 kb)

A Fastsequencingrocess

A Canbe usedto identify DNAmodifications(e.g., methylation)
A Generateselativelylow amountsof data

ALMA MATER STUDIORUM
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LibraryPreparation

V DNA is fragmented into long pieces (tens of kilobases).
V Specialhairpin adaptors calledSMRTbell adaptors are ligated to both ends of
each fragment, forming@rcular DNA template.
V This allows the polymerase to continuously synthesize DNA, leading to multiple
passes over the same molecule, improving accuracy.

Start with high-quality
double stranded DNA

Prepare SMRTbell libraries

Anneal primers and
bind DNA polymerase

74

Circularized DNA
is sequenced in
repeated passes

The polymerase reads
are trimmed of adapters
to yield subreads

Consensus and
methylation status are
called from subreads

..............................

HiFi read
(99.9% accuracy)

ALMA MATER STUDIORUM
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Sequencing

Loading DNA into Zero-Mode Waveguides (ZMWSs)
V The DNA polymerase, bound to t&RTbelltemplate,

is immobilized at the bottom of AW .

V ZMWs are tiny wells (~100 nm in diameter) that confine

Real Time DNA Sequencing

Vv

Vv

light to a very small volume, allowinginglemolecule
detection without background noise. Gy e

Fourfluorescently labeled nucleotidegA, T, C, G) are
introduced.

The polymerase incorporates nucleotides one by one as it

synthesizes the complementary strand.

When a nucleotide is incorporated, its fluorescent label is Asingle molecule of

‘\ DNA is immobilized in

As anchored
polymerases
incorporate

labeled bases,

cleaved and emitted light is detected. MY 2 light s emitted
V The emission is recorded in rdahe, capturing é: $
thesequence of the DNA molecule : R
Circular Consensus Sequencing (CCS) for High ‘ ‘ ‘ !
Accuracy | & . e S B B
V Since the DNA is circularized, the polymerase continues | x i m : | seauencing
sequencing the same molecule multiple times. : = SUDUE 15 N NP: T—
\% By analyzing mUItiple pas_se_s 9\{8[’ the Same s_quence, \ - Nucleotide incorporation kinetics
errors are corrected, achieviAg-i reads (high-fidelity e are measured in real time

75

reads)with an accuracy 0#99.9%
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What can we achieve with metagenomics?

Read Read

assembly

mapping
approaches

approaches

The best way to date to obtain
i complete compositional
(taxonomical) insights, with
great resolution.

Semi-
unsupervised

Srongly based on reference
databases.

Require read assembly into
contigs (and/or scaffolds) and
contigs binning. No need for a
database, no constraints

Capable of detecting unknown
microorganisms and genes.
However, thereQa high loss of
underrepresented species (low
coverage)

ALMA MATER STUDIORUM
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First things to do

Or whichever other host
genome, if available

Quality check sequences (FastQC, multigc)

Hlter out human reads aligning all metag enomic raw read son the human genome (BMTagger)

Quality filtering reads (several me thods, also including wrappe rsas KneadData, Me taW RAP¢ )

MultiQC :
Summarize
analysis results for
multiple tools and
samplesin a
single report

Philip Ewels, Mans —
Magnusson, ==—==
Sverker Lundin —
and Max Kaller —_—'__
Bioinformatics =
(2016) ——
doi: 10.1093/bioinf =
ormatics/btw354 e
—_——— -

PMID: 27312411

ALMA MATER STUDIORUM
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http://dx.doi.org/10.1093/bioinformatics/btw354
http://dx.doi.org/10.1093/bioinformatics/btw354
http://www.ncbi.nlm.nih.gov/pubmed/27312411
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ASSEMBLY FREE METAGENOMICS, PAPELINE

e . )
Filtering the metagenomics reads

A quality
A length > 60 bp
A filtering out the host sequences y

}

[READS MAPPING AGAINST J

REFERENCE DATABASES

/\

[Taxonomic composition ] [ Functional composition ]

ALMA MATER STUDIORUM
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Read mapping approaches: we need a reference

Beghini et al., developed the ChocoPhlAn
database, which relies on the UniProt core
data resource and on the NCBI taxonomy
and genomesrepositories (Jan 2019).

Raw genomes All microbial
of all available proteins and
microbes with + genes
known identified on
taxonomy those genomes

database!

ChocoPhlAn 3
16.8k species

16k Bacteria
739 Archaea
122 Eukaryota

99.2k genomes

97.9k Bacteria
947 Archaea
339 Eukaryota

ALMA MATER STUDIORUM
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Read mapping approaches

ChocoPhlAn 3

16.8k species

16k Bacteria
739 Archaea
122 Eukaryota

99.2k genomes

97.9k Bacteria
947 Archaea

339 Eukaryota PanPhlAn 3
2.4k Pangenomes 2

Pangenome strain-level analysis

ij— |
80.7M Pangenes &;,‘
10.1M Gene 5
families Samples

Species-specific pangenomes (i.e. the set of ge ne families of
a species present in at least one of its genomes) are
ge nerated using all 99.2k reference genomes.

ALMA MATER STUDIORUM
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ChocoPhlAn 3

16.8k species

16k Bacteria
739 Archaea

122 Eukaryota

: 99.2k genomes

97.9k Bacteria
947 Archaea

339 Eukaryota

Phylogenetic
genome and MAG profiling

PhyloPhlAn 3
i

87.1k Genomes

57.8M Gene
families

Pangenome strain-level analysis

PanPhlAn 3
w

e

2.4k Pangenomes

80.7M Pangenes

10.1M Gene
families Samples

Pangene

Read mapping approaches

Core genes (i.e. ge ne familiespresent in all the genomesof a
species) are identified from the whole set of pangenomes

and used as markersfor PhyloPhlan 3

ALMA MATER STUDIORUM
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Read mapping approaches

ChocoPhlAn3 ¢ Phylogenetic
[ 16.8k species | genome and MAG profiling
16k Bacteria - PhyloPhiAn 3
739 Archaea 87.1k Genomes :
122 Eukaryota | <
< : / 57.8M Gene
g families
99.2k genomes
97.9k Bacteria Parcenome stratn level analvels Species/strain taxonomic
947 Archaea 9 . YIS profiling

339 Eukaryota PanPhlAn 3 StrainPhlAn 3 MetaPhlAn 3 1.1M Markers *

2.4k Pangenomes
i Y - -
80.7M Pangenes g £ 1 1M Bacteria
10.1M Gene 5 a &l 56.8k Archaea
families Samples Samples 13.6k Eukaryota

From core genomes, unigue marker genes (i.e. core gene
families uniquely associated with one species) are derived,
co ngtituting the marker database for StainPhlAn 3 and
MetaPhlAn 3
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Read mapping approaches

ChocoPhlAn3 [/ Ph N\
ylogenetic
" 16.8k species | genome and MAG profiling Functional profiling
16k Bacteria PhyloPhlAn 3 HUMAnNN 3
«» - 10.7k Pangenomes
739 Archaea L =
. 122 Eukaryota | g E 49.4M Pangenes
- ~\ og 33.8M Gene
99.2k genomes Samples families
97.9k Bacteria Pandenome straln level analvele Species/strain taxonomic
947 Archaea ang saral YOIEN S profiling
339 Eukaryota :
ry. AR Pardendries PanPhlAn 3 StrainPhlAn 3 MetaPhlAn 3 i1 Markare
° g o
80.7M Pangenes | § £ o 1M Bacteria
10.1M Gene §ﬁ & %m 56.8k Archaea
i families Samples Samples 13.6k Eukaryota

)

Functionally annotated pangenomes are proce ssed to serve
as references for PanPhlan 3 and HUMANN 3 (UniRef90 and
UniRef50 protein familiesand MetaC yc pathways)
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bioBakery, THE MOST USED ALGORITHM FOR
FUNCTIONAL AND TAXONOMIC ASSIGNEMENT

bioBakery3

Integrates different tools for

taxonomic and functional assignment

7 \
ChocoPhlAn 3

& 16.8k species )

16k Bacteria
739 Archaea
\_ 122 Eukaryotaj

(> 99.2k genomes )

97.9k Bacteria
947 Archaea

. 339 Eukaryota |

84

( Phylogenetic

genome and MAG profiling
PhyloPhlAn 3

Pangenome strain-level analysis

PanPhlAn 3
2.4k Pangenomes

80.7M Pangenes

10.1M Gene
families

Samples

o

\

v eLife

Metagenomic
sample

Metagenomic 3
assembly 2

|

G

Integrating taxonomic, functional, and
strain-level profiling of diverse microbial
communities with bioBakery 3

Francesco Beghini', Lauren J Mclver', Aitor Blanco-Miguez', Leonard Dubois’,
Francesco Asnicar’, Sagun Maharjan®®, Ana Mailyan®, Paolo Manghi’,
Matthias Scholz*, Andrew Maltez Thomas®, Mireia Valles-Colomer”,

George Weingart™®, Yancong Zhang®?, Moreno Zolfo, Curtis Huttenhower®**,
Eric A Franzosa™**, Nicola Segata'**

"Department CIBIO, University of Trento, Trento, ltaly; 2Harvard T.H. Chan School
of Public Health, Boston, United States; “The Broad Institute of MIT and Harvard,
Cambridge, United States; “Department of Food Quality and Nutrition, Research
and | ion Center, Edmund Mach Foundation, San Michele all'Adige, Italy;
*IEO, European Institute of Oncology IRCCS, Milan, Italy

-

Genes /

StrainPhlAn 3 MetaPhlAn 3

Strains

Functional profiling

HUMAnNN 3

1

Samples

10.7k Pangenomes

49.4M Pangenes

33.8M Gene
families

Pathways

Species/strain taxonomic
profiling

1.1M Markers *

F 1M Bacteria
i 56.8k Archaea
13.6k Eukaryota

Species

Samples
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Human3, PAPERLINE FOR FUNCTIONAL
ASSIGNEMENT

= Bowhe2 _

Bow

Bowtie 2, an alignment
tool optimized for short
reads

~diamond
DIAMOND

reads translation to AA
sequence and alignment
against a protein database

I

85

MATAGENOMIC
READS

1
TAXONOMIC MAPPING

(MetaPhlan )

v

v

3

READS MAPPING

GENERATION OF A 2
DATABASE OF CIRATED

AGANIS THE GENOMES OF THE
GENERATED SPECIES IDENTIFIED
DATABASE (ChocoPhlan )
__________ e,

UNMAPPED READS ARE MAPPED AGAINS 4

UNIREFF90

(a protein database from Uniprot W|th
clusters at 90%)
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MetaPhlAn taxonomic profiling of microbial metagenomics
dataset

: : , : : MetaPhlAn 3 ™ oo ers *
Edimates the relative abundance of microbial taxa in T——
. . bt 5 es :
a metagenome using the coverage of clade-specific S| TVl 1M Bacteria
marker genes (%' 3 3 i 56.8k Archaea
‘ 13.6k Eukaryota

Samples

But what isa marker gene?

A marker gene can be referred as a gene whose presence pinpointsthe presence of a particular
information (a taxa, a metabolite, a ge ne cluster, é )

In this ca se, we are talking ab out clade-specific markers, that unequivocally detect the taxonomic
cladespresentin a microbiome sample.

A clade-specific marker gene must be COREIin that clade group. In fact, the co mmon def inition of
core genesreferto one or more ge ne familiesstrongly conserved at the nucleotide sequence level
throughout a related group of genomes(Charleboiset al., 2004).

The most popular approac h to identify core genes rely on sequence clustering algorithms,
mo lecular phylogenetics, and ge ne functional annotation
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MetaPhlAn taxonomic profiling of microbial metagenomics
dataset

Raw sequences are globally aligned with BowTie2 (a fast mapper supporting parallelism) on the ~
1.1M marker ge nessequences(MetaPhlAn 3 now imcorporates 13.5k species).

Mat ching alignments den ote taxa presence, whilst marker coverage allows to obtain taxonomic
relative ab undancesprofiles

Airways  GI tract Oral Skin uT Mouse gut Non-human GI tract Mouse gut Non-human
B3 £ S L3 B S £ S

*

=
o
o

Aig Teta | T tu Theu fﬂg s5t | ;i e L_...-

$ ;
i i Lan

xMetaPhlAn 3 is statistically significant Tool
vs all the other methods
B8 MetaPhlAn 3 B MetaPhlAn 2 v2.7 B8 mOTUs 2.51 precision B mOTUs 2.51 recall E3 Bracken 2.5 [l Bracken 2.5 normalized

o
~
w

w
o

|
e
e
\
=
Bray-Curtis
Similarity
i

N
w

lige

|
o
o
S

Fast and lightw eight: 10.00 k reads/s on Xeon Gold 6140,
~ 2.6GB gspace pertaxonomic profile run
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MetaPhlAnoutput: what we will be dealing with

88

clade_name NCBI_tax_id Sample_1 Sample_2 Sample_3 Sample_4 Sample 5 Sample_6 Sample_7 Sample_8 Sample 9 [Sample_10| Sample_11
UNKNOWN -1 51,91258 39,99304| 54,2645 18,28698 26,33123 57,76345 35,343 47,92574| 66,9278 0| 43,05575
k__Archaea 2157 0| 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k_Archaealp Euryarchaeo(a 2157| 28890 0| 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k__ Archaealp_ Eur 2157] 28890| 183925 0| 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k__Archaeap_ Euryarchaeo(alc Methanobacterial o__Methanobacteriales 2157| 28890] 183925| 2158 0 0| 0| 0 0 0 0 0 0 0| 0
k__Archaealp_ o__Meth f I 2157| 28890| 183925| 2158| 2159 0| 0| 0| 0| 0| 0| 0| 0| 0| [ 0
k__Archaealp_ ¢ Euryarchaeotalc Methanobacteria| o Methanubaclenaleslf Methanobacteriaceae| g Methanobrevibacter 2157| 28890| 183925| 2158] 2159] 2172 0| 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k_Archaeal p_| alc_| 0__MetF g_Methano |s_Metr —smithii__|2157| 28890| 183925| 2158| 2159| 2172] 2173 0 0 0 0 0 0 0 0 0 0 0
k__Archaealp_| Euryarchaeotalc 0o__Meth i fv g__Methanosphaera 2157| 28890| 183925| 2158| 2159| 2316 0| 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k_Archaea| p__Eur alc_| 0__MetF [ g_Methanosphaera| s_Methanosphaera_stadtmanae 2157 28890| 183925| 2158] 2159] 2316|2317 0 0 0 0 0 0 0 0 0 0| 0
k_ Bacteria 2 48,08742049| 60,00695756| 45,7354961| 81,71301652| 73,66876732| 42,23654969| 64,65700206| 52,0742582| 33,07219873 100| 56,9442482
k__Bacterial p__Actinobacteria 2| 201174 0,133808056| 3,241617853| 21,47339626| 1464370798| 1,482812315| 18,73449044| 1,841761169| 9,866488872| 1,764798668 5,64095| 25,62611321
k__ Bacteria| p__ Actinobacterial c__ Actinobacteria 2| 201174| 1760 0,133808056| 1,209950289| 12,26355709| 1,464370798| 1,171208163| 18,69429814| 1,841761169| 8,808652391| 1,764798668 5,64095| 25,62611321
k__Bacterial p__Actinobacterialc_ / 0o__Actinol 2| 201174| 1760 2037 0,092077793 0] 0,4522646| 0| 0| 0,001592318) 0, 0,000760284| 0| 0| 0
k__Bacteria| p_Actinobacterial c__Actinobacteria| o__/ Acllnomycetaleslf Actinomycetaceae 2| 201174] 1760] 2037 2049 0,092077793] 0| 04522646 0 0] 0,001592318] 0y 0,000760284| 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino ctinobaculum 2| 201174) 1760] 2037| 2049] 76833 0 0 0 0| 0| 0| 0| 0| 0| 0| 0
k__Bacteria| p__ Actinobacterial c__Actinobacteria| o__/ Acllnomyn:etaleslf —_Actinomycetaceae| g_Actinobaculum] s Actinobaculum_massiiense 2| 201174] 1760] 2037| 2049| 76833| 202789 0| 0| 0| 0 0 0 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino 9 2| 201174) 1760| 2037| 2049) 1654 0,092077793] 0| 04522646 0| 0| 0,001592318] 0, 0,000760284] 0 0| 0
k__Bacteria| p__Actinobacterialc_/ o__Actino ‘JL q / s 5 europaeus 2| 201174) 1760| 2037| 2049| 1654| 66228 0 0| 0| 0 0 0 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino [ q_/ s / 5 graevenitzi 2| 201174) 1760] 2037| 2049] 1654| 55565 0 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k__Bacteria| p__Actinobacterial c__Actinobacteria| o__/ Acllnomyn:etaleslf cae|g s 5 naeslundii 2| 201174] 1760] 2037| 2049| 1654| 1655 0| 0| 0,06633019 0 0] 0,001592318] 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o__Actino q_/ s _/ 5 neuil 2| 201174) 1760] 2037| 2049] 1654| 33007 0 0 0| 0| 0| 0| 0| 0| 0| 0| 0
k__Bacteria| p__Actinobacterial c__Actinobacteria| o__/ Acllnomyce(aleslf ' Actinomycetaceae| g_Actinomyces|s olyticus 2| 201174] 1760] 2037| 2049| 1654| 1660 0 0] 0,094425505| 0 0 0] o 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino [ q_/ s / 5 oris 2| 201174) 1760| 2037| 2049] 1654| 544580 0 0| 0,006992957 0| 0| 0| 0| 0| 0| 0| 0
Kk__Bacteria| p__Actinobacterial c__Actinobacterial o__Actinomycetales| f_/ eae|g s 5 radingae 2| 201174] 1760| 2037| 2049| 1654| 131110 0| 0| 0| 0 0 0 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino [ q_/ s / 5 sp_ HMS035002 2| 201174) 1760] 2037| 2049] 1654| 1739406 0 0| 0,028945995, 0| 0| 0| 0| 0| 0| 0| 0
k__Bacteria| p__Actinobacterial c_/ o__Actino les|f_/ eae|q_/ s / 5 sp_HPADR47 2| 201174) 1760| 2037| 2049] 1654| 1203556 0 0] 0,050423384)] 0 0 0 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino [ q_/ s _/ S sp_IoM47 2| 201174) 1760| 2037| 2049| 1654| 936548 0 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
Kk__Bacteria| p__Actinobacterial c__Actinobacterial o__Actinomycetales| f_/ eae|g_/ s s sp_S6_pd3 2| 201174) 1760] 2037| 2049| 1654| 1284680 0| 0] 0,022090245| 0 0 0 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino [ q_/ s / 5 sp_oral_taxon_180 2| 201174) 1760 2037| 2049| 1654| 651609 0 0] 0,068049845| 0| 0| 0| 0] 0,000411387, 0| 0| 0
k__Bacteria] p__Actinobacteria c__ Actil ial o__Actino les|f_/ eae|q / 57 sp_oral_taxon 181 2| 201174 1760] 2037 2049| 1654] 712121 0,092077793 0] 0,115001905) 0| 0| 0| 0| 0| 0| 0| [}
k__Bacteria| p__Actinobacterial c_/ o_Actino [ q_/ _sp oral_taxon_414 2| 201174) 1760| 2037| 2049| 1654| 712122 0 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k__Bacteria| p__Actinobacterial c__Actinobacteria| o__/ Acllnomycetaleslf Acunomycetaceae|LAmnomyoes|s Actinomyces sp_oral_taxon 448 2| 201174] 1760| 2037| 2049| 1654| 712124 0 0| 0| 0 0 0 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino s / S turicensis 2| 201174) 1760| 2037| 2049| 1654| 131111 0 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k__Bacteria| p__Actinobacterial c__Acti ial o__Actinol I JL eae|g_Acti s_Adti 5 1 2| 201174) 1760| 2037| 2049] 1654| 103621 0 0 0 0 0 0 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino [ q_/ s / S viscosus 2| 201174) 1760 2037| 2049| 1654| 1656 0 0 0| 0| 0| 0| 0| 0,000354105 0| 0| 0
k__Bacterial p__Actinobacteria| c_ / 0__Actinol les|f_/ eae| g Actil 2| 201174 1760] 2037| 2049] 1653174 0| 0| [ 0| 0| 0| 0| 0| 0| 0| [}
k__Bacteria| p__Actinobacterial c_/ o_Actino les|f__/ q_/ s_Actinotignum_schaalii 2| 201174) 1760 2037| 2049| 1653174 59505 0 0| 0| 0| 0| 0| 0| 0| 0| 0| 0
k__Bacteria| p__Actinobacterial c__Actinobacteria| o__/ Acllnomyn:etaleslf Actinomycetaceae| g__Actinotignum|s_Actinotignum_timonense 2| 201174] 1760] 2037| 2049| 1653174| 1870995 0 0| 0| 0 0 0 0 0 0 0| 0
k__Bacteria| p__Actinobacterial c_/ o_Actino [ g_Mobiluncus 2| 201174) 1760| 2037| 2049) 2050 0 0 0| 0| 0| 0| 0| 0| 0| 0| 0
k__Bacteria| p__Actinobacteria c__Acti ial o__Actinol les|f__/ g Mobiluncus|s_ Mobiluncus _curtisii 2| 201174) 1760 2037| 2049| 2050| 2051 0 0 0 0 0 0 0 0 0 0| 0
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HUMAnNN functional profile

Functionally profiles genes, pathways
and modules from metagenomes
using native UniRef 90 annotations from
ChocoPhlAn speciespangenomes.

HUMANN is based on MetaPhlAn
annotations.

HUMARNN 3 \
10.7k Pangenomes
== %m " mse : £
¢ = Iy 1 49.4M Pangenes
ol &
S5 mmh 33.8M Gene
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HUMANN: outputs and counts normalization

HUMANN outputsthree files:

- Gen e families counts (UniRef90 or UniRef50)
- Path abundance (MetaC YC pathways)

- Path coverage

Countsare in RPKs (ReadsPer Kioba ses) to norma lize for gene length.
RMKsreflect the relative gene copy numberin the community.

RPKvaluescan be further normalized to ad just for differencesin
sequencing depth ac rosssam ples, producing CPMs (Co pies Per Million
read s, also called Co PM).
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HUMARNN outputs andcountsnormalization

HUMAnNN outputsthree files:

- Gene families counts (UniRef90 or UniRef50)
- Path abundance (MetaC YC pathways)

- Path coverage

# Gene Family bSAMPLENAME Abundance-RPKs

UNMAPPED 187.0

Abundance of each gene e
fa m |Iy |n th e commun |ty’ UniRef5@ unknown|g Bacteroides.s Bacteroides fragilis 150.0
. UniRef5@ A6L@N6: Conserved protein found in conjugate transposon 67.0
grouped by eV0|Ut|0naW're|at ed UniRef5@ A6LON6: Conserved protein found in conjugate transposon|g Bacteroides.s Bacteroides fragilis 57.@
proteln_co d Ing %qu ence UniRef5@ A6LON6: Conserved protein found in conjugate transposon|g_Bactercides.s_ Bacteroides_finegoldii
o UniRef5@ A6LON nserved protein found in conjugate transposon|g Bacteroides.s Bacteroides stercoris
CI USte I’S, SraUﬂEd tO ShOW the UniRef50_A6L@N6: Conserved protein found in conjugate transposon|unclassified 1.8
_ p Jug p

UniRef5@ 083668: Fructose-bisphosphate aldolase 60.0

co ntrlb Utlo ns from known and UniRef5@ 083668: Fructose-bisphosphate aldolase|g Bactercides.s Bacteroides vulgatus 31.0

unknown SpeC|eS UniRef5@ 083668: Fructose-bisphosphate aldolase|g_ Bacteroides.s_ Bacteroides_thetaiotaomicron 22.@
UniRef50 083668: Fructose-bisphosphate aldolase|g Bacteroides.s Bacteroides stercoris 7.8
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HUMARNN outputs andcountsnormalization

HUMAnNN outputsthree files:

A pathway $community-level

- Gen e families counts (UniRef90 or UniRef50) abundance is not necessarily
- Path abundance (MetaCYC pathways) the sum of its stratified

- Path coverage

Pathway abundancesare
calculated asa function of the
abundancesof pathway®
component reac tion, with
reac tion@Gab undance
co mputed asthe sum over
abundancesof genes
catalyzing the reaction.

Itiscomputed at the
co mmunity-level and at the
species level.

abundancesvalues at the
species-level

# Pathway $SAMPLENAME_Abundance

UNMAPPED 140.0

UNINTEGRATED 87.0

UNINTEGRATED |g Bacteroides.s Bacteroides caccae 23.9
UNINTEGRATED |g_ Bacteroides.s Bacteroides finegoldii 20.0
UNINTEGRATED |unclassified 12.0

PWY®-1301: melibiose degradation 57.5

PWY®-1301: melibiose degradation|g Bacteroides.s Bacteroides caccae 32.5
PWY®-1301: melibiose degradation|g_Bacteroides.s Bacteroides finegoldii

PWY®-1301: melibiose degradation|unclassified 3.8

PWY-5484: glycolysis IT (from fructose-6P) 54.7

PWY-5484: glycolysis II (from fructose-6P)|g Bacteroides.s Bacteroides caccae 16.7
PWY-5484: glycolysis II (from fructose-6P)|g Bacteroides.s Bacteroides finegoldii
PWY-5484: glycolysis II (from fructose-6P)|unclassified 6.0
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HUMARNN outputs andcountsnormalization

HUMAnNN outputsthree files:

- Gen e families counts (UniRef90 or UniRef50)
- Path abundance (MetaC YC pathways)

- Path coverage

Alternative description of path
presence /absence .
Each reactionisgiven a
co nfidence score depending on
the presence of the member of
the reaction (called paths).

Coverage =1, confidently
det ected (indep endent of its
abundance), allthe membersof
the reaction were also
co nfidently detected.

93

# Pathway
UNMAPPED

A pathway can be confidentially
covered at the community level,
but not at the single species 6 s
one

$SAMPLENAME_Coverage

1.0

UNINTEGRATED 1.0
UNINTEGRATED|g_ Bacteroides.s_ Bacteroides_caccae 1.0
UNINTEGRATED |g_ Bacteroides.s_ Bactercides finegoldii 1.0
UNTNTEGRATED |unclassified 1.8

PWY©-1301:
PWY©-1301:
PWY©-1301:
PWY@©-1301:

PWY-5484:
PWY-5494:
PWY-5494:
PWY-5494:

melibiose
melibiose
melibiose
melibiose
glycolysis
glycolysis
glycolysis
glycolysis

degradation 1.0

degradation|g_Bacteroides.s_ Bacteroides caccae 1.0
degradation|g_ Bacteroides.s  Bacteroides finegoldii
degradation|unclassified 1.0

II (from fructose-6P) 1.0

II (from fructose-6P)|g_Bacteroides.s Bacteroides caccae 0.7
II (from fructose-6P)|g_Bacteroid

II (from fructose-6P)|unclassified 0.3

Bacteroides finegoldii
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Read mapping procedures: take home message

Each read isconsidered, no loss of information.
Ideal fora complete overview (functional and co mpo sitional) of the eco system.

Different databases, different focuses.

Go od resultseven with relatively low sequencing depths.

Fast, more CPU- tha n RAM- inte nsive.
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GENOME ASSEMBLY

assembly billion of short sequences reads into a contigue genome is
always a formidable challenge

Genome

Reads

Contigs

Scaffolds
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Read assembly into contigsisused to retrieve longer sequence
fragmentsand enable gene calling and gene function prediction.

Prokka
Gene calling and functional annotation.

Based on Aragorn for tRNA pattern detec tion,
RNAmmer for rRNA, Infernal uses Rfam database
to annotate ncRNAs, Prodigal detectsand
annotate canonical CDS implementing BLAST+

and HMMER3 for protein annotation

\

Read assembly

Raw reads

—"
Assemnbly _ I

Contigs — — — m—

J

RGI
Based on alignmentson the
resstance genesdatabase
CARD (Comprehensive

Antibiotic Resistance Database)

@ EggNOG Mapper

Align (HMMER, DIAMOND) predicted ORFAA
sequences (from prokka *.gff files) on non-
supervised orthologousgroupsdatabase.
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GENE
PREDICTION

SEARCH

ORTHOLOGY INFERENCE

ANNOTATION

PRODIGAL 4——— chromosomes /

contigs m

v

CDS, proteins

v

"blastx" mode

HMMER DIAMOND 'MMSEQS2
eggNOG eggNOG eggNOG
HMM protein protein
profiles database database
hmmscan

dlamand mmseqs
0OG proteins sensitive molti-step
ATy mode search
D seed orthologs

Taxonomic scope filter
1

eggNOG
annotation
database

Fine-grained omwlogt

No annot No annat

COG FunCat

- * >one-lo‘ono
dup¥ication Pty orthologs
‘ ore-to-many
» ey orthologs
o (o
Exclude species »
ORTHOLOGY
e e @nnotation orthologs »wasae E REPORT
ANNOTATED
E GFF
GFF file

annotated | —
queries |—

EggNOGvorkflow

PREDICTED
=] proTEINS

download egoNOG D8
create taxa-specific DB

SEARCH
E)arms

PFAM realignment

' PFAM
E DOMAINS
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EggNOGvorkflow

#query seed_ortholog evalue | score egoNOG_0Gs max_annot_M |0OG_category|  Desaription | Preferred_name B | KEGko KEGG Pathway KEGG Module|  KEGG. Reaction KEGG rdass BRTE KEGG. TC| BGG Reaction PRAMS
k000061 k000071 k00110000
1212 k002024 K008320K00414
agngz;@;:m,?mogé?é B;;g‘: 6k004216,k004714 k004920, 000000 k000001 k000
contig1.001| 999410 HVIPREFIO77_ 02836 | 0.00E+00 | 899 @976| Bacteroidetes, 2ANKO@: 18l576) 6213 | ko:KD1897 |ap00061,map00071map01100|  M0008S RO1280 ROD0004,R0D0014| 002,k001000 k001004, | 4.C1.1 - AMPbinding
acteroidia, 22XGE@171551] Porphyromonad
e Map01212,map02024,map033 k004147
20map04146,map04216,map0
4714map04920
(00G0641@1] root, COG0641@2] BacteriadN 00GD641 Aryisulfatase
contig 1002 483215, BACAN_07389 8645195 551 | GINGSTE| ; I |06l c regulator (Fe-S atss - | kooss7L - - - - k000000 - - Radical_SAM,SPASM
Bacteroidia 4AKCI@B15| Bacteroidaceae
C0G0038@1] root,COGO517@1 root,00GD
038@2] Bacteria,00G0517@2| BacteriaANF| Chloride transporter,
coniig 1,003 762982 HIPREFOA42 00768 | asuE2mB| 803 | oo AR ERCIER T e e e 076 Baeroidetes| P actamiy deB - | koosz8L - - - - k000000 2A49 - CBS\oltage_C
cteroidia
(00GO009@1] root, COG0009@2| Badteria N eelongs o the LS o000
contigL_004 | 1280674 AUK01000025_gene2087 | 238589 | 266 | M43@976| | |o7el 3 ety fimN 27787 | koKO7566 - - RI0463 ROD0745 PSR - - Qs ya0_yrdC
Bacteroidia |
205Y7@1] 100t 22GB@2 Bacteria ANFEX@) oot location
contig 006 264731PRU_0239 196653 | 175 |976| Bacteroidetes, 2FPIK@200643) Bacteroi [976] Bacteroidetes| S - - - - - - - - - - DUR4924
o Oytoplasmic, score 8.9
(00G1280@1] root, COG1280@2] BacteriadN
contig1 007| 762968 HMPREFD441 01426 | 238594 | 282 |MRO@976| | 9761 E Translocator protein, - - - - - - - - LysE
LysEfamily
Bacteroidia
000010 k000052 k000500 ko0
0520000521 k000524 k00110
0,ko01110,k001120,ko01130 ko]
00G1940@1 root, C0G1940@2 Bacteria N
contig.1_008|  1002367.HVPREF0673_02995 | 5.17E:149| 428 |Fz1@976| | B|976| & ROKfamily gk 2712 | ko:KOOB4S ulzoo,mapmom,mapoooszw M°°°%MD°5 R00299,R01600,R1786 | ROD0002,RD00L k"mi’;m"“m - - ROK
aderoidia Map00524,map01100map0Ll
10map01120,map01130,map0
1200
2BXZ@1] o0t 32RIEG?] Bacteria ANFE1@ oot location
contigL_010 | 1410608 NKX1000061_gene2578 | 183646 | 153  |o76] i | Bacteroi[976| s - - - - - - - - - - -
Oytoplasmic, score 8.96

dia, AAQNN@815| Bacteroidaceae
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A GENOMIC CATALOGUE OF THE HEARTH MICROBIOME

Stephen Nayfach, Si mo n [EmileyxA, Elog-BEadrosh. A genomic catalog of Eart
Biotechnology 2020

GENOME CENTRIC APPROACH FOR REVEALING GENOMIC PROPERTIES
OF MICROORGANISMS THAT AFFECT THE ECOSYSTEM PROCESSES

GENOME RESOLVED METAGENOMICS

CONSTRUCTION OF CONSTRUCTION OF
GENOME RESOLVED » GENOME-SCALE
METAGENOMES METABOLIC MODELS

EMERGENT PROPERTIES
OF THE MICROBIAL » SYSTEM BIOLOGY

ECOSYSTEMS
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METAGENOMIC ASSEMBLED GENOMES (MAGS)
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