MULTI-OMICS, THE LAST PARADIGM SHIFT IN

MICROBIOLOGY
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Technological innovation Paradigm shifts

4 - .
multi-omics: metagenomics,

| (NGS, NMR, LC and GC-MS)

metatrascriptomic, metabolomic

- ] N\
first microscope access to the invisible world
(Anthony van Leuwenhook)
\ J \_
(Cu|tivati0n based approaches ) (KOCh’S explanation of the origin of the\
human diseases, concept of
L ) \pathogenlcny )
(Winogradsky column Y (beginning c_Jf micrqbigl ecolo_gy, the )
overwhelming majority of microbes are
essential for ecosystem functioning
\ ) \ J
( )
[ molecular microbiology A culture-independent microbiology
(PCR - FISH -Sanger seq.)
\ y \ J
Y (microorganisms occurs in complex )

assemblages in with species

interaction are critical for dynamics
\and functional activities T
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<, UNTARGET CULTURE INDIPENDENT
¢z 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
iIn a sample, metagenomics
revolutionized microbiology,

shedding light on the total microbial
diversity living on our planet
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A2\ THE MILTI-OMICS ERA

NEW OMICS THECNOLOGIES
REVOLITIONIZED MICROBIAL ECOLOGY

" PROVIDING STRUGTURE AND FUNCTIONAL |
POTENTIAL OF WHOLE MICROBIAL
COMMUNITIES IN THEIR NATURAL
_ HABITATS y
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S, NEW ACTORS AND NEW DEFINITIONS

MICROBIOTA A

all living microbes populating a given habitat
% (bacteria, archea, fungi) )
4 )

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

\_ “theatre of activity” Y,
4 METAGENOME A
collection of genomes and genes from the member of the
microbiota
- | /
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THEATRE OF ACTIVITY

Microbiome
. ® \ 7 e ”
' Microbiota | 4= “Theatre of activity
‘ Bacteria | ‘ Archaea J ;  Microbial structural elements
— + 14. ‘ Proteins/ ’ I ’ | Poly- ’
‘\ Fung! ‘ frous:s l - | peptides Hipics | | sacharides |
’ Algae ’ (" Nucleic acids
: : | structural DNA/RNA
T T T . mobile genetic elements
Internal/external structural elements ) ) )
: . incl. viruses/phages relic DNA
Microbial metabolites
\ Environmental " Signalling ’ / Toxi ‘ ’(An)organic )
| conditions . molecules | s ~ molecules

Biome: a reasonably well defined habitat which has distinct bio-physio-chemical properties
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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 Ii{) Metabolite\

| |
r ) 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

I RACS plattform for cultivation-free studying microbial metabolic pathways I

\ Microbiome 4
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2. NON-OMICS METADATA, TO COMPLETE THE
" F| THEATRE OF ACTIVITY

r N\ )
ENVIRONMENTAL HOST ASSOCIATED
MICROBIOMES MICROBIOMES

\_ A\ J

[ ECOLOGYAND | (HOST PHYSIOLOGY AND
GEOCHEMICAL PHYSIOCHEMICAL

. VARIABLES J L VARIABLES y
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e .. .there are 100 million times as many bacteria on Earth (13 x 1028) as stars in the
universe, and viruses are even more (13 x 1031)
e https://www.micropia.nl/en/

g SN e

gl

L

air microbiomes

water microbiomes

soil microbiomes

animal microbiomes



Major habitats Total bacterial and Minor habitats / \
archaeal cell numbers * Groundwater: 5x 10 d ee p
on Earth: * Phyllosphere: 2x10% .
~1X10% » Cattle: 410 continental and
* Termites: 6x10%
* Pigs: 7x10% I
* Humans: 4x 10%} Oceanlc
* Sea surface layer: 2x10%
e Atmosphere: 5x10% sSu bSU rfaceS
e Etc.
hold 60% of all

microbial cells
in the
biosphere

o J

Deep continental subsurface: 3 x 10*

- oceanic sediment: 5 x 10

——

~ Uppe

Deep oceanic subsurface: 4 x 10*
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Yoy NUMERICALLY MINORITARY BUT BIOLOGICALLY
A STRATEGIC, THE HOLOBIONTS MICROBIOMES

Phyllosphere

Dental plaque

4

)
7l

|
|

Humans |

J

/L>—~<;‘_/_“;> .

i

/ \2 Il"\

7 Skin

!
" -‘. .“ [

animal associated fast

o

3x1024 plant and

growing microbial
cells (aerobic and
anaerobic
heterotrophs)

~

J
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A ‘”H environmental microbial
/| ‘ IR s communities are the basement of
& life on earth, being responsible of

’,8 %ﬁ /fff the biogeochemical cycles (N, P
1 0 ) and S), C recycling and food
transformation, and being the
source from which microbiomes
component are selected

ATCCGGACTAGC
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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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the microbiome world constitutes the life
support system for the hiosphere

e 50% of O, production

carbon and nutrient cycling animal/plant health

global food web



NGS BOOSTED METAGENOMICS

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

U

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
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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
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a better understanding of microbiome-dependent
ecosystem services can provide microbiome-based
solutions for our society and planet
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LEVAREGING SPECIFIC ECOLOGICAL CONCEPTS FROM
NATURAL MICROBIOMES FOR THE IMPLEMENTATION OF
CONCRETE MICROBIOME BASED ACTIONS FOR

IMPROVED PLANET HEALTH |
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<25 MICROBIOME SCIENCE IS HIGHLY
* 7 MUTIDISCIPLINARY

MICROBIOME
SCIENCE

—
(BIOLOGY] _—~Tgi57ZCHNpL CRONOMY]
[CHEMIST \/|EDICINE ECONOMY]
MATEMATICS \ ANIMAL
|NFom E"USBANDR\J FOOD
¥ (MODELLING SCIENCE
STATISTICS

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII>
KNOWLEDGE TECHNOLOGY APPLICATION
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712 INTRODUCTION TO METAGENOMICS

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

40°- 8

We have applied "whole-genome shotgun sequencing” to microbial populations “8

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 2o°
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 -

20° oW 400 00 eew 40°
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. Ve ntel‘ et al, SCIenCG 2004
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SEQUENCING COST AND DATA OUTPUT

in 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 1

$10,000,000
$1,000,000 . 10,000
@ [ %
7 $100,000 HiSeq 2500 1000 &
48
e
fs $10,000 . t 100 §
o $1,000 " Genome NGS 10 &
I . :
C
8 $100 > =} 1 g
° o
$10 AB! 3730 0.1 @
- ~
§1 i 0.01
2000 2002 2004 2006 2008 2010 2012 2014 cost
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%) GOALS FOR A METAGENOME STUDY

for a microbial community or a microbiome in a given environment, eg.
soil, water, air or holbionts body the goals are:

PROFILE THE TAXONOMIC
COMPOSITION

4 )
EXPLOITATION

FOR
BIOTHECNOLOGY
- J

afs

INFLUENCE ON SYSTEM
LEVEL PROCESSES

PROFILE THE FUNCTIONAL
POTENTIAL

DEFINE THE MAIN
ECOLOGICAL SERVIC?S
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152, BASEMENT DEFINITIONS

MICROBIOME: a microbial community associated with a given host or
a given environment

METAGENOME: the overall genome of a MICROBIOME

METAGENOMICS: the study of the METAGENOME by shotgun NGS

. sequencing )
SAMPLE: a sample for a given host or environment containing a
MICROBIOME

COVARIATE: a variable characterizing a given host or environment
hosting a MICROBIOME |
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'3 TYPES OF MATAGENOME STUDIES

the object of a metagenome study is the microbiome, the overall
genome of a microbial community in a given sample

/O ESAN

/" MARKER GENE / WHOLE METAGENOME )
use primers targeting a shot-gun sequencing of the
specific region of a gene of in whole microbiome to
order to determine the determine phylogenesis and
microbial phylogenesis the functional repertoire

o O\ J
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ST | . MARKER GENE ANALYSIS

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

Prokaryotic Ribosome

Large Subunit & —
(LSU)

small Suhunit

ISS’.J'

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

- CONSERVED GENE, SAME FUNCTION
FOR ALL ORGANISMS

same housekeeping function and same
selective pressure for all organisms

* NOT INVOLVED IN LATERAL GENE
TRANSFER
only vertical transmission
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e e

CONSERVED REGIONS: unspecific applications
VARIABLE REGIONS: group or species-specific applications

4 N\ )

IDENTIFICATION AND
PHYLOGENESIS

VARIABLE REGIONS ¢ >

g AN
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/the % of homology of the\

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

DELTAPROTEOBACTERIA

{8 DCP-defhiorinating ghnsortium clone uuu@oasa
OCP-gechionnating’clone SHA1S, AG245098

:m:g..,@ 4 microorganisms are A

acuifer clone WCHB120, AFOS0597
ontaminated aquiter clone WCHB 189, AFOS0588

jdroz . "

Subgdiriaca wator clone DRIZECH 110701 SACHES, DOZ3090 arran ed I n a h IO enetlc
urface water clone DRIGECH 1 10701SACH3S, 0G230951

Benzene enrichment clone HS07Ba14 W

-Bonzene umclumm ckm. HT058a10 225 bp T-HF

P R e e tree on the bases of the

Moorelia thermoautotrophica (T). LOG168

Peproccecacose

CLOSTRIDIA

I

Actinotalea sp. strain GF

rgw.mmmw percentage of homology of

2 N
C-Bonzone enrichment clone HTO6Ba02 J 165 bp T-AF

¢-Benzone enrichment clone HT06Ba0T

Cotkdomonas cebason (T), X79458
’C-Gcnmo enrichmont cione HT068a13 2000 T-RF < e r e n e
C-Benzene ervichment clone HT068a17
- Isoptencola dokdonensis, DQIETBED
Pw:rvr ICNONOSPOM Ciirea (T; X83308
Urnm.m :mwoo clone AKAU 4164, DQ125903
'c Benzone enrichmont clone HT06Ba24
1muaonngun cavum, AJSE6262 143 bp T-RF
_l e ciona
= Torx amo'rmm:ww (), xess12
cina barken, AF028692 |

Coils

ACTINOBACTERIA

[ ( S Methancsaela concilv, X16932
x156364

ot
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. TYPE OF QUESTIONS METAGENOMIC DEAL WITH

is the microbiome populating a given holobiont associated with a specific
phenotypic and/or env. feature?

is the microbiome a given holobiont a determinant of a specific phenotypic
and/or env. feature?
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THE GREAT MAJORTY OF METAGENOME STUDIES
ARE COMPARATIVE

Case - positive for the Control - negative for the
phenotypic and/or env. feature phenotypic and/or env. feature
METAGENOMIC METAGENOMIC
FEATURES FEATURES
pEpEpEN | <:> WO ] O
COVARIATES COVARIATES
@ O @ @ O O

Case specificities N Control specificities
METAGENOMIC COVARIATES METAGENOMIC COVARIATES
FEATURES FEATURES

H @ [] O
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TYPES OF MICROBIOME COVARIATES

COVARIATES

\4

" ENV. FACTORS )
(eg. physical/chemical
variables, diet,

" MICROBIOME )
PRODUCTS
(eg. SCFAs)

xenobiotics )

MICROBIOME
ACTIVITIES
(eg. inflammation,
remediation)
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/1% HOW TO CONDUCT A METAGENOME STUDY

Sample matrices / study design » process to be explore%
sampling and storage —— statistic robustness
DNA extraction - adequate to the matrix
library preparation . level of multiplexing
NGS sequencing » sequencing power
bioinformatics >~ optimal pipelines

biostatistics » creative statistics /
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/19 NEXT GENERATION SEQUENCING TECHNOLOGY

SHORT-READS J [ LONG-READS J

THECNOLOGY THECNOLOGY
Vo v
Y e —— —
A ]
||umlnfif' € rroso
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
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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

Transposomes

Genomic DNA

- J — ) .—\"‘\
(’ ( )
\ J \ /
e y/ —3
' b | 4
A

Oligonucleotide tags ,.

; Tagmentation

(11— =A— B —

Tagmented DNA fragment

10 ng-1 ug
starting DNA

n. 300 pb
fragments
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v 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
\ 4
Incox\‘l\
Read 2 Sequencing Primer e, :
NP7
¥ PCR Amplification
T e e i 7

Sequencing-Ready Fragment
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1, 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
“—
Ty

“—
 —
region of interest-specific primer
", forward
N )
genomic :
DNA 2
—-,,\
TEVErse gy,
PCR / 35 cycles
e L )
S —ESESSESESSS—— N @4

L and R primers
possessed an universal
overhang adapter for the

following index PCR
\_ /
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/152, 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 unique 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 S —— -
e T
products e
primer-binding site PCR 12 cycles primer-binding site
for read 1 ! for read 2
G $ 090 0 CI—— === )
GRS 0 sa— Rt ——
P5 index g index P7
I insert to be sequenced 5
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SAMPLE RADY FOR NGS

the final outcome of a sample preparation procedure for NGS is the
insertion of n. 300—450 bp DNA fragments from the metagenome to be
sequenced (both marker gene and shot gun metagenomics) between:

L and R sequencing primers

binding sites; N—
» L and R samples specific Ll
barcodes index l N
L and R flow attachment sites
‘ oA ragrent. (EEEEBEDIE
4 . ) o ) .,,T ,
fluorimetric quantification (Qubit) neer
sequencing primer
dilution at 4 nM index binding sites index
J T T
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FLOW CELL, SURFACE SEQUENCING

D2 P7 | 31
D2 P7 | 51 R —

revers seq. forward seq.

1 «

{R2 | D2] p7 | 3t

v

S [ 24 [za | zy |
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ILLUMINA SEQUENCING THECNOLOGY

https://youtu.be/womKfikWIxM
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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

“sequencing reactor”

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

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA




( C‘""‘“"'-~--------‘-.I.'ffjj_';‘jj ---------- N ——
o= O  ypy  TTr-.= . e T E—
§® - OSSN = e e — =
A~ pT S = =
( ~% T ===
\ /
~ - random fragment: 10°-107°
10°-10'° copies random fragmentation fragments per genome region
) . PCR ampilification
10x coverage: at least 5 fragments — T =
(double strand) per genome region must ,,/-'-; =§='1=§=_= === ===
be sequenced in corresponding 10 .-, _= = = —_ —_— ===
clusters (strands), producing 10 reads .~/ ™. =i == = = ==

per genome region .-~ .~

« bacterial genome: 2.5 Mb, 10 k
fragments 300 bp

« 10 genome copies (cov. 10x): 100 k
fragments 300 bp, 25 Mb

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

+ flow cell request: 100 k sequencing
clusters for 100 k random fragments

each 300 bp

-
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METAGENOME SEQUENCING DEPTH, ILLUMINA
PAPELINE

_ _‘é .’¢ . .
- e m o = N N [4nM] dilution
(’ - A Y 3 == _=_======== == . \\\ 5l l
4: \\, / ‘.\" / =_ === _-= - RS te, \\ [ u] Samp Ing
AL/ 7T —_—_—= === "
( ° v ~> —_—— == mm === ‘\
\_,( t'\ ==E_ —_— =E — ~ \\
~ —(i _7/ == =_=_ ‘___=...F_...!‘? = ’.' \\\\\\
R agp—— =% -~ > O
metagenome, up to random random fragments, n. of EEEE s ey 2%
200 genomes types at  fragmentation ~ fragments from a given =SSR EEET
different proportional genome type reflect its P LR ‘
abundance (50-0.01%) proportional abundance CR amplification
at least 100 k 300pb

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

“sequencing cluster” 1 1 dj@ | dj@
=¥ oY o @ng c‘xgb % é%(p é%p o
OO0 O@ o o o o

» 50-400 gnome types (species)

* rel. abb. ranging from 50 to 0.01%

* low abb. species: 100 K 300bp fragments for 10x minimal cov.
* high abb species: >>>>> 100 k 300bp fragments

seq. power: 5 to 100 M reads (pair-ends 150 bp), 1-25 Gb total sequencing
flow cell request: 5 to 100 M reads sequencing clusters for 5 to 100 M random metagenome fragments
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GOOD PRACTICES PER SAMPLE

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

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

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

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

per-sample sequencing depth

[ the level of multiplexing is selected on the bases of the desired J
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viéon  ILLUMINA PLATFORM, THE PREDOMINANT CHOICE
I:> FOR SHOT GUN METAGENOMICS

Benchtop Sequencers

)
:

iSeq 100 System MiniSeq System MiSeq Series @ NextSeq Series ©
Run Time 9-17.5 hours 4-24 hours 4-55 hours 12-30 hours
Maximum Output 1.2Gb 75Gb 15 Gb 120 Gb
Maximum Reads Per Run 4 million 25 million 25 million T 400 million
Maximum Read Length 2 x 150 bp 2 x 150 bp 2 x 300 bp 2 x 150 bp
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_ ILLUMINA PLATFORM

Production-Scale Sequencers

NovaSeq 6000
NextSeq Series © HiSeq 4000 System HiSeq X Series* System

~13-25 hours (dual S1 flow

cells)
~16-36 hours (dual S2 flow
Run Time 12-30 hours < 1-3.5 days < 3 days (
cells)
~44 hours (dual S4 flow
cells)
Maximum Output 120 Gb 1500 Gb 1800 Gb 6000 Gb
Maximum Reads Per Run 400 million 5 billion 6 billion 20 billion
Maximum Read Length 2 x 150 bp 2 x 150 bp 2 x 150 bp 2 x 150 bp
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52, 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

mes DNA Fragments
Sequencing Reads
Reference Genome
- Sample 1 Barcode
Sample 2 Barcode

D
/ .
Sample 1 < =]
RO ——
} ~ ~ / } Py } .
T e ~
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METAGENOMES BARCODING FOR MULTIPLEXING
\
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ity FLOW CELL MULTIPLEXING, DE-MULTIPLEXING AND
QUANTIFICATION, GENERAL CONCEPT

o |
i

=
; %I!I.I.I!...

Sample 1

@zﬁijﬁﬁ%ﬁ 5

clonal ampllflcat
of F and R strand
and sequencmg

] |
44% BLUE 44% YELLOW 50% GREEN
33% BLACK 33% READ 35% VIOLET
Sample 1 22% YELLOW Sample 2 | 550, | UE Sample n 15°/: RAY
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=
A Index2 primers (white caps)
B Index1 primers (orange caps)
C 96-well plate

Index set B

A Index2 primers (whxte caps)
B Index1 primers (orange caps)
C  96-well plate

Index set C

A Index2 primers (whne caps)
B Index1 primers (orange caps)
C  96-well plate

-Index set D

A Index2 primers (white caps)
B Index1 primers (orange caps)
C  96-well plate

P
! \\ e \P?
’
- U
index 1 ’

each set (A B C}D}mclude specific
array of 12 red’ index-1L and 8
blank |ndex-2 R primers each
endowed with a specific index ID,
combining in 96 different index
PCR for barcoding 96 different
matagenomic samples

(' atotal of 384 different index |
PCR for barcoding 384 different

metagenomics samples
\ y,
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 POOLING

Sample 1 Sample 2 Sample 3 Sample n = 384

B
D B F E

l ready for NGS
\

quantification
# dilution at 6picoM #
denaturation (NaOH)
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2\ LOADING A RUN

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

index 1

V4
llumina Experiment Manager

4

Sample Plate V\ﬁéard - Plate Samples
U

Nextera XT v2 Irdex Kit A Sample Plste ,I

[Tabb ] Plte | Plate Graphicl /' ,:] indicates nvalid eamplee

Curently Dislaying

index 2 sample name
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the output of an lllumina run are demultiplexed reads, reads are grouped in
2 Fastq files (pair-end 1, pair-end 2) according to the sample of origin

/all pair-end 1 reads, sequenced in the first rouncm
are separated according to coordinates in the flow
cell
- all pair-end 2 reads, sequenced in the second
round, are separated according to coordinates in
the flow cell e iy W
« each sequencing cluster - with specific coordinates ; @ i (e
— has thus a specific set of pair-ends 1 and 2 O Inell Oy
sequences, according to the specific combination L ( )

of indexes 1 and 2, respectively
_ugmlmge

« each sequencing cluster is assigned to a given
Date is exporied 1o an outout lel

samples according to index 1 and 2 combination
« assignment of two separate Fastq files, pair-end 1 T -

and pair-end 2, corresponding to each sequencing e
. Custer 4> Read 1 ATAC...  Text! File
cluster to matching sample '
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2 Fastg PER SAMPLE

2 Fastq per sample,
paired-end 1: all reads pair-end 1
paired-end 2: all reads pair-end 2

05656116 EFYV:111101¢L. 1tNW:0112)
.
JIFTEL Y TYErESY /DI NSTIIHY A ASETS
RHE36561161000000000-BFYVI 11 110111265012974 1EM103121
.
TECTAGTY GGG s T<IYINGFDLIF /€,<<001¢C. KC~. 05 LEPTGT<d~3 , }B/IBIYT. 9 S ITCTTF AL, BA-AT. 1 //BE.9.9; 9N, 9IARDTI . ROBLIT// /. 933/ }AN9 ¥/ 19/
¥V 1ii0p 75 143:04331
.
8 X FADT; TTTETBAIC=< 2 o G ETAL & « 80 . AN /EEBIDTONTT IANEES/¥0/ /NG 3 JADE . CITTSFETTTTED/
ANOS6561161000000000-BEFYVI 111191 51263622984 110301221
#G2FCOD/ /21125171 11 LCC/C. .COA =9.0/2 5 =3em AN/ 9199/ 1/ S YFRIP. SETY . 9. /}3B/. .SAOE. TR, <= 05-S5-AAF. 3/ EFPF. JSA. 31 9N/ /1

$4056563161000000000-BRFYVe 11 1101110546:2998 110:01221

U 89;13777) . t-.nsETE S FTAMER/9/ /.3 . -9 AFFBE .391./19/.9¥/

ME5656116 FYvili1181al) 11M101221

ne36561261000000000=BrYY (111101 1330413093 1ini0i22L

Fastq_paired-end1

#M530561167000006000~BAF YV 1111011125381 2365 210101221

.
PAAAL 1GHEGC 11T Cr9.A.¥82 IeRSAR/10/B.
J2065636316500C00€000-BNrYVs 15 1101:12660: 2374 2aNa0:221

.
LAAALE ;i TGur v >57 2BGMEINL 422 RCHGHGICC. PPOCC. A, / OVCGHOTSGOG0/ o =t = £1GCKO 43 Jwa /1§ OB0ICE// 9IIBEG . 1.0 10§ CEBmand J XN (/1 3/ [ wmBumBf meSwn § JEEE S~ 108~ | [ ITFAB=
WNESE56116:000000000-RRYVY ¢ 11 1301110838:397% 24101231

(GACTAC) AC GCTCTCCTCTCTO0CAL ™ T 74 CTAC

.

WMES6561161000000000-BAF YV 111101112636:2984 21010:221

T JCTTO0CE s T

1 - 1000659, ~1-4mE/T/ *

MMES656216:00000€0000-BRYYV: 11 1101:10546:2998 214201221

1>2ANrYY?) FCEEAGEGY m A ¢ . <GIGOOPCE<CAGTHG? . 9: JIBETE: -
MME56561161000000000-BAPYV: 1211011 158892 3¢84 2:0201221

T TCATGT TICACT
1111188157 21AIB3A1 JASKL L IAAFIBOY T BFGGYYBCEE> ) /Br ¥ lpczoey DCFOCGHE BGHIEGH? ; <CC ., COHPYCE : COCCBB, 9.~ ; BYGGE ; /| 7 ITATIA-->TY /B/rrE-9:8;19//-
WNES656:16:000000000-BRFYV: 2: 1301115904: 3093 2:K:0:221

.

Fastq_paired-end2
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Fastq FILE FORMAT

Read

Header

Sequence

Quality value
phred33

\

(@M02887:45:000000000-APDB2:1:1101:14982:1857 1:N:0:6
CCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGGGAAACCCTGATGCAGCCACGCOGCGTGAGTGAAGAAGTATTTCGGT TT GTAAAGCTCTTTCAGCA
GGGAAGAAAATGACGGTACCTCCCTAAGAAGCOCCCGLTATCTACCTGCCACCAGCCGCGGTTTTACGTAGGGGGCAAGCGTTATCCCGAATTICTGGGTGTAA
AGTGTGCGTAGGTGGTATGGCAAGTCACTAGTGAAAACCCAC

AAAAAA>11D1>1AABABFFGGGCFAGH2 11GFHHHFF/AIGCGGHHGE 1F 1BG/B>EEFGGEGE/>FG 12BFGHE2>2BGBE?/7EHFFG211BF 1F>2218B<C/B/
000<F1>1</Ci1<11/07<01101<F.—<—.<=0<000../0;..CE?@—.-..08,/...E —8.0A-AB//-0-/; BBBFBB@///9/; .} —//-Q/I-8-/1- 8l 1. /B ?7—

@M02887:45:000000000-APDB2:1:1101:17500:1882 1:N:0:6

CCTACGGGGGGCAGCAGTGGGGAATCTTGCACAATGGGGGAAACCCTGATGCAGCGACGCCGCGTGCGTGATGAAGTATTTCGGTT TGTAAAGCTCTTTCAGC
AGGGAAGATTCTTACCGTTCCTTCCTAAGAAGCCCCCGCTAACTTCCTTCCCTCOGCCGCCGTTCTTCGTAGGGGGCCTGCGTTTTCCTGCTTTCCTGGGTGTTA
CGGTTCCGTTGGTGGTTTGGCAAGTCCGCTGTGCAAACCCTGG

-

>AA>AT1>100>/77>>BFDAEA<B1FG211FGHHDCAY/</<<?CHCF <17 11 2/<>@C@CCG@.-CA./;0.CFO00;FI-9.;; FBBFOD8BFOCO;08=_C?—/// .-/~ —II!
QAN B0 8]0 -B-0 -0 - A O A BN B e - O S —— 1000 —

1"#$%&'()"+,-./0123456789:;<=>ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]* _"abcdefghijkimnopgrstuvwxyz{|}~

Low

High
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o SEQUENCE PROCESSING, MARKER GENE
2zl APPROACH, THE 16S CASE

WORKFLOW ANALYSIS OF 16S DATA

Vi V2 V3 v4 V5 Ve V7 v8 V9

— . .
Targeted sequencing - V3-V4 region of the 16S rDNA
<
GENEARAL PIPELINE
f READS )
SELECTION —> Quality trimming
- J
e )
OTUs

CLUSTERING |~ 97% identity

-
S

4 )
FILTERING FOR _
CHIMERIC —> ChlmeraSIayer

\  SEQUENCES )

~
J

TAXONOMIC 3
CLASSIFICATION —>» RDP classifier

- J
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READS SELECTION

PANDAseq: paired-end assembler for illumina sequences. For each
sample:

« joint pair ends
« reads quality filter (10% error threshold)
 reads length filtering (460 bp = 100 bp)

<G00 L0 010X CRGASOTE: B8 04790, COS-X- WAETTR- /7403 ISAIent/ L ASN) " -85 — , Op =1 */79" BRIt "~ 1" ST

3-4 9/ 9VRP]  NEFRY. (ETUUPYR LML/ " FASAL TB18/ 7 fea e o]

PANDAseg-output
A single Fastq file for each sample containing the assembled pair ends
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SPLIT LIBRARIES

(" Split libraries: A
* rename reads according to the sample of origin

 ° transform Fastaq to Fasta file )

4 )

for each sample it is created a single Fasta file with all the reads
corresponding to the two joined pair ends tagged according to the
sample name

4

FROM NOW SAMPLE TAGGED READS CAN BE PUT TOGETHER
IN THE “SAME BASKET”
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sequences from all the samples are clustered into groups

- sharing a % of similarity thresholds (OTUs). Various threshold
of sequence identity are used to represent different taxonomic
levels: 97% genus, 95% families ....

Rappresentative sequences
(most abundant)

- i T =

High-quality fastq reads

- — 97%
e — | OTuU 2 S—

. OTU 3 i

— 1 Be —
e
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ENTITIES

OTUs ARE OPERATIONAL AND NOT BIOLOGICAL

cluster sequence into OTUs consolidate similar sequences (97% ID) into single
feature, merging sequence variants including those introduced by sequence

errors into a single OTUs

4

-

@ centroid sequence

member sequence k

~

this method misses subtitle

and real biological
sequence variation that

would be consolidated in a

single OTU

/
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OTU PICKING

/ UCLAST - UQIIME (more recent) \

de novo OTUs picking, sequences are clustered into OTUs without any
external reference

4

clustering at 97%

4

@ering for chimera sequences by Chimera Slayer, remove singleton /
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. Chimeric sequences

I Biological sequence X

[ Biological sequence Y

Chim

TGGGCGTAAA
TGGGCGTAAA

+3

) 4

eraformed from Xand ¥

l

GCGCGCGTAGG Read
taGttacTgat Refseq2

+1

TGGGCGTAAA
caagCatcAt

GCGCGCGTAGG

GCGCGCGTceGG

Read
Refseqg 3

Chimeras are common in amplicon sequencing where closely related sequences are
amplified. The majority of chimeras are believed to arise from incomplete extension in
PCR. During subsequent cycles, a partially extended strand can bind to a template
derived from a different but similar sequence. This then acts as a primer that is

extended to form a chimeric sequence
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QIIME 2, CREATION OF THE AMPLICON SEQUENCE
VARIANTS (ASVs)

algorithms such as “DADAZ2” use error profiles to resolve
sequence data into exact sequence features called

ASVs. The resulting output from this method is a table of
mz all DNA sequences from the whole sample set and counts
of these different sequences per sample

DADA2 \

correction of lllumina errors

¥

filtering chimeric sequences

\ 4

filtering for low quality reads

&

k creation of high resolution ASVs /
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oy QIIME 2, CREATION OF OTUs FROM THE ASVs

~N

\_

THE ALGORITHMS VSERACH - AN EVOLUTION OF UCLAST - IS USED
FOR CLUSTERING ASVs IN 97% OTUs

ASVs can be clustered at each level of identity (eg. 95% for family; 90% for
the order)

\

J

UCLUST

Centroid-based, medium to high-identity clustering

T = identity threshold
@ centroid sequence

Alignment is "semi-global™
most of member sequence
must be covered. Fragments
are accepted with default

member sequence options.
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QIIME 2, TAXONOMIC ASSIGNEMENT OF ASVs or
OTUs

the algorithms VSEARCH is also used for the for the
II‘ I .z ASVs or OTUs taxonomic assignment
A PARSIMONIOUS APPROACH
FOR EACH ASVs or OTUs the most represented seq is selected:
v" Identification of the annotated sequences sharing 80% of homology

v' selection of the best matching 100 sequences
v' annotation according to the taxonomic identity matching the 51% of the

k best matching sequances l/
|
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DATABASES FOR TAXONOMY ASSIGEMENT, OTUs and
ASVs

selection of a representative sequence for each OTUs or ASVs

' taxonomic assignment
(alignment against a
reference database by

L VSEARCH) )
4 green genes ) 4 SILVA )
(fast and optimized for the (more complete,
human GM) mandatory for env.
)\ %‘ﬁ%‘%m ﬂg'bENES. sarrlples but §Iow)
A J _ silvait

for each OTUs or ASVS a taxonomic label and an ID code in provided, the ones
lacking a taxonomic designation are collapsed into unclassified bacteria. OUTs or
ASVs assigned to mitochondria and chloroplasts can be filtered out |
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OTUs and ASVs ASSIGEMENT PREDICTIVE
METHOD

assignment can be traditionally performed
basing on homology, new predictive methods
have been developed, allowing the
assignment by applying predictive methods -
the SKLearn algorithm

v" by Artificial Intelligence (Al), tags - as repeated motives — characteristic for
each taxa are identified;

v' the taxonomic identification depend on the presence of the tags characteristic
for each taxa
/
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>, CONSTRUCTION OF A PHYLOGENETIC TREE

a phylogenetic tree of all the represented OTUs or sub-OTUs in the
whole samples set is created

S000007 163 uncultured
® Ruminococcus_1290
5000727385 uncultured
S000014675 Ruminococcus bromil
$001239918 Ruminococcus bromil
$000427869 Ruminococcus | lavef aciens
[ Unclassified_Clostridiales_ 742
—{__LSOOIGOGW uncultured
5001823753 uncullured
S002351043 rumen bacterium
$000901479 Oscillibacter v alericigenes (T)
18003258891 Oscillibacter v alericigenes
| Sporobacter_4
15000491 144 unclutured
S000815841 uncultured
S001127972 unculured

$001128194 unculured
M Uncel fied_Rumi aceae 442
S001046007 Clostridiales bacterium

S$000406433 buty rate-producing bacteriym

S002989042 Faecalibacterium prausnitzii

S000726253 uncultured

S000726385 uncultured
Faecalibacterium 748

———— $003222620 Clostridiales bacterium
$002167974 Clostridiales bacterium

M Unclassified_Clostridiales_1602
S000727071 uncultured
S001117187 uncultured

S001736801 uncultured
M Roseburia_226

S000399530 Eubacterium rectale
S000781225 uncullured
S000089035 butyrate-producing bacterium

$001066542 uncultured

¥ Catenbacterium_1451
S002949679 Catenibacterium mitsuokai
S002949678 Catenibacterium mitsuokai
S000517581 uncultured

0.05
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each high quality lllumina read is now
tagged with the corresponding samples
name and an OTUs/AVSs ID

corresponding to taxonomy
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5oy CREATION OF A PROJECT OUT/sub-OTU TABLE

Sample A Sample B | Sample C|Sample D|Sample E | Sample F Taxonomy
OTUID |readscount ... ....Bifidobacterium

total reads count
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NORMALIZATION AND REREFACTION

Normalization
normalization of the OTUs table according to the lowest acceptable number

of reads per sample = X. For each sample, X reads are stochastically selected and
assigned to an OTU ID to product a normalized OUT table.

Multiple rarefaction
stochastic reads selection at multiple rarefaction levels and count of on the number
of OTUs. If the rarefaction at X reads achieve the plateau, the majority of the

reads diversity is kept

2000
1800 E
1600 .
1400 5
1200 e ?
1000 E
800 E
600 :
400
200

0o =

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Number of reads

rarefaction curve |

Number of OTUs (97% similarity cutoff)
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Diversity in compositional studies

How to describe and compare diversity?

e & diversity: How many taxa are in a sample?

® .., 6 taxa (colors)inaand 6inb

e,

e c.g., Are polluted environments less diverse than pristine?

e B diversity: How many taxa are shared between samples?
b
® e.0., 2 shared taxa (colors) between a and b
* e.9., Does the gut microbiota differ between people with s
and without irritable bowel disease? —— \
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Diversity ||

e Qualitative: Considers presence/absence only

e o: how many in each? 6 taxa in bothaand b

e B: how many shared? all, the samples are identical

e Quantitative: Also considers relative abundance

e X: accounts for evenness; b is more diverse than a

e (3: samples are considered more similar if the same
taxa are numerically dominant vs. rare; a and b are no
longer identical due to differences in abundance
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e o diversity (within samples):

e given a phylogeny, how much
divergence is in a sample?

® .g., b is more diverse than a;
more divergent lineages

e B diversity (between samples):

e given a phylogeny, how much divergence is shared
between samples?

® e.g., lineages in b are distantly related to lineages in a
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Alpha Diversity
Phylogenetic Diversity (Faith’'s PD)

Phylogenetic Diversity (PD)

PD of Red PD of Blue

lbtil

e Sum of branches leading to sequences in a sample; a qualitative measure of
o diversity

e Sample with lineages spanning the most branch length in tree contains the
most phylogenetically (and perhaps functionally) diverse community
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“3) ALPHA DIVERSITY INDEXES

K n of observed OTUs \

« Faith’s phylogenetic diversity
« Shannon Index
« Chao Index

« Simpson Diversity Index, the only one accounting for evenness and
!{his indicated for relative abundance values j
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Beta-Diversity: UniFrac

Unique Fraction (UniFrac) metric

e A branch length-based, qualitative phylogenetic B diversity measure

e Distance = fraction of the total branch length that is unique to any sample

A.ldentical sequence sets: all seqs B.Related sequence sets:segsin red | C.Unrelated sequence sets: seqs in
in red + blue set. 100% branch have relatives in blue. ~50% red have no close relatives in blue.
length shared (purple). branch length shared. 0% branch length shared.
UniFrac score =0. UniFrac score = 0.5. UniFracscore = 1.
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‘*O VADEMECUM
.. - for a Bacterial Ecology BioStat Analysis

1. Structure
2. Alpha — Diversity
3. Beta — Diversity
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2, METAGENOMICS, READ BASED PROFILING

read mapping takes the unassembled DNA sequence reads and compares
them against a reference database to assign taxonomy and annotation genes

for well characterized environments are already available curated genome
databased, from poor characterized environments the use of large
comprehensive databases needs to be considered (eg. NCBI):

specialized

4 ) .

metagenomic TARA
eor'l-h - catalogues OCEANS
micro.bio;ne
_ projec ) —

CRISPRs web server
[Fome | About CRISPRs | News | FAQs | Help | Contact Us | Examples | 1GM |

Center for Genomic Epidemiology
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ASSEMBLY FREE METAGENOMICS, MAIN

L2 LIMITATIONS

the main limitation is that previously uncharacterized microbes
is difficult to profile

\_

N
the diversity of reference genomes available for some sample types - as the

human gut — is now extensive enough to make assembly free taxonomic

profiling efficient
/

-

N
analysis of more diverse environments — soil and oceans — is hampered
by lack of reference genomes

J

the accuracy of assembly free metagenomics will improve as more
reference genomes and high quality metagenomics assemblies
become available
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s ASSEMBLY FREE METAGENOMICS, PAPELINE

(Filtering the metagenomics reads
« quality

« length > 60 bp

« filtering out the host sequences

|

READS MAPPING AGAINST
REFERENCE DATABASES

/\

[Taxonomic composition ] [ Functional composition ]
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103 MetaCV, HISTORICAL ALGORITHM FOR FUNCTIONAL
%) ASSIGNEMENT

MetaCV is a composition and phylogeny-based algorithm to
classify very short metagenomic reads (75-100 bp) into specific
taxonomic and functional groups.

KEGG PATHWAY Database

Wiring diagrams of molecular interactions, reactions and relations

Discover EggNOG 4.5.1

A database of orthologous groups and functional annotation
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KEGG PATHWAY DATABASE, THE ONLY ONE
HIERARCHIAL

..........

..........

single protein families are aggregated into higher level metabolic pathways
and functional modules
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' KEGG, HIERARCHIAL MAP OF LIFE PROCESSES AND
| PRODUCTS

1. Metabolism

1.0 Global and overview maps
01100 athwa
01110 ndary metaboites
01120 tabolism in diverse environments
01130 Biosynthesis of antibiotics
01200 Carbon metabolism
01210 2-Oxocarboxylic acid metabolsm
01212 Fatty acid metabolism
01230 Biesynthesis of amino adds
01220 Degradation of aromatic compaunds

1.1 Carbohydrate metabolism
00010 Glycolysis / Ghuconeagenesis
00020 Ctiate cycle [TCA cyde)

00030 Pentose phosphate pathway

00040 Pentose and glucuronate interconversions
00051 Fructose and mannose matabolism
00052 Galactose metaboksm

00053 Ascorbate and aldarste metabolsm
00500 Starch and sucrose metabafsm

00520 Amino sugar and nuclentide sugar metabolism
00620 Pyruvate metabobsm

00630 Glyoxylate and dicarboxylate metabolsm
00640 Propanoate metabolism

00650 Butancate metabolism

00660 C5-Branched dibasic acid metabolism
00562 Tnositol phosphate metabolism

1.2 Energy metabolism
00190 Oxidative phosphorylation
00195 Photosynthesis
00196 Photosynthesis - antenna proteins
00710 Carbon fixavon in photosynthetic organisms
00720 Carbon fixation pathways in prokaryotes
00680 Methane metabolism
00910 Nitrogen metabolism
00920 Sulfur metabohsm

1.3 Lipid metabolism
00061 Fatty acid biosynt?

s i it

annea

[KEGG Atlas]
[KEGG Atlas]
[KEGG Atlas]
[KEGG Atlas]
[KEGG Atlas]
[KEGG Atlas]
[KEGG Atlas]
[KEGG Atlas]
[KEGG Atlas]

1
K[“ Metabolic pathways-Reference pathway

map ko m hsa aco  |adi
| Metabolism

01100 Metabolic pathways

01110 of secondary

01120 Microbial metabolism in diverse envronmer
01130 Biozynthesis of artibiotics

01200 Carbon metabolism

01210 2-Oxocarboxylic acid metabolism
01212 Fatty acid metabolism

|Energy metabolism
Carbon fixation,
MOD165 Reductive pentose phosphate cycle |

TIMOD166 Reductive pentose phosphate cycle,

" M00167 Reductive pentose phosphate cycle,
MOD168 CAM (Crassulacean acid meiabalisn®
MOD169 CAM (Crassulacoan acid metabolism
MOD172 C4-gicarboxylic acid cycle, NADP - it

L_MOD171 Ca-dicarboxylic acd cycle, NAD - me

T MOD170 Ca-dicarboxylic ackd cycle, phosphoe
MOD1723 Reductive citrate cycle (Arnon-Buchz
MOBS78 Phosphate acefyltransferase-acetate

__ Nitrogen metabalism —

T MOD175 Nitrogen fixation, nitrogen == ammor

Methane metabolism
MOBSE7 G027 => et § SSTT

« Search Result
+ History

—
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bioBakery, THE MOST USED ALGORITHM FOR
FUNCTIONAL AND TAXONOMIC ASSIGNEMENT

% elLife 3| e

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, Italy; *Harvard T.H. Chan School

bioBakery3 Integrates different tools for , .
taxonomic and functional assignment e i e

*IEQ, European Institute of Oncology IRCCS, Milan, Italy

ol LN Phylogenetic s ; Functional profilin
16.8k species | genome and MAG profiling MEtagen?mlC P g
sample
16k Bacteria PhyloPhlAn 3 FHUMABN S 10.7k P
s w - angenomes
739 Archaea 87.1k Genomes < |MEeEomicd B Raw ~ ¢ DT ] 9
| 122 Eukaryota | » . assembly ‘LT;‘V reads | gg! oy 49.4M Pangenes
\ 4 57.8M C;‘grnﬁlies < %0 > 8% 33.8M Gene
99.2k genomes | ' e@i‘)‘“ I %, Samples families
<
)
97.9k Bacteria Pangeanome strain-level analvsis | & Species/strain taxonomic
947 Archaea g y profiling
339 Eukaryota / PanPhlAn 3 StrainPhlAn 3 MetaPhlAn 3 5
= : 2.4k Pangenomes | 1.1M Markers
Hp— s | 5
.y 80.7M Pangenes §’ £ I TR 1M Bacteria
S 10.1M Gene 5 2 ‘ | 56.8k Archaea
families Samples Samples 13.6k Eukaryota
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ooy Human3, PAPERLINE FOR FUNCTIONAL
5 | ASSIGNEMENT

g - !
i 111
i MATAGENOMIC N TAXONOMIC MAPPING i
i READS (MetaPhlan) ]
] l
i Bowtie 2, an alignment y v :
I tool optimized for short 3 GENERATION OF A 2| |
| reads READS MAPPING | | pATABASE OF CIRATED | |
i égﬁgg PI'E'E «| GENOMES OF THE ||
l SPECIES IDENTIFIED | !
| DATABASE (ChocoPhlan) i
|

I i E—— oo |
i UNMAPPED READS ARE MAPPED AGAINS 4 i
! DIAMOND UNIREFF90 ]
i reads translation to AA (a protein database from Uniprot with I
| sequence and alignment clusters at 90%) | i
| |

against a protein database

~ T
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OUTPUT FILE

#aanplalo:
Fammplell:
¥sanplell:
#sampielld:
¥rampleld:
#sampiels:
#samplelé:
#sanplell:
Fuampleld:
#sanpleld:
#sample2d:
Fsample2l:
¥sampleZl:
#Feanpleii:
#sanple2d:
#Feamplie5:
¥sanple2é:
wsanpliezi:
Fsamplel2d:
#sanplie29:
¥sanpledo:
#sampleldl:
¥sanpled2:
#sampledl:
#aampleldd:
Foamplelds:
#Faampleds:
Faampleld?:
#saaplelds:
#Faampledd:
#saopledl:
#aampledl:
#sampledl:
#Fsaopledi:
#Feampledd:
#sampleds:
Feampledd ¢
#sanpled’:
#Fsampleds
#sampledd:
#¥sampleSi:
#sanplesi:

output-reads

C007_S5_maracy_out.res
C010_Si9% aetacv_out.res
ol l_sii_uuuv_uut YR
C012_S30_metacv_out.res
C017_S35_matacv_out.res
CO18 524 metace out.res
C021_Si_matacy out.res
cO24 528 meracv out.res
C042_S0_petacv_out.res
CO4E_G& maracy ont.res
C€032_3531 mstacv_out.res
C054_S1_maracy ont.res
K100_Si4_matacy out.res
®105_S17_metaov_out.res
K106 515 matacv out.res
K108_S19_metacv_out.res
%113 510 metacv out.res
E119_S:i0_metacv_cut.res
K124 518 metacv ont.res
K125_§12_metacv_out.res
E300 S8 metacv oukt.res
K301 _S16_metaov_out.res
E303_513_metacv_out.res
K304_59_matacv_out.res
K306_s11_metacv_cut.res
S010_S1_matacv_out.res
5020 _s2 metacy out.res
5030_S3_petacv_ocut.res
5050 _5¢ metacy out.res
5080_S3_petacy_out.res
8110 87 metacy out.res
5120_sf_metacv_out.res
8130 _59 petacy out.res
5140 510 _metacv out.res
S150_sS11_metacy_out.res
5180 _S12 metacv out.res
8150_S1J_metacy_out.res
5200_S14 matacv out.res
§210_S15_metacv_out.res
5220 _S16 metacv out.res
5240 _S17_metacv _out.res
5260_S18_netacv_out.res
5280 S19 metacy out.res
5290_Si0_zetacvy_out.res
$300 571 metacy out.res
5320 522 metacv out.res
5330 523 metacv out.res
¥12 527 metacy out.res

6455854
4974914
3611638
4363524
6717174
SE38704
4536184
49279190
5436614
6359168
4112028
i3iilie
3458300
6334566
4522916
5740208
2560170
5777134
40752322
1896674
5670976
3624672
8431934
1756536
11423580
7004482
5780220
73253858
7004368
7060442
5154174
1495976
4766878
7327644
6248770
7355476
3377250
3691300
7271778
6262062
6327276
4891384
3514292
6255352
3857810
4062988
6734654
3528590

output-functions

#rablegl] num of reads per XEGG level |

levell sarplel samplel sanglel pavpled zampled sanpled sarple? sampled sample? sanpleld

sarplezs sample’d samplell sample’l
sampledl samplelZ sapledd samples) sarpledT samplels

L1 1 BOBOI 114491 110033 68147 101335 7SE76 187114 77189 72134 95263 137179 102729 68440 178031 148959 128326 120702 77551 T1222 71485 §7915

9983 95494 159029 125833 89933 116952 82210 84327 157450 82798 95357 BJATI 92561 125383 104393 113044 101515 Metahalism

L2 1317 3033 2454 L68S 2053 1578 3570 2042 1644 2534 2383 2587 1558 3559 804 3645 3096 1981 1905 L5381 1514

36 2234 4376 2640 2365 2963 23838 1943 4120 2104 23748 2284 2674 3518 2756 N 870 Organigmal sSystems

13 19803 33633 332419 L8819 25743 18144 41060 19127 20734 25982 Q1481 28985 18192 87713 34828 41317 33526 21400 1799¢ 19379 14621

%0 30754 50373 50490 23515 39437 22869 21881 45563 22154 25652 23743 24562 35568 28387 26303 24868 Envi 1 Int ion ¥ ing

1 4 4088 1737 3903 3364 3571 4124 6553 4330 1184 4972 6335 5583 1332 11267 8233 9326 6307 4788 3077 6712 3906

38 5864 #6039 5280 4523 8581 674 4478 8080 4552 5363 6192 5057 8131 6933 6046 6061 Callular Processes

L1 s 29943 42173 Snd11 15631 8925 30418 51465 28751 27650 32907 51900 38164 21747 92133 Sha67 50140 44013 31077 27344 32011 26013

507 39145 61082 SBOLE 30763 54007 25861 31980 53592 31169 343800 324866 33941 ATLEL 39033 43811 38011 Onclassified

1 6 2532 3390 38602 216€ 3492 2608 4466 2582 2430 3159 4689 3224 2114 582¢ 4227 3698 3708 2878 2606 2501 2430

37 2948 4180 1263 541 ELES ] 2670 1738 4254 2716 2942 2437 2834 642 3137 1348 2%34 Human Disesses

7 49522 65769 63438 39621 61058 42037 85202 46755 44172 57291 B3498 63506 41278 92580 REEETY 13134 71250 46026 45424 46700 80215

962 52958 92430 58408 55591 €7326 52301 52003 B¥624 50271 53851 52213 53449 71046 59583 63320 56813  Genetic Information Processing

sazplell sarplel?
sumpledd
mplell

#tablef{2] num of reads per XEGG level 2

asarple2s sampla2d sampledd
sampleS1 sarples2 samplas3
L2 01 21948 31500 anoze L8779 25388 20097 35040
488 27579 40934 37898 26145 32831 23443 22738
12 0z CLEL B491 7453 4432 6712 4748 11493
431 6378 13276 9637 6244 8450 5999 5954
203 28323 37639 36170 23434 35197 26318 4807]
238y 32491 51447 3%334 30798 39331 27524 18014
rz_04 3012 13345 L2708 7715 12437 3107 18238
304 11562 19834 14555 9540 15663 8619 9628
1205 3173 3996 4895 2788 3542 2821 4089¢
37 3818 5699 6550 3809 4358 Jaza 328z
Lz 06 1673 3370 2354 L1818 2270 1664 4853
a3 2154 3653 3264 1560 2905 19%0 2320
L2 07 18930 13964 18717 13239 17e2s 14622 22898
509 17205 22688 21433 16388 20381 13668 15252

aample.

3%

nample32

saxplabi

20508
43028
d48s
13110
27151
50692
BE55
15582

22809

20895
23013
4979
5261
24391
2BASE
7337
3726
2941
2942
2010
2236
15385
15471

sarmple5s

26972
28438
6871
477
32383
32616
103z
11463
334¢
33is
2402
2640
L8779
17055

level? marplel sawple? anmpled serpled sample’ asmpled zocple? sarpled saozpled sompleld

samplell namplal? aampleld sampleld sarpleld

samplaid sampleid sample3s aampleis samplal? pampladd

sample56 samplesT sample5d sampleSs sarple6d sa

37070 26481 17452 51186 40633 35848 32241 22331 18443 20050 17794
24428 2601E 35214 29229 32567 28720 Carbohydrate Metabollism

9847 1122 3711 13209 11404 9809 9540 828 4074 4703 3365
5568 6734 9154 T453 2087 7152 Lipid Metabol ism

43488 34396 23363 31286 47205 41487 40320 26833 25623 24361 24570
9934 29934 40476 34504 36183 32831 mmlno Acld mMetabolism

15383 12203 7663 219258 18377 15527 13529 g33%2 1978 827 EQ16
10243 10775 15107 12601 L3211 11673 Metobolism of Cofactors and Vitamins

877 4064 2696 7462 4839 4287 4357 2926 2616 2148 2436
3185 3283 4240 3705 EELLY 465 Xanoniotics Eiodegradation =nd MetEbolism

2972 2311 1281 4698 4337 3978 3254 1932 1565 1821 1248
2566 2681 3973 2533 isie 3013 Biosynthesis of Cther dary Metabolite

20502 17840 18878 27413 182948 2085% 19453 15035 14161 13098 13297
15872 15696 21116 18339 20002 17873 Enerav Netabolism
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f Public Health

HOME RESEARCH rw}v‘i“l”/\(:i‘l‘r\l‘;. ”“’;3L"r(”lJl’1l:‘l:\‘ll:)\l ‘7 fl"l"(,)‘l"l‘l“I | CONTACT PUBLICATIONS MetaPhIAn3 iS a Computational tOOI for prOfiIing
the composition of microbial communities from
MetaPhlAn: Metagenomic Phylogenetic Analysis metageFIOmiC ShOtgun Sequencing data.
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OCEAN

ocean microbiomes contains the largest microbial reservoir
from the planet. At least 35.000 prokaryotes species and 40 M
non redundant novel genes

T/‘\R"\ CONTACT US H

OCEANS B K strategists:

‘c’;n']c’:'al;'z';::el'b:ma';r& function of the global ocean microbiome" OllgOtrop_hIC mlcroorganlsms WhOS_e
metabolism is adapted to low nutrient [ ]
® e R o [

+ o ool o R strategists:

copiotropic microorganism whose exhibit
phases of rapid growth in nutrient rich
o condition but are outcompeted by k
strategists in nutrient poor conditions

interactive webpage showing microbiome composition
across oceans sites
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£ TARA OCEANS

ABOUT TARA

J

WARE A
= paNATION

B e | i
-5 launched in September 2009, the schooner’s 8th and 9th expeditions
g ~% I m (Tara Oceans and Tara Oceans Polar Circle) has been a three year
< ‘ G g
i o W L | voyage around the world, with fifty stopovers. Its purpose has been
e -. to investigate planktonic and coral ecosystems in the perspective of

climate changes. 150 international scientists have taken part.

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA



2\ TARA EXPEDITIONS

Tara is a unique ship for scientific discovery and adventure, still sailing and
collecting samples around the world, see
https://oceans.taraexpeditions.org/en/m/about-tara/
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Sunagawa et al., Science 2015

MICROBIAL ECOLOGY IN THE OCENAS

O LHEINEITEY TARA OCEANS

INTRODUCTION TO SPECIAL ISSUE

Tara Oceans studies plankton at planetary scale

v

9 DY P.BORK, C. BOWLER, C. DE VARGAS, G. GORSKY, E. KARSENTI, P. WINCKER
4

SCIENCE | 22 MAY 2015:873 | &

Full Text [A3PDF

analysis of 243 ocean microbiome samples,
collected at 68 locations representing all main
oceanic regions (except for the Arctic) from
three depth layers, which were subjected to
metagenomic lllumina sequencing. By integrating
these data with those from publicly available
ocean metagenomes and reference genomes, we
assembled and annotated a reference gene
catalog, which we use in combination with
phylogenetic marker genes to derive global
patterns of functional and taxonomic
microbial community structures

A Tara Oceans sampling stations

Indian Ocean

;E Mediterrancan Sea
o ;
North Pacific Ocean FH m g North Atlaniic Ocean Rwu;a
e,

B Ocean Microbial Reference Gene Catalog

D Breakdown of gene novelty

Ocean microbiome [Gut microbiome { §
68 sites 11,070 individuals ¢ §
243 samples 11,267 samples

111.5 M predicted geres |189.9 M predicted genes

|+ 26 M external genes ] |+ 1.9 M extemal genes

o ®
© o

81.38% W TARA
7.49% [ GOS
51%H  TARAIGOS ;
248% H  MetaG(oher) [ 93.42% |

-
U 0.44% B RefGwith MotaG B 4.94%
5. 3.41% @ RefG B 1.64%

NS
oo

40M

A
o

Taxonomic breakdown

S |
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404 . B

20 i
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]
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5.4% [ Viruses 3
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2.8% H LUCA g 0 7 4 6 0 401010
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Alphzprotecbacteria

s

DCM Deltaproteobaciera
Other Proteobacieria
E—— MESO - Bacleroideles
Deferribacteras
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Verrucomicrobia
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Fig. 2. Taxonomic breakdown of Tara Oceans samples. A phylum-leve! (class-level for Protecbacteria)

breakdown of relative abundances is shown for all prokaryotic samples from three depth layers along

with the number of detected taxa at the OTU level. SRF. surface water layer; DCM, deep chlorophyll

maximum layer; MESO, mesopelagic zone

depth is a major determinant of ocean
microbiome stratification
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Fig. 3. Depth stratification of the ocean microbiome. (A) Principal coordinate (PC) analysis performed
on community compasition dissimilarities (Bray-Curtis) of 139 prokaryotic samples based on 16S ntag
relative abundances shows that samples are significantly separated by their depth layer of origin, ie.,
surface (SRF), deep chlorophyll maximum (DCM), or mesopelagic (MESO). Boxplots of the first PC
illustrate differences between depth layers. Differences between samples from SRF and DCM were
significant, but small compared to those with mesopelagic samples. Abbreviations for ocean regions are
the same as in Fig. 1. (B) For a matched sample set from 20 stations where SRF, DCM, and MESO were
sampled, calculations of within-sample species richness (top left) and between-sample diversities (top-
center; Bray-Curtis) and cell densities per millileter (top right) suggest an increase in species richness
and a decrease in cell density with depth (pairwise Mann-Whitney U-test: P < 0.001), whereas no signif-
icant trend was found for between-sample dissimilarity. For gene functional groups (bottom left and
center), richness increased with depth, whereas between-sample dissimilarity decreased. Minimum po-
tential generation time of microbial communities (bottom right) is predicted to be higher in the meso-
pelagic compared to the epipelagic (EPI).
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- ENVIRONMENTAL DRIVERS OF
| COMPOSITIONAL STRUCTURE

4 temperature and oxygen h
are dominant drivers of

- ., | variation in surface water

microbiomes

A C e 8 2 &3
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Fig. 5. Environmental drivers of surface microbial community composition. (A) Principal coordinate
(PC) analysis of surface samples shows that samples are not clearly grouped by their regional origin
(top), but rather separated by the local temperatures as shown by the strong correlation (R% 0.76)
between the first PC and temperature (bottom). (B) Pairwise comparisons of environmental factors are
shown, with a color gradient denoting Spearman’s correlation coefficients. Taxonomic [based on two
independent methods: tags (12) and mOTUs (13)] and functional (based on biochemical KEGG modules)
community composition was related to each environmental factor by partial (geographic distance—
corrected) Mantel tests. Edge width corresponds to the Mantel's r statistic for the corresponding distance
correlations, and edge color denotes the statistical significance based on 9,999 permutations.

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA




B Aphmimtscbad. Theumerchanata
W Gammapaabact, Euryarcnaects
W Oner Prowobsct.  MECyenubacteria
B Ractorcidatan W Chlarofinsi

W Unciassitise I Vanuomcioble
I Dstoribsctores BROther

B Daaprateonact mPaciomycatas
W Actnotactria

NG Cove fLncaans
Anine 3cid rarapod snd matshotsn
8 Goraal finction pradicton ety

L - the mesophilic waters are the

B Enorgy pracuctor ana convarsion
5 Call walimembrane/amelope bingenesis

o richest in functional diversity

1 Cocrzyma bupart snd matsboliemn

EPosttransl mod. protein himover, chaoeronas

WLIp Taspor ane metiolism

Winorgens o kmapor ané metiolin

i Nucestida faneport o metanoksm
Trmnserpton

2 metataol Bosyt, trarsp. and Catabolsm

1 Sigra) vanoducion machaname

Minvacall Saticking. secmt snd vasle trensn.

1 Daferse mechan. W Cel cydia contra, cell dis

WO motlly [ ChMOMEIn SC. 8nd dynemics
RNA prec and mad,  Cyloshelelon

HEstracolur srvol  INudear druel

Function (all)

Function (non-core)

Fig. 8. Functional structuring of the ocean microbiome. (A) Phylum-level (class-level for Proteobac-

B Ocean: EPI vs MESO teria) taxonomic variability is higher (top, median relative SD = 65%) relative to the functional composition
PO im L2 9% %—-\ ;:f;’:,'y - 4 (OG functional categories) of ocean microbial samples (center, median relative SD = 7%). Removal of

;:, Carbon fixaten é, Nitrogen mesabolism - ‘/J*- functions that are ubiquitous in the ocean environment reveals the variable, noncore fraction (bottom,

ol Badeii chomolasis . _A»_ median relative SD = 47%), which amounts on average to 4% of the total gene abundance. Red triangles

(prok) # Acrokic rospiration ] on x axis highlight mesopelagic samples collected in oxygen minimum zones of the Indian Ocean and

Sufur metabolism

G IO ™ Eastern Pacific, which show increased levels of lipid metabolism in noncore functions. (B) Venn diagram
rA

PR ‘_.?L,._ PR (left) showing that core OGs in the epipelagic layer of the ocean are almost completely contained in
b poresiasts mesopelagic core OGs (left). The bean charts (right) display differential abundances of marker genes

Oxygenic SN Mangenese-related | ,_J: S : i i
o Phokdynhong metabofem (based on KO annotations) for selected functional processes in the ocean. Asterisks denote Mann-Whitney
cean core ™ a0 1o g0t A gom qod a
A B e L A S U test results (***P < 0.00L).
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Importance and centrality of the microbial loop
In epipelagic waters

CO2: iz 02 02 :,.C02
o;(.l.genlcphotosynth‘;&s é;it‘:i'é't'iV('—::'ﬁ:lgt-a.BgI‘i‘s,m
INORGANIC PHYTOPLANCTON DISSOLVED PROTOZOA MARINE MACRO
NUTRIENTS (photosynthesis) [~ | ORGANIC MATTER ~ | ORGANISMS
bt
ORGANIC COZ Hteei " SO4
NUTRIENTS : anoxigenic photosynthesis
A : [, | MICROBIALLOOP
(microbiome)
02 oxidative metabolism,ié:;,,_ CO?2
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ORGANIC MATTER
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7%, Epipelagic microbiome and microbial loop

INCREASE THE COMPLEXITY OF AVAILABLE NUTRIENTS
PRODUCING POM AND MICROBIAL CELLS, SUPPORTING THE
ECOSYSTEM DIVERSITY

\ Y,
[ CIRCOL NUTRIENTS ]
4 )

COMPETE WITH PHYTOPLANCTON FOR NUTRINETS ,
CONTRASTING CYNOBACTERIAL BLOOM IN THROPHIC
ECOSYSTEMS
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of marine sediments

Marine microbiomes are central for the biology

ORGANIC INPUT

HETEROTROPHIC METABOLISM
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~2, Balanced microbiome activities are mostly
ﬁig important in trophic sediments

MICROBIOMES ARE STRATEGIC FOR NUTRIENT CIRCULARIZATION
SUSTAINING THE WHOLE ECOSYSTEM DIVERSITY

DESTOING THE BALANCE BETWEEN DEGRADING AND
ASSIMILATING COMPONENTS COMPROMIZE NUTRIENT

CIRCULARIZATION AND MACROSCALE ECOSYSTEM DIVERSITY
\ Y,
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Host associated marine microbiomes are integral for the host
and ocean health

BASEMENT OF
TROPHIC CHAINS

BENTHONIC AND
— PELAGIC SPECIES
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Holobionts are defined as animals or plants together with associated
microorganisms living on them

HOLOBIONTS EXIST WITHIN A RANGE OF SYMBIOSIS

N\

-

-

OBLIGATORY SYMBIOSIS

e.g. herbivores, termites, corals,
sponges, legumes ...

/

-~

N

WEAK SYMBIOSIS

e.g. carnivores, omnivores, non-human
primates and human beings ...

~

/
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NITROGEN FIXATION IN LEGUMINOSES

CELLULOSE DEGRADATION IN RUMINANTS

PHOTOSYNTHESIS BY MICROALGAE IN CORALS

OXIDATION OF ORGANIC COMPOUNDS IN SPONGES

IMPROVEMENT AND REGULATION OF HOST NUTRITION
AND METABOLISM

MODULATION OF THE IMMUNE FUNCTION IN MAMMALIAN
OMNIVORES

PROTECTION FROM PATHOGEN ATTACK IN MAMMALIAN
OMNIVORES
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Zo\ At the evolutionary scale, microbiomes co-evolve with
¢z host species in the holgenome frame

Even under weak symbiosis the holobiont gut microbiome (GM)
provides functional traits integral to the host physiology

(e.g. nutrition, protection and immune regulation for the human GM)

HOLOGENOME

IMPACT ON THE |
[HOST FITNESS J —> [CO-EVOLUTION}_

‘ Phylosymblosls}‘ ’

PHYLOSYMBIOSIS | @/[———"" .\
GM recapitulates host | ®" [ [ "« '~
phylogeny — i 2
W A
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2. MARINE ORGANISMS ARE INTEGRAL TO
! 7 THE OCEAN MICROBIOMES

Sustaining the rares

Ly
AT
Miczabial OTUs

Sediment microbial

communities

macroorganisms microbiomes harbor a high functional potential and are integral
components of functional gene dynamics in aquatic bacterial communities

maintenance of microbial
diversity at various scales in the
marine environment

dissemination
vectors

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA




e
j-:-;Qrcles

Nested Ecosystem Concept

nutrient cycling
primary productivity
community structure
food webs

light
nutrients
temperature
turbidity
pH

Microbiome : ' Holobiont Community Ecosystem

¢ the health of the holobionts basement of the marine trophic chains is
instrumental for the health of the whole ecosystem



the central dogma of the microbial ecology

“Everything is everywhere: but the environment selects”
Martinus Wilhelm Beijerinck, early in the twentieth century

s

ubiquitous distribution and ecological determinism in microbial biogeography

Anthropic factors and climate change
shape the microbiomes and
microbiomes connection chains of the

planet
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" £ STRESSORS

MICROBIOMES AND ANTHROPIC

environmental |
microbiomes

—
logeochemica
cycles

N

rth microbiomes

hhysiolégy andJ
Splanet health health
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Microbiomes have a central role in the biology of
climate change

\-

the microbhiome world constitutes the life \
support system for the hiosphere

[ 50% of O, production J

[carbon and nutrient cycling ] [ animal/plant health ]

[ global food web ] /

|

CLIMATE } - [ MICROBIOMES}

CHANGE

PLANET BIOLOGY ?
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Microbiome disturbances

The fast and restless increase of World’s human population is rising crescent
concerns about the threads that human activity can pose to seas and oceans

ecosystems.
Plastic
& waste Pesticides

— Heavy
Eutrophication metals

f > [ Ocean pollution } I:>
Anthropic
activities

L
temperature
i Sea level
> [ Climate change } I:> Glacial
melting
Ocean

Extreme acidification
weather

events
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@
N

MARINE Bl
BIOAREOSOL

nitrification and

o, CLIMATE CHNAGE IS PUSHING OCEAN MICROBIOME IN
\=| CONCITIONS OUTSIDE THE RECENT HYSTORICAL RANGE

------ - (RISE IN WATER
........... [TEMPERATURE] CHANGES IN | .. [EXPANSION OF
[ WATERS |\ "o WATERS THE OCEAN
ACIDIFICATION \CIRCULATIONS ) /7| miNIMUM ZzONE

L4

’ WEB
\_

“~. ( CHANGES |
“. IMICROBIAL FOOD

(microbial loop)

CAANGES IN | #
NUTRIENT |
IMPUTS

J /

OCEAN MICROBIOME OF

L denitrificatio
” processes

/' global carbon-and

’ - .
4 e nafrient cycling
“_——‘

o e e e e e e e

MICROBIOME MARINE HOLOBIONTS [IRisthta

waste

assist the

remineralizing

oxy_g_e__n___ "~ organic matter _ immune system
-prodiction holobiont
LY health provide response
_______ fixing essential to stresses
carbon nutrients
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HEALTH,
a dynamic equilibrium

(

\

ENVIRONMENTAL POSSIBLE SCENARIOS
STRESS

warming, acidification,
eutrophication, sedimentation,
pollution

» RESISTANCE

Homeostasis e
|~ STABILITY
************* RESILIENCE %,

Recovery

DYSBIOSIS =
Host immunity failure? £ —» DISEASE
Oxidative stress? Lty

Increased microbial diversity (opportunists)
New microbial functions: motility,virulence

-+ ACCLIMATIZATION
Host phenotypic plasticity S = ADAPTATION
Gain/loss of microbes <0 g sensu lato
Shifts in microbial abundances
New microbial functions?



The holobionts microbiome as a key provider of
phenotypic plasticity

HOLOBIONTS MICROBIOMES RESPOND RAPIDLY TO
ENVIRONMENTAL CHANGES, SUPPORTING FAST ADAPTIVE
RESPONSE OF THE HOST

CHANGING ADAPTIVE
ENVIRONMENT MICROBIOME
VARIATION

J

ADAPTIVE HOST
RESPONSE
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V2 2, Microbiomes adapt faster than the host genome

approximate
temporal scale

epigenetic changes| ——— 1023 years
HOST ADAPTIVE <
VARIATION DNA mutation and

. : —— 1034 years
variants selection

changes in relative
abundance of community| ——w— 101 days

members
MICROBIOMES horizontal acquisition of
ADAPTIVE VARIATION new community — 101 years
members

horizontal gene

— 1
transfer 10 years
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>, Holobionts microbiomes for sustainability

Adaptive variations of holobionts microbiomes can be exploited as a
proxy for environmental stress and pollution, as well as functional
resource for its mitigation

[ANTHROPIZATION] > VARIATIONS IN

HOLOBIONTS

[POLLUTI ON] COMMUNITIES

RESOURCES ]
[XENOBIOTICS] EXPLOITATION
DISPERSION IF ADAPTIVE
FUNCTIONAL
| Env. cHANGES | PROXY FOR ENV, \RESOURGE FOR

STRESS AND MITIGATION

POLLUTION
& Circles

'I
., |
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Coral reefs, the basement of the marine trophic

chains
(Torda et al., Nat Clim Change 2017)

Marine
ecosystems

Climate
change (ocean
acidification)

Adaptive
responses

MICROBIOME

Balanophyllia Astroides
europaea calycularis
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/22) CHANGE

CORAL REEF MICROBIOMES AND CLIMATE

Organic C

Heterotrophic
feeding

LS

Coral

Symbiodinium
Spp-

0,\‘09‘\

Amino acids,
proteins, and

sugars

Sulphur assimilation
(glutathione, DMSP,
cysteine, methionine)

Inorganic N

v

N,

%

¢

(

Orgamc Vitamins
N and trace
\Mmetals

Microbiome

Microbial C pathways

DMS SO;?

Bourne DG, et al. 2016.
Annu. Rev. Microbiol. 70:317-40

R

Calvin cycle
Reverse Krebs cycle

Reductive acetyl-CoA pathway

N

/CORAL REEF REALY ON DIVERSE\
CONSORTIUM OF FREE-LIVING AND
HOST ASSOCIATED
MICROORGANISMS FOR THE
CAPTURE, RETENTION AND
RECYCLING OF NUTRIENTS AND
TRACE ELEMENTS, ALLOWING TO
THRIVE IN THE MARINE EQUIVALENT

k OF A DESERT /

CARBON FIXATION

MEETING HOST

(clavin cycle)

NUTRITIONAL NEEDS
CORAL Z RECYCLING COMPLEX
CH4 MICROBIOME CARBOHYDRATES
OXIDATION l\
SULFATE NITROGEN PROVISIONAL ESSENTIAL
REDUCTION CYCLING AMMINO ACIDS |
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1%\ CLIMATE CHANGE AND DYSBIOSIS

CLIMATE CHANGE CAN DESTABILIZE MICROBIOMES LEADING
TO DYSBIOSES THAT CAN DEVELOP INTO ALTERNATIVE STABLE
STATES

3

USAGE OF MICROBIOMES AS BIOMARKERS FOR ECOSYSTEM
HELATH FOR APPLICATION IN MARINE CONSERVATION AND
RESTORATION

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA




MICROBIOME CAN HELP INCREASE THE RESILIENCE OF REEF- \
BUILDING CORALS TO FUTURE CLIMATE CONDITIONS

¥

EXTENSIVE TAXONOMIC AND METABOLIC DIVERSITY AND THE SHORT
GENERATION TIME PROVIDES CONSIDERABLE POTENTIAL TO
CONTRIBUTE TO THE HOLOBIONT ADAPTIVE RESPONSE

\ 4

ADAPTIVE MICROBIOME MODIFICATIONS CAN BE VERTICALLY

\ TRANSMITTED, INCREASING POPULATION FITNESS /

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA




o, MICROBIOME MANIPULATION FOR CORAL
7] RESTORATION

P

@)

e

1<
A

\

NATURAL MICROBIOME OF STRESS RESISTANT CORALS CAN BE USED

TO DEVELOP SYSTHETIC COMMUNITIES TO BE INOCULATED INTO

DISEASED CORALS, ALLWING TO TRANSFER HELATH BENEFIT AND
-

STRESS RESISTANCE )
4 )
DEVELOPMENT OF CORAL STOPKC WITH AND ENHANCED
MICROBIOME-MEDIATED STRESS RESILIENCE BY ASSISTED
EVOLUTION
- J
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Patterns in microbiome composition differ with ocean acidification in
anatomic compartments of the Mediterranean coral Astroides calycularis

living at CO, vents
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Comparison of the microbiome of non-symbiotic solitary coral Astroides
\ calycularis that naturally lives at a volcanic CO2 vent in Ischia Island (Naples,
Z| ltaly), with that of corals living in non-acidified sites at the same island.

{75 Mucus ISCHIA, TTALY

~ » Grotta Mago vent system
\(¢7) SKELETON L MICROBIOMES
\ g "’\ Natural model of ocean
2 W/ - acidification
Punta Vico M ( > TISSUE s
LS N

* CORAL U
Astroides calycuwlarls \
’

pH

Ischiasland

schia Island [}
Ischia Island Grotta del Mago

Sant"Angelo

900 Km
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Microbiomes associated with the different coral anatomic
2oy compartments were different from each other and from the microbial
-/ communities of the surrounding seawater.

MDS1 (31.8%)

=== Punta Vico, 2 m

@) Water Mucus
: : L
; oA (b) (c) .
. X 3
: o < %) Jul Em
& o % LI | a
4 o 3 e S
® o s
¢ =2 : e
* 4 S . = a ]
;3 @ * N ] |
o . ‘ @ MDS1 (30%) MDS1 (53.2%)
o™~N X
s \ A S I — G Tissue Skeleton
: ) y
4 N B (d) «°* @ .
s ® A = S
@ A x ° @ N ‘a
; ~| e o ©
A of_.® = S %4 A A A2
& A e [¢] 8 AAA X
: i 8 ® g % ‘
& Water A g & ®
Mucus % Aﬁ 5 A i
e Tissue MDS1 (26.5%) MDS1 (33.6%)
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= Grotta Mago, 3 m

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA




. The mucus associated microbiome differed the most
~| Z| between the control and acidified sites.

A il B 1 =i - Coral microbiomes contribute to host
(P acclimatization to environmental
e O change.
s /A | ’  Natural CO2 gradients are a model of
v . f global change-induced ocean
| acidification.
S, ' - Non-symbiotic coral Astroides
. ‘;-‘ s calycularis survives in a natural
' ‘ b acidified site.
Lo\ - Calycularis mucus microbiome is the
... 3 | : most affected by low pH conditions.
o R ol * Low pH conditions induce changes in
M : !—I I microbiome supporting nitrogen
¢ Bicbusds Bl L e cycling.
giﬁiil igfﬁm ;J s — \ Y g 1 /
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Model V

Giorgia Palladino#, Erik Caroselli?#, Teresa Tavella!, Federica D’Amico?, Fiorella Prada®#, Arianna
Mancuso?#, Silvia Franzellitti*®, Simone Rampelli', Marco Candela'+#, Stefano Goffredo?#, Elena Biagi®

Metagenomic shifts in mucus, tissue
and skeleton of the coral
Balanophyllia europaea living along a
natural CO, gradient

Under review on ISME Communication
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via Belmeloro 6, 40126 Bologna, Italy
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Experimental design
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Soft tissue

Balanophyllia europaea

/

Study design

~

3 sampling sites (decreasing
pH)
3 coral specimens/site

3 coral anatomic
compartments

16S rRNA sequencing 2>
phylogenetic composition
shotgun sequencing 2>
functional variations

/
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Microbiome compositional structure of B. europaea and
the surrounding environment.

Principal Coordinate Analyses (PCoAs) of the Bray-Curtis distances calculated on
microbiome profiles at genus taxonomic level, obtained from 16S rRNA sequencing (A and
B) and phylogenetic assignation of metagenomic reads (C-F)
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A double approach for metagenomic data exploration

Gain/loss of
genetic functions
based on KEGG

__, | Starting dafaset |
> 3000 KOs

orthologs

model for deriving
functions under
selection by pH

/Prevalence—bosed\

Shifts in relative
abundance (r.a.)
of KEGG

Starting dataset
"KEGG pathways”

\_ variations )
" Trendsof )
increasing or
— | decreasingr.a.
based on pH

networks

\_ Vvariafions

J




A double approach for metagenomic data exploration

Gain/loss of
genetic functions
based on KEGG
orthologs

S1 S2 S3
K0D0505 TYR (tyrosinase)
KO7172 mazE, chpAl (antitoxin MazE)
KO06151 [gluconate 2-dehydrogenase alpha chain
Functions K03184 = ubiF (3-demetr_1oxyub«g_mol 3-hydroxylase)
r;g Reanardan K06136 = paaB (pyrroloquinoline quinone biosynthesis protein B)
K00547 mmuM, BHMT2 (homocysteine S-methyliransferase)
8 stress response [nngag rhaB (rhamnulokinase)
> K08384 spoVD (stage V sporulation-specific penicillin-binding protein D)
K(02240 comFA (competence protein ComFA)
K08724 | = pbpB {penicillin-binding protein 2B)
; K01430 ureA (urease subunit gamma)
N matabojem K13282 | |cphB {cyanophycinase)
z Functions K03411 cheD (chemotaxis protein)
©| associatedto (11686 racA (chromosome-anchoring protein)
o K03717 nhaR (LysR family transcriptional requlator, transcriptional activator of nhaA)
eq
5 stress response [1Kn2240 comFA {competence protein ComFA)
@ Mem branefcell K06132 clsC (cardiolipin synthase C)
= all funcii KO7287 bamC (outer membrane protein assembly factor BamC)
W oS k03098 APOD (apolipoprotein D _and lipocalin family protein)

ALMA MATER STUDIORUM
\\I\II II’\II BOLOGNA



A double approach for metagenomic data exploration

Shifts in relative
abundance (r.a.)
of KEGG
networks

Carbohydrate metabolism A Amino acid metabolism B
100% T om | 100%
- [0 Starch and sucrose metabolism
B Pyruvate metabolism " Valine, leucine and isoleucine degradation
Propanoate metabolism M Valine, leucine and isoleucine biosynthesis
75% = g:ﬁttg:: :nhgsgﬁtztmizemonversions 75% = Tyrosine metabolism
" ' Tryptophan metabolism
B Inositol phosphat_e metabolism . I Phenylalanine, tyrosine and tryptophan biosynthesis
[ Glyoxylate and dicarboxylate metabolism B Phenylalanine metabolism
B Glycolysis / Gluconcogencesis B Lysine d ;i
50% | Galactose metabolism 50% o Lysine degradation
B Fructose and mannose metabolism B e b
= gm;;ﬁ:e(;g'::zﬂz = gly;:ix.le, ser(iine atl;? th;eonin? rlleeltgbolism
A . ysteine and methionine metabolism
25% I C5-Branched dibasic acid metabolism 25% B Argininc and prolinc metabolism
l. ﬁ:&:ﬁ::: ;Zﬁ?gm metabolism B Amino acid metabolism
Alanine, aspartate and glutamate metaboli
B Amino sugar and nucleotide sugar metabolism W Alanine, aspartatc and glutamate metabolism
0% 0%
St 2 S8 51 s2 83
Mucus Mucus
Metabolism of terpenoids and polyketides C Biosynthesis of other secondary metabolites D
100% 100%
[ Zeatin biosynthesis [ Tropane, piperixliine and Pyridine alkaloid biosynthesis
B Tetracycline biosynthesis 75% [l Streptomycin biosynthesis
75% [ Terpenoid backbone biosynthesis ° M Stilbenoid, diarylheptanoid and gingerol biosynthesis
M Sesquiterpenoid biosynthesis [ Phenylpropanoid biosynthesis
[ Polyketide sugar unit biosynthesis M Penicillin and cephalosporin biosynthesis
[ Limonene and pinene degradation Novobiocin biosynthesis
50% B Geraniol degradation 50% I Isoquinoline alkaloid biosynthesis
[l Carotenoid biosynthesis B Isoflavonoid biosynthesis
[ Biosynthesis of vancomycin group antibiotics M Indole alkaloid biosynthesis
Il Biosynthesis of type II polyketide backbone = Eavonmd l:]u;]syntheft. i
[ Biosynthesis of siderophore group nonribosomal peptides o avone and flavonol biosynthesis
25% B Biosynthesis of ansamycins 25% | Caffeine metabolism
M Biosynthesis of 12-, 14- and 16-membered macrolides I Betalain biosynthesis
0% 0% —-—————.——l

S1 S2 S3 S1 S2 S3
Skeleton
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Main findings

pH dependent
regulation of

“First line” catabolism
defense layer production
of protective toxin-
pigments antitoxin
system
Gain of functions Acquisition of bacteria
related to stress |:> genetically equipped for dealing
resistance with environmental stress

N fixation and
stforage constant
/ with acidification Acidification-

:> induced selection of
\ functions for N

Changesin N
metabolism

Hydrolyzation mobilization
of N storage
biopolymer

@nophycin

tripartite
crosstalk



Main findings

Shift in carbohydrate metabolic pathways from
energy production to the maintenance of the
integrity of cell structures (cell wall and membrane)
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COASTAL RESEAERCH IN THE MICROBIOME
FRAME

[ ECOSYSTEM SERVICES OF THE COASTAL MARINE ENVIRONMENT ]

e

[TOURISM ]

PROIECTION J

[ HABITAT ][NUTRIENT

PROVISION

CYCLING ] [ XENOBIOTC]

¥

DEGRADATION

MARINE MICROBIOMES MICROBIOMES OF THE HABITAT
(water and sediments) FORMING HOLOBIONTS

microalgae
g mussels Se€agrass

corals

anemones sponge

mangrove
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. MICROBIOME DYNAMIC IN COASTAL
| HOLOBIONTS

/-I
fo=
£

<
=
L
(o]
| =
o
o
=
£

| 83
L

DYNAMICS INVOLVES DIFFERENT SCALES
AND DRIVERS

HOST ENVIRONMENTAL
PHYSIOLOGY CONDITIONS

SHORT TERM ) LONG TERM
DYNAMICS DYNAMICS

GEOGRAPHY | EVOLUTION
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(0, ESTABLISHMENT OF THE HOST-MICROBIOME
7/ INTERACTIONS

CHEMICAL SIGNALING,
SECONDARY METABOLITES

PRODUCED BY HOST SPECIES
(independently or in response to
env. stimuly)

ENVIRONMENTAL
MICROBIOME POOL

MICROBE - MICROBE
INTERACTION

.

é )
DIFFERENT HOST LIES IN A CONTINUUM AMONG THESE PROCESSE AND

CAN DYNAMICALLY CHANGE THE SELECTION STRATEGIES IN RESPONSE
TO SPECIFIC NEEDS AND ENVIRONMENTAL CONDITIONS
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THE ENVIRONMENT ACT AS A SOURCE
FOR HOLOBIONT MICROBIOME

-
the intrinsic environmental variability linked to seasonal changes, perturbation
events or a combination of these, strongly influence microbiome diversity and

functionality

\. y,

4 )
environmental stressors can interact opposing, additive or synergistic ways to

influence host microbiome and their interactions, leading to positive, negative or

L neutral impacts on them )
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2, INDIRECT ECOLOGICAL INTERACTIONS

ECOLOGICAL INTERACTIONS WITHIN AND AMONG HOLOBIONTS CAN BE
INDIRECT, MICROBIOME RECRUITMENT BY ONE HOST MAY BE AFFECXTED
BY EXUDATES OF OTHER HOST

e

@, ~
o 5 \?&Yéy'v_: 3
. Carbon —— Delonce N
SR LR, L R eycling ‘
o A TSRS T N /
: .~v 5 2 Nundbma!i { | \
RIS 2R [ Environmental ization!! |
Q' "' b ' - 8 ‘5 R ress selection | |
" “"l ,'&‘ nagement/
"y 2 e d ut
- &7 PR ‘1 /

R z"\
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HOLOBIONT MICROBIOMES AND STRESS

2! RESPONSE

-

AS HABITAT FORMING MARINE HOLOBIONTS POSSESS
RELATIVELY SHORT GENERATION TIMES ARE
INHERENTLY ABLE TO SELECT FOR MICROBIOME
STRESS-DEPENDENT ADAPTIVE RESPONSES IMPROVING
THE HOST FITNESS UNDER THE STRESS CHALLENGE

J

\ ¢

the microbiomes from habitat forming marine holobionts is likely to be
instrumental in assisting adaptation of the host to climate change and

atrophic stressors
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- MICROBIOME AND RESILIENCE OF THE
- HOLOBION HEALTH

STRESSOR

2
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Coastal holobiont microbiome at the interface
with human health

Human pathogens and enteric microbiomes are exogenously introduced to coastal habitats
via swage and urban stormwater. Release of of pollutants provide a direct atrophic stress
to the coastal habitat, with a cascade effect on marine microbiomes and holobionts
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enteric pathogens becoming,
’LL transiently, incorporated into marine
" S St microbiomes following exposure to
)
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BE=- = coastal pollution pose significant
%%%J health risk and microbiome from
coastal organisms potentially

represent an hotspot and reservoir

of human pathogen

there is now the evidence that some marine organisms (eg seargreaaes) may act as
effective natural filtration systems removing pathogens from the coastal ecosystems, by the
production of biocides

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA



MARINE MICROBIOME
BIODISCOVERY AND BIOTECH
APPLICATIONS

e " Societalneeds and challenges = ———
( Knowledge co-design and co-creation

Basic Applied Industrial Commercial
research research scale-up application
Ocean observation Cultivation/harvest Process and yield Customer acceptance
Biodiversity studies Extraction, isolation, optimization Market analysis
Sequencing, profiling and characterization Sustainable sourcing Business strategy
Bioassays Lab-scale application Sustainable supply Legal aspects
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| EVOLVED TO DEAL WITH COMPLEX FUNCTIONS

MICROBIOME EMERGENT
PROPERTIES

ABILITY DO DEAL POTENTIAL TO PERFORM MILTI-
WITH COMPLEX ANY POSSIBLE v

SUBSTRATES | ( BioLoaICAL CONVERsION ) | 70N TTONAHT

understanding ultracomplex microbial communities and
unraveling the mechanisms providing the microbiome
emergent properties
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THE MARINE MICROBIOME
BIOTECNOLOGICAL POWER
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%12 MICROBIAL COMMUNITIES

natural microbiomes have a limitless transformative capacity and provide
an untapped source for new, high performative biotechnological
applications
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LEARNING FROM NATURE, MICROBIOMES
BIOTECNOLOGY

[microbiomes based industrial processes]

[ more stable

functional
robustness

ability to perform
complex tasks

transposon of natural consortia mechanisms to industrial
environment

$

synthetic consortia inspired by metabolic interaction
found in nature
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Metagenomics, from nature to industrial microbiomes

4 Learning from nature N\
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o, FROM ECOLOGICAL AND FUNCTIONAL PRINCIPLES
277 TO INDUSTRIAL MICROBIOMES

APPLY THE BEST AVAILABLE SCIENCE TO ELUCIDATE THE A
ECOLOGIC AND FUNCTIONAL MICROBIAL INTERACTIONS IN
9 NATURAL MICROBIOMES )

-

" TRANSPOSE THE KNOWLEDGE TO THE RATIONAL DESIGN OF |
INDUSTRIAL MICROBIOMES TO BE EXPLOITED IN NOVEL
MICROBIOME BASED BIOPROCESSES
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Marine microbiomes for health and sustainability

MiCrObiOmeS provide an untapped MICROBIOME DATA SAMPLING;AMPAIGN - MICROBIOME BIOBANK
source of solutions for the
transition to more sustainable
planet MAREtIOM
)
|
Their complexity and '
mUItifunCtionaIitieS Can be NATURAL NATURAL-DERIVED MOCK
exploited for the Sustainable MICROBIOMES LABORATORY MICROBIOMES | MICROBIOMES
production of industrial products, ——
as well as for the provision of R e
selected ecological services to I : !
protect the planet health |
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Microbiome-
based
applications
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ANTHROPOGENIC STRESSORS
AND GLOBAL CHANGES
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he pipeline for the microbiome based
lodiscovery action
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HEALTHY OCEAN AND HEALTHY POEOPLE
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%o, Functional assessment and microbiome
2 modelling
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1. search - agnostically - for new secondary metabolites Biosynthetic Gene
Clusters (SM-BGCs);

2. construct de novo the metagenome-assembled genomes (MAGSs);

3. evaluate the selective pressures driving clades differentiation in marine
species;

4. assess the MAGs for selected functions;

5. model microbiomes, deriving modules, hubs and pathways involved in
selected functions and phenotypes;

6. search for microbiome functionalities for the green biosynthesis of bioactive
compounds
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