
MULTI-OMICS, THE LAST PARADIGM SHIFT IN 
MICROBIOLOGY 

first microscope
(Anthony van Leuwenhook)

Winogradsky column

cultivation based approaches 

molecular microbiology
(PCR - FISH -Sanger seq.) 

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

access to the invisible world 

Koch’s explanation of the origin of the 
human diseases, concept of 
pathogenicity  

beginning of microbial ecology, the 
overwhelming majority of microbes are 
essential for ecosystem functioning 

culture-independent microbiology

microorganisms occurs in complex 
assemblages in with species 
interaction are critical for dynamics 
and functional activities
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Technological innovation Paradigm shifts 



UNTARGET CULTURE INDIPENDENT 
MICROBIOLOGY, THE DARK SIDE OF THE MOON

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

cultivable

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

shedding light on the total microbial 
diversity living on our planet



NEW OMICS THECNOLOGIES 
REVOLITIONIZED MICROBIAL ECOLOGY

PROVIDING STRUCTURE AND FUNCTIONAL 
POTENTIAL OF WHOLE MICROBIAL 
COMMUNITIES IN THEIR NATURAL 

HABITATS 

THE MILTI-OMICS ERA 



NEW ACTORS AND NEW DEFINITIONS

MICROBIOTA
all living microbes populating a given habitat 

(bacteria, archea, fungi)

MICROBIOME (Whipps 1988)
characteristic microbial community in a well-defined habitat 

which has distinct physiochemical properties as their 
“theatre of activity”

METAGENOME 
collection of genomes and genes from the member of the 

microbiota



THEATRE OF ACTIVITY



MULTI-OMIC AND MICROBIOME ASSESMENT 

METAGENOMICS IS CENTRAL 
IN THE WORKFLOW FOR 

PRODUCING MICROBOME 
KNOWLEDGE  



NON-OMICS METADATA, TO COMPLETE THE 
THEATRE OF ACTIVITY

ECOLOGY AND 
GEOCHEMICAL 

VARIABLES

HOST PHYSIOLOGY AND 
PHYSIOCHEMICAL 

VARIABLES  

ENVIRONMENTAL 
MICROBIOMES 

HOST ASSOCIATED 
MICROBIOMES 



• …there are 100 million times as many bacteria on Earth (13 × 1028) as stars in the 
universe, and viruses are even more (13 × 1031)

• https://www.micropia.nl/en/ 

Microorganisms are all around us and live as microbiomes 

air microbiomes

water microbiomes
soil microbiomes

plant microbiomes

animal microbiomes



MOST BAVCTERIA AND ARCHEA ON EARTH 
EXISTS IN BIG 5 HABITATS  

deep 
continental and 

oceanic 
subsurfaces

hold 60% of all 
microbial cells 

in the 
biosphere 



NUMERICALLY MINORITARY BUT BIOLOGICALLY 
STRATEGIC, THE HOLOBIONTS MICROBIOMES 

3x1024 plant and 
animal associated fast 

growing microbial 
cells (aerobic and 

anaerobic 
heterotrophs)



ENV. MICROBIOMES

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  



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



• 50% of O2 production

the microbiome world constitutes the life 
support system for the biosphere 

Microbiomes centrality

carbon and nutrient cycling

global food web

animal/plant health



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  



the Earth Microbiome Project is a systematic attempt to 
characterize global microbial taxonomic and functional diversity 

for the benefit of the planet and humankind

1x10-20 % OF THE TOTAL DNA OF EARTH HAVE BEEN 
SEQUENCED 



a better understanding of microbiome-dependent 
ecosystem services can provide microbiome-based 

solutions for our society and planet 

Microbiomes research and innovation (budget 
proposal of 100 billion Euro in Horizon Europe 2021-27)



MICROBIOME BIOTECHNOLOGY

LEVAREGING SPECIFIC ECOLOGICAL CONCEPTS FROM 
NATURAL MICROBIOMES FOR THE IMPLEMENTATION OF 

CONCRETE MICROBIOME BASED ACTIONS FOR 
IMPROVED PLANET HEALTH



MICROBIOME SCIENCE IS HIGHLY 
MUTIDISCIPLINARY 

MICROBIOME 
SCIENCE 

BIOLOGY

CHEMIST 

MATEMATICS 

INFORMATICS 

STATISTICS 
MODELLING

BIOTECHNOLOGY

MEDICINE BIOECONOMY

AGRONOMY

FOOD 
SCIENCE 

ANIMAL 
HUSBANDRY

KNOWLEDGE APPLICATION TECHNOLOGY



INTRODUCTION TO METAGENOMICS 

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



microbial metagenomics is the study of the total 
microbial DNA (virus, bacteria and fungi) 

present in a given sample   

MICROBIAL METAGENOMICS

Venter et al., Science 2004



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   

cost
output

NGS



GOALS FOR A METAGENOME STUDY

PROFILE THE TAXONOMIC 
COMPOSITION

PROFILE THE FUNCTIONAL 
POTENTIAL

DEFINE THE MAIN 
ECOLOGICAL SERVICES 

EXPLOITATION 
FOR 

BIOTHECNOLOGY 

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

INFLUENCE ON SYSTEM 
LEVEL PROCESSES



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



TYPES OF MATAGENOME STUDIES 

MARKER GENE

use primers targeting a 
specific region of a gene of in 

order to determine the 
microbial phylogenesis

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

WHOLE METAGENOME

shot-gun sequencing of the 
whole microbiome to 

determine phylogenesis and 
the functional repertoire 



MARKER GENE ANALYSIS 

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

• 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  



THE 16 rDNA GENE

CONSERVED REGIONS 

VARIABLE REGIONS 

AMPLIFY, CLONE AND 
SEQUENCE THE GENE FROM 
UNKNOWN MICOORGANISMS

IDENTIFICATION AND 
PHYLOGENESIS



THE 16 rDNA GENE BASED PHYLOGENETIC TREE

microorganisms are 
arranged in a phylogenetic 

tree on the bases of the 
percentage of homology of 

the 16S rDNA gene  

the % of homology of the 
16S rDNA gene is used to 

weight the degree of 
similarities among 
microorganisms  



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? 

TYPE OF QUESTIONS METAGENOMIC DEAL WITH 



THE GREAT MAJORTY OF METAGENOME STUDIES 
ARE COMPARATIVE  

Case - positive for the 
phenotypic and/or env. feature

Control - negative for the 
phenotypic and/or env. feature

METAGENOMIC 
FEATURES  

COVARIATES 

METAGENOMIC 
FEATURES  

COVARIATES 

Case specificities 

METAGENOMIC 
FEATURES  

COVARIATES 

Control specificities 

METAGENOMIC 
FEATURES  

COVARIATES 

healthdisease



COVARIATES 

MICROBIOME 
PRODUCTS
(eg. SCFAs)

TYPES OF MICROBIOME COVARIATES

ENV. FACTORS
(eg. physical/chemical 

variables, diet, 
xenobiotics )

MICROBIOME 
ACTIVITIES

(eg. inflammation, 
remediation)



HOW TO CONDUCT A METAGENOME STUDY 

• study design
• sampling and storage
• DNA extraction
• library preparation
• NGS sequencing
• bioinformatics 
• biostatistics

process to be explored 
statistic robustness
adequate to the matrix  
level of multiplexing
sequencing power
optimal pipelines  
creative statistics 



NEXT GENERATION SEQUENCING TECHNOLOGY

SHORT-READS 
THECNOLOGY  

LONG-READS
THECNOLOGY 

20 Gb per cell with 
average read lengths 

up to 30 kb

up to 3 Tb per cell with read 
lengths ranging between 

100-300 bp

SHOT GUN 
METAGENOMICS

SINGLE CELL 
SEQUENCING 



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

10 ng-1 µg 
starting DNA

n. 300 pb
fragments



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



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  

L and R primers 
possessed an universal 
overhang adapter for the 

following index PCR 



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



fluorimetric quantification (Qubit)

dilution at 4 nM

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; 
• L and R samples specific 

barcodes index 
• L and R flow attachment sites             
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FLOW CELL, SURFACE SEQUENCING 



https://youtu.be/womKfikWlxM

ILLUMINA SEQUENCING THECNOLOGY 

https://youtu.be/womKfikWlxM


HOW CAN WE FIGURE OUT THE TOTAL 
SEQUENCING POWER? 

“sequencing reactor” 

clonal bridge amplification of 
L and R strands 

SEQUENCING 
REACTION 

SINGLE READS 
PAIRED-ENDS 

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

10X COVERAGE

FOR A GIVEN DNA FRAGMENT, AT LEAST 10 
COPIES NEEDS TO BE SEQUENCED IN 10 

REACTORS



GENOME SEQUENCING DEPTH, ILLUMINA 
PAPELINE

105-1010 copies random fragmentation

enolase gene

random fragment: 105-1010 

fragments per genome region 

10x coverage: at least 5 fragments 
(double strand) per genome region must 

be sequenced in corresponding 10 
clusters (strands), producing 10 reads 

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 

PCR amplification



[4nM] dilution
[5µl] sampling

• 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 

at least 100 k 300pb 
fragments for the less 
abundant genome 
(0.01%) – 10x cov. 

METAGENOME SEQUENCING DEPTH, ILLUMINA 
PAPELINE

metagenome, up to 
200 genomes types at 
different proportional 
abundance (50-0.01%) 

random 
fragmentation

random fragments, n. of 
fragments from a given 
genome type reflect its 
proportional abundance PCR amplification



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)

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



ILLUMINA PLATFORM, THE PREDOMINANT CHOICE 
FOR SHOT GUN METAGENOMICS



ILLUMINA PLATFORM



NGS MEANS MULTIPLEXING WITH BARCONDING  

considering that optimal sequencing require 10x coverage of the target DNA, 
the extreme sequencing power of the Illumina platforms allow multiplexing, 

sequence on the same flow cell up to 384 different barcoded samples



METAGENOMES BARCODING FOR MULTIPLEXING

Sample 1: 4 blue; 3 black, 2 yellow Sample 2: 2 blue; 3 red, 4 yellow Sample n: 2 blue; 1 grey, 3 green



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

clonal amplification 
of F and R strand 
and sequencing  

Sample 1 Sample 2 Sample n

Sample 1 Sample 2 Sample n

44% BLUE
33% BLACK
22% YELLOW 22% BLUE

33% READ
44% YELLOW

35% VIOLET
15% GRAY

50% GREEN



METAGENOME SEQUENCING LIBRARY PREPARATION 

Index set A Index set B

Index set C Index set D

each set (A,B,C,D) include specific 
array of 12 red index-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  

a total of 384 different index 
PCR for barcoding 384 different 

metagenomics samples 



POOLING

A

B

C

D B

E

F E

C

Sample 1 Sample 2 Sample 3 Sample n = 384

[4nM] [4nM] [4nM]

[5µl] [5µl] [5µl]

quantification
dilution at 6picoM 
denaturation (NaOH)

ready for NGS



LOADING A RUN 

index 1

index 2 sample name 

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



SEQUENCING OUTPUT FROM THE ILLUMINA 
PLATFORM 

the output of an Illumina 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 round, 
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

• each sequencing cluster - with specific coordinates 
– has thus a specific set of pair-ends 1 and 2 
sequences, according to the specific combination 
of indexes 1 and 2, respectively

• each sequencing cluster is assigned to a given 
samples according to index 1 and 2 combination      

• assignment of two separate Fastq files, pair-end 1 
and pair-end 2, corresponding to each sequencing 
cluster to matching sample   



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

2 Fastq PER SAMPLE



Fastq FILE FORMAT

low high

Quality value
phred33

Sequence

Header

Read

Low High



Quality trimming
READS 

SELECTION 

Targeted sequencing - V3-V4 region of the 16S rDNA

97% identity
OTUs

CLUSTERING

ChimeraSlayer 
FILTERING FOR 

CHIMERIC 
SEQUENCES  

RDP classifierTAXONOMIC 
CLASSIFICATION

GENEARAL PIPELINE

WORKFLOW ANALYSIS OF 16S DATA

SEQUENCE PROCESSING, MARKER GENE 
APPROACH, THE 16S CASE 



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)   

PANDAseq-output
A single Fastq file for each sample containing the assembled pair ends



SPLIT LIBRARIES 

Split libraries: 

• rename reads according to the sample of origin
• transform Fastaq to Fasta file  

FROM NOW SAMPLE TAGGED READS CAN BE PUT TOGETHER 
IN THE “SAME BASKET” 

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   



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 ….    

QIIME 1 - THE HISTORC APPROACH - CREATION OF 
THE OPERATIONAL TAXONOMIC UNITS (OTUs)



OTUs ARE OPERATIONAL AND NOT BIOLOGICAL 
ENTITIES  

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    

this method misses subtitle 
and real biological 

sequence variation that 
would be consolidated in a 

single OTU 



OTU PICKING 

UCLAST – UQIIME (more recent)

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

clustering at 97%

filtering for chimera sequences by Chimera Slayer, remove singleton   



Chimeric sequences



QIIME 2, CREATION OF THE AMPLICON SEQUENCE 
VARIANTS (ASVs)

algorithms such as “DADA2” use error profiles to resolve 
sequence data into exact sequence features called 
ASVs. The resulting output from this method is a table of 
all DNA sequences from the whole sample set and counts 
of these different sequences per sample

DADA2

correction of Illumina errors

filtering chimeric sequences  

filtering for low quality reads  

creation of high resolution ASVs



QIIME 2, CREATION OF OTUs FROM THE ASVs 

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)   



QIIME 2, TAXONOMIC ASSIGNEMENT OF ASVs or 
OTUs 

the algorithms VSEARCH is also used for the for the 
ASVs or OTUs taxonomic assignment  

A PARSIMONIOUS APPROACH 

FOR EACH ASVs or OTUs the most represented seq is selected:

ü Identification of the annotated sequences sharing 80% of homology 
ü selection of the best matching 100 sequences
ü annotation according to the taxonomic identity matching the 51% of the 

best matching sequances



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 
VSEARCH)  

green genes
(fast and optimized for the 

human GM)  

SILVA
(more complete, 

mandatory for env. 
samples but slow)  

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      



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

ü by Artificial Intelligence (AI), tags - as repeated motives – characteristic for 
each taxa are identified;

ü the taxonomic identification depend on the presence of the tags characteristic 
for each taxa  



CONSTRUCTION OF A PHYLOGENETIC TREE

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



each high quality Illumina read is now 
tagged with the corresponding samples 

name and an OTUs/AVSs ID 
corresponding to taxonomy    



CREATION OF A PROJECT OUT/sub-OTU TABLE 

project OUT/sub-OTU table 
Sample A Sample B Sample C Sample D Sample E Sample F ……. Taxonomy 

OTU ID reads count …… ….Bifidobacterium
OTU ID ……
OTU ID
OTU ID
OTU ID
OTU ID
OTU ID
OTU ID
OTU ID
……..

total reads count 



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      

NORMALIZATION AND REREFACTION 

rarefaction curve 



Diversity in compositional studies



Diversity II



Phylogenetic Diversity



Alpha Diversity
Phylogenetic Diversity (Faith’s PD) 



ALPHA DIVERSITY INDEXES 

• n of observed OTUs

• Faith’s phylogenetic diversity 

• Shannon Index

• Chao Index 

• Simpson Diversity Index, the only one accounting for evenness and 
this indicated for relative abundance values   



Beta-Diversity: UniFrac



VADEMECUM 
for a Bacterial Ecology BioStat Analysis

1. Structure
2. Alpha – Diversity
3. Beta – Diversity



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 
metagenomic

catalogues 



ASSEMBLY FREE METAGENOMICS, MAIN 
LIMITATIONS

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

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 

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

the accuracy of assembly free metagenomics will improve as more 
reference genomes and high quality metagenomics assemblies 

become available   



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 



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

MetaCV, HISTORICAL ALGORITHM FOR FUNCTIONAL 
ASSIGNEMENT  



KEGG PATHWAY DATABASE, THE ONLY ONE 
HIERARCHIAL 

single protein families are aggregated into higher level metabolic pathways 
and functional modules 



KEGG, HIERARCHIAL MAP OF LIFE PROCESSES AND 
PRODUCTS  



bioBakery, THE MOST USED ALGORITHM FOR 
FUNCTIONAL AND TAXONOMIC ASSIGNEMENT

bioBakery3 Integrates different tools for 
taxonomic and functional assignment 



TAXONOMIC MAPPING 
(MetaPhlan)

GENERATION OF A 
DATABASE OF CIRATED 

GENOMES OF THE 
SPECIES IDENTIFIED 

(ChocoPhlan)

MATAGENOMIC 
READS

READS MAPPING 
AGANIS THE 
GENERATED 
DATABASE 

UNMAPPED READS ARE MAPPED AGAINS 
UNIREFF90 

(a protein database from Uniprot with 
clusters at 90%)

DIAMOND
reads translation to AA 
sequence and alignment 
against a protein database  

Bowtie 2, an alignment 
tool optimized for short 
reads    

1

23

4

Human3, PAPERLINE FOR FUNCTIONAL 
ASSIGNEMENT



OUTPUT FILE 

output-functions

output-reads



MetaPhlAn3 is a computational tool for profiling
the composition of microbial communities from 
metagenomic shotgun sequencing data. 

ALGORITHM FOR TAXONOMY ASSIGNEMENT  

relies on unique clade-specific
marker genes identified from 

3,000 reference genomes,



OCEAN

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

non redundant novel genes 

interactive webpage showing microbiome composition 
across oceans sites  

K strategists:
oligotrophic microorganisms whose 
metabolism is adapted to low nutrient [ ]

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



TARA OCEANS

launched in September 2009, the schooner’s 8th and 9th expeditions 
(Tara Oceans and Tara Oceans Polar Circle) has been a three year 
voyage around the world, with fifty stopovers. Its purpose has been 
to investigate planktonic and coral ecosystems in the perspective of 
climate changes. 150 international scientists have taken part. 



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/ 



MICROBIAL ECOLOGY IN THE OCENAS 
Sunagawa et al., Science 2015

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 Illumina 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



DIVERSITY 

depth is a major determinant of ocean 
microbiome stratification 



ENVIRONMENTAL DRIVERS OF 
COMPOSITIONAL STRUCTURE 

temperature and oxygen 
are dominant drivers of 

variation in surface water 
microbiomes



FUNCTIONAL STRUCTURING 

the mesophilic waters are the 
richest in functional diversity  



Importance and centrality of the microbial loop 
in epipelagic waters 

PARTICULATE 
ORGANIC MATTER 

(POM)

PHYTOPLANCTON
(photosynthesis)

INORGANIC 
NUTRIENTS 

CO2

DISSOLVED 
ORGANIC MATTER 

(DOM)

PROTOZOA MARINE MACRO 
ORGANISMS

ORGANIC 
NUTRIENTS

MICROBIAL LOOP
(microbiome)

SINK

O2 CO2O2

CO2O2

CO2 SO4

SINKSINK

anoxigenic photosynthesis

oxidative metabolism

oxidative metabolismoxigenic photosynthesis



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

ECOSYSTEM DIVERSITY

Epipelagic microbiome and microbial loop

CIRCOL NUTRIENTS 

COMPETE WITH PHYTOPLANCTON FOR NUTRINETS , 
CONTRASTING CYNOBACTERIAL BLOOM IN THROPHIC 

ECOSYSTEMS



Marine microbiomes are central for the biology 
of marine sediments 

ORGANIC INPUT HETEROTROPHIC METABOLISM

AEROBIC LAYER

ANAEROBIC LAYER

AEROBIC RESPIRATION
CO2

NO3 SO4

NITRIFICATION AND 
SULFIDE OXIDATION  O2 

CONSUMPTION

ANAEROBIC 
RESPIRATION 

DENIFRICATION
SULFATE REDUCTION 
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Balanced microbiome activities are mostly 
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



Host associated marine microbiomes are integral for the host 
and ocean health  

BENTHONIC AND 
PELAGIC SPECIES 

BASEMENT OF 
TROPHIC CHAINS



All macro-organisms populating our planet exist 
as holobionts

Holobionts are defined as animals or plants together with associated 
microorganisms living on them  

HOLOBIONTS EXIST WITHIN A RANGE OF SYMBIOSIS

OBLIGATORY SYMBIOSIS

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

WEAK SYMBIOSIS 

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



Fitness contribution of microbiomes to their host 
species 

• 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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At the evolutionary scale, microbiomes co-evolve with 
host species in the holgenome frame 

IMPACT ON THE 
HOST FITNESS CO-EVOLUTION 

PHYLOSYMBIOSIS
GM recapitulates host 

phylogeny 

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

Host Genome  

Metagenome



MARINE ORGANISMS ARE INTEGRAL TO 
THE OCEAN MICROBIOMES 

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 



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

• The holobionts microbiome at the ecosystem scale



Anthropic factors and climate change 
shape the microbiomes and 

microbiomes connection chains of the 
planet

Anthropic factors, microbiomes and planet health 

the central dogma of the microbial ecology 

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

ubiquitous distribution and ecological determinism in microbial biogeography



MICROBIOMES AND ANTHROPIC 
STRESSORS



50% of O2 production

the microbiome world constitutes the life 
support system for the biosphere 

carbon and nutrient cycling

global food web

animal/plant health

Microbiomes have a central role in the biology of 
climate change 

CLIMATE 
CHANGE MICROBIOMES

PLANET BIOLOGY ?



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.

Anthropic 
activities

Ocean pollution

Climate change

Plastic
wasteOil 

spills Pesticides

Eutrophication Heavy 
metals

Glacial 
melting

Increased 
temperature Sea level 

rising

Extreme 
weather 
events

Ocean 
acidification



OCEAN 
MICROBIOME

fixing 
carbon

remineralizing
organic matter

global carbon and 
nutrient cycling

oxygen 
production

nitrification and 
denitrification 

processes 

MICROBIOME OF 
MARINE HOLOBIONTS 

holobiont
health response 

to stresses

CLIMATE CHNAGE IS PUSHING OCEAN MICROBIOME IN 
CONCITIONS OUTSIDE THE RECENT HYSTORICAL RANGE

RISE IN WATER 
TEMPERATURE 

WATERS 
ACIDIFICATION

CHANGES IN 
NUTRIENT 

IMPUTS 

CHANGES IN 
WATERS 

CIRCULATIONS 

EXPANSION OF 
THE OCEAN 

MINIMUM ZONE

CHANGES IN 
MICROBIAL FOOD 

WEB 
(microbial loop)

provide 
essential 
nutrients 

assist the 
immune system

recycle 
waste

MARINE 
BIOAREOSOL



• Holobionts microbiome response to environmental stresses 



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 
ENVIRONMENT 

ADAPTIVE 
MICROBIOME 

VARIATION

ADAPTIVE HOST 
RESPONSE 



Microbiomes adapt faster than the host genome   

changes in relative 
abundance of community 

members  

horizontal acquisition of 
new community 

members 

horizontal gene 
transfer

MICROBIOMES  
ADAPTIVE VARIATION 

HOST ADAPTIVE 
VARIATION 

epigenetic changes 

DNA mutation and 
variants selection

approximate 
temporal scale 

102-3 years 

103-4 years 

101 days 

101 years

101 years 



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 

RESOURCES 
EXPLOITATION

POLLUTION 

ENV. CHANGES 

XENOBIOTICS 
DISPERSION 

VARIATIONS IN 
HOLOBIONTS 
COMMUNITIES 

IF ADAPTIVE, 
FUNCTIONAL 

RESOURCE FOR 
MITIGATION

Holobionts microbiomes for sustainability 

PROXY FOR ENV. 
STRESS AND 
POLLUTION 



Coral reefs, the basement of the marine trophic 
chains   
(Torda et al., Nat Clim Change 2017)

Marine 
ecosystems

Climate 
change (ocean 
acidification)

Adaptive 
responses 

Balanophyllia
europaea

Astroides
calycularis

MICROBIOME 



CORAL REEF MICROBIOMES AND CLIMATE 
CHANGE 

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 
OF A DESERT 

MEETING HOST 
NUTRITIONAL NEEDS 

CARBON FIXATION 
(clavin cycle)

RECYCLING COMPLEX 
CARBOHYDRATES 

PROVISIONAL ESSENTIAL 
AMMINO ACIDS 

NITROGEN 
CYCLING 

SULFATE 
REDUCTION

CH4 
OXIDATION

CORAL 
MICROBIOME



CLIMATE CHANGE AND DYSBIOSIS 

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

STATES 

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

RESTORATION 



MICROBIOME CONTRIBUTION TO CORAL 
ACCLIMATATION

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 

ADAPTIVE MICROBIOME MODIFICATIONS CAN BE VERTICALLY 
TRANSMITTED, INCREASING POPULATION FITNESS



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 

MICROBIOME MANIPULATION FOR CORAL 
RESTORATION 

DEVELOPMENT OF CORAL STOPKC WITH AND ENHANCED 
MICROBIOME-MEDIATED STRESS RESILIENCE BY ASSISTED 

EVOLUTION





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



Microbiomes associated with the different coral anatomic 
compartments were different from each other and from the microbial 
communities of the surrounding seawater.



• Coral microbiomes contribute to host
acclimatization to environmental 
change.
• Natural CO2 gradients are a model of
global change-induced ocean 
acidification.
• Non-symbiotic coral Astroides
calycularis survives in a natural 
acidified site.

• Calycularis mucus microbiome is the
most affected by low pH conditions.
• Low pH conditions induce changes in
microbiome supporting nitrogen
cycling.

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



Metagenomic shifts in mucus, tissue 
and skeleton of the coral 

Balanophyllia europaea living along a 
natural CO2 gradient

Model V
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Experimental design

Model for coral 
microbiome 

acclimatization to 
different ocean 

acidification conditions in 
a natural study system 

pH

CO2

Surface mucus

Skeleton

Soft tissue

Microbiome 
acclimatization

Acquisition of stress 
response functions

Shift in carbohydrate 
metabolism for cell 

membrane/wall integrity 

Gain of functions for 
organic N mobilization

Balanophyllia europaea

Study design

• 3 sampling sites (decreasing 
pH)

• 3 coral specimens/site
• 3 coral anatomic 

compartments
• 16S rRNA sequencing à

phylogenetic composition
• shotgun sequencing à

functional variations



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)



A double approach for metagenomic data exploration

Gain/loss of 
genetic functions 
based on KEGG 

orthologs

Starting dataset
> 3000 KOs

Prevalence-based 
model for deriving 

functions under 
selection by pH 

variations

Shifts in relative 
abundance (r.a.) 

of KEGG 
networks

Starting dataset
“KEGG pathways”

Trends of 
increasing or 

decreasing r.a.
based on pH 

variations



A double approach for metagenomic data exploration

Gain/loss of 
genetic functions 
based on KEGG 

orthologs
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A double approach for metagenomic data exploration

Shifts in relative 
abundance (r.a.) 

of KEGG 
networks

Carbohydrate metabolism
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cyanophycin

production 
of protective 

pigments 
toxin-

antitoxin 
system

Main findings

Gain of functions 
related to stress 

resistance

Mucus

Acidification-
induced selection of 

functions for N 
mobilization

Acquisition of bacteria 
genetically equipped for dealing 

with environmental stress

N fixation and 
storage constant 
with acidification

Hydrolyzation 
of N storage 
biopolymer

Changes in N 
metabolism

“First line” 
defense layer

pH dependent 
regulation of 
catabolism 

tripartite 
crosstalk 



Main findings
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     Amino sugars 
metabolism

Peptidoglycan 
biosynthesis (cell 

wall building block)

     Nucleotide 
sugars 

metabolism

LPS biosynthesis 
(cell membrane 
building block)

     Starch 
and sucrose 
metabolism

    Short chain 
fatty acid 

transporter

Outer 
membrane 
protein Blc

Fatty acids mobilization 
(cell membrane 
building blocks)

Cell m
embranes damage
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Shift in carbohydrate metabolic pathways from 
energy production to the maintenance of the 

integrity of cell structures (cell wall and membrane)



COASTAL RESEAERCH IN THE MICROBIOME 
FRAME

ECOSYSTEM SERVICES OF THE COASTAL MARINE ENVIRONMENT 

FISHERIES 
TOURISM

NUTRIENT 
CYCLING

HABITAT 
PROVISION

XENOBIOTC 
DEGRADATION

MARINE MICROBIOMES 
(water and sediments)

MICROBIOMES OF THE HABITAT 
FORMING HOLOBIONTS

corals
anemones

mussels
sponge

sea grassmicroalgae 

mangrove 

COASTAL 
PROTECTION



MICROBIOME DYNAMIC IN COASTAL 
HOLOBIONTS

DYNAMICS INVOLVES DIFFERENT SCALES 
AND DRIVERS 

SHORT TERM 
DYNAMICS 

LONG TERM 
DYNAMICS 

ENVIRONMENTAL 
CONDITIONS 

HOST 
PHYSIOLOGY GEOGRAPHY EVOLUTION



ESTABLISHMENT OF THE HOST-MICROBIOME 
INTERACTIONS 

CHEMICAL SIGNALING, 
SECONDARY METABOLITES 

PRODUCED BY HOST SPECIES 
(independently or in response to 

env. stimuly)

ENVIRONMENTAL 
MICROBIOME POOL  

MICROBE – MICROBE 
INTERACTION

DIFFERENT HOST LIES IN A CONTINUUM AMONG THESE PROCESSE AND 
CAN DYNAMICALLY CHANGE THE SELECTION STRATEGIES IN RESPONSE 

TO SPECIFIC NEEDS AND ENVIRONMENTAL CONDITIONS 



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  

environmental stressors can interact opposing, additive or synergistic ways to 
influence host microbiome and their interactions, leading to positive, negative or 

neutral impacts on them 



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 



HOLOBIONT MICROBIOMES AND STRESS 
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 

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

atrophic stressors  



MICROBIOME AND RESILIENCE OF THE 
HOLOBION HEALTH

DISTURBANCE TO THE 
HOLOBIONT MICROBIOME 

DYSBIOSES 

ENVIRONMENTAL 
STRESSOR 

BIOMARKER FOR THE EARLY 
DETECTION OF HOST 

STRESSES

ADAPTIVE 
CHANGES 

ASSIST HOLOBIONT ADAPTATION 
TO ENVIRONMENTAL 

STRESSORS 

DEVELOPMENT OF PROBIOTIC 
CONSORZIA FOR MARINE 

RESTORATION PROGRAMS 

INDICATOR ORGANISMS AND 
MICROORGANISMS 



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

enteric pathogens becoming, 
transiently, incorporated into marine 
microbiomes following exposure to 
coastal pollution pose significant 
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 



MARINE MICROBIOME 
BIODISCOVERY AND BIOTECH 

APPLICATIONS 



EVOLVED TO DEAL WITH COMPLEX FUNCTIONS 

understanding ultracomplex microbial communities and 
unraveling the mechanisms providing the microbiome 

emergent properties   

ABILITY DO DEAL 
WITH COMPLEX 
SUBSTRATES

POTENTIAL TO PERFORM 
ANY POSSIBLE 

BIOLOGICAL CONVERSION 

MICROBIOME EMERGENT 
PROPERTIES 

MILTI-
FUNCTIONALITY



MARINE HOLOBIONTS 
MICROBIOMES  

FREE LIVING MARINE 
MICROBIOMES

SPONGES 
CNIDARIANS 

BRYOZOANZ 
TUNICATES 

UNIQUE CHEMICAL 
DIVERSITY OF BIOACTIVE 

METABOLITES 

UNLIMITED 
BIOTRANFORMATION 

CAPACITY

BIOTRANSFORMATION 
AND VALORIZATION OF 

SIDE STREAMS 

PROVISION OF 
INDUSTRIAL 
PRODUCTS 

REMOVAL OR 
DEGRADATION OF 

CHAMICAL COMPOUNDS 

SHELLFISH

THE MARINE MICROBIOME 
BIOTECNOLOGICAL POWER

WATER
SEDIMENTS

BIOREMEDIATION FOOD
FEED 

COSMETICS 
BIO-INSPIRED MATHERIALS PHARMACEUTICALS

AGRONOMY



MICROBIAL COMMUNITIES 

natural microbiomes have a limitless transformative capacity and provide 
an untapped source for new, high performative biotechnological 

applications 

MEDICINE MANUFACTURING

BIOPLASTIC BIOFUELS ANTIMICROBIALS

CO2 
CAPTURING

PLATFORM 
CHEMICALS 

VFA

RENEWABLE ENERGY 
SOURCES

CIRCULAR 
ECONOMY

FEEDSTOCK 
VALORIZATION

BIOACTIVE SMALL 
MOLECULES 



LEARNING FROM NATURE, MICROBIOMES 
BIOTECNOLOGY 

microbiomes based industrial processes

more stable
ability to perform 
complex tasks

functional 
robustness 

transposon of natural consortia mechanisms to industrial 
environment   

synthetic consortia inspired by metabolic interaction 
found in nature 





FROM ECOLOGICAL AND FUNCTIONAL PRINCIPLES 
TO INDUSTRIAL MICROBIOMES

APPLY THE BEST AVAILABLE SCIENCE TO ELUCIDATE THE 
ECOLOGIC AND FUNCTIONAL MICROBIAL INTERACTIONS IN 

NATURAL MICROBIOMES  

TRANSPOSE THE KNOWLEDGE TO THE RATIONAL DESIGN OF 
INDUSTRIAL MICROBIOMES TO BE EXPLOITED IN NOVEL 

MICROBIOME BASED BIOPROCESSES 



Marine microbiomes for health and sustainability

Microbiomes provide an untapped
source of solutions for the 

transition to more sustainable
planet

Their complexity and 
multifunctionalities can be 

exploited for the sustainable
production of industrial products, 

as well as for the provision of 
selected ecological services to 

protect the planet health. 



Microbial 
fermentation 
and compounds 
extraction

Environmental 
exploration

Microbiome 
analysis

Microbiome-
based 

applications

Compounds/
By-products

Market 
applications

Marine 
microbiomes 
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Fish waste and 
side streams 
valorisation

• Peptides

• PUFAs

• Chitin and 
chitosan

• Enzymes

• Small 
molecules

• Others

Food and Nutraceuticals

Health

Cosmeceuticals

Microbiome 
characterization

Modelling and dynamics

Microbial signalling and 
communication

Natural and synthetic 
community 
development

New genetic pathways 
identification

Interaction with the host 
and the surrounding 
environment

Microbiome cultivation 
and preservation

• Ecosystem 
studies

• Data analysis
• Technological 

development
• (Other habitat?)

Fish farmers 
involvement as 
feedstock providers 
and end-users 
for aquaculture 
feeding

Circularity



ANTHROPOGENIC STRESSORS 
AND GLOBAL CHANGES  

HOST
EN

VI
RO

NM
EN

T 

MICROIBOME 

MALADAPTIVE 
RESPONSE 

ADAPTIVE 
RESPONSE 

ENV. STRESS 
BIOINDICATOR

MICROBIOME BASED 
MITIGATION ACTION



MARINE HOLOBIONT 
SEASONAL DYNAMICS    
HOST MICROBIOME HOST

MARINE HOLOBIONT 
SEASONAL DYNAMICS    

MICROBIOME HOST

MARINE HOLOBIONT 
SEASONAL DYNAMICS    

MICROBIOME 

STRESSED SITE WITH 
UNHEALTHY HOLOBIONTS 

STRESSED SITES WITH HEALTHY 
HOLOBIONTS 

PRISTINE SITE 

COMPARATIVE MICROIBOME ASSESMENT AND  MODELLING 

DYSBIOTIC TRATS ADAPTIVE TRAITS EUBIOTIC TRAITS 

MICROBIOME-BASED MITIGATION ACTIONS

HOST

MARINE HOLOBIONT 
SEASONAL DYNAMICS    

MICROBIOME 

STRESSED SITE WITH 
UNHEALTHY HOLOBIONTS 

HOST

MARINE HOLOBIONT 
SEASONAL DYNAMICS    

MICROBIOME 

STRESSED SITES WITH HEALTHY 
HOLOBIONTS 

EMPIRED ECOLOGICAL 
SERVICES

RESTORED ECOLOGICAL 
SERVICES



The pipeline for the microbiome based 
biodiscovery action



Functional assessment and microbiome 
modelling 

1. search - agnostically - for new secondary metabolites Biosynthetic Gene 
Clusters (SM-BGCs);

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

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


