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Outline for today

- The microbial (unseen) majority on Earth

- Use of DNA-based techniques to study marine
microbes

- The teleost microbiome

- Safety of fish and fisheries products
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Prokaryotes: The unseen majority

William B. Whitman*', David C. Coleman®, and William J. Wiehe®
Departments of *Microbiodopy, $Eealogy, and $Warine Seiences, University of Georgta, Athens (4 20602

ABSTRACT The number of prokaryotes and the total
amount of their cellular carbon on earth are estimated to be
4-6 x 10" cells and 350-550 Pg of C (1 Pg = 10% g),
respectively. Thus, the total amount of prokaryotic carbon is
G0=100% of the estimated total carbon in plants, and inclusion
of prokaryotic carbon in global models will almost double
estimates of the amount of carbon stored in living organisms.
In addition, the earth’s prokarvotes contain 85-130 Pg of N
and 9-14 Pg of P, or about 10-fold more of these nutrients than
do plants, and represent the largest pool of these nuirients in
living organisms. Most of the earth’s prokaryotes occur in the
open ocean, in soil, and in oceanic and terresirial subsurfaces,
where the numbers of cells are 1.2 x 108, 2.6 x 10 3.5 x
10, and 0.25-2.5 % 10" respectively. The numbers of het-
erotrophic prokarvotes in the upper 200 m of the open ocean,
the ocean below 200 m, and soil are consistent with average
turnover times of 6-25 days, 0.8 yr, and 2.5 yr, respectively.
Although subject to a great deal of uncertainty, the estimate
for the average turnover time of prokaryotes in the subsurface
is on the order of 1-2 x 10" yr. The cellular production rate
for all prokaryotes on earth is estimated at 1.7 x 10°? cells/yr
and is highest in the open ocean. The large population size and
rapid growth of prokaryoies provides an enormous capacity
for genetic diversity.

portion of these cells are the autotrophic marine cyanobacteria
and Prochlorococcus spp., which have an average cellular
density of 4 x 10F cells/ml (6). The deep (=200 m) oceanic
water contains 3 X 10° cells/ml on average. From global
estimates of volume, the upper 200 m of the ocean contains a
total of 3.6 »x 10* cells, of which 2.9 x 1077 cells are
autotrophs, whereas ocean water below 200 m contains 6.5 X
10°# cells {Table 1).

The upper 10 cm of sediment in the open ocean is included
in the oceanic habitat because. as a result of animal mixing and
precipitation, it is essentially contiguous with the overlying
water column. Most of the marine sediment is found in the
continental rise and abyssal plain, so the numbers of pro-
karyotes were calculated from an arithmetic average of the
cellular densities in the studies cited by Deming and Baross
(ref. 9; Table 1). The Nova Scotian continental rise was
excluded from this calculation because of its unusual hydrology
(10).

'l:l‘nem are fewer estimates of the number of prokaryotes in
freshwaters and saline lakes (3). Given an average density of
10* cells/ml. the total number of cells in freshwaters and zaline
lakes is 2.3 » 107 This value is three orders of magnitude
below the numbers of prokaryotes in seawater.

In the polar regions, a relatively dense community of algae

amd nrakarvntes forme at the water—irs interfacs in annnal cea



The «microbial» ocean

One drop of ocean water hosts more than 1,000,000
microbial cells and viruses

More than 1,000,000,000 in '
one gram of sediment



The microbial ocean is grand

2 x 102° bacteria 3 x 1023 stars in the
in the Ocean Universe




Aligning oceanic viruses (average diameter
50 nm), the viral string-of-pearls

2202 9 0

... would be 400,000 light years long
(the diameter of our galaxy [Milky Way]| is
only 25,000 light years)




Invisible, yet heavy ...

Marine Microbes 50 millions blue whales

The cumulative biomass of marine
microbes = 2.2 Pg of C (1 Pg=1015)

Whiman et al 1998 PNAS



Microbial diversity is immense
More than one million species on Earth?

commentary

More than meets the eye

Earth's real biodiversity is invisible, whether we like it or not.




Abundant yet important:
the GOOD side of marine microbes

Microbes play an essential role for the ocean functioning

- Life originated in the oceans 3.5 billion years ago,
and microbes were the only form of life for two thirds of
the planet’s existence

-The development and maintenance of all forms of life
depend on the past/present activities of marine
microbes

- Yet the vast majority of humans - including many
marine scientists - live their lives completely unaware
of the diversity and importance of marine microbes



Mediate the energy and matter fluxes

along the trophic web
(channel up to 90% of OM in the ocean)

https://ocean.si.edu/ocean-
life/microbes/microbial-loop
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Mediate the energy and matter fluxes

along the trophic web
(channel up to 90% of OM in the ocean)
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ABSTRACT: Recently developed techniques for estimating bacterial biomass and productivity indicate
that bacterial biomass in the sea is related to phytoplankton concentration and that bacteria utilise 10 to
50 % of carbon fixed by photosynthesis. Evidence is presented to suggest that numbers of free bacteria
trophic flagellates which are ubiquitous in the marine water
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https://www.int-res.com/articles/meps/10/m010p257.pdf

Bacteria and other micro-organisms have long
been known to play a part in marine
ecosystems (Sorokin, 1981), but it has been
difficult to study them quantitatively


https://www.int-res.com/articles/meps/10/m010p257.pdf

Mediate the energy and matter fluxes

along the trophic web
(channel up to 90% of OM in the ocean)

Tuna

The “microbial loop” concept



Produce half of the oxygen that we breathe




Drive the global biogeochemical cycles

9 R Biological Sequestration of Carbon in the Sea 8 e

@D e
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Double-barrel pump. Each year, the biological pump deposits some 300 million tons of carbon in the
deep ocean sink. Even more massive amounts are suspended in the water column as dissolved organic

Result of nearly infinite interactions occurring
at the mm, um, nm and molecular scale



Marine microbial habitats

j =0, -ﬂ.b ent (down to
ke et ep biosphere)

Water Colun (free-
living vs. attached)

The surface of
marine organisms
(epibionts & co)

All marine organisms have an associated
microbiome (essential for their life!)



Microbial epibionts
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OPEN @ ACCESS Freely available online = PLOS ONne

Biodiversity of Prokaryotic Communities Associated with
the Ectoderm of Ectopleura crocea (Cnidaria, Hydrozoa)

Cristina Gioia Di Camillo’ *, Gian Marco Lurlaz, Marzia Bog, Giuseppe Giordano', Cinzia Corinaldesi‘,
Giorgio Bavestrello®

Two microbial morphotypes:
Type I horseshoe-shaped
Type Il fusiform, worm-like
Prokaryotes present all around the epidermis. The two morphos often
simultaneously present on the hydroid’s surface (Type Il most common)




Microbial epibionts

OPEN @ ACCESS Freely available online " PLoS one

Biodiversity of Prokaryotic Communities Associated with
the Ectoderm of Ectopleura crocea (Cnidaria, Hydrozoa)

Cristina Gioia Di Camillo’ *, Gian Marco Lunaz, Marzia Bog, Giuseppe Giordano‘, Cinzia Corinaldesi',
Giorgio Bavestrello®

Yo

Figure 4, TEM pictures of Type // bacteria associated with Ectopleura crocea. A Numerous bacteria in transw
on the hydroid ectoderm (ecl. B} Bacteria (longitudinal and tranversal sections) present in a groove of the hydroid et
hydroid periderm (p) are often found in com.spondt.m.c o the microvilles (mv] of the ectodermal cells, D) Close-up v

the mici ganisms, -1, L i section of a bacterium. Scale bars:a, ¢, ¢ 1 pm; b 2 pmy; d, F 0.5
doi:10.1371 journal pone 0039926.9 004

16S rDNA NGS sequencing
to identify bacteria
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Type I Delftia
Type II Polaribacter

Which role they play?



The microbiome revolution

Siamo piu «microbi»
che «uomini»?

Siamo un “super-organismo” composto da
cellule umane e da microbi.
Sorprendentemente, le cellule batteriche sono

£ 10-100 volte le cellule «propriamente» umane

: Ognuno di noi trasporta un chilo e trecento
S e 1l grammi di microbi (piu pesanti del cervello)

Going organic



The microbiome revolution

I batteri siamo noi

Michael Specter, The New Yorker, Stati Uniti

; Foto di Martin Oeggerli
Possono ucmderm, ‘ma sono anche indispensabili
per tenerci in vila. Gliscienziali studiano quest

| organismi che vivono dentro di noi per capire
come usarli nella cura delle malattie. Dopo
lamappatura del genoma umano, & cominciata
T'era del microbioma
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comei batteri che provocs-  discussione avalidic delobieivo: L He-
nolatubercolos, icolerae  icbacter causavi il cancro-e 'uleera”, i

a peste, ma infetta un nomerodi persone  ha detto Martin |. Blaser, direttore del di-
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[ nostri microbi influiscono in maniera ,;
significativa sulle nostre principali |
funzioni vitali (meccanismi immunitari,
digestione), ma anche sulla nostra

personalita!




The microbiome revolution

< C' | 8 https://www.google.it/search?q=ted+microbiome&oq=ted+microbiome&agqs=chrome..69i57j69i60
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Circa 104.000 risultati (0,41 secondi)

Rob Knight: How our microbes make us who we are | TED ...
https:/iwww ted. com/.__/frob_knight_how_our_micro... -
How the microbiome shapes our world. Rob Knight talks to
biologist Jonathan Eisen and biodiversity scientist ...

Jonathan Eisen: Meet your microbes | TED Talk | TED.com
hitps//www ted.com/.. fjonathan_eisen_meet_your_mi...
How the microbiome shapes our world. Jonathan Eisen talks to
biologist Rob Knight and biodiversity scientist ...

Rob Knight | Speaker | TED.com
hitps:/fwww ted com/speakers/rob_knight » Traduci questa pagina
Using scatological research methods that might repel the squeamish, microbial
researcher Rob Knight uncovers the secret ecosystem (or "microbiome”) of ...

TEDMED - Talk Details - Food for thought: How gut ...

www tedmed.com/talks/show?id=293045 « Traduci questa pagina
Meuroscientist John Cryan investigates how the gut microbiome affects the ... TED
trademark and logo used under license from TED Conferences LLC. TEDMED ...

how the microbiome affects brain and behavior - YouTube
I Nitpswww youtube comiwatch?v=FWT_BLVOASI



How to study the diversity of microbes?




How to study the diversity of microbes?

Microbes under the microscope all look more or less the same

Polaribacter

Vibrio
Erythrobacter
Pseudomonas
Polaribacter
Rhodobacter

Contrariously to higher organisms, morphology is
not or poorly informative.....



Traditionally, cultivation in the lab was a prerequisite to
identify microbes

Escherichia coli

[solate the microbe(s) on agar plates, then
identify through phenotipic/metabolic features

Problem: won’t work for environmental microbes.
Only <0.01% of bacteria from one sample will grow



Recognizing microbes from their DNA
seguence Is easler

In the last decades, alternative ways to identify microbes
from their DNA seguences have been developgd

No need to cultivate, DNA extracted
directly from the environmental sample

Based on DNA or RNA extraction, sequencing of specific
(«marker») or all genes, bioinformatics analyses

The 16S rRNA gene hystorically the first (and best?) marker
gene for phylogenetic studies



Carl Woese pioneered the use of 16S rRNA to identify microbes

Winner of the Crafoord Prize in 2003

GARY ]. OLSEN'! AND CARL R. WOESE

Ribosomal RNA: a key to phylogeny

Department of Microbialogy, University of [llinois, Urbana, Illinois 61801, USA

ABSTRACT As molecular phylogeny increasingly
shapes our understanding of organismal relationships, no
molecule has been applied to more questions than have
ribosomal RNAs, We review this role of the rRNAs and
some of the insights that have been gained from them. We
also offer some of the practical considerations in extract-
ing the phylogenetic information from the sequences.
Finally, we stress the importance of comparing results
from multiple molecules, both as a method for testing the
overall reliability of the organismal phylogeny and as a
method for more broadly exploring the history of the
genome.— Olsen, G. J., Woese, C. R. Ribosomal RNA: a
key to phylogeny. FASEB J. 7: 113-123; 1993.

Key Wonds:  molecular phylogeny + maximum parsimony * maximum
likelihood + least squares distance

WHEN DEALING WITH MOLECULAR SEQUENCES an evolutionist
feels a sense of liberation; he is no longer confined to the
world of “higher forms” From the vantage point provided by
molecular data, he now gazes over the Cambrian “wall” that
had obstructed his temporal perspective. He can now scan
the full panorama of Earth's four-billion-year evolutionary
history. Eulor has been added to his monochromic, morpho-

However, molecular sequences are a vast and rich mine of
evolutionary information, a fact first brought home by
Zuckerkandl and Pauling (4) in their article “Molecules as
documents of evolutionary history” With this publication the
handwriting was on the wall: the basis for phylogenetic infer-
ence would now shift from the level of gross cellular and or-
ganismal properties to that of molecular characteristics.
Here, then, was the solution to microbiology’s chronic
problem. On the molecular level the history of the prokary-
ote is just as evident, just as richly informarive, as is that of
the higher forms. Yet for reasons we will not discuss here,
microbiologists did not harken to the molecular message,
and so another decade or more would pass before prokary-
otes came in for the molecular phylogenetic characterization
they so badly needed (5). The results of these molecular
studies are now widely known: phylogenies are being in-
ferred today for all microorganisms, and the old determina-
tive classification is rapidly being supplanted by a natural,
phylogenetic one.

MOLECULAR PHYLOGENY

A molecular phylogeny is the phylogeny of a portion of a ge-

A revolution is occurring in biology: perhaps it is better characterized as a revolution
within a revolution. I am, of course, referring to the impact that the increasingly rapid
capacity to sequence nucleic acids is having on a science that has already been radically
transformed by molecular approaches and concepts (Woese, 1987).



First studies to test the usefulness of the

approaches in the early ‘90s

JourNAL OF BACTERIOLOGY, Jan. 1991, p. 697-703
0021-9193/9 102069707302, 00N
Copyright © 1991, American Society for Microbiology

Vol. 173, No. 2

16S Ribosomal DNA Amplification for Phylogenetic Study

WILLIAM G. WEISBURG,* SUSAN M. BARNS, DALE A. PELLETIER, anp DAVID J. LANE
GENE-TRAK Systems, 31 New York Avenue, Framingham, Massachusetts 01701

Received 16 April 1990/Accepted 7 Movember 1950

A set of oligonuclestide primers capable of initiating enzymatic amplification (polymerase chain reaction) on
a phylogenetically and taxonomically wide range of bacteria is described along with methods for their use and
examples. One pair of primers is capable of amplifying nearly full-length 165 ribosomal DNA (rDNA) from
many bacterial genera; the additional primers are useful for various exceptional sequences. Methods for
purification of amplified material, direct sequencing, cloning, sequencing, and transcription are outlined. An
obligate intracellular parasite of bovine erythrocytes, Anaplasma marginale, is used as an example; its 165
rDNA was amplified, cloned, sequenced, and phylogenetically placed. Anaplasmas are related to the genera
Ricketisia and Ehrilichia. In addition, 165 rDNAs from several species were readily amplified from material
found in lyophilized ampoules from the American Type Culture Collection. By use of this method, the
phylogenetic study of extremely fastidious or highly pathogenic bacterial species can be carried out without the
need to culture them. In theory, any gene segment for which polymerase chain reaction primer design is
possible can be derived from a readily obtainable lyophilized bacterial culture.

The comparison of rRNA sequences is a powerful tool for
deducing phylogenetic and evolutionary relationships among
bacteria, archaebacteria, and eucarvotic organisms. These
sequences have been derived previously by methods includ-
ing oligonucleotide cataloging (6), sequencing of clones,
direct sequencing of RNA by using reverse transcriptase
(11), and sequencing of material amplified by polymerase
chain reaction (PCR) (3, 5, 15). The present study expands
on the use of DNA amplification technology for the study of

rREMNA seauences within the enhactaria Saveral nrimere are

5% of this resuspended DNA was put into the PCR amplifi-
cation.

PCR amplification and purification of product. Approxi-
mately 1 to 3 pg of genomic DNA was amplified in a 100-pul
reaction by using the Geneamp kit (U.S. Biochemicals,
Cleveland, Ohio; presently, these kits are only available
from Perkin-Elmer Cetus, Norwalk, Conn.). When the ly-
ophilized ampoule DNA was amplified, 1 pl was routinely
used. Conditions consisted of 25 to 35 cycles of 95“(3 {2 minj},
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First studies to test the usefulness of the
approaches in the early ‘90s

The Analysis of Natural Microbial
Populations by Ribosomal RNA
Sequences

NORMAN R. PACE, DAVID A. STAHL,
DAVID J. LANE, and GARY J. OLSEN

1. Introduction

Recombinant DNA methodology and rapid nucleotide sequence deter-
minations have changed the face of cell biology in the past few years. This
technology offers powerful new tools to the microbial ecologist as well. In
this chapter we describe technical strategies we are developing which use
these methods to analyze phylogenetic and quantitative aspects of mixed,
naturally occurring microbial populations.

The procedures we are developing use ribosomal RNA (rRNA)
sequences to define and enumerate the components of mixed, natural
populations. In one approach, suitable for mixed populations of limited
complexity (less than about ten different organisms), we isolate 5S TRNA,
sorting out the various species-specific molecules by high-resolution gel
electrophoresis. Individual 5S rRNA types then are sequenced and, with
reference to existing files of 58 rRNA sequences, the phylogenetic affini-
ties of organisms contributing the analyzed 58 rRNAs are defined.

In a second approach toward analyzing mixed populations, an
approach that seems to have no upper limit as to the complexity of the

Pace and colleagues used direct
analysis of 5S and 16S rRNA gene
sequences in the environment to
describe the diversity of
microorganisms in environmental
samples without culturing




First studies to test the usefulness of the
approaches in the early ‘90s
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BACTERIOPLANKTON are recognized as important agents of biogeochemical change in marine ecosystems, vet relatively little is known about the species that make up
these communities. Uncertainties about the genetic structure and diversity of natural bacterioplankton populations stem from the traditional difficulties associated with
microbial cultivation techniques. Discrepancies between direct counts and plate counts are typically several orders of magnitude, raising doubts as to whether cultivated
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marine bacteria are actually representative of dominant planktonic speciesl_s. We have phylogenetically analysed clone libraries of eubacterial 165 ribosomal RNA genes

amplified from natural populations of Sargasso Sea picoplankton by the polymerase chain reaction?. The analysis indicates the presence of a novel microbial group, the SAR
11 cluster, which appears to be a significant component of this oligotrophic bacterioplankton community. A second cluster of lineages related to the oxygenic phototrophs—
cyanobacteria, prochlorophytes and chloroplasts—was also observed. However, none of the genes matched the small subunit rRNA sequences of cultivated marine
cvanobacteria from similar habitats. The diversity of 165 rRNA genes observed within the clusters suggests that these bacterioplankton may be consortia of independent
lineages sharing surprisingly distant common ancestors.

One of the first microbial molecular surveys in the ocean. They
phylogenetically analysed clone libraries of bacterial 16S rRNA genes
amplified from natural populations by the PCR. They reported novel

microbial groups, none of the genes matched the ss rRNA sequences of
cultivated marine cyanobacteria from similar habitats



Rationale of the first approach

Isolate DNA from natural in vivo cloning and amplification
{} communities
—»
‘ 165 rANA gene ‘
Heat to separate strands; Cycle sequencing
{]’ add specific pnimers i :TT“’-E"-WE-‘GGETE-'-----S Th'ml:ln]
' ¢=d ' _creaare A=
f—— T —— Eroarca A,
Prnmer extension with Egﬁlﬁ ]
DMNA polymerase ..CTGATCTATGE '?’3
| | dNTPs - CTBATCTATECTE ~ gy
- Labaled ddMTPs . CTGATCTATECTCE
E— Electraphorsesis
& {1 readicapillary)

Repeat above steps for many
PCR cycles to yield multiple
copies of 165 ribosomal RNA gene

v

Run agarose gel and

B i

check for correct sized PCR product 165 fragments cloned into a Ve.CtOI‘
4} that was transformed (usually into E.
Purlfy PCR product coli) and subsequently sequenced by
the Sanger method



Sanger sequencing

L Reaction mixture
* Primer and DMA template  * DNA polymerase M
» ddMTPs with flourochromes » dNTPs (dATP, dCTP, dGTP, and dTTP) J u
Ly
Primar ...',,...
IIIII = oH M o "
NS
ddNTPs f—
TP

dICTF
TR =
dIETF =

3 Capillary gel electrophoresis
separation of DMA fragments

2 Primer elongation

and chain termination ' .IC o

- &,

&

The chain-termination method requires a ssDNA template, a DNA primer, a
DNA polymerase, normal dNTPs, and modified di-deoxyNTPs, terminating
DNA strand elongation (lack 3'-OH group required for the formation of
phosphodiester bond between nucleotides), causing polymerase to cease
extension when a modified ddNTP is incorporated.

The ddNTPs may be radioactively or fluorescently labeled



The advent of Next (or Second) Generation
Sequencing .... everything changes

fer witre adaptor ligation

Next-generation DNA sequencing -,

EE
Jay Shendure! & Hanlee Ji2

DNA sequence represents a single format onto which a broad range of biological phenomena can be projected for high- Generation of palony armay
throughput data collection. Over the past three years, massively parallel DNA sequencing platforms have become widely i
available, reducing the cost of DNA sequencing by over two orders of magnitude, and democratizing the field by putting the

sequencing capacity of a major genome center in the hands of individual investigators. These new technologies are rapidly

evolving, and near-term challenges include the development of robust protocols for generating sequencing libraries, building

effective new approaches to data-analysis, and often a rethinking of experimental design. Next-generation DNA sequencing

has the potential to dramatically accelerate biological and biomedical research, by enabling the comprehensive analysis of

genomes, transcriptomes and interactomes to become inexpensive, routine and widespread, rather than requiring significant

production-scale efforts.

The field of DNA sequencing technology development has a rich  Sanger sequencing
and diverse history'2. However, the overwhelming majority of DNA  Since the early 1990s, DNA sequence production has almost exclusively
sequence production to date has relied on some version of the Sanger  been carried out with capillary-based, semi-automated implementa-

slishing Group http:/fwww.nature.com/naturebiotech nology

biochemistry®. Over the past five years, the incentive for develop-  tions of the Sanger biochemistry™*® (Fig. 1a). In high-throughput Cydlic array sequencing
ing entirely new strategies for DNA sequencing has emerged on at  production pipelines, DNA to be sequenced is prepared by one of two [:h"lﬂl' readsiarray)
least four levels. undeniablv reinvieorating this field (for a review. approaches: first. for shoteun de novo seauencine. randomlv frae- Cycha 1 Cyola 2 Cyola 3

et e,
o
ME

‘What s basa 17 What is basa 27 Whal is bases 37

is used o generate a sequencing trace. (b In shotgun sequencing with cyclicsarray methods, comenan
adaptors are ligated to fragmented genomic DNA, which is then subjected o one of several peotoools
that results in an aray of millions of spatially immobilized PCR colonies or ‘polonies' ™. Each palomy
corsists of many copies of a single shobgun library fragmend. fis 2ll polonies are bethered bo 2 planar
T2y, 2 singhe miceol iter-scale reagent wolume (2., for primer ybridization and then for enzymatic
extension reactions) can be applied fo0 manipulate all aray featwres in perallel. Similarly, imaging-hased
detection of fiuorescent labels incorporates with each extension can be wsed fo acguire sequencing
data on all featwres in parallel. Successie terations of enzymatic inkerrogation and imaging are used to
build up a contiguous sequencing read for each amray fesbure.
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Different technologies available for NGS

Pyrosequencing (or 454)
Sequencing by Synthesis (e.g. [llumina)
Ion Seminconductor Sequencing (e.g. lon Torrent)

Sequencing by Ligation (e.g. ABI)

g - - i . .
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m | |
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lon Proton n PGM lllumina MiSeq
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Roche-454 GS-FLX



[llumina NGS chemistry overview

Today, the most widely adopted chemistry in microbial ecology studies

As opposed to Sanger
that sequences one
single DNA fragment, it
extends the process
across millions of
fragments

A, Library Preparation

Geromic DA

1 Fragmentation

NGS by | arad by fragmerting a goONA samiple and
ng:fngapéctaﬂ-_eeg a:lq:iﬁlarﬂg“tctn I;'r;a;ngnarrl ems..p'

. Saquencing
| L W

o LON 04O,
Sequancing Cycles ( )
_ngnal Image

Diata is cxportad 1o :no-l.tpul‘ﬁhl

[

Clusler 1 > Read 1 GAGT..
Chusler 2 = Read - TTEA, ..
Chusler 3 = Read 3: CTAG..
Chusler 4 > Remd £ ATRC.. Taxl FllE

Sequancing EEgents, Incuding fucrescantly labsisd nuckec-
tidas, ane aodad and the firet bass |9 Incorporatad The Now

cell 18 Imeged and the emission from aach clustar e recondad.

Tha emission waselsngth and Intaretty ar used to ety
tha base. This cycle s repagtad *n” times to create a read
langth of *n" baBes.

B. Cluster Amplification

l
Bridge g;ncﬂ:mmn ( )

0 1S3 olo

Clustars

Fow Csll

LIbrary |5 loadesd Irfo & flaw o=l and tha fragmants hybridizs
1o tha fiow cell Burtece, Each bourd fragment Ie ampiiad Into
& clonal cluster through bridge amplfcation,

D. Alignment & Data Anaylsis

ATGGCATTGCAATTTGACAT
TGGECATTGCAATTTG
A AGATGGETATTG
GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGECATTGCAATTTG

Rafemncs
PATERIGS  AGATGGTATTGCAATTTGACAT

Feads are aligned to & reflrancs sequence wih biomomatics
software. Aftar alignment, diferencas betwaen tha miaEncs
panome and 1he newly sequancad reads can ba Idantiflad.



[llumina paired-end

Involves sequencing of both ends of the DNA fragments to be
sequenced, and aligning the for and rev reads as read pairs

-""H._

Pairaed-End Reads Alignmaent to the Reference Saquaence
p———l
S
e
(e ]

I ——— Reference ——————— u —_—

Rezd 2

-'.-.-

Figure 4: Paired-End Saquencing and Alignment— Paired-and sequencing enablez both ends of the DA fragment to ks 2equenced. Becauss
the distance bstwesn sach peired reed is known, alignment algorithrre can wse this infomation to map the reeds over repsatitive regicres more
precizely. Thiz resuitz inmuch better alignment of the reads, especidly scroes dfficult-to-ssquencs, repetitive regions of the genome.

Longer sequences can be produced (today up to 600 bp)

Longer size allows better sequence comparisons



Multiplexing

In addition to the rise of data output per run, the sample
throughput per run has also increased over time

A B C D E

Library Preparation Pool Sequence Demultiplex Align

!

Sequence Output
to Data File

Library 1 Barcode
Library 2 Barcode
Sequencing Reads
DNA Fragments
= Reference Genome
" J

Figure 5: Library Multiplexing Overview.
a. Two distinct libraries are attached to unique index sequences. Index sequences are attached during library preparation.

b. Libraries are pooled together and loaded into the same flow cell lane.

c. Libraries are sequenced together during a single instrument run. All sequences are exported to a single output file.
d. A demultiplexing algorithm sorts the reads into different files according to their indexes.

e. Each set of reads is aligned to the appropriate reference sequence.

Multiplexing allows large numbers of libraries to be pooled and
sequenced simultaneously during a single sequencing run



l. Welcome to Next-Generation Sequencing

a. The Evolution of Genomic Sclence

DMA sequencing has come a long way since the days of two-dimensional chromatography in the 1970s, With the
advent of the Sanger chain termination method' in 1977, scientists gained the ability to ssquence DMNA in a reliabls,
reproducible manner. A decade later, Applied Biosysterns introduced the first automated, capillary electrophoresis
(CE) based sequencing instruments—the AB370 in 1987 and the AB27306 in 1908 —instruments that became
the primary workhorses for the MIH-led and Celera-led Human Genome Projects.? While thess “first-generation”
inatrurnents were considerad high throughput for their time, the Genome Analyzer emerged in 2005 and took
sequencing runs from 84 klobase (kb per run to 1 gigabase (Gh) per run? The short read, masswvely parallel
saquencing technique was a fundamentally different approach that revolutionized ssquencing capabilities and
launched the “rext-gensration” in genomic science. From that point forward, the data output of next-generation
saquencing (MGS) has outpaced Moore's law—maore than doubling each year (Figure 1).
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Figure 1: Sequencing Cost and Data Output Since 2000 —The dramatic rise of data output ard concurment faling cost of ssquencing since
2000, The Y-awas on both sides of tha graph are logarithmic.

2000 Primo genoma umano (Human Genome Project),
3 miliardi di $, 13 anni di lavoro

2014 Costo per sequenziare il genoma di ognuno dinoi e 1,000 $,
16 genomi in 3 giorni



NGS has lead to the rapid development of
METAGENOMICS

(Also called “environmental” or “community” genomics) Genomic analysis of microbes by
direct extraction and sequencing of DNA from a natural assemblage

Marine microbial . ’
community ’ 'J

Total DNA
extraction

- Environmenital single-
gene surveys

= Shotgun studies of all
environmental genes

Microbial Metagenomics:

Beyond the (Genome

Protein annotation

: : Jack A. Gilbert'?* and Christopher L. Dupont*
Use metagenomics studies as a tool to
answer broader ecological or evolutionary
DNA sequencing questions

- ldentify common genes
within a community

« ldentify gemome contents
favored by current
environmental conditions

Different from genomics (analysis of genomic DNA from an individual organism or cell).
Meta in Greek is “beyond,” the term means “beyond the single genome study.” Coined in
1998 (a study of soil microbes using random cloning of eDNA; Handelsman et al.).
Subsequent definitions have varied to include any study whereby a whole community is
analyzed, e.g., studies of 16S rDNA diversity from an environment to analysis of all
genes from environmental samples without cultivation



Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample

). Gregory Caporaso®, Christian L. Lauber®, William A. Walters®, Donna Berg-Lyons®, Catherine A. Lozupone®,

Peter J. Turnbaugh®, Noah Fierer™®, and Rob Knight™""

*Department of Chemistry and Biochemistry, "Cooperative Institute for Research in Environmental Sciences, “Department of Molecular, Cellular, and
Developmental Biolegy, and *Department of Ecology and Evolutionary Biology, University of Colorade, Boulder, CO 80309; “Harvard FAS Center for Systems
Biology, Cambridge, MA 02138; and "Howard Hughes Medical Institute, Boulder, CO 80309

Edited by leffrey I. Gordon, Washington University School of Medicine, 5t. Louis, MO, and approved April 30, 2010 (received for review February 27, 2010)

The ongoing revolution in high-throughput sequencing continues
to democratize the ability of small groups of investigators to map
the microbial component of the biosphere. In particular, the
coevolution of new sequencing platforms and new software tools
allows data acquisition and analysis on an unprecedented scale.
Here we report the next stage in this coevolutionary arms race,
using the lllumina GAllx platform to sequence a diverse array of 25
environmental samples and three known “mock communities” at
a depth averaging 3.1 million reads per sample. We demonstrate
excellent consistency in taxonomic recovery and recapture diver-
sity patterns that were previously reported on the basis of meta-
analysis of many studies from the literature (notably, the saline/
nonsaline split in environmental samples and the split between
host-associated and free-living communities). We also demon-
strate that 2,000 lllumina single-end reads are sufficient to recap-
ture the same relationships among samples that we observe with
the full dataset. The results thus open up the possibility of con-
ducting large-scale studies analyzing thousands of samples simul-
taneously to survey microbial communities at an unprecedented
spatial and temporal resolution.

massive datasets to produce new biological insight, but in turn the
availability of these software tools prompts new experiments that
could not previously have been considered, which lead to the
production of the next generation of datasets, starting the process
agam. However, we would argue that the situation is not precisely
that of a “Red Queen”™ coevolutionary process (in which one must
run faster and faster to remain in the same place). because each
advance really does provide a new level of insight into a range of
biological phenomena. The increase in number of sequences per
run from parallel pyrosequencing technologies such as the Roche
454 GS FLX (5 x 10°) to Hlumina GAIIx (1 x 10%) is on the order
of L000-fold and greater than the merease in the number of
sequences per run from Sanger (1 % 107 through 1 x 10%) to 454,
The transition from Sanger sequencing to 454 sequencing has
opened new horizons in microbial community analysis by making
it possible to collect hundreds of thousands of sequences span-
ning hundreds of samples. A transition to the lumina platform
will similarly allow for deeper sequencing than has previously
been feasible, with the possibility of detecting even phylotypes
that are very rare (11). By using a vanant of the barcoding

The issue: how to analyze and interpret
the vast amounts of sequence/tree datal




(CHeNS Terminal — vim — 70x47
FrkeyG 0 ATAATCTCETCS
CTCEGLCCTATCTCAGTOCCAATC TGO OO TCACCCTCTCAGGL GO TACCCGTCAAAGCC TTELTAA
GECACTACCCCACAACAAGE TGATAAGCLGLGAG TOCA TCCCE AACGCLGAAAL TTTCCAACTCCCACAT
GCAGCAGGAGCTCCTATOCGETAT TAGLOCCAGT T TCC TGARGT TATCCCAAAG TCAMGGRCAGGTTACT
CACGTGTTACTCACCCGTTCGICA
NFHidd lef_1 ACACACTATGEC
CTGGGLCGTETCTCAG TCCCARTGTGGCOGT TCATCCTCTCAGACCGGCTACTGATCG TOGCE TAGGTGA
GOCGTTACCTCACC TACCAGE TAATCAGACGLAGACCCATCAACAGG TGAT AGCATAAAAAGATCCOCTG
T O LG TAGGAC G TATGL GG TAT TAGCAT TCL T T TECAAATET TG TCCLCCACTAATAGGLAGATT
CCTAAGE
sHolelSpoce. 2 ATCGCOGACGAT
TTGGALCGTETCTCAGT TCCAATGTGOLECACCT TOCTCTCAGAACCCC TACTCATOG TAGCCTTELTGE
GOCGTTACCCOGCCAACAAGC TAATCAGACGCATCOCCATCCATTACCOATAMTC TTTACTTCAAATCT
AT G T AT ARG TAT LG TAT TAG TCTCOCT TTCGOCAGG T TATCOCACAG T AR TREGAAGET
TGGATACCCETTACTCACCOGTGLS
sWFkeyl 3 ACCTGTCTCTICT
GGGl CGTATCTCGG TOCCAATETCLCOGG TCACCCTCTCAGLUIGLL TACCCLTCAAAGICTTEGTAA
GLCACTACCCCACCAACAAGL TGATAAGOCGEGAGTCCATCOCCAMCCGECOAMC TTTCCAALCCOCAL
CAT G AGCAGGART TCCTATCCGEAT TAGLCCEAG T T TECTGAAGT TATCCCAAAGTCARGEGLAGLT T
ACTCACGTGTTACTCACCCGTTCGCCA
sREPinkyR_4 AGTACGLTCGAG
VGG GTATCTCAGTOLCAATCTCLLUGG T CACCCTCTCAGEL LG TACCCGTCAANGLL TTRGTAA
GUCACTACCCCACCAACAAGCTOATAAGCCGLCAGTCCATCOCCARMCCGLCGARAC T TTOCAACCCCCAL
CATGCAGCAGGAGE TCCTATCOGGTAT TAGCCCCAG T T TOC TGAAGT TATCCCAAAG TCAAGGRTAGGTT
ACTCALGTGTTACTCACCIGT TEGCCA
shikeyl _5 ATACTATTGLGE
CTGGGLCGTATCTCAG TOCCAA TG TGGCOGG T CACC TV CAGHC GO TAC LU TCARAGLT T TGGTAG
CCCACTACCCCACCAACAAGC TCAT AACCCGLGAGTCCATCCCCAACCLICGARAL T TTOCAALCICCAC
CATGLAGCACGAGL TCCTATCCOGTATTAGCCCCAGTTTCCTOAAG T TATCCCAMAG TCAAGGGCAGETT
ACTCACGTGTTACTCACCCLCTCRICA
>[key¥_6 ACTGTACGCGTA
CTGEGCCGTATCTCAGTOCCAATGTOLCCGG TCACCCTCTCAGRLOGOL TACCCGTCAAAGLC TTGG T AL
GLCACTALCCCACCAACAAGCTOATAAGCCLLGAGTCCATCLC CAMCCGCLGARAC TTTCCAACCCCAC A
TG AGCAGGAGC TCCTATCOCGTATTAGCC CCAG TTTCC TOAAGTTATCCCARMAGTCAAGGGEAGGTTAL
CTCACGTGTTACTCACCOGTTCOOLTA
SOMK&YG_T AGAGCAAGAGCA
TGO G TATCTCAGTCCCAATGTCLCOGG T CACCCTCTCAGGCOGGL TACCCGTCAAAGLC TTERGT A%
GoCACTALCCCACCAACAAGCTOG T AA GO GO GAGTCCATCLCCAALCOCCGAAAL TTTCCAALCCCCAL
CATGCAGCAGGAGE TCCTATCCGGTAT TAGCCOCAGTTTOCTGAAGTTATCCCAMGTCAMGGGLAGGTT
ACTCACGTGTTACTCACCCGTTCGICA
»0findexR 0 ACTAGCTCCATA
CTGGOCCGTATCTCAGTCCCAATGTGECOGG TCACCCTCTCAGGLOGEL TACCIGTCAAAGCCTTGETAL
GCCACTALCCCACCAACAAGCTOATAAGCC G RAG TCCATCLCC AR COC LG AAAL TTTCCAALCCOC AL
CATGCAGCACGAGC TCCTATCCGGTAT TAGCCOCAGTTTCCTGAAG T TATCCCAAGTCARGGLEAGGTT
ACTCALGTGTTACTCACCCGTTCGCCA
»xkeyEnter 9 ATCCTCAGTAGT
qput_data/input fasto® 2627601, 343997920 1,1 Top

first 9 of 130,000 sequences
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GCCCO(1175:0.076312, ((((((296:0.021118, 2960 :0. 620550 :0, 005159, 1463 :0..
838458 10882397, ({({(2025:0,822375,2325:0. 821514 :0.002428, 1994 18,028
74210803074 , 2678 10 AI4651 ) 10012853, (33:0.080197, (2644 :0.A11613,721
B.002661 )20 . B04409 120, 05558 ) 10, (05350, 10060, 022310 ) 1 0, 803384 )10 0101
98,706:0,899242):0,.006572 , (2065 10, 036492 , 2069 :0,953096 ):0 012245 ) :0..09
6208, (561 :0 016939 ,1146:0 846237 ):0 , B44252):0. 811272 ) :0. 009958, 2119:8..
1126040016335 , (((1848:10.098462, ({{{ (1391 10804884 ,2432:0 039375 )10
833583, (865:0 835556, (434 :0,019340 501 :0.050586 ) :0,812266 )10 820573 )
©.000246,895:8 039570 20 000764, ((((556:0,015342,1904 :0, 832035 ):0 0238
57,((62318.063798 , ((1283:0,.008582 ,1227 10 812166 ) 10,047749,1443:0, 82973
920, 829983 ):9 007674, ( ( ((2353:0.012729,420:0..004032 ) 10. 804392 , (237210
LD21202, (4300002296, 1174 0. 007746) 20013778 ) :0.005586) :0 010835 , 1067
10030670 :8,807725, ( ({( (220010005952 ,2215:0 695159 ):8.01 7462 ,1155:0,.8
O4107):0.804556 ,(2162:8.011395, (1164 :0, 013659, 1235:0.037233 ) : 0. 006918 )
10082343 ) 10815638, 1096 10 .B26373) 10004434 ) 10, 815324 ) 20 805547 ) 10.. 002
567, (((2237:0.002605 ,1191 10014766 ) 10.056567 , ((993:0.016467, ((1648:0.0
05636, (2422:0.017279,2149: -0, 0006580 ) 10, 002337 ) 10000495 ,660:0 012745 ) :
0.904529):0.087343 , (2464 :0.837139,1162:0.812272):0.008547 ) 10095330 ) :0
888711 ,2449:8.077458) :0.. 831980 ): 0. 815276 , 902 :0..099696 ) 10 .811386 ) :0..03
1767, {(1799:0. 8108139, 2434 :0..000995 ) :0. 055425 , (1893:0.869619 , 2481 :0..050
852):0.811543):0.829516 ) :0.814982 , 1504 :0.. 897672 ) 10864591 ) 10824284 , ((
(11658857798, { ((1967:0.099005,1367:0, 840396 10, 015524 ,1 744 10 29539
140.005749 , 126510, 854137 ) 10 009262 ) 10806291, ({ (({({1916:0.009386 ,2223
10027299 ):0.844223, (289:0.063597, (216:0..015133 688 :0 . B16943 ) :0 087252
330,812754 )10, 802953, (((((1177:0.033525,103:0 010355 ) 10, 805752 , (2498:0
BIT467, (155:8.,022642,557 10009618 ) 10, BABN4Y ) 10803651 ) :.818323 , { [ ((
2010 . BOE950 , 3391 : 0. 801659 10822473, 683 :0. 015208 )10 012953, 944 :0 0492
2410000536, (216320 024786 ,217 10, 007828 ):0.015376):0. 012732, ({ (270918
812332, ((2817:0.085521 ,273710.009125) 10 .081285 ,52: -0, 691367 ) 19811052
$19,889646,, { ( (498:-0 . DRE523 955 10, BA0529 ):6,031363,1317:0 005781 )10 .63
853, ( (1691 10 M1O483 , 2641 10 DOH5E6 ) 10, 0O6A1E 9910 , D189 ) 10, 010781 )20,
L1615 ):0 .DRESE2 , (141:0.035612,259:0.047171 ) :0. B13959 )10 607306 ) :0.006
2587:0 002460 ,2129:0,065715):0. 007159, {(129:0. 037044, 775:0.019395):0.0
83151, ((175:0.D46527 , 130810 039605 ) :0, 13799 ,1517:0. 012768 )19 ,01AE53 ) 1
8.011219):0 811334 }:0.802986, { ({165 :0.007198 ,1252:0.0143%6 ):0.035324,3
5190.018253) 10, 019309, (((3076:0.010010 ,63 10, BIS565 )10.012443, {255:0.014
T731,242410 806633) 10 .BB6422 )10, 811524 264310, 025724 ):8.,016273 ):0,81358
530, 815118, (((((((((1292:-0,005695 ,2132:0, 011220 ):0.833288,1999:0. 418
227310, B18292 , ((34219.8083093 ,{ (2532 19,004325 , 7610 . BI6 756 ) 10, 801614, 214
1-0.981790) 10 BI2190):0.015212, (1199:0 .. 604917, 1501 10089431 ) :0.. 014567 )
10004240 10, 012050, 2960 10 009230 10 026545, 2944 :0,025534 ) 20 021l ((
(((1819:9.955614 ,534 :0,.681913):0. 015062 ,471 10, B63578 ) 1. 806258, 1726 18..
QET235):0 086563 , 769 :0 053507 )20, 087438,1576:0. 867533 )10 006203 ) 18,089
863, ({ ({(355:0.035264 , ((251 10 0206873, 254 10. 004964 ) 10815397 490100161
50):0.010365 ) :8, 006533, ( (18710000755 1424 :0, 634373 ):0.002533,2428:0.0
0735710, 81002810 ,006793, (( ((760:0 032351, (1510:0 009944 , 2391 :0, 0108
1,1 All

~0.1% of the tree file

naive visualization of free...

The issue: how to analyze and interpret
the vast amounts of sequence/tree datal



The same approach can be used for
microbial eukaryotes (18S rRNA as target)
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sented regular proportions Across sauprsa, nravaug aunmar
species-abundance distributions despite taxonomic composi-
tional variation. Several taxa were abundant in one location
and rare in other locations, suggesting large oscillations in
abundance. The substantial amount of metabolically active
lineages found in the rare biosphere suggests that this sub-
cummunity constitutes a diversily reservoir that can rESpCII‘Id
rapidly to environmental change.

Conclusions: We propose that marine planktonic microeukar-
yote assemblages incorporate dynamic and metabolically
active abundant and rare subce ities, with cor
structuring patterns but fairly regular proportions, across
space and time.

Introduction

Microbes are the dominant form of life in the oceans, playing
fundamental roles in ecosystem functioning and biogeo-
chemical processes onlocal and global scales [1-4]. However,
limited knowledge of their diversity and community structure
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How sequences from one sample look like...

| Luna_27888 - Notepad — X
File Edit Formmat Wiew Help

>BIOL1 SUP-UABO26F: : IN2AZTIZID3YI6 rank=8211676 x=15638.5 y=1388.5 length=481

AAAAC AASAAAC TCAAAGGAATTGACGEEEACCCGCALAAGI GO TELAGCATGTGET TTAAT TCGAAGCAALGCGAAGAACC TTACCAAGTCTTGACATACTGTGAGGACACAAGAGATTGTGET TGT TC TRACCT I TGETTAGACACAGANACAGETGETGCATGET
>BIOL1 SUP-UAB92Z6F: : TNZAZFIOZENMBN rank=8279735 x=1792.8 y=570.8 length=383

AAAA AAAAA A T AAAT GAAT TGACGEEEAC LGl Al A G G T GRAGCATGTGET TTAAT T CGAAGCAACGL GAAGAACCTTACCAAGTCTTRACATAC TG TGAGGACACAAGACATTGTCT IGT TCTGACCT T TGET TAGACACAGATACAGGTGGTGCATGET
>BIOL1_SUP-UAB926F: : TNZA2VIAIDOPIS rank=8215752 x=1417.5 y=2841.0 length=428

AAAAC AAAAAACTTAAATGAAT T GACGEGEEACCCGLALAAGTGLTGRAGCATGTGET TTAATT CGAAGCAACGLGAAGAACC TTACCAAGTCTTGACATACTG TGAGGACACAAGAGATTGTETTET TCTGACCT I 66T TGEACACAGANACAGGTGETGCATGET
>BIOL1_SUP-UABIZ6F:: IN2AZ/IGZDWIGL rank=8214977 x=1485.8 y=531.0 length=475

AAAA AAAAAA T TAAAGGAAT T GACGEEEET L Ia Al AN Gl GETGRAGCATGTEGT TTAAT T CGATGLAACGLGAAGAACCTTACCAGG U T TGACATACTGLGAATCTC T TGEAAAGLAGAGAGTGLCTTCCECAATGCAGATACAGGNGETRCATGECTRTCET
>BIOL1 SUP-UABOZEF: : INZAD7TA2EAGYL rank=2388902 x=1658.08 y=2483.8 length=512

AAAACAAAAAACTTAAAGEAAT TGACGEGGELLCGIAL GGG TERAGCATGTGGT TTAATTCGATGCAACGLGAAGAACCTTACCTACTCTTGACATCCAGAGAACTT TCCAGAGATGGAT TGETGCCTTCGEEAACTC TGAGACAGGTGCTECATGECTRTCET
>BIOL1_SUP-UABS26F: : IN2AZ7I@2D5D99 rank=0218622 x=1436.@ y=1983.8 length=586

AARA AN AT AN GG AAT T GACGEEEE L CaC A A G CaTERAGCATGTGGT TTAAT T CGATGLAAC G GAAGAAC CTTACCTACTCT TRACATCCAGAGAACTTTCCAGAGATGEAT TEETGLCT T CGEEAACTCTCAGACAGGNGCTRCATGECTETCET
>BIOL1 SUP-UAB926F: : TNZAZ7TGREGM]2 rank=8318961 x=1948.0 y=1436.5 length=4B3

AAAAC AAASAACTTAAAGEAAT T GACGELEEIIIGCALAAGIGETGRAGTATGTGGT TTAATTCGATGCAALGCGAAGAACCTTACCAGGAT T TGACATRGL G TGATACTAC TAGAGATAGAAGT TATAAAAACATGCACACAGE TG TGCANGECTRTCGTCAGCT
>BIOL1_SUP-UABIZ6F: : IN2AZVIBZEFGRY rank=8346547 x=17@7.5 y=1988.@ length=487

AAAATAAAAA A T AAAGEAAT T GACGEGEET Gl Al NGl CGTCRAGTATGTGGT TTAATTCEATGCAACGLGAAGAACCTTACCAGGAT TTGACATGGLGTGATACTACTAGACAT AGAAGT TATAAAACACGCACACAGGTEETGCATGECTRTCGTCAGCTC
»BIOL1_SUP-UABS26F: : IN2A27I82DS2IX rank=0266877 x=1444.8 y=631.5 length=4B86

AAAAC AARSAACTTAAAGEAAT T GACGEGGELLIGIACAAGIGGTGRAGTATGTGGT TTAATTCGATGCAACGLGAAGAACCTTACCAGGAT T TGACATGGLG TGATAC TACTAGAGATAGAAGT TATAAAACACGCACACAGGTGE TGCANGECTGTCGTCAGCTC
>BIOL1_SUP-UABSZ26F: : IN2AZVI@2EIKYK rank=8318955 x=1951.8 y=714.8 length=47@

AARACARABAACTTAMGEAAT TGACGEGEEECCIGIAL AAGTGETGRAGTATGTGGT TTAATT CGATGCAACGCGARGAACCTTACCAGGATTTGACATEGCGTGATACTACTAGAGATAGAAGT TATAAAACACGCACACAGGTGETGCANGECTETCGTCAGCTC
>BIOL1_SUP-UAB926F: : INZA2VI@ZENRIT rank=8329968 x=1987.5 y=3528.5 length=4B7

AAAAC AAAAAACTTAANTGAAT TEACGGEGEI L LGCALAAGIGETERAGTATETRGT T TAATTCEATGCAAL G GAAGAACCT TACCAGGATTTGACATERCGTGATACT AL TARAGATAGAAGT TATAAAACACGCACACAGE TEETRCATEECTGTCGTCAGCTC
»>BIOL1 SUP-UABIZ6F::INZAZJIBZENIAD rank=8327816 x=1798.8 y=3534.8 length=473

AARACAARAAACTTAAAGEAATTGACGEGEECCIGIACAAGIGGTGRAGCATGTGGT TTAATTCGATGATACGLGAGGAAC CTTACCAGGLC TTAAATGCAGAACGACAGAGET GEAAAC AL CTCCTTCTTCGGACGETCTGCAAGGTGCTGCANGETTGTCGTCAG
>BIOLL SUP-UAB926F: : TNZAZVIQZECAXW rank=8355207 x=1663.5 y=978.5 length=482

AARAC AAAAAACTTAAAGEAAT TGACGEGGETCIGIGACANGIRLTERAGTATGTGGT TTTAAT T TCGATGATACGCGAGGAACCTTACCAGGGL TTAAATGCAGAAC GACAGAGE T GRAAAACACCTCCTTCT TCGEACGET CTGCARGETGCTRCAGETTGTCET
>BIOL1 SUP-UABIZ6F: : IN2AZ7T@2DGT73N rank=0262644 x=1389.5 y=945.8@ length=486

AAAACAAAAAACTT AAAGGAATTGACGEEEEC L CGCACAAGL GETERAGCATGTGGTTTAATT CEATGATACGLGAGGAAC CTTACCAGGEC TTAAATGC AGAAC CAC AGAGGTGEABAL ACCTCCTTCTTCGRALGETC TGCAAGGTGC TRCANGGTTGTCGTCAG
>BIOL1 SUP-UAB92EF: : INZAZTIGIDHEIU rank=8368854 x=1311.5 y=1876.5 length=507

AAAACAAAAAACTTAAAGEAAT TGACGGEGEECCIGLACAAGTGLTERAGCATGTEET TTAAAT TCGAGGCAACGCGCAGAMCC TTACCAGCTCTTGACATGCCACGACGET TACCGEAGACGET TTCCTCCCT T TEEEUGTGGACACAGGTGCTRCANGGCTGTCET
>BIOL1_SUP-UABIZ6F::INZA27I62D1185 rank=8259682 x=1541.8 y=1847.8 length=5387

AAAACAAAAAACTCAMAGGAAT TGALGEGET CIGECAC AAGIGETGRAGCATGTGGT TTAAT T CRAAGACAACGCGCAGAACCTTACCAGCTCTTGACATGL CACGACGET TACCGEAGACGET T TCCTCLCT T TGGEECGTGEACACAGGTGCTRCATGECTETCET
>BIOL1_SUP-UAB926F: - TN2A271@2D0110Q rank=8241311 %=1398.8 y=1156.8 length=473

AARAC ARABAACTCARATGAATT GACGEGEACCCGCACAAGTGGTERAGCATGTGET TTAATT CRAAGCAACGLGCAGAACCTTACCAGCTCTTGACATGCCACGACGET TACCGGAGACGET T TCCTCCCTTIGEECETGRACACAGETGCTACATGECTGTCGTC
»BIOL1 SUP-UAB926F: : INZAZVIBZEIGAN rank=2356587 x=1744.5 y=3345.8 length=4B82 I
AAAACAAAAAACTC AMAGGAATTGACGEGEEECCLGCACAAGTGETGRAGCATGTGGT TTAATTCGAAGCAACGC GCAGAACCTTACCAGCTCTTGACATGC CACGACGET TACCORAGAL GETTTCCTCCCTT TGEECGTEGACACAGETGCTECATGECTGTCGTT




How sequence data look like

ATCG...



Sequences have to be analyzed and classified into

microbial taxonomic units (OTUs)
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Ecologists need good bioinformatic tools (and
even more good bioinformaticians...)



Contesto internazionale
Temi e sfide (mediterranee e planetarie)

Declino degli ecosistemi e delle (bio)risorse
marine a causa del crescente impatto
antropico. Pressione globale sul biota marino

Stretta interconnessione tra salute
dell'oceano e salute dell'uomo

The ability of the ocean to support human
wellbeing is at a crossroads

Review

‘Opportunity to rebuilld marine life
—_—

Efforts to slow down prassures
‘Sharp increase in pressures on and decline in marine life

Rebuilding Debate on whether industrialized International Convention CITES (1975) UNC fenenca on
marine life fsh g ould lead to permanem for the Prevention of IWC Whaling Enwir ent and
ustion of fish stocks Pollution from Ships Moratorium Developmem 1992)

Int lernational Fishenes Exhibitior {MARPOL, 1973) (1982) UNCED (1283)
UNCLOS (1982}

Londan, 1883} Geneva Con UNSDGS (2015) and
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Necessity to rebuild the marine life-support systems that
deliver the benefits that society receives from a healthy ocean

Planetary boundaries for a blue planet
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Contesto internazionale
Temi e sfide (mediterranee e planetarie)

PESCA: rapida crescita nelle ultime decadi,

attualmente in profonda crisi (sovra-sfruttamento

stock, degradazione degli habitat), richiede
gestione piu razionale e sostenibile

"active

overfishing"

“overfished in ., , = 0

the past”

FfFaase

25
2
15

is E

"unstable”
v _
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1.,;.,.,, : * ™ Costello et al. 2016 PNAS

Article
The future of food fromthesea

hinps.)

fecelved 13 December 2013 Savir Masier, Loy Macacdars Sormer ., Tracey Margin', Michao! €. Melmrchuk ™,
Accepted 79 huna 2070 Masnanori Miyshars, Carrym L s Mods™, Rossmand Nayior”, Lisds Nesthakhen®.

59 Mt

80 Mt

. Marine wild fisheries Finfish mariculture - Bivalve mariculture

Fig.5|Composition of currentand future food from the sea under three
alternative demand scenarios. a, Composition of current (initial production)
foodfromthe sea. b-d, Composition of future (2050) food from the sea under

cenarios of current (b), future (c) and extreme (d) demand. The sustainable
supply curves assumed for these predictions are: rational reform for wild
fisheries; technological innovation (ambitious) for finfish mariculture; and
policy reform for bivalve mariculture, as shown in Fig. 3. The total production
offood fromthesea per yearis shownin the centre in each panel.

Costello et al. 2020 NATURE
Cibo dal mare aumentera di 21-44
milioni tonnellate nel 2050 (aumento

di 36-74% rispetto ad oggi)
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Contesto internazionale
Temi e sfide (mediterranee e planetarie)

ACQUACOLTURA: importante alternativa alla —

pesca rapida crescita, ha davanti a sé Sustainable aquaculture through the One Health
’ . . . lens

numerose sfide di tipo economico,

G. D. Stentiford 2227, |, J, Bateman ™%, S. ). Hinchliffe ©24, D. Bass'?, R. Hartnell®, E. M. Santos©2%,

ambientale e sociale (in ottica di economia WA oot £ St . Bainech D¢ Bahrinercen 1 Katordabi 14 £ Frostlichoam
circolare, sicurezza/qualita prodotti, rispetto
dell'ambiente)

C. R. Tyler®®
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Predicted to supply the majority of
aquatic dietary protein by 2050
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An increasing demand of food from the sea

17%
THE GLOBAL SUPPLY OF «FOOD FROM THE SEA»

PROVIDED BY THE OCEAN TODAY (REACHING >50% IN
COUNTRIES IN ASIA AND AFRICA)

214 MILLION TONNES

TOTAL FISHERIES & AQUACULTURE PRODUCTION IN 2020 Costollo ot al. 2020 Nat
(90.3 MILLION TONNES FROM GLOBAL CAPTURE FISHERIES) FAO The State of World Fisheries &AqL;:saculture 2022

Data from:

90% GLOBAL FISH STOCKS

FULLY OR OVEREXPLOITED. MARINE FISHERY RESOURCES HAVE CONTINUED TO

DECLINE (REBUILDING OVERFISHED STOCKS COULD INCREASE PRODUCTION BY 16.5 MTONNES)



Aquaculture: the fastest growing animal sector worldwide

Article
Thefutureoffood fromthesea . wmi s im
e WTMEEGOALS |
Fncoe W oo 009 Fr, o rtc”, ot .
e .wLmM e %
T p—— Flina Ofes™, Erin CrRally™, Ans M. Purma™, Aacirie 1 Plantings™!, Shakuntsls 4. Thilsted™ &
DOC
Sustainable aquaculture through the One Health
lens
G.D. i 2,1 %, 5. 1, Hinchli ' 0. Bass', R Hartnell’, E. M. Santos 024,
M) Devlin®?, 5, W. Feist!, N. G. H. Taylor'2, D. W. Verner-Jelfreys', R van Aerbe O, E. L Peeler'd,
W, A Higmanr', L. Smith', B Baines’, D.C. nger @Y, |, ' H. E. Froehlich™" and
AQUATIC FOODS INCREASINGLY CE T

RECOGNIZED FOR THEIR ROLE IN
FOOD SECURITY AND NUTRITION,
NOT ONLY AS SOURCE OF
PROTEIN, BUT ALSO AS UNIQUE
& EXTREMELY DIVERSE
PROVIDER OF ESSENTIAL
OMEGA-3 FATTY ACIDS AND

[A[HILIHY WORLD CAPTURE FISHERIES AND AQUACULTURE PRODUCTION

ALL REGIONS, EXCEPT
AFRICA, EXPERIENCED
CONTINUED

; AQUACULTURE GROWTH IN
2020, DRIVEN BY

AQUACULTURE

BIOAVAILABLE MICRONUTRIENTS o s we we W wn me e o e e e
- u v - EXPANSION IN CHILE,
R T O SN ST S CHINA AND NORWAY (THE

AQUACULTURE PREDICTED TO DOUBLE TS 'OP PRODUCERS IN THEIR
PRODUCTION BY 2050 RESPECTIVE REGIONS)
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1 FARMiNG A new vision for EU Aquaculture

Low Carbon Economy Mitigate Effects of Climate Change Reduce Pollution u
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Aquaculture and sustainability Environmental Impacts of Open-Ocean Aquaculture

- Fish and shellfish production is limited by several Fish Meal & Drugs &
emerging diseases caused by viruses, bacteria, fungi, SO Chemcaly )
oomycetes, amoebas and other ectoparasites. sesbalcpibe perssticyies el oter

- Bacterial fish diseases are typically addressed by
antibiotics (Romero et al.2012; Cabello et al.2013),
viral diseases by vaccination (Evensen and

Leong 2013) and parasitic diseases by chemical
treatment (Burridge et al.2010).

- Impact on the environment and the quality/safety of
aquacultured fish food due to:

and can affect wild fish as
wall as the broader maring
ecosysiem.

these populations and can
impact other wildlife that
depends on them for food.

risk of antibiotic resistance development
transfer of antibiotic resistance genes to other
animal pathogens

concerns for environmental impact and consumer ,-_(‘( o @ _ e
safety > <_—//// 'L‘(“'& Parasites
organic matter enrichment in aquacultured Escaped Fish | ‘.(\‘,2"1 o ) Wi ot i
sediments Escaped fish compete for food ® et rapidly spread fo wild fish.

-and pray on and bread with lecal
fish, reducing the health of wild
‘populations.

4

Need for additional/alternative
strategies for sustainable disease



A promising alternative: the exploitation of fish microbiome

The microbiome is defined as described by Joshua Lederberg: ‘the totality of microbes,
their genomes and their interactions in a particular environment’. It is a concept born
for studies on humans and it is now applied to a plethora of terrestrial and marine
organisms, including fish

1% The impact of microbial consortia on early

: development and health of their eukaryotic
hosts is gaining increased attention, with new
‘omics’-based technologies allowing for in-depth
characterizations of microbial communities and
functions in diverse ecosystems.

The human gut microbiomes can significantly
drive or suppress disease development, whereas
environmental changes or infections can
substantially influence the human gut microbiome
by causing blooms of microbes that otherwise are
present at low abundance.

What about fish?




Nicolas Derome Editor

Microbial
Communities

in Aquaculture
Ecosystems

Improving Productivity and
Sustainability

aquaculture in

adopt alterf T\

host=microbiota functi '. g

(Derome, 2019).

Microbiota research is paving the way to a highly integrated
approach to understand complex relationships between farmed
fish and their associated and environmental microbial

communities at the frontier between health and disease




Role of fish microbiome

PROTECTION AGAINST PATHOGENS

HOST IMMUNE RESPONSE

GROWTH AND DEVELOPMENT

TOLERANCE TO ABIOTIC STRESS

FISH MICROBIOME

3
3
NUTRIENT ACQUISITION é ;} B 2(@20
>
>
&

HOST GENOTYPE z

HOST ENVIRONMENT

Like for other vertebrates, the fish microbiome is critical to the health of its host and has complex and dynamic interactions

with the surrounding environment




Fish microbiome: a promising strategy to make aquaculture more sustainable?

microbial biotechnology — PROCEEDINGS B The role of the gut microbiome in

oS e e B g sustainable teleost aquaculture

Editorial: The microbiome as a source of new enterprises and job creation

William Bernard Perry’, Elle Lindsay?, Christopher James Payne?,

Christopher Brodie*® and Raminta Kazlauskaite?
The aquaculture microbiome at the centre of business I | CRBEES SRS P SRS Mol

creation comment |mossee

Karen K. Dlltmnnn,' Bastian B. nasmnssen,' Mathieu Controlling the microorganisms that are associa 2 H 2 ? [

Castex? Lone Gram' and Mikkel Bentzon-Tilia' with aquaculture systems (Le. the aquaculture mic M |Cf0b|0me innovations fOI' a Sustalnable futu re
Depar of and biome) has always been essential in high-intensity re " 2 N . a A N .
Technical University of Denmark, Kgs. Lyngby, ing of fish. Disease oulbreaks caused by pathoge The United Nations Sustainable Development Goals (SDGs) are being integ into

Denmark. bacteria are believed 1o be one of the most serious ct arcund the world, including the European Green Deal. We highlight how microbiome-bi

2 allemand SAS, Blagnac Cedex, France. lenges faced by the aquaculture industry (Meyer, 198 contribute to policies that interface with the SDGs and argue that international coopera
is crucial for success.

Avadable onling al www sciencedirect com
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o d w - - gut microbiome research m
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The hypothesis behind the study of fish microbiome

Microbial communities of fish may harbor substantial potential to modulate
health and disease. Due to the complex structure of microbial communities,
disentangling interactions and identifying keystone species for specific functions
is enormously challenging, especially when environmental influences on
population dynamics and activities are taken into account.
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Fish microbiome differs according to the different fish tissues

- Mucosal tissues (skin, olfactory system, gills and also the gut) are in direct
contact with the environment and thus are the first contact points of the
microbes with their host.

- The mucus provides a carbon source for commensal microbes that can
subsequently form a protective shield against invading pathogens

- The mucus of the fish skin and gills generally contains more aerobic than
anaerobic microbes

Skin: Protecbactaria, Firmicutes
Actinobactaeria, Bacteriodetes
Cyancbacleria

/-
- L} .l"-r ’
. . . . oty .
- fish skin typically harbors 10°-10* bacteria
per cm? —
- gills 103-10° bacteria per gram of tissue
8 : : : i
-gut up to 10 aeroblc_ heterotr_ophlc bacteria e A . S
and up to 10° anaerobic bacteria per gram of Protecbacteria, Firmicutes, Frotesbacterna,
. Fimmicutes, Bactaeroidetes Firrniciies,
gut tissue Actinobacteria, Actinobactaria, Actinobacteria,
Cyanobacteria, Fusohacteria, Bactariodetes
ASCOMmycota, Flanctomyceles,
Basidiomycota Chloroflesx,

Chrerarchazata



Fish microbiome differs according to the different fish tissues

Skin and gills

The mucosal surfaces and associated
microbiota of fish are an important primary
barrier and provide the first line of defense
against potential pathogens.

An understanding of the skin and gill
microbial assemblages and the factors
which drive their composition may provide
useful insights into the broad dynamics
of fish host—microbial relationships, and
may reveal underlying changes in health
status.

This is particularly pertinent to cultivated
systems whereby various stressors may
led to conditions (like enteritis) which
impinge on productivity.

FIGURE 1 | Study site and sampling spproach. Farmed Yellowtail Kingfish (YTK, Seriola lakand) were obtained from (A) sea cages from a commercial enterprise from
tempearate waters in southern Ausiralia, where swab samples were taken from (B) gills and (C) skin within the regions denoted by dashed lines from (D) healthy
individuals, and thosa with {E) early and late stages of enteritis.




Fish microbiome differs according to the different fish tissues
Skin and gills

First studies indicate that the composition of
the microbial communities of the gills and

skin is different

The protected niches of the gill lamellae
contain more microbes that putitatively
favor gas exchange

High influence of surrounding environment
in defining skin and gill microbiome

Examples:

the gill microbiota of rainbow trout (Oncorhynchus
mykiss) contains mostly Proteobacteria and

Bacteroidetes -
(Flectobacillus and Flavobacterium), while the SKiN | aeue st sto s simping spprosch rarme vesontas kingisn (75, Seris sanc) wers ot o () s cages from a commescil nterprss o

tempearate waters in southern Ausiralia, where swab samples were taken from (B) gills and (C) skin within the regions denoted by dashed lines from (D) healthy

contains more Actinobacteria and Firmicutes incvickis, and those with {E) cery and o stages of enirs.

the gills of common carp (Cyprinus carpio) and
zebrafish (Danio rerio) contained ammonia
oxidizing and denitrifying bacteria, such

as Nitrosomas-like bacteria that are thought to
play an important role in detoxifying the excreted
ammonia



Fish microbiome differs according to the different fish tissues

Gut

1. Eel

l_\/l-ou h

Oesophagus

2.Salmonid / Seabass

Stomach

Pyloric caeca

Mid

=]
=
=

Hindgut

Gall bladder

Gizzard

Influence of numerous factors
influencing gut microbiome: diet, age,
genetics, environment

For most fish species, the most
abundant phyla found in fish guts are
typically Proteobacteria, Actinobacteria,
Bacteroidetes and Firmicutes.

Some study suggest that the microbial
community gut is much less diverse
than that of the skin or gills



Most fish species lay eggs that are fertilized
externally in the aquatic ecosystem.

Microbes associated with fish eggs can range
from 108 to 108 CFU g~', with Aeromonas,
Alteromonas, Arthrobacter, Flavobacterium,
Moraxella, Pseudomonas and Streptomyces as
the major bacterial genera , although, to date
many unknown microbial species reside on the
fish eggs

It is likely that part of the fish egg microbiota is
obtained via vertical transmission from the
mother. Also the internal tissue of eggs of
freshwater and marine fish may contain bacteria

Already before the yolksac is consumed, fish
larvae start to ‘drink’ water and the gut becomes
colonized by microorganisms from the water. At
later developmental stages, larvae are exposed
to other microbiota, for example by ingestion of
egg debris or by microorganisms present in live
and artificial feed

Microbial community changes during fish development

Thus, these initial studies suggest that
profound changes can already occur in
the microbiome during early development
of the fish.

Need for further studies!

Ve " - :
G P e
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Teleost microbiome during development, Source:
(Derome et al., 2014)



Microbial community changes during fish development

» First studies reveal that microbial diversity in
decreased from larval to adult stages and
showed no similarity to the ambient water
microbiota

» Because larvae have incomplete digestive
systems and have more diverse diets, including
various planktonic organismsit has been
suggested that they strongly rely on microbes for
the digestion of feed

» The diet is an important factor in colonization of
the guts, as was shown for the guts of rainbow
trout larvae where an increase in bacterial
abundance and diversity was observed upon first
feeding and where Firmicutes were most
abundant in plant fed fish and Proteobacteria
were most abundant in marine fed fish).

* In gilthead seabream (Sparus aurata), Firmicutes
and Bacteroidetes were more abundant in the
late, Rotifer and Artemis fed larval stage
compared to the early, non-feeding larvae



Impact of host genotype on fish microbiota

» Host genetics is known to be important in shaping the
microbial community of fish

« The importance of the host genetics in shaping the
microbiome was demonstrated by identifying a core
microbiota in the guts of laboratory-reared and wild fish

» The core microbiota often comprises a small number of
operational taxonomic units (OTUs), but which are highly
abundant. Example: the core microbiota of three species of

laboratory-reared or wild carp (Hypophthalmichthys ey
nobilis, Hypophthalmichthys molitrix, Cyprinus carpio) ,»-“?’::
comprised only five OTUs classified into the orders = “»",-,»__p Se
Aeromonadales, Xanthomonadales and Fusobacteriales e
but made up 35-40% of the total fecal microbiome e

(Eichmiller et al.2016).

* However, the underlying mechanisms of how host genetics
influences microbial community structure or whether
genetic information is transferred from microbiome to host
are not yet understood.



Effect of environmental conditions on the fish microbiota

The composition of the gut microbiota is also determined by the microbiota
present in the ambient water and sediment

Due to environmental fluctuations, the ambient water conditions like
temperature and nutrient levels change and affect microbiome composition.
The microbial community composition and densities of seawaters are
influenced by the seasons, and this may have an effect also on fish
microbiome

A second environmental factor determining the fish microbiome composition is
water chemistry (pH, salinity)
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Effect of feeding strategy on the fish microbiota

» Diet can have a major impact on the fish gut microbiota

» The gut microbiota of different wild fish species caught from the same river
showed different community between omnivorous, herbivorous, carnivorous
and filter-feeding fish

* Recent studies support the findings that also the type of feed, including lipid
and fatty acid content is an important factor in shaping the gut microbial
community.




Effect of feeding strategy on the fish microbiota

Examples showing differences in gut microbiome of fish with different diets

Egerton et al.

The Gut Microbiota of Marine Fish

TABLE 2 | Dominant bacterial species isolated from the intestinal tracts of marine fish species at different trophic levels.

Trophic level

Fish species

Dominant bacteria genera

Reference

Herbivores

Omnivores

Carnivores

Butterfish, Odax pulus
Marblsfish, Aplodactylus arctidens

Parmotfish, Chiorurus sordidus

Silver drummer, Kyphosus sydneyanus
Surgeonfish, Acanthurus nigricans
Surgeonfish, Acanthurus sp.
Zebraperch, Hermosilia azurea

Pinfish, Lagodon rhomboides

Long-jawed mudsucker, Gilichthys mirabilis

Atlantic cod, Gadus morhua

Atiantic hallbut, Hippoglossus hippoglossus

Atlantic salmon, Salmo salar

Blackiin icefish, Chaenocephalus aceratus
Black rockcod, Nofothenia coriiceps
Bluefish, Pomatomus saltatrix

Gilthead sea bream, Sparus aurata

Grass puffer, Fugu niphobles

Grouper, Epinephelus coioides

Red drum, Sciaenops ocellatus

Sea trout, Salmo trutta trutta

Siberian sturgeon, Acipenser baeril
Snapper, Lutjanusn bohar
Southern flounder, Paralichthys lethostigma

Speckled trout, Cynoscion nebulosus

Clostrigium

Clostrigium, Eubacterium dasmolans, Papilibacter
cinnaminovorans

Vibrio, Photobactarium

Clostridium

Bacteroidetes, non-vibrio Proteobacteria, Firmicutes
Epulopiscium

Enterovibrio, Bacteroides, Faecalibacterium, Desulfovibrio

Clostrigium, Mycoplasma

Photobacterium, Propionibacterium, Staphylococcus,
Pseudomanas, Corynebacterium

Mycoplasma

Clostridium perfringens

Vibrio
Vibrionaceae (arvae, juveniles), Photobacterium
phosphoreum (aduits)
Acinetobacter junii, Mycoplasma
Laciobacilius, P phosphoreum, Lactococcus, Bacillus
Photobactenium
Photobacterium, Vibrio
Vibrio, Pseudomonas, Enterobacteraceas
Pseudomonas
Vibrio, Pseudomonas, Flavobacterium

Bacillus, Vibrio, Delitia, Psychroacter, Acinetobacter,
Pseudomonas

Mycoplasmataceae
Photobacterium, Cetobacterium, Clostridiaceae, Vibrio
Aeromonas sobria, Pseudomonas

Cetobacterium somerae

Vibrio, Photobacterium

Clostridium

Clostridium

Photobacterium, Clostridiaceae, Clostridium
Escherichia coli

Clements et al., 2007
Clements et al., 2007

Smriga et al., 2010
Moran et al., 2005
Smriga et al., 2010
Miyake et al., 2015
Fidoplastis et al., 2006

Ransom, 2008
Givens et al., 2015

Bano et al., 2007

Aschfalk and Mdller, 2002
Star et al., 2013

Verner-Jeffreys et al., 2003

Holoen et al., 2002
Hovda et al., 2007
Ward et al., 2009
Ward et al., 2009
Newman &t al., 1972
Floris et al., 2013
Sugita et al., 1989
Sun et al., 2009

Ransom, 2008
Givens et al., 2015

Skrodenyté-ArbaClauskiene et al.,
2008

Geraylou et al., 2013
Smriga et al., 2010
Ramirez and Dixon, 2003
Ransom, 2008

Givens et al., 2015
Ransom, 2008



Effects of the microbiota on fish health

Similar to mammals and plants, pathogens can become more prevalent and cause
infection and disease, a process referred to as dysbiosis, when the fish commensal
microbial community balance is disturbed

The imbalances in the protective commensal microbial community can be induced by
changes in the environment, including water conditions, temperature, seasonal
changes, climate change, antibiotic usage or changes in rearing conditions

Commensal microbes play important functions that contribute to host health and
protection against pathogens. These functions include not only direct protective effects
against pathogens via antibiosis, competition for resources or niche exclusion, but also
indirect effects by stimulating the host immune response and nutrient uptake thereby
increasing fish health
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Interesting indirect effects of microbiota on fish health: modulation of
nutrient uptake

Commensal gut microbes also aid the fish in nutrient acquisition since they can produce
exogenous enzymes to facilitate the digestion of food and degradation of large and
complex molecules, such as chitin, protein and starch

The gut microbes can also produce vitamins and eicosapentaenoic acid (EPA, an
omega-3 fatty acid that is essential for metabolism) to enhance the health of the host

The type of diet influences the microbial population and could potentially promote the
microbial subpopulation providing protection against pathogens.

Immune Gut
System Microbes



Wild fish microbiome

Studies on wild (thus, likely healthy) fish in comparison with aquacultured fish species are
lacking

Some of the few studies performed so far highlighted that there are significant differences
between fish belonging to the same species but of wild and aquaculture origin

This comparison is key to shed light on the beneficial microorganisms

First results show that the most abundant microbial functional categories (as highlighted by
metagenomic analyses) were those corresponding to the metabolism of cofactors and
vitamins, amino acid metabolism and carbohydrate metabolism




Fish microbiome: a growing research field
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genus of host fish

Figure 1. {8} Number of studies on the gut microbiome using NGS broken down by the genus of fish that the study was
conducted on, as well as the environment those fish same from. Asterisk represents salmonid, carp and talapia. (5
The number of studies that assessed the water microbial communities. Gut microbiome studies were compiled using

Web of Science [4] and only include studies that implemented NGS. It is acknowledged that total microbiome research

extends further than this. Further informaticn on search terms and filtering can be found in the electronic

supplementary material. (Online version in colour)



Fish microbiome: a growing research field

aquaculture species?
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Figure 2. Growth in the studies using NG5 on fish gut micrebiomes, including food aguaculture species (aquaculture
status taken from FishBase [12]). Further information on search terms and filtering can be found in the electronic
supplementary material. (Online wersion in colour)




The role of fish microbiome in sustainable teleost production

* Rapid growth of the aquaculture industry has led to mounting pressure to make it
more sustainable, and one way is the study and modulation of microbiome

* The teleost gut microbiome has a clear role in the future of aquaculture, and
although research has come a long way in recent decades, there are still many
areas of microbiome research that require further development

* Progression in teleost gut microbiome research will depend on: combining
function, composition and spatial distribution of microbes; understanding the role
of host genetic diversity; incorporating environmental variation.

* Understanding and manipulating
microbial-host—environmental interactions
and associated functional capacity in &  SUSTAINABLE
these areas could contribute substantially | AQUACULTURE
towards achieving a more sustainable
aguaculture industry (for example,
dramatic reduction of antibiotics)




Tools to study the diversity of fish microbiome

* Microbes associated with aquatic animals and their environment
have been triditionally isolated on agar media (
R

* Only a proportion of the viable microbes in various aquatic NN

environments are culturable

- Culture-independent methods have been developed: qPCR, DGGE, Fp n

TGGE, T-RFLP, clone library sequencing

» Today the more advanced ‘omics’ techniques such as 16S/18S
rRNA gene and internal transcribed spacer (ITS) sequencing,
metatranscriptomics and metagenomics are now rapidly advancing
providing a more in-depth insight in the composition and functions of -
microbiomes

T

e =



International Scientific Efforts to the study of fish microbiome:
the example of the CIRCLES project
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The CIRCLES project - Controlling micRobiomes CirculLations for bEtter food Systems
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The role of CIRCLES in sustainable aquaculture through microbiome modulation
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JBSERVE

Observing fish microbiome

No action can be taken if we miss a complete knowledge of fish microbiome in

current conditions, i.e., if we don’t have BASELINE data

To determine the microbiome dynamics and
circulations in farmed seabream froduction, from farm
to fork (egg to fish product, feeds, production
environment, workers) in order to validate specific
actions on microbiome to improve quality,

performance, safety and sustainability in acquaculture




Pictures from IRBIM CNR

Observing fish microbiome

Analyses

still in progress
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Observing fish microbiome

Microbial Ecology
hitps://doLorg/10.1007/500248-022-02120-7

A first study produced with CIRCLES data focused on
the relationships occurring between adult farmed
seabream microbiome and the surrounding

environment

Host-associated and Environmental Microbiomes in an Open-Sea
Mediterranean Gilthead Sea Bream Fish Farm

o

Grazia Marina Quero’ - Roberta Piredda? - Marco Basili'? - Giulia Maricchiolo® - Simone Mirto® - Elena Manini' -
Anne Mette Seyfarth® - Marco Candela® - Gian Marco Luna’

ig

Main outcomes

® Seabream had distinct microbiome associated to
the host’s tissues and compared to the marine

environment

® Seabream microbiomes reflected only partially those
in their surrounding environment suggesting that the
host is the primary driver shaping seabream

microbiome

® OQverall, we observed a greater influence of
seawater than sediment in shaping fish
microbiome, especially when considering gills and

seawater




Comparing farmed and wild fish microbiome

Need to understand the differences between wild and farmed fish

microbiome




Comparing farmed and wild fish microbiome

Modelling (UNIBO-WP8) observational data to design the Intervention Phase
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Modulate fish microbiome

Testing experimental feedings to modulate microbiome towards a ﬁ

kl.‘m.ppoVuumsi

”good” microbiome based on the observation and modelling

SILVAT=am

Design alternative diets with nutraceuticals substances able to modulate seabream

microbiome.

Evaluate efficacy of the alternative diets in modulate

seabream microbiome and affect their quality, welfare, safety and growth performances
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INDOOR SECTION

12 twin tanks

(volume 1.4 m®)

Modulate fish microbiome

IRBIM CNR Aquaculture Facility in Messina

Stabilimento utilizzatore di pesci ai sensi del D. Igs 26/2014

Autorizzazione Ministeriale n° 105/2014-A

Open system
Natural photoperiod
Twenty-four daily water changes

Incoming sea water filtered (sand filter) and

sterilized (UV lamp)




Modulate fish microbiome

|N@;NE . ¢

FEEDING TRIAL - Experimental design

Number of fish: 476 gilthead sea bream

. . o . ‘
(Autorizzazione n  740/2020-PR)
180 » )

Fish weight: 120-150 gr
DAYS

Beginning: 7 November 2021
Diets: control diet vs two experimental diets

Feeding: daily ration

Control Diet Experimental Diet 1 Experimental Diet 2
(D1) (D2)
Commercial Diet Control Diet Control Diet
for Gilthead enriched with Fatty enriched with
Seabream Acid (SCFA) and prebiotics and
Tannins Tannins




Modulate fish microbiome

FEEDING TRIAL TIMELINE

INT /g NE
o Sub Trial 1 Sub Trial 1
30 days 90 days

Sub Trial 2
180 days

| | o—

NOVEMBER DECEMBER 2022 FEBRUARY 2023 MAY-JUNE 2023
2022

Control Diet Exp Diet 1 Exp Diet 2



Control Diet

Modulate fish microbiome

Sub Trial 1 Sub Trial 2
INT&ENE 90 days 180 days (350 g)
1 1 1
L | 1
FEBRUARY 2023 MAY-JUNE 2023

FEEDING TRIAL

®  Growth performances
®  Microbiome QUALITY
® |ntestinal health

®  Welfare

®  Immunity




Modulate fish microbiome

IN@NE

Microbiome in gut, gills, skin and
fillets

Fillets Quality

= 5

Mazara del Vallo

Nutrizional composition

Reological analysis

Messina
cCiimar
“
: I | I I Growth performance

Gut Health

Welfare — Stress indicators

Immunity




The team work

CNR IRBIM Ancona

CNR IAS Palermo

CNR IRBIM Messina

CNR IRBIM Mazara del Vallo
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Some useful references:

» de Bruijn, et al. 2018.Exploring fish microbial communities to mitigate emerging
diseases in aquaculture. FEMS Microbiology
Ecology https://doi.org/10.1093/femsec/fix161

» Egerton et al. 2018. The Gut Microbiota of Marine Fish. Frontiers in Microbiology. doi:
10.3389/fmich.2018.00873

 Legrand et al., 2018. The Inner Workings of the Outer Surface: Skin and Gill Microbiota
as Indicators of Changing Gut Health in Yellowtail Kingfish. Frontiers in Microbiology
doi:10.3389/fmicb.2017.02664

 Ramirex and Romero. 2017. The Microbiome of Seriola lalandi of Wild and Aquaculture
Origin Reveals Differences in Composition and Potential Function. Front. Microbiol
https://doi.org/10.3389/fmicb.2017.01844

* Perry et al. 2020. The role of the gut microbiome in sustainable teleost aquaculture.
Proc. Royal Soc. B https://doi.org/10.1098/rspb.2020.0184



Safety of fish and fisheries products

- Food safety has become a worldwide concern that affects international
trade and relations due to its impact on human health and economics,
especially in recent years when the number and complexity of food safety
issues has increased substantially

- Thisis evidenced by the large number of new, emerging, reemerging, or
evolving pathogenic microorganisms (e.g., Escherichia coli 0157:H7 and
other Shiga toxin- producing E. coli serotypes, Salmonella serotypes
Enteritidis and Typhimurium DT 104, Campylobacter jejuni/coli, Yersinia
enterocolitica, Listeria monocytogenes, and Enterobacter sakazakii,
parasitic agents such a Cryptosporidium and Cyclospora, Noroviruses)
which have become food safety concerns after the 1970s, 1980s, and even
1990

- Modern food safety issues and concerns appear to multiply and become
more significant when considered in association with societal changes and
our transformation as consumers



Safety of fish and fisheries products

SEAFOOD PROCESSING AND FOOD SAFETY 237

TABLE 2 Specific Spoilage Organisms of Cod

Storage Temperature (°C) Specific Spoilage Organisms Packing Method*

0 Gram-negative psychrotrophs, Aerobic
nonfermentative rods, Pseudomonas
spp.. Shewanella putrefaciens,
Moraxella spp., Acinetobacter
(Pseudomonas) spp.
Gram-negative rods; psychrotrophs and Vacuum
psychrophiles (S. putrefaciens,
Photobacterium phosphoreum)
Gram-negative fermentative rods with MAP
psychrophilic character
(Photobacterium phosphoreum),
Pseudomonas spp.. S. putrefaciens,
gram-positive rods (lactic acid bacteria)
5 Psychotrophic gram-negative rods, Aerobic
Vibrionaceae (Aeromonas spp.,
S. putrefaciens)
Psychotrophic gram-negative rods: Vacuum
Vibrionaceae (Aeromonas spp.,
S. putrefaciens)

Gram-negative psychotrophic rods MAP
(Aeromonas spp.)
2030 Gram-negative mesophilic fermentative Aerobic

rods, Vibrionaceae, Enterobacteraceae

FOOD SAFETY
I THE SEAFOO D

INDUSTRY

gl

HUNO F. SDARES | ANTGNIO A. VICENTE | CRISTINA M. A. MARTINS
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Safety of fish and fisheries products

Examples of food safety advice on fish consumption

from EU Member States

The European Food Safety Authority (EFSA) recommends that cauntries provide specific and refevant
national advice to their citizens on safe consumption of fish (FF5A, 2015), as the nature of fish consumption

— micluding the type and gquantity — varies significantly across EU Member States.

ion to 50 grams
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