ALMA MATER §STUDIORUM
UNIVERSITA DI BOLOGNA

DOTTORATO DI RICERCA IN

SCIENZE BIOTECNOLOGICHE, BIOCOMPUTAZIONALI, FARMACEUTICHE
E FARMACOLOGICHE

Ciclo 37

Settore Concorsuale03/D1- CHIMICA E TECNOLOGIE FARMACEUTICHE, TOSSICOLOGICHE E
NUTRACEUTICO-ALIMENTARI

Settore ScientificoDisciplinare: CHIM/11 - CHIMICA E BIOTECNOLOGIA DELLE
FERMENTAZIONI

MICROBIOME -BASED APPLICATIONS FOR SUSTAINABLE
FOOD PRODUCTION AND WASTE -STREAMS VALORIZATION

Presentata da:Enrico Nanetti Supervisore:Marco Candela
Coordinatore Dottorato Co-supervisore
Maria Laura Bolognesi Nicola Secchi

Esame finale anno 202



Borsa di dottorato del Programma Operativo Nazionale Ricerca e Innovazion2IL4CCI
20141T16M20P005), risorse FSEREAEIU, Azi one |1 V. 4 #fADottorati e Cco
del Il 6i nnova2aiVobhed Dot Adirane su tematiche

Codice CUPJ35F21003320006



21 00wadlwodbOPOwl Exxb
even in the darkest of times, if one only
Ui 01 OETl U0wWwUOwLUUO

Albus Dumbledore



TABLE OF CONTENTS

ABSTRACTE é e éecéecéecéeéeéecéecéececéeéeeceeceeceeeceeee. b.

Chapter 17 Soil and plantassociated microbiomesa focus on Italian grapevineg é ¢ ¢ ¢ é é 7

s s sz 7z 1z £ 1 £ £ 1 7 7 7 7 2z 1z £ 1 7z 7z 7z 7z z 7

1.1 Generalintroductioné ¢ ¢ é € é 6 é ééeééeéééééeéeéeéeeéeé.
1.1.1 The plantholobioété ¢ é € é e é é ¢ é e éééeééeééeééeéée.7
1.1.2 Thesoil-root interfaceand its associateddnt Growth-Promoting Microorganisms.11

s s s s 2z 2z 7 £ 2z 7 £ 1 £ 1 7 £ 2z 7 £ £ 7 £ 1z 7z 7z 7 z ]5

References é é ¢ éééééééééééeécééeeccéeeeceeeeceé.

s 7z £z oz z

1.2Vitis vinifera L. T microbiome and microbial terroiré ¢ ¢ ¢ é ¢ é ¢ é ¢ é ¢ é é .18

1.2.1Vitis viniferaassociated microbiomést é e é e é ¢ éé e ééeéeééé. 18
1.2.2The grapevin®GPM at the soitootinterface and the microbial terréiré é é é .23
Referencesé é 6 6 é 6 ééééééééeééécéeééecéécéecéee.25

1.3Vitis vinifera L. T regional terroir characteristics and PGPM in Italian vineyarde é 28

1.3.1Aimoftheresearéhé ¢ ¢ ¢ é é éééééééééééééééééé. 28

1.3.2 Study I Composition and biodiversity of soil and reatsociated microbiome Witis

viniferacultivar Lambrusco distinguish the microbial terroir of the Lambrusco DOC protected

designation of originareaonalocalséale é ¢ 6 € 6 é 6 6 6 6 ééééééé.29

1.3.3 Study Ili Zonation of theVitis viniferamicrobiome in Vino Nobile di Montepulciano

s 7 £ 7z £ £ £ £ £ £ £ 7z £ £ 7z Z £ 7z £ 7z 7z Z 19

PDOproductionaréné é 6 ¢ 6 6 6 6 éééééééééééeéeéeéééeéeé.

7

Chapter 21 Gut microbiome (GM) of wild herbivores for waste streams valorizatioré ¢ ¢ é ¢ 7 3

sz

2.1 Generalintroductioné é ¢ é ¢ é éééééééééééeéécéeéeeéeéceé

[N

2.1.1 The GM of wild bBrbivoresas an untapped source of functionalities € é é é .

2.12 Lignocellulosedegradinghaturalmicrobial communitiesa focus on herbivorésé 7 6

2.13 Microbiomebased production gflatformchemicals fromignocellulosebiomasg 8 2

s 7z 7z 7 £ Z

References é ¢ é ¢ éééééééééééeécéeééeécéeeéeeéeeéeeéeéeée. 58

2.2CapraibexL. i gut microbiome dynamics, ecology, and biotechnologyé ¢ é é é .89

s 7z £ £z Z £ £ £ £ z £ £ z £ £ z £ 7 z

2.21Aimoftheresearéhé e € e é ¢ ééééecéeéeééeéécéeecée.

73

73

89



2.2.2 Study IlIT The Alpine ibex Capra ibey} gut microbiome, seasonal dynamics, and

potential application in lignocellulose bioconversiod ¢ é ¢ e é é ¢ é e éééeé 90
2.2.3 Secondary metabolites gene clusters encoded by tHeé@igommunities € ¢é 1 1 3
8 & eééeééecéeééecéecée. .. 115

References é ¢ é € 6 é 6 ééééeéé

2 eéééeéeeéeeéeeéeee 1166

D
D
D
(¢
(¢

Chapter 31 Concluding remarks and future perspectiveé é

ACKNOWLEDGMENTS é é ¢ eeéééeeceeééeeeeééeeceeeéeeceeeée 119
PUBLICATIONSFROMTHEAUTHOR é ¢ e e éééeeeéééeeeeéeéeececeé. 120
ceeééeeceééeeeceéeee 122

D

APPENDIXé € é e é



ABSTRACT

The transition to circular, green economy calls for new ways to minimizentrieonmentaimpact of production
processesvhile implementing new bitased pathways to circularize the disposal of recalcitrant \sas@ms.
Microbiomes, defined as ultracomplex microbial communitiewith their genes and genomésin a given
ecosystem, represent an untapped source of funkitiesito be used as edoendly biofertilizers/pesticidesas well

as for the biotransformation of biomasses into platform chemicals (e.g., Volatile Fatty Acids, VFAs), with the
concomitant production of several bioactive compounds (e.g., antibacterials, antivirals, antifungals, aticancer
flavoring agents, sweeteners, additives, elic.jhis view, my PhD thesis will be focused on natural microbiomes in
relation to two main research topics.

First, we used Next Generation Sequencing (16S/ITS marker gene sequencing and shotgun metagenomics)
characterize theicrobianeof the grapevine\(itis viniferaL.) rootsi and surrounding soil across two worldwide
famous Il talian viticultur al sites, i . e. t he AConNns
(PDO, Emilia Romagna, ltaly) and t he @Qaectedaesigriaton d e |
of origin area (PDO, Tuscany, Italy). In both cases, we focusedarobial communities at the seaibot interface

as a determinant of the wine terroir, with potential effects on wine final organoleptic properties, and with particular
emphasis on microbial traits responsible for plant biofertiliz&ttomulation named Plant GrowtRromoting (PGP)
functions. Indeed, decades of research have demonstrated the role of microbial communities in providing a pletha
of beneficial functions for plant nutrition, growth, and stress tolerance, making them a strategic player for the
transition to a more sustainable agriculture and viticulture. PGP functions include drought resistance, biologice
nitrogen fixation, phosphorus solubilization, exudation of bacterial siderophores, production of antimicrobials,
phytohormones, and compdétit with pathogens and pests, among others. Our results provide glimpses of the
presence of multiple PGP microorganisms in the investigatedpvoticing sites, with some degree of regional
specificities at the local scale, highlightitite role of PGPmicrobesfor grapevine growth and paving the way to
design newnicrobiomebased inoculants for wine production, aiming to increase product quality and sustainability.
The second topic analyzed in this thesis is related to the biotransformation of lignocellulose (L&}neaste into
platform chemicals and other useful molecules by natural microbiomes. Lignocellulose is the most abundant polyme
on Earth and is compasdef carbohydrates (mainly cellulose, hemicellulose, and pectin) and aromatic compounds
(lignin), holding the potential to be deconstructed for several biotechnological applications, but recalcitrant to
hydrolysis. In this context, wexploredthe gut micobiome (GM) of the wild Alpine ibexQapra ibexL.), apoorly
studiedspecies with a strict plaiitased dietand thus a good target for the biodiscovery of microbial species, hubs,
and pathways involved in the biotransformation of LC biomass. Fecal samples were collected at Stelvio Natione
Park from the Alpine ibex in spring, summer, and fall 2020, and the Gdirwastigated by means of medimic
techniques from a compositional and functional perspective. By obtaining sfg@kgenome bins, we praled
glimpses ofC. ibexgut microbiome bacterial strains as a possible microbibased solution for the bioconversion

of lignocellulose to higlvalue compounds, such as volatile fatty acids and alcoBasides,a preliminary
investigation of the Alpine ibex GNdiosynthetic gene clusters (BGCs) emphasizes how wild ruminaaysbe

regarded as a rich reservoir of genetic functionalities of industrial and pharmaceutical interest.



Chapter 17 Soil and plant-associated microbiomesa focus on Italian grapevines

1.1 General introduction

1.1.1 The plant holobiont

Plants, as all macrorganisms, live in close association with complex and dynamic microbial consortia, and thus can
be r egaholabiendd .asThéoe hol obi ont is the entity encompas:
well as the whole set of microbial cells intimately interacting witf%tMicrobial communities associated with
multicellular hosts make up themicrobiota(or microbiome i f one considers also th
the holobiont, meaning its chenphiysical properties, as well as the spectra of molecules, metabolites, and toxins
produced and released by the microbiota) and comprise a plethora of prokargaickaryotic taxa (e.g., Bacteria,
Archaea, Fungi , Al gae, Viruses, etc.) with a pivot
growth and nutrition up to immune modulation, homeostaaisd stress toleranteThis makes holobionts, and
microbiomes in particular, an increasingtydiedtopic, with the aim to unravel the many biological processes which
are still poorlyi or not fullyi understood, from both the ecological and the biotechnological perspéctive

The plant holobiont hosts variegated and multifaceted microbiotas in all of its organs (i.e., roots, stem, leaves, flower
fruits, and seeds), with some microbial taxa shared amongst the different compartments and others showing a cert
degree of spedifity in relation to the organ chenphysical/biological featuré$€°1° As a matter of fact, each plant
compartment can be regarded as a different ecological niche, encompassing both core and uniquacqgigireiles
throughout the plant lifemainly deived from the surrounding environment, and,a minor extent, vertically
transmitted through the seeds following sexual reproducfién Specifically, microorganisms have the ability to
colonize both the internal plant niches (endophytes) as wéllescternal surfaces (epiphytesithe entire plant
body*?12 Plant microbial colonization generally begins from kbugk soil, which isan extremely diverse and rich
microbial ecosystem functioning as a microbial reservoir for pl&ftdndeed, recent observations highlight how
microbial communities colonizing abogeound aerial portions of the plant, e.g., leaves and flowers, share more taxa
with thesurrounding soil rather than with each other in grapevines from different contitetsthermore, several
studies targeting different plants show a decreasing trend of bacterial species richness and biodiversity from the bt
soil up to the aerial plant orgdrit&'”. Plant microbial colonization, of both endophytes and epiphytes, emerges as a
result of the biochemical crosstalk established at theptailt interface by means of plant root exudation of small
organic molecules synthesized by tust®. Microorganismsare able to colonize all plant niches, starting from the
roots up to the aerial portions, through several entry points, includingciltelar junctions and ruptures in the main

or lateral root epidermis, as well as wounds in the rhizoplane (i.e., dhesudace including its associated soll
particles). Foll owing entry, microbes which are abl
which have finely ceevolved with their host, may migrate through the root souetil they reach the vascular
cylinder, and finally to the other organs following the vascular route (xylem and pkléefhAs for leaves, flowers,

and fruits, besides the s@dot-stele axis, additional minor ways of entry have been described. These include stomata

(i.e., microscopic openings in plant tissues, generally more numerous on the underside of leaves and across tl



stems, that allow gas exchange with the atmosphere), trichomes (i.e., tiny glandulagianaofar outgrowths of

the plant epidermis), superficial wounds caused, for instance, by herbivores, and secreting hyti&tiraddser,
environmental microorganisms may reach plants by means of wind, rain, watercourses, and animals (includin
humans¥*2>327_ For example, terrestrial arthropods, including Hymenoptera, Lepidoptera, Coleoptera, etc., have
been proved to have a direct influence on the plarthiont, being capable of injecting microbes into plants via
complex buccal structures and being actively involved in pollination proé&&shsthis direction, a previous work

by McFrederick et al. (2017) shed light on trophic interast@mturring between insects of theegachilidagamily

and the flowers of several plant species, pointing out the role of these insects in shaping the plant fMicrobiota

Once colonization has successfully occurred, microorganisms will start building up a complex network of symbiotic
relationships with the host, contributing to the biological homeostasis of the holobiont. For the host, these
relationships range from neutreddommensalism}o beneficial (mutualism) and, in some cases, may also be
detrimental (parasitisrh) In the lastdecades, breakthrough technological advances, especially in the dield
molecular biologyand bioinformaticsenabled researchers to look more deeply into {lacttobiota biochemical
pathways and ecological interactions, paving the way for the onset of a plethora of studies targeting holobionts, frol
both the ecological and biotechnological point of view. Nestheration Sequencing (NGS) techniques, for instance,
despite their limitations related to the intrinsic complexity of microbiome research, baokitionized our
understanding of the plant holobiont over the past decade, by means of lab assays, genome analysis of individt
strains or consortia, as well as metaics, including metabarcoding, metagenomics, metatranscriptoarids

met abol omi cs, t hat can be carried out alongside 6

characterization of microbe#s) order to shed light on holobiont biolofy

Given the role of microorganisms for the plant fithess and metabolic plasticity, as a consequence of the intimat
metabolic networks established at the holobiont level, beneficial microorganisms colonizinigglesthave gained
increasing attention in the scientific scengié Specifically, mutualistic plarhssociated taxa can be grouped into

two main macrecategories, collectively referred toRlgnt GrowthPromoting Microorganism@GPM), which are

Plant GrowthPromoting BacterigPGPB) andArbuscular Mycorrhizal Fung{AMF)3334 These beneficial microbes

are able to perform a myriad of metabolic processes actively supporting plant health, including: solubilization,
mobilization, and uptake of both maerand micrenutrients (biefertilization), production of phytohormones
involved in plant growth and stress tolerance {btonulation), niche competition against microbial pathogens,
production of small antimicrobials (antibiotics, bacteriocins), and production of bioactive lytic enzymes (bio
protection}83 (Fig. 1.1).
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Fig. 1.17 Schematic illustration afhe complex biochemical crosstaticcurringat thesoil-plantinterface which
represents the main colonization route of plants by the microkidt®lant root exudatior{rhizodeposition)
modulates and attracts microorganisms, including PGPB and AMF. 2) Bacteria and fungi involved in nutrient
(e.g., nitrogen, phosphorous, and minerals) possess the genetic repertoire needed for-faeilizaion. 3)
Pathogensble to elude plant immune systems, including bactéri@i, viruses, protozoans, and animals, m
replicate and induce infection in the plant. 4) Bacteria and fungi equipped for phytohormone biosyntt
induction are actively involved in plant baiimulation pathways. 5) Ecological niche competition pratuction
of assorted antimicrobial metabolites/enzymes are amongst the main mechanisms of pathogen suppres
protection) by the plant microbiota. 6) Soil structure and edaphic factors, such ssnmdraturenutrients,and

texture exert a strong influence on soil and plant microbial communities, which, in turn, may modify soil proj

themselvegmodified front?).

Nitrogen (N), phosphorus (P), and iron (Fe) are some of the most important mineral nutrients for the growth an
development of plants, and are elements that, by their nature, occur in soil mainly in forms that cannot be directl

assimilated by plants, thusicroorganisms are the main source of supply and mobilization of these nutrients for the

plant holobiont®. Diazotrophic nitrogesfixing bacteria (e.g., those belonging to the gen&fizobium

Bradyrhizdium, Frankia, Nosto¢ and Azotobacter are naturally capable of converting atmospheric nitrogen (N
which is chemically inert due to the triple covalent bond) inteasailable forms such as ammonium (XHand

nitrate (NQ)*"* which facilitates nitrogen uptake and incorporation into cell macromolecules and molecular



machineries (e.g., proteins, nucleic acids, amino sugars, and so on). Indeed, studies have confirmed that diazotrop
microbes may provide their plant host with up to 90% of theabiilable nitrogen needed for grodth
Mineralization and solubilization of P from organic decaying matter and from soil particles, respectively, is carried
out by several PGPM, includifgseudomona$nterobactey Arthrobacter Burkholderig andBacillus, as well as

AMF, i.e., widespread members of the plant microbiota saegret wide range of organic acids (e.qg., lactic acid,
citric acid, and maliacid), as well as lytic enzymes of the phosphatase family, with a pivotal role in enriching soil
with orthophosphate, mainly in the forms of HP@ndH.PQ.", which can be directly absorbed and exploited by
plantsas part ofiucleic acids and phospholipfd®4:. As for iron, despite its high concentrations in the soil, tié Fe

form is prevalent, and it is poorly soluble and therefore difficult to assimilate by plants. Consequently, the ferric ion
must be chelated by a siderophore, and, once tredemphore complex has entered the root cells, it is usually
reduced to Fe¢ and used at the cellular level. Siderophores are low molecular wWesgthtelating agents with an
extremely heterogeneous chemical structure, which can be produced both by the microbiota (mainly by PGPB ar
AMF) and by the plant itself (in this case, they are referred to as-gldgmphores). The presence of these molecules
helps the planteach optimal levels of iron in its organs, which is a key component of some proteins (e.g.,
cytochromes and iresulfur proteins), especially when the plant suffers from iron deficiéfAtBesides, previous
research has proved that bacterial siderophores may hampeippliypgerspread by reducing biavailableironin

the environmentas an example of trophic competition for the ecological fi¢h&everal soil microorganisms are

also able to produce and release a vast array of molecules that fall within the definition of phytohormones (e.g
auxins, abscisic acid, cytokinins, ethylene, gibberellins, etc.). These molecules regulateplaniqais/siological
processes involved in growth, development, and resistance to multiple biotic and abiotic*stAes®ser)y those,

auxins are undoubtedly the besiaracterizd phytohormones, especially the ind8lacetic acid (IAA), involved in
numerous metabolic processes, including cell division and differentiation, root geowithtogether with abscisic

acid (ABA), resistance to drought and salt stté$s Examples of PGPM directly involved in plant sitmulation

by synthesizing phytohormones &seudomonasacillus andAzospirillun”44 and genetic engineering of these

and other taxa represents a promising avenue towards more sustaatbiendly agricultural approacheBor
instance, a receproof-of-conceptwork by Pham and colleagues demonstrated that a metabobogigeered strain

of the obligate methanotrophic bacteribwbethylotuvimicrobium alcaliphilum 20& able to increase germination,

as well as shoot and root elongation, in wh&atiCum aestivuni.) thanks to the overproduction ofttyptophan

and the phytohormone derived from it (i.e., IAA). In fact, wheat seeds treated with the engineered strain showed &
increase irthe abovementioned parameters of over 100% compared to the untreated contrdf.gkbangover,
microbes of the geneRseudomona®Bacillus, andAzospirillum among others, are also able to regulate the levels

of ethylene (a gaseous phytohormone that, when excessively produced in stress conditions, has adverse effects
the plant) in the plant holobiont through the biosynthesis of the enzyangirnbcyclopropae-1-carboxylic acid

(ACC) deaminase, which convertsafninocyclopropand-carboxylic acid (ACC) a precursor of ethylene, into
alphaketobutyric acid and ammonia, thus decreasing the ethylene peak that occurs in stress conditions, such as me
derived toxicity, hyper salinity, drought, attack by pathogens and/or parasites, and extreme tenfpétatures

Additional bioactive phytohormones produced by many players of the plant microbiota are cytokinins and
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gibberellins, which, together with other hormones and secondary metabolites, take part in-toendtexsignaling
network at the base of plant growth and developfie®GPM can also limit or prevent damage caused by
phytopathogenic soil taxa through various mechanisms, the main one being the production of antimicrobia
compounds. As a matter of fact, several bacteria of the gesetalomona®RhizobiumStreptomyce®Bacillus, and
Stenotrophomonaamong othersre able to produce a wide range ofabelites with antibacterial, antifungal, and
antiviral activities, such as 2giacetylphloroglucinol (DAPG) and hydrocyanic &€itf. Besides, bacteriocins are
potent and structurally heterogenous ribosomsiigthesized antimicrobial peptides produced by bacteria and
potentially involved in plant defense against pathogens by means of several, and often unknown, mechanism
including menbrane integrity disruptioh The compound named thurielr?, for instance, which is produced and
excreted in the extracellular medium Bgcillus thuringiensishas been shown to promote the growth of canola
plants Brassica napuk.) at high temperaturedisplaying a potential role for bacteriocins in supporting plant growth
under climate change conditiGAsAnother study by Kim at al., (2019) showed ti&treptomycesierived
lanthipeptides were able to hinder infection by saprophi&arium oxysporurim strawberrie€. PGPM suppress

the activity of phytopathogens also by producing hydrolytic enzymes like chitinases, glucanases, proteases, al
lipases, which weaken and break down components of the plasma membrane and cell wall, such as cellulos
hemicllulose, chitin, peptidoglycan, lipids, and membrane prot€ihs F o r e-k3ghigahases syrfthesized

by species oftreptomycesPaenibacillus andBacillus, among others, are able to deconstruct the coating of many
phytopathogenic fungi found in soil (e.gusariumspp.}’. Finally, other relevant compounds useful for the plant
holobiont and produced by the microbiota are theated Volatile Organic Compounds (VOCs). Generally, PGPM
give off VOCs ranked as alkenes, esters, alcohols, ketandgerpenes, which act as signal molecules involved in
the hormonal crosstalk between the plant and the microbiota, increasing the holobiont resistance to biotic and abio

stresses and influencing the absorption of mineral nutfefats

1.1.2 The soiroot interface and its associatedPlant Growth-Promoting Microorganisms

As already mentioned, soil is a rich and dynamic microbial ecosystem, and is in direct contact with plant roots, it
which it is possible to distinguish two highly diversified microbiomes: the endophytic community, which populates
the endosphere (i.e., plamternal tissues), and the epiphytic community, which thrives in the rhizosphere. The
rhizosphere is defined as the small portion of soil (abegitvim thick) that surrounds the roots and that is directly
influenced by root biological activity. Specifibg the rhizosphere is the region of the soil being persistently
influenced by rhizodeposition of exudates, adhesives, and sloughed cells, and can be regarded -gdatiie soil

interface colonized by bacterial and fungal species that exert gpresttoting and adaptive benefitFig. 2.1).
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Fig. 2.17 The rhizosphere (green circle) is the thin portion of soil, usually just few millimeters shickunding
plant roots and directly influenced by root exudates (mainly sugars, amino acids, organic acids, and vital
simplified structure of the root terminal portion (tip), where microbial activity is concentrated due to the
release of organ exudates and to the disruption of root border cells, is reported. PGPB and AMF (brown &
are worth of note (modified frot).

The structure of the rhizosphere microbiota is influenced by several factors, both abiotic, such as the type of soil at
the different pedoclimatic conditions, and biotic, such as the nature of root exudates, the plant species, the pla
genotype, its devepment stageas well aghe presence or absence of pathold6tés T h ehizasphere effeét, i n
fact, is the phenomenon causing the microbial community of the rhizosphere to be different from that of the bull
soil, implying that plant roots arable to actively recruit and accumulate specific microorganisms in their
surroundings, selecting from the rich pool that populates the bufé>8oRrevious studies have shown that this
recruitment occurs in a speciggecific and genotypspecific manner, with the health status and developmental stage
of the host plant being also relevalmideed, all terrestrial plants release low molecular weight compounds into the
soil, such as sugars, organic acids, amino acids, vitamins, and phenols, which a&skgthal molecules and energy
substates for the associated microorganiéfhsAs a matter of fact, it was estimated that from 10 to 40% of
photosynthetically fixed carbon and up to 15% of total plant nitrd§&ttare released in the rhizosphere via complex
transmembrane transport systems or following the disruption of root border cells, producing anchrieaotigel

which is promptly colonized by micro®sin cucumbersQucumis sativug.), for instance, citric acid secretion is
involved in the recruitment to the rhizosphere of theketlwn PGP bacteriufBacillus amyloliquefaciens SQR9

Similar studies have been performed on many plant species, including the model/Asadiikpsis thalianawhich

is able to attract PGPM (e.d, subtili§ through the release of amino acids into the envirorfthefrthermore,

Yuan and colleagues observed how,An thaliang infection by phytopathogeni®seudomonas syringais
effectively repelledollowing the recruitment at root level Bfacillus subtilis FB17which is attracted by malic acid
secretion and is able to activate the plant's immune response at the systefiiBlasiéilis represents one of the

best studied and most widespread groups of PGPB in soil and plants, togetRsendbmonagiven the plethora

of PGP traitghatthese taxa can provide. Several Bacilli, suclBasubtilis B. amyloliquefaciensB. cereusB.

12



licheniformis and B. megateriumin fact, are able to mobilize soil nutrients while producing phytohormones,
siderophores, enzymes (e.g., chitinases), assorted antibiotics/bacteriocins, and also low molecular weight bi
stimulating molecules (e.g., VOCSs). Besides, the ability of Baoiflorm resistant endospores that can persist for
long underground and are stable in the dehydrated form, nizdkeius a suitable taxon for applications as
rhizobacterial inoculants (i.e., rhizobactefi@sed technologie such as biofertilizers and biocontrol agents)
commercialized as an alternative to synthetic fertilizers in order to foster sustainable agricultural practices and crc
productiort®. Additional factors known to affect the rhizosphere microbiota are the plant health status and its
developmental stage. In the first case, Berendsen and colleagues, for instance, highligiteabithapsisroot
microbiomeis subjected to severe oscillations followiRgronosporanfectiorr®. As for the growth phase, a study

on the same plant model species showed fiat rhizosphereassociated bacterial phyla (i.e., Acidobacteria,
Actinobacteria, Bacteroidetes, and Cyanobacteria), as well as specifia gétien those phyla, followed distinct
abundanceatterns associated with plant development (seedling, vegetative, bolting, and flowering stage) and roc
exudation These results suggeisat the plant is able to select a subset of microbes at different stages of development,
presumably to perform specific functions, via root exudates that are differentially produced throughout its Jife cycle
to help orchestrate rhizosphere microbiome assemblage and expand the holobiont metabolic ‘fépeitoire
paricular, the rhizosphere microbiota is generally enriched with a multitude of PGPM directly involved in the
biogeochemical cycles of nutrients and in plantdtimulation/bieprotectiod”“. In this context, one of the best
known examples of symbiosis that takes place at the root level, starting from the rhizosphere and then extending
the internal root tissues, is represented by the symbiotic relationship betwEabalceadamily (legumes) and soil
Proteobacteria mainly belonging to the genBtdizobium Azorhizobium Sinorhizobium Mesorhizobium and
Bradyrhizobium After complex and finely regulated biochemical crosstiikse microbemduce the formation of

root nodules where atmosgtic nitrogen can beeducedby means of the nitrogenase enzymatic complex, making it
bio-available for the plant holobidiit Another interesting aspelated to thehizospheric microbiota concerns the
induction ofthe secalled hducedSystemicResistance (ISR plants ISR is acomplex immune pathway, aimed at
blocking the action of phytopathogeasd triggered bynicrobial molecularelicitors, such as chitin, flagellimnd
lipo-polysaccharides, which are perceived by the plant receptoectindtehormonalimmuneresponseneeded to
counteract the pathogen acfidf. For example, a study conducted by Van Peer and colleaguyasasizetiow the
presence oPseudomonas fluoresceis the rhizosphere of carnatioi@nthus caryophyllud..) significantly
increases the plant's resistance to the pathogenic flrugpasium oxysporuf Besides, it was also noted that the
PGP consortium including@acillus pumilus Bacillus subtilisand Curtobacterium flaccumfaciengenerates a
synergistic effect that increases resistance against several pathogens in cucumbeQuardl, Bacillustaxa are

good antagonists against both fun@ag.,Alternaria alternata Aspergillus flavusBotrytis cinereaColletotrichum
acutatum Fusariumspp.,Verticillium dahlig etc) and bacteriale.g.,Xanthomonas compestiglant pest®. Plus,

in a recent study by Mendes and collaborators, it was seen that the rhizospicesiziota of a bean cultivar
(Phaseolus wvulgarisL.), mainly composed of bacteria belonging to the famili@salobacteraceage
Burkholderiaceag and Sphingobacteriaceaewas significantly enriched in several genes related to antifungal

activity’®. The antimicrobial properties of rhizospheric soils against native soil pathogens are linked to the
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phenomenon rdisehsesuppresdivetsails, a as6 t hese properties can be
by direct human actich Interestingly, hesestudies underline howhizosphere microbiomeesearchhas been
carried out for decaddsut the number of related works has peala@r since thanks tthe advent of NGS
methodologie¥. Overall, despite the differences related to the almoeetioned factors, the dominant prokaryotic
taxa found most often associated with the plant rhizospheossatiie entire plant kingdom, whether beneficial,
commensal or parasitic, belong to the phyRroteobacterige.g., SphingomongsRhzobium Mesorhizobium
Bradyrhizobium Pseudomonas Acidobacter Enterobacter Burkholderig, Bacteroidetes(e.g., Niastellg
Pedobactey, Acidobacteria (e.g.,Acidobacteriales Solibacteraley Actinobacteria (e.g., Mycobacterium
Nocardioides StreptomycesGlycomice} and Firmicutege.g., Bacillus Paenibacillus Clostridium’. Together

with prokaryotes, the rhizospherticrobiota encompasses numerous eukaryotic microorganisms, and, among those,
we find mainly fungi belonging to the phyla Ascomycota, Basidiomycota, Zygomycota, and Glomeromycota, which
are able to colonize and establish close mutualistic relationshipphaitt root&. In this view, the most studied and
bestcharacterized are arbuscular mycorrhizal fungi (phylum GlomeromycotaGeamusspp.), due to the peculiar
symbiotic relationship that they establish with the root systems of almost 90% ofredtriat plant§’. In fact,
mycorrhizal symbiosigepresentsa key aspect of plant biology, due to the strong influence it has on plant
productivity. This highlightsthe roles of mycorrhizae in promoting plant mineral nutrition (e.g., nitrogen and
phosphorus acquisition) in exchange for photosynthetifayl carbohydrates, in conferring resistance to biotic
and abiotic stresses, and in connecting the root systetiifeenént individuals through a complex network of hyphae
that allows the movement andalange of nutrients between all the organisms involved in the synihidgie
presence of microorganisms, such as PGPB and AMF, in the microbial communities of the rhizosphere is therefol
an essential element for the health of all plant holobionts, indicating that shifts in the specific richness and abundan
of plant microbione members can lead to a dysbiotic condition where the probiotic action of mutualistic

microorganisms is lacking, thus increasing the probability of nutritional deficiencies antbpa®.

A restrictedsubset of thehizospheremicrobiota, which is selected by the holobioistalso capable afrossing the
rhizosphere and entering the roots, travelling past the root epidermis, through the root cortex, and up to the cent
vascular cylinder. This is the microbial community of the plant endosphere, referred to as the plant endophyti
microbiota,which first inhabits root interand intracellular spaces, and then reaches all plant comparthients
Notably, previous experiments proved that less than 30% ohthesphere microorganisms may find their way
inside the roots, and, among these, less than 5% may enter xylem and phloem and travel to aerial glaMiostgans
plantendophytes derive from the s@ilorizontal acquisition, that does not exclude the vertical-sesiated route)

and the rootepresentshe initial contact point with the plant, by means of root exudates, signal molecules, and the
respective bacterial receptt€. For example, plargecretedlavonoids activate specific bacterial genes, resulting

in the productionof the nod factors in Rhizobiathat are necessary fa@uccessful interaction between plant and
bacterial cellswhichare hosted intracellularly within root nodules where they find the proper conditions for reducing
atmospheric nitrogen into ammoffiaSimilarly, rice root exudates induce the expression of genes involved in
adherence and signal transduction in the endophytarcusspp, while flagella synthesis is downregulated,

indicating that the bacteriuis primed for the switch from the rhizosphere to the plant endos{Shewgthermore,
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Compantand collaborators reported how microbial species of the gBuusholderiafirst colonize the root
endosphere, and then spread through the xylem to the stomatal chambers, without mixing up with the epiphyt
community of the led&t. In spite of this finelytuned selectiorthe plant endosphere represents a highly diverse and
dynamic environment fanicrobes providing multiple niches in different plant compartmeatsd allowing them to
perform a vast array d€inctions rangng from mutualism(PGPM)to pathogenicityFinally, in line with what was
discussed for the rhizosphere, the endosphere usually sees the massive presence of probiotic AMF, call
endomycorrhiza®. Endophytic microbebave lately received high attention, because of the increasing awareness of
the importance of hostssociated microbiota for the functioning and performancehef plant holobiont.
Neverthelessyeare onlybeginning telucidate the molecular detailstbg interplay between plants and endophytes,
weakening our understanding of the selective forces in the plant envirgameml ashe mechanisms of adaptation

of endophyteso this environment.
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1.2 Vitis vinifera L. T microbiome and microbial terroir

1.2.1Vitis vinifera-associated microbiomes

The Europeanrgpevine Yitis viniferaL.) is a woody perennial plantommonly grown in the mediterranean basin,

of paramounglobal economic importander the production of wine, with millions of hectares planted each year
and millions of tons of grapes harvested. Grapevine is a holobiont whose growth is influenced by a rich microbiote
with microorganismskeneficial, neutralor harmfu) interacting with each other and with the host to regulate plant
functions and expand the holobiont metabolic andtieasset. As a matter of fact, the concept of the mianobio

as a 606second plant genomeodo, bringing a suppl ement
grapevine holobiont. Therefore, symbiotic grapevine microbes are paramount for the fitness of the holobiont withir
its environment and may pride thegrapevine with phenotypic plasticity under environmental stress scéenarios
Microorganisms colonize each organ Vof viniferg from the roots to the aerial parts, and can be regarded as
endophytes (found in the internal tissues) or epiphytes (found in contact with the enviranniemthizosphere

(root surface), lignosphere (wood), caulosphere (trunk), phyllosphere (leaf surface), anthosphere ,(flowers)
carposphere (fruits) and spermosphere (seéds) Despite having been extensively investigated and
reviewed+>6782 the majority of the currently published studies fezlien the bacterial and fungal fractions of the

grapevine microbiota, whereas archaea, mézrkaryotes, and viruses were less investigated

Soil surrounding roots represents the main microbial reservoir for the grapevine, andiptabtome interactions
usually start taking place in this rich ecosystdrRoots exude several compounds (mostly small hydrophilic
molecules, but also lipids and cellular content) arid thizodepositioractively selects microbes from the soil,
resulting in a specific subset of soil taxa colonizing the rhizosphere and then the endosphere, with a decreasing tre
in biodiversity from bulk soil to aerial organs. Inde& has been postulated thémt exudates transit from tiheot

cells cytoplasminto the rhizosphereria complex transport proteins, and then they starshape microbial
communitiesand modulate plafnicrobial interactions acting both as signals and nourishHfaeat/ing the way for
microbial colonization. After being chemicalattracted to the grapevine by rhizodepositidre most common
gateways exploited by microbes to enter the roots aredstkdar junctions in the root epidermis, as wslveounds

on the rhizoplaneand, followingsuccessful colonization, microbial celidiich overcome the vine innate immunity

are free to penetrate the root cortex badpread throughout the host via vascular structuiée soitasreservoir
assumption wademonstrated bgnanystudies that found microbial species shared between the vineyard soil and the
different vine organdn this directionZarraonaindia et al. (2016arried out a comprehensive metagenomic analysis
onthe spatial and temporal dynamics of the bacterial communities assodihtgdapevine organs (leaves, flowers,
grapes, and rootsand surrounding bulk sqiin orderto shed light ormicrobiome assembly features in relation
different parameters. Interestingly, they found that, despite marked significant differences betioeemria
aboveground bacterial communities, the majority of adesociated taxa, also in aerial organs, originated in the sail,
and that their distribution reflected the influence of biogeogrépiaphicfactors and vineyard management
practices as wklThese results imply thatifterences in the soil bacterial communitiesdifferent vineyards are
reflectednot onlyin the rootsput also abovegroungpintingat t he bul k s wicrdbialseed bartkp ar «

that may also reach thgrapestherebyexerting a more direct impact evine characteristi¢s In line with these
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findings, Zhang and collaboratoshiowed both similarities and differences in bacterial and fungal microbiome
structure comparing grape berries, leaves, and vineyard soils by means of metabarcoding (16S rRNA and ITS regic
respectively) analysis. In particular, despite the presence & sompartmenspecific taxa, all the investigated sites
sharedthe main phyla andjenera e.g., the wetknown PGPBPseudomonasnd Bacillus but with different
abundances. The relevant degreewatlap in the dominamicrobes betweesnil, leaves, and grapdsd the authors

to consider th@ineyardsoil asthe primary source of microorganisms for the entire holobiohhis assumption was

then corroborated by further studies highlighting strong associations betwileacserial community composition

and the grapevine microbiota, including microbes associated with grapes ahtd Besées the soitoot interface,
additional entry modes of microbes in aesiade structures have also been described, and these include stomata,
trichomes, wounds, hydathodesmospheric agentisects, and other animdlsorizontal transmission), as well as

seeds (vertical transmissidfy)>16:17

Table 11 summarizes decades of grapevinigrobiome research, as reviewed Bgttenfeldand colleagues, and

lists the most common bacterial and fungal taxa, at the phylum and genus level, which are generally found in differe|
grapevine compartments after colonization. As shown in the table, in spite wiidiebial selection leading to
taxonomic differencebetween compartmenti is reasonable to delineadecontinuunmof microbial taxa across all

vine regions, leading to the presence ®f @iniferacore microbioteencompassing microorganisms shared between
the different organs of the @& individual, as well as between different individuals living in different areas and/or
with different characteristicShe dominant bacterial phylaf the grapevine core microbiota afctinobacteria
Proteobacteria, Firmicutes, Bacteroidete§emmatimonadetes, Acidobacteria, Nitrospirae, Chloroflexi,
Verrucomicrobia and PlanctomycetesAs for fungi, the most widespread groups alscomycota and
Basidiomycotawhereas a greater number of phyla is detected only in belowground regions (i.e., soilhengosp

and root). At the genus level, the grapevine core microbiota is more easily delineated for the bacterial fractior
encompassing taxa likgacillus, PseudomongsandSphingomonasNotably, previous studies are in agreement in
assuming the presence of a solid core microbiot¥ fatinifera which is not influenced by external factors of any

kind4,11,18,19
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Table 117 Summaryof unique and shared taxa between below and aboveground grapevine regions as illustrated in

Bacteri al

Bacteri al

Fungal P

Fungal G
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Nevertheless, several factors are known to affect the microbiota of healthy grapevines, and these are both endogen
(i.e., plant genotype, age, and phenological stage) and exogenous (i.e., plant location, agronomical practices, clime
and soil charactestics) Fig. 3.1).

Plant genetic diversitywhich plays a key role in plant immune response and exudation pathways, has been seen t
influence vinemicrobiotaboth at the scion anaotstock levet?’. Different rootstocks secrete different exudates,

driving microbial selection and structog starting from the rhizospherend confer resistance tdlifferent
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pathogen&. A recently published work clearly demonstrated the influence of rootstock genetics in sVisiping
microbiota by considering four different rootstock variebéshe samege, grown on the same sa@hd managed
identically, in order to minimizethe variability from allexternalfactors but the rootstock genotypRacterial
amplicon sequencing revealed sharp segregation and clustering of rhizospheric microbiotas in relation to th
rootstock variety, despite the presermfesome core microbiota componsrandsimilar phylogenetic richness
emphasizing the role played by the rootstock in shaping different microbial communities starting from the
rhizospher&. These findings were corroborated Marascoand colleagues, who investigated five different
rootstocks of Barbera plants and showed that gtingly influence the selection and recruitment of soil bacteria,
that may also colonize the aboveground plant compartments, with a potential cascade effect on the quality of tt
fruit. Notably, although richnes diversity, and bacterial community networking were affected by the rootstock,
cultivationbased assays revealed that rootswmécific microbiotas encoded similar PGP traits, carried out by
different bacteria, potentially to provide the grapevine wihserved ecological services (e.g., mineral absorption,
hormone homeostasis regulation, and production of secondary metabditésa mi c (2018) talsoaibhlighted

the influence of different rootstocks &h viniferamineral nutrition and consequent yield, as some specifically
rootstockselected microbes may be responsible for regulating potassium absorption in gradheBasdes,
previous studies have demonstrated that vine genetics is somehow related to the microbiota of the aerial organs
well (scion), but these associations may be rather complex to elucidate. In thiSgegisand others saw that niche
differentiation between grapevine phyllosphere eampposphereras a greater driver than host genetiagaadulating

the microbiota of plants grown iMontpellier. By means ohigh throughput 16S and IT@ofiling, the authors
reported that, while some taxa (e.yagococcus may bespecifically associated witthe grapevine genotype,
taxonomy, alpha, and beta diversity of the microbiota were more severely affected by the plaht Aggaand
phenology are also linked to the grapevine microbiota, as clearly demonstrated by previous research concerning b
bacteria and funi2627 although they may not bbe most influencing factors. Indeedstady undertaken across
long-term cultivated Italian vineyards reported how fungal (e.g., AscomycotBasidiomycota) and bacterial (e.qg.,
Proteobacteria and Firmicutes) rhizosphere taxa were more influenced by biogeograjulepésitbent variation of

the microbiome) rather than plant &yeFurthermore, while some works seem to rule out the effect of the
phenological stage on the grapevine microbiota, other studies reveal high microbial variations across the vin
growing season. In the first case, Novello e{2017) noted that the microbiota associated Witkiniferacultivar

Pinot Noir differed from that of the bulk soil (despite several shared features), and these variations were independe
of thephenological stage. In this work, the authors considered two sharply distinct stages of vine development (i.e
flowering and early fruiting time), and their NGS outputs suggested that the composition of the vineyard microbiote
outcompetes the plant pheagical stage as a driver modelling the holobiont charactefistios the contrary,
different publications reported the opposite trend, showing a plant pherulogybiota association. For example,
spatial and temporal dynamics of fungal communities@atsm with grapes, flowers, leaves, soil, and roots in two
Australian vineyards were demonstrated to vary in relation to both the grapevine habitat and developmental stag

showing seasonal community succession patterns over the vine annual growth cycle

21



Exogenous factors such gdant location, agronomical practices, climate, and soil characteristics are also
noteworthy. Among those, we know that the grapevine microbiota is extremely sensitive to chemical soil inputs, as
seen in studies comparing microbial community struatmaer conventionabrganic,or biodynamic agriculture
Overall, many articles demonstrate that organic farming is associated with greater microbiome richness and diversi
in vineyard$3.. Hendgenand colleagues, for instance, wekedthe impact of different management practices on
thesoil microbiota, which is strictly tied to the vine microbiataing an amplicon sequencing approach and targeting
the Rheingau wine region in Germamyccording to their findings, even thoufimgal species richness remained
unaffected, organicallyreated vineyards showed significantly higher bacterial riciheBased on the work of
Setati et al(2015) however, farming practices appear highly relevant also in shaping fungal biodiversityringmpa
South African Cabernet Sauvignon grapes across three differemialipged vineyards Finally, given the
assumption that the saticrobial composition has a major impact on the microbiftéhe whole grapevine, it is

easy tounderstand why soil edaphic fact@sd propertiessuch as grain size, moisture, salinity, rertimineral
content,altitude, temperatureand pH, may exert cascade effects on the grapevine holobiont, although ranking the
importance of these factors seems to be rather diffididken together, these data highlight the importance and need
for a more detailed and methodical characterization of the grapassoeiated microbiotas, considering different
organs and different environmental/agronomical cdster order to fill out the still very large gap regarding the
ultra=complex microbial communities (with their dynamics, functions, and potential applications for sustainable

viticulture) which are paramount for the growth and fitnesg.ofinifera
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Fig. 3.11 Schematic illustration of the grapevine holobiont, with its associated microorganism:
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1.2.2 The grapevine PGPM at the soiloot interface andthe microbial terroir

Plant GrowthPromoting Microorganisms are ubiquitous and represent an intriguing research target given their
potential to replace chemicals in viticultural practices, placing them amongst the multiple factors at the origin of the
notion of Whenwme térrdit eecompasses all.the biotic and abiotic parameters of a given viticultural
region, including the localization of the vineyard and the winemaking processes used, that explain the production ¢
a wine with unique organoleptic characteristic®l sensory attributeslifferent from those of wines originated
elsewher&®. In this context, the soiloot interface is pivotal, as bacteria and fungi thriving in this ecosystem can
directly improve grapevine growtlproduction yield, and final product quafi§). Therefore, many studies have
focused on PGPM found across different vineyards and in grapevine root systems, emphasizing the ecologic
services that these microbes may provide, while trying to better elucidate the link betwebizagiiheraoot
microbiomes, overall plant fitness, and wine local features (i.e., tioallm microbial terroir)®4. In their work,
Verganiet al.characterized the endophytic microbiatad growth parameteds V. vinifera (var. Chardonnayafter
bio-inoculation withtwo potential PGPBnamelyRhizobiumsp. GR12GFP andKosakoniasp. VR04mSg which
successfully colonized the endosphere of mpmapagated grapevinemder controlled conditions. Interestingly,

after three weeks of inoculatioRhizobiumsp. GR12GFPstrongly promoted the growth of the root system of the
investigatedyrapevine plantletsalidating thePGP effed of this strain. Indeedhe annotated genome sequence of
Rhizobiunsp. GR12eveals the presence of multiple PGP traits, includingss responssiderophore production

and auxin biosynthesisThe grapevineendophytic bacterial communitywas then characterized both via high
throughput 16S rRNA gene sequencing and cultivation approaates/eling the ability of both inoculated strains

to modulate the grapevine microbiota, via direct antagonisms as well as indirect interactions, with cascade effects
the PGP asset of the plant. Howevavasion byKosakoniasp. VR04-mS¢ othe than being associated with no
significant increase in plant biomass, led to microbial dysbitsis likely hampereglant development. Despite its
limitations due to the many differences between microbiotas in the lab and in the field, this study emphasizes th
potential of PGP bacteria foreducingchemica$ in viticulture, while confirming the neeaf preserving native
microorganismsvhen attempting to engineer the plant microbipmeorder to ensure holobiont stabifityln this
direction, some filel trials have also been performed. Rolli and colleagues, for exaagsessed thability of 15

PGP bacteriastrains to promote grapevine growth in titalian vineyardover two yearsconsidering both young

and adult plants. The aim of their study was to evaluate how bacteria known for their PGP traits in the lab (i.e., auxil
ACC deaminase, proteasxopolysaccharidesnd siderophore production, as well as P and N uptake), and isolated
from the rhizosphere and endosphere of different plants, could exert their probiotic influence also in the field, wher
it is impossible to rule out environmental factors. Notablyatlthors reported that the majority of the tested isolates
consistatly boosted grapevine growth in the examined vineyards, by measuring parameters such as shoot lengt
shoot diameter, node number, number of grape bunches, and total fruit yield. According to the autRGB, the
effectsdetected in the fieldould beattributed to beneficial interactions between itheculatedisolatesand the

natural microbiomes of the grapevineadicating that lalpre-screened PGPBiay bea usefulbiotechnological
resource for grapevine cropanagemenand may also be at the baseuttife largescale use of eetsiendly natural

products instead of chemical fertiliz& s hese findings are in line with another field trial that recently demonstrated
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how scaleelup PGPB inoculantsan effectively enhanaggrapevine growth and frujtield/quality over time, possibly

by means of pathways such as N fixation, P and K solubilization, as well as phytohormone and siderophor
production, which were previously tested in thelaBesides, it has also been proposed that probiotic bacteria found
in soil and grapevine roots may ameliorate the holobiont fitness by inducing the biosynthesis of antioxidant seconda
metabolites like terpenes antembrane sterd$*L Similar conclusions can be drawn also in relatioartauscular
mycorrhizal fungi (AMF) whose role in grapevine development and growth has been well estaBftétieds well

as their bieprotection properti€&?®. Torresand collaborators, for instance, showed thgtonrhizal symbiosis
modified theprofile of metabolites itV. vinifera cultivar Tempranilloberries Specifically, he levels of glucose and
amino acids clearly increased in bermésnycorrhized Tempranillo grapevineshereas phenolic compounds were

not severely affected. The experiment was performed in pot and plandsimeeulated with a commercial
formulation containing anixture of five AMF {.e., Septoglomus deserticglBunneliformis mossea&hizoglomus
intraradices Rhizoglomus clarupandGlomus aggregatujpandtwo PGPBbelonging to the geneBacillus and
Paenibacillus Overall, the authors proposed that grapevingarrhizal inoculation by enhancing amino acid
content in grapesnayrepresenain alternative téhe application of chemical N compounds, and this may also alter
the aromatic characteristics thfe wine. Plus, the presence of probiotic bacterial genera in the abhemioned
bioinoculant suggests that PGE&n act synergistically witAMF to benefit host plantand thus future viticultural
practices should take further advantage of PGinstin order to diminish environmental hazard while safeguarding
crop yield, local microbial diversity, and wine quatity

Despite these and other studies emphasthedinvolvement ofgrapevineassociated microbtasin vineyard
productivity’®, often finding robust correlations between different microorganisms taedinal quality of
grapes/winé, the causal effect of the microbiome on the wine terroir remains hard to défiiéaterevious review

on the matter explained howea microbial terroir for wine grapes may be a pillar for the wine industry. Indeed,
grapevineswith different traits(e.g.,grape size, shape, color, flavor, yield of freit¢.) lead to different regional,

and widely appreciated, wine features (i.e., the terroir), also at local biogeographic scale, and small shifts in climat
precipitation, soil edaphic factors, and agricultural approaches are knowagdedmated with shifts in these traits
together with grapevine cultivar and rootstock familyie gragvine microbiotathat coexistswith the plant
providing it with a plethora of probiotic functionsay alsobe one of the key factoedfecting these trait4 In this

sense, several works have established strong associations between biogeography and the vineyard/grape\
microbiomes (that, as we know, are intimately interconnected), though often lackaignistiainderstandingf

the underlying processes leading to the presence of aestalblished microbial terroir that may influence
regionalized wie propertie¥->! The work from Gobbi et al. (2022) is probably the most extensive survey focusing
on vineyard microbiacommunities worldwid€both fungal and bacterial) and highlighting a connectietween
vineyard locatiorand microbial biodiversity on differegeographicscaleqthis paper will be further discussed in
section 1.3.3). Briefly, the authors brilliantly delineated a global microbial terroir by-anetgzingsoil samples

from 200 vineyardsicross 13 countries afmur continentssuggestng that the microbiome should be considered as

an importantvariable inthe definition of homogeneougerroir units from which unique wines are derived.

Furthermore, despitdhe microbial terroir appears to ldependent on severbiotic and abiotidactors,some of
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which being poorly understood, Gobbi and colleagues were able to exobiome data to developrandom

forestmodelwhich can be usetb predict the geographicatigin of microbial samples with reasonable precision

based omicrobial taxa and patterns detect&€tese outstanding results provide evidence that vineyard microbiotas

are undoubtedly related to spatial distance, with a possible litjptcal wine featuresto such an extent that

microbial taxonomic composition and structaen be used tpredict thdocation of sampled vineyards around the

globe, but also at the local scdle

Wine terroir and PGPM have been long studied, and thousands of papers have beenBublisheate recently it

has been posited that microbes establish interactions bepleegs.environmentand human factothat mayrelate

wine sensory attributes to its geographic origierowing evidence suggests thBtant GrowthPromoting

Microorganismsat the soiroot interface may be paramount for the correct buddf these interactions, supporting

vine growth through countless metabolic pathways, with cascade effects on the final pféefuttewever,the

underlying mechanismsonnecting PGPM and wine terreemain somewhatnigmatic hampering the definition

of unmistakable microbial terroirs worldwid&o overcome these limitationthe integration ofmulti-omic and

environmental dataset§ncluding microbiological and chemical analysegiil be pivotal, starting from the

biodiversity of microorganisms found associated with vineyards and plants. As a matter of faob, thé c is 6

allowing usto exploremore deeplythe nature and consequenceshaf ultracomplexinteractionghat support the

growth of the grapevine holobiont in the context of its teftoir
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1.3Vitis vinifera L. i regional terroir characteristics and PGPM in Italian vineyards

1.3.1 Aim of the research

The aim of the research illustrated in paragraphs 1.3.2 and 1.3.3 is the characterida¢gipnianbbial communities
associated witlitis viniferarootsi and surrounding soil across two worldwide famous Italian viticultural sites,
i.e., the AConsorzio Tutela Lambrusco DOCO protect e
the fAConsorzio del Vi no N otbcied desigdation M @mngin arpau(PDOj Taistany, D (
Italy). Bulk soil, rhizosphere, and root samples weriected in the field under natural conditio¢isg. 4.1) and
analyzedn the labby means of multomicsand bioinformatics. The main goal of my work was to delve ddatmer
natural microbiome biodiversity and ecology, with a focus on soil and grapassoeiated PGPM as a determinant

of the regional microbial terroir dfvo renowned’ and still poorly investigated Italian vineyards. Indeed, basic
microbiome research is at the base of our understandthg cbmplexmnicrobiome dynamics that may translate into
grape/wine local attributel this scenarianore precise knowledge of thegionalspecificity and probiotic potential

of the grapevinineyardmicrobiomes, which is thereafter provided, is paramount for future implementation of
environmentally sustainable and effective viticultural stratedies.studies reported in the first chapter of my thesis
may alsopave the way to design new microbioim&sed inoculants foriticultural production, aiming to increase
product quality and sustainability while preserving and protecting local microbial diyevkith is essential for the

holobiont homeostasi

Fig. 4.11 Field sampling of bulk soil and grapevine roots across Italian vineyards for microbiota ana
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1.3.2 Study 1T Composition and biodiversity of soil and rootassociated microbiome irVitis vinifera cultivar
Lambrusco distinguish the microbial terroir of the Lambrusco DOC protected designation of origin area on

a local scale

This section of the thesis was published as an Original Research ArtiEl®ritiers in Microbiology(2023);
https://doi.org/10.3389/fmicbh.2023.110803Bontents of the article have not been modified except for graphical

purposes and bibliography form&tumerationof main and supplementafigures and tables consistent with the

original article.
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Abstract

Introduction: Winesproduced from the same grape cultivars but in different locations possess distinctive qualities
|l eading to different consumerds appreciation, pref
importance of microbiomes at the splant interface as a determinant of the terroir properties in grapevine

production, which confer specific growth performances and wine clsemeory properties at the local scale.

Methods: In particular, we investigated the variation in microbial communities associated with the rdfitis of
vinferacul t i var Lambrusco, as wel | as with surroundi n
Tutela Lambrusco DOCO protected designation of oric
sites located both inside and outsitie consortium in two different seasons (June and November 2021).

Results: According to our findings, rhizospheric and soil microbiomes show significant structural differences in
relation to the sampling site, regardless of seasonality, while endophytic microbiomes seem to be completel
unaffected by such variables. Furthermareleeper insight into the microbial terroir of PDO areas highlighted the
presence of some rhizospheric microorganisms enriched inside the consortium and characterizing the PDO regardl
of both sampling season and farming strategy. These inBlackbus, Paenibacillus andAzospirillum which are all

well-known plant growtfpromoting bacteria.

Discussion: Taken together, our results suggest a connection between soil and root microbiomesndéra
cultivar Lambrusco and the local designation of origin, emphasizing the potential role efri?ldked plant growth
promoting bacteria in vine growing and final quality of the Lambrusco DOC wine.

Keywords

microbial terroir, microbiomey/itis vinifera, rhizosphere, plant growgromoting bacteria
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Introduction

Wine is a fermented product of paramount economic and cultural importance for tf@odgector worldwide?.
Therefore, vineyards are widely distributed afitis viniferais one of the most cultivated fruit crops around the
globé**. The localscale pedoclimatic variation, also knowntasroir, is a matter of growing interest for wine
production, because considered of vital importance for the determination of the local wine quality characteristics an
consequent consumero0s appr eci Ztindeed winep pradcedrfrenrmtheesame a
grape cultivars but belonging to differeéatroirs possess distinctive qualities and economic value. To legally protect
such local regional products, many geographical pedigreash as the Protected Designation of Origin (PDO) in
Europei have been released. However, establishing which factors underlie connections leftne@eproperties

and the specific winassociated chemgensory properties remains difficult and is mainly ascribed to general
environmental chracteristics that affect grapevine growth and héalth

Recent studies suggested that the specific microbial communities associateéd wiiiferamay be a key element

of the terroir, as microbiome processes essential for vine growing and wine production show spatially defined
patterns linked to the vineyard locatiéi1? Vitulo et al. (2019), for instance, found that the geographic indication

is a good driver of microbiome differentiation of the vine bark when comparing plants from two Italian wine
producing regions (Piedmont and Tuscah\gimilar resuls were obtained by Mezzasalma et al. (2017), who defined

a certain fraction of the grape berries microbiome that significantly varied in relation to the geographfcalleea
same association has been highlighted when investigating the soil and the root microbiomes, with distinct microbiz
characteristics for different viticultural regions that probably correspond to a regewfic contribution to the
qualities of tle grapes and wifié*1415.16.17

In Italy, in pedoclimatic regions including welkefined delimitations of PDO production, the same grapes are
cultivated inside and outside the PDO sites, with similar yields but different properties. This opens the question ¢
the importance of microbiomariations at the seplant interface in determining the lodafroir quality at the local

scale, with the cascade implications for the PDO production. In order to provide some glimpses in this direction, w
aim at investigating the presence of diffaresm in the microbiomdependentterroir features (rhizospheric,
endophytic, and bulk soil microbiomes) in plant specimensg. einiferacultivar Lambrusco sampled across three

di fferent vineyards from the same pedoclimatic re
Lambrusco DOCo PDO ar ea, in Emilia Romagna, l'taly.
inside the PDO area, and another vineyard just outside the PD@ndfeailia-Romagna, the Italian region leading
Lambu s cods pr od untos:/iwevm.istatlit/a/drcivid/2071§8it is of primary economic importance to
safeguard t Tt élCond@ambirasco DOCO PDO. Il ndeed, Wi

(https://magazine.wein.plus/news/thh@@nsortiaof-lambrusceproducersn-emilia-romagnaaremergingnew

protectionassociatiorconsorzietutelalambruscemonitorseightdocareay, Lambrusco DOC is one of the best

selling Italian wines in the worldloreover, its PDO territory overlaps with that of the Balsamic Vinegar of Modena
(that is produced from the same grapes as Lambrusco DOC wine), which showed a production turnover of 370 millic

euros in 202 (https://www.consorziobalsamico.it/consortium/econonata/?lang=en For all these reasons, we
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think that a finer characterization of the microbéloir on the boundaries of the PDO area can contribute to a better
safeguard and enhancement of the productigwecifically, for capturing the full variation due to different
agricultural practices, the two vineyards within the PDO area were subjected to different agapmoaches, i.e.,
organic and conventional agriculture. Furthermore, to test the hypothesis that the composition and/or the diversity
the microbiome at the saibot interface costitute a signature for defining and protecting a PDO area, we explored
the microbiome structure at two time points (June and November) in order to get a full picture offsswoiatted
microbialterroir at different stages of plant maturation. All the plants included in this studyuyeneiferacultivar
Lambrusco, grafted on the hybridtis berlandieri x Vitis riparia KOBER 5BB. In addition to enriching our
understanding of the importance of soil and fasgociated microbiomes in defining the iiarroir and the relative

PDO area, this study may provide further economic incentive for agricultural and oenological practices that safegual

regional microbiaterroir and biodiversity

Materials and methods

Study site

Grapevine roots and soil samples were collected from three different vineyards in Emilia Romagna (Italy) across tw
timepoints. In particular, from each site, i.e., Bondeno (44.953 N/11.305 E, Ferrara), Finale Emilia (44.839 N/11.28'
E, Modena), and Medall(44.816 N/11.062 E, Modenigure 1), 15 plants and two bulk soils were retrieved both

in June and November 2021 (immediately after the grape harvest), for a total of 90 root and 12 soil sample:
Furthermore, for each root sample, the rhizospheric and endophytic microbial communitiestivaratyzed. The

three vineyards considered in this study were characterized by different agronomic managements an
biogeographical features. Specifically, both Finale Emilia and Medolla sites are located inside a protected designatic
of origin (PDO) ara but differ in terms of the agricultural approach employed (chethas#d vs. organic,
respectively) while the Bondeno site is found outside the PDO area and a traditional chasgdafarming
approach is used. A schematic summary of samples distribaitiross the three sites and the two timepoints (June
and November) is provided [Bupplementary Table 1

Samples collection and pteeatment

For the microbiome characterization, each plant root was investigated considering two different ecosystems, name
rhizospheric soil and root endophytic ecosystem, and samples of bulk soil were also analyzed, for a total of 1C
samples $Supplementary Table ). Grapevine thin lateral roots were collected after diggin@@@m under the

plants. Bulk soil samples were collected near the area where plants were located, after removing the top centimet
of surface soil and the grass cover, if present. All samples were collected wearing sterile gloves, placed inside

sterile5 0 ml Fal con tube and stored at T80AC until furt

In order to separate the two plant compartments (i.e., rhizosphere and endosphere), roots were thoroughly treatec
previously descr i be' Inbrief, appdorinmeitely 8 cmeof terraital roots go@idns, ncluding
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tips, were dissected using sanitized scissors and tweezers to standardize the quantity of starting material. Then, r
segments were placed in 15 ml Falcon tubes filled with 2.5 ml of modified PBS buffer (130 mM NaCl, 7 mM
NaHPQ,, 3 mM NaHPQ, pH 7.0, and 0.02% Silwét-77) and left on a shaking platform at 180 rpm for 20 min to
perform washing. After removing the roots, the washing buffer was centrifuged at 1¢6fr 20 min and the
resulting pellet was regarded as the rhizospheric soil. Roots were theshied under the same conditions and
transferred to another 15 ml Falcon tube containing 2.5 ml of modified PBS buffer before undergoing 10 cycles o
sonication a follows: 30s pulses at 160 W with 3®breaks in an ultrasonic bath (Branson 1800, Branson Ultrasonic
Corporation, Danbury, CT, United States). After washing and sonication, roots were grinded by means of mortar ar
pestle in order to reach the root émrportions.This procedure led to a total of 180 samples (90 rhizospheres + 90
roots)t hat were analyzed together with the 12 bul k soi

DNA extraction.

DNA extraction and sequencing

Total genomic DNA was extracted from all the 192 samples, i.e., bulk soils (0.25 g), rhizospheres (approximatel
0.25 g), and smashed roots, using the DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany) following the
manufacturer 6s i ns ticators:taiFastPrep instrumdnt (MR Biomedicatsplinef CA, United
States) was used for the homogenization step with a cycle consisting of-thieesteps at 5.5 movements per sec
with 5-min incubations in ice between each run and, at the end of ttee@lkdDNA elution was preceded by a 5

min incubation in ice. Then, DNA was quantified by using NanoDrop ND1000 (NanoDrop Technologies,
Wilmington, DE) and diluted in PCR grade water to the final concentration ofeb lefore amplification. Five
microliters of diluted DNA were used as template for the PCR reaction. PCR was performed in a final volume of 5(
el containing 25 ng of genomic DNA, 2X KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland) and 200
nmol/L of 341F and 785R primers carrying lllumina overhang adapter sequences for amplification of\the V3
hypervariable regions of the 16S rRNA gene. Specifically, the thermal cycle consisted of initial denaturation at 95°C
for 3 min followed by 25 cycles of denaturation (95°C for 30 s), annealing (55°C for 30 s), and extension (72°C for
30 s), with a finakxtension step at 72°C for 5 tiinPCR amplicons were cleaned up with Agencourt AMPure XP
magnetic beads (Beckman Coulter, Brea, CA, United States). Indexed libraries were prepared byyinteiteGR

using Nextera technology. Indexing was followed by a second-cleatep, as already dgbed, and then libraries

were quantified using Qubit 3.0 fluorimeter (Invitrogen), normalized to 4 nM and pooled. Before sequencing, the
sample pool was denatured with 0.2 N NaOH and diluted to 4.5 pM with a 20% PhiX control. Sequencing was
performedon | | umi na Mi Seq platform using a 2 I 250 bp i
instructions (Illumina, San Diego, CA, United States). Sequencing reads were deposited in the ENA archive with th
accession code PRJEB57815.

Bioinformatics andiostatistics

Raw sequences were analyzed using a pipeline which combines PANDAs®@AadLQIIME2 2021.8.% for alll
192 samples.Highual ity reads (min/ max |l ength = 350/550 bp)
the Usearch 11.0.667 algorithhand then binned into amplicon sequence variants (ASVs) using DADA2 2(#21.8.0
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Samples with less than 1,000 higbality reads were discarded and not used for subsequent analyses. The
VSEARCH algorithm 2021.8.%.and the SILVA database (December 2017 relédsecre employed for taxonomic

classification. All unassigned and eukaryotic sequences were discarded. ASVs table was then rarefied to retain
number of 1,138 sequences per sample. The QIIME2 feature table rarefy plugin was used to perform rarefactio

Statistical analyses were carried out using the R software (R Core Wweami-project.orgi last access: April

2022), V. 4.2.0, i mpl emented Ryifitvhe g 4 hde (htifsd&ak.a g e s
project.org/web/packages/vegan/index.himthla st access: Oct ober ? and STAY 0.1.0i p a i

(https://cran4project.org/web/packages/STAT/index.htilast access: April 2019)Beta diversity based on
unweighted UniFrac distances was computed, and the separation of data in the Principal Coordinates Analys
(PCoA) was assessed with a permutation test with pseuda at i os (function fAadoni s
function pairwseAdonis in the homonymous package). Krudiallis test was used to assess significant differences

in alpha diversity distributions between groups. Bacterial genera with the largest contribution to the ordination spac
were detected by the function envfit of the R package vegan on the genus wedatiaiancesp values, when
necessary, were corrected for multiple testing by means of the Benjdathberg method, with a false discovery
rate (FDR) O 0.05 considered to be statistical®,y si
aimed at identifying discriminant rhizospheric taxa between vineyards located inside and outside the Lambrusc
DOC PDO viticultural area, regardless of the agricultural practices employed, was performed da\ggmekative
abundance tables, retaigionly taxa with LDA score threshold of +2 (on a log10 scale) and valpgof 0 . 2. T
online Galaxy Version interfacéntfps://huttenhower.sph.harvard.edu/galalagt accessed in October 2022) was

used to run LEfSEAIl taxa identified by LEfSe, thus significantly enriched either inside or outside PDO sites, were
then tested for their putative ability to support plant growth by the presence of sorimavell plant growth
promoting (PGP) genes. For this purpose, starting from the QIIME2 genera level taxonomic assignment, a
oligotyping procedur@was implemented to detect the spebigl®nging to the genera previously identified by LEfSe
through the AMIini mum Entropy Decompositiondo (MED)
(November 2020 releas®; For each genus, the command | ine was i
fasta.file 1-M 1gvV 5 . 0 -MTnkeger defines the minimum substantive abundance of an oligotype, akd the
integer defines the maximum variation allowed in each node. The node representative sequence of each oligoty
was used for species profiling with the QlIMERatureclassifier plugin?, selecting the VSEARCH algorithm
2021.8.6* and the GEM databa¥eThen, the aminoacidic sequence of some -alediracterized PGP proteins,
obtained from the reference sequence of the NCBI protein datdtigse/{www.ncbi.nlm.nih.govaccessed from

the F'to the 3% October 2022), was recovered and blasted against theedandant protein sequences NCBI
database selecting as target organisms for our queries the bacterial taxa identified by the oligotyping procedut
Unclassified members of a specific taxon were wared when it was impossible to assign the ASVs at the species
level, or when the number of oligotypes not assigned at the species level but assigned at higher taxonomic leve
overcame the number of speclesel matches. Alignments were filtered accogdio a query coverage of at least
40% and an alignment percentage of identity of at least 20%. The PGP functions selected for our analysis wer

nitrogen fixation, phosphorous solubilization, iron chelation, production of the phytohormone 3ratméicacid
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(IAA), and production of the enzymediminocyclopropand-carboxylic acid (ACC) deaminase. For each of these
functions, we selected some marker genes from previous scientific literature resulting in 15 protein sequence
recovered and blasted. Specificallge chosen marker genes were NifB, NifE, NifH, NifN, NifV, and NifU (i.e.,
nitrogen fixation genes) for nitrogen fixation, the alkaline phosphatase ahdAhe glucose dehydrogenase GDH

for phosphorous solubilization, three markers of two relevant bacterial siderophores for iron chelation (namely
EntF/EntS for enterobactin and FslA for rhizoferrin), three genes directly involved in IAA synthesisdCearipl0,

and aldH) and the AcdS gene encoding the enzyme ACC deaminaSagptamentary Table 3for genes accession

and version numbers)Moreover, the presence of the same marker genes was verified across the entire rhizospheri
microbiome by means of Phylogenetic Investigation of Communities by Reconstruction of Unobserved State:
(PICRUSt2 v. 2.5.0) analysis Notably, during the process of ASVs sequences matching to the KEGG datjbase (
queried on January £02023), two out of 15 reference proteins (i.e., FslA and aro10) were not found in the KEGG
databaseSupplementary Table 4. Bacterial ceabundance groups (CAGs) were determined as formerly described
by Schnorr et al. (2012) In brief, the Kendall correlation test was used to evaluate the associations among bacteria
genera, which were visualized using hierarchical Ward clustering with a Spearman correlation distance metric ar
used to define CAGs at the genus level. Theisogmt associations observed were controlled for multiple testing
withtheqv al ue met h o #). Perfmidon&® mutivadisie; ANOVA (PERMANOVR) was employed to

verify whether the CAGs were significantly different from one another. The Wiggum plot network analysis was
carried out using cytoscape software v. 3.%p(//www.cytoscape.orglast accessed in November 2022) as

previously describefl

A

Bondeno

Medolla Finale Emilia

Parma Ferrara

Modena

Bologna

20 km
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Fig. 17 Sampling locations. Map of Emilia Romagna (ltaly) showing the present study sampling sites in B¢
(FE), Finale Emilia (MO) and Medolla (MO). Sampling locations are represented as-ge#ew dots if located
inside the Lambrusco DOC PDO viticulturakarand as black dots if located outside the borders of such
Borders of the entire AConsorzio Tutela Lambru

territory and with a lighter color for the Modena territory).

Results

Microbiome composition and biodiversity in soil, rhizosphere, and root samples from viticultural farms located inside

and outside the Lambrusco DOC PDO viticultural area

A total of 90V. viniferaCultivar Lambrusco roots samples and 12 bulk soil samples were taken from three different
viticultural farms in June and November 2021 in Emilia Romagna, Eaye 1). In particular, from each vineyard
(located in Bondeno, Finale Emilia and Medolla) 30 roots (15 in June and 15 in November) and four bulk soils (twc
in June and two in November) were retrieved, resulting in 102 samples. Among those, all the 90 raotatedre

as previously described in order to separate the rhizospheric from the endophytic compartment, leading to a total
180V. viniferasamples and 12 bulk soil samples. The selected farms were characterized by different designation c
origin and by different agricultural practices: (i) Bondeno (RO area, conventional farming), (ii) Finale Emilia
(PDO area, conventional farming), afid) Medolla (PDO area, organic farming). For the three sites and the two
timepoints, microbiome compositional structure was investigated by NGS sequencing of the 16S rRNA gene (V3
V4 hypervariable regions), resultingérl,5 M highquality reads, with an average of 9,581 + 2,329 reads per sample
(mean = SD), which were binned in 31,264 ASVs (samples with less than 1,00Qubigi reads were not
analyzed). Firstly, the bulk soil microbiome was characterized by a saymtifichigher degree of biodiversity with
respect to both rhizospheric andWakimtestSppplgmentary Figwenp ar
1). When we sought for differences among farms, we only observed a gradual increase of the soil biodiversity fror
Bondeno, to Finale Emilia and Medolla, with a trajectory that mirrored the path frosRDOnto PDO area and

from conventional to organic maregent. However, these differences are only appreciable at soil level, with the
rhizosphere and root compartments from the different farms showing comparable levels of biodkigrsityd).
Betadiversity analysis revealed a clear pattern toward segregation of the rhizospheric microbial communities
according to the sampling location, but not to the sampling season, as shown by the unweighted UniFrac distanc
(permutation test with pseuder at i o, Fgur®3AD IntBréstingly, the same PCoA indicates that a similar
trend can be observed also for the bulk soils, as if the differences detected into the rhizosphere compartment mirror
differences in the soil. In order to identify those bacterial genera mositbetimy to the separation of the
rhizospheric samples in the PCoA, the relative abundances of such taxa were superimposed in the unweight
UniFrac beta diversity plotHgure 3B). Our results indicate that some bacterial genera are more represented in a
particular farm regardless of the season. Specifically, the d@irelkila, MicromonosporaandNocardioidesare

the most characteristic of the Bondeno farm, wRgeudomonag$-lavobacteriumAcinetobacterPir4 lineage and
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Planctomycesan be associated with Finale Emilia samples and, firisltlgrmanellaGaiella, Solirubrobactey and

Rubrobacterare the most distinguishing of the Medolla farm.
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Fig. 21 Alpha diversity of bulk soil and dfitis viniferarhizosphere and root microbiomes in the three stuc
farms. Boxp | ot s showing the distributions of the F
ASVs and Shannon Index calculated for the bulk @)l the rhizospheréB), and the roo{C) in the three
sampled vineyards (located in Bondeno, Finale Emilia, and Medolla). The only significant difference

observed for the bulk soil samplgs (0.05, KruskalWallis test).

Conversely, it is noteworthy to point out that the only ASVs detected across the entire rhizospheric cohort wer
assigned to uncultured members of Bianctomycetaceaand to uncultured members of thepidisphaeraceae
For these taxa, coefficients of variations were 0.4 (mean + SD % rel. ab., 3.6 + 1.5) and 0.6 (mean + SD % rel. al

1.7 £ 1.0), respectively, meaning that these taxa were present in the rhizospheres at comparable levels, independe
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of site and season, constituting a sort of core bacterial grovy faniferacultivar Lambrusco. Interestingly, the

root samples show no significant structural differences across different sites and seasons (permutation test w
pseudd--ratio, p > 0.05) and a sharp segregation appears in the PCoA only when comparing the endophytic cluste
with the entire set of the bulk soil samples (permutation test with pSetatmo,pO 0 . Sufplementary Figure

2).
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Fig. 37 (A) Principal Coordinates Analysis (PCoA) based on unweighted UniFrac distances showing the vi
of Vitis viniferarhizosphere (dots) and bulk soil (triangles) microbiomes across sites, i.e., Bdnoeamgered),
Finale Emilia (green), and Medolla (blue) and seasons (lighter shades for spring and darker shades
permutation test with pseuderatio,p = 0.001). The first and third principal components (MDS1 and MDS3)
plotted and the percentage of variance in the dataset explained by each axis is higliyfteel same graph a
in (A) has been reprinted in order to visualize the bacterial genera most contributing to segregations, whos
abundance was superimposed in the PCoA (flioiction envfit of the R package vegan) considering only ger
with ap ™ 0.001.
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The LEfSe was finally used to identify rhizospheric bacterial genera that discriminated$3bfated from nen

PDO microbiomes, regardless of farming site, season and type of managEigerg {). In particular, genera
associated with Lambrusco DOC PDO area viaeillus, Pseudarthrobacterunclassified members of the order
Gaiellales,PlanctomycesSkermanellaPir4 lineage Microlunatus andPaenibacillus On the other hand, genera

less representing the PDO area whaeardioides Micromonospora andPirellula, unclassified members of the
family Gemmatimonadaceasnd of the order AcidimicrobialedycobacteriumLegionella andChthoniobacter
Notably, such taxa were also generally more represented into the correspondent bulk soil microbiome, with th
exception oPseudarthrobacteandPir4 lineagefor what concerns the PDO ar@adNocardioidesLegionellg and

Chthoniobactefor what concerns the ndPDO area$upplementary Table 2.
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Fig. 4 7 Rhizospheric microbiome signatures of PDO production sitd¥. Cladogram of microbial taxe
differentially represented between farms located inside (Finale Emilia and Medolla, green) and outside (B
red) the PDO area at phylum to genus level. Only genera whose relative abundance was higher than 0.5%
33% of the rhizospheric samples are represented. The diameter of each circle is proportional to the genel
abundance within the drg rhizospheric cohor{B) Linear discriminant analysis (LDA) scores of discriminatil
genera between the abovementioned groups (the logarithmic threshold for discriminative features was se

Plots were obtained by LDA effect size (LEfSe) analysi

Seasonal variations of thatis viniferarhizospheric microbiome network across the Lambrusco DOC PDO region

To identify specificities of the rhizospheric microbiome structure associated with the Lambrusco DOC PDO region
and seasonalityye established eabundance associations of genera and then clustered correlated bacterial taxa intc
four co-abundance groups (CAGSs), describing microbiome configurations across the entire Safgseni{entary

Figure 3). The dominant (i.e., the most abundant) genera in these CAG$ixeliala (red), Nocardioidegblue),
Pseudomonafink), andBacillus (green). The networkstablishing CAGs relationships are named Wiggum plots,
where genera abundances are represented as a circle proportional to the genus normadibeddamreRigure

5). The microbiome variation from Bondeno to Finale Emilia and Medolla through the two different seasons was
accompanied by distinctive CAGs dominance, and most relevantly by abundanceRiddlihia andNocardioides

CAGs (Bondeno), th®seudomona€AG (Finale Emilia) and th8acillus CAG (Medolla). When we sought for
shared network topological features among Finale Emilia and Medolla microbiome structure, distinctive of the PDC
region and not included in the control site (Bondeno), we found that nodes correspoii#inijus andRhizobium

were overabundant during spring, wherelseudarthrobacteand Microlunatusnodes were oveslbundant in the

fall season. When combined, such results underline a sort of seasonal dynamic, very peculiar to the Lambrusco D(
PDO region independently of the type of management. Remarkably, most of these taxa constitute a subgroup of t
species previously identified by LEfSe.

Understanding the importance of PB€ated taxa for grapevine biology

Plant growthpromoting microorganisms regulate plant physiological reactions and foster plant growth with several
mechanisms. Here, we sought for some of these functions within the reference genomes of the taxa revealed
LEfSe. Specifically, we first uskoligotyping® to identify the bacterial species (or higher taxonomic levels in some
cases, as explained above) nested by the ASVs sequences belonging to the genera identifiedlbyphEiSdar,

ASVs sequences coding Bacillus PseudarthrobactelanctomycesPaenibacillus Microlunatus Skermanella

Pir4 lineage and uncultured members of Gaiellales (i.e., the P&&ted taxa identified by LEfSe) along with ASVs
sequences coding f@hthoniobacterNocardioides MicromonosporaPirellula, Legionellg Mycobacteriumand
uncultured members of Acidimicrobiales a@@mmatimonadaceage., the noAPDO taxa identified by LEfSe)
were processed using the AMinimum Entropy Decompos

(GEM) catalogu®. We found thaBacillus korlensisBacillus mediterraneensi8acillus tuaregj Bacillus niacinj
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Bacillus jeotgalj Bacillus lonarensisandBacillus litoralis, unclassified species of the gefecillus, species of the
genus Pseudarthrobacter species of the genuBlanctomyces unclassified species of the order Gaiellales,
Azospirillum brasilenseAzospirillum thiophilum species of the Pirellulales ordédjcrolunatus phosphovorus
Paenibacillus castaneaePaenibacillus harenae Paenibacillus ferrarius Paenibacillus beijingensjs and

Paenibacillus uliginis and unclassified species of the geRagnibacillus were the taxa characterizing the PDO
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Fig. 51 Declination of rhizospheri¥itis viniferaco-abundance groups according to the sampling site ar
seasonality. Cabundance groups (CAGs) are named according to the dominant bacterial genus

group:Pirellula (red),Nocardioidegblue),Pseudomonagink), andBacillus(green). Each node represer
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bet ween ( F CBBRppl@medtary0

(dashedines) Kendall corre at i ons gener a

Figure S3
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Notably, when applying oligotyping and GEM database, the ASVs sequences previously assgexchamella

were assigned ta. brasilenseandA. thiophilum We chose to retain bo®kermanellaand Azospirillumgenomes

for the following analysis, also because of the high level of overlapping found between the 16S rRNA sequences «
these two taxd. On the other handyocardioides massiliensislocardioides allogilvusNocardioides exalbidys
Nocardioides halotoleransand Nocardioides szechwanensignclassified species of the geniNscardioides
Micromonospora cremeaMicromonospora marina Micromonospora nigra Micromonospora sediminis
Gemmatirosa kalamazoonesBirellula staleyj Legionella fallonij Legionella saoudiensidMycolicibacterium
moriokaensgandMycolicibacterium sphagnunclassified species of the order Acidimicrobiales@itthoniobacter
flavuswere the taxa most distinguishing the #RO area. Interestingly, the oligotyping procedure and the GEM
database identifieMycolicibacteriumspecies nested in the ASVs belonging to the g&fysobacteriumn this

regard, a recent comprehensive phylogenomic study by Gupta et al *f2648led thalycolicibacteriumcan be
actually regarded as a distinct clade previously classifidya®bacteriumand now forming a novel microbial
genus. Then, in order to investigate the presence of potential PGP traits related to all these microorganisms, the NC
reference genomes of all of these taxa were scanned for genes associated with nitrogen fixatiah feggsiamt
growth), phosphorous solubilization (important for plant P uptake), siderophore production (for growth in iron
limiting conditions), indole3-acetic acid (IAA) phytohormonal secretion (beneficial to increase water and nutrient
absorption), ad I-aminocyclopropané-carboxylic acid (ACC) deaminase (for ethylene precursor degradation and
regulation of plant stress response). Among the taxa identified by LEfSe astiDggterizing, species belonging

to the generdacillus Skermanell&Azospirillum Paenibacillus and unclassified species of the order Pirellulales
contained most of the PGP features, whereas species from the §seedarthrobacterPlanctomycesand
Microlunatus together with unclassified members of the order Gaiellales, contained only one or two out of the five
investigated PGP traitEigure 6A). Conversely, if we look at the microbial taxa related to thePID® areafigure

6B), species of the genldocardioideqi.e., unclassifiedNocardioidesandN. exalbidu¥ are the only ones in which

more than two PGP traits out of five have been detected. Furthermore, two important PGP functions, namely nitroge
fixation and IAA production, have been scarcely observed irRDO related taxa (with the first only detected i
species of unclassifiddocardioideswhile the latter entirely absent in n®DO related taxaRICRUSt2 confirmed

most of the finding¥, with some exceptions, above all for what concerns siderophore production and ACC
deaminase productios@pplementary Table 5. This can be attributed at least in part to the fact that two markers
used in our analysis and necessary for predicting the functionalities are absent in the databases provided w
PICRUSTt2.
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(IAA), and production ofi-aminocyclopropand-carboxylic acid (ACC) deaminase. Green squares for putative preser

PGP activities, ivory squaresrfabsence of PGP activity.

43



Discussion

This study aimed at characterizing the gaént microbiome dimension of the viticulturrroir of V. vinifera

cul tivar Lambr uscboutfaloan Lt ehmeb riucCsocnacs oD @C® PDO ar e a, i
made possible by comparing microbiomes from viticultural farmfthe same agelocated immediately inside or
outside the PDO area, thus controlling for complex variations associated with differences in pedoclimatic regions
The amplicon sequencing revealed a clear differentiation of the soil and rhizospheric microbiomes accibreling to
sampling location, but not to the sampling season, and the bulk soil microbial diversity was higher within the PDC
area rather than outside. When we applied the LEfSe analysis, we detected eight bacterial genera significant
differentially recruited # the plants grown inside the PDO consortium with respect to thePD@h area.
Specifically, the eight genera, and where possible the nested species, inBlacltds (B. korlensis B.
mediterraneensjsB. tuaregj B. niacini B. jeotgali B. lonarensis B. litoralis, and other unclassified species),
PseudarthrobacteiPlanctomycesPaenibacillugP. castanead. harenaeP. ferrarius P. beijingensisP. uliginis

and other unclassified specieB)icrolunatus(M. phosphovorys andSkermanella/AzospirillurfA. brasilenseand

A. thiophilum), Pir4 lineageand uncultured members of the order Gaiellales. Stinkingly, such group of bacteria was
also detected in the correspondent bulk soil samples of the same PDO areas, emphasizing the commonly accey
hypothesis that soil can function as rich microbéservoirfor those microorganisms that interact with the plant
holobiont at the root levé&“% Even if not entailing significant variations in the microbiomes compositional structure,
seasonality was shown to be associated with relevant changes in the rhizosphere microbiome network topology, w
features characterizing the seasonal dynamic®iRDO area. Interestingly, most of the network seasonal variations
related to the PDO area involved Pbédated taxa, which seem to modulate their abundance in response to
seasonality. All the PD@elated species identified by LEfSe (except Bar mediterraneensiand B. tuareg)
presented at least one of the PGP traits potentially involved in the biostimulation and biofertilization of grapevine
with some species combining multiple PGP traits, sucBaadllus SkermanellfAzospirillum andPaenibacillus
possibly exerting a multifactorial probiotic role for the plant growth and biology. In particular, the PGP features
detected in PD@elated species included the abilities to produce ACC deaminase, IAA, and siderophores, of
solubilizing phosphorous fromo# particles and soil organic matter and of biofertilizing soil through nitrogen
fixation, which are all features that play an important role in microbimuecrosstalk and plant growth/adaptation

With such a specific microbiome configuration, Pib€dated bacteria may induce modification of the root system
architecture as previously demonstrateednd thus enhance nutrients and water uptake by the grapevines, with a
resulting higher resistance to environmental stresses, better plant health and, consequently, improvement of t
organoleptic properties of the Lambrusco wine, probably contributitieteegionaterroir®4344 Conversely, non
PDOrelated species show far less PGP traits. In this regard, the only widespread function identified is connected
the production of some wetinown siderophoresreferring to the available literature on the RB¥ated bacteria,

we noticed thaBacillusis widely found on the root of grapevines in several different sttidfe847 In particular,

the higher abundance Bfcillusin the PDO area is quite interesting siBaillusis a weltknown plant growth
promoting rhizobacterium which can have many beneficial effects on plant §toWtilese include, for instance:

improvement of iron acquisitidf) regulation of the NelK+ efflux®, and modulation of plant physiology by IAA
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productiori’. Additionally, Bacillusis able to promote plant root lengfiyotosynthetic pigment formation, and shoot
germination through the production of the ACC deaminase enzyme, which also enhances tolerance to saffity stress
Specifically, for grapevine plantlets, it has been shownBhatllus can upregulate melatonin synthesis and reduce
the production of malondialdehyde and reactive oxygen species in salt and drought stress Earflitithes, when

we sought for plant growtpromoting features dPaenibacillus we found that it can be important for enhancing
drought tolerance by upregulatimtghydratioaresponsive genes, RD29A and RD29Band for improving root
surface area, root projection area and root fork numbers by IAA production, nitrogen fixation, and phosphorou:
solubilizatiort>*® Functional genes related to plant groywtbmoting activity were also previously identified in
Pseudarthrobacter that is an aerobic auxjproducing bacteriuff, Azospirillum a noteworthy diazotrophic
microorganism which stimulates plant growth in different ways, e.g., by enhancing roots development and latere
root formation by IAA productiot¥**andM. phosphovorughat has been reported as phosphorous accumulator in
wastewater treatment plafftsFinally, our data clearly show that all the abowentioned PDO microbiome
specificities are limited to the soil and rhizospheric microbiome ecosystems, while the corresponding roof
microbiomes, possibly under a strong hdstven selection pressudfé!®2 remain constant in the three different
farms, independently of the PDO monDOP locationCollectively, all the taxa we found characterizing the PDO
area are commonly detected in grapevine rhizospliéfég+>4647.63However, here their concomitant presence at
high abundance, their network structure and their characteristic seasonal dynamics may represent a key feature of
AConsorzio Tut el a L demdrspossilyconDiliitihg to the pecul@rity oftte regional wine
product, generally supporting the strategic importance of th@lswit microbiome interface in defining microbiome
associatederroir specificities of relevance for the overall product quality. Future studies on higher number of sites
within and outside the PDO area, based on shotgun metagenomics and possibly providing for a more extensi
sampling, are needed to better unravel the imrton of the rootassociated microbiomes, as well as of specific
PGP species and/or strains, to the specific regional characteristics of grapevines and associated local produc
Finally, examining in depth the link between root microbiome and grapewayealso provide helpful information

for vineyard management, productivity and precision oenology, as well as elements to be safeguarded as pivo
features of the microbiakrroir of Lambrusco grapevine, especially in the context of the current global change

scenario, where we are witnessing a continuous loss of microbial diversity in several ecosystems, including soil.
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Abstract

The microbial dimension of the terroir is crucial for wipaality, as microbiomes contribute to plant biofertilization,
stress tolerance, and pathogen suppression. While microbial terroir can act as a biological signature at large scale,
for local contexts is lacking, hindering the characterization of regjioicrobial diversity in vineyards. Here, we define
the microbial terroir of vineyards across the 12-atgas (Additional Geographic Unkd GUs ) of t he AC
Vino Nobile di Montepulciano DOCG" PDO area (ltaly), a wardthowned wingoroducingregion. Rhizospheres of
Vitis viniferacultivar Sangiovese and soil samples were collected throughout the 2022 viticultural season and analy:
through an integrated metabarcoding/shotgun metagenomic approach, targeting bacteria and fungi. Wine metabolol
was also performed, projecting consfitonal and functional variations of the microbial terroir at the AGUs level into a
corresponding variation in the product metabolic profile. Our findings reveal a unique taxonomic configuration of th
Vino Nobile diMont epul ci ano terroir compared to ospeci fviim
taxonomic abundances and plant grewtbmoting functions, confirming the potential relevance of characterizing and

preserving the microbial terroir to safeguardhhijuality traditional wines.

Highlights

-The territorydelf \Yihreo AiNomislog zdio Mont epul ci ano DOCGO
specific declinations in the 12 different production areas (AGUS)

-10 taxa have been identified as the core of t he PDI(

terroir, encoding several PGP featyres

- Microbial terroir specificity at the AGU level provides specific PGP traits, such as the P solubilisation in the southel

part of the production area and the ACC deaminase in the western part

- These represent adaptive microbiome features to the local peculiarities of the territory, linked to the local variation

the product metabolic profije

- The local diversity of the microbial terroir is a neglected part of the traditional terroir components that needs to |

preserved and protected for the production of diverse aneghiglity traditional wines

50



Introduction

It is culturally commonto associatevine with the placeof production,with specificandrecognizableharacteristics,
so much so that the placeof origin is one of the main factorsguiding wine purchasedecisions. The uniquenes®f
the relationshipbetweenwine and its territory of origin is definedby the conceptof terroir, which includeslocal
pedoclimatic,biotic and abiotic factors, combinedwith traditional agricultural practices,to explain the distinctive
regional characteristicof the product (InternationalOrganizationof Vine and Wine, Definition of vitivinicultural

it er ¢ lottpst/Mdww.oiv.int/public/medias/379/vi#2010-1-en.pd). Today, the conceptof wine terroir hasspread

throughoutheworld andis regulatedoy wine-producingcountrieghroughthelegal definition of appellation®f origin,
suchastheProtectedDesignationof Origin (PDO)in Europe.In Italy, winesmadefrom identical grapecultivars but
grown in different PDO areaswith similar yields, are recognizedas different productswith different organoleptic
characteristics*®. Therefore,muchis attributedto the component®f wine terroir and,amongthem,to the vineyard
microbiomecommunitiesaspossible and previously neglectednew key determinantsof terroir features that
areassociatedvith geographicallocation and are reportedto be directly relevantto vinegrowing, grape quality,
and winemaking’. Indeed, a reliable biological signature of the vineyard microbiome dependingon the
geographicalocation of the vineyard has recentlybeen demonstratet] but little is known about its variations at
finer local spatialscale§ possiblymatchingdifferent PDO areas particularlyin termsof the local diversity of plant
growth-promoting (PGP) microorganismsas determinantsof growth promotion, yield enhancementand product
quality’. In this context, we hypothesizedthat the interplaybetweenbulk and rhizosphericsoil microbiomesmay
representan integral componentof terroir, influencing nutrientuptake ,andthe overallterroir expressiorin defining
theuniquequalitiesof vineyards.Thus, the fine characterizatiorof bulk and rhizosphericsoil in thedifferent PDO
terroirs may provide important highlights on the relevanceof local soil microbiome diversity in defining the
distinct organolepticcharacteristicsof wines from specificregions®. To providesomeinsightsin this direction,here
we aimedto investigatepossibledifferencesn microbiomedependenterroir characteristicgrhizospheriandbulk soil
microbiomes)in plant samplesof Vitis vinifera cultivar Sangiovesecollected from 12 different subareadocated
within the "Consorzio del Vino Nobile di MontepulcianoDOCG" PDO area,in Tuscany, Italy. In particular,
Montepulciancandits territory areconsiderednexcellencen the Italian food andwine contextwith the"Vino Nobile
di Montepulciano'tenownedll overtheworld, with 7 million bottlessoldanda productionturnoverof 65 million euros
in 2022, for a total estimated value of around 1 bilion euros, including the value of assets
(https://www.ansa.it/canale_terraegusto/notizie/vino/2023/02/15hobde-montepulcianalistretto valel-mld-di-
euro_14425b8Bf63-4d41b29adb1469fbed30.htrl Montepulcianoterritory has recently been divided into 12

productionareas(i.e., Additional GeographicalUnits - AGUSs), called "Pievi", each of them showingdifferent

characteristics in terms of altitude, pedoclimatic characteristics, soil composition and chemistry

(https://www.doctorwine.it/en/pegourri/miscellanea/thaobile-revolutionpieve last access February 2024). The

possibility of subdividingthe productionareawas also madepossibleby the fact that the wines exhibited different
organoleptic profiles, which reflectedthe specific characteristicsof the terroir. This paved the way for the

characterizatiorof the microbiomedeterminantsof this territorial uniquenessln particular,we proposeda finer
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characterizatiorof the microbial terroir within the 12 AGUs,in orderto adda microbiomedimensionto the terroir
featuresto betterunderstan@ndthussafeguardhe local diversity of Italian wine production.In additionto enriching
our understandingf the importanceof soil androotassociateanicrobiomesn defining wine terroir within theVino
Nobile di MontepulcianoPDO area,this study mayprovide furthereconomicincentivesfor agricultural and
oenological practices that preserveregional microbial terroir and biodiversity.

Results

Microbial characteristics of viticultural terroirs Wf viniferacultivar Sangiovese for theroduction of Vino Nobile di

Montepulciano

A total of 336 root samples (rhizosphere)\ofviniferacultivar Sangiovese and 56 bulk soil samples were collected
from 14 different vineyards in the 12 AGUs in July, August, September, and October 2022 in Montepulciano (Tuscan
Italy (Figure 1).
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Fig. 17 Map of the 12 production areas (i.e., Additional Geographical UG U s ) r e c o g rcongoezib deb\jino
Nobile di Mont epul ci aTheprdtGaread afeundicatedby differiertt @lorg with the names in
Valiano, Valardegna, San Biagi o, Sant 6Al bi no, Le Gand:
Sant 61 | ar i:@ongora gel Vino Nobile & Montepulciano).
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Specifically, for each vineyard, 6 rhizospheric samples and 1 bulk soil sample were retrieved at each timepoint. .
selected vineyards were located within the PDO area. Information on sites and plant characteristics, rootstock fami
and management, agell as physical and chemical variables of the vineyards soils are provided, for each AGU, ir
Supplementary Table land Supplementary Table 2 respectively. For the 12 AGUs and the 4 time points, the
composition of the soil and rhizosphere microbiomes firas investigated by nexgeneration sequencing of the
bacterial 16S rRNA gene (V84 hypervariable regions) and fungal ITi&térnal transcribed spacer ITS2 region), with
332 (292 rhizosphere and 40 soil) and 64 (50 rhizosphere and 14 soil) samples successfully sequenced, respecti
This resulted in 3,654,656 higjuality reads, with an average of 11,008 + 4,723 reads p@tes@mean + SD), for 16S
rRNA gene sequencing data, and in 382,144 -qigity reads (5,971 % 3,240) for ITS sequencing daeads were
binned into 57,395 amplicon sequence variants (ASVs) for 16S rRNA ggmeencing and 740 ASVs for ITS

sequencing.

del 'V
¢ comositiorewdth bulk seils troan wimegards feoiin allaverd

In order to identify the soinicrobiome peculiarities of the microbial terroir withintheCons or zi o
DOCGO,
the world, including Chile, Argentin&lSA, South Africa, Australia, Spain, France, Italy, Hungary, Portugal, Denmark,

Montepul ciano we
GermanyandCroatid (Figure 2). We observed the effect of geographical distance on the compositistractdre of
soil microbial communities, both bacterial and fungal, with individoantriessignificantly segregating in the Principal
Grigwre 20\ antiB). A( the
national scale, i.e., consideringly bulk soil samples from Montepulciano and other Italian vineyards, welsdsoved
Grigwre 2C antiD).  (

Coordinates Analysis (PCoA) plots (permutation teith pseudeF ratio, pv a |l u e

asignificant segregation of vineyards according to region of origin §pl u e
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Fig. 21 The bulk soil microbiome of Montepulciano vineyards shows a diéarentiation compared to other vineyards arou
the world. Comparisons were made fmth 16S rRNA and ITS sequencing, using data from Gobbi et al. Q&2 Principal

Coordinate Analysis (PCoA) based on unweighted UniFrac distances showing the varisitevififeracultivar Sangiovese
bulk soil bacterial composition at a wide geographical s@gateldwide), including Montepulciansamples in the Italian site
(permutation test witlpseudeF ratio, pv a | u e B) PCoB Bated on Bragurtisdistances showing theariation ofV.

vinifera cultivar Sangiovese bulk soil fungal composition at a wide geograpstedéd (worldwide), including Montepulcian
samples inhe Italian site (v a | u e QC) The €aMegyaph as(A), but at a finer geographical scale, including only Itali
samples fronGobbi et al. (2022)and Montepulciano samples-¢pa | u e (D) The 8ané Yraph as ({B), but at a finer
geographical scale, including only Italian samples from Gobbi et al. 2&2@Montepulciano samplesypa | ue O 0
(C) and(D), sample origin is indicated aach graph. For all PCoplots, the first and second principal components are plo

and thepercentage of variance in the dataset explained by each axis is shown.

When investigating the soil microbial taxa responsible for the geographical segregation, we ideb@iieerial
generdFigure 3A) and 5 fungal gener&igure 3B) whose variation in relative abundance was significantly different
between Montepulciano and any other vineyard in Italy and worldwide (KrMg&Htis test controlled for multiple
testing using False Discovery R&t€DR, pv al ue O 0. 0 5| bacteSaptaxa, e foundahatlthg genefrao
llumatobacter Microlunatus and Hydrogenisporawere almost exclusively present in the Montepulciano
consortium, while Gemmataand Nocardioides widely distributed in the different soils, characterized the
Montepulciano area in terms of relative abundance. As for fungal taxa, the BammmausGongronella Lipomyces
andPenicilliumwere almost exclusively present in the Montepulciano consortium, Waiteerella characterized

the Montepulciano soil in terms of relative abundance.

We then tried to define a core soil microbiome of the Vino Nobile di Montepulciano area, looking for taxa present in
the bulk soil of all AGUs. We identified 5 microbial genera with tbigracteristic, namelNocardioides
Solirubrobacter Gemmatimonadaliangium andPirellula. Interestingly Nocardioidesvas both a core taxon and

a genus that distinguished thntepulciano territory from vineyards in the rest of the world, and for this reason it
couldbe considered the main marker characterizing tteeamial terroir of Vino Nobilelnterestingly, these core
genera were also present in all 12 AGUs when considerimpittaspheric soil, indicating a continuity between soil

and rhizosphere in the Montepulciatoritory. This continuity was further confirmed with a Procrustes correlation
test using therotest function in R, comparing the beta diversity distribution of soil and rhizossalnnigles and
resulting in a significant correlation {@mlue = 2*1@ for bacterial communityand pvalue = 0.01 forfungal

community).

Spatial distance determines tlemilarity of microbial communities in vineyards at local scales across the

Montepulciano territory

Aware of the continuity between soil and rhizosphere microbiomes, as shown in the previous paragraph, we the
aimed to identify the specificities of microbial terroir associated wittréhent zonation in the 12 different AGUs

of the Montepulciano territory, considering bathcterial and fungal counterparts.
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Fig. 31 Microbial taxa distinguishing bulk soil samples of the Montepulciano territory from other vineyards worldwide. Ba
showing the relative abundance distribution of bactéfinband fungalB) genera differentially represented in bulk soil betwe
Montepulciano and other vineyards worldwide (from Gobbi et al., §0R2uskatWallis test controlled for multiple testing

using FDR with n=178 independent samples,pl ue O 0. 05) .

We found that the differences in the rhizosphere microbiome were explained by the geographical distance betwe
the different AGUs, with the AGUs of Santoéll ario |
opposite borders of the territgrhaving the most different bacterial and fungal configurations,otimet AGUs

having intermediate configurations between the two extremes. This segregation pattern was robust to seasonali
agronomical practices and management, vine clone tymastack family, altitude, and soil composition
(permutation test with pseudoratio, pvalueO 0 . Fiyure 4). $pecifically, when comparing microbiomes across
time points, we found the same segregation, as if the main factor driving microbiome differentiatieogvaphical

origin at a very local scale (AGUs) rather than plant maturity and se@oorustes test,-pal ue O 0
(Supplementary Figure J). In support of this evidence, we also found that rhizosphere microbiome separation in

the PCoA correlated with geographicalparation in terms of distance (in meters) between vineyandsa(p u e O

55



0.003). AGUs also showed a different alptaversity configuration among thenSpplementary Figure 2,
however we did not observe a common pattern based on geographical distribution.
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Fig. 47 Spatial distance determines the dissimilarity of rhizosphmigtobial communities in vineyards at a local scale in-
Montepulciano territory. Principal coordinate analysis (PCoA) based on unweighted UniFrac distances between th@)a
and fungalB) profiles ofVitis viniferacultivar Sangiovese rhizospheres in the different Additional Geographical Units (At
of the Montepulciano territory. The first and secpnidicipal components are plotted and the percentage of variance in the ¢
explained byeach axis is shown.-Palues are calculated with @npnutation test with pseude ratio, takinginto account the
contribution of seasonality, agronomical practices and managementgcleine type, rootstock family, altitude, and sc

compositon(pv al ue O 0. 01) .

Random forest was then used to identify rhizospheric bacterial and fungal genemigtiajuished the 12 AGUs,

and then combined with the KrusRkalallis test among relativiaxon abundances in each AGU, to extract as much
information as possible from our analysidl significantly discriminating genera identified were represented as a
heatmap using therelative abundance in each AGBidure 5). For the bacterial component of the rhizospheric
soil, 24 genera were found to be discriminant among AGUs, 11 of whichgirdoto uncultured or unassigned
genera. As for the fungal counterpart of the rhizospheric soil, 6 genera were identified as discriminating amon
AGUs. Such patterns reflected a sort of gradient describing the variation in relative abundance of thes
microorganisms alongtheMont epul ci ano territory, viterversacroSsing dll othetr a r i
AGUsin an intermediate configuration between the two extremes. This was very clear when we superimposed tr
gradient of relative abundance of ardorganisms on the map of therritory (Figure 6). Interestingly, these

characteristics of the rhizosphere were confirmed at the level of soil microlfsupplémentary Figures 3and4).

Understanding the functional peculiarities of the microbial terroir in the Vino Nobile di Montepulciano PDO area
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We performed shotgun metagenomics on a subset of 28 samples, one bulk soil sampterhizsphere sample
for each vineyard, representative of each Montepulciano AGU fitdhégme point, to obtain more accurate picture
of the pattern of variation of bacterial P@iRctions across the Vino Nobile di Montepulciano PDO aMsaretained

~390M highquality reads, with an average of 14M = 9M (mean + SD) padretilsequences per sample.

I

Xanthobacteraceae;g__Bradyrhizobium
Elsterales;f_uncultured;g__uncultured
Xanthobacteraceae;g__uncultured
Solirubrobacteraceae;g__Conexibacter
Chthoniobacteraceae;g__ Candidatus Udaeobacter
Acidobacteriales;f__uncultured;g__uncultured
Burkholderiales;f__SC-1-84;g__ SC-/-84
Solibacteraceae;g__ Candidatus Solibacter
Aspergillaceae;g__Penicillium

Spizellomycetaceae;g__Spizellomyces

Streptococcaceae;g__Streptococcus
Streptococcaceae;g__Lactococcus
Geobacteraceae;g__Geobacter
Streptomycetaceae;g__Streptomyces
Steroidobacteraceae;g__ Steroidobacter
Mycobacteriaceae;g__Mycobacterium
Sphingomonadaceae;g__ Sphingomonas

Gammaproteobacteria;o__ PLTA13;f__PLTA13;g_PLTA13

Rubinisphaeraceae;g__ SH-PL14

Rhizobiales Incertae Sedis;g__Nordella

Oxalobacteraceae;g__Massilia

Rhizopodaceae;g__Rhizopus

Nocardiodaceae;g__Nocardioides
Actinobacteria;o__0319-7L14;f__0319-7L14;g_ 0319-7L14

Mortierellaceae;g__Mortierella

Geminococcaceae;g__uncultured
Roseiflexaceae;g__uncultured
Limnochordia;g__Hydrogenispora
Mucoraceae;g__Actinomucor

Bolbitiaceae;g__Conocybe
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Fig. 51 The AGUrelated taxa show a relative abundance gradient in the Montepulciano area, describing the rhiz
microbial variation across the 12 AGUs (Additional Geographical Units). Heatmap showing all significantly discrim
genera among the rhizdsgre microbiomes of the 12 AGUs (Randé&imrestcombined with the Kruskalvallis test among
relative taxon abundances in each AGly pl ue O 0. 05) . Rel ative taxon abu-n

score. The vertical bar is colored blue lf@rcteria and orange for fungi.
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Reads were first aligned to known PGP gétescreen for potential microbial ability soipport plant growth at the
soil-root interface. The microbial PGP functions selected for amalysis were: (i) nitrogen (N) fixation; (ii)
phosphorous (P) solubilization; (iii) iron chelatidiv) production of the phytohormone indeBeacetic acid (IAA);

and (v) production of thenzyme laminocyclopropand-carboxylic acid (ACC) deaminase.
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Fig. 67 The AGUrelated taxashow a pattern of relative abundance variation across the 12 AGUs (Additional Geogre
Units). Maps of the relative abundance of discriminating microbial components of the rhizosphere, both bacterial an
The AGU map is shown at the bottom right reference to the AGU location, together with a color code for the rele

abundance percentage (r.a.%). All maps were created using the QGiSoopes toolhttps://www.qggis.org/it/sitg/

We found that the rhizosphere microbiome of each AGU showed its own peculiar functional profile of microbial
PGP traits, with the AGUs of the southeastern area showing an overall greater potential for P solubilization, whils
those of the western area shogia greater propensity for ACC deaminase productieralige = 0.05, Wilcoxon

test,Figure 7).
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Fig. 71 Functional plant growtipromoting (PGP) profile of Additional Geographical Units (AGU) rhizosphere microbior
Heatmap of PGP functiondentified in rhizosphere samples from the different AGUs. PGP functions were normalized in
per million ((reads count for an enzyme in a given sample/(gene length/1000))/(n° reads per sample/1076) and repiese
heatmap through-gcore. Abbeviations: ACC = daminocyclopropané-carboxylic acid; IAA = indole3-acetic acid; P =

phosphorousN = nitrogen.

It is also interesting to note that the functional potential for siderophore and IAA production showed an isolated pea
in the northern and central part of the territory, respectively. Finally, the N fixation potential was more homogeneou
in the productio area (zscore betweest and 1), although it was more pres
Cerliang and Ascianello. Notably, all PGP functions were present at similar levels in the soil microbiomes of the
corresponding AGUs, again supportifg tcontinuity between the two ecosystems also from a functional point of
view (r>098,pral ue < 0. 0001, SBupmementany dable 3 We thea Usadtthe entire se( of

28 metagenomes to reconstruct metagenrassemblegenomes (MAGSs), with the aim of increasing the taxonomic
resolution of 16S rRNA gensequencing analysis and matching the functional potential to the corresponding
taxonomyWe were able to reconstruct 37 MAGs with more than 50% completeness and less toatebdtnation,

15 of which were taxonomically assigned to the previous AgSEbciatedbacterial taxa and 4 to the core bacterial
genera of the production arédupplementary Table 4. Specifically, of the 15 MAGs assigned to A&@ldsociated
bacterial genera, three wassigned to unclassified species of Conexibacteriaceae, bMessiia yuzhufengensis

oneto Bradyrhizobium algeriensene to unclassified species of the gelWysobacterium oneto Nocardioides
irlomotensis two to unclassified species of the geriscardioides one tounclassified species of the genus
Sphingomonadwo toSteroidobacter denitrificangindthree to unclassified species of the geBueptomycesrhe

4 MAGsassigned to core genera included the three MAGs assigheEt&miodesand one tainclassified species of

the genusSolirubrobacter The entire set of MAGs was further processed by directly aligning them to the previous
PGPgene sequences used to screen for the potential ability to support plant growth atrtiot stérface in each

AGU. This analysis was integrated by applying METABOtJCGa softwarethat computes the contribution of
microorganisms to biogeochemical transformationscgmobks of carbon, N and sulfufigure 8 andSupplementary

Table 5). Lookingspecifically at the MAGs assigned to the core taxa, we found that they covered a very broad range
of functions capable of supporting soil fertility and plant health. In particular, the two MAGs assigned to unclassified
Nocardioidegbin.197 and bin.92) and the one assigned.tmiomotensis(bin.111) encoded for genes involved in

siderophore production, N fixatiomitrite ammonification, nitrate reduction, iron reduction, organic substrate
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fermentationacetate oxidation, and organic carbon oxidation. In addition, the MAG assig&atirtdorobacter
(bin.178) carried the genes necessary for the oxidation of organic carbonafmamo acids and complex
carbohydrates, including several glycosyl hydrolases, such as @i, GH113, GH39and GH15, which are

involved in the degradation of variopslysaccharides, such as mannansgindans.
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Bin307 Thermomonospora curvata

Bin43  Streptomyces
Bin19  Nitrososphaera gargensis
Bin.128 Rhodobacteraceae Unclassified
Bin.321 Prochloraceae Unclassified
Bin290 Actinobacteria Unclassified
Bin.144 Gaiella occulta

Bin325 Proteobacteria Unclassified
Bin.396  Cryptosporangium aurantiacum
Bin.123  Steroidobacter denitrificans
Bin96  Proteobacteria Unclassified

Bin42  Steroidobacter denitificans
Bin.340 Bradyrhizobium algeriense
Bin.278  Novosphingobum
Bin.348 Conexibacter

Bin 276 Variovorax

Bin.173  Streptomyces

Bin228 Massila yuzhufengensis
Bin.349 Mycobacterium

Bin92  Nocardioides

Bin 111 Nocardioides iromotensis
Bin.164 Mesorhizobium

Siderophore production I I II

N fixation
P solubilization
IAA production

ACC deaminase production

Fig. 81 Presence of plant growgbromoting (PGP) functions in reconstructed metagerassembled genomes (MAGS) acro
the Montepulciano territory. Gradieheéatmap of metabolic functions identified in the MAGs and presence/absence table
PGP functions. From left to right: (i) core taxa identified among MAGs in beige; (i) MAGs with taxonomy corresponc
discriminant taxa in light blue; (iii) METABOIC functions identified in the MAGs in a gradient of M¥¢ore percentage (blac
000, yell ow A> 60%0) ; (iv) PGP pathways identified i
number and corresponding taxonomy. The Mtdre represesthe metabolic potential of each MAG within the Montepulcie
territory, based on its coverage (how much this MAG is present in the territory), and on the presence or absence ahth

the MAG (whether the analyzed function is present or not).

We then analyzed the MAGs assigned to A@iktriminant taxa for PGP functions previously shown to be
discriminant for the different AGUs, specifically P solubilization, which was higher in AGUs on the southeastern
side of the territory, and AC@eaminase production, which was higher in AGUs on the western side. Among the

MAGs characterizing the AGUs in the southeastern side of the territory, we found that b@oB4&ibacter was
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equipped with metabolic pathways for P solubilization, while bin. R ptomyces characterizing the AGUs in
the western side, carried the genes necessary for ACC deaminase protdookorg more widely at the functional
features characterizing the 15 AGblated MAGs, we founthat the two MAGs foiS. denitrificangbin.123 and
bin.42), the three faConexibacte(bin.1,bin.176 and bin.348) and the one Br algeriensébin.340), whose higher
abundances wessociated with the AGUs in the southeas part of the territory, encoded the functioesessary

for IAA production, sulfur oxidation, N fixation, nitrate reduction, nitrismonification, nitrite reduction,
fermentation of organic substrates, iron oxidation egdlction, siderophore production, thiosulfate oxidation,
fermentation of organicompounds, acetate oxidatioand oxidation of organic carbon from different sources
including amino acids, fatty acidgend complex carbohydrates. Furthermore, the MAG assigiédytiozhufengensis
(bin.228), characteristic of the AGUs in the centrattf theterritory, carried the genes devoted to siderophore
production. Finally, the three MAGs assigned to the core t&amardioides(bin.111, bin.197and bin.92) were
more abundarinh the AGUs in the southern part of the territory, as were the three MAGs assidteejptomyces
(bin.126, bin.173 and bin.43). In particular, the latter encoded the genes necessary for ACC deaminase an
siderophore production, N fixation, iron reductiermentation of organic molecules, sulfur oxidatiamnd oxidatbn

of organic carbon frordifferent sources such as complex carbohydrates and aromatic compounds.

Wine metabolomics highlighfassociation between product features and the variation of the microbial terroir in the
different AGUs

In order to explore matches between wine characteristics and the variation of the mierotiiain the different
AGUs, a metabolomic analysis of the wines of 2022 vintagey@lae of the sampling campaign) from wineries
where grapes were taken exclusively fromsha me AGU ( namel y, Santdéll ari o,
Valardegnaand Valiano) wasonducted. Interestingly, the diversity of the wines metabolic profiles matched the
variationin the overall rhizosphere microbiome configuration in the corresponding A&@al{e =0.04, Procrustes
test,Supplementary Figure 5Q. In order to identify the wine metabolites responding to changes in the rhizosphere
microbiomes in the different AGUs, the analyticalmponents were superimposed on the PCoA plot of the
Unweighted UniFrac distancégtween bacterial and fungal profiles of the rhizospheceobiomes at the different
AGUs. Interestingly, several wine metabolites, aadetylcarnitine, Emethionine, quercetjrandciticoline for the
bacterial configuration, and adenine for the fungal configuration, sgeificantly associated with terroir
specificities of the rhizosphere microbiome in the diffe@Us (pv al ue < 0. 05, Aenvfito

packageSupplementary Figure 5AandB).
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Discussion

In the present study, we characterized the@aiit microbiome dimension of the variatiofithe viticultural terroir

of V. viniferacultivar Sangiovese from the "Consorzio del Vino NolieMontepulciano DOCG" PDO area in
Tuscany, Italy. This wamade possible by comparitize microbiomes associated with the bulk soil and rhizosphere
of vineyards located in the Z&5Us recently established by the consortium. At first, we explored specificities in the
bulk soil microbiome from Montepulciano territory with respect to other vineyards in Italy and atioeivaorid.

Data revealed a clear differentiation of the Montepulciano bulk soil vineyandbiomes compared to all other
vineyards, with 10 microbial genera characterizingMloatepulciano territorySpecifically, 5 bacterial and 5 fungal
taxa were identified, namelyhe bacteria Hydrogenispora llumatobacter Microlunatus Gemmata and
Nocardioides and the fungi Rhizopus Mortierella, Gongronella Lipomyces and Penicillium Among these,
Nocardioideswas also part of the core microbiome of Montepulciano vineyards, togeitmeother four taxa,
specifically Solirubrobacter GemmatimongsHaliangium and Pirellula, as they were present in all AGUs. It is
noteworthy that the genidocardioideshas recetly been reported as one of the beneficial microorganisms capable
of counteracting angreventing-usarium oxysporunmfection in crop¥’, as well as being a potential carrieotfer
multiple PGP traits Gemmatimonasind Haliangium have alsopreviously beerassociated with plant growth
benefitd*1° Confirming previous findings, we then highlighted the continuity between the soithaasphere
microbiomes in the Montepulciano territory, with evidence that the micrsbéalificity of the territory (soil) directly
reflects the microbiome configuration at the soibt interface, potentially determining different interactions that
differentially affect plant growtland biology. In order to derive microbiome specificities at AGU level, we §sxl

on the rhizospherenicrobiome and we found that samples clustered according to sampling location, but not to
sampling season. In particular, we observed a-as@stheast gradient in the relatimbundance of some microbial
genera (from Santoél |l ari o twiththa geggraphical distaGcbEssbtweennAGUscand ¢
the pedology of the area, suggesting thr@vious observations of variation in microbial terroir associated with a
national and regiongleographical scdl@re also valid a local scale. The taxa identified included 24 bacterial and

6 fungal genera, some of which have Dbeen previously associated with different PGP
functiong?14.15.16.17.18,19,20,21,22,23,24,25,26.27.28¢% deeply explore these observation, we applied shotgun metagenomics
to a subset ofamples to investigate the presence of PGP functions that could potentially promotggdint
through soil biofertilization and grapevine kstmulation by enhancing nutrient améter uptake, and providing
higher resisince to environmental stressors, begt@nt healthand also probably improved wine organoleptic
characteristics, thus contributing to regiotetoir®-30-313233 \We found that the potential microbial contribution to
the biogeochemical cycle$ N and carbon, which are critical for soil fertility and plant heasthwvidely diffused in

the analyzed genomes, with the four MAGs assigned to the core itaxaNpcardioidesand Solirubrobacteras
genera present in all AGUs; notabMpcardioideswas both a core taxoand a genus that distinguished the
Montepulciano territory from vineyards in the rest of wald), carrying the necessary genes for nitrification and
denitrification pathways, as well asganic carbon oxidation and fermentation usinfed#nt substrates, including
complexcarbohydrates, such as mannans and glucans, known components of plant ééF\iidls AGUs of the

sout heastern part of t he pr oduc tshowed aaneaea potertidi tor Ps i d
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solubilization, while those of the western part (delimited SiBiagio) showed a greater propensity for ACC
deaminase production. Consolidating this evidence, we also found that one MAG associated with the southeaste
part of the territoryassigned t@€Conexibacterencoded genes devoted to P solubilization, while MA&sociated

with the western and southern parts, assign&treptomycescarried the ACC deaminagene. These differences
match local peculiarities of the terroir, with the southeasterbA&&sociated microbiome providing an extra means

of P provision from a local soil, whigesulted generally depleted of this important nuttfeand the western AGU
associatednicrobiome potentially helping plants to respond to salt and drought$&fedhis set of metabolic
potentials, either common to all AGUs or specific to some of them, represprimiing avenue for leveraging
microbial terroir as a mediator between soil resourceptand requirementswith possible implications on local
product quality and productivitypossibly contributing to wine differentiation depending on the AGU of origin.
Indeed, bycontrolling for plant P availability, the roatssociated microbiome can influence seveetisory
characteristics, including tteroma, appearance, flayand taste, of its associatathes®4%. On the other hand, by
counteracting excessive drought stress, root microbA@@ deaminases protect against delays in fruit ripening and
the consequent loss of variethlaracter, which is crucial for flavor developnféft To provide insights into possible
connections between the observed compositionafiardional variations in the microbial terroir at the AGU level

and the correspondingrganoleptic characteristics of the producedes, metabolomic profiles of the wines were
analyzed. Interestingly, several associations between wine metabolites and the terroir microbiomes were observ
across the different AGUs. Specifically, varying concentrations -atetylcarnitine, kmethionine, quercetin,
citicoline, and adenine in theimes fromSant 61 1 ar i o, Caggiol e, Cervognano
respectively, weréinked to corresponding AGlevel specificities in the rhizosphere microbiome structilihese
molecules haveden previously reported as key determinant of vine characteristicistance, tacetylcarnitine

in grapes can influence the synthesis of esters that entr@naéne's aroma profitéwhile L-methionine habeen
associated with the production wdlatile compounds that contribute to the aromatic complexity of4viR@ally,
guercetin contributes to thlor, flavor, and health benefits of wiffe On the other hand, there is no documented
evidence in the literature that the presence of different otrations ofciticolines and adenines in wine influences

its organoleptic profile. Taken together, these finding suggest a possible connection between local features in tl
terroir microbiomes irthe different AGUs and cagspondingorganoleptic features of the produced win@sr
findings, showing the potential relevance of the local diversity of terroir microbiomaimtaining plant health and
productivity, and potentially wine product quality, becarakevant when placed in the current contexglobal
change, leading to nutrient and sdiépletion and loss of microbial diversity’“84° In this scenario, the
characterization of the roatssociated microbiome encoding PGP functions could represent the first step towards
new strategies to improve the sustainability and resilience of viticulture, integrating manag#aegfies for the
protection and preservation of the local microbial terroir features asasgeyt in the product quakfyOur results,
coupled with the growing evidence dfet significant influence of both soil aptant microbiomes on the sensory
properties of the final prodwét? may lay the foundation®r a new perspective in which the local variation of
microbiome features in terroir needsht® protected as a biodiversity treasure highly linked to the local diversity of

wine productionand traditions. This is particularly relevant in cases where the product is closely linked to its
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geographical origin, such as within a PDO area, like DOCG in lItaly, or when the virlegation is indicated by

the term "cru”, which immediately links the product to a pregiseving location. The local microorganisms carrying

the genes for PGP functions couldthese best suited and preserved to thrive in the local pedoclimatic conditions
and contributeo healthy plant development. This will require the integration of current viticultural strategies with a
precise and tailored microbiological apprbalt will entail the combination of the isolation of PGP microorganisms
with the metagenomic approach, thereby enabliognaprehensive investigation of their functions through genome
sequencing and targetéhctional assessments. This represents an unexplored frontier aimed at safeguarding an
enhancing the properties and qualities of wine in a context of global change by exploitiagutiad microbiomes

of the vineyard.

Methods

Study sites, sample and metadata collecton sample preatment

Grapevine roots and soil samples were collected from the 12 production areas @iGuwsihe "Consorzio del

Vino Nobile di Montepulciano DOCG" PDO area in Tuscany, ltaly. All plants Wexéniferacultivar Sangiovese,
apparently healthy, more than 15 years old and used for the production of Vino Nobile di Montepulciano. Samplin
was carried out at 4 different time points throughout the production season in 2022 ¢harypst in July, August

and September, and pekarvest in October) for a total of 336 root samples and 56 soil samples. Specifically, for
each of the 14 vineyardsrizospheric samples and 1 bulk soil sample were retrieved at each timepoint. Chemical
features of the vineyard soil (e.g. P and N concentrations) were measured at the time of samples collection using
multiparametric probe. In particular, for the midalcharacterization of the rhizospheric soil, thin lateral roots of
the grapevine were collected after digging2Dcm below the ground surface, whereas bulk soil was collected in
the plant proximity at the same depth after removing the surface sajraseslcover, if preseéntAll samples were
collected using sterile gloves, placed in a sterilerb@alcon tube, transported to the laboratory on ice, and stored
at T80AC wuntil further processing. To separate the
previously describetf® Briefly, approximately 3 cm of terminal root portions, including tips, were dissected using
sterilized scissors and tweezers. The root segments were then placeohlifrdlson tubes filled with 2.5 ml of
modified PBS buffer (130 mM NaCl, 7 mM MNdPQi,, 3 mM NaHPQ, pH 7.0, and 0.02% SilwetL7) and left on

a shaking platform at 180 rpm for 20 min for washing. Roots were removed from the tubes and the washing buffe
was centrifuged at 1,500gfor 20 min, with the resulting pellet regarded as the rhizospheric soil. Metadata, such as
agronomical practices and management, vine clone type, rootstock,fandlaltitude, were collected during the
sampling campaigns by inspecting the vineyards and asking the akeesrdirectly. Soil composition was retrieved

from a previous publicatiéf

Microbial DNA extraction and sequencing

Prior to DNA extraction, rhizosphere and soil samples for fungal analysis were treatB@Qeitlf lyticasesolution
(for 1 ml of solution: 97&| Tris-EDTA, 2 ¢l b-mercaptoethanol, arD ¢l lyticase 10 U/ml) and incubated at 37°C
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for 30 min to facilitate fungal cell wall lysis andicleic acid recoveryMicrobial DNA was extracted from the
rhizospheric soil after the pteeatment described above and from 0.25 g of bulk soil using the DNeasy PowerSoill
ProKit( QI AGEN, Hi |l den, Germany) f ol | owi nmodificatiens. Bréeftyu f a c
the homogenization step was performed using a FastPrep instrument (MP Biomedicals, Irvine, CA, USA) with «
cycle consisting of three-thin steps at 5.5novements per sec witiimin incubation on ice between each step. At

the end of the protocol, DNA elution was preceded byn@rbincubation on ice. The resulting DNA was quantified
using a NanoDrop ND1000 spectrophotometer (NanoDrop Technolalfiesington, DE, USA) and diluted in
PCRgrade water to a final concentration of 5aldpefore amplificationFor characterization of the bacterial fraction

of the rhizospheric and bulk soil microbiome, W&V4 hypervariable regions of the 16S rRNA gene were PCR
amplified in a final wlume of50¢l containing 25 ng of genomic DNA, 2X KAPA HiFi HotStart ReadyMix (Roche,
Basel,Switzerland) and 200 nmol/L of 341~[®Bact0341b-S-1 7 -CCHAGGGGNGGCWGCAE3 Mpd 785R
(S-D-Bact0785a-A-2 1 ,-GAETHCHVGGGTATCTAATCG3 6 ) p°Y carmyirgrlllamina overhang adapter
sequences. The thermal cycle consisted of an initial denaturation at 95°C for 3 min, followed by 25 cycles at 95°
for 30 s, 55°C for 30,sand 72°C for 30 s, with final extension step at 72°C for 5 RfirfFor characterizatioof the

fungal component, ITS2 was P&Rnplified as above using ITS3 and ITS4 prirdecarrying lllumina overhang
adaptesequences. The thermal cycle consisted of an initial denaturation at 95°C for 3 min, fojo8@&dycles at

95°C for 30 s, 56°C for 30 and 72°C for 1 min, with a final extension ste@ 2tC for 5 min. All PCR amplicons

were cleaned up with Agencourt AMPure XP magnetic béBdskman Coulter, Brea, CA, USA) and indexed
libraries were prepared by limitarycle PCRusing Nextera tectology. Indexing was followed by a second clean

up as described aboveibraries were then quantified using a Qubit 3.0 fluorimeter (Invitrogen, Waltham, MA,
USA), normalized to 4 nM and pooled. Prior to sequencing, the sample pool was denatured with 0.2 N NaOH an
diluted to 4.5 pM with a 20% PhiX control. Sequencing was performed on an lllumina MiSeq platform using a 2 x
250-bp pairedend protocol, accordingtotma nuf act urer s i nstructions (111
A subset of 28 represtative samplegl4 bulk soils and 14 rhizospheric soils) wérgher processed for shotgun
sequencing. DNA libraries were prepared using the QlAseq FX DNA Library Kit (QIAGEN) according to the
manufacturer's instructions. Shortly, 100 ng of each DNA sample was fragmentedhp €iz6, endepaired, and
A-tailed fragments usingX enzyme mix with the following thermal cycle: 4°C for 1 min, 32°C for 8 min, and 65°C
for 30 min. Adapter ligation was performed by incubating DNA samples at 20°C for 15 minpretience of DNA

ligase and lllumina adapter barcodes. Atfpurification step with Agencourt AMPure XP magnetic beads (Beckman
Coulter) was performed, followed by libraaynplification with limitedc y c1 e PCR according t |
instructions, and &urther purification step. Samples were pooled at an equimolar concentration of 4 nM to obtain
the final library. Sequencing was performed on an Illumina NextSeq platform using%0bp pairedend protocol,
following the manufacturer's instructions (lllumina). All sequencing reads were deposited MAtedhive under

the accession numbBRJEB75007.

Bioinformatic analysis of microbiome data

For marker gene analysis (16S rRNA gene and ITS), samples were processed using a qupslinag
PANDAsedq®and QIIME 2°. The dAfastqg filtero f wastapptiedtocefain highe U
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quality reads (min/max length = 350/550 bp). Based on the phred Q score probabilities, reads with an expected er
per base E = 0.03 (i.e., thregpected errors every 100 bases) were discarded. The retained reads were then binne
into ASVs using DADA2. Taxonomic assignment was performed using the VSEARCH alg&fitimah the SILVA
databas® (December 2017 release) for bacteria and the UNITE dafil{day 2021 release) for fungi. For the
bacterialanalysis, all sequences assigned to eukaryotes (including mitochondrial and chloroplast sequences) |
unassigned were discarded, whereaghe fungal analysis, all sequences not assigned to the fungal kingdom were
discardedNormalization was performed to the lowest number of reads for all samples. Beta diversity was estimate
by computing unweighted UniFrac distances and Bastis distances fobacterial and fungal communities,
respectivelyln order to identify the soil microbiome peculiarities of Haeterial and fungal compositiavithin the
AfConsorzio del Vino Nobile di Mo nt e framlalt dvex theowolOne@ G 0
retrieved sequencing data from the study of Gobbi et al. (20®#H)ough Gobbi and caorker$ applied a different

set of primers for bacterial and fungadalysis, the same bioinformatic pipeline as described above was applied for
sequencerocessing. In order to avoid bias of ASVs assignment, giving the different DNA regionsitakascount,
wecomar ed Gobbi s and o Al statisichl amalgses wareé perfoamediusinglthe R softvgare

(R Core Teamwww.r-project.org- 1 a st accessed March 2021), % .fivedan

(https://cranproject.org/web/packages/vegan/index.hw@l6-6.1)a n d i h e*®aData sepaBation in the PCoA

was tested using a permutation test with psdador at i o ( f u n c tvégannpackaged. dheiWslcoxorn n
rank-sum test and Kruskadallis test were used to asssgmificant differences in relative taxon abundance between
groups. Pvalues were corrected for multiple testing using the Benjétdtihberg method, with EDR O 0. 0
consideredstatistically significant. Specifically, we used the Procrustes test to compare microiomss time
points, taking into account seasonality amghagement practices (i.agronomical practices and management, vine
clone type, rootstock family, altitude, and smiimposition) as well. Random for&stiith default parameters was

used to assess discriminant taxa between AGUSs. For the graphical representtionesf4Band5, we used the

soil ITS configuration of Cerliana AGU. In order to confirm abilzospheric continuity of microbial community
composition, we performed a Procrustes correlation test on thelliemt r i but i on furstiomigR.t h e
Variations in wine metabolites related to tmécrobiome configurations were estimated by correlation analysis

calculated usingthB envf i t 06 funct i on QGI$ softviaee [{ttwse/goe.org/iRitefast ackeasy e .

February 2024) was used to constmetps of bacterial and fungal distribution in Mentepulcianderritory based
on relativetaxon abundance. The geographical coordinates of longitude and latitude were usedhi gtarct
sampling locations in the software. The distribution of relative abundance across samples was obtained using t

Triangulated Irregular Network interpolation method in QGISN interpolation).

For shotgun metagenomics sequencing, KneadRttes (//github.com/biobakery/kneaddatf.10.0) was used with

default parameters to triand remove lowguality (q<20) reads, tanderepeated sequences (based on fastqc output)
and host readd/( viniferaRefSeq id: GCF_000003745.3). Hignality reads were assembled with Meg&Hind

the resulting contigs were processed with MetaWRA# MAG generation. Bins were evaluated for completeness
and contamination with Checl& Only MAGs with >50% completeness and <5% contamination were retained for

subsequent analyses. Taxonomic assignment of MAGs was performed with PhyloPHAKIMAGs were tested
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for their ability to support plant growth by searching for known PGP §efiee microbial PGP functions selected
for our analysis were: (i) N fixation (i.e., the genes NifB, Nif&H, NifN, NifV, and NifU); (ii) P solubilization

(i.e., the alkaline phosphatase phoA andgheose dehydrogenase GDH); (iii) iron chelation (i.e., the bacterial
siderophoregncoding genes EntF/EntS for enterobactin and FslA for rhizoferrin); (iv) production of the
phytohormone IAA (i.e., three genes directly involved in |8#nthesis, namely ipdC, arolénd aldH); and (v)
production of the enzyme ACC deaminase (i.e., AcdS gene encodimpaime). The amino acid sequence of

selected PGP proteins, obtained from the referersmjuence of the NCBI protein database

(https://www.ncbi.nim.nih.goMast access May 2028%upplementary Table §, was recovered and blasted against
the MAG sequences usirJastP!. Alignments were filtered foguery coverage >40% and identity percentage
>20%. Reads count for each enzyme within the PGP functions was normalized in copies pef(mifldsicount
for an enzyme in a given sample/(gene length/1000))/(n° readsapgrie/1076)Finally, the entire set of MAGs
was processed using the METABOLIC softwarwith default parameters to compute their contribution to
biogeochemical transformations and cyclescafbon, N and sulfur. The software calculates the Mdbre
percentage, which was used fioe cola gradient of the heatmap frigure 8 to show the metabolic potential of each
MAG within the Montepulciano territory, based on its coverage (how much this MAG is pretienténritory) and
the presence or absence of the genes in the MAG (whether the arfalyzesh is present or not).

Wine analytical characterization

All wine samples underwent two types of analytical characterization: untargeted headspagehaselid
microextraction gas chromatograpélectron impact mass spectrometry (BBMEGC-Orbitrap) and untargeted
metabolomics analysis using micro liquid chroaggiphyhigh-resolution mass spectrometry (microlESH-

QTOF) in datadependent acquisition (DDA) mode. For 38MEGC analysis, a TriPlus RSH SMART robotic
autosampler ensured consistent-gnalytical preparation. Each 20 mL glass vial contained 5 mlin# and 1.5 g

of NaCl, sealed with a magnetic cap featuring a pierceable septum. A technical blardistifléil water and a
surrogate matrix blank of a 90:10 v:v watghanol solution were also analyzed. Samples were incubated at 40°C
for 5 minutes wih orbital mixing at 250 rpm to achieve gas phase equilibrium. After thermal conditioning, the septum
was pierced, and a DvB/ Carbon WR/PDMS smart SPME f
liquid for 30 minutes to extract analytes. Extractimmnditions were optimized based on previous stitligs
Following extraction, the fiber was retracted and transferred to thehgamatograph's injection port, where it was
thermally desorbed at 250°C for 3 minutes. The SPME fiber was thermally cleaned at 240°C for 5 minutes betwee
analyses. G@/S analysis utilized a TRACE GC 1610 Series (Thermo Fisher Scientific, Waltham, MA), §2SA
chromatograph interfaced with an Orbitfapploris MS (Thermo Fisher Scientific, WalthaMA, USA) analyzer,
operating in electron impact mode (70 eV). The capillary GC column waM%(30 m x 0.25 mm ID, 0.1&6m

film thickness), with helium as the carrier gas at a flate of 1.2 mL/min. The temperature program started at 40°C
(5 min hold), ramped atC/min to 250°C (5 min hold), totaling 40 minutes. The transfer line and ionization source
temperatures were maintained at 270°C, and the GC operated in split mode with a Ir&f@ospliass gectra were
recorded in full scan mode (50 Dalton) to collect total iorturrent chromatogramd-or LCGHRMSMS

metabolome analysis, 1 mL aliquots of liquid wine were taken ftommercial bottles after vigorous shaking.
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Interpooled Quality Control (QC) samples were created by pooling equal aliquotsL(Pf®0m each sample and
underwent the san@eparation as experimental samples. Wine aliquots and QCs werewaxegkfor 30 seconds

and sonicated for 10 minutes in a sonicator bath. After sonication, samples were transferreKt€&npiifuge

Tube Filters (0.2Zm, cellulose acetate membrane) amhtrifuged at 14,000 rpm for 10 minutes. The filtered
extracts were collected in glass microvials for analysis. To maeitnias, all experimental samples were randomized
before the analytical run. Additionally, a QC sample was injected repeatedly (10 times) priofitst themple
injection for system equilibration and conditioning. Sample analyses were conducted in Data Dependent Acquisitio
(DDA) mode. LCMS analysis was performed using an Eksigent M5 MicroLC system (Sciex) coupled with a
TripleTOF 6600+ mass spectreterfeaturing an OptiFlow Turbo V lon Source (Sciex). Analyses were conducted

in positive ionization moe with the column temperature set at 35°C. ALbsample volume was loadexhto a
Phenomenex Luna Omega Polar C18 column (100 x 1.0 mm 1.Dend,.600 A).Chromatographic separation
occurred over 25 minutes at a constant flow rate afL2tin, following this gradient elution program:@Dminutes,

0.2% eluent B; 5 minutes, 0.25% eluent B; 515 minutes, 150% eluent B; 188 minutes, 78®8% eluent B;

18-20 minutes98% eluent B; 222 minutes, 98.2% eluent B; 225 minutes, 0.2% eluent B. Equilibiat time
between chromatographic runs was 3 minutes. Mobile phase A consisted of 0.1% formic acid, while mobile phase
was acetonitrile with 0.1% formic acid. lonSpray voltage (ISV) was set to 5,000 V, and the Curtain Gas supply
pressure (CUR) was 30 PSI. Ndizer and heater gas pressures were set at 30 and 40 PSI, respectively, with the ior
spray probe temperatuat 300°C. The declustering potential was 80 V, and analyses were performed using a
collisionenergy of 40 eV.

Statistics and Reproducibility

Each subsection of theethods contains detailed explanations of statistical approaches ubedpaper. In brief,

all statistical analyses were conducted using the R software (RT@ara; www.r-project.orqg accessed March

2021), version 4.1.2, with the packages "Mafe4" "vegan" ttps://cran4
project.org/web/packages/vegan/index.hwersion 2.66.1), and’heatmap3®*. A permutation test with a pseuéfo

ratio (function "adonis" in the veggrackage) was employed to assess the suitability of data separation in the PCoA.
The Wilcoxon ranksum test and Kruskaallis test were employed to ascertain whether there sigréficant
discrepancies in relative taxon abundance between the various greugdse® were corrected for multiple testing
using the BenjamiiiHochberg method, with a falséi scovery r at08 cogsiEdded )staticaly O
significant. Procrustes test was employed to compare microbiomes across time points, with consideration given:
theinfluence of seasonality and management practices (including agronomical practicesiagdment, vine clone

type, rootstock family, altitude, and soil composition). A Procrustes correlation test on the beta distribution was als
performed to assess the sdilzosphericcontinuity of microbial community composition. Variations in wine
metabolites related to the microbiome configiorzs were estimated by correlation analysis, calculated using the

"envfit" function in the vegan R package.
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Chapter 27 Gut microbiome (GM) of wild herbivores for waste-streams valorization

2.1 General introduction
2.1.1 The GM of wild herbivores as an untapped source of functionalities

The gut microbiome (GM) of herbivorous holobionts iseay dynamic microbial ecosystem amelpresents an
untapped source of functional biodiversity, as it may offer unique insights into microbial adaptations to specialize
plantbased diets across different environments. Overall, the gut microbiome refers to the vast community o
microorganismgbacteria, fungi, archaea, viruses, etc.,) that populate the whole gastrointestinal tract of an organisir
making up a unique set of genetic functions that are paramount in the holobiont framework. Indeee)liot
microorganisms play crucial roles irigdstion, metabolism, immune function, homeostasis, and health of all

animalg2345

Herbivores, which primarily rely on plant material for nutrition, haveeeolved with highly specialized GMs to

help break down complex plant fibers (such as cellulose, hemicellulose, lignin, and, pleatiahimatencoded
enzymes cannot entirely digest, detoxify plant secondary metabolites (such as alkaloids and tannins), and ferme
metabolicproducts (mainly monosaccharides) into usable stiwain fatty acids (SCFA%)8 SCFAs, also known

as volatile fatty acids (VFAS), are simple monocarboxylidsawith a short aliphatic chain-@carbon atoms) and
represent a critical component of herbivore nutrition, serving as a primary energy source derived from the
fermentation of complex plant fibers in the 4th'® Microbial fermentation products of complex plant
carbohydrates, including acetate, propionate, and butyrate (i.e., the main endpoints in the intestine), are absorbed
gut cells and can be either utilized directly as energy sourbe mleased into the bloodstream to reach other
districts*1213 |n fact, SCFAs not only fuel metabolic processes by providing energy to intestinal cells, but also play
vital roles in maintaining gut health and supporting immune funstionmammals, for instance, SCFAs regulate
epithelial barrier function, as well as mucosal and systemic immunity, via evolutionary conserved processes th:
involve G proteircoupled receptor signaling or histone deacetylase actiVityBesides, for many herbivores,
SCFAs represent a significant portion of their overall éalimtake, underscoring their essential role in sustaining
herbivore nutrition and health. In ruminants, for example, SCh#sch are primarily produced during the
fermentation of dietary fiber by the extremely complex rumen microlaosteabsorbed through the rumen wall and
may provide up to 70% of the ruminant's total energy requirem8&piscifically, t was estimated that acetate
typically accounts for 6G0% of total fatty acid production, while propionate and butyrate make up arot8@®20

and 515% respectivelyln these animalsacetate serves as a primary fuel for the synthesis of milk fat and body fat,
while propionate plays a key role in gluconeogenesis (glucose production) in the liver, and butyrate is vital for

maintaining rumen epithelial health and optimal rumen fungtfon

Wild herbivores often host a more diverse array of microorganisms than their domesticated counterparts, enablir
them to better break down complex plant fibers, detoxify naturally occurring toxins, and survive in variable

ecosystems subjected to strong wadrvegetation shift&®17 As a matter of fact, wild herbivores are distinct from
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domesticated ones in terms of their diet, environment, and evolutionary pressures, with their microbiomes bein
shaped by natural dietary diversity matching esteanging ecosystems. Peculiar microbial adaptations detected in
wild herbivores ar¢huslinked to the consumption of a wide variety of plants, including grasses, leaves, fruits, and
bark, which vary greatly in terms of nutrient composition and secondary metabolites"&§8LfThis dietary
diversity places unigue selective pressures on thefaild herbivorous holobionts, resulting in a rich and adaptable
microbial community that may include microorganisms specialized for digesting rough plant compounds or for
metabolizing specific molecules that would be otherwise indigestible or evert®t8xic As such, the great
complexity and richness of the GM of wild herbivoagsrelated to factors like climate, habitat, and seasonal changes
of plant availability and composition, which are capable of influencing the structure and function dfiahicro
populations in the gtk Despite we still lack a comprehensive mechanistic understanding of GM dynamics in wild
herbivores populations, hampering the exploitation of their full potential, some research in this direction has bee
carried out, emphasizing the pivotal role of mhme in cooperating with their hosts to cope with a complex
polysaccharidebased diet.

Couch and colleagues, for instance, demonstrated a clealrigien seasonal plasticity of the wild African buffalo
(Syncerus caff@iGM at Kruger National Park (South Africa). Briefly, feces from these wild ruminants were collected
longitudinally, over a 3/ear period, selecting seasons characterized by different dietary regimes of the individuals,
and a metabarcoding approach wasdfor microbiome analysis. Interestingly, researchers highlighted a striking
shift in microbial community structure when comparing the dry season (i.e., resesirieted diet) with periods of

high availability of green vegetation, suggesting a cedegnee ofadaptation of the buffalo microbiome to different

food intaké. In line with these assumptions, a recent work reported that the GM of the North American mule deer
(Odocoileus hemionliss partly influenced by seasonality and food availability, showing compositional shifts
between winter and spriffg Similar results were obtained by Su andnarkers, who described the GM of two deer
species (i.eMoschus moschifertendMoschus berezovskiafter fecal sampling both in summer and winter. Also

in this case, 16S gene sequencing allowed to point out marked spdated and seasaglated differences in GM
structure and function when looking at the two main gut microbial phyla, namely Firmicutes and Bactétoidetes
Furthermore, comparable patterns have been observed for other ruthiiamus also for other herbivores, such as
bamboeeating giant pand&s®, primate$’, and rodent$, for instance. These studies underline the importance of
environmental and seasonal factors in shaping theobimmes of wild herbivores, with implications for
understanding microbial evolutionary adaptations (providing valuable insight into animal biology), as well as for
unravelling the potential of these natural microbial systems for biotechnological/indagpiigations. Indeed, this

vast, yet largely unexplored, microbial richness holds the potential to harbor novel enzymes and metabolic pathwa
that could have significant applications in biotechnology, medicine, and agriculture, making this an eraitigig fr

for future scientific discovery.

For example wild herbivores often host microbes capable of neutralizing plant toxins. Indeed, plants produce a
variety of secondary metabolites (e.g., alkaloids, glucosinolates, terpenes, and polypmaoolg othedsin
response to biotic and abiotic stresses, which are mainly exploited as deterring agents against herbivores, insects

pat hogens. Microorganisms found across several ecol
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capable of detoxifying these metabolites and use them as energy, while providing benefit to their host via detoxifyin
symbiosis®. In this view, Berasategui et al. reported the ability of the GM of the iklséabius abieti{Coleoptera),

a species that feeds on conifers rich in terpenoid resins that are torietimsects, to degrade the diterpene acids

of Norway spruce, thanks to the presence of several genes of a previously described diterpene degradation ge
clustef®. Consistently with this, aufl taxonomic and functional proiilg of the diamondback motRlutella
xylostella(Diptera), obtained by metagenomic sequencing, reveéladgohportant role of specific gut bacteria (e.qg.,
Enterobacter cloacadenterobacter asburigeandCarnobacterium maltaromaticunn the breakdown of plant cell

walls, detoxification of plant phenolics, and synthesis of amino agliis evidencelemonstrasthe beneficial
interactions betweeinsectsand their GM, that may alsepresenpotential biotechnological tgets to provide novel

pest management approactieSimilar findings emerge also when targeting herbivorous mammals, as shown by
Kohl and colleagues. In their research, they investigated the GM of desert woblg@tsnia lepida whose diet
consists of highly toxic bushes, highlighting the crucial role of gut microbes in allowing herbivores to consume toxic
plants. In particular, ingested toxins prompted a plastic response of the microbial community by increasing th
abundance fogenes devoted to metabatig them, and this adaptation mechanism seemed to be disrupted by
antibiotics. These resulisdicatethat microbes can enhance the ability of hosts to eat plant secondary compounds,
expanding their dietary niche and opening new intriguing biotechnological avei@esrall,the abovementioned

works emphasize the ability of herbivesissociated microbes to neutralize plant toxins, underlining that increasing
knowledge of these microbial traits could be exploited for improving animal feed safety, developing probiotics for
livestock to prevent pebning, and creating bioengineering strategies to detoxify crops for human consti¥fption

In addition, antimicrobial compounds produced by the GM of wild herbivores could potentially be developed into
new antibiotics and antimicrobial agents. In this context, G&aigerrez and collaborators provided eiensive

review based on the assumption that clos@waution of microbes in the gut has led to the development of
specialized antimicrobials that may serve as novel alternatives to traditional antibiotics, possibly mitigating the globz
concern of anthicrobial resistancAMR). In fact,te gastroi nt esti nal tract repl
novel antimicrobials, due to the vast array of microbes that inhabit it, and whose coexistence is functionally balance
by symbiotic or antagonistic relationships the gut habitat;ompetitive responsese in fact fueledhrough the
production of antimicrobial agents against other organisms occupying the same environmental niche. Specifically
gut microorganisms have been seen capable of synthesizing a plethora of bioactive antimicrdbiditsg both
nonribosomal peptides (NRPsand ribosomallysynthesizedbacteriocins like lasso peptides, sactibiotics,
lantibiotics, bacteriolysing and soon®®. Considering thatvild herbivores GMs ar@amongst the most complex
microbial consortia on Earth, itis more than reasonable to believe that these vibrant ecosystems may hide the prese
of countless nevantimicrobial agents that could leeploitedto address the current growihgalthchallenge of
antibiotic resistance Corroborating these idea¥oungblut and others performed an unparalleiedsilico
investigation, based on largeale metagenome assemblies combined with bioinformatic approaches for secondary
metabolite detection, in order to characterize novel gut microbial diversity for bioprospecting of bioactive natural
products, catalytic and cavbydratebinding enzymes, new probiotics, as well as unknown potential pathogens and

AMR pathways. Guided by the still limited knowledge of these aspects iimodel holobionts, researchers

75



developed an extensive metagenome assebdsgd pipeline which was tested across five vertebrate classes (hnamely
Mammalia, Aves, Reptilia, Amphibia, and Actinopterygii), with the vast majority of samples obtained from wild
individuals, including herbivoee . Besides suggesting that a great pol
is stildl unknown and r e gmecied dathseaidentifted amogt 2,00@ hiosyathebic,gene h
clusters (BGCs) spread across 1,522 reconstruptagieslevel genome bins (SGBs). Strikingly, most of the detected
clusters encoded for naibosomal peptide synthetases (NRPSs) and ribosomsgtithesized and pest
translationally modifiegactipeptide$RiPP3, which are both involved in antibiotic defence mechanisms, as well as
for carbohydratective enzymes and AMR markers. Therefore, this comprehensive work substantially expands the
known taxonomic and functional diversity of the vertebrate GM and may hiel fyiiure natural product discovery,
bioprospecting of novel carbohydraaetive enzymes, as well as elucidate AMR transmission routes starting from

wild animals and their microbiom#s

Finally, one of the major potential benefits of studying wild herbivore microbiomes is the discovery of novel enzymes
and metabolic pathways that could be optimized for breaking dmanvalorizingplant material at the industrial

level. Enzymes such as cellulases, hemicellulases, and lignases, for example, could be used in industrial proces
for biofuelbiogasproduction, platform chemicals generation, waste degradation, anebpksed food processihg
(further aspects related to plant biombgxonwersion will be further discussed in the following paragraphs of this

thesis).

Despiteall thesehuge potentia recently unveiled thanks to the groundbreaking technological advances of the past
decades, studying tl@&M of wild herbivores still poses logistical challenges, such as capturing samples in remote or
difficult-to-access environments, as well as ethical concerns related to invasive sampling methods, that should |
minimized in favor of nofinvasive techniqué3!® These and other drawbacks must be overcome in order to enrich
our understanding of herbivores ultamplex merobial communities across wild natural habitats and for unlocking
their full potential. In fact, future efforts aimed in this direction could not only boost animal conservation biology by
understanding how microbiomes contribute to the health and suofigatiangered species, but will be also pivotal

to shed light on microbiomkased biotechnologies addressed towards human health and environmental

sustainability®.

2.1.2 Lignocellulosedegrading natural microbial communities: a focus on herbivores

Amongst the many functions performed by complex microbial communities found in nalitdts, including
herbivores gastrointestinal tract, lignocellulose (LC) degradation and valorization certainly stand out. Lignocellulose
is the complex polymeric structure that makes up plant cell walls (PCW), and has evolved in order to provide shay.
and rigidity to plants thriving in different ecological nicA&¥:383°40 | C is a very complex molecule primarily
composed of three energigh biopolymers, namely cellulose, hemicellulose, and lignin, which are found in different
proportions accordingp plant species, age, and phenological stage, and are hierarchically arranged to build up ¢

solid matrix in plant cells. Wood in angiosperm trees, for example, generally conteb@®®ellulose, 2880%
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hemicellulose, and 285% lignin, with the remaining portions consisting of molecules in smaller ani®tints
Cellulose is a I|inear p ol y mE4glycosalid bonds fvhicly forms aystallineu n i
microfibrils, providing rigidity and strength to the plant cell wall, but making it resistant to microbial degradation
and enzymatic deconstruoti. Hemicellulose is a heterogeneous highly branched polysaccharide composed of
various C5 and C6 sugars (e.g., xylose, arabinose, mannose,sglgtioose, and glucuronic acid) with a typically
amorphous structure, serving as a matrix around cellulose fibers and providing flexibility and porosity to the cell.
Overall, hemicellulose has a lower degree of polymerization and is less crystallireelinbose, making it more

easily metabolized. Finally, lignin is a complex, thodmensional polyphenolic polymer resulting from the
enzymatic polymerization of phenolic monomeoumaryl r ef
alcohol, coiferyl alcohol, and sinapyl alcohol (linked via-@ and GC bonds), and whose abundance varies
depending on plant species. Lignin is highly heterogeneous;larked, and amorphous, acting as a glue that binds
cellulose and hemicellulose chains togetpeoyiding structural integrity to the cell wall, but is also highly resistant

to degradation by most organisms and severely recalcitrant. Furthermore, other compounds can be found toget|
with cellulose, hemicellulose, and lignin in PCW, adding furtharctural heterogeneity, and these include, for
example, pecti®39404142The ultracomplex molecular structure of LC presents both opportunities and challenges
for its use as a renewable biomass source in a circular economy perép&ctivdeed, LC can be regarded as the
most abundant, nutriemich, renewable substance on the planet, derived mainly from agriculture, forestry, and
paper/pulp industries, that regrettably accumulates in large quantities as unused valuabétremaste’>+4
According to the Food and Agriculture Organization (FAO), for instance, of the hundred million tons of
agriculturally-derived LC each year, roughly 90%, including empty fruit bunches, fibers, fronds, trunks, kernels, etc.,

is discarded as waste instead dhigeproperly taken advantage*of

Despite this, LC represents a very promising feedstock for biofuel production and other green biotechnologice
applications, but, unfortunately, the industsahle conversion of LC still faces significant obsta@is These
include, above all, prreatment and enzyme production costs, the need for anaerobic environments, the formatior
of inhibitory compounds, and the consequent inefficiency of fermentation processes. In particular, being LC highly
resistant to degradion, pretreatment methods (e.gnechanical, chemical, or enzymatic) are required to break open
the lignin barrier and increase the accessibility of cellulose and hemicellulose. Among those, chetnezthpeats
(carried out mainly through strong acid or alkaline reagents) have beerved to be effective, but may lead to the
formation of inhibitory compounds (e.g., furfural and phenolic derivatives) which can inhibit downstream microbial
or enzyme activity during fermentation. Dealing with these inhibitors requires additionalfidatema processes,

which can add to the already expensive costs of LC deconstruction procedures. Besides, these processes gene
waste molecules which can pose environmental hazard and must be properly ¢fi¢hs€drom the enzymatic

point of view, enzyme mixtures are necessary to degrade attichbgform cellulose, hemicellulose, and lignin, but

the production of higlyield, urrinhibited, costeffective enzymes remains a severe challenge. Overall, the enzymatic
degradation of LC is a mulSteppathway that involves several enzymatic classes. Cellulose is broken down by
cellulases mainly referred to 44glyesidicdonts) exdguaaases (

(which remove cellobiose units from the ends of the cellulose ghains agtudosidases (which hydrolyze
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cellobiose into two glucose molecules). In contrast, hemicellulases, like xylanases and mannanases, cleave |
hemicellulose backbone, producing simpler sugars such as xylose, arabinose, or mannose, which can be furtl
metabolized and valorized. Finallignin degradation, that is more challenging due to lignin aromatic-tirded
structure, requires enzymes such as ligninases, peroxidases, and laccases, which catalyze the oxidation of arom
compounds and break down the internal lignin bonds. Initleghs lignin degradation produces a variety of smaller
aromatic compounds (e.g., vanillin and syringaldehyde) that can be further converted into valuable chemicals c
biofuels®37:38.45.46.47 A very thorough and updated list of all the enzyme classes involved in carbohydrate and lignin

metabolism is reported in the online version of the CAZy datalbdage/fwww.cazy.ordl. These classes include

glycoside hydrolases, glycosyl transferases, polysaccharide lyases, carbohydrate esterases, auxiliary activities re
proteins, as well as a plethora of carbohydhaneling modules, and they all perform their catalytic/bindintiyy

towards sugar/phenolic chains with different chemical structures and found widespread in the BfoSssmite

the huge number of proteins currently characterized, scaling up their catalytic potential from the lab to the industr
is posing many problems, also related to different biomass types, since variations in LC composition (e.g., fron
different plan sources) can severely affect overall process efficiéfit$?

Aiming to overcome cost, time, impact, and efficiemelated issues of LC biotechnologi¢ednsformation, bio
based methods involving microorganisms (and their enzymes) have been extensively studied, with very promisin
results [earning from naturg Microbial metabolism of LC consists of three main steps, i.e., hydrolysis, acidogenic

fermentation, and methanogenesis (summariz&ipinl.24345:°051

Specifically, hydrolysis is the initial and crucial step in LC degradation, during which microorganisms break down
the complex polymeric matrix into simpler monomeric sugars/alcohols and small oligosaccharides. In this phase
cellulose and hemicelluloseeadeconstructed into their specific building units, such as hexoses (like glucose and
galactose) and pentoses (like xylose, mannose, and araPinb3e) do so, bacteria and other microbes rely on two
main kinds of hydrolytic machineries, i.e., cellldoses and free secreted proteins. As a matter of fact, while secreted
enzymes act individually to digest biomass, cellulosomes, which were first identified in Clostridia, are multienzyme
complexes that work together to efficiently degrade cellulose andcbiuhbse. These complexes are made up of
several different enzymatic subunits and scaffold proteins, tightly anchored to the bacterial cell wall thanks to th
interactions among cohesin and dockerin modules, that are coordinated within a single mslpestdructure,
enhancing the hydrolysis of the targets. Synergy between freely diffusive and cell -teffiaced cellulosomal
systems may result in increased cellulose and hemicellulose deconstruction compared with the single pathwa
aloné25354 At the same time, lignidegrading microorganisms can hydrolyze lignin aromatic structure into smaller
phenolic compounds, which may serve as carbon and energy sources for other (syntrophic) microbes. Enzym
devoted to this task encompass lignin perages manganese peroxidases, laccases, oxidases, and several other

oxidative proteins that generate reactive radical species that can degrade the ligninttifttfre

Once simple monomers become available, they are fermented by acidogenic microorganisms (typically anaerob
bacteria or fungi) that are capable of converting them into SCFAs (mainly acetate, propionate, butyrate, and valerat

and other intermediate prodadike methanol, lactate, succinate, molecular hydrogeh @thd carbon dioxide
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(COy), by means of several different metabolic pathways. This step is crucial for the anaerobic degradation of LC, &
acidogenesislerived shortechain products can be used by other microorganisms in subsequent’siagkting

on previous scientific literature, amongst the many microbes capable of hydrolyzing and fermenting LC, the mos
common bacteria includeBacteroides Parabacteroides Ruminococcus Ruminobacter Ruminiclostridium
Enterococcus Bacillus Paenibacillus Treponema Prevotella Eubacerium, Clostridium Lachnoclostridium
Lachnospira Cellvibrio, Luteimonas Fibrobacter, Arthrobacter PseudomonasSelenomonasButyrivibrio,
PseudobutyrivibripAcetivibrio, CellulomonasProteiniphilum FermentimonasChristensenellaand Coprococcus
(primarily belonging to the phyla Proteobacteria, Firmicutes, and Bacteroidetes), while the most common fung
belong to the generaOrpinomyces Neocallimastix Piromyces Caecomyces and Anaeromyces

(Neocallimastigomycotd)37:43:45:47.48,49,50,55

Methanogenesis is typically the final step of the cascade, as it converts the volatile fatty acids and gases previou:
synthesized into methane (@QHa highenergy product that can be used as a renewable biofuel, completing the
anaerobic LC degradation proc®$$ From a biochemical perspective, methanogenesis may occur in different ways,
but is always confined to strictly anaerobic niches, such as the digestive tracts of herbivores (e.g., ruminants al
termites), sludges, or anaerobic digesters useidgas production. Acetoclastic methanogens, for example, utilize
acetic acid to produce methane, whereas hydrogenotrophic methanogens rely solely on hydrogen gas and cart
dioxide for the same purpose. Moreover, some methanogens can use methylatedndsnie.g., methanol or
methylamines) as substrates for methane proddefioii Archaea, and particularly those of the phylum
Euryarchaeota, are the only known methanogens in nature, and some archaeal methanogenic taxa inclu
Methanosaeta Methanococus Methanosarcina Methanoculleus MethanothermobacterMethanobrevibacter
Methanospirillum Methanothrix MethanosphaeraMethanomicrobiumand so on. These organisms are uniquely
adapted to produce methane through specialized biochemical pathways that are absent in bacteria and eukaryo

playing vital roles for global carbon cyclifig?555657

Plant Cell Wall (PCW) main biopolymeric components Steps of lignocellulose (LC) deconstruction by microorganisms
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2 \S./o o X . 3
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Fig. 1.27 In the left portion of the figure, the molecular structure of the main biopolymers that make up plant cells,
cellulose, hemicellulose, and lignin, is represented. On the right, microbial metabolism of the lignocellulose deg
cascade is sumarized in boxes 1 (hydrolysis), 2 (acidogenic fermentation), and 3 (methanogenesis). The first tropt
includes the enzymatic degradation of the main polymers of the plant cell walls into small compounds by s
cellulolytic, hemicellulolytic,and ligninolytic microorganisms (orange box). At the second level, soluble sugars anc
metabolites are anaerobically fermented into short chain fatty acids (SCFAS), alcohols, organic acids, and gases (¢

Finally, microbial utilization of fementation products leads to the production of methane and further SCFAs (blue k

All the LC degradation steps listed above represent a-stafgie, microbiatlriven process that occurs in natural
environments, especially in soil/sediment/compost and animal guts, and that is fulfilled thanks to the multifacetet
and dynamic ecological fieractions that take place across natural microbitifie¥ If exhaustively disentangled,

these microbial traits can also be harnessed in industrial biotechnological applications for biofuel production ani
wastestreams valorizatidd However, in spiteof their extensive potential, many microbial strains still do not
perform properly at the industrial lev&lin this view, natural microbiomes, which haféciently evolved to recycle
organic polymers and mobilize nutrients in the biosphere, both irdregng and hosassociated environments,
represent a promising source of metabolic potential, which has not been fully elucidated and exploited4jen

fact, several natural microorganisms, including bacteria, archaea, and fungi, have the ability to degrade LC t
fermentable monomers, which can be further-tthmsformed into valuadded compounds, making natural
microbiomes suitable for findingew and more effective strains, enzymes, and metabolic pathways devoted to this
difficult task, with potential cascade effects on human econtifi{® In order to accomplish these goals, taxonomic
analyses of the microbes involved in LC degradation are pivotal. Although eceetmie approach, such as 16S
rRNA, 18S rRNA, and ITS gene amplicon sequencing, can effectively characterize microbiomesafiiruittdoes

not identify the microorganisms responsible for a metabolic process or their gehisscdmtext, whole metagenome
sequencing, often coupled with assembly and binning strategies, is highly effective, especially for studying the
uncultivated portion of L&legrading microbiomes with diverse metabolic functions. Nevertheless, a fully edtend
characterization of microbiomes from different natural environments can only be appropriately carried out using «
combination of integrated omics techniques (including rrata@scriptomics, metproteomics, and metabolomics),
together with efficient stistical and computational tools for largealegenerated data interpretation. For example,
shotgun metagenomics coupled with metabolomics has aided in the investigation and understanding of the metabc
capabilities of microbial populations for LC biosta degradatidd Overall, despite some degree of error
susceptibility, mostly caused by inadequate sample size arstaotardized molecular and bioinformatic pipelines,
integration of metamics sciences is essential to delve deeper intdégtading narobial communities, aiming to

take advantage of their full potenti&t®5°51.62 Many microbial ecosystems have been explored in this sense,
including manur&-5263 sewage sludg&®s, municipal solid wast&®’, food wast& % sediment and sdé#’*72 etc.,

and, among those, a very promising target is represented by the digestive tract of herbivorous animals, beir
herbivores evolutionarikgpecialized plant food eatét$l Indeed, several studies have suggested the importance of

biomimicking kerbivorous gut systems to achieve better LC digestion performances at the industtf&fiévieeng

80



and colleagues, for example, conducted an extremely comprehensive study that shed light on the ability of fung
and bacterial consortia from goat feces to breakdown LC. Remarkably, their work included parallel enrichmen
experiments with different LC sulpates, 16S/4 and ITS2 metabarcoding, shotgun metagenomics, and
metabolomics. The authors were able to reconstruct metageassembled genomes (MAGS) for both prokaryotes
(Bacteria and Archaea) and anaerobic fungi (i.e.;dbwndance members of the ditiee tract that contain a wealth

of biomassdegrading enzymes). Despite being ascribed to typical herbivore GM phyla (i.e., Firmicutes,
Bacteroidetes, Euryarchaeota, and Neocallimastigomycota), more than 90% of these genomes were for the first tir
annotaed at the species level, and encoded a plethora of carbohgdtiaenzymes (CAZymes), mostly belonging

to the glycoside hydrolase (GH) and carbohydrate esterase (CE) classes. Aiming to decipher the actual metabc
capacity of microbial consortia ofitated from goat feces, different microbial cultures were set and their metabolite
layout was evaluated, indicating that both bacteria and fungi, despite sorrdoimizin differences, were able to
efficiently digest different LC feedstocks while produciwvejueadded compounds such as sugars, methane, and
SCFAs. Overall, this research emphasized that herbivores GMs may serve as a rich and untapped resource of stra
pathways, and enzymes that could be applied to convert plant waste into sugar subisigates, and SCFAs for
green biotechnolody. Besides, although a number of recent studies on ruminants have used metagenomics to asse
the metabolic potential in the rumen (whose microorganisms are hard to cultivate), less attention has been paid to
hindgut, adding more scientific noveltyte M g6 s i nvestigation. I n fact, mic
from the rumen but may be better adapted to deal with more recalcitrant plant material that is not completel
processed in the foregumaking them also more robust and resilient in culfur®ne noteworthy rumen
metagenomic survey considering both capt®es( TaurusandOvis arie$ and wild Rangifer tarandugandCervus
elaphu$ herbivores has been provided by Glendinning et al., where the researchers reconstructed 391 MAGs frol
16 microbial phyla belonging to 279 novel species, and identified several CAZymes and polysaccharide utilizatior
loci (PUL) within these sequendeBrom a more applied perspective, Ariaeenejad arwdarkers nanaged to isolate

and characterize a novel alkttiermostable xylanase from the camel rumen that could be exploited industrially.
Following cloning, purification, and structural/functional characterization, the isolated enzyme showed high thermal
stability, good activity in a broad range of pH and temperature, and high effectivity in recalcitrant LC biomass
degradatioff. In line with these findings, promising candidate enzymes for LC degradation were discovered in other
microbial symbionts of plarfeedirng animals, such as the widedyudied termite$ 7677 as well as motH§ isopods,

fish’® wallaby®, yak®, buffald?, cow®#2 shee?, elephant¥, and so oft. In particular, a recent survey showed that
herbivores natural microbiomes are best suited to carry out LC digestion rather than biogas reactors. Specifically, |
means of metagenomics and metmscriptomics, it was seen that microbiomes found in feaihal samples from
elephants and cows, respectively, outperformed industrial biogdereeacmmunities, fed with maize silage, cow
manure, and chicken manure, in terms of LC hydrolysis rates and strategies, with the latter showing lower abundan
of glycoside hydrolases and carbohydrate esterases compared to the two investigated nahicshpkesdegrading
system&:. In addition, Bredon and collaborators shed light on the wealth of CAZymes anertigdifying enzymes

in invertebrate herbivores, via shotgun metagenome sequencing of different isopod species. In the holobiol

framework, i®pods (Crustacea) and termites (Isoptera) are excellent models to study LC degradation, harborin

81



diverse and rich microbial communities in their digestive tissues, whielvaoed with the host to cope with strict
herbivory? . In this research, both freshwater and terrestrial isopods have been discovered to host microorganisn
encoding all the currently known CAZymes classes, organized in PULs and cellulosomes, further supporting the ide
that herbivores could be an interegtinource of valuable enzymes for biotechnological industries of biomass
conversion, aiming to obtain vakaelded compoundsdm waste while reducing the impact of fossil fbaked
processeésTo sum up, an evéncreasing number of studies showed thatdggrading microbiomes from herbivores

gut could provide potentially beneficial features for industrial applications, that could lead, in the future, to the
sustainable and green utilizatioh laC, whose valorization to platform chemicals will be briefly discussed in the

paragraph below.

2.1.3 Microbiomebased production of platform chemicals from lignocellulose biomass

Microbiomebased valorization of LC plant biomasstatform chemicals represents a new captivating frontier for
biotechnological research in the light of circular green ecofbfsf As a matter of fact, scaleg implementation

of bio-based naturalbpccurring microbial processes to obtain commercially wglue compounds may open up
new ways to reduce environmental impacts and costs derived from the use of fossil fuels asnialsg®hiaté In

this intricate landscape, attention has been paid to the potential of microbial biorefineries fatubggraf SCFAS

starting from abundant zeawst LC wast& 788

SCFAs are emerging as valuable platform chemicals due to their versatility in producing a wide range of industriall
relevant compounds, and can be derived from renewable biomass sources through microbial feffh&ntation
general, SCFAs serve as precursors for the synthesis-babéarl chemicals such as biofuels (e.g., ethanol, butanol),
monomers for building biodegradable plastics (e.g., polyhydroxyalkanoates), specialty chemicals (e.g.
butyrolactone, hexanoic acid)and pharmaceuticals (e.g., adsdjicylic acid, fluorepropionate, gamma
hydroxybutyrate). Furthermore, SCFAs can be converted inteuiilye materials, including bicomposites and
bio-surfactants, making them integral for the development of sustainable industrial processes. Hukir bro
availability, lowcost production potential, and chemical reactivity underline the efficacy of SCFAs as key
intermediates for the transition to a more sustainable, circular bioec8tf8#9y* %2 A schematic overview of useful

products derived from@&As after microbial biomass digestion and fermentation is provide)ir2.2

Specifically, acetate (C2), propionate (C3), and butyrate (C4) can be regarded as the main fermentation products
LC microbial metabolisd¥*4 produced by microorganisms after hydrolysis of complex polymeric chains, and are
considered potential platform chemicals. Platform chemicals are molecules that act as central building blocks in tf
production of a broad array of chemical products, byempoing further chemical or biological transformations,
making them key intermediates in the production ekedie industrial materials. SCFAs are considered platform
chemicals due to their ability to serve as starting points for the synthesis of numerous valuable compounds acro
different industrie®°%91.92 |n particular, acetate serves as a key building block in a variety of industrial applications,

including biofuel, bioplastics, synthetic fibers, solvents, fragrances, pharmaceuticals, etc. Looking at the possibl
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industrial uses of propionate, it can be considered a precursor to produce textiles, biodegradable plastics, fo
additives, antifreeze agents, superabsorbent polymers, and paints, for instance. Finally, butyrate can be exploited
producing fuels, solvés, bioplastics, pharmaceuticals, specialty chemicaldydsed surfactants, detergents, and so
on. For all these reasons, microbicderived SCFAs are key players for offering renewable, environmentally
friendly alternatives to petrolenimased substanse enhancing the environmental sustainability of industrial

chemical productigti-®3949>

Production of SCFAs by microbial consortia after lignocellulose pre-treatment/hydrolysis
and their use for obtaining useful molecules with several applications

Bio-based SCFAs ““
—> Acetate =Jp»

—> Propionate

——> Butyrate

—»Iso-butyrate

ppleme
. i ———>»Valerate S
Microbial ﬁs:éri“? bait Drug
al ives D
fermentation = __—
of hydrolysate
—»Iso-valerate

(acidogenesis)

Fig. 2.21 Graphical summary of the main possible uses ofblsised SCFAs (i.e., the microbial acidogenic fermenta
endpoints) as highialueadded intermediates for several human purposes (e.g., lipids, bioplastics, proteins, pharmac
ethanol, and antifarobials production). A simplified integrated biorefinery for feasible and convenientgeeetration
processes providing sustainable solutions for global wsisteams valorization is shown. In brief, the process will be
with the introduction of wasthydrolysate into the acidogenesis reactor, where SCFAs are produced by tailored mi
mono or mixedcultures. Then, optimization of SCFAs extraction will be needed for ensuring further valorizatior
mixture or after separation of the differetds produced by microorganisms, and in either batch ebd¢ch fermentation
processes). This circular cascade encompasses biosynthesis, recovery, separation (optional), and conversion

starting from lignocellulose or other waste biomass (matlfiien’®).

Thus, microbial production of shethain fatty acids from lignocellulosic biomass represents a promising alternative
for the generation of bibased chemical$®*% In this view, advances in metabolic engineering and synthetic
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(micro)biology are paramount for the optimization of microbial strains/consortia able to enhance the yield anc
selectivity of SCFAs production during fermentafi$t’® Shahalet al. addressed the issue starting from the
assumption that microbial consortia are a more suited alternative to monocultures for compiaxsfdomations

of LC to SCFAs, thanks to the division of labor that occurs in microbiomes and tdets®isusceptibility to
contamination than pure cultures. Attempting to mimic naturathaweisms and their biodiversity, the authors
engineered simplified synthetic microbial consortia composed of a cellulolytic fufigichdderma reesgi
facultative anaerobic lactic acid bacteria that funneled carbohydrates to lactate generation, and three anaero
lactatefermenting SCFAproducing strains (i.eClostridium tyrobutyricumVeillonella criceti and Megasphaera
elsdeni). Sequential inoculation schemes were set starting from different types of LC biomass and exploiting
syntrophic relationships between these heterogeneous microbes. During the experiments, after LC was digested :
anaerobic conditions were reached inractor, SCFAproducing strains could efficiently synthesize a wide range

of valuable molecules, including acetate, propionate, butyrate, valerate, hexanoate, ethanol, propanol, butanol, 1
propanediol, polyhydroxybutyrate, and lipids. These intriguing results expandatitedote toolbox for successfully
engineering stable and controllable synthetic microbial communities capabletanstorming LC to valuadded
compound¥. Consistentlywith this, Nguyen and colleagues compared the ability of two different microbial
consortia to produce biogas and SCFAs starting from four different types of LC biomass. In this survey, both rume
fluid and anaerobic sludge microbiomes were considered, with the first found to be far more effdiEating the
possible application of rumen microorganisms for SCFAs generation from plant biomass. In fact, the high yield of
SCFAs in the rumen fluid reactor was probably related to the high abundance of specific hydrolytic and acidogeni
bacteria likeFibrobacterandPrevotella These findings suggest that the use of rumen fluid microorganisms, together
with tailored extraction of the produced acids, may represent an alternative solution to enhance the environment
and economic benefits of LC wastreams disposdl Analogous results were seen also considering otheidhC
matrices, such as municipal wasteeam® andfood wast& 1% for instance, further demonstrating tinécrobial
potential forthe production of bidased products from organic wastes as alternatives to-i@ssll products.
Looking at animabssociated microbiomes, a mwdtinics survey targetingamboo ratsRhizomys pruinosjisi.e.,
herbivorous holobionts with L&ich bamboebased dietsconfirmed that natural GMs may be a precious source of

diverse CAZymes associated with LC degradation and biosynthesis of SCFAs, amino acids, and¥itamins

Overall, while the microbial production of SCFAs from renewable feedstocks, including LC biomass, holds
significant promise as an industrial platform, there are still several challenges that need to be addressed for scali
up these processes and makirgntreconomically viable, while reducing costs, environmental risk, carbon footprint,
and time ne€td® These obstacles include, for example, difficulties in microbial strain/enzyme development, better
biomass pretreatment methods, and more efficient SCFAs purification s¥/steimnsfact, technologies that, after
optimization of SCFAs biorefineries, will enable the selective recovery of these compounds from fermentation broth:
(such as membrane filtration, i@xchange chromatography, or adsorption technologies) would sigrficant
improve the economic competitiveness of microbidrased SCFAs productiti#®°4 In order to overcome these
several hurdles, metabolic engineering, fermentation optimization;omitis, and synthetic biology tools are being

used, often starting by deepening our current knowledge ofridiranatural microbiomes. Furthermore, coogd
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research into integrated biorefinery models by combining the production and recovery of SCFAs with other valuabl

co-products may help enhance the overall economic feasibility and sustainability of thef6¢&sim summary,

microbial digestion of LC biomass to produce SCFAs is a promising biotechnological avenue that aligns with the

goals of sustainability, renewable energy, and green chemistry, and may boost the implementation of biobase

circular economies bgroviding valuable chemicals as well as innovative solutions for waste management.
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2.2CapraibexL. i gut microbiome dynamics, ecology, and biotechnology

2.2.1 Aim of the research

The goal of the research illustrated in paragraph 2.2.2 is the characterization of the gut mimnsbidia hosted by

wild populations of the Alpine ibexCapra ibe} across three different seasons at Stelvio National Park (Lombardia,
Italy), aiming to unravel the microbial diversity and biotechnological potential of three different seasonal GMs from
a previously neglected wild herbivorous ruminant. Fecal samplescatieeted in the wild in spring, summer, and
autumn 2020Kig. 3.2, and the ibex GM was thoroughly analyzed with a set of roalics and bioinformatics
methods. Being wild herbivores esinely dense microbial reservoirs, we wanted to explore the Alpine ibex GM
biodiversity, in terms of prokaryotic taxa, genes, and metabolites, also focusing on microbial traits that could be
potentially exploited to valorize plant LC waste to industriafiievant platform chemicals. To do so, basic
knowledge of GM ecology and dynamics in wild herbivores must be heightened. In fact, this knowledge will be
paramount for disentangling all the intricate microbial interconnections of herbivorous holobiorwts,mey be
replicated in the laboratory, and, eventually, scaled up as greefniesxtly, circular industries able to produce high
value molecules from renewable wasteeams. Therefore, the work illustrated in this part of my thesis, despite
having a poof-of-concept nature, may be a starting point for the development of microbhiased integrated
biorefineries for the bioconversion of lignocellulose to higliue platform chemicals. Furthermore, in paragraph
2.2.3, | provided a synthetic glimpse of thetential of theC. ibexseasonal gut communities to produce specific
secondary metabolites, encoded by microbial biosynthetic gene clusters, that may be suited for the pharmaceuti

market.

F 3

o
s S Viia,

Fig. 3.21 Field sampling of Alpine ibex feces in the wild at Stelvio National Park (Lombardia, Italy).
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2.2.2 Study 1l i The Alpine ibex (Capra ibe} gut microbiome, seasonal dynamics, and potential application

in lignocellulose bioconversion

This section of the thesis was published as an Original Research ArticléSdience (2024);

https://doi.org/10.1016/j.isci.2024.11019ontents of the article have not been modified except for graphical

purposes and bibliography formatumeration of main and supplementary figures and tables is consistent with the

original article.
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Summary

Aiming to shed light on the biology of wild ruminants, we investigated the gut microbiome seasonal dphaneics
Alpine ibex Capra ibe) from the Central Italian Alps. Feces were collected in spring, sunaméautumn during
norrinvasive sampling campaigns. Samples were analyzed by 16S rRNA ampglcprencing, shotgun
metagenomics, as well as targeted and untargeted metabolomics. Our findings ressseerspecific
compositional and functional profiles of the ibex gut microbiome that may #il®host to adapt to seasonal changes
in available forage, by fineuning the holobiont catabolic layowd fully exploit the available food. Besides
confirming the importance of the hes$sociated microbionie providing the phenotypic plasticity needed to buffer
dietary changes, we obtained spede®l genome bins and identified minimal gut microbiome community modules
of 11-14 interacting strains aspossible microbiombased solution for the bioconversion of lignocellulose to high
value compoundsuch as volatile fatty acids.

Highlights

Seasorspecific profiles of Alpine ibexGapra ibey gut microbiome were identified

Gut microbiome provides Ibex with phenotypic plasticity to deal with seasonality

Thirty-eight speciegevel genome bins from the Ibex gut microbiome were identified

3 hubs for bioconversion of lignocellulosic biomasses to fatty acids were detected
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Graphical Abstract

Season-specific gut microbiome profiles of the wild Alpine ibex
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Introduction

The gut microbiome is utterlgecognized as a key element for host physiology, being involved in vital processes
such as digestion, immunity, and protectibh Herbivorous mammals harbor complex and dynamic microbial
communities in their guts, and ruminants are among thesnaied animals for gut microbiome structure, dynamics,
and function$®®, Indeed, ruminants rely on gut symbionts (mainly bacteria, fungi, and protists) to break down the
complex biopolymers of plant cell walls and extract energy from these dietary sources, making them an exceller
model for investigating digtostmicrobiome relationships and dependenéie$® However, while the cattle
microbiome has been extensively studiéd'? also due to their high economic importance and role in the current
global change scenarioless is known about the structure and function of microbiomes associated with wild
ruminants, weakening our understanding of the full diversity and complexity of the ruminant gut microbiome and its
importance in animal biolody'*®> Also, wild ruminants consume a more complex and diverse diet than their
domesticated relatives and are also more tolerant to roughage ané*tigrihis makes their gut microbiome a
possible, yet untapped, source of a diverse and undiscoveredfamaymes and taxa as a valuable natural reservoir

of functionalities for the efficient digestion and valorization of lignocellulosic (LC) substrates

Recent research has suggested the importance of wil
cope with their complex and diverse wild platsed diét®>1>18 However, studies were based on 16S rRNA
amplicon sequencing, making it difficult to mechanistically understand the functional role of the gut microbiome in

the adaptation to seasonal dietary shifts.

To shed light on this and to explore the potential of the ibex gut microbiome for industrial LC bioconversion
processes, we collected fresh fecal samples from 86 wild individuals of AlpineGhgxa(ibey. Fecal samples

were chosen since they are recognized as a good (axdvasive) proxy for microbial diversity across the ruminant
digestive tradf, being possibly enriched in functionalities for degrading the most recalcitrant and indigestible portion
of the plant food, as it is not completely proeess the foregut. Among large ruminant mammals, the Alpine ibex

is the species using areas located at the highest elevatbtie Alps, where seasonality is pronounced, with a long
winter season and low availability of forage that alternates with a late spnmmer season with high availability

of goodquality forage. As a result, spatial behavior and habitat selectiofyckeay among the seasons, as well as
diet??223 This makes the Alpine ibex an excellent case study for investigating fhenses of the microbiome to

the seasonality of trophic resources, including roughage or available trees and bushes, which would require tl
selection of specialized gut microbiome components for the digestion of more recalcitrant plant foods. Sampling wa
performed across 3 different seasons, namely spring (June 2020), summer (August 2020), and fall (October 202
at the Stelvio National Park, Lombardia (Italy). Samples were collected from animals of approximately the same agt
sampled nosinvasively by atively searching for animals over®days and waiting for fecal deposition. Samples
were then analyzed by multiomics (i.e., 16S rRNA amplicon sequencing, shotgun metagenomics, and metabolomic:
in an attempt to map the compositional and functional shifts of the ibex gut microbiome inseespseasonal
vegetation changes from spring to fall. Our results showeddeéhhed seasonal dynamics of the Alpine ibex gut

microbiome, with community modules, taxa, functions, and metabolites characterized byeaksamal patterns.
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While providing some glimpses on the importance of the gut microbiome for the ibex biology, we discovered new
microorganisms and community modules as potential candidates for biotechnological processes of LC bioconversic

and valorization.

Results

Seasonal variation in the compositional structure of the Alpine ibex gut microbiome

A total of 86 Alpine ibex feces, 17 soil, and 8 gr
Gaviao and AValle del Braulioodo) at Stelvio National
Figure S1 for sampling coordinates and normalized difference vegetation index of the sampling area for eact
sampling season). In particular, we collected approximately the same number of ibex samples from each site al
season to obtain a comparable subset of amatalfor he three selected seasons (B&lgle S1for sampling details).

The vegetation map of sampling sites highlighted that the majority of species grouped into the Magnoliophytz
di vision, whereas the remaining species belonged t
plants occtred mostly as hemicryptophytes (48%), followed by chamaephytes (7%), phanerophytes (5%), geophyte
(5%), and therophytes (2%). Snow on the ground (cm) from 1992 to 2020 is provigdrim S2 and 2012020

showedone of the highest records in the period of observation.

For microbiome analysis, we performed bacterial metabarcoding (i.e., 16S rRNA gene sequencing eéf4he V3
hypervariable regions), shotgun metagenomics, and metabolomics. First-@WBtigypased principal coordinates
analysis (PCoA) of the 16S rRNA gebased taxonomic composition of the entire set of 111 samples (ibex, soil,
and grass) was performed. Data revealed three distinct clusters matching the three ecosystem types (permutation
with pseuder ratio,p = 0.001), with the soil microbiome showjithe highest alpha diversity, followed by the Alpine

ibex gut microbiome and then by the grass microbiome (Kroskalis testp O 0 . Bidure $3. As no separation

was observed between titeex gut microbiome profiles of the two sampling areas (permutation test with pgeudo
ratio,p = 0.66), the two Alpine ibex subpopulations were considered as one for subsequent analyses. Indeed, tl
Valle del Braulio and Passo del Gavia ibex colonies share the same genetic origin, and, since the exchange
individuals between the colonies cannetdxcluded, although limited in number, the two colonies can be regarded

as a single metpopulatior*2>

At the phylum level, the Alpine ibex gut microbiome was characterized by two dominant phyla, namely Firmicutes
(mean relative abundangeSD, 62.8%t+ 13.2%) and Bacteroidetes (19.6898.5%). Actinobacteria (6.2% 8.0%),
Saccharibacteria (3.8% 4.2%), Verrucomicrobia(3.0% + 2.9%), and Proteobacterid2.6% = 5.9%) were less
abundanphyla. At the family level, the dominanttaxawere Ruminococcacea85.8%z=* 14.1%),Lachnospiraceae
(11.0%= 4.3%),andChristensenellacea@.6%=+ 3.4%).SubdominantamilieswereRikenellacea¢6.7%z+ 3.8%),
Bacteroidacead4.2% *+ 3.0%), Prevotellaceag4.0% + 3.5%), and Coriobacteriaceag3.2% + 3.8%). For the

phylum andfamily-level bacterialcompositionof the Alpine ibex gut microbiomeacrossseasonsseeFigure S4.

Notably, the ibex gut microbiomes clearly segregated by season in th€Btigbased PCoA (permutation test
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with pseudeF ratio,p = 0.001) Figure 1A). Conversely, no significant differences were found when comparing

alpha diversity across seasons (Kruskalllis test,p > 0.05) Figure 1B). According to Linear discriminant analysis

Effect Size (LEfSe) analysifFigure 1C), genera associated with spring weleristensenellacea®7 group,

RuminococcaceadK4A214group,FamilyXIll AD3011group,Lachnospiracea®lK3A20group,Ruminococcug,

Eubacteriumhallii group, StreptococcusEubacteriumnodatumgroup, Acetitomaculum and Chthoniobacter

Summer sampleswere enriched in Solibacillus and Prevotella 7, while autumn samplesin Arthrobacter

RuminococcaceaeUCG 010 Bacillus Paenibacillus Pseudomonas Paludibacter Ruminiclostridium 1,

Odoribacter and StaphylococcusThe only componeniof the core Alpine ibex gut microbiomeidentified in our

datasetdefinedasthe only genuspresentwith arelativea b u n d a3fineat le@st 75% of theamplesn each

seasoff, wasChristensenellaceae-Rgroup.
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Fig. 117 Seasonal variation of the compositional profile of the Alpine ibex gut microbigieRrincipal Coordinates Analysis
(PCoA) based on Bragurtis distances between the Alpine ibex gut microbiome profiles across seasons, i.e., spring (Ju
brown), summer (August, brown) and autumn (October, dark brown) (permutation test with-psetidpp = 0.001). The first
and second principal components (MDS1 and MDS?2) are plotted and the percentage of variance in the dataset explain
axis is shown. Ellipses include the 95% confidence area based on the standard error of the weigbeedf@aenples coordinate
(B) Boxplots showing the alphdiversity distributions of the Alpine ibex gut microbiome in spring, summer and autumn, |
on the Faithds Phylogenetic Diversity (PD whole tree
differences were found for any of the metrics (Kruskafallis test,p > 0.05).(C) Linear discriminant analysis (LDA) scores (
discriminating Alpine ibex gut microbiome genera between spring, summer and autumn (the logarithmic tHoesk

discriminating features was set to 2.0 witk 0.05). Plots were obtained by LDA effect size (LEfSe) analysis.

Seasonal changes in the Alpine ibex gut microbiome functional repertoire and metabolome

On a selected and representative subset dhlfpihie ibex gut microbiome samples, 4 for each season, shotgun
metagenomics was carried out, obtaining an average df 5.2 million highquality reads per sample. According

to the PCoAbased on Bragurtis distances between the abundance patterns of knockout (KO) genes, there was :
trend toward a sample segregation by season (permutation test with -pseaiiiop = 0.088) Figure 2A).
Conversely, no changes in functional diversity were observed, with-dipdisity scores remaining constant across
seasonsKigure 2B).
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Fig. 21 Seasonal variation of the functional profile of the Alpine ibex gut microbi¢)eéPrincipal Coordinates Analysis (PCpA
based on Braurtis distances between Alpine ibex gut microbiome functional profiles of KO genes across seasons, i.€
(June, light brown), summer (August, brown) and autumn (October, dark brown) (permutation test withRosgtiiedp = 0.09).

The first and second principal components (MDS1 and MDS2) are plotted and the percentage of variance in the datase
by each axis is shown. Ellipses include the 95% confidence area based on the standard error of the weighted angukge
coadinates(B) Boxplots showing the alphdiversity distributions of th@lpine ibex gut microbiome functional profiles in sprin
summer and autumn, based on the Shannon index, the Simpson index and the number of observed features. No

differences were found for any of the metrics (Kruskalllis test,p > 0.05).
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Next, we focused on the Alpine ibex gut glycobiome, namely the set of Carbohfdtate enZYmes (CAZymes)
encoded by the gut microbiome. Specifically, we identified 151 CAZymes in the ibex gut microbiome, representing
all five classes listed in the CAZgatabase hitp://www.cazy.org/Glycosidelydrolases.htn)| i.e., glycoside
hydrolases (GHSs), glycosyl transferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CES), «

auxiliary activities (AAs). Notably, the ibex gut microbiome showed seasonal variations in the pattern of CAZymes
involved in he catabolism of plant cell wall polysaccharides, including cellulases, xylanases, mannases, pectinase
b-glucosidases, and AAs enzym&sglre 3). In particular, the autumn and summer samples were characterized by
a higher load of cellulases, CEs, ahdjlucosidases, while being depleted in auxiliary functions for lignin

degradation, compared to the spring samples.
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Fig. 37 Seasonal variation of the glycobiorayout of the Alpine ibex gut microbiomgA) Hierarchical Wareinkage clustering
based on the Spearman correlation coefficients of the RPKM abundances of the main plantlogtinaigiting CAZymes families
of the Alpine ibex gut microbiome across seasons, i.e., spring (June, light brown), si&umest, brown) and autumn (Octobe
dark brown). The relative-&core is reported. Rows represent all CAZymes families grouped by the corresponding function:
(B) Boxplots showing the alphdiversity dstributions of CAZymes families of the Alpine ibex gut microbiome in spring, sum
and autumn, based on the number of observed features, the Simpson index and the Shannon index. No significant difeer

found for any of the metrics (Krusk#Vallis test,p > 0.05).
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Finally, the entire set of Alpine ibex fecal samples=(86) was subjected to both targeted and untargeted
metabolomics. According to our findings, the Alpine ibex gut metabolome, as assessed by untargeted metabolomic
showed a strong seasonal segregaton (0.04) fFigure 4A), which associated with the previously reported gut

mi crobi ome seasonal changes, as asses pwlde=0.901L ande p
correlation in a symmetrical rotatien0.50). Similarly, we found relevant seasonal changes in the abundance profiles
of the main shorthain fatty acids (SCFAs)/branchelain fatty acids (BCFAs) in the ibex samplEfgy(re 4B).
Specifically, a significant increase in acetic and isovaleric acid was observed in autumn compared to sprini
(Wilcoxon ranksumtestpO 0. 05), while a similar, but mup=0.06mal |
whereas propionic and butyric acid were significantly more abundant in spring and summarecbtopautumn

(Wilcoxon ranksum testp < 0.01).
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Fig. 41 Seasonal variation of the Alpine ibex fecal metabolofAg.Principal Coordinates Analysis (PCphased on Bray
Curtis distances between Alpine ibex fecal metabolomic profiles across seasons, i.e., spring (June, light brown), sumsine
brown) and autumn (October, dark brown) (permutation test with pgeudto, p = 0.04). The first and second principi
components (MDS1 and MDS2) are plotted and the percentage of variance in the dataset explained by each axis
Ellipses include the 95% confidence area based on the standard error of the weighted averagéesfcoordinategB)

Boxplats showing the relative abundance distributions of stiwain fatty acids and branchetlain fatty acids in the Alpine
ibex feces in spring, summer and autumn. Krudkallis test and Wilcoxon rankum test controlled for multiple testing usir

FDR;*pva ue O @.al0%ue *O- @alode ®*0 p001.
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Identification and characterization of SGB community modules from the Alpine ibex gut microbiome for the

degradation of planderived biopolymers

Forty-nine highquality metagenomassembled genomes (MAGs) were obtained from the Alpine ibex gut
microbiome and were successfully dereplicated into 38 splsiebgenome bins (SGBs). Only one of these SGBs
(assigned to thAcutalibacteraceaéamily) showed a genetic distancd8% compared talready available genomes

from ruminant gut microbiomesuggesting that the others could be unreported genomes. Notably, these 37 SGBs
showed different distributions by season, as visualized in the PCoAs of the corresponding compositional profile
across the three different seasons, confirming the seasonahidgraf the Alpine ibex gut microbiome also at the
SGB level Figure S5. Considering the SGB communities of the Alpine ibex gut microbiome characterizing each
season, we next obtained the correspangenomescale metabolic models (GSMMs) for the degradation of the
main plant components (namely cellulose, hemicellulose, lignin, and peeiiurg 5). Interestingly, for each
season, we obtained a specific module e141SGBs synergistically interacting for the degradation of plant cell wall
biopolymers Table SJ. Only three SGBs, belonging #skkermansiaBacteroidaceadacteriumUBA4372 and
Alistipes remained constant across all time points. Furthermore, based on the generated models, the prima
metabolic endpoints from each SGB pldegrading module were generally constant, with butanol and
oxalosuccinate produced in all seasons, and isobutyric acid produced in spring and autumn. In contrast, butyra

isobutanol, succinate, and isovalecgienzyme A (CoA) were seasspecific metabolitesHigure 5).
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Fig. 57 Seasonal genorrsxale metabolic models of the Alpine ibex gut microbiome. Schematic representation of th
plantderived biopolymers (top), the predicted S@Bmmunities digesting such polymers (middle) and the resul
metabolic endpoints (bottom) in spring, summer and autumn. Despite being largely characterized by different bacte
the ibex SGB gut communities appear to be able to ferment plant fiber produce both common and unique endpao

depending on the season.

Discussion

According to our findings, the main phyla of the Alpine ibex gut microbiome were Firmicutes and Bacteroidetes,
followed by ActinobacteriaVerrucomicrobia,and Saccharibacteriayhile Ruminococcacead.achnospiraceae
andChristensenellaceasere the dominant families. To the best of our knowledge, this is the first report on the
bacterial fraction of the Alpine ibex gut microbiome, which to date has only been investigated considering fungal
methanogens associatiéher targeting specific microbial pathogéh®ur results are consistent with those of the

few availablestudiesconductedon mountainungulates such as the long-tailed goral Naemorhedus caudaté$
mountain goat©reamnos americanligakinsBudorcas taxicolo¥’, and chamoifRupicapraspp.}*1®as well as on

other wild and captive ruminait§233:343536.37gggesting the presence of a phylogenetically widespread ruminant
core gut microbiome at the family level. The fine multiomic assessment of the seasonal dynamics of the Alpine ibe
gut microbiome allowed us to identify sharp seasonal patterns in termmmpbsitional, functional, and metabolic
layouts. NotablyChristensenellaceae -Rgroup was detected as the only core microbiome genus (relative

a b un d &% inat le@st 75% of the samples in each season), confirming the impressive seasonal changes in t
Alpine ibex gut microbiome at low taxonomic ranks. On the other hand, as previously reported for other alpine
ruminant$®, no significant seasonal shifts were observed in alpha diversity, suggesting that a high level of microbia
diversity is maintained throughout the year, possibly to ensure high redundancy in microbiome functionalities fol

digestion of available plants.

When we focused on the microbiome layout of CAZymes for the degradation of plant biopolymers to fermentable
monosaccharides, we observed two distinct clusters according to the sampling season. In particular, one cluster v
composed of summer and autummgées enriched in CAZymes associated with a vast array of functionalities, such
as cellulases, xylanases, PLs, CEs, fagtucosidases, while the other cluster included spring samples, showing an
overall lower diversity of CAZymes families, but a higheadoof auxiliary enzymes dedicated to lignin oxidation

and degradation. These results provide some insight into the mechanistic understanding of the functional importan
of the Alpine ibex gut microbi ome i pecificalyetheastndiedhygearod s
(20192020 period) was characterized by peculiar weather, which saw a prolonged persistence of snow on the grou
until the beginning of June, with a direct effect on the available forage. Indeed, looking at the majcigvafltble

plant species for the ibex (e.g., hemicryptophytes and geophytes), the snow sill on the ground in early June 20:
would have prevented their growth, and the ibex would have fed only on available trees and bushes, belonging
chamaephytes, pharophytes, and therophytes, which are characterized by high lignin contents. In this condition,

the Alpine ibex gut microbiome would respond adaptively, enriching for Hgradifying functions, thus providing
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the host with the necessary degree of phenotypic plasticity to exploit this available plant food. On the contrary, th
higher availability of grasses and herbs during the 2020 swaatemn period would result in a diet enriched in
cellulose and hemicellake, with a concomitant decrease in total ingested lignin. Under these conditions, the Alpine
ibex gut microbiome would respond by increasing the diversity of CAZymes for cellulose and hemicellulose
degradation, allowing the full exploitation of the avhita dietary sources. This vision is also supported at the
compositional level, as, in the summer period, the ibex gut microbiome was enriched in taxa beldPigingteda

7, whosemembersavebeensuggestetb beamongthe mostimportantprotein,hemicelluloseand pectirdegraders

in ruminant€®3° FurthermoreautumnenrichedaxaincludedRuminococcaceadCG 010, Bacillus, Paenibacillus
Pseudomonasaind Ruminiclostridiumwhich haveenhancedelluloseandhemicellulosedigestioncapabilities via
eithersecretedree enzymesr extracellulamulti-enzymestructurescalledcellulosome® 4041424344 |nterestingly,

the seasonal changes in #ipine ibex gut microbiome taxonomy would explain the corresponding shifts in the
overall gut metabolome layout, as well as in the measured profiles of SCFAs. In particular, the higher levels of acet
acid in autumn may be due to the prevalence, in t#s@, of some weknown acetate producers such as
Ruminococcacea®JCG-01(*3, Ruminiclostridiur®, Bacillus*®®, andPaenibacillu®. Conversely, taxa sucls
Eubacterium Christensenellacead’revotella and Ruminococcusnay be correlated with increasedoportions of
propionic and butyric acid in spring and sumé&r*®4? As the main endpoints of microbiome metabolism of plant
biopolymers in the gut, SCFAs represent key molecules that support nutrition and regulate different aspects of anim
physiology, including immune and metabolic homeostasis and protection agaigfgméthmicroorganisnis®®>°
Although SCFAs are produced throughout the year, the Alpine ibex gut microbiome response to seasonal changes
available forage would also result irgsificant variation in their production profiles, raising concerns about the
possible physiological importance of these changes in the holobiont metabolome. Finally, in our study, SGBs an
the related metabolic models were created, allowing the ideritificaft seasorspecific Alpine ibex gut microbiome
community modules for the degradation of plant biopolymers (i.e., cellulose, hemicellulose, lignin, and pectin) to
alcohols and organic acids, including volatile fatty acids such as butyrate, isobutydaiso\aleryilCoA. These
minimal modules of 1114 interacting strains may represent new candidate microbial consortia to be exploited in
circular processes for the valorization of LC biomasses, enabling their bioconversion intadagdeplatform
chemical8!. In addition, given the importance of transitioning to more sustainable and secure food systems, thes
community modules may foster innovative applications asgexération probiotics in cattle, allowing for improved
roughage tolerance in livestofie the transition to more sustainable farming strategies, with less reliance on green
grasses, which require consistent amounts of water and are likely to be negatively affected by climaté change
Overall, our findings support the importance of the Alpine ibex gut microbiome as a strategic evolutionary partnel
in the holobiont framework, providing the animal host with the necessary phenotypic plasticity to buffer seasona
changes in the availablerémge. This microbionost cooperation would be crucidr fine-tuning holobiont
catabolism to fully exploit the available plant food. Besides confirming the relevance of thastosted
microbiome in the adaptation to dietary chafg@swe provided some insight into the possible exploitation of the

Alpine ibex gut microbiome for the development of innovative biotechnological solutions, in terms of circular LC
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bioconversion and valorization processes, and also agaagtation probiotics for the transition to more sustainable
and secure food systems.

Limitations of the study

The main limit of our study is the lack of individual records of animal behavior and diet during the period of the
study, which can be obtained by using GPS collars for animal tracking. Further, a second limitation is the lack of
second year of samplingllowing to control for a possible annual variation. Finally, putative lignocellulose
degrading strains and hubs have been only identified as metagenomic assembled genomes, without having microt
isolates.

Method details

Study site and sampling procedure

A total of 86 fecal samples were collected at Stelvio National Park (Lombardia, Italy) from an equal number of
Alpine ibex specimens, which were followed and observed until defecation. When possible, surface soil and gras
samples were also collected iretproximity, for a total of 111 samples (i.e., 86 ibex feces, 17 soil and 8 grass
sampl es) . Sampl es wer e coll ected at t wo di ffe
(46A20"'"04. 1" N/ 10A29' 15. 4"E) and fVal $sehreeldifferenBseasand, i o
namely spring (16, 17" and 18' June 2020), summer'{34" and %' August 2020) and fall fland 2¢ October 2020)
(Figure SJ). A schematic summary of the sample distribution across thsit®gand the three timepoints is provided

in Table S1 All samples were collected using sterile gloves, placed in sterile plastic tubes, and kept 2@ at

until microbial DNA extraction. The mean values of snow on the ground (cm) for the sampling year were retrievec
from the meteorological station Valdisotto Oga S. Colombano (SO, ARPA Lombardia), which is located at an altitude
of 2,300m and collects detailed measurements almost evenyirR0Data from July to June of the subsequent year
(from 1992to 2022) are reported Figure S2 Coordinates of sampling sites were uploaded in the Italian Geoportale

Nazionale [ittp://www.pcn.minambiente.it/viewer/index.php?services=progetto_nNamanaged by the Ministry

of Environment and providing different kinds of spatial data. In particular, a map of plant alliances of the sampling
sites was retrieved form the portal. Plant species characterizing the identified phytosociological synthéxamwer

inferred according to Prodromo della Vegetazione Italiaritng://www.prodromevegetaziongtalia.org. Each

species was assigned to a Raunkiaerdés I|ife form (c

therophytes) using Pignatti ait°.

Microbial DNA extraction, 16S rRNA amplification and sequencing

Total microbial DNA was extracted from approximately Og2af each of the 111 samples, i.e., ibex feces, soil, and
grass. DNA extraction from fecal samples was performed using the DNeasy&Blassue Kit (QIAGEN, Hilden,
DEU) with a modified protocét. In brief, fecal material was added with founBn glass beads and @®f 0.2mm

zirconia beads (BioSpec Products, Bartlesville, OK, USA), and the homogenization step was performed three time
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using a FastPrep instrument (MP Biomedicals, Irvine, CA, USA) ani5or 1min. Samples were then heated at
95°C for 15mins. DNA from soil and grass was extracted using the DNeasy PowerSoil Kit (QIAGEN) following the
manufactur er 6 s minor madificaton: a BastBrep wistrunhent dMP Biomedicals) was used for the
homogenization step as described above. DNA was quantified using a NanoDrop ND1000 spectrophotomett
(NanoDrop Technologies, Wilmington, DEU). PCR was performed in a final voiiri@e L cont ai ni ng
DNA (25 ng), 2X KAPA HiFi HotStart ReadyMix (Roche, Basel, CHE) and 20ml/L of 341F and 785R primers
carrying lllumina overhang adapter sequences for amplification of théM8/pervariable regions of the 16S rRNA
gene. ThePCR thermal cycle consisted of an initial denaturation (95°C fnin8), followed by 25 cycles of
denaturation (95°C for 30 s), primer annealing (55°C for 30 s) and DNA extension (72°C for 30 s); the entire reactiol
was completed with a final extensiors{(72°C for Smins)2 PCR amplicons were then cleaned up using Agencourt
AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA). Indexed libraries were prepared byyiohited

PCR using Nextera technology and purified as above. Finally, the libraries were quantified using a Qubit 3.(
fluorimeter (Invitrogen, Waltham, Massausetts, USA), normalized to a concentration aM4and pooled in a

single Eppendorf tube. The pool was denatured wittNONAOH and diluted to a final concentration of 4.5 pM with

a 20% PhiX control. Sequencing was performed on an lllumina MiSeq rphatising a 2 x 250p pairedend
protocol, according to the manufacturero6s instruct ]

Metabarcoding bioinformatics and biostatistics

Raw sequences were analyzed using a pipeline combining PANDGAseQIIME 24 High-quality reads (min/max
length=350/55b p) were retained using the Af as®andthen binhed r o
into amplicon sequence variants (ASVs) using DAFAZhe VSEARCH algorithiff and the SILVA database
(December 2017 releas&yvere used for taxonomic classification. All unassigned and eukaryotic sequences were
discarded. Overall, an average sequencing depth of 18,Z28¥1 (meart SD) high-quality reads per sample was
obtained, resulting in a total of 20,592 ASVs. Alghgersity was assessed using three different metrics, namely
Faithds Phylogenetic Diversity (PD whol e tr-diwesity t he

was assessed using Br@urtis distances.

Statistical analyses were performed using R softwaites://www.rproject.org), v. 4.2.0, implemented with the

p ackage s’ iiWeagP@tb@/craniproject.org/web/packages/vegan/index.html fipai r Wand e Ad

fi g p 1%%¢https:GBeranproject.org/web/packages/gplots/index.htnData separation in the PCoAs was assessed

using a permutation testwithpseddo r at i o (functions fiadoniso in the v
in the homonymous package). A procrustean ageawad o mi
performed to highlight significant relationship between microbiome and metabolomic distance matrices. The
KruskalWallis test among groups was used to assess significant differences irdigkisity (calculated on
taxonomical annotation).-Palues were corrected for multiple testing, when necessary, using the Benjamini
Hochberg method, with a false discovery rate (FDR)

analysis (LDA) effect siZ8 (LEfSe) was used to identify disori nant genera across the
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The online Galaxy Version interfachtips://huttenhower.sph.harvard.edu/galaigst accessed September 2023)

was used.

Shotgun metagenomics sequencing

A subset of representative 12 Alpine ibex fecal samples (six per site, including two per season) was selected f
shotgun metagenomic sequencing. The QIAseq FX DNA library kit (QIAGEN) was used for DNA library
preparation accor distrgtionsoBrigflyh 45(bhprsize, anfteparédwandetailédsragmeaents

were generated by fragmenting 1f§of each DNA sample using FX enzyme mix with the following thermal cycle:
4°C for 1min, 32°C for 8mins and 65°C for 3thins. DNA samples were thendubated at 20°C for Ifhins to
perform adapter ligation in the presence of DNA ligase and lllumina adapter barcodes. Agencourt AMPure XF
magnetic beads (Beckman Coulter) were used for purification, followed by library amplification wityeld ®CR

anda further purification step. Samples were then pooled at an equimolar concentratidnt¢dobtain the final

library. Sequencing was performed on an lllumina NextSeq platform using E5@bp pairedend protocol,

foll owing the mansdiummt urer 6s instructi

Metagenomics bioinformatics and biostatistics

Raw reads were filtered for eukaryotic host DNA using bmtagger softwar€aprd ibex(NCBI GenBank
accession: GCA_006410555.1) as a reference. After this filtering step, reads were processed with trimBWAstyl

(https://github.com/genome/genome/blob/master/lib/perl/Genome/Site/TGI/Hmp/HmpSraProcess/trimBWAstyle.u

singBam.p) for quality trimming (quality score above 20) and length drop with default parameters. Duplicates were
estimated and removed using the Picard tool EstimatedLibraryComplexity (v. 1.71). A total of 61 milliguligh
microbial pairedend reads were ta@ned, with an average of 5t21.0 (meart SD) million reads per sample. The
resulting reads were used to obtain a general functional annotation for each sample, using HUMANn®X. T &0.1
output tables were then normalized using humann_renorm_tablawit he f ol | odwinn g sp acrpamie
resulting tables were merged and then processed by removing the UNMAPPED ID and converting the UniRef9
classification into the KEGG Orthology (KO) classification. This final table was used to computedaigisiy

indices (Shannon, Simpson, and observed features) andlibetsity based on Bra@urtis distances. Data
separation in the Bra@urtisbased PCoA was assessed in R using a permutation test withseatéo(function
Afadoni so i n tered vfewmmt ipoanc kiapyeei r wi se Adoni so i-Walig he
test among groups was used to assess significant differences nuiaigfsity, with Pvalues corrected for multiple
testing as previously described. In parallel, higiality reads were assembled using metaspades.py (v. 3.15.3) with
default parameters. Each assembly was annotated using Prokka 1.14.6) with defau
addgeneso to retri evActivadnZYmesl(@AZymesy acoofdingdatihtstosdrsyod of the e
online CAZy database, namely glycoside hydrolases (GHs, EC-R.3)l¥cosyl transferases (GTs, EC 2.4.x.y),
polysaccharide lyases (PLs, EC 4.7,Zarbohydrate esterases (CEs) and auxiliary activities (AAs) enzymes. Using
prokka ouput files, open reading frames (ORFs) for each CAZyme were retrieved and used to build a referenct
database, dereplicated at 90% similarity and used to assess the abundance of each CAZyme in our samp

Alignment was performed using Bowtie2 v. 2.3°$8ith the parameter-*endto-end--very-sensitive"; the number
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of aligned reads for each sample was then retrieved using Samtools’%.Red@ls per kilobase of gene per million
reads mapped (RPKMs) in each sample and for each gene were calculated by summing the number of reads of
mapped ORFs and processed as follqtegal reads mapped to a gemetal readsk mean gene length)) x 10

The abundance table, in terms of RPKMs, of each CAZyme family identified in our dataset was used to plot a heatm:
of the CAZymes families involved in the catabolism of plant polysaccharides, assigned to the corresponding
functional classes, using the heap.2 function in R. The Spearman distance and the ward.D2 method were used to
cluster the different samples according to the obtained CAZymes abundances. The heatmap represamsethe Z
of the identified CAZymes families, with clustering performed damples. The RPKMs abundance table of the
CAZymes families assigned to a specific functional class was also used to calculathadptity, using the number

of observed features, the Simpson index, and the Shannon index.

MetagenomeAssembled Genomes (MAGS) reconstruction

Assemblies from each sample were used to construct Metagekssambled Genomes (MAGS) using the metawrap
binning module (metawrap version 1.%8)2 Only MAGs with completeness50% and contamination5%, as
assessed through the checkm lineage_wf workfiowere retained. All retrieved highuality MAGs were then
dereplicated into specidsvel genome bins (SGBs) using the dRep dereplicate command (dRep §) arizhe
foll owi ng -pgaareSenente@ualgypa 08-sa 0.95-nc 0.30-cm larger-c e nt W 00 . The |
classification of SGBs was performed using the gtdbtk classify wf workflow with default paraéfhetbite the
abundancef each SGB in each sample was obtained using the metawrap quant_bins module (metawrap v. 1.3.2
The SGBs abundance table was used to construct a presence/absence table of each SGB across sample
phylogenetic tree including all SGBs was then builtbing phylophlaffwi t h t h e -jligersity lowe-tfastr s
-mi n_num_markers 7906, and used to measure Uni Frac d
Coordinates Analysis (PCoA) graph. Finally, the SGBs were compared, using Miskéasies implemented in the
mash tool (v. 2.3), with 8,217 genomes from three of the largest ruminant gut metagenomictfdtEagtth the
Genomic Encyclopedia of Bacteria and Archaea (GEBA) colle®tand with 4,930 SGBs previously identified in

a study describing the gut microbiome of different human individuals across age, geography anélifestyle

Genomescale metabolic models for the degradation of plant food substrates

Microbiomescale metabolic models for the identification of key SGBs involved in the degradation of plant food
substrates, such as cellulose, hemicellulose, pectin, and lignin, were obtained using Cameile
Metage2Metab®. Specifically, CarveMavas applied to each SGBrouped by timepoint, using the default options,

to build the specific genorrgcale metabolic model (GSMM) for each SGB. Metage2Metabo was then used with the
parameter fAmetacomo to buil d aeGSMKgby tenepuiatiara betidvingcthen e t
list of the minimal communities of SGBs essential for the degradation of plant components. The pipeline was repeatse

using as input the set of GSMMs divided by timepoint and considering the 4 main plant biopolymers.

Metabolomics
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All fecal samples underwent two kinds of analytical characterization: SCFAs (Short Chain Fatty Acids) and BCFAS
(Branched Chain Fatty Acids) quantitation through head spale phase microextraction (HSPMEGC-MS) and
untargeted metabolomic analysis lwiliquid chromatographhigh resolution mass spectrometry (HRMS)

analysis.

Reagents, materialand solutions

All standards (purity> 99%) for acetic, propionic, butyric, isobutyric, valeric, isovaleric andbagric acids (d8

BA) were provided by Sigmaldrich (Milan, ITA). Perchloric acid (HCIG) 70 was also provided by SigrAddrich.
MILLEX GP syringe filter,0.2Z m i n pore size, with Polyethesul fone
corp. (Bedford, MA). UHPLEMS grade acetonitrile, UHPL-®1S grade methanol and water were provided by VWR
Chemicals (Radnor, PA, USA). RIS grade formic acid was purchagiedm Carlo Erba Reagents S.r.l. (Milan,
ITA). The manual holder and the commercially available SPME fiberenvEarboxe& /polydimethylsiloxane
(CAR/PDMS) were purchased from Supelco (Bellefonte, PA, USA). Prior to first use, the SPME fiber was
conditionedfor6Gni nut es at 300AC as per manufactureros inst
ataconcentraton of 1, 000 ppm glgdfmLacibd wiitl rhlinolighei@2olasiwat e |
Individual standard solutions wepeepared by diluting the stock solution to final concentrations of 5, 10, 25, 50 and
100 ppm. A stock solution for internal standard-Bi8) at a concentration of Iidg/mL was obtained by diluting
952 L of a ¢@ id a M@l violumidtric flask. From this stock solution, a working solution with a final
concentration of 0..ng/mL was obtained by successive dilution with milliQ water-M§& analysis was performed

on an Eksigent M5 MicroLC system (Sciex, Concord, Oafa@anada) coupled to a TripleTOF088 mass
spectrometer with OptiFlow Turbo V lon Source (Sciex).

HS-SPME GGMS analysis for SCFAs and BCFAs

Solid-liquid extraction was performed as a preliminary clagnA perchloric acid solution (10% v/v in water) was
added to frozen aliquots of fecal samples to a final concentration ah@®0L. The resulting solutions were
centrifuged at 15,006pm for 10 minutes at 4°C. After centrifugation, the supernatant was collected imallgtass

vial and stored a20°C. For HSSPME analysis, 56 L of f ec all sampl e sbl edandbin w
10e L of | S smlgladgs via, which was thesepped with a pierceable septum cap. Prior to extraction,
the vials containing the samples were heated at 70°C foririites under continuous stirring at 2pdn using a
poly(tetrafluoroethylenegoated magnetic stir bar. After thermal conditioning, g8ptum of the vial was pierced

with the needle of the SPME device and the fiber was exposed approximatahy ABove the solid sample, allowing
extraction of the analytes for 3@inutes. The optimized temperatures and times were slightly modified asgoint
out by Fiori and colleagues in a previously published afficksfter extraction, the fiber was retracted into the
protective sheath, removed from the headspace glass vial and transferred without delay into the injection port of tl
gas chromatograph/mass spectrometer. The fiber was thermally desorbed in the ipgetab250°C for ninutes

and the GC/MS run was started. To thermally clean the SPME fiber, it was left in the injection port for an additiona
8 minutes after complete desorption of trealytesGC-MS analysis was carried out on a TRACE GC 2000 Series
(ThermoQuest CE Instruments, Austin, TX, USA) gas chromatograph, interfaced with Trace ITQ MS (ThermoQues
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CE) mass detector with 3D ion trap analyzer, oper
Phenomenex ZBVA X ( 30 m x 0 . fim thicknessDHeliuth (HE)5vas used as carrier gas at a flow
rate of 1.0 mL/ min. A temperature program was adoy
temperature ramped by 10 AC/ min t o thetadsfedine(amddohizhtion i m.
source were maintained at 250°C and 200°C, respectively. The GC wakedparaplittess mode. Mass spectra
were recorded in full scanmode (240 0 amu) to coll ect tot al ion curre
out using the extracted ion chromatograms by selecting qualifier and quantifier fragment ions ofeédeastalgtes:

43 and 60 amu for AA, 55 and 73 amu for PA, 55 and
BA and VA, 63 BANd 77 amu for dB8

LC-HRMSMS untargeted metabolomics

For metabolome analysis, approximately 20§ of homogenized fecal samples were extracted by the addition of
three equivalents (weight/\VVv) of methanol, followed by vomexing for 3 seconds and sonication forrhthutes.

The samples were then centrifuged14,000pm for 10 minutes at 4°C, and the supernatant was collected and
filtered through 0.22m PES membranes. The obtained extracts were stor@d°at until further analysis. In order

to avoid bias, all experimental samples were randomized bedoneles preparation and before analytical run.
Interpooled Quality Control samples (QCs) were prepared by pooling together equal aliqudis f(béh each
sample before extraction and underwent the same treatment as experimental samples. Before injection, each meth:

extract was diluted in a 1:10 ratio with Mill) water.

LC-MS analysis was performed on an Eksigent M5 MicroLC system (Sciepled to a TripleTOF 6600+ mass
spectrometer with OptiFlow Turbo V lon Source (Sciex). Analyses were carried out in both positive and negative
ionization, with the column temperature set at 35°C. In briek, som each sample were loaded onto a Phenomenex
Luna Omega Polar C18 1601.0mm I.D. 1.6em 100A. Before the first sample injection, the same QC sample was
injected repeatedly, for a total of 10 times, to allow for system equilibration and conditioning. Chromatographic
separation occurred in 2Binutes at a constant flow rate of 8/min. The gradient elution program was as follows:

0-2 minutes, 0.2% eluent B-2 minutes, 0.215% eluent B; 8L5 minutes, 1570% eluent B; 18.8 minutes, 7608%

eluent B; 1820minutes, 98% eluent B; 2P2 minutes, 980.2% eluent B; 225minutes, 0.2%eluent B.
Equilibration time between chromatographic runs wasrites. Mobile phase A consisted of 0.1% formic acid and
mobile phase B was acetonitrile/0.1% formic acid. lonSpray voltage (ISV) was\5,800 Curtan Gas supply
pressure (CUR) was 30 PSI; nebulizer and heater gas pressures were set at 30 and 40 PSI, respectively. The ion s
probe temperature was 300°C. Declustering potential was 80 V. Analyses were carried out using a collision ener
of 40 eV. Saple analyses were performed in Data Independent Acquisition mode (SWISEHSequential
Window Acquisition of All Theoretical Mass Spectra). The variable SWATH windows used for acquisition were
obtained through the SWATH Variable Window Calculator appef§ciThe software employs the m/z density
histogram constructed from the TOF MS analysis to equalize the density of the precursors in each window across t
m/z range. The overlap between windows was 1 Da. PepCal Mix (Sciex) was used to ensure steadyl $/\8San

calibrations during the whole analysis timeframe.
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Data analysis

SWATH raw data files were viewed using PeakView 2.2 (AB sciex). Peak picking (minimum spectral peak width of
10 ppm, minimum peak width of five scans), alignment, filtefiimgensity threshold of 10,000 cps, removal of
features detected in less than 50% of samples) and annotation were performed using SCIEX OS. Untarget
metabolomic analysis was based on all ion features in the SWMSHIS data after peak finding, alignmeand
filtering. Metabolites eluted close to the solvent front (mif) were excluded. Fatty acids abundances were
represented by boxplots. The Kruskdallis test among groups followed by pdsic Wilcoxon ranksum test
between pairs of groups were useddsess significant differences in fatty acids abundances, wihuBs corrected

for multiple testing as previously described. The untargeted metabolomic data were normalized according to th
Total Peak Area method, i.e., each peak area was normalieel $om of the areas of all detected peaks in each
samplé®. The normalized table, based on negative ionization, was then used to calculate the relative abundance
each metabolite in each sample. The resulting relative abundance table was usedpuR@sdmpute the PCoA,
basedontheBraQur t i s di stances between samples, using the
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Data and code availability

High-quality reads from the samples sequenced in this study degasited in the European Nucleotide Archive
under the project accession number ENA: PRIJIEB70425.
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2.2.3 Secondary metabolites gene clusters encoded by the ibex SGB communities

Aiming to shed light on the biosynthetic potential of our previously identified Alpine ibex gut microbiome SGB
communities, we applied antibiotics and secondary metabolite analysis shell, antiSMASKb 700r SGB
community modules, grouped by season, in order to detect the biosynthetic gene clusters (BGCs) nested within the
reconstructed genomes, withe following parameters (antismash-c 20 --asf --cc-mibig --cb-general --cb-
subclusters-cb-knownclusters--smcogtrees --genefindingtool prodigat-outputdir antismash_7/${i}--output
basename ${i} ${i}). Indeed, antiSMASH is currently the most widebed tool for detecting and characterizing
biosynthetic gene clusters in archaea, bacteria, and!fuhgither details concerning the detected BGCs were
obtained by using the Biosynthetic Gene Similarity Clustering and Prospecting Engir@CBIFE, version 1.1.5,

with default settings.

Preliminary results of this analysis are showtalle 1.2 consideringall theBGCs, assigned to a specific functional
class, that were detected in our seasonal SGB community modules. This genome mining approach led to the discov
of a total of 67 BGCs, belonging to four differdnnctionalc | asses (i . e. , terpene,
Specifically, the spring community encompassed 20 BGCs (4 identified as terpene, 10 as RiPPs, 3 as NRPS, an
as others)27 BGCs were detected in the summer community (3 identified as terpene, 13 as RiPPs, 5 as NRPS, al
6 as others)inally, the autumrSGBcommunity contained 20 BGCs (8 identified as terpene, 4 as RiPPs, 1 as NRPS,
and 7 as others). Agimmarizedn the table, the number of BGCs was higher in the summer microbial consortium,
compared to spring and autumn, and this may also be related with the overall majaliv@pdity of CAZymes in

this season, considering that secondary metabolites can belegges a cascade result of microbial nutrient
acquisition. As a matter of fact, while secondary metabolites are not directlyadva primary cell survival, they

often emerge as a response to nutrient availability, stress, and environmental conditions, given that the processe:
nutrient acquisition and primary metabolism can direct the flow of carbon, nitrogen, and othealessmirces

into secondary metabolic pathwa§s

Table 1.21 Summary of all the Biosynthetic Gene Clusters foaabss the three seasonal ibex SGB communities

BGC CI as: Spring S¢ Summer S( Aut umn S(
Terpene 4 3 8
Ri PPs 10 13 4
NRPS 3 5 1
Ot her s 3 6 7
Tot al Numb g 20 27 20

Amongst the different BGCs that were found in the investigated ibex @&@Bnunities two classes particularly
stand out, and these are RiPPs (i.e., ribosorsgiiyhesized and poes@anslationally modified peptides) and ron

ribosomal peptide synthetases (NRPS).

Ribosomallysynthesized and posianslationally modified peptides (RiPPs) are a large group of fascinating and

biologically diverse molecules. RiPPs are initially synthesized by ribosomes as precursor peptides, which are the
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modified posttranslationally by specific enzymes. These modifications can involve the addition of various chemical
groups or the formation of unusual bonds, which often enhance the biological activity fofalhpeptide. In
particular, after ribosomal synthesis, RiPPs typically come as linear precursor peptides containing a leader peptit
(often serving as a signal for processing and modification, and then removed) and a core peptide that becom
bioactive after radification. Examples of pogtanslatioml modifications in RiPPs are cyclization, methylation,
amination, oxidation, glycosylation, prenylation, proteolysis, etc. These modifications can significantly alter the
peptide's stability, activity, and specifidty?*1° From a therapeutic perspective, many RiPPs are consitbebed
valuable candidates for drug development, particularly in the context of emerging antibiotic resistance. In fact, som
RiPPs have shown antimicrobial, anticancer, and imrmioeulatory activitie&®1% Nisin, for inseince, a widely

studied member of class | bacteriogingiown as lantibiotics and mainly produced by the lactic acid
bacteriumLactococcus lactids characterized by a wide spectrum of antibacterial actlvityworks by disrupting

and permeabilizing the bacterial celbating particularly in Grarnpositive bacteria, ultimately leading to cell
deati!!2 These properties have led to the vast use of nisin for the treatineuiti-drug resistant (MDR) infections,
particularly those caused bisteria maocytogenesStaphylococcus aureuSlostridium difficile andEnterococcus
faecali$?. Nisin is also widely exploited asfood preservativé and mayrepresent potential antcancer drug, as

it has showrthe ability to induce cell death in certain cancer cell lines, sucfoasstancepreast cancét®® This

is just an example of the plethorath&rapeutic properties already welaracterized for RiPPs, which have been
extensively studied over the past decades, especially those of microbial origin. Indeed, scientists believe that ma
new microbiomederived RiPPs may be yet to be discovered exploited, increasing their potential for further
therapeutic use®

Non-ribosomal peptide synthetases (NRPSs) are laigg@-complex multienzyme machineriescapable of
synthesizing severgleptice moleculeswith greatstructural andunctionalbiodiversity, referred to as neribosomal
peptides (NRP$)171819.20Gimilarly to whathas beemeported for RiPPs, the usefulness and potential role of NRPs
as drugs is now evident, strengthening the therapeutic interest towardmtieseles. As a matter of fadiRPs
alreadyincludea lot of marketeddrugs,such as antibaetials €.g.,penicillin, vancomycin), antitumartompounds

(e.g., bleomycin), immunosuppressants (e.g., cyclosporine), molecules that can be wdestetincs €.9.,
ergometring)antiparasitic compounds (e.gmodepsidg as well as pain killer®.g.,ergotaming)among other§°
Considering that the producers of RiPPs and NRPs are mostly bacteria and fungi, research towards microbiom
derived useful secondary metabolites belonging to these classes is operemgyary intriguing scientific scenars

that will require further extensive investigatidncreasing knowledge of these topia#i be possiblealso thanks to

the recent huge technological advancemehtsodern genome miningformatictools®%,

Finally, also terpenes, being a very large and structurally diverse group of natural secondary metabolites product
by both macre and microorganismsare finding applicatiors in numerous sectors and markets, including

pharmaceutical, nutraceutical, synthetic chemistry, flragrance, andiofuel industriesfor instancé!?2:23:24.25

Notably, sincegene clusters encoding for these interesting molecules weggrdspected by genome mining the

reconstructed genomes of gut bacterial symbionts of a wild herbivore (i.e., the Alpine ibex), this preliminary in silico

114



overviewfurther highlightsthe rich biotechnologicapotential ofnatura] dynamic and stilllittle-exploredanimat

associatednicrobial communities, opening up new intriguing scientific perspectives that go far beyond the scope of

this thesis.

References

1Blin, Kai, et al. "antiSMASH?.0: new and improved predictions
for  detection, regulation, chemical structures and
visualisation."Nucleic acids researchl.W1 (2023): W48N50.

2NavarroaMufioz, Jorge C., et al. "A computational framework to
explore largescale biosynthetic diversityNature chemical
biology16.1 (2020): 6658.

SPandey, K. D., et al. "Secondary metabolites from bacteria and
viruses."Natural bioactive compound2021): 1940.

“Thirumurugan, Durairaj, et al. "An introductory chapter:
secondary metabolitesSecondary metabolitesources and
applicationsl (2018): 13.

5Seibel, Elena, et al. "Bacteria from the Amycolatopsis genus
associated with a toxic bird secrete protective secondary
metabolites.'Nature Communicationk5.1 (2024): 8524.

5MontalbanLépez, Manuel, et al. "New developments in RiPP
discovery, enzymology and engineerinydtural product
reports38.1 (2021): 1339.

"Hudson, Graham A., and Douglas A. Mitchell. "RiPP antibiotics:
biosynthesis and engineering potenti@urrent opinion in
microbiology45 (2018): 6169.

8Vogt, Eva, and Markus Kiinzler. "Discovery of novel fungal RiPP
biosynthetic pathways and their application for the development of
peptide therapeuticsApplied microbiology and
biotechnologyl03 (2019): 556-56581.

%Le, Tung, and Wilfred A. van der Donk. "Mechanisms and
evolution of diversitygenerating RiPP biosynthesigifends in
Chemistry3.4 (2021): 26&278.

10pfeiffer, Isabel PM., MariaPaula Schréder, and Silja
Mordhorst. "Opportunities and challenges of RiR&ed
therapeutics.Natural Product Report§€024).

11Shin, Jae M., et al. "Biomedical applications of nisifolirnal
of applied microbiology 20.6 (2016): 1449465.

12Khan, Fazlurrahman, et al. "Multiple potential strategies for the
application of nisin andderivatives."Critical Reviews in
Microbiology49.5 (2023): 628657.

13Gharsallaoui, Adem, et al. "Nisin as a food preservative: part 1:
physicochemical properties, antimicrobial activity, and main
uses."Critical reviews in food science and nutritié6.8 (2016):
12621274.

14Avand, Abasaleh, Vajihe Akbari, and Shahin Shafizadegan. "In
vitro cytotoxic activity of a Lactococcus lactis antimicrobial
peptide against breast cancer cellahian journal of
biotechnologyl6.3 (2018).

15Mohammadi, Ali, et al. "Glycated nisin enhances nisin's
cytotoxic effects on breast cancer celSclentific Report4¢4.1
(2024): 17808.

16Sjeber, Stephan A., and Mohamed A. Marahiel. "Molecular
mechanisms underlying nonribosomal peptide synthesis:
approaches to new antibiotic€hemical review405.2 (2005):
715738.

'Sstrieker, Matthias, Al an
"Nonribosomal peptide synthetases: structures
dynamics."Current opinion in structural biolog20.2 (2010):
234-240.

and

183(issmuth, Roderich D., and Andi Mainz. "Nonribosomal peptide
synthesié principles and prospectsfhgewandte Chemie
International Edition56.14 (2017): 37743821.

9patel, Ketan D., et al. "Structural advances toward understanding
the catalytic activity and conformational dynamics of modular
nonribosomal peptide synthetasdsdtural Product Report40.9
(2023): 15501582.

20Bozhuyuk, Kenan AJ, et al. "Evolutienspired engineering of
nonribosomal peptide synthetaseScience383.6689 (2024):
eadg4320.

2lGuimardes, Adriana G., Mairim R. Serafini, and Lucindo J.
QuintansJunior."Terpenes and derivatives as a new perspective
for pain treatment: a patent revieEXpert opinion on therapeutic
patents24.3 (2014): 24265.

2%Sijlvestre, Armando JD, and Alessandro Gandiifierpenes:
major sources, properties and applicatioMohomers, polymers
and composites from renewable resourdglsevier, 2008. 1-38.

ZTetali, Sarada D. "Terpenes and isoprenoids: a wealth of
compounds for global usePlanta249 (2019): 18.

2Fan, Mei, et al. "Application of terpenoid compounds in food and
pharmaceutical productsfermentatior.2 (2023): 119.

?’Noriega, Paco. "Terpenes in essential oils: Bioactivity and
applications."Terpenes and terpenoidlfkecent advancg2020).

115

Tanov



Chapter 37 Concluding remarks and future perspectives

The abovallustrated PhD thesis deals with the microbial dimension of some agricultural and natural ecosystems the
have proved to be worth investigating du¢hteir vast potential in an environmental sustainability and circular green

economy framework.

In the first chapter of this work, | reported the results of two Original Research Articles, that were recently published
whose direct focus were plaassociated growtpromoting microorganisms, particularly bacteria and fungi, living

in symbiosis with lte grapevine holobiont, as well as thriving in the bulk soil of somekmelivn Italian vineyards

found across two leading Italian wipeoducing regions (i.e., Emilia Romagna and Tuscany).

While Study | is based solely on 16S metabarcoding amplicon sequencing for bacterial community structur
profiling, Study Il is more comprehensive, relying on multiple maittiics techniques, such as ITS metabarcoding

for analyzing the grapevine mycobionshotgun metagenomics, and untargeted metabolomics. Nevertheless, |
reckon that both studies were useful for confining and defining, to some extent, the microbial terroir, namely the
unigue microbial configurations found in a specific vineyard and infleéty a plethora of environmental factors,

of the investigated vivinicultural regions.

With this research, we wished to shed more light on i) the presence of specific microbial terroirs for vineyards an
grapevines also at very narrow geographic scales ii) the functional potential of these microorganisms and the
putative probiotic roles isupporting grapevine growth and fitness under natural conditions iii) the importance of
gaining insight into grapevine microbiology in the context of global change, as native microbial communities may
be the leverage to exploit for the creation of neweaife bicfertilizers/biopesticides/biestimulants. As a matter

of fact, in order to counteract alarming environmental declines, the next decades must see substantial changes of
current food production paradigms, with a reduction of chemical agnialiihputs and a sharp increase of organic

microbiomebased alternatives.

In this view, the two experimental surveys illustrated in this thesis work, which were carried out during my PhD,
may be suited for providing valuable baseline microbiome data, which can be regarded as the pivotal starting poi

for a more sustainable atallored wine production.

Future research efforts in this direction must be implemented with the goal of taking full advantage of microbial
communities in viticulture. Specifically, putative plant groygitomoting microbes previously identified, whether
bacteria, fungi, or othershould be isolated and cultivated in the lab, where it is more feasible to screen for plant
growth-promoting traits. Wholgenome sequencing of candidate isolated microorganisms will be essential for this
kind of investigation. After that, the best micrabtandidates for grapevine kstimulation should be inoculated in

pot, using both model plant species (eAyabidopsis thaliang as well asV. viniferaitself, where controlled
conditions will facilitate the understanding of microbiome dynamics at theailinterface and their effects on

plant growth.
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Finally, in order to translate both bench and in silico results to the actual viticultural sector, the ultimate and mos
challenging research trials must be directed towards testing the effects of plant probiotics in the field, by means ¢
vineyard inocultion of microbial strains and/or mixed consortia, that, if effective, could actually reduce the load of

chemicals that are continuously spread in the soil.

The second chapter of this thesis illustrates a possible gut micrebasad solution to bitransform planterived
lignocellulose into higtvalueadded platform chemicals, which may be exploited industrially fomizacerial
production, reducing the nédor environmentally dangerous fossil fuels in chemical synthetic processes. These
results were also recently published in a pegrewed scientific journal.

Specifically, three different simplified microbial consortia were identified starting from fecal samples of a wild (and

neglected) herbivorous holobiont, namely the wild Alpine ibex, a ruminant belonging BoWdaefamily and

found at Stelvio National Park. We chose to target this animal since wild herbivores thriving in highly seasona
habitats are expected to host incredibly plastic and rich GMs, since well adapted to cope with rough heterogeneo

plant food, mateing the changing vegetation patteofishese ecosystems throughout the year.

Indeed, our multbmics investigation (by means of bacterial metabarcoding, shotgun metagenomics, and
targeted/untargeted metabolomics) led to the biodiscovery of three microbial hubs potentially capable of digestin
LC while producing platform chemicalsn@ relevant secondary metabolites. Interestingly, these hubs were

substantially different according to the sampling season, comparing spring, summer, and autumn.

Our findings clearly confirmed the potential of natural microbiomes, in this case associated with a wild herbivorous
ruminant, to be exploited in biotechnological/industrial markets, starting from raw materials with high value and zerc

cost (i.e., LC waststreams) that represent a suitable substrate for microbial growth.

Despite being very promising, our results should be implemented in the future by performing downstream
microbiological/culturomics assays and trials, in order to highlight the actual ability of Alpineagisexiated
microbes to digest LC and produce usefampounds.

At the lab scale, these experiments should start by fecal isolation of promising candidate microbial taxa (mainl
bacteria and fungi) grown in L-@ch culture media. These microorganisms should then be subjected to molecular
characterization (e.g., via Sgar marker gene sequencing or whole genome sequencing) abdniied under

appropriate storage conditions.

Batch fermentation of these strains (either in momoco-cultures) may provide initial glimpses on their LC
bioconversion capability, via monitoring microbial growth and metabolite production in the reactor. Nevertheless,
hurdles related to the severiffidulties of mimicking ultracomplex natural ecosystems at the lab scale may arise,
and therefore hamper the overall yield/quality of the process. These obstacles still represent one of the maj
challenges for the full exploitation of herbivores gut mizomes as bioreactdwased circular biorefineries. As a

matter of fact, the design and subsequent buildup of efficient synthetic microbial communities based on natur:
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ecosystems has not been optimized yet. Furthermore, enzyme purification from isolated microbial strains may als
lead to innovative and lownpact LC valorization solutions.

In order to achieve these goals, increased knowledge of ecological rules and dynamics underlying all the intrica
hostmicrobe and microbeicrobe interactions taking place in the herbivore gut must be obtained, and some was
provided also in this thesidn this scenario, detailed metmics (including metdranscriptomics and meta
proteomics), combined with idepth microbial network analyses, will be crucial to acquire the baseline expertise
needed to assemble synthetic simplified microbiomes capatbarizing lignocellulose to useful molecules.
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Supplementary Figure. S2- Principal Coordinates Analysis (PCoA) based on unweighted UniFrac distances
showing the variation of. viniferaroot (dots) and bulk soil (triangles) microbiomes across sites, i.e., Bondeno
(orangered), Finale Emilia (green) and Medolla (blue) and seasons (lighter shades for spring and darker shades f
fall). The only significant differences emerge when compatiegwo groups including all root samples and all bulk

soil samples (permutation test with pseudo Bt i o, ).Fhe €@rst Bnd Hifd principal components (MDS1 and
MDS3) are plotted and the percentage of variance in the dataset explained by each axis is highlighted.
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Supplementary Figure. S3 Co-abundance associations between rhizospheniniferabacterial generdA) The
assignment of cabundance groups (CAGS) is based beat plot representing Kendall correlations between genera
clustered by using the Spearman correlation coefficient and the Ward linkage hierarchical clustering method. Onl
genera whose relative abundance was higher than 0.5% in at least 33% of the aeem@peesented. Different
colors indicate the four identified CAG®) Wiggum plot correlations between the four identified CAGs. The size

of the nodes is proportional to the mean genus abundance within the cohort and the connections between not
represent positive (solid lines) and negative (dashed lines) significant Kendall correlations between gener:
(controlled for multiple testing using FDR, P O 0.
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Supplementary Table S1. Sampling details of the present study

SITE NUMBER OF SAMPLES COLLECTED PDO AREA AGRICULTURAL APPROACH
June 2021 November 2021
Plants  Soil Plants  Sail
Bondeno 15 2 15 2 No Traditional
Finale Emilia 15 2 15 2 Yes Traditional
Medolla 15 2 15 2 Yes Organic

Supplementary Table S2. Relative abundance in bulk soils of bacterial genera identified by LEfSe

BACTERIAL GENERA

Bacitlus
Pseudarthrobacter
Planctomyces
Gaiellales (uncultured)
Skermanella

Pird lineage

Microlunatus

Enriched in PDO rhizospheres

Paenibacillus

Nocardioides

Micromonospora
Gemmatimonadaceae (uncultured)
Pirellula

Legionelila

Mycobacterium

Acidimicrobiales (uncultured)

Enriched in non-PDO rhizospheres

Chthoniobacter

MEAN RELATIVE ABUNDANCE (%) (+ SD)

PDO bulk soil samples

1.24 (+ 0.90)
0.39 (+ 0.53)
0.41 (+ 0.33)
4,03 (+2.53)
1.08 (+ 0.97)
0.33 (0.23)
0.84 (+ 0.88)

0.63 (+0.28)

1.86 (+ 1.17)
0.70 {+ 0.55)
1.71 (+0.71)
1.14 (+ 0.45)
0.16 {+ 0.09)
0.28 {+ 0.33)
1.15 (+ 1.13)

0.45 {+ 0.38)

0.66 (+0.54)
0.44 (+0.88)
0.37 (£0.28)
2.75 (£ 1.99)
0.64 (+0.48)
0.62 (+0.34)
0.00 (+0.00)

0.42 (+ 0.30)

1.56 (+ 1.06)
1.01 (+0.59)
2.26 (+0.97)
1.47 (£0.91)
0.04 (+ 0.05)
0.51 (+ 0.57)
1.49 (£0.98)

0.26 (+ 0.19)

Non-PDO bulk soil samples

SD (standard deviation)
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Supplementary Table S3. PGP genes accession and version numbers (NCBI protein database)

Gene Accession Version

NifB WP_011024080 WP_011024080.1
NifE WP 014404757 WP_014404757.1
NifH WP_010870393 WP_010870393.1
NifN WP_011241560 WP_011241560.1
NifV WP _ 011241567 WP_011241567.1
Nifu NP_461477 NP_461477.1
phoA NP_414917 NP_414917.2
GDH NP_388275 NP_388275.1
EntF WP_000077784 WP_000077784.1
EntS NP_415123 NP_415123.1
FslA WP_003037766 WP_003037766.1
ipdC WP_035671558 WP_035671558.1
arol0 NP_010668 NP_010668.3
aldH NP_001260290 NP_001260290.1
AcdS XP_037178185 XP_037178185.1

Supplementary Table S4. PGP genes K numbers (KEGG ORTHOLOGY database)

Gene K number
NifB K02585
NifE K02587
NifH K02588
NifN K02592
Nifv K02594
Nifu K04488
phoA K01077
GDH K00034
EntF K02364
EntS k08225
FslA -
ipdC K04103

arol0 -
aldH K00128

AcdS K01505
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