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RIASSUNTO

La comprensione dei meccanismi che ragol le interazioni multitrofiche della
rizosfera & fondamentale per migliorare I'efficacia dei biopesticidi in agricoltura. In

guestodottica, i sequenzi amento dei ge
caratterizzazione dei microrganismi di interesse agrormmiBacillus
amyloliquefaciensubspplantarumS499 —~ un ri zobatterio ch

di antagonismo diretto contro i funghi fitopatogeni e, inoltre, e particolarmente
efficace come elicitore di resistenza sistemica indotta (ISR) nelle piante. Tali
attivita sono correlate alla produzione di metaboliti secondari bioattivi, quali i
lipopeptidi ciclici appartenenti alle famiglie delle fengicine, iturine e surfattine.
Mediante sequenziamento, assembly e annotazione del genoma ds@®OStati
identificat i principald] geni coinvol ti nel | a
stimolazione di crescita e di difesa de
percentuale di identita nucleotidica con i loro omologhi nel ceppo FZB42, il ceppo
tipo della sottospecie batteriddno dei principali elementi genetici di distinzione

tra S49% FZB42ela presenza di DNA extracromosomidoplasmide pS499.a
presenza di tale plasmide e stata evidenziata attraverso il sequenziamento del
genoma, che ha pmesso inoltre di identificare sul plasmidesequenze codificanti

perun sistema regolatore (Rdghr) coinvolto nel quorum sensing.

Attraverso un approccio glasmidcuring, é stata fatta una prima caratterizzazione
funzionale di pS499. In primo luoge, statostudiato l'impatto della perdita del
plasmide sulla fisiologia del batterio, confrontando i comportamenti di S499, S499

P (ceppo senza plasmide) e FZB42 sul mezzo LBedgani (LB). La crescita,

l 6atti vit?’ proteol i ti oa ddlx prodazioeel deul ar e
lipopeptidi sono state significativamente influenzate dalla perdita di pS499. In
accordo con un aggior rilascio di surfattina, & stateservato anche uisaarming

pit rapido in S499 P mentre lasua capacita dproduzionedi biofilm in vitro
risultava ridottaNon é stato invece osservato alcun effetto'estdluzione delle
popolazioni batteriche plantain terminidi colonizzazione radicale, nonostante
undaccentuata produzione di suB49aR ti ne s
rispetto a S499 e FZB42risultati delb quantificazioe del'espressione relativa

dei genisrfA e rap suggeriscono un effetto inibitore della sintesi di surfattina da

parte del sistema Reph r codi ficato dal pl ad mi de.
antagonistica contro i funghi fitopatogeni era limitata per S499 nb®lto
probabilmente a causa di una verificata riduzione della secrezione di iturine.
Benché in modo meno evidente, un effetto simile e stato osservato su un mezzo
(RE) che riproduce laomposizione tipica degli essudati radicali. Globalmente, i

risultati ottenuti mostrano che pS499 regola diversamente il fenotipo di S499 a
seconda del contesto nutrizionale. Ulteriori prove sono necessarie per dimostrare

che pS499 e importante per la @83 del rizobatterio nel suo habitat naturale.
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ABSTRACT

Understanding how sebborne microorganisms can modulate the plant defence
responses and which factors affect rhizosphere multitrophic interactions is crucial
to improve the efficacy of biopesticidés agriculture. From this perspective,
whole-genome sequencing is a powerful tool to characterize the bacterial strains of
agronomic interest. Among thesBacillus amyloliqguefaciensubsp.plantarum

strain S499 is a pla#iteneficial rhizobacterium thathews direct antagonistic
properties against phytopathogenic fungi and, in addition, a remarkable efficacy as
elicitor of induced systemic resistance (ISR) in plants. In these activities, the
production of bioactive secondary metabolites, such as cyclmpdiptides
belonging to the fengycin, iturin and surfactin families, is involved

By sequencing, assembling and annotating S499 genome, we identified the
principal genes involved in root colonization, pkambwth promotion and
biocontrol activities. Thesgenesshare a high percentage of nucleotide identity
with their homologs in the strain FZB42, the type strain of the bacterial subspecies.
One of the main genetic elements distinguishing S499 from FZBA2 presence

of extrachromosomal DNA (plasmid pS)9This small rolling circlegplasmid was
unknownbefore S499 genome sequencingich also allowed to identifon pS499
thegene encoding &Rap-Phr regulatory system involved in quorum sensing.
Through a plasmiauring approach, we carried out a functiboharacterization of
pS499. First, we studied the impact of the plasmid loss on the bacterial physiology,
by comparing the behaviours of S499, its plasmiced derivative, S499 Pand
FZB42 on LuriaBertani (LB) medium. Growth rate, extracellular payic
activity and the regulation of lipopeptide production were significantly affected in
S499 P. In agreement with an increased release of surfactins, swarming motility
improved after curing, whereasofilm productionwas reduceeh vitro. Whenthe
ewolution of bacterial populationsascomparedn planta pS499 seemed not to
influence the root colonization ability, although we observed anmnastuction of
surfactins by S499 "Palso on tomato roots. Thguantification of therelative
expression oBrfA andrap genes suggestl an inhibitory effect of the plasmid
encoded RayPhr system on surfactin synthesis. Moreover, on LB, the antagonistic
effect against phytopathogenic fungi was limited for S49@Bst probably due to

a verified reduction of itun secretion. Although less clearly, an impact of plasmid
curing on the biocontrol ability was observed also on a medium (RE) that
reproduced the typical composition of plant root exudaBgbally, our results
show that pS499 differently modulates S499%mitype depending on the
nutritional contextMore evidences are required to prove that pS499 is relevant for
the fitness of the rhizobacterium in its natural environment.
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Chapter 1

INTRODUCTION



1.1 Plantgrowth-promoting rhizobacteria

The rhizospheras the portion of soilnear plant roots that is directly
influenced by their growth, respiration, and nutrient exchanlges. a highly
dynamic environment thactually represents a hotspot obdiversity compared
with the surrounding bulk soil: up to #Omicrobial cells and, among these, more
than 30 thousandbacterial species can be found around each gram of root
(Egamberdievagt al, 2008; Mendeset al, 2011). Plants can modulate the
compogion and the activity of the rhizosphere community through the exudation
of metabolites andignallingmoleculegDoornboset al, 2012)

Beneficial hizosphereassociated microbeonstitute the root microbiome
(Figure 1), which contributes to the plahealthasthe gut microbiomeloesin
animals(Mendeset al, 2013. Indeed, rhizobacteriand mycorrhiza fungi can

improve plantnutrition andoftengrantdisease protectiofBerendseret al, 2019.

THE ROOT
MICROBIOME PROTECT
benefical ‘, e |

microflora

Figure 1. The root microbiome. Plantassociated microorganisms carry out multiple beneficial
functions atherhizosphere level (modified from http://www.lallemandplantcare.com).

Vice versa, soiborne phytgpathogensegativelyaffect plant healthby
damaginghe plant through prduction of phytotoxic substances or tissue infection
In this group, pathogenic fungi, oomycetes and bacteria are inc(ivtEttleset



al., 2013).0Othermicroorganisns establish neutral interactiqesther with the plant
or with the pathogenss theyoccyy different ecological nichesiowever,these
commensal microbesan influence otheorganisms and eventually produce an
effect on the complex rhizosphere netwsi(Berendsenet al, 2012) Such
multifaceted interactions occurriiglowgroundplay a fundmental role in several
aspects of thecosystem, fronsoil stability to plantproductivity (Haicharet al,
2008.

Most of keneficial plarimicroberelationshipsremutualistic or associative
symbicses, asplants and microorganismshared costs and benig$ of the
associon (Vacheronet al, 2014) The expressioni p |-grawth-promoting
rhizobacteri ao ( fkafgdigmicroceganismshat intelst the h e
rhizospherand ardoeneficial for thénostplants (Lugtenberg and Kamilova, 2009)
Indead, PGPRcan affect plant developmesither directlye.g.by improvingplant
mineral uptake, or indirectly, bgonferringprotection against seborne disease
and abiotic stressarsr alsoin both ways(Table 1). In a broad sens¢he welt
characterizé rhizobia providing nitrogen to leguminous host plants are included
among PGPR (Gray and Smith, 2005).

Table 1 Principal modes of action of plaigirowth-promoting rhizobacteria.

Direct mechanisms Indirect mechanisms

Nitrogen fixation Detoxification

Phosphate solubilisation Enhancement of stress resistance
Iron solubilisation Biocontrol

Phytohormones production Direct Competition
ACC? deaminase activity Antagonism
Stimulation by AHLsP Hyperparasitism
Stimulation by VOCs® Indirect ISRY

aACC: 1-aminocyclopropane-1-carboxylate; AHLs; PN-acyl-L-homoserine lactones; °VOCs:
volatile organic compounds; 9ISR: induced systemic resistance.

Dependig on their level of association with root tissues, PGPR can be
classified into extracellular PGP@RPGPR)and intracellular PGPRPGPR) the

former locating on the rhizoplane or between the cells of root cortex, while the latter
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colonizing specializedodular structures of theoot cells (Bhattacharyya and Jha,
2012) The genera Agrobacterium Arthrobacter Azoarcus Azotobacter
Azospirillum  Bacillus  Burkholderia  Caulobactey Chromobacterium
Clostridium  Enterobacter Erwinia, Flavobacterium Gluconaetobacter
Micrococcus PseudomonasndSerratiaencompasseveral beneficiatrains that
mostly belongs to ePGR®Rhereaghosebelonging tathe family of Rhizobiaceae
(Allorhizobium AzorhizobiumBradyrhizobium MesorhizobiumRhizobium etc.)
andFrankia spp.areregarded a#®®?GPR(Gray and Smith, 2005Among all these
generaBacillus PseudomonaandRhizobiumhave beerthe most studiedo far
The regulation of the symbiotic processekn®wn in the case of the rhizobia
legumes relationshjpwhee bacteriautilize the carbohydratesynthestized by the
host and, in turn, they supply ammonia and amino acids to the Hamgtheless
PGPRareable to exertheir positiveeffects on mangropplants including wheat,
maize, potato andhany othervegdables(Rai, 2006 Lugtenberg and Kamilova,
2009;Bhattacharyya and Jh2012).

1.11 Rhizosphere competence

1.11.1 The process ofoot colonization

Rhizosphere&ompetence is an essentmerequisite foPGPR. It ivolves
the active root colonizationcombined with the ability to survive andultiply on
the growing roots over period of time, dealing withother microorganismthat
shae the sameecological nichg Kumar et al, 2011) Generally,microbesare
attracted by the nutritious environment creabgdroots through a phenomenon
known as rhizodepositiofHaicharet al, 2008) Plant roots swetea variety of
organic compounds, including sugars, phenobienpound, nucleotides, amino
acids, sterols, vitamins and organic acids, in different propatiioparticulat root
border cells cameleasein the rhizospheréarge amounts ofarbonrich material
(Hawes et al. 1998). However, althoughthis nutrtious environmentfavours
microbeproliferation thepopulatiors of rhizobacterialo notattainthe sane levels
than in nutrientich artificial media and, for this reason, their lifestyleegarded
as a starvation status (Lugtenberg and Kamilova, 200%)is context,lie species
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that can better metabolize the principal exudate componentslike some
Pseudomonaspp that are abléo efficienly metabolizecarbon sourceandhave
to compete foonly few compoundsachievethe best root colonizatiofsomerset
al., 2004)

Motility constitutes a major trait for root colonization. Bacteria employ
several nechanisms to move, which dseownas swarming, swimming, twitching,
gliding and sliding (Kearns, 2010). Swarming and swimming are flageNan
movementsinvolved in root colonization by PGPR, the former occurring in a
multicellular way across a surevhile theatteris characterisingingle cells in a
liquid medium. Swimming motility is oriented by chemotaxis, the direction of
the movements depends on the concentrati@eéincompounds. For example,
malic and citric acids present in the raxudates ofArabidopsis thalianaand
tomato (Solanum lycopersicunl.) are chemoattractants foBacillus and
Pseudomonaspp. (de Weernt al., 2002; Rudrappat al, 2008).

As root exudates composition differs among plant spegipstativerole in
detemining hostspecificity has been ascribed to chemotakisr example, irthe
bacterialgenusAzospirillumthe chemotactic responses differ from strain to strain
and this specificity relies on thecologicalorigin of the strains (Droguet al,
2012). The relationship between PGPR and chemotaxis towards root exudate
components of their original hostsas confirmedalso forBacillus spp. (Zhanget
al., 2014) Howeverthe composition of root exudates depends not only on the plant
species but also on the gwth substrate and on the developmental stage and
physiological conditions of thglant Interestingly, tomato plants recruit beneficial
bacteria by enhancing the release of malic acid when attacked by pathogens
(Rudrappeet al, 2008;Lugtenberg and Kamalva, 2009).

However,swarming motility plays a greater role than chemotaxis in tomato
root colonization, at least for some strain8os$ubtilis(Gaoet al, 2016).Indeed
PGPRusuallyspread over theoot surfaces in the form of biofilm, rather than as
planktonic cells in a |iquid medium (Onge
or multispecies aggregates of microbial cells encapsulated in a matrix of

extracelular polymeric substancemnd adherent to biotic or abiotic surfaces. In
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biofilms, PGPR ca better protect themselves from environmental stresses and
microbial competition (Seneviratre al, 2010).

Adsorption and anchoring are two independent mechanisms used by PGPR
for the adhesion on the rhizoplane. Adsorption is a weaker interaction etebjat
type | and IV pili, fimbriae andspecializedsurface proteins that function like
adhesins €.g. flagellins). Lipopolysaccharides, exopolysaccharides and capsular
polysaccharides are involved instead in bacterial anchoring to root surfaces, where
spedfic receptors are located. Indeed, genetic determinants of both partners are
putatively involved in these processd3ufta and Podile 2010; Drogueet al,
2012).According to Compangt al. (2010), the ability tesynthesize vitamin B1,
NADH dehydrogenase outer membrane proteirend a sitespecific recombinase
involved in phase variation are other bacterial tregtsponsiblefor rhizosphere
competence.

PGPR establish their populations mainly in the junctions between epidermal
cells and the points whetlateral roots emerggugtenberg and Kamilova, 2009)
Root tips and root hair regions, which ather zones ofextensiverelease of
exudatesare preferential sites of colonizatioas well Depending on the plant
species, one strain can display differesibnizationpatterns (Droguet al,, 2012).
SomeAzospirillumspp. are supposed to enter the intercellular spaces upon the
enzymatic degradation of plant cell wall middle lamellae, thrduglucosidase,
cellulolytic and pectinolyticactivity (Khammasand Kaiser, 1991, Bekri et al,

1999; Faurest al, 20QL;). As reporedabove iPGPRcolonizealsointernal tissues,
behaving as endophytebus they must overcome the plalefencemechanisms

During the establishments of these associationdtbracterium communication
plays a fundamental ro[&omerset al, 2004)

The crossalk betweenleguminous plants and symbiotigizobiaprobably
representshie bestcharacteriseéxample of signal exelmgein the process of root
colonization(Cooper, 2007)The plantreleases flavonoid compounds tiaduce
the bacterium to secrete Nod factansthe form of lipechitooligosaccharidedNod
factors areperceivedthrough specific LYK receptorsby plant pot hairs and
stimulate the formation abot noduleswhererhizobial populationgansettleand

fix the atmospheric nitrogeifFigure 2). Different rhizobia secretstructurally
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diverse Nod factors, which suggests that the plant ¢erstrecognizeéhe sigal
produced by theompatible rhizobial symbionfvan Loon, 2007 Liang et al,
2014).

8 .

1111

Attachment  Root-haircurl  Rhizobia Infection-
of rhizobia entrapped in  thread
root hair growih

=
Developing nodule with Root with mature infected
ramifying infection thread  nodule that contains bacteria

Figure 2: The formation of root nodules (a) The early stages of infection of root hairs by rhizobia
and the growth of a nodule on rodtsages(b), (c) and(d) weretaken fromPisum sativunor Vicia
hirsutainoculatedwith a lacZ-constitutively expressg strain ofRhizobium leguminosaruriRoot
samples weratained forb-galactosidase, shamg bacterid cellsin blue. (b). A normal infection
thread(arrow)is shown.(c) A nodO nodEdoublemutant ofR. leguminosarurthatforms infection
foci butnot an infection threadd) Infectionthreadsyrow through root cells to the growing nodule
primordium (circled). The bars represent |2 in (b) and(c) and 100um in (d) (Oldroyd and
Downie, 2004)

1.11.2 Quorum sensing in the rhizosphere

Bacteria canregulate the expression of certain cellular functiomsa
population densityglependent waythe quorum sensing (Q3assler, 1999 In
bacterial comranication, the termiautoinducergrefers to the signalling molecules
that are released in the medium and act via 8wreshold concentration of an
autoinducer is responsible for the activation or repression of a determined molecular
pathway that lead®tthe quorumresponsgBassler, 1999)in this way, bacteria
can synchronize particular behaviours on a populatioie scaleSeveral aspects
related tothe rhizosphere competenad PGPR such as biofilm formation and
swarming motility, are controlled b S (Compantet al, 2010;Dutta and Podile,
2010).
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The bestcharacterizedautoinducersfor Gramnegative specieslike
Pseudomonaspp.,are N-acyl-L-homoserine lactones (AHLs)hich vary based
on the length, substitution and saturation of their acyl sichinsThese differences
in structure confer specificity to thsignalling molecules(Auchtung, 20086)
Secreted AHLs increase in concentration with increasing cell densityoand
imported in the cytoplasm, theyteract with their cognate LuxRecepbrs, which
are cytoplasmic transcriptional activators or repred8eders and Bassle2005).
Diketopiperazinesre also implicated inQSinGrame gat i ve bacteri a,
butyrolactone and modified oligopeptides recognizedvixycomponent sensor
kinases are autoinducers for Grpositive species, such aBacillus spp.
(Auchtung, 2006; Dutta and Podile, 20IDhebestknownQS system iB. subtilis
is the ComQXPA system, which is mainly involved iroainatingdevelopmental
pathways, psducingextracellular products iffective concentration and surviving
undercompetitiveconditions(Comella and Grossman, 2005)

Rhizobacteria can perceive autoinducers produced by other bacterial species
(Steidleet al, 2001),interfere with theirsignalling procesesthrough a quorum
guenching mechanism (Dorgal, 2002) or respond to Qike molecules released
by plants (Teplitskiet al, 2000). Indeed, besides regulating cell responses on a
populationwide scale, quorum sensing allows communication within abdden
species For instance several fants can recognize AHLs and consequently
modulatedefenceand growth responses (O&tastroet al, 2008) as forMedicago
truncatula, which produces proteins involved in isoflavone production, stress
responsendcytoskeleton structur@utta and Podile, 2010).

The rhizosphere contains a greater concentration of -pitéducing
bacteria tn bulk soil, suggesting that they play a role in colonization (Edaati,
2001).The importance of QS in root colonization was demonstratedanitixR
mutant strain ofP. fluorescensthat was impaired in biofilm formation and
colonization of wheat ikhosphergWei and Zhang, 2006). Conversely, derivative
of Serratiaspp. not producing AH&were not impaired in colonization ability of
tomato and oilseed rape roots (Schuheggeal, 2006; Mdulleret al, 2009).
However, it might be thaS isindirectly involved in rhizosphere competence, by
influencingthe competitive ability oPGPRunder natural condition€€ompantet

14



al., 2010) For example in B. subtilis quorum responses contribute to the
productionof lytic enzymes and antibioticsvhich plays findamental roles in
microbial competitior{Comella and Grossman, 2005).

Figure 3 summarizes thdiscussedelevant traits involved i?GPR host

recognition and colonization.

Swarming & respond to QS-like
molecules of other organisms

Produce requlator Degrade AHL moieties A
i d?as Y of other rhizobacteria H
pep! - 5 Autoinducers
i AHLs, diketopiperazines, etc.
QS related G
enzymes
00 =S
2 3 =
s Flagellum . %
ct e B S
=i PGPR — 3 R0
25 2 2
£ Qc g | 8
S = Adhesins g
°c ) 7 8
o '™ / ¢ Q
€ 5 . g S
2 . | ~ &
1 ﬂ MOMPS d =
Vitamin B1 NADH Type IV pili *

dehydrogenase H
b v

Root adsorption &

. I t
Root colonization cell aggregation

Figure 3: Different molecules produced by plantgrowth-promoting rhizobacteria (PGPR)
that are involved in host root recognition and colorzation. QS: quorum sensing; AHL#-acyk
L-homoserindactones; MOMPs: major outer membrane proteins; LRR®polysaccharide@utta
and Podile, 2010).

1.12 Modes of action of PGPR

1.12.1Improvement of pant nutrtion

PGPR can enhance nutrient status of host plants by different mechanisms,
namelythefixation of atmospheric nitrogen ¢N theincrease of the availability of
minerabk in the rhizosphere,the augmentation of root surface area,dahe
promotion of other beneficial symbioses of the l{Bstattacharyya and Jha, 2012)
Often more than oa mechanisms is invold, asn the case oAzospirillumspp.
that besides being capablefofing N2, also increase water and mineral uptake by

increasingoot developmentL.ugtenberg and Kamilova, 20D9
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Atmospheric nitrogen fixation and the solubilisation of inorganic nutrients,
such as phosphates and iron, are widely distributed anddiaghizobium,
Azorhizobium Azotobacter Bacillus, Bradyrhizdoium, Rhizobium Enterobactey
MesorhizobiumPseudomonasndSinorhizobiunspp. (Vessey, 2003)he ability
of PGPR to solubilizenineral phosphate is very attractive, asamts can absorb
phosphorous in only two soluble forms, the monobasi® () andthe dibasic
(HPQ?) ions but levels of soluble phosphagee limited in soil(Glass, 1989)
Secretion of organic acids or protonghelation and exchange reactioase
processes thdavour phosphorous solubilisation (Bhattacharyya and Jha, 2012).
Moreover, the production oénzymes, such as phytasphpsphatasesand GP
lyases, enabtebacteria to release soluble phosphorus from organic compounds,
like organophosphonatéRodriguezt al, 2009.

Similarly, PGPR facilitate the acquisition wbn by plant roots(Lugtenberg
and Kamilova, 2009)ron is another essential nutrient wittle availability in soil.
Ferric (F€") ionsreadly precipitate in oxidised forms and to avoid precipitation
plants usually secretarganic chelatorsNext toroot surbices, Fé* is reduced to
ferrous ion E€), which is immediatelyabsoried. Alternatively, plants can
producesiderophoresyhichchelate F& andarethen imported into the cellSome
bacterid speciesalso produce siderophores and a number of plsnable to
assimilate them, althougmost of research on microbial siderophoras the
rhizospherefocuses ontheir role in the competiton againstplant pathogens
(Vessey, 2003)

1.12.2 Production of plant growth regulators

PGPR can directly improve plant gwth through the production of
phytohormones and the release of enzymes, such asatméntcyclopropand-
carboxylate (ACC) deaminase (Van Loon, 20(Y. produeng phytohormones
PGPRcan modify root morphology. For instanéeospirillumbrasilenseproduces
indole-3-acetic acid, an auxin that stimulates lateral root formafioen et al,
1979) Strains ofP. fluorescenscan induce seedling emergence and increase root
length of several crop species by producing cytokinins, ing@ait et al, 2001;
Garcia de Salamoret al, 2001) Moreover, the genuBacillusencompasses strains
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that canrelease high levels of gibberellins, which

promote stem and shoot elongatiorGitiérrezZ
Mafieroet al, 2001 Gray and Smith, 2006

As reported above, AHLs are alsticitors
of plant growth, as well as some volatile organic
compounds (VOCs), like acetoin and 2,3 ﬁ
butanediol, which are produced Bgcillusspp. and
have been demonstrated to have a positive effect
both plant and bacterial fitheg¢Bigure 4) (Ryu et
al., 2003; Yiet al, 2016)

Ethylene, on the contrary, inhibits shoot anc
root elongation and accelerates senescéhioeles
et al, 2012) The direct precursor of ethylene in
plants is 1-aminocyclopropand-carboxylate Figure 4:  Plant-growth-

promotion through volatiles.

(ACC); therefore,PGPR able to syhesize ACC Effect of VOCs produced |

. Bacillus amyloliquefaciel
deaminases can reduce endogenous levels of tgypsp. plantarum FzB42 or

Arabidopsis thaliana growtt
(negdive controlbelow) (Giulie

Bacterial populations benefit frothis interaction as Molinatto, 2015)

hormone in favour of root growth (Van Loon, 2007)

well, since the hydrolyzation of ACC provides sources of nitrogen and carbon
(ammonia andltketobutyrateDoornboset al, 2012).

1.12.3 Biocontrol of plant diseases

PGPR can promote plant growth indirectly by enhancing stress tolerance or
by detoxifying heavy metals and pathogen virulence factogsalbicidinproduced
by Xanthomonaalbilineans fusaric acid byusariumspp.;Compantt al, 2005.)
Most importantly diverse mechanisms confierg plant disease protectionere
reported. | t i s worthy to recal |l here that
Abi ocontrol 0, refarstoptheause of mierdbial cahtagonists to
suppress diseases as well as the useostspecific pathogens to control weed
populations. Thébiological control aget(BCA) is the organism that antagonizes
the pathogen (Pal and Gardener, 2006).
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Through diffeent kinds of interactions, such as competition, antagonism
and hyperparasitism, BCAs can influence
their temporal and spatial dynamics. Alternatively, beneficial microorganisms
and/or some compounds they release ameepeed as elicitors of immune responses

by the plant Raaijmakerst al, 2009).

1.12.3.1 Competition antagonism and hyperparasitism

Competition takes place for space and nutrients when pathogenic and
beneficial microorganisms develop in the same miatobcological niche. For
example, colonization of the rhizosphere microenvironment is a prerequisite for the
efficacy of soitborne BCAs(Lemanceau and Alabouvette, 199Nutritional
competition for carbon compounds and for soluble ironemsentiaimodes of
action for a number of biocontrol fungi and bactefia already discussedpn is
a limiting factor in soil because of its low solubility, and the ability to secrete
siderophores that can be assimilated through specific receptors constitutes a
detemining advantage for soniRseudomonastrains (Doornbost al, 2012).The
ability to use nitrate as an alternative electron accejstoalso involhed in
competitiveness: being able to switch from one metabolic pattonaayother, some
strains can dominain an environment that might be depleted of oxygemdoy
respiration(Somerset al,, 2004).

Antagonismis mainly based on the secretion of secondary antimicrobial
metabolites (antibiosis) and lytic enzymes (predatamtive on phytopathogen&
variety of antibioticsand bacteriocins known to be involved in biocontrdiut for
many of these molecules the mechanism of action has not been elucidated yet. The
targets may be metalloenzymes like cytochrome ¢ oxidases (hydrogen cyanide), the
electron trasport chain (phenazines, pyrrolnitrin), or cell membrane and zoospores
of phytopathogenic fungiand oomycetes(2,4-diacetylphloroglucinol, cyclic
lipopeptides Raaijmakerset al, 2009. The regulation of antibiotic synthesis is
related to the overall mdialic status of the cell, which in turn depends on nutrient
availability, pH, temperature, and various other paraméhilger et al, 1995;

Duffy and Défago, 19990wnleyet al, 2003) In addition someantagonists can

attack the cell wall of pathogetisrough the release of cellulases, chitinases and
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proteases. Otherwise, extracellular lytic enzymes can neutralize virulence factors,
or degradeautoinducershence conferring plant disease protection in an alternative
way (Compantet al, 2005.

Hyperparaitism is another form of direct biocontrol agst soiborne
phytopathogens, even ifigbetter charactered in the context of fungal BCAs. For
example Trichodermamycelia can penetrate the hyphae of pathogenic fungi, after
inducing a cell wall damagthrough the prodiion of endochitinases (Harman,
2006). Nonethelesssome bacteriaangrow at the expense of livifgngi through
a phenomenon known as bacterial mycophagy (Leveau and Preston, RRR08).
example,Collimonas fungivorandeeds on fungahyphaeunder nutrienpoor
conditions althoughits biocontrol activity seems to depend mosthaaonechanism

of competition(Kamilovaet al, 2007).

1.1.2.3.2 Inducel systemic resistance

Systemic resistance is a bresggkectrum immune reaction thatkesplants
less susceptible to subsequent attacks in distal tissues. This effect is evident when
the root colonization by plaiiteneficial microorganisms has a positive outcome
against aboveground pathogeneduced systemic resistance ()SRas been
discovered?5 years ago when it was noticed that sdrereficialPseudomonas
strains could reduce disease symptoms even when maintained separated from the
pathogens (Van Peet al, 1991; Weiet al, 1991) The phenomenon revealed a
plantmediated protective effeatf the application of BCAs, which was later
confirmed in several other genera of bactesach asBacillus and Serratia
(Lugtenberg and Kamilova, 2009Wpon root colonization by ISkhducing
rhizobacteria, the plant falls in a unique physiological stateo wn as fApr i mi
(Conrathet al, 2006).

In many cases, the microbial determinants involved in ISR are known. The
list includes lipopolysaccharides, siderophores, flagella, some antibiotics,
biosurfactants and volatile organic compounds (Bakket, 2013). These factors
arenamedimicrobeassociated molecular pattedrfMAMPSs), to be distinguished
from fipathogerassociated molecular patteo(® AMPs) andidamageassociated

molecular patterrts (DAMPS); all are elicitors of plantefences PAMPs and
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DAMPs trigger systemic acquired resistance (SAR), while MAMPs induce ISR.
Plant hormones plag significantrole in thesignalling network that coordinates
plantdefencesif SAR mainly depends on salicylic acid, in ISR jasmonic acid and
ethylene are primarilinvolved. Both pathways then converge by being it

by the same transcriptidactor NPR1 (Henrgt al, 2012).

The rootspecific transcription factor MYB2merged asn early node of
convergence in thiSR-inducingpathwaygqSegarraet al, 2009).Interestinty, the
Arabidopsis mutanmyb72that was impaired inISR also displayed a reduced
colonization byPseudomonastrainsthat are able to trigger ISEompared to the
wild type (Doornbos et al, 2009) suggestingthe occurrence of &aross

communicéion among root@ndbeneficialbacteria(Bakkeret al, 2013).

1.13 The use of plantbeneficial microorganisms for soil
fertilization and crop protection

The demand for food productios expected tancrease by 70% in 2050,
becauseof the growth of global population and change of digt developing
countries (Poppet al, 2013). The Food and Agriculture Organization (FAO)
defines food security a8t he p os s i ladcdss to guffident, séfeaanc
nutritious food to meet dietary needs and food peefegs for an active and healthy
| i {Fimad, 2010). To guarantee global food security for a growing population we
need to maximize productivity while minimizing the resources required. Soll
microorganisms (bacteria, but also fungi and protozoa) promplimg growth can
help in this way, as they can be used in agriculture as biofertilizers (Vessey, 2003;
Rai, 2006). Mainly by enhancing the efficacy of mineral uptake (nitrogen,
phosphorous and potassium) by plants, such useful microorganisms can play a
fundamentatolein the crop productivity, promoting at the same time an agriculture
system with a lower environmental impact (Malesal, 2016).

Since plant pathogens represent one of the major thoaatspsworldwide,
plant disease protection is oficral importance in agriculture. The global potential
yieldloss due to plant diseases is estimated around 16% and it is increasing, because
the producers often choose to cultivate varieties that provide greater yields but are

less resistant to pathogersd also because of the more and more frequent trade
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and travel exchangeAitderson, 20040erke, 2008 Therefore, a reduction of crop
losses through efficient strategies of plant disease protection is now more than ever
required.

Whenpathogengannot becontrolled by agronomic practices or the use of
resistant varietiesthe application of pesticides becomes necessahgmical
pesticides are appliedn many crops as themain method of protection from
pathogens and from their vectors (insects and nems)t¢8trange and Scott, 2005).
However, this extensive use of targeted produtay leadto the emergence of
resistancé n p at h o g e nwhishcgmprpnuse thdir effccacy. Moreover,

a reduction of chemical pesticides would meet the demand for tairside
agriculture, meaning the adoption of farming techniques that preserve the
environment and the health of growers and consumers, allowing future generations
to do the same. Biological control, especially in a context of integrated pest
management sitegy,is a valid alternative to chemicals, although much effort is
still required to improve the efficacy and the applicability of peisticices
(Leadbeater and Gisi, 2010).

Although he use of plarbeneficial microorganismsnay have great
advantages iterns of lowering the negative impact of plant disease contrbhs
also severdimitations as inconsistergfficacyunder field conditionand cost®f
development anckegistration(Fravel, 2005). A better understanding of the biology
of the complexinteractions occurring in soil ian importantstep towards an

improved usef such valuable tools.
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1.2 Bacillus genus assource of plantbeneficial strains

The genusBacillus is one of the most important genera of PGPR and
encompasses a wide varigty terms of genetics and ecology) Gram-positive
aerobic,rod-shaped bacteria, which céorm robug dormancy structures called
endosporegTurnbull, 1996) This is an importanttrait in the development of
biopesticides becausespore formatiorfacilitates the storage of the produioy
extending theshelf life andmakes the inoculants more resistaatenvironmerl
stressMoreover,someBacillusspp. are facultative anaerobasad areableto adapt
to oxygen limitationwhich isanother advantage ftier survival in soil (Nakano
and Hulett, 1997).

Several speciedike B. amyloliquefaciensB. cereusB. licheniformis B.
megateriumB. mycoidesB. pumilus B. subtilisandB. sphaericusinclude strains
known for their biocontrol and/or plagrowth-promoting potentiglamong which
somehavealreadybeencommercialized as foliar or soil inocularf®érezGarcia
et al, 201). Bacillus thuringiensis has been used as biopesticide since the
beginning of 28 century,thanksto its insecticidatoxins (Cryproteing. It later
became the source of genes for gemetically modifiedi B tcrops resistanto
insecs. Nowadaysit shaes more than 70% of the total market of B&G&asuato
(Sanauhjat al, 2011) OtherBacillus-based products account for abouf bathe
remaining sales (Choudhary and Johri, 2009; Caet@}, 201]). Several ofhese
bioformulates(e.g Ballad® and Sonath with B. pumilus Serenad® with B.
subtilis) are used to cordl diseasessuch as rusts, downy and powdery mildews
on manyegetables and fruit crops.

The plantbeneficial effects oBacillusspp. rely orthe combined action of
multiple mechanismsfrom the improvement of plant nutrition to the biocontrol
activity in both ISRindependent and dependent wWBigure 5). Thesanechanisms
mostly depend on the efficient production of a broad range of secondary
metabolites, which are involved not only in the antibiotic activity of the bacteria but
also in the interactions with the host plant and in the processes that favour niche

colonization(Ongena and Jacques, 2088 maret al, 201J.
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Figure 5: Modes of action ofBacillus PGPR. Plant growth promotion by rhizospheBacillusspp.
results from a combination of multiple mechanisms (Kuetaal, 2011).

1.2.1 Structures and roles of Bacillus secondary metabolites

Members ofBacillus genus are known to be goodogucers of bioactive
molecules.Indeed, up to 8.5% of the bactergénome can be devoted to the
synthesis of secondary metabolites, asBoamyloliquefaciensubsp.plantarum
FZB42 (Chenet al, 2009).A large part of those moleculés nonribosomaly
syntheszedby complexenzymatianachineriegSieber and Marahiel, 2003 ome
antibiotics are synthesized by ribosomes as linear precursor peptides and
subsequently procesd through proteolysis and pdsinslational modifications
(Stein, 2005).

1.2.1.1 Bacteriocirs

The termfibacteriociné refers to a heterogeneous group of antimicrobial
peptides produced by ribosomal synthéBgey and Wertz, 2002)which can be
importart in competitive interactions of PGPBspecially against phytopathogenic
bacteria and nematodes (Chowdhatyal, 2015) Bacillus bacteriocinsrepresent
the second bigge group after thoseproduced bylactic acid bacteria, and they
display a variety odlifferent chemical structure$heyhavebeendivided into three
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classes: podranslationally modified peptidegléss |, mainly lantibioticy, non
modified peptidegclass Il)andlarge proteingclass Ill; Abriouel et al, 2011).

Lanthioninecontaining antibiotics are known as lantibiotics and
distinguished by the presence of intesidual thioether bondsvhich areformed
after the dehydration of-kerine and tthreonineand the addition of cysteine thiol
groups (Stein, 2005) The gene clusters involdein their synthesis (@5 kb)
include structural genes and genes responsible for the modifications, the regulation,
the export, and the immunity of the producer strain (Fickers, 2012).

Subtilin is thebestcharacterizedantibiotic produced b. subtilisand it is
structurally related to the biopreservative nipioduced bylLactococcus lactis
(Figure 6). Its mature form is a 32esidue pentacyclic peptide that is active against
a broad rangef Grampositive bacteria. Subtilin causes the dissipatiorihef
transmembrane proton motive force following the formation of pores in the
cytoplasmic membrangtein, 2005)

Ericin A and ericin S arether lantibioticshaving antimicrobial activity
comparableto subtilin and similar structure(Figure 6) (Stein, 2@5). On the
contrary, mersacidin has a more globular structure and acts by preventing cell wall
biosynthesis upon binding to the cell wall precursor lipi(Bltz et al, 19%).
Subunits of haloduracin, lichenicidimmylolysin,and othemBacillus lantibiotics
show the same pattern of lanthionine bridges of mersacidin. Sublancin 168 and
subtilisin A are also included massl .
even if structurally differentfrom 4

o ¥ _ 8 @ f oo X o
typical lanthipeptide¢Abriouel et al,
2011 ArguellesAriaset al, 2013.

Class Il of non-modified

Subtilin

peptides includes antibiotics
characterisecby a molecular weight

below 5 kDa. Among theseones

coagulindisplaysantilisterial activity
- Figure 6: Structures of nisin A, subtilin and
(Le Marrecet al, 2000)and thuricin ericins. Conserved residues at identical posit

" : to all four bacteriocins are highlighted in gre
17 has an additional function of plant while those conserved only in subtilin agricins

growth promotion(Lee et al, 2009) are in yelow; other conserved residues ar
light red (modified from Abrioueét al, 2010).
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Megacinsbelong instead talass Il that groupsheat sensitive proteins with a
molecular weight higher than 30 kDa&hese proteins havehospholipase A2
activity, as they convert phospholipids to lysophospholipidsiouel et al, 2011;
Fickers, 12).

1.21.2 Polyketidesnd ronrribosomally synthesized peptides

Polyketides macrolactin, difficidin and bacillaene are producedBby
amyloliquefaciensand B. subtilisstrains, whichpossesghe corresponding large
gene clusterChenet al, 2009. Indeed, these molecules are synthesized in a non
ribosomal way bypolyketides synthases (PKSkhich are modularly organized
enzymes thatoordinatethe assembly of a large class of secondary metabolites,
through the condensation ail-CoA monomers and subguent modifications by
dehydratase, methylation, ketoreductasegnoylreductase oxidation,
methyltransferase, and cyclase domékiskers, 2012)

Thefunctionsof polyketydespan from antibacterial to immunosuppressive
and antitumor activitiedzor exanple, difficidin has receivedpecialattention for
its suppressive action agairStwinia amylowra, a devastating plant pathogen
causing fire blight disease of apple, pear ather rosaceous plar(fSickers, 2012).

Cyclic lipopeptides of surfactin, fengy and iturin families whose
production is widespread amoBgamyloliquefaciend®. licheniformisB. pumilus
andB. subtilis are ronrribosomally synthesized peptidd3ue to their amphiphilic
structure composed of a polar peptidic ring linked to ardpfaobic lipid tail
(Figure 7), these molecules haymtent biosurfactants properties and thus they
have multiple biotechnological applications (Ongena and Jacques, 2008).

Surfactins are hept a-pydrgxy fatty aced (Glzht er | i n
C17) to form a cyclic lactone ring structufgiqure 7). They display haemolytic,
antibacterial, antimycoplasma and antiviral activity but they are not fungitoxic
(Peypouwet al, 1999). Surfactins are also involved in swarming motility (Kinsinger
et al, 2003) and biofilm formation on roots (Bas al, 2004), besides playing a
fundamental role as elicitors of ISR in plants (Ongenhal, 2007; Cawoyet al,

2014). Interestingly, secently published study revealed that structural variants of
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surfactins actndividually on therespectiveproducing strain as paracrine signals
for biofilm formation and root colonization (Alett al, 2016).

Fengycins (also calledlipastatin} are lpodecapeptides witan internal
| actone ring in the peptidi chydoayifaty v, pl u:
acid chain (C14C19)(Figure 7), and display antifungal activity@nittanakomet
al., 198. lturins include seven variants, among whichcilomycins and
mycosubtilin are the best knownamnal | of
fatty acid chain (C1417)(Figure 7). lturins have limited antibacterial activity but
strong haemolytic and antifungal effgdflagetDana and Peypoux, 19p4The
effectiveness of severBlacillus strains in controlling fungal seborne, foliar and
postharvest pathogens has beefatedmainly to fengycin and iturin production.
Their proposed mode of actiaa poreformation in cell membranes, leading to an
imbalance of transmembrane ion fluxes and to a general disorganization of

cytoplasm (Péregarciaet al, 2011).
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Figure 7: Representative structures othe three mainfamilies of Bacillus cyclic lipopeptides.

A multicarrierthiotemplatemechanism is sponsible for the production of
nonribosomally synthesized peptides, in whichegaenzymesermed non
ribosomal peptide synthetases (NRPS) participate. NRPS are composed of modular
catalytic domains that ar@volved in adenylation, thiolation and condetiea
cycles of the peptide elongation proc@sgure 8). The loading module is involved
in the incorporation of the first amino acid, while the termination module releases

the newly synthesized peptide through a thioesterase do8iabve( and Marabhiel,
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2003). Moreover, NRPS often include othéomainsfor specific modifications,

such as oxidation, reduction, methylation, formylaticgpimerisation and
heterocyclisationThis leads to the generation of a broad diversity of structures,
which is directly Inked to the variety of biological activities of these molecules
(Fickers, 2012). The gene clusters encoding NRPS modules can be longer than 150
kb and their assembly follows the colinearity ruhénet al, 2009)
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Figure 8: Surfactin synthetase.Exampk of nonribosomal peptide synthetases: the surfactin
synthetase consists of 24 individual domains responsible for 24 chemical reactions. These domains
catalyse activation (A), covalent binding (T), elongation (C), epimerization (E), and release (TE) by
either cyclization or hydrolysis. The domains are organized in modules, which incorporate the
building blocks into the growing peptide chain. The peptide chain is covalently tied to the
multienzyme via the cofactor phosphopantethegopal). FA, fatty acid bain (Sieber and Marahiel,

2003).

Among antibiotics, bacilysin is a dipeptide active against bacteria and yeast,
whereas bacillibactin is anotheonribosomally synthesized peptide that acts as a
siderophore. Indeed, it is involved in a particular transgystem that allows

Bacilluscells to accumulate anchport iron ions present in the environment at low
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concentrations (Cheet al, 2009).Bacillus cereusJW85 produces zwittermicin
A, a fungistatic antibiotic, whose biosynthesis is a hybrid of NRRS RIKS
pathway. It controls some Grapositive and Grarmegative bacteria, besides being
involved in the suppression of the fruit rot of cucumber and the darofiidgsease
of alfalfa induced byhytophthora medicaginiSilo-Suh,et al, 1998).

The gnthesis of many polyketides and lipopeptidedependson the
membrane protein YczE (Cheet al, 2007) andon a functional phospho
pantetheinyl transferase Sfpan enzyme thatactivates PKS and NRPSby
transfering 4 phosphopantetheine from coenzyme A to tlerier proteins
(Nakanoet al, 1992 Lambalotet al, 1996. Indeed,the domesticated straid.
subtilis168 s not able to produairfactin due to a frameshift mutationsiipgene,
but the introduction of anativesfpallele induced surfactin synthesisB. subtilis
168 (Nakaneet al, 1992;Stein, 200%.

Surfactin synthesis usually occurs in the transition from the exponential to
the stationary growth phase, whereas the production of fengycins and iturins begins
later in the stationary phagRaaijmalers et al, 2010).Surfactin expression is
related tgpopulation density and with the development of cellular competeace,
the ability of exogenous DNA uptakasthe gene of the competence regulatinS
is embedded within the surfactin synthetaseegguster whichis controlled by the
qguorum sensing via ComXStein, 2005) ComX is an extracellular signdihg
peptide thatupon reaching critical concentrationactivates thenistidine kinase
ComP, which phosphorylates thranscriptional activator @nA. Phosphorylated
ComAregqulates the expression of various genes, includinguihf@actin synthetase
operon(Roggiani and Dubnau, 19968omella and Grossman, 2Q0%he activity
of ComA is alsamodulated byRap-Phrquorumsensing system@oguslawskiet
al., 2015), and the expression of the surfactin synthetase genes is regulated by
several other transcription factors such a8brB, CodY, DegU and PerR
(Raaijmakerset al, 2010).The twacomponent response regulator Deglaliso
required forthe expressionf the fengycins and iturins operons (Koumosetsal,

2007; Tsugeet al, 2007), althoughittle is known about the modulation of their

expession.
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1.2.1.3 The pimary role ofcyclic lipopeptides in the antagonistic activity
of Bacillusamyloliquefaciensubtilisagainst fungal phytopathogens

A comparative study that included severastrains of B.
amyloliquefaciensubtilis group showed thahe secretion of cyclic lipopeptides
(CLPs)plays a key role in the direct inhibition of fungal phytopathogens (@aw
et al, 2015).Those strains were selected according to tipapeptidesignatures
and divided into three grogpproducers of the three familie$ CLPs(surfactin,
fengycin and iturin) producersof surfactin and fengycin but not iturin, and non
producers.The first group which included among otheB. amyloliquefaciens
subsp.plantarum S499,was the mosefficient in the growth inhibition of some
foliar (Cladosporium caurrerinum Botrytis cinereq and sodborne Fusarium
oxysporum Pythium aphanidrmatum pathogengonfronted on an artificial rich
medium lturin production seemed to be determinant in the antagonistic ability, as
the second group was significantly lessive comparedwith the first(Figure 9).
Inhibition size againstB. cinereaand F. oxysporumwell correlated withtotal
amounts of fengycwand iturirs detected in the medin, while the inhibition ofC.
cucunerinummainly depended on iturin production. The biocontrol effect against
P. aphanidermatunwas limited, probably due tahe different composition of
oomycete cell walls comparedth true fungi.
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Figure 9: Role of cyclic lipopeptides in Bacillus antagonistic activity. Inhibition of
phytopathogenic fungiby some representative strains of three groups BsHcillus
amyloliquefacias/subtilis producers of the three families©ELPs(left), producerof surfactin and
fengycin but not iturin (middle), and ngroducers (right(Cawoyet al, 2015).

Cawoy et al (2015) evaluated also the antagonistic potential and the
production ofCLPs by selectedacillus strains, includingd. amyloliquefaciens

subsp.plantarumS499, when grown in natural root exudates. Bacteria were still
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active in inhibiting mycelial growth and, interestingly, MALENMS imaging
showed that mostly iturins accumuldteit the front of fungal arrest. Other
antibiotics, such as bacteriocins and polyketides, were not detected in the assays,
confirming a primary function oCLPs in the biocontrol activity of the tested

isolates.

1.2.1.4 Surfactin as elicitor of indudesygemic resistance in plants

Among CLPs, surfactinis the most efficient in stimulating plant immunity
(Henry, 2013)Previously,Ongenaet al. (2007) demonstrated thptire surfactins
induced ISR in bean at similar leved$ living cells of B. amyloliquefag&nssubsp.
plantarumS499.They also showed that the overexpression of surfactin synthetase
gene in the naturally poor produd&rsubtilis 168 enhanced its protéct effect,
since a significant disease reduction was observettemted plantsindeed,
lipoxygenase and lipithydroperoxidasectivities were stimulatedin bacterized
tomato plants.Moreover, strains oB. amyloliquefaciensubtilis identified as
reliableproducers of surfactg(S499, 98Syvere more effective in reducing disease
incidence intobacco plants challenged . cinerea compared with medium
(FZB42, QST713and norproducers§6, BNO1;Figure 10) (Cawoyet al., 2019.
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Figure 10: Role of surfactins in ISR. (A) Disease reduction on tomato leaves inoculated with
Botrytis cinere after root inoculation with the six select&adcillus strains compared withon
inoculated control plant¢B) Containment of typical spreading lesions in plants inoculatedBvith
amyloliquefaciensubsp plantarumS499 before infection witB. cinerea(modified from Cawoy

et al, 2014).

The role of surfactin as MAMP was studiedvitro as well, by addig the
CLPs in micromolar concentrations to tobacco cell suspensions (Joetdsn
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2009). Surfactin (but not fengycin nor iturin) triggered extratatl medium
alkalization, ion fluxes and the production of reactive oxygen species, which are
well-knowndefencerelated early events. An induction of phenylalanine ammonia
lyase and lipoxygenase gene expression, coupled with an increased activity of these
enzymes and with the accumulation of phenols, was also observed in the elicited
cells. These responses are strictly linked té" @dlux and to dynamic changes in
protein phosphorylation. At the same time, a phytotoxic effect of surfactins could
be excluled for concentrations up to 10 uM. Indeed, such amphiphilic molecules
are putatively involved in a temporary destabilization of plant plasma membranes,
which does not induce irreversible pores formatiaut may prompt aignalling
cascade leading to defgive responses (Jourdanal, 2009).

Protein recepta for rhizobacterial MAMPs has not been identified yet.
Henry and colleagues (2011) focused on various approachegudy the
mechanism governing the perception of surfactins by plant cells. Theyvells
oxidative burst induction in tobacco cells, structure/activity relationship,
competitive inhibition, insertion kinetics within plant membranes, and they
combined those data with a thermodynamic determination of binding parameters
on model membrane$heir results confirmed that surfactin perception more likely
relies on a lipiedriven process at the plasma membrane level, namely a transient
channelling rather than on the presence of receptdosnsidering the hypothesis of
dynamic membrane compartntalization the induction of ISR could be related to
the ability to temporally and spatially organize protein complexes, which would in
turn activate thaignallingpathway (Henry, 2013).

1.22 Bacillus amyloliguefaciensubsp.plantarum, model PGPR for
unravelling plant-microbe interactions. genomics and taxonomy

Bacillusspp. wereriginally classified according to their ecophysiology and
their metabolic diversity into three main groups: pathogenic, environmental and
industrial species (Hamdacheal, 2013). In 1997a consortium of 46 laboratories
sequencethe complete genome sequencindgosubtilis168 which was selected
as aparadigmof Grampositive bacterialndeed,its genetic, physiology and

biochemical features had been extensively studiesefeeral decades (Kuredtal,
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1997).Later on, the progress mext generation sequencifyGS) technologies
allowed easier, cheaper and faster analyses that led to the publication of thousands
of prokaryotic genomes (Lomaat al, 2012). Among thesegsgeral genomes of
PGPR, including strains @acillusspp., have been deposited in public databases,
either in the form of draft (i.e. a set of fragmented sequences covering the most
part of the genome) or asaquenceepresenting the whole genon@mparative
analyses of genomic data witlBacillusgenusndicatedthatB. amyloliquefaciens
B. licheniformisandB. subtilisare closely related species, whBeanthracis B.
cereusandB. thuringiensigorm a distinct phylogenetic group, as Erclausii and
B. halodurangHamdacheet al, 2013).

Initially, B. amyloliquefacienspecies received attention for their abundant
r el e as-amylases and proteases (Priest, 199@jeed, the nameB.
amyloliquefaciensvaschosen byheJapanese scientishodiscovered the species
(Fukumotq 1943)because it produceé-{acien®) aliquefying( Hique-0) amylase
( A a my)IT@ group all theplantassociatedB. amyloliquefaciensstrains, a
s u b gr o u Bacillus aneyldliguefaciensubspecieplantarund®  w atguted n s
andB. amyloliquefacienBZB42 was elected as the type strain of the tgkayure
11) (Borrisset al, 2011). The rhizobacteria belonginp B. amyloliquefaciens
subsp plantarumare known foimproving plantgrowthand for theirantagonistic
activity against plant pathogens. Thigain FZB42 igarticularlyefficient against
phytopathogendacteria andungi and already present on the market as BCA
(Borriss, 2011). Itsability in the root colonization ofArabidopsisthaliana Zea
mays and Lemna mmor was assessewith a FZB42 derivativelabelled with the
green fluorescent protethrough aconfocal laser scanning microscopy (Fedral,
2017). Moreover,the activities ofplant growthstimulationand diseasprotection
wererepored for FZB42 and may otherstrains ofB. amyloliquefaciensubsp.
plantarum(Chowdhuryet al, 2015).For these reasons, this taxon can be regarded
as a model to study plabeneficial interactions iBacillusspp.

The genome dhe strainFZB42was the first to be sequertandanalysed
to identify the key genes involved in the pkassociated lifestyle (Koumoutst
al., 2004; Cheret al, 2007).A big portion (8.5%) oFZB42genome is devoted to

the synthesis of secondary metabolites and, more precisely, nine genes cluste
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involved in the production of bioactive peptides and polyketides were described
(Figure 12) (Chenet al, 2009. Based on genotype and phenotype coherence, the
taxon of B. amyloliquefaciens subsp plantarum has undergone two
reclassifications, first byeing identified as a later heterotypic synonymBof
methylotrophicugDunlapet al, 2015)and then as a later heterotypic synonym of
B. velezensi@unlapet al, 2016).

The annotation and the functional characterization of PGPR genomes can
contribute © an improved understanding of their ecology and of the mechanisms
involved in biocontrol and in plasgrowth promotion activitiesfFor instance, a
comparative study that included the genomes ofB&Rillus spp. with PGPR
activity identified specific feates involved in root colonization, growth promotion
and biocontrol, among which specific genes linked with carbon usage, transport
systemssignallingand productiorof secondary metabolit¢slossairet al, 2015).
Moreover, genome mining enables to idinie gene clusters encoding ribosomal
and norribosomal bioactive secondary metabolites thagaresally silent,which
can generag an underestimation of the biosynthetic potential of some isolates
(Hamdacheet al, 2013).
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Figure 12 The genomeof Bacillus amyloliquefaciensubsp.plantarum FZB42. Outmost circle:

genes and gene clusters involved in synthesis and export (detoxification) of secondary metabolites:
srf, surfactin;sfp, phosphepanthetheinytransferasepksA regulator polyketide syhesis;min,
macrolactin;bag bacillaenepmy, bacillomycin D;fen fengycin;dif, difficidin; Rbce bacitracin

export; nrs, hybrid polyketidetysteinecontaining peptide; dbh, bacillibactin; Rspa subtilin
immunity; bag bacilysin; Rmrs mersacidinimmunity. First circle: all genes incolour code
according to their functions: cell envelope and cellular processes, green; information pathways,
orange; intermediary metabolism, pink; otlfemctions red; unknown, blackSecondcircle: genes

not conserved imBacillus subtilisincluding four gene clusters involved in synthesis of secondary
metabolites (orange)fhird circle: the numbered 17 DNA islands (greeri),clrcle: GC content

profile, 5" circle: rRNAs (green), Beircle: tRNAs (cyan), T circle: prgohages (black), transposons,
and IS elements (red)&ircle: scale (bp) (Cheet al, 2007).
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1.2.3 Impact of environmental factorson lipopeptide production in
the rhizosphere

Root exudates not only act as chemoattractants for PR@RBReyarealso
the primary nutrients that support their growth in the rhizosph&tesrefore, the
host plant imposet® the associated bacteagarticularnutritional environment,
which influences thi cellular physiology, besidedeterminng the selection of
specificmicrobial populationgHartmannet al, 2009) Other factors, such as the
interaction with niche competitors or physicochemical parameters like humidity,
pH, temperaturemineral contentand oxygen availabilitycontribute to shape the
size and théoehavour of rhizobacterial communities. Studying which and how
environmental factoraffectthe physiologyof plantbeneficialBacillus, including
the production of secondary metabolitesshecessary to improve their efficacy
(Nihorimbereet al, 2009)

1.2.3.1 Modulation by plant determinants and rhizosphere competitors

Several works showed thatha pattern of CLPs secreéd by B.
amyloliquefaciensubsp plantarumS499 is substantially modulated in favour of
surfactinsupon root colonizationin laboratory caditions (i.e. planktonic cells
grown in rich medium}his strain efficiently produces all the three familie€aPs
in their various forms but mainly surfactins were detectet Arabidopsis bean,
corn, lettuce, tobaccdapmato,and wheat rootgFigure 13) (Nihorimbereet al,
2012; Deboiset al, 2014; Deboiset al, 2015. Indeed, surfactin synthesis is
stimulated by the presence of organic acids that are abungdaninoot exudates
(Nihorimbereet al, 2012; Kamiloveet al, 2006)

Time-of-flight secondary ion mass spectrometry imaging revealed that
higher quantities of Gand Gs surfactirs compared to © and Gz homologuesire
releasedy rootadhering coloniegFigure 13). Similar proportions were found in
bacteriadeveloping abiofilm, wheke surfactinsverestill the mainCLPs produced
(Nihorimbereet al, 2012) Interestingly, lonegchain surfactins aralsothe most

active as ISR elicitar (Jourdaret al, 2009).
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Figure 13: TOF-SIMS
imaging of lipopeptides
produced by  Bacillus
amyloliquefaciens  subsp
plantarum S499 colonizin
tomato roots. Optica
microscope imageof (a) the
colonized rootand (b) part o
the colonization pattermafte!
transfer ontdhe silicon wafei
(c) Videoimage of the scann
zone (d) High-definition scau
of the lipopeptide distributio
images of the sum of surfact
© (S), iturins (1) and fengycir
(F) ions and (e) relative
distribution  of  surfacti
homologues in the sar
patern are shown. TIi
maximum ion count record
in a pixel in the image

indicated on th colour scal
bar (Nihorimbereet al, 2012)

A recent study demonstrated that &d Gs homologues are secreted very
early by rootcolonizing cells and that the presence of root exudates is not essential
for surfactin accumulatiomMoreover,certainplant cell wall polysaccharidesuch
as xylan and arabinogalactaare perceived byp499and closely related strains
(FZB42, QST713)as signals thatigger surfactin productiofDeboiset al, 2015).

The same polysaccharides have been shown to induce the formation of biofilm i
severabtrains oBacillusamyloliquefaciensubtilis suggesting that thegayplay
akeyroleinthe crosstalk that leads to root colonization (Beauregiat, 2013).

In parallel, the pattern d8acillus CLPs is modulated by the presence of
other microorganisms the same ecosyster@ertainphytopathogenic fungand
not others boost the produmti of fengycins and iturins iB. amyloliquefaciens
Since this occurs without any physical contact among the microbial colonies, it is
conceivable that the bacteria percespecificchemicals signals emitted lspme
pathogens, whicimight up-regulate theexpression of antibiotic€Cawoy et al,

2014) Analyses of gene expression confirmed that differenttswite fungal

pathogens inducearying levels of transcription of the genes involved thre
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synthesis of CLPs indicating thatB. amyloliquefaciengwlved to give species
specific responses to competitors in the environr(igret al, 2014)

1.2.3.2 Effect of temperature, water and oxygen availability

Physicochemical factors suchtamperaturgpH and water availability can
influence the physiologyfdoth host plarg and associated rhizobacteria. In this
context, he study byPertotet al. (2013) assessd the impact of low and high
temperatureanddroughton the interaction betwedd amyloliquefaciensubsp.
plantarum S499 and plants (bean, tomaanmd zucchini).Regarding surfactin
productivity, a positive effecof low temperature§15°C)was observedn those
conditions, a slowepopulationgrowth could endin a higher accumulation of the
CLPs, in agreementvith the factthat a reduced growth ratenhancesurfactin
synthetase gene expressiorBirsubtilis (Nihorimbereet al, 2009).Consistently,
the ISR effect was more evidantbean and tomato plants grown at 13A@n on
plants cultivated at 25°CAn increased surfactin production could #fere
compensatéhe advere effect of cold stressn other traitsnvolved in rhizosphere
fitness, e.g. motility and biofilm formation, which resulted impairdad cold
conditions By contrastno differences imootcolonization noin disease protection
activity emergedbetweerbacterizeglants treated with low water regime and those
regulaty irrigated (Pertotet al, 2013).

The effect of pH and temperature on iturin production was stinjiégaes
et al.(2013). By qRTPCR, they demonstrated thtatD gene expression increased
more than 20 timegpongrowingBacillussp. P1latpH 6 compared to pH 7.4, and
almosttentimes at he temperature of 37°€@mpared tdoacterialgrowth at 30C.
On the contraryby increasinghe temperature to 42 and the pHda 8ituD gene
expressionn the straindecreasedHowever, Fickerst al. (2008) showed that
lowering growth temperature from 37°C to 25f@steed the biosynthesis of
mycosubtilin (CLP of the iturin familyin B. subtilisATCC6633 and its derivative
stran BBG100 without visible changes in gene exm®on, indicating that
temperature may also affaotycosubtilin synthetase turnover.

Oxygen concentration was anothgarameter monitored for its effect on
lipopeptideproduction Oxygenis often a limiting fator in soil and especially in
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the rhizosphere, becausé is consuned by root and rootassociated
microorganisms. Soiborre aerobic bacteria, such &acillus spp, may thusbe
affected by oxygen depletion in their natural habighenB. amyloliquefacies
subsp. plantarum S499 was grownunder different aeration rates, surfactins,
fengycins and iturinswere more efficiently produced under low oxygen
concentrations. Anyway, changing tlaerationconditions did not change the
relative proportion of the theefamilies of CLPs releasedthereforethis factor
cannot explain the surfactenriched lipopeptide signatuire planta(Nihorimbere

et al, 2012).The impact of oxygen concentration on lipppée biosynthesis was
alsodemonstrated with other strainschuasB. subtilis ATCC6633 (Guezt al,
2008)andB. subtilisBBG21 (Fahimet al, 2012)
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A sustainable agriculture aims at reducing the release of synthetic chemical
products in the environment. For this reason, theofisdternatives as microbial
biopesticidess increasing worldwide. Several PGPR, and in particular the strains
of B. amyloliquefaciensubspplantarum display biofertilizer activity and/or have
the ability to contain plant diseases. However, fieldcaffy of most of these
bacterial strains is still unsatisfying. Indeed, as the rhizosph@e&omplex and
dynamic system, the efficacy of PGPR inoculants can be impaired by several biotic
and abiotic factors. In many cases, molecular crosstalk deterrtieicglonization
of the host plant, or allowing to survive over niche competitors, or yet the
mechanisms underlying adaptation to environmental stresses, are poorly known.
Therefore, a deeper understanding of major traits regulating rhizosphere
interactions may help in improving the efficacy of plant beneficial strains in crop
systems.

The general aim of this thesis is to broaden the knowledge on biological
mechanisms underlying the crosstalk between PGPR belongingB.to
amyloliquefacienssubsp. plantarum host plants and phytopathogenfung,
especially focusing on the bacterial features. Hence, the specific objectives of the
thesis are:

) B. amyloliquefaciensubsp.plantarum strain S499 genome sequencing,
assembly and annotation, and S499 genome mifin genes putatively
involved in rhizosphere interactions;

(I)  search for straispecific genetic features of S499, in comparison with
closely related strains, and in particular withe type strainB.
amyloliguefaciensubspplantarumFzZB42,

(Il  chaacterization of a peculiar extrachromosomal element (plasmid pS499),
encoding a quorursensing regulatory system, under nutdech growth
conditions;

(IV) elucidating the role played by the plasmid pS49%hmrhizospherepy
growing bacteriaon tobaco and tomato rootandon afirecomposed root

exudates 0o medium
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Bacillus amyloliquefaciens subsp. plantarum S499 is a plant beneficial rhizobacterium with a good antag-
onistic potential against phytopathogens through the release of active secondary metabolites. Moreover,
it can induce systemic resistance in plants by producing considerable amounts of surfactins. The com-
plete genome sequence of B. amyloliquefaciens subsp. plantarum S499 includes a circular chromosome of
3,927,922 bp and a plasmid of 8,008 bp. A remarkable abundance in genomic regions of putative horizon-
tal origin emerged from the analysis. Furthermore, we highlighted the presence of genes involved in the
establishment of interactions with the host plants at the root level and in the competition with other soil-
borne microorganisms. More specifically, genes related to the synthesis of amylolysin, amylocyclicin, and
butirosin were identified. These antimicrobials were not known before to be part of the antibiotic arsenal
of the strain. The information embedded in the genome will support the upcoming studies regarding the
application of B. amyloliquefaciens isolates as plant-growth promoters and biocontrol agents.

Amylocyclicin

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Since its isolation from a cultivated soil in the Iturie region
(Democratic Republic of Congo; Delcambe, 1965), the rhizobac-
terium Bacillus amyloliquefaciens subsp. plantarum S499 (available
at BCCM/LMG Bacteria Collection, LMG 29676) has been extensively
described due to its plant beneficial properties shown in green-
house and field trials (Nihorimbere et al., 2010; Pertot et al., 2013).
The protection provided by S499 against phytopathogens relies on
its potential to produce multiple antimicrobial metabolites (Cawoy
etal, 2015)and onits ability to induce systemic resistance in plants
(Ongena et al., 2005a,b, 2007). This strain is an excellent producer
of the surfactin-type lipopeptide, which not only contributes to the
high rhizosphere competence of the bacterium but which also acts
as the main elicitor of host immunity (Cawoy et al., 2014). It most

* Corresponding author.
E-mail address: gerardo.puopolo@fmach.it (G. Puopolo).
! These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.jbiotec.2016.09.013
0168-1656/© 2016 Elsevier B.V. All rights reserved.

probably explains why in a comparative study, which included 16
root-associated Bacillus isolates, S499 was the most efficient in dis-
ease reduction (Cawoy et al., 2014). For these reasons, S499 has
often been used as model to investigate the impact of biotic and
abiotic factors on rhizosphere fitness and antibiotic production in
B. amyloliquefaciens, but also to study the molecular interactions
established with the host plant (Debois et al., 2015; Henry et al.,
2011; Nihorimbere et al., 2012; Pertot et al., 2013). Furthermore,
expression of its biocontrol-related antibiome has been charac-
terised in details, both in vitro and in planta (Debois et al., 2014).
The availability of the S499 complete genome can provide an addi-
tional tool for in-depth investigation of the mechanisms involved
in biocontrol of plant diseases and be the basis for the development
of novel more effective biofungicides based on bacteria belonging
to B. amyloliquefaciens subsp. plantarum.
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Table 1

Features of Bacillus amyloliquefaciens subsp. plantarum $499 genome.
Features Chromosome Plasmid
Genome size (bp) 3,927,922 8,008
G+C content (%) 46.6 40.40
Total predicted CDS* 3,974 7
rRNA operons 24 -
tRNA genes 81 -
Insertion sequence 1 -
Phage-associated genes 154 -

# CDS: Coding DNA Sequences.

2. Materials and methods
2.1. DNA extraction and genome sequencing

Genomic DNA was extracted from S499 cultures using a Pure-
Link Genomic DNA Mini Kit (Thermo Fisher Scientific, Invitrogen,
USA) according to the manufacturer’s instructions. A 10-kb PacBio®
RS II single-molecule real-time (SMRT) cell (Chin et al., 2013) was
used to sequence the whole genomic DNA of S499 through PacBio
technology at Baseclear B.V. (Leiden, Netherlands).

2.2. Genome assembly and annotation

Assembly of subreads obtained with the PacBio® RS 1l SMRT
was carried out using the RS hierarchical genome assembly
process (HGAP) protocol version 3.0, as available in SMRT Por-
tal v2.0 (https://github.com/PacificBiosciences/Bioinformatics-
Training/wiki/HGAP-in-SMRT-Analysis). The SMRT Portal was
configured and used with a public machine image that Pacific
Biosciences maintains and upgrades on Amazon Cloud (https://
github.com/PacificBiosciences/Bioinformatics-Training/wiki/
%22Installing%22-SMRT-Portal-the-easy-way—Launching-A-
SMRT-Portal-AMI). Whole genome assembly was achieved with
a comparative method, which combined de novo assembly and
mapping through the MAUVE aligner tool (Darling et al., 2010).
Annotation was carried out using Rapid Annotation Subsystem
Technology (RAST; Aziz et al., 2008). Tandem repeats were detected
with Tandem Repeats Finder (Benson, 1999) and genomic islands
were screened using IslandViewer (Dhillon et al., 2013; Langille
and Brinkman, 2009). IS Finder (Siguier et al., 2006) and PHAST
(Zhou et al, 2011) were used to identify insertion sequences
and prophage regions. Genome mining for bioactive secondary
metabolites was performed via antiSMASH 3.0 (Weber et al., 2015).

3. Results and discussion

The genetic equipment of S499 consists of a 3,927,922 bp cir-
cular chromosome and an 8,008 bp plasmid (Fig. 1). The plasmid
contains only seven coding DNA sequences (CDS) while the cir-
cular chromosome has 3,974 CDS, and 106 predicted RNA genes
(Table 1). The circular chromosome includes 99 tandem repeats
and one insertion sequence element of 1,275bp identified as
“ISBsu1”, encoding a transposase and a tail length tape measure
protein. Furthermore, we detected four prophage regions, con-
taining 154 putative phage-related genes. Screening for genomic
islands revealed the presence of five additional regions of hypothet-
ical horizontal origin, which include the CDS involved in antibiotic
resistance, detoxification and stress responses (Table 1). This find-
ing could reflect the S499 adaptation to its natural soil ecosystem.
In such habitat, the evolution of bacterial populations continuously
exposed to environmental stresses could largely depend on a high
rate of horizontal gene exchanges (Aminov, 2011).

Through RAST classification into subsystems (Table 2), we high-
lighted the importance of the coding portion of the S499 genome

Table 2
Distribution of Bacillus amyloliquefaciens subsp. plantarum S499 coding DNA
sequences (CDS) in subsystems according to RAST Server.

Subsystem CDS
Cofactors, Vitamins, Prosthetic Groups, Pigments 229
Cell Wall and Capsule 138
Virulence, Disease and Defense 60
Potassium metabolism 9
Photosynthesis 0
Miscellaneous 47
Phages, Prophages, Transposable elements, Plasmids 25
Membrane Transport 69
Iron acquisition and metabolism 30
RNA Metabolism 155
Nucleosides and Nucleotides 114
Protein Metabolism 162
Cell Division and Cell Cycle 55
Motility and Chemotaxis 86
Regulation and Cell signaling 64
Secondary Metabolism 6
DNA Metabolism 105
Fatty Acids, Lipids, and Isoprenoids 138
Nitrogen Metabolism 31
Dormancy and Sporulation 17
Respiration 74
Stress Response 108
Metabolism of Aromatic Compounds 12
Amino Acids and Derivatives 444
Sulfur Metabolism 39
Phosphorus Metabolism 31
Carbohydrates 414

that supports bacterial development on roots. Indeed, as much
as 15% of the classified CDS were assigned to categories related
to the ability of S499 to effectively colonize plant roots and
produce secondary metabolites responsible for the control of phy-
topathogens (“Motility and Chemotaxis”, “Membrane Transport”,
“Virulence, Disease and Defense”, “Secondary Metabolism™ and
“Stress Responses”). Regarding the intrinsic plant growth promo-
tion function of the strain (Nihorimbere et al., 2010), we assessed
the presence of the genes necessary for synthesis of auxin, phy-
tase, and volatile compounds (e.g. 2,3-butanediol and acetoin)
known to be implicated in this activity (Idriss et al.,, 2002; Ryu
et al., 2004; Table 2). In the context of phytopathogen biocon-
trol, the antiSMASH analysis allowed to identify gene clusters
encoding the enzymatic machinery for synthesis of nonribosomal
peptides (surfactins, iturins, fengycins, bacillibactin, and bacilysin)
and polyketides (bacillaene, difficidin, and macrolactin, Table 3).
The antiSMASH analysis identified additional genes related to the
production of other antimicrobials, such as the lantibiotic amy-
lolysin (Arguelles-Arias et al., 2013), the bacteriocin amylocyclicin
(Scholz et al., 2014), and the aminoglycoside antibiotic butirosin
(Llewellyn et al., 2007), which have not been detected using chem-
ical analysis in culture media of the strain to date (Debois et al.,
2014).

The genomic features of S499 thus clearly reflect its root-
associated lifestyle and its biocontrol potential. Most importantly,
the complete genome of this efficient and peculiar Bacillus strain
is being used for developing transcriptomic studies with the aim
of understanding how the antibiome expression profile in this bac-
terium is modulated upon interaction with a variety of host plants
and with the numerous competitors present in the rhizosphere
microbiome.

4. Nucleotide sequence accession number

The complete nucleotide genome sequence of B. amy-
loliquefaciens subsp. plantarum S499 has been deposited at
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Fig. 1. Genomic map representation of the Bacillus amyloliquefaciens subsp. plantarum S499 complete genome. (a) Circular chromosome, (b) Plasmid. Rings show (from the
inside): (1) nucleotide sequence; (2) GC percent; (3) GC skew. Genomic maps were constructed using the BLAST Ring Image Generator (BRIG, version 0.95; Alikhan et al,,
2011).

Table 3
Identification of gene clusters potentially involved in the synthesis of secondary metabolites by Bacillus amyloliquefaciens subsp. plantarum S499.

Cluster® Type® From® To* Secondary metabolite”

1 Trans-AT PKS cluster 852,198 952,636 Difficidin

2 Type Ill PKS cluster 1,068,971 1,110,071 Unknown

3 Terpene 1,160,436 1,182,319 Unknown

4 Nrps-Transatpks 1,204,945 1,342,774 Fengycin
Iturin

5 Transatpks-Nrps 1,399,613 1,502,314 Bacillaene

6 Transatpks 1,728,554 1,814,435 Macrolactin

7 Lantipeptide 1,981,950 2,010,839 Amylolysin

8 Terpene 2,169,549 2,190,289 Unknown

9 Other types of PKS cluster 2,272,301 2,313,545 Butirosin

10 Nonribosomal peptide synthetase cluster 2,589,001 2,654,407 Surfactin

1 Nrps-Bacteriocin 3,025,102 3,091,892 Bacillibactin
Amylocyclin

12 Other 3,599,548 3,640,966 Bacilysin

2 Clusters identified using default settings of antiSMASH 3.0.

b Class of gene cluster according to antiSMASH 3.0.

© Location of gene clusters in the B. amyloliquefaciens subsp. plantarum S499 genome.
d Secondary metabolites potentially produced based on the gene clusters.

DDBJ/EMBL/GenBank under the accession numbers CP014700
(chromosome) and CP014701 (plasmid).
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The rhizobacterium Bacillus amyloliquefaciens subsp. plantarum S499 (S499) is
particularly efficient in terms of the production of cyclic lipopeptides, which are
responsible for the high level of plant disease protection provided by this strain.
Sequencing of the S499 genome has highlighted genetic differences and similarities
with the closely related rhizobacterium B. amyloliquefaciens subsp. plantarum FZB42
(FZB42). More specifically, a rare 8008 bp plasmid (pS499) harboring a rap-phr
cassette constitutes a major distinctive element between S499 and FZB42. By curing
this plasmid, we demonstrated that its presence is crucial for preserving the typical
physiology of S499 cells. Indeed, the growth rate and extracellular proteolytic activity
were significantly affected in the cured strain (S499 P~). Furthermore, pS499 made
a significant contribution to the regulation of cyclic lipopeptide production. Surfactins
and fengycins were produced in higher quantities by S499 P, whereas lower amounts
of iturins were detected. In line with the increase in surfactin release, bacterial motility
improved after curing, whereas the ability to form biofilm was reduced in vitro. The
antagonistic effect against phytopathogenic fungi was also limited for S499 P~, most
probably due to the reduction of iturin production. With the exception of this last aspect,
S499 P~ behavior fell between that of S499 and FZB42, suggesting a role for the plasmid
in shaping some of the phenotypic differences observed in the two strains.

Keywords: Bacillus, genome comparison, plasmid, surfactin, biological control

INTRODUCTION

Some strains of the Bacillus amyloliquefaciens species have been described as beneficial
rhizobacteria, because of their ability to promote growth and/or protect plants from infection
by multiple pathogens (Lugtenberg and Kamilova, 2009; Cawoy et al., 2011; Kumar et al.,
2011). This protective effect against disease is achieved through multiple mechanisms, of which
competition for space/nutrients, direct antibiosis against pathogens, and induction of systemic
resistance (ISR) in the host plant are the most relevant (Nihorimbere et al., 2011; Bakker et al.,
2013). Borriss et al. (2011) separated this bacterial species into two taxa “B. amyloliquefaciens
subspecies amyloliquefaciens” and “B. amyloliquefaciens subspecies plantarum,” which
grouped together all the plant-associated B. amyloliquefaciens strains. Recently, the
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B. amyloliquefaciens subspecies plantarum has undergone
two reclassifications as a later heterotypic synonym of B.
methylotrophicus (Dunlap et al., 2015), and then as B. velezensis
(Dunlap et al, 2016). The commercially available strain
B. amyloliquefaciens FZB42 (FZB42; RhizoVital® 42, Abitep
GmbH) is considered as the type strain of this “plantarum”
subspecies. This is based on its genetic richness in key genes
or clusters involved in its plant-associated lifestyle and the
synthesis of bioactive secondary metabolites (BSM) acting as
signals for intra- or inter-species cross-talks (e.g., stimulation
of ISR), and/or as antimicrobials for suppressing competitors in
the rhizosphere (Koumoutsi et al., 2004; Chen et al., 2007, 2009;
Borriss et al., 2011; Chowdhury et al., 2015).

As part of this BSM arsenal, surfactins, fengycins, and
iturins are the three main families of cyclic lipopeptides (CLPs)
produced by the Bacillus amyloliquefaciens species, synthesized
in an mRNA-independent way by modular enzymes (non-
ribosomal peptide synthetases, NRPS, or hybrid polyketide
synthases/non-ribosomal peptide synthetases, PKS-NRPS;
Walsh, 2004). These compounds have multiple functions
that are crucial both for rhizosphere fitness of the producing
strains but also for their biocontrol potential (Ongena et al.,
2005a; Ramarathnam et al., 2007; Romero et al., 2007; Ongena
and Jacques, 2008; Kim et al., 2010; Raaijmakers et al., 2010;
Cawoy et al, 2015). Surfactins are heptapeptides linked to a
pB-hydroxy fatty acid (various homologs from C12 to C17) which
display some ISR-eliciting activity and some antibacterial and
antiviral activity, but are not fungitoxic (Peypoux et al., 1999;
Ongena et al,, 2007). As wetting agents, surfactins also help
the movement of producing cells along the roots by facilitating
swarming motility (Kinsinger et al., 2003; Julkowska et al,
2005; Leclére et al., 2006). Moreover, an essential role in the
formation of biofilm on roots has been recognized for this
CLP (Bais et al., 2004). Fengycins are lipodecapeptides with an
internal lactone ring in the peptide moiety, plus a saturated or
unsaturated B-hydroxy fatty acid chain (C14-C19), and show
strong antifungal activity (Vanittanakom et al.,, 1986). Iturins
include seven variants, of which bacillomycins and mycosubtilin
are the best known; all of them are heptapeptides linked to
a P-amino fatty acid chain (C14-C17). Iturins have limited
antibacterial activity, but a strong antifungal effect (Maget-Dana
and Peypoux, 1994). Fengycins and iturins have been shown
to be essential for the ISR-independent biocontrol provided by
several Bacillus strains (Ongena and Jacques, 2008; Raaijmakers
etal., 2010).

Bacillus amyloliquefaciens subsp. plantarum S499 (S499)
represents another strain that has been widely investigated due
to its biocontrol potential, and more broadly in the context of
molecular interaction with the host plant and other soil-borne
microorganisms. S499 also synthesizes the three CLP families,
but in quite different proportions compared to FZB42 and other
Bacillus amyloliquefaciens subsp. plantarum strains, suggesting
a divergent regulatory pathway in the synthesis of secondary
metabolites (Cawoy et al., 2015). For instance, $499 is a very
efficient producer of surfactins in vitro and in planta, which
correlates with a higher potential for ISR induction compared
to FZB42 and other strains belonging to the same subspecies

(Jacques et al., 1999; Cawoy et al., 2014). S499 is also quite distinct
in terms of other phenotypic traits such as biofilm formation,
motility and root colonization (Cawoy et al., 2014). In addition,
some environmental factors and plant determinants influence
CLP production in $499, making this strain a good model for
studying multitrophic interaction in the rhizosphere ecosystem
(Nihorimbere et al., 2012; Pertot et al., 2013; Debois et al., 2015).
The genome of $499 has recently been sequenced, assembled,
and annotated with the scope of pointing out some genetic
determinants possibly related to its relatively specific behavior
(CP014700-CP014701, Molinatto et al., 2016).

In the work presented here, we performed further comparative
genomics, revealing some peculiarities in terms of genetic
equipment and organization at chromosome level compared
to the type strain FZB42. However, an additional feature of
§499 is the presence of a plasmid (pS499) containing a rap-phr
cassette encoding the response regulator aspartate phosphatase
(Rap) and its putative Rap regulatory peptide (Phr). As Rap-
Phr systems have pleiotropic regulatory effects on a number of
cellular processes (Pottathil and Lazazzera, 2003), we pursued
the functional characterisation of pS499 by evaluating how its
loss affects S499 behavior compared to the type strain FZB42.
Our data provide some evidence regarding the crucial impact of
this plasmid on several traits related to rhizosphere competence,
such as substrate utilization, cell motility, biofilm formation, and
antagonism against fungal phytopathogens.

MATERIALS AND METHODS

Bacterial and Fungal Strains

All the bacterial strains used in this work (Table S1) were stored
at length in glycerol 30% at —80°C and routinely grown at 28°C
in Luria-Bertani broth (LB; tryptone 10 g 17!, yeast extract 5 g 17!,
NaCl10g1~!, pH 7) and on LB broth amended with agar 16 g1~}
(LBA). The phytopathogenic fungi used in this work (Table S1)
were grown on potato dextrose agar (PDA) at 28°C and stored at
length on PDA slants at room temperature.

Genome Comparative Analysis

Phylogenetic analysis was carried out with Gegenees software
2.2.1 (Agren et al., 2012) through fragmented all-against-all
comparison (fragment size = 500; sliding step size = 500)
performed on the sequences of B. amyloliquefaciens subsp.
plantarum and closely related strains whose complete genome
was present on NCBI (http://www.ncbi.nlm.nih.gov) on 14
March 2016. In particular, 19 strains belonging to different
Bacillus species were included in the analysis. The heat plot tab
generated by Gegenees was used to build the Neighbor-Joining
phylogenetic tree with the Neighbor and DrawGram applications
of the Phylogeny Inference Package (PHYLIP) version 3.695
(Felsenstein, 1989).

Genome alignment of the S$499 genome against FZB42
was done with the sequence-based comparison tool on SEED
Viewer version 2.0 (Overbeek et al., 2005). On the same
platform, the BLAST tool was used to perform gene by
gene sequence alignments. The genomes of FZB42 and S499
were also aligned by applying the progressive algorithm
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and maintaining the default settings implemented in open-
source MAUVE aligner v2.3.1 (Darling et al, 2010). BRIG
application (Alikhan et al., 2011) was used to display circular
comparisons.

To assess the frequency of plasmids similar to the S$499
plasmid (pS499), the NCBI Genome Assembly, and Annotation
reports for B. ampyloliquefaciens subsp. plantarum and B.
amyloliquefaciens subsp. amyloliquefaciens, and the NCBI
Plasmid Annotation report for B. subtilis were examined
(included sequences are listed in Table S2). Moreover, strains
23, 76, 98R, 98S, 104, and GAl belonging to different Bacillus
spp. were tested using PCR with Rapl primers (Table S3)
after isolation of plasmid DNA using a GeneJET Plasmid
Miniprep kit (Thermo Fisher Scientific Inc.). The PCR program
was as follows: 5 min at 95°C, followed by 30 cycles of
30s at 95°C, 30s at 60°C and 1 min at 68°C. Annotation
of the pS499 sequence (CP014701) was done using Prokka
(Seemann, 2014). The sequence encoding the Phr peptide was
retrieved by aligning the phrQ gene (BAPNAU_RS20550, Wu
et al., 2013) against the pS499 sequence. Alignments of the
plasmid-encoded rap genes were performed on NCBI blastn
suite (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and with EMBOSS
Needle Pairwise Sequence Alignment tools (http://www.ebi.ac.
uk/Tools/psa/).

Plasmid Curing

Bacillus amyloliquefaciens subsp. plantarum S499 was cured of
its native plasmid according to the procedure described by Feng
et al. (2013), with some modifications. Briefly, S499 was grown
for 16 h at 30°C (180 rpm) in sterile 15 ml tubes containing
5 ml of LB broth. The resulting cell culture was diluted 10
times in LB broth and 50 .l were transferred to sterile 15
ml tubes containing 5 ml of LB broth amended with 0.005%
sodium dodecyl sulfate. Inoculated tubes were incubated at 42°C
(180 rpm) for 12 h. This step was repeated 14 times. After
each 12 h incubation, serial dilutions of the cell cultures were
streaked on LBA dishes and incubated at 30°C for 24 h. Selected
colonies were picked up and total DNA was extracted using
a PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific
Inc.) according to the manufacturer’s instructions. The extracted
total DNA was amplified in PCR reactions, where Rep primers
(Table S3) specific for the pS499 sequence encoding rep gene
were used. To rule out the possibility that potential plasmid
cured derivatives were the result of contaminations, 16S rDNA,
cheA, gyrA genes from $499 and its derivatives were amplified
using primer pairs reported in Table S3. In all the cases, the PCR
programs consisted of a first step at 95°C for 5 min and 30 cycles
in series of 30 s at 95°C, 30's at 60°C, 1 min at 72°C and finally
5 min at 72°C. The presence/absence of the rep amplicons was
checked on a 1% agarose gel to select plasmid cured derivatives.
Amplicons from 16S rDNA, cheA, gyrA genes were purified with
illustra ExoProStar 1-Step (GE Healthcare Europe GmbH), and
sequenced with an ABI PRISM 3730x] DNA analyzer (Applied
Biosystems, Thermo Fisher Scientific Inc., USA). To determine
the level of nucleotide sequence identity, sequences of 16S rDNA,
cheA, gyrA amplicons deriving from $499 and its derivative were
subsequently aligned with EMBOSS Needle Pairwise Sequence
Alignment tools (http://www.ebi.ac.uk/Tools/psa/).

Growth Curves

A SpectraMax M2E Multi-Mode Microplate Reader (Molecular
Devices LLC, USA) was used to determine the growth rates
of $499, and the plasmid-cured S499 strain (S499 P~). FZB42
was included in all the following assays as a comparison. The
test was carried out in sterile 48-well plates. A volume of 10
il of a cell suspension [optical density at 600 nm (ODggp) =
0.001 corresponding to the 10® colony forming units (CFU)] was
inoculated into LB broth (1 ml) and a modified LB broth (1 ml),
where tryptone (10 g 17!) was replaced by casamino acids (10g
1!). Non-inoculated LB and modified LB broths were used as a
control. The plate was incubated with continuous shaking for 40
h at 28°C and ODgg was measured every 30 min. Three wells
were used for each strain (replicates) and the experiment was
repeated.

The supernatants of the 48-well LB cultures were filtered
through a 0.2 wm membrane (Sartorius AG, Germany) at the
end of the incubation period (40 h). To identify and quantify
CLPs (surfactins, fengycins, and iturins), the culture filtrates
of each strain were analyzed with ultra-performance liquid
chromatography—electrospray ionization mass spectrometry
(UPLC-ESI-MS) according to the procedure described below.
Three repetitions of the assay were used to calculate the mean
values of production.

Extracellular Proteolytic Activity

The FZB42, $499 and S499 P~ strains were inoculated into
15 ml sterile tubes containing 5 ml of LB broth and grown
overnight (16 h) at 28°C (180 rpm). The resulting cell cultures
were diluted 100 times by transferring 50 pl into sterile 15 ml
tubes containing 5 ml of LB broth (three replicates for each
strain). Once inoculated, 15 ml tubes were incubated for 6 h in the
same conditions reported above. ODg was recorded at the end
of the incubation period. Subsequently, tubes were centrifuged at
4000 rpm for 10 min to remove the cells and the supernatants
were filtered through a 0.2 um membrane (Sartorius AG). A
volume of 225 pl of culture filtrates (three replicates for each
tube) was transferred to 1.5 ml sterile microfuge tubes and mixed
with 150 pul of 1% azocasein stock solution (50 mM Tris-HC, pH
8.8). After 4 h of incubation at 37°C, the undigested substrate
was precipitated by adding 375 l of 5% trichloroacetic acid
and centrifuged for 3 min at 13,200 rpm. Supernatants were
transferred to new 1.5 ml sterile microfuge tubes containing 400
il of 1 M NaOH, and absorbance at 405 nm (ODyg5) was then
recorded. Relative proteolytic activity was calculated as the ratio
of the OD495/ODggo. The experiment was repeated.

The production of extracellular proteases was also assessed
on skimmed milk dishes. For this purpose, a volume of 5 pl of
a cell suspension (ODggp = 1) corresponding to 5 x 10° CFU
for each strain was inoculated onto LBA amended with 1% (w/v)
of skimmed milk. Once inoculated, Petri dishes were incubated
at 28°C and the diameter of the clarification halo was measured
after 48 h. Five Petri dishes (replicates) were used for each strain
and the experiment was repeated.

Kinetics of Cyclic Lipopeptide Production
The FZB42, §499, and $499 P~ strains were grown overnight
on LBA at 30°C in Petri dishes. Bacterial cells were scraped
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from LBA surface and collected with a loop in 1 ml of sterile
distilled H,O, washed three times in sterile distilled H,O, and
the ODggp was adjusted to 1. A volume of 1 ml of the deriving cell
suspensions was inoculated into Erlenmeyer flasks containing
100 ml of LB broth. Flasks were then incubated for 24 h at 28°C
(110 rpm). The samples were collected every hour from 0 to 12 h
with final sampling after 24 h. From each flask, 3 ml of cell culture
were transferred to three microfuge tubes (1 ml each), which were
centrifuged for 5 min at 12,600 rpm. Supernatants were used
for the identification and quantification of cyclic lipopeptides
with UPLC-ESI-MS. Cell pellets were stored at —20°C for
analysis of gene expression (srfA and rap) using RNA extraction
and quantitative reverse transcription-polymerase chain reaction
(qRT-PCR), and measurement of bacterial growth with flow
cytometry. The experiment was carried out three times.

Samples were analyzed using reverse phase UPLC (Acquity
class H, Waters Corp., USA) coupled with a single quadrupole
MS (SQ Detector, Waters Corp.) on an Acquity UPLC BEH C18
2.1 x 50 mm, 1.7 pm column (Waters Corp.). Elution started at
30% acetonitrile (flow rate of 0.60 ml min~!). After 2.43 min, the
percentage of acetonitrile was brought up to 95% and held for 5.2
min. Then, the column was stabilized at 30% acetonitrile for 1.7
min. Compounds were identified based on their retention times
compared to authentic standards (98% purity; Lipofabrik Society,
France) and the masses detected in the SQDetector. Ionization
and source conditions were set as follows: source temperature =
130°C; desolvation temperature = 400°C; nitrogen flow = 1000 1
h~!; cone voltage = 120 V.

Quantification of Relative Gene Expression
Total RNA was extracted with a NucleoSpin® RNA kit
(Macherey-Nagel GmbH & Co. KG, Germany) according to the
manufacturer’s instructions. Quantification of srfA and pS499 rap
relative gene expression was done using reverse transcription
Real-time PCR (StepOnePlus™, Thermo Fisher Scientific Inc.),
with a qPCRBIO SyGreen 1-Step Hi-ROX kit (PCR Biosystems
Ltd, UK). Primers used in the reactions were designed by
Primer3web version 4.0.0 (Untergasser et al., 2012) and are listed
in Table S3. The qRT-PCR program consisted of a first step of 10
min at 48°C, followed by 2 min at 95°C, and 40 cycles in series
of 5s at 95°C and 305 at 60°C. The housekeeping gene gyrA was
used as an endogenous control.

The relative gene expression was calculated according to the
comparative Ct method (Livak and Schmittgen, 2001). At each
time point, ACt was determined by subtracting the threshold
cycle (Cr) value of gyrA from the Cr value of the target gene; then
the ACr of sample “time 0” was subtracted from the ACr values
of the following sampling times, obtaining A ACr values. Finally,
the relative quantity (RQ) of gene expression was calculated
according to this formula:

RQ = zfAACT

Measurement of Bacterial Growth with
Flow Cytometry

A first sonication step was used to dissolve cellular aggregates.
Cell pellets were suspended in 500 il of staining solution S1

(72g I”! tartaric acid; 3.89g 17! Na,HPOy; 2.85g I7! EDTA;
0.0375g 17! sucrose monohydrate; pH 3) over three cycles of
gentle sonication (15-20s at 25-30% of the power of the device,
Sonopuls HD 2070, Bandelin GmbH, Germany). Subsequently,
500 .l of solution S2 (1.95 g 17! citric acid; 5.8 g 17! NaCl; 1.45 ¢
17! Na;HPOy; pH 3.8) supplied with 0.2% acridine orange were
added. Samples were then mixed by vortexing thoroughly, before
being analyzed with flow cytometry (BD Accuri™ C6, Becton,
Dickinson and Company, USA) for cell counting.

Swarming Motility and Biofilm Formation
The swarming motility of FZB42, $499, and S$499 P~ was
evaluated according to Pertot et al. (2013). The diameter of the
bacterial macrocolonies was measured at 12, 16, and 20 h after
inoculation. Four Petri dishes (replicates) were used for each
strain and the experiment was repeated.

The production of biofilm by FZB42, $499, and $499 P~ in 24-
well polystyrene plates was determined according to Pertot et al.
(2013). Specific biofilm formation (SBF) was calculated according
to Yaryura et al. (2008) with the following formula:

SBF = (B — NC)/BG

where B is the amount of crystal violet attached to the well
surfaces measured at 590 nm (ODsgg), NC is the ODsgg of the
negative control and BG is the bacterial growth measured at 600
nm (ODgqo). Eight wells (replicates) were used for each strain and
the experiment was repeated.

Antagonism against Fungal
Phytopathogens

The antifungal activity of FZB42, $499, and S499 P~ was tested
against Cladosporium cucumerinum and Fusarium oxysporum f.
sp. radicis-lycopersici. Cladosporium cucumerinum was streaked
over the whole LBA surface in Petri dishes, and subsequently
a volume of 5 pl of bacterial cell suspension (ODgyy = 1)
corresponding to 5 x 10° CFU was inoculated onto it. Petri
dishes were incubated at 28°C for 72 h. To test for F. oxysporum
f. sp. radicis-lycopersici, bacterial cells were inoculated onto LBA,
2 cm from the edge of the Petri dishes. Once inoculated, dishes
were incubated at 28°C for 72 h. Plugs of F. oxysporum f. sp.
radicis-lycopersici mycelium (5 mm) were cut away from the edge
of young (5-day-old) colonies grown on PDA and placed 2.5
cm from the bacterial colonies. Petri dishes were incubated at
28°C for 72 h. Dishes not inoculated with the bacterial strains
were used as a control. At the end of the incubation period,
the inhibition zone (distance between bacterial colonies and
mycelia) was measured. Moreover, two plugs (5 mm) of medium
were removed from the inhibition zone and transferred to 1.5
ml microfuge tubes containing 1 ml of 50% acetonitrile and
0.1% formic acid. Cyclic lipopeptides were extracted by regular
vortexing for 2 h at room temperature. Then, samples were
centrifuged and filtered through a 0.2 um membrane (Sartorius
AG) before being injected into UPLC-ESI-MS columns according
to the procedure reported above. Three dishes were used for each
combination (replicates) and the experiment was repeated.
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4.2.11Statistical analysis

4.3 Results

4.3.1Specific genetic traits of theBacillus amyloliquefacienssubsp.
plantarum $499 chromosome
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