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Abstract

Increasing foodlemands have driven the adoption of new global stratetpeisitensify
productivitywithout relying on heavy chemical treatments. In the last decades, {genwth
promoting rhizobacteria (PGPR) have emergsgotential biofertilisers and biopesticidas
agriculture. The overall aim of thistudy was to research and develop approaches to

genetically engineer PGPR to improve their beneficial activities toward the plant partner.

A simplified PGPR communityBacillusconsortium of three strains, was adopted to
study the complexity of the interactions occurring within the consortium and the plant
microbiome. Firstly, the comparative genomic analysis of the consortium highlighted the
unique and shared features respongbfor plant promotion microbial interaction and
cooperation among the straingiChe partitioning, organisation in biofilmeith cooperative
mechanismsof quorum sensing cell density controland antibiotic detoxification. Flux
balance analysis identil crossfeedinginteractions among the strains and the metabolic
capability of the consortium to providaitrogen to the plant, transforming it into forms

available for plant utilisation.

The consortium PGP potential was thawestigatedn vitro (LEAP msocosm assay) and
in vivo(pot experiment) on the vegetable cr@rassica rapaThese tests show increased plant
growth when the strains were inoculated together rather than individually and when the
consortium was used as a supplement of the natural Boilkmicrobiome. Theé silicostudy
and the plant experiments highlighted areas for genetic improvement of the consortium

genomes.

Lastly, this work describes the development of a conjugation system that could be used
to efficiently engineernon-domesti@ted bacteria and bacterial communities, such as
rhizobacteria and plant microbiomes. The system, based on the plasmid pLS20, was developed
in Bacillus subtilid68 and successfully tested tmenty-three wild typeBacillusstrains and

three rhizobacilluscommuniies.

The research presented here provides toolsnd approachesfor the genetic

manipulation of rhizobacterial communities, with the ultimate aim of generating sustainable



agricultural bioformulations and sheds light on the complex interactions ¢hatoccur in a

model microbial PGPR consortia.
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Preface

Humanactivities on Earth haveérasticallychanged since the beginning of the Industrial
Revolution in 180. However, recent studies show that the past 70 years have been
characterised by unprecedented shifts in social, economic and environmental aspects of the
human life (Steffen et al., 2011). This phenomenommedWDNB I & ! OOSt SNI GA 2y C
described ly the rapid increment of 24 global indicators; 12 econom@ated indexes (such
as, world population, economic growth, transport vehicles, telephones, international tourism,
aO052ylFfRQa NBalGldz2NIyGas FSNIAEAASNEmentad I § SNI |
components ificluding atmospheric C& NbO and Chkl ozone depletion, loss of forests,
amount of domesticated lands, ocean ecosystems and global diversity) (Steffen et al., 2015).
It is clear from these trends that human enterprise has created ripiggsure to the
environment, and that new challenges presented by a growing number of people on Earth
with the right to development (9 to 1Billion by 2050 according to the United Nations 2019
prospects, https://population.un.org/wpp/) need to be address

With the Great Acceleration, we have been entering a new geological era, the
Anthropocene, in which humans and their activities have played a key role in reshaping the
planet. Furthermore, ve are the first generation wittomprehensiveknowledge of huran
impact on the Earth Systerand thereforeit is ourresponsibility to drive change to a more

sustainable future.

XX



Chapter 1 Introduction and background

This chapter provides the introduction to thesearch discussed in thigesis Itincludes
the broader context, the background information and the motivations on which this
dissertation is groundedt the end of the chapter, a brief description of theesis structure

is also provided.

1.1. Agriculture and modern challenges

During one of my visits to Japan, my lab mate Kotaro Mori explained to me the meaning
2F GKS SELINBaarzy aLGl REF1AYLH dlddalimaguskprédses A & d
the deep gratitude for the meal, from the ingredientisat reach the bowl, to the many people
involved in the food production, purchase and preparatiand finally to the Earth as source

of food and life.

Foodis only thefinal product of a wholefood chainsystemthat affectsthe social,
economic and environmental life of every and each one on the planet. According to FAO (Food
and Agriculture Organization of United Nations), agriculture can still be considered the
backbone othe food production, with 2.5 billion of people depending on it for survival, 570
million farms worldwide and millions of jobs related to the sedféigure 11). On the other
hand, it has been estimated that the agricultural food system poses a larggrifatoon the
global environmentthat includes the employment of 37.6% of land area, 70% of water for
irrigation and the emission of onriird of the humancaused greenhouse gas
0666Ps2NI ROy ®2NBT {GlFraGS 2F (GKS 62NX RQa f I

In this scenarioll KS ¢ 2 NX R Qricredsé@pteltictet! to veatly10 billion by 2050
United Nations 2019 prospectshttps://population.un.org/wpp/) places tremendous

demands on the global food supply and makes it necessary to find applicable s®ltdio
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intensify global productivity without compromising food security andquality

(www.worldbank.org; FAO 2012 revision).

For decades, modern agriculture has relied mcorporating more landthrough
deforestation introducing farm mechanization and trsgenic cropsand applying greater
amounts ofchemical pesticides, insecticides and fertiliz&tsnentel, 1996)Asprimary resulf
the chemicalintense applications has increased food productivity due to the reduction of
losses from weeds, diseases and insect pests (40% of the global food production/year).
However, due to a focus on economic growth, the many consequences and possible hazards
of heavy chemical treatments on the environment have not been taken into proper
consideration. A clear correlation between the use of some pesticides and detrimental effects

on both human health and the environment has been revealed (WHO, 1990).

These unwantd side effects include water, soil and air contamination, reduction of soil
fertility and severe damage to netarget organisms, such as plants, insects, wildlife and also
man. It is well known that the lortgrm exposure to some of these chemicals (evefhoiwv
levels) can cause immune suppression, reproductive abnormalities, cancer, hormones and
internal organs dysfunctions (Aktar et al, 2009; Matysiak et al., 2016; Carter et al., 2016).
Moreover, a recent study about the pesticide delivery systems hawrslioat in most cases
only the 0.1% of the chemical reathe biological target; 90% of the application is lost

through volatilisation, degradation, leaching and run@ftikamachi et al., 2019)

In light of these facts, the scientific community and the glalrganisations have urged
to develop new strategies and approaches to meet the demand for an increased global food

supply that do not harm the environment and are produced in a sustainable fashion.



Figurel.1 Different ayricultural practicess N2 dzy R G KS 62NI R® CNRY GKS (2LJ
wheat harvest in North Montan&arrying sorghum home in Ethiopjalanting onions in Indianillet farmer and

the erodedsoil inKeita (Niger), African farmer in grehouseapple seed germinationn tissue culture (Seed
Savers seed bank in Decorah, lowa), rice varieties screening in petri dish. Photographs by Jim Ricbeddson
with permission
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1.2. The plant microbiota as alternative for sustainable food production

¢tKS FT22R 22d2N}ySeé WTNERY (MENei anB Wihiartef, 2008) Q 06 S3I A~
Soil presents a complex and rich compositaf organic matter mixed with minerals, gases
and liquids. Soil supports plant growth andnbkabitedby a plethora of organisms including
bacteria, fungi, actinomycetes, algae, protozoa and invertebr@ege et al., 2009Bacteria
are the most abundant (around 95%) with a count of tt01C® cells per gram of soil; number
and taxonomy vary depending on the soil type and environmental condi(ioeach et al.,
2017; Schoenborn et al., 200Mliccoorganisms are not found evenly in soil, on the contrary
they tend to accumulatat the plantroot interface the rhizosphere, where they engage in
extensive interactions and frequently partnership with the plaitartmann et al., 2008;
Hiltner, L., 1904)Figurel.2).

The rhizosphereisy SEGNBYSt & Reéyl YAO SYy@BANRYYSyild 6A
populations (in the order of tens of thousands of species) and mechanisms, which have been
a2dz2NOS 2F NBaSI NOBeregndséhethalsS 2002; RhikppoDes al. [L8R)oty n Q &
colonising microbes, rhizobacteria, are able to affect the biogeochemical cycles and regulate
the plant growth and tolerance to biotic and abiotic stresses. Rhizobacteria that form
beneficial association with the plants are called Plant Growth Promoting Rhizobacteria (i.e.

PGPR) and are also referred to as plant microbiota or plant microbiome to emphasise the
distinctive intimate association of the microbial community with the plant par{idoepper,
J. W. & Schroth, M. N., 1978)

Over the last few decades, more than twenty genera of-pathogenic rhizobacteria
have been isolated; the most recurring afxinetobacter, Agrobacterium, Arthrobacter,
Azospirillum, Bacillus, Burkholderia, Klebsiella, Pseudomonas, RhizotnGmrratia.Studies
on microbial diversity and function have been coupled with omics data and technologies,
unraveling some of the genetic, molecular and ecologjgted mechanisms occurring below
ground between plant and microbes. The new insights have highlightegdtential of PGPR
as biofertilisers and bmontrol agentsand therefore their application has emerged as

sustainable alternative to chemical products in the agriculture and horticulture practices.
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Figurel.2 Root architecturef prairie plants. From left to right: Big Bluestem Prairie Grass, Missouri Goldenrod,
Kansas Resinweed Prairie Grass. The roots elongate and make their way through the soil to reach water and
nutrients. Doing so, roots and root hairs develop an exterasigerption surface and provide a rich niche for soil
microorganisms. Photographs by Jim Richardssed with permission



1.3.  Microbial activitiesin the rhizosphere

1.3.1. Microbiome recruitment and plantolonisation

One of the main driving forces fgant microbiome ctwnisationis represented by
rhizodeposition, which is the plaatf2echanism of lowmolecularweight molecules secretion
through theN2 2apgagatus. It is such an important process that plants relocatdQe® of
the photosyntheticallyfixed carbon in exudate The @mposition of this mixture can change
in relation to the plant species, the environmental conditions, the presence of herbivore
insects and other biotic and abiotic stresses. All these aspects staapksimultaneously are

shaped by the microbial population.

Inorganic and organic acids, sugars, amino acids, phenols, fatty acids, sterols, enzymes
and vitamins are the predominant components and represent an outstanding resource of
carbon and other nutrients for the microorgams (Dennis et al., 2010; Roworth, 2017)
Mucilage, an insoluble polysaccharideh material, is also secreted to protetite root
apparatusfrom desiccation and lubricate growing root tipBhe exudate concentration is
more intense in the proximity of the roots, and forms gradients in the engassing soil based
on the solubility and stability of the secreted molecu(@sais et al., 2006a)t is therefore
crucial for soil bacteria to have efficient chemotaxis capabilities and extensive motility system

in order to exploit the nutrients and gaihe ecological advantage given by root colonisation.

Bacterialadhesion toplant tissues is mediated by adhesins, pili, polysaccharides and
surface proteingHori and Matsumoto, 2010)This phenomenon is not uniform on the root
surface(15-40% of the total surfacepnd usually takes pla@t epidermal cell junctiog) root
hairs, cap cells and developing lateral rofBanhorn and Fuqua, 20Q7A\fter adhesion,
microbial aggregates can form colonies, which are often multispecies. Some colonies are able
to evolve into biofilms, producing exopolymeneatrix (EPS) andsingguorum sensing, a
communication system that coordinates the colony activities. Biofilms are able to influence
profoundly the plant fitness, due to their intense and synergistic mechan{&udrappa et
al., 2008)

A subpopulation of Plant Growth Promoting Rhizobacteria (PGPR) is capable of
penetrating the root surface and establish endophytically inside the fMatquezSantacruz

et al., 2010) This happens through a process that can be passive (at wounds or cracks in



growing roots) or active (by dedicated bacterial machinery). Beside the traits that medéate th
root surface attachment, roots penetration requires a distinct sepraperties such as the
secretion of specialised ceflall degrading enzymes (pectinases, cellulases), which are
required for bacterial movement through the plant xylem sys{@ompant et al., 2010Even
though this process shares similarities with the mode of action of invasive pathogens,
endophytic PGPR tightly regulate penetration and cell density to avoid triggering thie pla
defence systen(Zinniel et al., 2002)

A complex molecular cross talk between microorganisms and plant host mediates a
successful rhizosphere colonisation and itamsidered the key to determine whether the
interactions are mutualistic (symbiotic), neutral (commensalistic) or detrimentah{ugnic)
to plant (Rodriguez et al., 2019; Thrall et al., 200¥¢vertheless, the molecular signalling

involved in this process have not been entirely elucidated yet.

1.3.2. Nutrient cycles participation

Plant growth and yieldre deeply related to the availability afutrients at the so#oot
interface. Nitrogen, Phosphorous and Iron are considered fundamental elements for plant
fitness and developmenPotassium, Calcium, Sulphur and Manganesefegeairedin less
copious amourg. These macroand micronutrients ag present in soil in variable forms and
proportions,andare often not accessible for plant utilisation. The scarcity of these nutrients

is detrimental for the plant and leads to limited yield and defective growth.

PGPRfacilitate nutrient acquisition inplants by increasing bioavailability and
participating in the ecological element cycles through microbial metabolisfechanisms
involved in these processes have been investigated imabentdecades, howevethere are
many aspects that still require ffilner investigation(Garcia and Kakniffin, 2018; Harwood
and Nicholls, 1979; Kiba and Krapp, 2016; Meena et al., 2014; Rawat et al., 2018)

Nitrogen

Nitrogen (N) is the most important element for plant survival and development. It is
required in every tissue, organ and metabolically active cell of the plant. Sinca MNar

component of nucleic acids, proteins, vitamins, hormones and cofactossalilé to promote
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plant health, increasing |éaarea, accelerating crop maturatioand fruit and seed

development. Plants experiencing N deficiency exhibit chlorosis and defected growth.

In soil, N is present in the organic formsaifmospheric N, ammonium ion (Nkt),
ammonia (NH), nitrite ions (NOY) and nitrate ios (NG&) that are dynamially subjected to
transformation processes$’lants acquire N through the roots in the form of ammon and
nitrate, although theseare not very abundant in soil. On the other hand, nitrite is considered
toxic to plants.Soil bacteria are well known to contribute to the Nitrogen cycle and assist

plants in nitrogen acquisition through diverse mechanighgure 1.3).

Denitrification

Ng"‘— NE NO-+ NDE Nitrate
Nitrogen Mitric oxide reduction
fixation / W
N-H,4 Dissimilatory
Anammox Nitrate
Reduction to
Ammoniumn
NHg -— NDB_
Mitritation
NH,OH - NOz

Figurel.3Nitrogen cycle and reactions found in prokaryotes that madifpgenous molecules

Prokaryotic N fixation is the conversion of atmospheric gds toammonia (NH)
catalysed by the enzyme nitrogenagehizobiaand Frankiaare the most characterised-N
fixing model bacteria. Both are able to establish symbiosis in specialised root nodules on
legumes and woody plants respectivéRatriarca et al., 2004; Wheeler et al., 2Q00any

other microorganisms can fix N without symbiotic relation with the plants.

Nitrification by nitrifying bacteriaoccurs whenNHsis oxidised imo NG through the

intermediate N@, whereas the assimilation process is the incorporation of &tdl NQ



(fixation and nitrification products) into the cell biomass. Decomposing microorganisms are
able to generate inorganic ammonia through theeakdown of organic matter and
nitrogenous waste, by ammonification pathwayie ammonia produced by this process is
excreted into the environment and becomes available for either nitrification or assimilation.
Finally,NO3 is reduced to N gases {Mr NoO) and lost® the atmosphere. This process is

called denitrification, which occurs through facultative anaerobes in anaerobic environments.

Phosphorous

Phosphorous (P) plays an essential role in pgmatwth due to its involvement in many
central metabolic processesuch as photosynthesis, glycolysis, respiration, and fatty acid
synthesis. It is a constituent of cell membranes, nucleic acids and nucleatidagproteins
and it is engaged in energy transfer through ATP and ADP. P is distributed throughout the
plant, accumulated in young leaves, flowers and seeds, and quickly relocated in the plant

organs. Deficiency of the mineral leads to delayed or disrupted growth.

Plants take up P from soil in the form of phosphate ionsH#&¥ orthophosphate,
which is onlypresent in micromolar amountsa small fractiorof the total P of which most
soils are rich. Soil bacteria capable of solubilising insoluble P (Phospismiabgising
microorganismPSM)are often recruited in the rhizosphete enhan@ phosphate availaibty
and thereforeto support plant fithess. The mechanisms employed$Mare mainly based

on solubilisation of organic P (mineralization) and inorganic sources.

Since organic P constitutes39% of the total P present in the soil (Khan et al. 2009b),
the mineralisation process is considered crucigheP cyclePSMare able to release P from

organic compounds by the action of two enzymes:

1 Phosphatases, whickephosphorylatethe phospheester bonds of organic
matter. Acid and alkaline phosphatases can be produced based on the
environmental condition. They both havieeen shown to deplete organic
phosphorous in sof{Tarafdar and Jungk, 198Blant roots are more prone to
generate acid phosphatases; hence it has been proposedtiieathizosphere
represents a ptential niche for PSEI(Juma and Tabatabai 1998; Criquet et al.
2004).



1 Pythases, which liberate P from phytate break down. Even though phytate is the
major component of P organic forms in soil (Richardson, 1994), plantséhave
poor ability to utilise the @mpound Many bacteria from the genuBacillus,
such asB. licheniformisand B. amyloliquefaciensave the capacity to degrade
phytate. The heterologous expression of phytaseling sequencesom various
microorganisms has been documentadStretptomyes lividans, Lactobacillus
plantarum and Bacillussubtilis (Kerovuo et al., 2000; Stahl et al., 2003; Tye et
al., 2002)

Inorganic P solubilisation by PSM, isrigat out via organic acid secretion, either by
lowering the pH, or by increasing chelation of the cations bound to P. P solubilisation has been
studied for decadesndit is nowadays accepted that direct glucose oxidation to gluconic acid
is central in tins process(Goldstein and Liu, 1987Yhe reaction by the enzyme glucose
dehydrogenase (GDH) and itsfewtor, pyrroloquinoline quinone (PQQ) is responsible for the
acd release in the surrounding soil and the consequent acidification and liberation of P via H
substitution from divalent and trivalent P anio@dPQ? and HP®?3) (Rodfgugez and Fraga,
1999)

Potassium

Potassium (K) is the third key element that has a remarkable impact on plant growth. K
is required in the meristematic tissues, buds, leaves and root tips where it plays essential roles
in aniontcation balance, activation of enzymes involved in the regulation of stomata, cells
turgidity and division, starch and sugar transport among plant organs. K depietants

leads tobrown lower leaves, weak stems, lodging, poor quality and yield.

K canbe adsorbed from soil in the form of ion".Kdowever,soil K is often fixed in
insoluble mineral complexes, such as muscovite, orthoclase, biotite, feldsparildiimica.
K solubilising microorganisms (KSM) are able to compeffgatiee plantsinability to retrieve
K" from minerals. A diverse range of KSMs have been documented, amongBheitfus
mucilaginosus, Bacillus edaphicus, Bacillus circulans, Paenibacillus spp., Acidothiobacillus

ferrooxidans, Pseudomonasd Burkholderia.
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Strategies involvedn K solubilisation by KSM include weathering, mineral elements
chelation with secreted polymers and direct biophysical forces which can fracture mineral

grains to decrease particle sizes and generate fresh and more reactive surfaces.

Microbial weatherings a phenomenoimn whichnutritious elementsare releasedrom
rocks via redox reactions and production of organic acids. These eventually weaken the
chemical bonds and dissolve the minerdSalvaruso et al., 2006 Many studies have
demonstrated weatheringrocesses by oxalate, citrate, tartarate release by baci@ndby
plants, such amaize, pak choi and oil seed rafdeaman et al., 2005Biofilms have shown
to have clear involvement in K solubilisatidihe secreted exopolymers, slimes, sheaths and
other metabolites react with ions in the surroundings and can lead to mingaaticle
deposition(Warscheid and Braams, 200@ngineering soil bacteria to improve K reexy
from minerals has not been investigated yet. However, this constitutes a promising

prospective for future work.

Sulphur

Sulphur (S) is crucial for chlorophyll biosynthesis besides being a structural component
of amino acids, proteins, enzymes avithmins. Stems, root tips and young leaves require S,
that can be remobilised from senescent organs to the young ones. General chlorosis occurs

when plants suffer of S deficiency, with stunted growth and scarce yield.

Sis presentin the organic and inorgnic forms that are subjected to concomitant
dynamic transformation. Thus, inorganic forms can be immobilised to organic S, various
organoS forms can be interconverted, and immobilised sulphur is mineralised to yield
inorganic S available to plants. Thesmnsformations are the result of bacterial metabolism
(Pulich, 1989)

Iron

Iron (Fe) is an asential element in plants, due to its involvement in electron transfer,
catalases activation and chlorophyll synthesis. Fe is ubiquitous in plants and growth under
iron-deficiency generates extensive inteeinal chlorosis, reduced learea andreduceddry

weight(Guerinot and Yi, 1994; Lucena, 2003} availability is strongly affected by soil pH. In
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alkaine condition Fe ions are in the insoluble forn#*fbat is not available for plant uptake.

Fe homeostasis is tightly regulated in planiich have evolvetb cope against Fe scarcity
through several strategieérom the direct acidification of the swwunding soil to the secretion

of coumarins and flavins to tolerate starvation and facilitaté*@esorption. Rhizobacteria
actively contribute to Fe uptake in plants, by producing a broad pool of siderophores (around
500 types are known). Siderophores aeelating peptidic agents that can solubilise and
extract iron from mineral and organic complexes. In the rhizosphsaeterialsiderophores

are recognised and intercepted by plants, enhancing the portion of Fe available for plant

uptake(Ferreira et al., 2019)

Beside their involvement in plant nutrition and heavy metal mobilisation, siderophores
have attracted research attention for their ralebiocontrolwithin the rhizosphergBehnsen
and Raffatellu, 2016 Sequestering Fe via siderophores confers competitive advantage to soll
bacteria that inhabit plant roots and often the ability to capture ingncrucialto outgrow

niche competitor{Kramer et al., 2020)

1.3.3. Biocontrol

The capacity of rha@bacteria toprovidebiocontrol indirectly promotes plant growth and
development. PGPR can act as biocontrol agents through antagonism-boswl pathogens
or by induction of systematic resistance inplaat® 2 gt Ay 3 | y RThe&ddgiddl = mMdpdn
underlying purpose fomicrobial antagonism is the competition for the spatial niche and
nutrients. In a dynamic and densely populated area, such as rhizosphere, bacteria have to
resort to different antagonistic strategies to survive and proliferate. Among these, antibiotics,

lytic enzymes, toxins and bacteriocins are the most abundant and diverse weapons in PGPR.

The synthesis of a wide array of antibiotics and antifungal substances has been shown
to be one of the major antibiosis activities time rhizosphere. This heterogenas group of
compounds Kill or inhibit the growth of phytopathogens via mechanisms of active disruption
of cell wall synthesis or inhibition of ribosomal functioass 2 ¢t Ay3 | yR. h QDI NI
Hydrogen cyanide and biosurfactants are commonly synthetizétsbydomonaandBacillus
species.Antibiotics, sub as polymyxin, circulin and colistin, produced by the majority of
Bacillusssp. are active against Grapositive and Granmegative bacteria, as well as many
pathogenic fungi(Maksimov et al., 2011)Microorganisms of theCereusgroup suppress
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oomycete pathogens and produce antibiotics like zwittermicin A (aminopolyol) and

kanosamine (aminoglycosiddjat contribute to plants biocontro{SileSuh et al., 1994)

Bacteriocins are a group of molecules adopted by microbes for defence. They differ from
antibiotics for their narrow spectrum of toxicity to bacteria thate closely related to the
producing strair(Riley and Wertz, 2002)Vhile ltic enzymes are often discharged from PGPR
with the purpose of damagingell walls of pathogens. Among them, chitinases, cellulases,
proteases and lipases effectively lyse structures of pathogenic fungi, suéhusssium
oxysporum, Rhizoctonia solaand Sclerotium rolfsi{Ordentlich et al., 1988; Singh et al.,
1999)

Some PGPR are able to suppress plant disease by inducing resistance in plant through a
mechanism temed Induced Systemic Resistance (ISR), which is an increased defensive state
throughout the plantsthat is activatedupon appropriate stimulationA range of molecules
that mediate ISR have been identified. Lipopolysaccharides and siderophores, flagella,
biosurfactants, Nacythomoserine lactones (AHL);d\kylated benzylamines, antibiotics and
exopolysaccharides (EPS) are considered potential activators of the signalling cascade that

lead the plant to disease protectidiDeVleesschauwer and Hofte, 2009)

ISR mediated by beneficial bacteria is similar to the systemic acquired resistance (SAR)
triggered by pathogens. Both SAR and ISR confer resistance to uninfected plant altggins,
their signalling pathways are trigged by different molecules (salicylic acid in SAR and
jasmonic acid and ethylene in ISRnong PGPRseudomonaandBacillusspp. are the most

studiedfor their ability totrigger ISRvan Loon, 2007)

1.3.4. Stress mitigation in plants by PGPR

Due to their sessile nature, plants have alwégen subjected tdoiotic and abiotic
perturbations in the surrounding envirorent. In such conditionglant survival dependon
their capabiliy to quickly adjust their physiology to copeith stressand reduce any
detrimental effects. All plants sense and react to stress signals, including drought, heat,

salinity, nutriments scaity, herbivory and pathogens.
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Nowadays, drought and salinity are considered among the major agricultural limiting
factors worldwide, with serious implications in plant health and productivity. Soil bacteria
have adapted to tolerate water deficiency thrdugeveral mechanisms, such as forming
thicker walls, switching to dormanlifestyles, accumulating osmolytes or producing
exopolysaccharidic matrix (EPS). Drought tolerant PGPR increase the chances of plant survival
in harsh environments by diverse megial et al., 2013; Cohen et al., 2015; Vardharajula et

al., 2011)

The alleviation of stress effects in plants can be mediated by several bacterial activities.
PGPR are responsible for lowering the amount of ethylene, one of the main stress effectors in
plants, by deamination of the precursor ACC. This results in a ratlésis response that does
not damage plant cells and tissu@al et al., 2013; Glick, 2014Jicroorganisms are also able
to synthesise and release phytohormones likeloleacetic acid IAA), gibberellins and
cytokinins that improve the roots architecture by increasiageral roots and hairs. The
improved root apparatus translateée augmented water and nutrients uptake that facilitate
the plantprocesses throughout thstress responséahad et al., 2015Yhe EPS production
by PGPR biofilms attached to the roots plays an outstanding role in stress resistance. The
biofilm matrix properties allow soil particle aggregation in the rsatroundings and the

congequent water and nutriments thickenin@andhya and Ali, 2015)

PGPR can also induce tolerance to stress by releasing signalling molecules-like 2,3
butanediol that trigger many responses, including the dlesof the stomatal transpiration
systemto reduce water losg(Yi et al., 2016 Another strategy employed by microorganisms is
the biosynthesis and secretion of osmolytes that function as osmoprotectants, like proline,
sugars, betaines, polyamines and dehydrins. These solutes, synergistically with the plant
osmoltes, alleviate stress condition by restoring the water balance in cells and plant organs
(Paul et al., 2008; Sandhya et al., 2010)

During stress conditions plants produce reactive oxygen species,(R@B)as free
radicals, peroxides, lipid peroxides. ROS are involved inspéataptaton to stress even
thoughthey areresponsible for oxidative stress damage to important cellular components.
Microorganisms are able to alleviate oxidative stress by detoxification of detrimental ROS

(Chen and Xiong, 2005; Pefia et al., 2013; Wasim et al.,.2009)
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1.3.5. Rhizoremediation

Soil and water contaminatioamergeasthe result of intensive practices in agriculture
and industry. Heavy metals, pesticides, insectisidad other synthetic compounds are
recalcitrant elements and molecules that accumulate in the environment affecting
ecosystems at all levels, from bacterial communities to plants and humans. Tolerant
rhizobacteria have been reported to accumulate, transfoand detoxify pollutants from
contaminated soil. This phenomenon, termed rhizoremediation, contributes to restore soll
guality, alleviate stress effects in plants and ensure plants survival in polluted growth

conditions(Kong and Glick, 2017; Kuiper et al., 2004)

The most abundant and dangerous heavy metals are mercuric, cadmium, lead,
chromium,thallium, and arsenic. Thisopl of metallic nordegradable elements is poisonous
at low concentration in soilCountless contaminants accumulate in shie todired human
activities. Two major pollutants are petroleumderivatives and azo dyeetroleum
derivatives (carbazole, beeme, toluene, ethylbenzene, xylene, naphthalene, aliphatic
hydrocarbons) are released into soil and sediments due to leakage, accidental spills or
improper waste disposal. These compounds contaminate soil and persist in the ground due to
the low degradabity (Kim et al., 2008; Lee et al., 20180 dyes are synthetic dyes with a
functional azo group. They constitute 70% of the dyes in commerce and are used in textiles,
plastics, cosmetics and food. They are used for tpensistency;however,such attribute
makes them a dramatic source of pollutioMany bacteriaable to degradce synthetic
contaminants have been identified together with the pathways responsible for these
extraordinary activities of rhizoremediatiqi®Gaballa and Helmann, 2003; Kuiper et al., 2004;
Lee et al., 2019; X. Liu et al., 2018; Singh et al., 2018)

1.3.6. Genetiamaterial exchange among bacteria

Bacterial genomes are characterised by remaliaisasticity on an evolutionary scale.
Genome rearrangements, horizontal gene transfer (H@NhY the mobilisation of DNA
elements are frequent events that shape bacterial genetic content in a delicate balance
between the preservation of genome integrighd the mutagenesisccurrence Genome

rearrangements can modify the structure of the chromosome, disrupt genes and alter
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proteins function or expression with effects on phenotyfigelihas, 2011)Nevertheless,
mobile elementdrequently carry accessory genetic masdithat confers selective advantage
to the receiving cell. The study of these modifications reveals spepmdfic traits as well as

precious insight into the particular niche ecology.

Horizontal gene transfer (HGdan providegenome plasticittandenaure the acquisition
of advantageous genetic feature$hree main mechanisms of HGT can be distinguished:
transformation, transduction and conjugatiofAminov, 2011; Frost et al., 2009)atural
transformation is the active intake of exogenous free DNA by competent bacteriglazbsz
and Wackernagel, 1994%enetic competence is widely distributed among bacterial taxa and
trophic groups, and it is defined as the ability of a cell to take up free DNA from the

surroundings.

Transduction occurs when the DNA is transferred in the recipient cells through
bacteriophage infection. As with all pathogens, highly infectious bacteriophages can induce
high mortality within the bacterial population and the risk of their own local extinction
(Messenger et al., 1999Many phages have diverted from their lytic lifecycle by adopting
moderate forms of infections, such as lysogens integrated into the host genome or as non
infectious, autonomouy replicating elements in the bacterial cytosol. In both cases, the host
acquires resistance to the infection by a closely related phage and this ensures the survival of
the host and the vertical transmission of the phagéendum et al., 2001; Stephens et al.,
1987)

Phages are resistant to several cheah&nd physical agents and can persist in terrestrial
environments, adsorbed on clay minerals and other particul@&sotzky, 1989)Similarly, a
portion of free DNA resists the rapid hydrolysis by-boiine nucleases forming complexes
with several clay mineral@Greaves and Wilson, 197GYlany other factors determine the
persistence of DNA in soil, including pH, amount of minerals and cqt&otky, 198), as

well as the agueous and organic composition of the (fmitenz and Wackernagel, 1994)

Conjugation is the transfer of genetic material from a donor to a recipient cell through
a mating event. The main regqements are therefore constituted by the establishment of
physical contact between the two metabolically actoedls, while the donor cell must contain
a conjugative element that encodes for its own transfer maching@lgas et al., 2006;

Grohmann et al., 2003; Smit, 1994)obile elements like transposons anthpmids have a
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central role in HGT, bacterial adaptation and evolution. They harbenetic elements that

can be crucial in a changing environment such the soil and the rhizosphere.

¢ KS WL | & YishaRthedrd thatexplRite the persistence of plasmids within a
population and the association with the traits that the plasmids yarhe theory postulates
that if the accessory genetic material encodes functidhat are advantageous limited
environmental conditionsthere will be the tendencto maintain the plasmid episomallyn
the other hand, if the accessory genes exert @aiebeneficial functions, the selection will
favour the insertion into the chromosome to avoid plasmid payl@ergstrom et al., 2000;
Eberhard, 1990Notwithstanding many bacteria involved in int&ingdom interactions, such

as pathogens, carry related genes on plasmids.

Many theories have been formulated with the purpose of explaining plasmid
maintenance from the plasmid copy number amn advantageus resource duing highly
aSt SOUADYS S@PSyila 0adzOK a yiGAoA2GA0 aSt SO
(Millan et al., 2015; West et al., 2007According to the latter, during host invasion and
infection there are social cheaters that do not actively cooperaterbgycing costly virulence
factors, on the contrary they exploit and outcompeatrganisms that produce more virulence
factors The infection of the cheaters with plasmids encoding virulexiementscan convert
them in ceoperators(Rankin et al., 2011)his theory could be applied in the context of the
rhizospheric lifestyle, in which some spexcdo not actively participate to the plant promotion
activities or pathogeiiocontrolbut they do benefit from the carbon source released by the

root apparatugGarcia and Ka&niffin, 2018)

Plasmids commonly display straor speciesdependent distribution; some bacteria are
reluctant to accept exogenous DNA and present no pidspwhile others can harbour many
ranging fromafew Kb to 300 KigDimitriu et al., 2019; Shintani et al., 201®Jasmids larger
than 100 kb are deed megaplasmids and have bebypothesisedo originate by the fusion
of smaller plasmidéZheng et al., 2013)
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1.4. Bacilluspp.as PGPR

Bacillusspp. areGram-positive bacteria that can be found in disparate environments,
including soil and rhizospher&lultiple speciesbelonging to the genuBacillushave been
documented to play a decisive role in the rhizosphere n{¢henar efal., 2011; Saxena et al.,
2020) Some of these species are ableconige effectively plant organsproliferate and
survive along the growing plant and in the presence of its varied microtfataet al., 2011,

Kandel et al., 2017; Ugoiji et al., 2005)

Moreover, manyBacillusspecies have been classified as PGPR for their activities of
biofertilisation and biocontrol. The first type of mechanisms cause the promotion of plant
growth by increasinghe available nutrients for plants to uptaK€ao et al., 2018; Pramanik
et al., 2019; Rawat et al., 2018; Yousuf et al., 200vAereas biocontrol activities refer to
antagonistic or competitive mechanisms that can suppress phytopathogenalkevehte or
protect the plant from diseasé3amali et al., 2020; Li et al., 2008; Miao et al., 2018; Raza et
al., 2016)

The principal mechanisms oplant growth promotion include production of
phytohormones, solubilization and mobilization of phosphate, siderophore production
inhibition of plant ethylene synthesis, antibiosis, i.e., production of antibiaticstoxins, and
induction of plant systemic resistance to pathogemsl tolerance to abiotic stress¢Bravo
et al., 2007; Choudhary and Johri, 2009, 2009; Dischinger et al., 2009; Gao et al., 2017; Jamali
et al., 2020; Kumar et al., 2011; Nakano et al., 1992; Nautiyal et al., 2013auBiad al., 1994;
Vardharajula et al., 2011; Yi et al., 2016; Zheh@l., 2013) The vast majority oBacillus
exerting plant growth promotion combines two or more of these features. Table 1.1 reports
the most prominent PGPR activities recognized in this group, including some examples from

the literature.

Tablel.1. PGP functions identified in species of the genus Bacillus.

Property Ef)f(g;rslmental validation Strains Origin Reference
-DNR g (G K 2y yAi|B.circulans
. dium : Tropical estuary
Nitroaen me . B. firmus :
f troge - nifHgene determined by PC - and adjacent %i;’?m etal.,
Ixation amplificaton B. pumilus coastal sea
- Acetylene reduction assay | B. licheniformis
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B. subterraneous

B. aquimaris

B. vietnamensis

B. aerophilus

B. altitudinis Rhizosphere soi
from rice, maize

. ) wheat, oat, rye | (Habibie¢al.,
Acetylene reduction assay | B. safensis grass, crabgrasg 2014)
B i and sweet
. pumilus potato
Bacillus aryabhattaj Endophyes

- Isolation and growth on
nitrogen free semsolid media

B. megaterium

B. subtilis

from the leaves,
stems, and roots
of 10 rice
cultivars

(Jietal., 2014)

Bacillus cereus

-DNRSGK 2y YAl

Bacillus marisflavi

Rhizosphere of
wheat, maize,

Phosphorus
solubilisation

medium Bacillus megateriun| d (Ding et al.,
- nifH gene determined by PCR paenibacillus ryegrass an 2005)
amplification olymyxa willow ¢ Beijing

poly _y d region

Paenibacillus

massiliensis
- Growth on insoluble :
phosphate (apatite) B. megaterium . . (Taha et al
- Activity tested on Rhizospheric so 1969)

solubilisation of Ca3(P0O4)2
- Plant uptake tests

B. subtilis

-Egypt

- Growth on insoluble calcium

B.
amyloliquefaciens

phosphate

B. licheniformis

- organic acids identification vi

B.atrophaeus

gas chromatography

Paenibacillus
macerans

Mangrove
ecosystem

(Vazquez et al.
2000)

- Weathering due to organic

. fusiformis

acids release and measureme

. pumilus

of phosphate concentration in

. subtilis

substrate

Rhizoplane of
three species of
cactus

(Puente et al.,
2004)

-Organic phosphorus
mineralisation: growth on solid

. megaterium

medium TPM and YM

. cereus

Subtropical
paddy soil
China

(Tao et al., 2008)

- Growth on solid Pikovskaya

B
B
B
B. megaterium
B
B
B

. flexus

medium

- Acid and alkaline phosphatas
activity (medium containing-p
nitrophenyl phosphate and
guantification of pnitrophenol)
- Potexperiment with insoluble|
P

B. megaterium

Calcareous soils
of Sinaloa,
Mexico

(IbarraGaleana
etal., 247)

- Phytase activity in liquid

B.subtilis

medium

B. laevolacticus

Tunisian soils

(Farhat et al.,
2008)
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- Enzyme purification

B. licheniformis

- Solubilisation of K from mica
waste

- Pot trial: increase the
availability of potassium in soil
and uptake in tea plants

B.pseudomycoides

¢Sl mTIANR
soils- North east
India

(Pramanik et al.
2019)

Potassium
and Zinc
solubilisation

B. licheniformis

- Solubilisation of K from Wastj

B.flexus

biotite used as sole K source

B. pumilus

B. safensis

B. axarquiensis

Banana, maize,
sorghum and
wheat-
Varanasi, India

(Sahaetal.,
2016)

- Growth onmedium with
insoluble zinc compounds

- Improved Zn mobilization in
wheat and soybean

B. aryabhattai

Wheat
rhizosphere-
Pakistan

(AbaidUllah et
al., 2015)

Hallobacillus spp

- Positive to Chrome azurol
assay (CAS)

B. pumilus

B.halodenitrificans

Sambhar Salt
Lake- India

(Ramadoss et al
2013)

- Positive to Chrome azurol
assay (CAS)

B. licheniformis

Saline desert of
Little Rann of
Kutch, Gujarat
(India)

(Goswan et al.,
2014)

Siderophores

- Positive to CA8ssay

Pinus sylvestris
roots in soll

- Alleviation of stress in plants | B. thuringiensis L .| (Babu et al,
; . containing mine | 2013)
in the presence of high levels { GDB1 " ;

tailings in South
heavy metals

Korea.
- Positive to CA8ssay B. _ Rhizosohere soi
- Inhibition of pathogerR. amyloliguefaciens P (vuaretal,

. of tobacco 2014)

solanacearum B. methylotrophicus
- Gordon and Weber
colorimetric method to Rhizosphere of
estimate 1AA plants at a (Shim et al,
- Reduction of Cr(VI) to Cr(lll) | B. spstrain JH 2 | multi-metal 2015)
and promotion of plant growth contaminated
by reducing Cr toxicity and mine site

producing IAA

Phytohormone
production

- Colorimetric Salkowskissay
- Auxins (IAA, IBA, IPA)

B. subtilisAH18

purificationand identification
by HPLC, GES, and 1FNMR
- Improved seed germination
and root growth in reepepper,
tomato, green onions, and
spinach

B. licheniforimd11

Local field soil in
Yeongcheon,
Korea

(Lim and Kim
2009)

- Extraction ofGAsand IAA
from growth medium

- Identification HPLG- GGMS
- Enhanced seed germination,
shoot length, shoot fresh

weight and leaf widthn lettuce

B.methylotrophicus
KE2

Kimchi

(Radhakrishnan
and Lee, 2016)
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- In vitroquantification of
hormones from bacteria and
endogenous from plant
-Produced ABA helmoybean
plants maintaining ABA levels
during heat stress

- Produced IAA madates
auxin signalling in plant

- Produced GAs regulateAs
production in soybean

- Produced cytokinin regulates|
homeostasis in soybean

B. aryabhattai
SRB02

Rhizosphere soi
of soybean
Chungcheong
buk-do region,
South Korea

(Park ¢al., 2017)

- Production of IAA and
cytokinin
- ldentification viaMS

B.
amyloliquefacienes

(Asari et al.,|

- Simulated growth in UCM, Kiev, 2017)
Arabidopsis thalian&ol0 by | subsp.plantarum Ukrane
increased lateral root UCMB5113
outgrowth and elongation and
root-hair
B. altitudimis Commercial
- ACC deaminase activity by | B.atrophaeus tomato seeds-
growth on ACC as a sole sour|{ B. Xiaotangshan
of nitrogen amyloliquefaciens | Geothermal (Xu et al., 2014)
- Growth promotion in tomato ] Special
seedlings B. safensis Vegetable Base
B. subtilis Beijing

- 10% of the genome is for
synthesis of different
antimicrobial compounds

B. velezensis FZB4

(Borriss et al.|

) ; : 2019
(Surfactin, Bacillomycin D, B N/A )
gen_gljlycm, BaC|I|I|bactl!n_, amyloliquefaciens
acillaeneAmylocyclicin) DSM7
- Putative bacteriocins, nen @ d
. . Zhao an
nbos_omally synthesized . 57 Bacillales N/A Kuipers, 2016)
peptides (NRPs), polyketides
o ) (PKs)
Antimicrobial (Brock et al,
. 2018; Dischinge
metabolites ot Al 2000
Lisboa et al,|
2006; Nakano ef
al., 1988;
Ozcengiz  ang
. . . meld,  2015;
- Antibioticsand bacteriocins | Several Bacillales | N/A Scholz et al.
2014; Shelburng
et al., 2007; Silo
Suh et al., 1994
Tamehiro et al.|
2002; Zheng ef
al., 1999)
Indigenous to
- 78 different Cry (Crystal) B. thuringiensis many 26%‘;0 :"t a:(-' |
. . . L . . . , Feckel,
Toxins toxins with act|V|_t|es against (several strains) en\{qunments 2020: Ye et al.,
nematodes and insects (soil, insects, 2012)

dust, leaves)
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- Confes ISR in perennial rye
grass againgl. oryzaevia
accumulation oH,O,,
apoplastigperoxidase activity,
and deposition of callose and
phenolic/polyphenolic
compounds

-HRmG e LS wiht Oi A
enhanced expression of
peroxidase, oxalate oxidase,
phenylalanine ammonia lyase,
lipoxygenase), putative
defensins in perennial ryegras
associatedvith live AK3 cell

B.
amyloliquefaciens
strain FZB4AK3

Bacillus Genetic
Stock Center

(Rahman et al.
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Moreover, due to their ability to secrete metabolitesficiently and to switch to a
dormant lifestyle in adverse environmental conditio@acillusPGPR are consideredhang
the most suitable microorganisms for the agricultural applicatifi@as and Défago, 2005)
SomeBacillusbased formulations have already been translated into agricultural applications
and released on the market. They incluBacillus subtilistrains GB0O3 (Kodiak; Gustafson),
Bacillus pumilustrain GB34 (YieldShield; GustafsdBacillus licheniformistrain SB3086
(EcoGuard; Novozymes) aB@cillus amyloliquefacien’sZzB42 (Rhizovital 42; Abitefgven
though many bioformulations containindacilllus strains have been manufactured,
researching the mechanisms of action of these strangtro and within theenvironment is
required to develop products that are more effective on the plant and do not disrupt the

autochthonous plant microbiota.

1.5. Using microbial consortia to reduce rhizosphere complexity

The majority of the microbiatbasedfertilisers and pesticideseportedin the literature
are almost exclusivelynade ofindividual straiis, which areapplied byinoculdion into crop
plantsor by adhesiononto seedsEven though those products perform solidtyvitro andin
vivo (under controlled conditions they often fail in the field application¥he most common
drawbacksare limited reproducibility, host incompatibility, ineffective competitiveness with
pre-exiging bacteriaor non-significant improvement otrop performancesn prolonged
experiments(Baffoni et al., 2015; &t et al., 2018; Parnell et al., 2016; Qin et al., 2016;
Whipps, 2001)

One of the bottlenecks in this research area is characterised byiskkeepancy between
the effectiveness of a microbial strain in the controlled environment of the laboratodyitan
successful application in the field.is clear thathe rationale behindhe field application of
singleinoculantsis based oithe concept ofa pairwise partnership between the plant and the
bacterium.However, his approach neglects theeterogeneityof the nichein which the plant
and thebacteriumestablish partnershipThe ecologicahichearises froma range of biological
interaction that @mprises competition, predation, pathogenesis, mutualism and symbiosis
among diverse participantd.each et al., 2017The convoluted ecology of the rhigghere
has been described as diffuse symbioses, in whichsthecture and thedynamicsof the

microbiome are influenced bgnany factors, including indirect and nestaderactions and
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none of these elements can be overlook@hker et al., 2014)A change of prspective that
embraces and at the same time untangles the complexity of the ptaatobiome needs to

be applied.

A potential solution to thedrawbacks encountered in thigeld is the us of microbial
consortig groupsof two or moremicrobial species that eexist in a cooperative partnership
(VerBerkmoes et al., 2009Yhe applicationof PGPR consortihas displayed substantial
endurance and effectiveness field trials.Successful consortium inocula combibacteria
with different traits, or the same traitsthat can beexpressedn different soitenvironmental
conditions(Berg and Koskella, 2018; De Vrieze et al., 2018; Hu et al., 2016; fRolmaro et
al., 2077; Rolli et al., 2015Beside resilience in environmental applicasgoacterial consortia
are inherentlylow-complexity microbioms that, albeit notrepresentingnature, are valuable
tools to demonstrate experimental setups aman provide overall useful information on
composite environmentsFurthermore, he study of a consortiununder controlled and
reproducible conditions facilitates the establishment of links between genotypes and

phenotypeswith an emphasis on theoles played byachindividuak (Vorholt et al., 2017)

1.6. TheBacillusconsortium

In thisresearch, a consortium ofhree microbial straingvasexamined.The consortium
consists of the strainBacillus thuringiensikr 7/2 (BT7)Bacillus thuringiensisr 3/2 (BT3),
Bacillus licheniformis (B(5igurel.4). BT3 an®BT7 were isolateduring a sampling campaign
from soil of the Atacama Desert, in Chile in 2011, wherBhsvas isolated from soil at
Agroscope Liebefeld, Bern, Switzerlafitie strains wererovidedby our collaborator®r.
Pilar Junier and Dr. Saskia d&ohedler Kicrobiology group.University of Neuchatel,

Switzerland).

The consortium was evaluated by Isha Hasfanthe in vitro andin vivoplant growth
promoting (PGP) activitief@dashmi et al., 2019)The three candidates tested positive in a
series of experiments designed to assess PGP functions, such as nitrogen fixation,
siderophores and auxilike phytohormore compounds biosynthesis. They were able to grow
as a combined coulture, to adhere ontoAvena Sativa (oatyeeds and promote seeds

germination.
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Bacillus licheniformis

Bacillus thuringiensis Lr7/2 Bacillus thuringiensis Lr3/2 Consortium colony

Figurel.4. Single colonies phenotypelflicheniformisB. thurindensisLr7/2,B. thurindensisLr 3/2, and mixed
strains.

Furthermore, the bacteria were reported to have a positive effect on oat plants growth
when inoculated as a eculture of vegetative cellsompared to individual and endospores
containing inocula. In light of #seresults the three strains were selected to comprise a
consortium with fertilising features to apply as a sustainableibazulant formulation in

agricultural settinggHashmi et al., 2019)

However, the interactions between these bacteria and the plant are not entirely
understood.Untangling the complexity of the consortium dynamics is required to understand
the interactions occurring among the three bacterial strains and the mechanismseaviol
the plant growth promotionMore details about the consortium will be discussed in Chapter
3and 4

1.7. Toolsto studythe diffuse symbiosis in the rhizosphere environment

The rhizosphere environment is shaped by multifaceted factdrish include etensive
interplay among the rhizosphere component$e research reported in this thesis relien
several tools to acquire new insights related to the interactiontaking place in the

rhizosphere

Firstly, a bioinformaticanalysis was carried ou renarkable amount of information
can beobtainedfrom the genomic sequences of a bacterial commuaitgdtheir comparative
analysis. This kind datacontributesto revealthe role and the nature of the activities of each
microorganism.Then outstanding resources, such asetabolic reconstruction and Flux
Balance Analysis(FBA) were usetb predict the potential exchange among bacteria in a

population and between the latteand the plant of interest.
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In thiswork, the application of a mesocosm, named l-Eneudation Assisted Phytobiome
(LEAP), is discussethe LEAPassaywas developed byprd  { | y2F & { ¢ NXzLIQa&
National University of Singaporklesocosms are experiemtal tools thatincludea natural
environment and allow the observation of phenomenon under controlled conditidhss
assay enablethe studyof the phenotypic changes in plant growith the presence ofultured
microbes Furthermore, his techniqueallows thecollecion of metaboltes that can bdurther
analysed bynassspectrometry to reconstruct metabolite profiling and charactetisn ofthe

interactions occurring betweethe plantand themicrobiome

1.8. The g/nthetic plant microbiomegenetic modification afecalcitrant bacteria and

bacterial communities

Synthetic biology offers the possibility for the engineering of biological systems for
useful purposes. Implicit in synthetic biology is a@ployment of multidisciplinary tools,
including mathematical modelinggngineeringand biologicalprinciples, for the systematic
designand manufacturef novel organismslhe genetic manipulation sbil bacteria or PGPR
to improve their activities towards the plant partneepresents an emergg topic in the
synthetic biology field The research presented hergroposel to examine how the
microorganisms associated with plants can be engineeregeterate microbial biofertilisers

and biopesticides

Manufacturing synthetic PGPR presents several advantages over the development of
GM plants.Firstly, bacteria are fagjrowing organisms and sophisticated genome editing
techniquesNGS andhigh throughput technologies have matteeir genetic manipulatioand
screeningeasier Convenientlydifferent traits can be combined in a single strain or arranged
in synthetic circuits within the consortium metagenonBesidesa formulation of genetically
modified micramrganismscan betested andapplied on diverse lants, making engineering

crop by cropunnecessary

Even thoughhe possibility of engineeringndividual PGMBacillusspecies to enhance
their activitiestowards plantexists (Kerovuo et al., 2000; Li et al., 2007, 2005; Peng et al.,
2019) the modifcationof consortia or natural microbiome associated with the plaasmany
difficulties and is still in its infancylhe standard traditional tools designed to modify
laboratory strains are unlikely to work for most environmental strains, which are usually
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troublesome to culture, engineer and selassingtraditional antibiotics.These limitations
raise the necessity to develop new toolboxes for editing the genomes of candidate

environmental strains able to survive and proliferate in the natural environment.

In order todeliver genetic traits into wild type bacteria or populatiorthyis research
appliesthe principles otthe horizontal gene transfer (HGTWhichfrequently occursamong
bacteriain natural habitat§ Aminov, 2011; van Elsas and Bailey, 2002particula, a rich
nutritional environment such as the rhizosphesemulates bacterial metabolic activities and
constitutes a hot spot for HGTLIilley andBailey, 1997; Pukall et al., 1996; van Elsas et al.,
1988) Plant processes, including root growth and exudation, have begorted to influence

the frequency of HG{Kroer et al., 1998; Mglbak et al., 2007)

1.8.1. Horizontal gene transfer ipt. S20

This research proposeal to explore the HGTamong soil bacterisdoy developing a
conjugation system based on the plasmid pLS2@ 65Kbkplasmidwas originallyisolated
from Bacillus subtilis nattstrain IFO333%Tanaka et al., 197,Avhich is used in the production
of Natto, a popular Asian food derived from the fermentation of soylsé&bo et al., 2011)
pLS20can transfer itself among variouBacillus subtilisrelated Gram positive bacteria,
including Bacillus anthracis, Bacillus cereus, Bacillus licheniformis, Bacillus megaterium,

Bacillus pumilus, and Bacillus thuringier{&isehler and Thorne, 1987)

In previous studiesplLS20cat, a derivative of pLS20 carrying a Chloramphenicol
resistance cassettavas shownto rapidly transfer itself betweerBacillus subtilid 68 cells
within 15 min by simply mixing the liquid cultures containing donor and recipeelig(Meijer
et al., 1995; Miyano et al., 2018b; Singh et al., 20B@jthermore pLS20cahas the ability of
functioning as a helper plasmid to mobilize an independently replicating andesinlent
plasmid containing a shoudriT sequence from pLS20cat (oriTLSZOg system allowthe
exploration ofHGTamong different cell type® modify the structure ohnentire community

and the functions of one or multiple componentsasxtommunity.
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1.9. GM®sin agriculture Riskscontroversesand current regulations

In 2001, Dr. Jacques DiowifectorGeneral of the United NationSAQ commented
a. A20GSOKY 2 fiel énodified RrgaBiSng San help to increase the supply, diversity
and quality of food products and reduce costs of production and environmental degradation,
as the world still grapples with the scourge of hunger and malnuté{leAO Press Release,
2001) Although GM plants and bacteria representvaluablel LILINR I OK (G2 &a2f ¢
problems their use is controversiand often encounters thereluctance and thepposition
of consumersand regulatory organisationsindeed, there are many aspectsf the GMO
applicationthat need to be taken into accod, from safety risks to the ethical, social and
economic implication®f such technologyAmarger, 2002; Hill, 2005; Prakash et al., 2011;
Tiedje et al., 1989)

1.9.1. Safety risks

The main safety risissociated with GMO use in agricultusglinked to the possibility
of horizontal gene transfebetween bacteria and plantsOf particularconcernare GMOs
engineeredto express biocontrol elementsgainst pests and weegthe possibilityof those
traits spreadingcould cause the development of resistance in the targeted organisms. One
such examplds the spreading othe antibiotic resistanceamong microorganisms the
environment (Bennett et al., 2004)or the herbicide glyphosate resistance among weeds
(Boerboom, 2006; Heap and Duke, 2018)

AlthoughinterkingdomHGT events are rare in natural conditions #imel hazard of such
phenomenon has beeassessed@s slight and negligiblKeese, 2008; Prakash et al., 2011)
the exchange of genetic material among different speemcumentedMeng Li et al., 2018;
Pontiroli et al., 2009; Yoshida et al., 20I1Risk assessmentsiented toevaluatethe transfer
of genetic material in complesommunities and among species are requinedrder tosafely

use the GMO technology in the field.

Furthermore, #hough an exogenous genetic tratr a pathwaymay have been well
characterised in th&erivingorganism, he heterologous gene expression in a modified host
could alter the metabolism of the host and tiedigenousmicrobiome in ways that are not

entirely predictable(EFSA Panel on Genetic Modifiedy&hisms, 2011)Releasing modified
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organisms in the environmermould cause unintended consequences at the ecosystem level
that can arise in indirect or loagrm manners(EFSA, 2011Pne particular example is the
case of Btorn, aGM crop modified toexpressone or moreinsecticidalCryprotein derived

from Bacillus thuringiensi@Bates et al., 2005)These toxins have been shown to travel with
corn pollen and affect notarget insects, such as the monarch butterfly. Even though the
multiple risk assessments declared that the lethal effect on the butterflies is below the toxicity
threshold (Dively et al., 2004; Losey et al., 1999; Romeis e2@03; Wolt et al., 2003}his
casehighlighted a crucial advantage in using PGPR formulations with biocontrol activities over

the GM openpollinated crops.

1.9.2. General publi@acceptance

The opinions of the public on GMOs are frequently correlateithédevel of education,
information and understanding of tHab practices and biotechnology principl&®me people
believe that genetic manipulation practices are immoral or wrong fe® strongly about
scientish  WLJ | & Ruiligd engageRmentand eduaat are key elements t@enerate

dialogue developawarenessand provide the tools to makeindful andsensible choices

One such example is thi#hilippine case about the adoption obl@denRice, a genetically
modified rice species that containseta-carotene (Ye et al., 2000)Betacarotene is a
precursor of Vitamin A andhé fortified rice haseen proposedo increase level of vitamin A
in children affected by Vitamin A deficiency (VAD). VAD is a severe malnutrition problem in
sub-Saharan Africa and South Asia that causes blindness and inerb@sesk of death
(Akhtar et al., 2013; VAD UNICEF Database-2008) Even though safety and benefits of
the enrichedrice have been explaing®liva et al., 2020; Zimmermann and Qaim, 20049
opposition of the publigvas at firstvery strong with skepticism toward the brighellow color
of the rice and concerns regarding the prioa the market After farmer andconsumer
engagement activitiesrganized by experts and studemsore than 40% of the publiclaimed

a change of attitud towards the producfwww.goldenrice.org/index.php
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1.9.3. Socieeconomidmpact

The socieeconomic sphere is one of the most debatand complex aspects of this
technology.The use of GMOs could provide valuable support to developing countries and
produce food and profit in uncertain times by making the crops more resistant to stresses. In
spite of that, there are concerns related to the ownership of the GMO formulationghand
corporate arrangements regarding licenses and royalti@smpanies drive the market and

establish their own rules that are often based on their profit.

The activist Dr. Vandana Shiva commented on the Golden Rice adoption iadyitig:
G¢KS 3IASYS 3IAl yZiérkcalar? ®bnbdnta dreclaimigieddusive ownership to
the basic patents related to rice research. Further, neither MonsantoAstraZenecasaid
they will give up their patents on ricethey are merely giving s@lty free licenses to public
sector scientists for development &fdlden riceQw XNiot giving up the patents, but merely
giving royalty free licenses implies that the corporations like Monsanto would ultimately like
to collect royalties from farmers forice varieties developed by public sector research

systems(Shiva, 2013)

There are a multitude of examples aboutt®e Y LJ y & Q& A y ( Sthat afg8 (i dzI f
controversial debateOne of them igelated to crosspollination, i.e., the transfer of DNA
among plams by pollen. Pollen can travel several kilometers by wind and pollinators and can
cause the contaminatio® ¥ Yy SA I K06 2 NRA yHaandgFdt AJ2618XMillwobdieb dl. R
2017; Pasquet et al., 2008)nintentional contaminations can endanger the indigenous crop
purity (and consequently the GNtee certificatg and lead to legal actions by the company
that owns the patent of thecontaminantGM found in the fieldBernhardt, 2005; Mgbeaoji,

2007)

Beside the threat to the agricultural biodiversitysecond issueegards thempedingof
traditional farming proceduresuch as the seed savirfgharing, exchanging, setj the saved
seeds is essential for smaltale farmersghat produce onfarm the majority of their planting
material. However, seed companies do not allow-@&kners to grow the harvested GM seeds
and nonrGM farmers to replant their seeds if contaminatedth the patented GM ones
(GRAIN, 2007Moreover, ithas been proposed that not every farmer will have access to the
technology at the same level and the ones that cannot afford expensive seeds or formulations

will suffer from the lower yield.
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1.9.4. Regulations

The firstpermit for the application in agriculturef microbial GMQraces back ir1985
in the US. The formulatioregarded ePseudomonas syringagrain,commonly] y2 6y - a WA OS
Y A Y, dhat Wasengineeredo antagonisace-plus bacteriaesponsible focausngfrost injury
in plants(Lindow, 1992; Lindow and Panopoulos, 19&inhce thenregulatoryframeworks
are in place worldwide to lead the development and the commercial availability of microbial

bioinoculants.

Regulations vary by countryith more permissive policies in the US that/e allowed
the use 0f58 bacteria, 28 fungand 29 virusegHokanson et al., 2014; USDA APHIS,, rauald)
more strict rules in Europe where these d GM bacteriais authorised exclusively under
contained conditions (laboratories activities) to avoid any contact with the environment and
the population (European Commission, 2007; The Conucil Of The European Communities,
1990; The Council Of The European Union, 1998)
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1.10. Am of the thesisand research objectives

The research described in the thes@med at the development ofmethods to
genetically engineebacterial communies associated witlplants and improve their PGP
activities. In order to do so,a consortium of three PGPRcting as a lowwomplexity

microbione was adopted and studied to serveetfollowingresearch objectives:

1 Unravel the PGPR functions and interactions occurring within Becillus

consortium by functional genome comparison and FBA

1 Identify potential PGP traits to improvie beneficial actiities towards the plant

exerted by theBacillusconsortium

1 In vivotest theeffects of the consortium on the plant phenotype in a controlled

growth environment

91 Develop a conjugation systethat allow the genetic modification of the wild

type PGPR aniohcterial soicommunities

The overall goal of thisesearch wa to providenoveltools andinnovative prospective
to design criteria for new PGR¥ich can then be used @enerateeffectiveformulationsfor

agricultural applications
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1.11. Thesis structure

The thesiss composed bgix chaptersThe currentChapter lexplains the challenges of
modern agriculture and the potentialitytrinsic inthe plant microbiome tacontribute to the
green revolution. The state of art of the knowledge around the mechanisms occurring in the
rhizosphere is also provided. Hurdles of the development of effective bioinoculants for
agricultural applicationgand the counterpart solutionare alsodebated together with the
possibility of genetically engineering PGPRs and soil bacterial communities to improve their

beneficial activities towards the plant partner.

Chapter 2details the materials and methods used to carry dhé experimens
discussd in this thesis whereasChapter 3describesthe in silicoanalysis of theBacillus
consortiumthat comprises thegenomic analysis, th&unctional compaison, the metabolic
reconstruction and flux balance analysis (FBAg analysisvasintended to eluailate the
principles of thesuccessfulhssociationof the three Bacillusstrains. The chapter conclude
with the identification of the genetic traits that can be used to improve PGP activities in the

consortium.

Chapter 4discussesthe in vivo and in vitro experiments carried out to establish
correlationsbetween the consortium inoculation and the plant phenotype, and highlight the
relationship between inoculants, indigenous microbiome and pl@htapter 5detailsthe in
vitro research performed to develop methods for engineering soil bacteria of the genus
Bacillus A conjugation system based on the pLS20 plasmid is characterised in the model strain
Bacillus subtilis168, followed by tests on wild type recalcitrant strains abdcterial

communities.

Finally,Chapter éconcludes the thesisaming the research described in the light of the
work that has been done in the plant microbiome field. Furthermordsaussiorithat touches

uponthe limitations and future opportunitiess presented
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Chapter 2. Materials and Methods

This chapter provides a description of the methods used in this research. Four main

sections can be discussed:

1 Firstly, details related to the strains used, their growth conditions and chromosome
extradion (2.1, 2.2, 2.3)

1 Bioinformatic analysis of the threBacillusstrains that compose the consortium
with plant fertilising activities (2.4)

1 Plant experiments to test the effects of the consortium application on the model
plant Brassica rap#2.5)

1 Finaly, methods developed to genetically engineer wild type reluctant strains, with

a particular focus on the rhizospheric community (2.6)

2.1. Wild type strains

The complete list of the strains can be found in Table R 1his study, the strains
Bacillus thuringiensilsr 3/2 (BT3)Bacillus thuringiensisr 7/2 (BT7and Bacillus licheniformis
(BL) constitute the consortium. These three wild type strains yeogidedby Dr. Pilar Junier
andDr. Saskia Bindschedler (Uarsity of Neuchatel)StrainsBT3 and BT7 were isolated from
soils of the Atacama Desert, Chile, during a sampling campaign carried out by the laboratory
of microbiology, University of Neuchatel in 2011. BL, on the other hand, was isolated from soil

at Agioscope Liebefeld, Bern, Switzerland.
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Table 2.1. Strains used in this research

Strains Origin Use in this research

Bioinformatics analysis
Plant experiments
Conjugation tests

Bioinformatics analysis
Plant experiments
Conjugation tests

Bioinformatics analysis
Plant experiments
Conjugation tests

Agroscope Liebefeld, Bern,

Bacillus licheniformis (BL) Switzerland

Bacillus thuringiensisr7/2 (BT7) Atacama Desert, Chile

Bacillus thuringiensisr3/2 (BT3) Atacama Desert, Chile

Bacillusfirmus Brassica rapahizosphere Conjugation tests

Bacillus cereus Brassica rapahizosphere Conjugation tests

Bacillus subtilid68 BGSC collection Conjugation tests

Escherichia cobH®A New England Biolabs Inc. Conjugation tests

BacillusmegateriumNCIB 7581
BacilluspantothenticusNCIB 8775
BacilluspolymyxaATCC 8523
BacilluspumilusNCTC 2595
BacillussilvaticusNCIB 8674
Bacillussphaericus\CIB 9370
Bacillussotto

Bacillugpycnoticus
BacillugpulvifaciendaVR 3622
Bacillusniger
BacillusmaceransNCIB 9368
BacillushadiusNCTC 10333
BacillusbrevisNCTC 7096
BacillusglobigiiNCIB 8058
Bacillusthiaminolyticus
BacilludicheniformisNCTC 6346

Lysinbacillus sphericdsT CC 14577

J. R. Norris, BO 021

J. R. Norris, BO 322

J. R. Norris, BO 099

J. R. Norris, B2B6

Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests
Conjugation tests

Conjugation tests

F. E. Young, University of

Bacillus amyloliquefaciens Rochester, NY. USA

Conjugation tests
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Bacillus subtilid68 (BGSC collection) was used as model strain to develop the pLS20
conjugation system, wheredsscherichia cobH% (New England Biolabs Inc.) was used as
host to replicate plasmidsihe other wild type strains of the genBscillusused in this work
were either provided by Dr. Richard Daniel (Newcastle University), or isolated from the
rhizosphere oBrassica rapaéy Miko Poh Chin Hong Br. Sanjay Swarup (National University
Singapore)

2.2. Media and bacterial growth conditions

The strains were cryopreserved in 25%/v) glycerol (final concentratignThermo
Fishej at-80°C, streaked out on Lurizertani (LB) agar plates and greltured in liquid LB
media when necessary. The overnight growth of the strains occurred at 30 Gr Bqtid
cultures were also subjected to 200rpm shaking. LB broth consisted(af\tpBacto tryptone
(MerckK), 0-05%w/v) Bacto yeast extradVWRand 1%{w/v) NaC(Merck) and solid medium
was prepared by adding 1.58/v) agar (DifcojLahooti and Harwood, 1999)

Mutants were grown on LB agar plates and in LB broth supplemented with appropriate
antibiotics. The antibiotg used in this work were: Ampicillin (100 pg/mlEncoli Thermo
Fishe), Kanamycin (5 pg/miThermo Fishe&cientifi¢, Chloramphenicol (5 pg/mirhermo
FisherScientifi¢, Erythromycin (1 pg/miThermo FisheBcientifig, Spectinomycin (100 pg/ml
Themo FisheiScientifi¢ and Tetracycline (10 pg/mrhermo FisheBcientifig.

The optical density of liquid cultures was measured at the spectrophotometer at 600
nm. Bacterial growth curve was obtained using the CLARIOstar microplate reader (BMG
LABTECH).v@rnight cultures were diluted at 0.1 O.D. in 200 pl of LB media. Triplicates for
each sample were inoculated in a 96 wells plate at 37°C and 200rpm. Measurements at O.D.

600 nm were taken every 60 seconds for 1000 cycles.

2.3. Bacterial chromosoai DNAextraction

Chromosomal DNA was extracted from overnight liquid culture using DNeasy Blood and
¢AadadzS {Ad O6vL! D9b0 |R2LIIAY3 (GKS YL ydzFl O dz

increase the efficiency of the DNA recoveryBacillusspecies after being spun down at
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16,000 g for 3 minutes, the supernatant was discarded and the pellets were treated with 180
pl of enzymatic lytikuffer (20mM TrisCl pH8.0 SigmaAldrich; 2mM sodium EDTASigma
Aldrich; 1.2%(v/v) Triton X100Thermo Fishe6cientific and 20mg/ml of lysozymerhermo

FisherScientifi¢ and vortexed for 20 seconds.

Metagenomes isolated from rhizosphere and bulk soil were extracted using the
ZymoBIOMICS DNA Miniprep Kit (ZYMO RESEARCH) and following the manufacturer
guidelines (Catalog NoD4300T, D4300 & D4304).
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2.4. Bioinformatics analysis
This section of the chapter provides the technical details of the experiments that will be

discussed in Chapter & schematic representation of the bioinformatic workflow can be

found in figure 2.1.
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Figure 2.1. Schematic illustration of the bioinformatic workflow carried out in this thesis to analyse the Bacillus

conrtium.
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2.4.1. Bacterial whole genome sequencing

The isolated DNA was sequenced using minlON (Nanopore Technology) and MiSeq
(Nlumina) platforms. The quality of the chromosomal DNA was evaluated on the nanodrop
and 1%(w/v) agarose gel. DNA was then quantified using the Qubit broad range dsDNA kit
and the Qubit V2 instrument (Life technologies) and dilutions checked with the Qubit High
Sensitivity dsDNA Kit.

The lllumina sequencing library was prepared using Nextera XT DNA library preparation
and indexing kits (lllumina). The sequencing was done orltimiha MiSeq, using the MiSeq
V3 reagent kit, for 2 x 300gmaired endreads. The samples used for the minlON sequencing
procedure were subjected to barcoding using the Native barcoding expansion kit by Nanopore

and following the suggested protocol.

2.4.2. Genanes assembly and annotation

MiSeq reads were trimmed (Trimmomatric v0.39), assembled into contigs (MiSeq reads)
and scaffolds (merging MiSeq and minlON reads) (spades v3.13.1). Trimming and assembly
quality reports were generated using respectively FAST¥(1.8) and Quast (v5.0.2).
Genome annotation was obtained using RA&Ziz et al., 2008nd Prokka (version 1.13.3
from https://github.com/tseemann/prokka). Plasmid annotation was carried out using
Blast2go. Input for Blast2go annotation was the Fasta file of the translated sequence divided
into coding sequences; this file was obtainesing Prodigal v2.6.3. Blast2go workflow used

was composed of Interpro, BLAST, map, anncf@iétz e al., 2008)

2.4.3. Small subunit ribosomal RNA screening

The small subunit ribosomal RNA sequences were located in the genomes and analysed
through the Classifier tool of the Ribosomal Database Prigt://rdp.cme.msu.edu/). The
tool version used was P Naive Bayesian rRNA Classifier Version 2.11. The submitted
sequences were aligned and classified with bootstrap confidence of 80% or abowe.
assembled genomes were also blasted against the database NCBI RefSeq Targeted Loci Project

- 16S ribosomal RAIproject (Bacteria and Archaea) usirghBh (Zhang et al., 2000)

40



2.4.4. Average nucleotide identity (ANI) analysis

ThePython package Pyani 0.2.10 was used to calculate the wiat®me similarity and
attribute the average nucleotide identity (ANI) to the assembled consortium genomes and a
pool of genomes from the geniBacillugPritchard et al., 2015)TheBacillus=FASTAiles were
downloaded from the NCBI genome database (www.ncbi.nim.nih.gow list of the strains

used are reported in the appendix section (Table A.2).

The method applied was ANIm, which uses MUMmer software and in particular the
NUCmer (NUCleotide MUMmer) to@tritchard et al., 2015NUCmer allows DNA sequence
alignments to be processed for multiple reference and query sequences. Default parameters

were employed.

2.4.5. Draft genome construction

The assembled gemes were blasted against reference genomes of closely related
strains. Nucleotiddased alignments were generated using MUMmer3 and then used as an
input to produce a dotplot by the MUMmer plot script and the Unix program Gnuylottz
et al., 2004) In case of multiple scaffolds, the MUMmer3 Promer script was applied to extract
the coordinate of the alignments. The genome sequences were reoriented using the reverse
complement method by Biopython (version 1.76). Benchling (https://benchling.com) was
used to visualise, identify thénaAcoding sequence and reorganise the sequence ipaeis
to the standard to generate the draft genomes. A final alignment between the draft genome

and the reference was carried out to prove the correct rearrangement of the scaffolds.

2.4.6. Functional analysis

The proteinbased comparison was carried out usiig-iIT that clusters proteins based
on their identity (Li and Godzik, 200@DHIT utilises two main algorithms: the short word
fillkering and the clustering one. The first one calculates statistically and estimates the
similarity of two sequences based tire number of identical short substrings (words) such as
dipeptides and tripeptidesThe clustering firstly sorts the sequences for decreasing length in

which the longest one becomes the representative, then each other sequence is compared to
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the represenative. If the similarity is above the threshold, the sequence is grouped into a

cluster with the representative, otherwise a new cluster is created with the sequence as new
representative of that clustei-or each sequence comparison, short word filterisgpplied

to the sequences to confirm whether the similarity is below the clustering threshold. If this

cannot be confirmed, an actual sequence alignment is performed

The AA sequences were used as input and default settings were agpitedn scrips
(reported in the appendi.29, A.30 and A.3H)lowed to execute the program in a loop and
divide the protein clusters based on their membershipique for each strain, shared by
consortium couples or shared among the three strains. The analysis wasdcauti on the

proteins belonging to all the memberships that shown above 60% identity.

2.4.7. ldentificationof genomic islansl

IslandViewer 4 was used to identify Gls in the consortium genomes using the Fasta file
of the draft genomes as inp(@Bertelli et al., 2017)The software relies on prediction methods
like IslandPatiDIMOB (based on nucleotide bias and presence of mobility genesHBIGI
(based on codon usage bias with a Hidden Markov Model approach) and IslandPick (based on

a comparative genomics approachsiao et al., 2003; Langille et al., 2008; Waack et al., 2006)

2.4.8. Resistome analysis

RGI (Resistance Gene Identifier) (v 5.1.1) was used to predict the resistome of the
consortium strains. Open Reading Frame (ORF) prediction was carried out using Prodigal,
homolog detection using DIAMOND, and Strict significance based on CARD curated:bit s
cut-offs. CARD (Comprehensive Antibiotic Resistance Database) v&8iBnvas usedto

annotate antibiotic resistance genéalcak et al., 2020)

42



2.4.9. Plasmid comparison

BLAST Ring Image Generator (BRIG) was employed to generate comparisons of the
plasmid sequencefAlikhan et al., 2011BRIG useblucleotideNucleotide BLASDl&stn) to
calculate the match across sequences and returns alair@lot with concentric alignment
rings. The minimum identity cwdff was set at 60%, while matches with higher values are
represented by colour gradients based on the identity of the match found. GC content and GC
skew are included in the analysis. Ihagmids that exhibit nucleotide compositional
asymmetry, GC skew can be useful to predict origin and terminus of replication, and evaluate
the occurred insertions of exogenous DNA with different nucleotides usage. The GC skew is
the normalized excess oftogines (C) over guanines (G) in a given sequence. It was calculated
08 0/ b DOKO/ b DOUI @A0GK pn(ArakaviaakdTomRaA20E) G A Y
The plasmids included in the comparison were downloaded from the NCBI databadestT

of the plasmids used can be foundappendixA.4.

In order to detect genes encoding Cry protein in the plasmids, an Hidden Markov Model
(HMMER) search was carried digddy, 1998) The HMMER profile used was reported in
literature and kindly provided by Corina M. Bar(National Scientific and Technical Research
Council, Buenos Aires). The profile was constructed with the alignments of the AA sequences
of Cry haplotype proteins stored in the Bt Toxin Nomenclature datafizessarte et al., 2018;

Ye et al., 2012)The plasmid A sequences split in CDSs were originated from the nucleotide

sequences via BioPython and used as input of the HMMER search.

2.4.10.Metabolic model and flux balance analysis

KBase modelling platform was utilised to carry out individual and community modelling,
and flux balance analysis (FBA). KBase has the option to reconstruct genal@enetabolic
models from protein functional annotationfHenry et al., 2010)The different levels of

modelling are summarised in figure22.

Single draft models were constructed for each organism and subsequentifiligdp
using appropriate media specifications. Bacterial models were merged into a
compartmentalised community model and noedundant mixed bag community model. In

the compartmenalised models, each organism is considered as individual and encompassed
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by its own compartmentin the consortium compartmentalised model, for instance, there are
four compartments, three cytosols (c1, c2, ¢3) and one common extracellular portion (e0).
This type of model allows the separation of the organisms to emphasise the interactions
among the strains. On the other hand, the mixed bag model comprehends the three organisms
in a single compartment, accentuating the interactions of the community witksn i
environment. In this work, the mixed bag model presents a unigue cytosol compartment (c0)

and an extracellular compartment (e0).

Mixed-bag consortium models were merged with the plant model in a
compartmentalised model. FBA was run at each step to clieak the organisms could
achieve growth in the determined media. The flux balance analysis of thempiandbiome
model requires media that incorporate elements for the growth of both organisms, or that

challenges the model in order to highlight the ootng interactions.

Bacterial genomes were uploaded and annotated using the annotation serve(RAST
et al., 2008) Brassica rapagjenome was downloaded from NCBI RefSeq (NC _024795) and
annotated by OrthoFindgifEmms and Kelly, 2015)
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Figure2.2. FBA Modelling levels analysed with KB#&sdigure the arrows represetiie metabolic exchange,
while the enclosing lines indicate thempartmentsa) Single organism modé&ach organism presents an inner
and outer compartment (for B. rapa 11 inner compartmeriislCompartmentalised Consortium modaelwhich
each strain has its own inner compartment and a shared outer compartmean lie used to identify exchanges
among the strainsc) Mixedbag Consortium modgthat incorporate the strains in the same compartment (as a
unique organism) and highligths the enchange with the environnt@r@ompartmentalised model ofrBpaand

the mixed-bag consortium model$Jsed to predict the exchange between consortium and B.rapa.
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2.5. Invivoandin vitroplant experiments

The materials and methods for the plant experiments are described in this section, and

the related results aréiscussed in Chapter 4.

2.5.1. Bacterial cultures

The strains were inoculated from fresh LB Agar plates in liquid LB broth (see section 2.2)
and grown O/N in the 30°C shaking incubator. Then, the cultures were centrifuged at 6000 x
g for 10 minutes and the peks were washed twice in 1ml of sterile PBS (Merck). The O.D.
was measured at 600nm and the cultures were diluted to produce inoculations with 10"6

cells. For combined inocula, the ratio was always 1:1 with a final concentratiort o#li<)

2.5.2. Plant usedn this study and seeds preparation

The plant adopted in this research wBsassica rapaubs Parachinensis (B. rapa,
vegetable crop of Chinese origin that is commonly used in cuisine and referred to as Choy sum
OFNRBY /[ Fyli2ySasS a«KB. lraNdseeds Werdiokitéinedf®rE Bain Le Hifat
Pte. Ltd. (SingaporePlant seeds were imbibed in water for one hour followed by a surface
sterilization step in a solution of 5084'v) bleach and 1%v/v) Tween20 (Merck) for 5 minutes.
Bleach and Tweewere washed off from surfaesterilized seeds with autoclaved MilliQ water

5 times to remove any residues.

For pot experiments, the microbial adhesion onto sterilised seeds was allowed by
immersing the seeds in 5ml of bacterial treatment suspensionscgl3) for 30 minutes with

shaking at 150 rpm.

2.5.3. Soil

The soil used in this study wansiversal soil (Jiffy Florafleur 002 Universal Potting Soil,
Far East Flora Pte Ltd, Singapateimposed by white and black peat, coconut fibre and
compost The soil presated pH 5.8, 58ml/l water retention capability and 6 kg/afi fertiliser

NPK 1710-14. When required, soil was sterilised in autoclave and used as a control.
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2.5.4. Pot experiments

Different bacterial treatments were applied to seeds to perform the @gperiments.
Sterile and norsterile soils were used to compare the effects of the cultured bacteria with
the combination of cultured bacteria and indigenous soil community on the treated plants.
Four biological replicates for each treatment were prepargdch plant was grown in an
individual pot (5 cm diameter by 6 cm in height) and shared the tray with the replicates

receiving the same treatment. The final setup consisted of 80 samples (Taple 2.

Table2.2 Sample list for the pot experiments

Strain/coculture Sterile soil  Nonsterile soil
Bacillus licheniformis 4 4
Bacillus thuringiensisr7/2 4 4
Bacillus thuringiensisr3/2 4 4
Consortium 4 4
PBS (Control) 4 4
Total samples 40 40

The growth chamber settings were 25°C%68umidityand cycles of 16 hours light/8
hours dark.The pots were watered witapproximately 100ml oiilliQ water on the first day
and every 23 daysAfter 16 days, the plants were collected and washed in water to discard
the soil fibres and debris. The plantem scanned with the Scanner Epson V700 perfection
and analysed with the software WinRhizo (Regent Instrument Inc.). Phenotypic data regarding

root length and architecture, as well as and shoot area and weight were collected (Figjure 2.
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Figure 23. Software WinRhizprovidesprecise measurements of the shoot area and root apparatus.

2.5.5. LEAP mesocosm assay

The LiveExudation Assisted Phytobiome (LEAP) assay was previously described in Ee
2y 3 [ Al (E8 Q018)l8 tkiSwok,dhe protocol was adapted to test cultured strains

5

and combined inocula of soil ohizobacteria with cultured strains. The summary of the

treatments applied in this experiment is listed in Tabl& 2.

Table 23. Sample list included in the holobiont assay

Harvested Cultured Replicates
Rhizobacteria -- 3
Rhizobacteria Consortium 3
Soil bacteria -- 3
Soil bacteria Consortium 3
- Consortium 3
-- Bacillus licheniformis 3
- Bacillus thuringiensisr7/2 3
-- Bacillus thuringiensisr3/2 3
PBS (negative control) 3
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The LEAP protocol consists in thpgeases:

1. Rhizobacteria enrichment

B. rapaseeds were sterilised as previously described and germinated on water agar
plates (0.8% w/v)Thus,3-days old seedlings were potted in soil for four days to allow the
recruitment of rhizobacteria from the surrounding soil. Pots with no seedlings were also

included to harvest the bulk satticrobialpopulation (Figure 2).

Figure 24 LEAP rhizobactier enrichment phase. Potted seedlings, after three days germination on Agar plates,
were grown for seven more days prior rhizobacteria harvest. Pots with no seedlings were used to extract bulk soil
microbes.

2. Harvest the rhizobacteria argbil bacterial cltures
In order to collect the rhizosphere microbes, the plants were gently removed from their
pots and the roots were collected under sterile conditions in 15 ml falcon tubes. The microbial

community was retrieved using the following protocol (Figufs):2.

1 Resuspensionin 1 ml of PBS

1 Vortex for 1 minute

1 Sonication (21% amplitude, 5 cycles of 3 seconds on with 5 seconds-685YEonics
and Materials Inc, Connecticut, USA)

1 Gentle centrifuge (spin dowat 10 000 g for ~25 seconds) to pellet plant debris

1 Supernatant collection

1 Resuspension in 1ml of PBS
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This protocol was repeated three times to collect bacteria from different plant
microbiome compartments, such as rhizosphere, rhizoplane and endophytes. The three
samples were combined to obtain thaicrobiota population.In the same way bulk soll

bacteria was retrieved from 100 mg of soil.

- Vortex - Sonication - Sonication-
) B

o

&)

Supernatant Supernatant
Collection Collection

§ U0

Rhizosphere Rhizoplane Endosphere

Figure 2. Plant microbiota collection through cycles of wasksngicationvortexingprecipitation. Picture
adaptedF NP Y | & | yAngh® Q7)) i KSa A a

Once collected, the indigenous soil and rhibaxcteria were quantified by flow cytometry
(BectonDickinson Fortessa at Centre foSlif 8 OA Sy OS |4 b! {0 dzAaAy3d (KS
Bacterial Viability and Counting Kit (Thermo Fisher Scientific). The kit utilises twqahess,
fluorescent{ , ¢h ¢ onycVpnanmO YR NBR Ffd2NBaOSyld LINE
the viability ofthe cells, and a calibrated suspension of microspheres to measure accurate
Al YLX S @2ftdzySeo ! FGSNI FLILX @8Ay3 GKS | LILINE LINR |
protocol), bacteria with intact cell membrane emit fluorescence in green, while bacteria with

damaged cell membrane emit less intense green fluorescamckred fluorescence.

For combined and individual inoculéhe strainsBL, BT3 and BT7 were grown as

explained in 2.5.2.

3. The LEAP system setup

The LEAP setup involves inoculating a water agar (a8 w/v) with the bacterial

suspension. A Usterilised membrane (thin cellulose dialysis membran8igma Aldrich,
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Missouri, USA) was then laid down to cover the bacterial layer. This membrane blocks
molecules larger than 14 KDa to trespass, avoidirecticontact between bacteria and plant
even though accommodating metabolites and small particles to diffuse. Finally, a frésh 3
day old seedling was placed on toptbé membrane (Figure &). The plate was sealed with
parafilm to avoid external contamation and condensation leakinglhe plates were
positioned vertically in a growth chamber (Sanyo MISRH, Japan) under controlled
condition of light (daynight cycles of 16 hours light and 8 hours dark), temperature (28°C) and
humidity (60%).

——— 3 days-old seedling

! " _———— Membrane

---------------------------------------------------------------------------------------------- - _ Bacterial suspension (10% cells)

— —— MSMWater Agar

Figure 26 LEAP assay setup. Bacterial suspension was spread on water agar plates. 14KDa membrane was laid
between bacteria and seedling.

Growth was monitored to collect phenotypic data and, after seven days, metabolites

from roots and membrane were collecteddire 27).

Figure 27. Seedling growth monitored through seven days LEAP assay. Particularly, from left to right, the
experiment starts with 3 days old seedling, a second measurement is taken after three days and finally on the
seventh day the datara collected.
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2.5.6. Mass spectrometry

After seven days, the plants were weighed, the roots infused in water for 3 hours to
collect the exudates. The membrane was also incubated in water to collect the metabolites
exchanged between plant and bacteria. Membrane metabolites and root exudates were
stored at-80°C to be further analysed using mass spectrometry. All the samples were
lyophilised and reconstituted using 150 pl of mass spec grade water. Pooled QC sample
consisting of 5 pl from each sample was also prepared. The samples were run occéuGiB
(RRHD, Agilent) using Agilentad, positive mode, profile data. QC samples were subjected to
MS/MS (mainly for metabolite identification) while all other samples were run only for MS1
type data. MS/MS was done for top 5 abundant ions in eacleclbke mass spectrometry

analysis was performed yr. Shruti Pavagadhi at NUS.

2.5.7. Nontargeted MSbased metabolomics: data processing and analysis

Raw data were firstly screened with the software Progenesis Ql-liNear Dynamics,
Newcastle, UK), which germed the automated extraction of mass features. The resulting
csv file comprehended mags-charge values (m/z), charge, retention time, abundance of
each compound normalised on the blank sample®ython script was produced to analyse
the data throughnormalisation, analysis of variance and pbhst Tukey test (append#.33
and A.34. Firstly, the normalisation of each sample by the plant weight was performed. This
step isdescribedin metabolomic studie®n root exudation to reduce biases related ttoe

plant biomasgSun et al., 2020; J. Wagrgal., 2020)

In order to identify the statistically significant abundance of the metabolites, targeted

comparisons were done to gather information related to the research questions:

1. Which are the metabolites responsible for the difference between {ilant
phenotypes after consortium and individual inocula? (Comparison= Control VS BT3 VS
BT7 VS BL VS Consortium)

2. Which are the metabolites exchanged among the consortium, the indigenous
rhizospheric microbiome and the plant? (Compariso@ontrol VS RZ VS

RZ+Consortium VS Consortium)
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3. Which are the metabolites exchanged among the consortium, the indigenous bulk soil
microbiome and the plant? (Comparison= Control VS BS VS BS+Consortium VS

Consortium)

For each comparison, the analysis of variance-wag ANGYA was coupled with post
hoc Tukey HSD test. The first test was chosen to obtain the overall significance while the
second test enabled a pawise comparison of the means providing greater insight into the

differences between specific groups (bacteriadala). The p value cuiff was set at 0.01.

Since the samples were analysed only in one round of MS (MS1), the robust
identification of the peaks based on the m/z was not possible. To get around this issue, the
analysis was done on the MetaboAnalyst seifhttps://www.metaboanalyst.ca) that enables
to shift from individual identification of the peaks to individual pathways. Particularly, the MS
Peaks to Paths module was used. The module combines the mummichog algorithm (that infers
pathways activities tm a ranked list of MS peaks identified by untargeted metabolonfigs)
et al., 2013with the GeneSet Enrichment Analysis (GSEA), a widely used method that extracts

biological meaning from a ranked list of gerf& and Wishart, 2010)

Furthermore, the mdule provides the option to select a pathway library. In this analysis,
the Bacillus subtilisnd ArabidopsighalianaKEGG libraries were chosen since the screened
metabolites can be produced by both plant and microbe partnéven though theskbraries
are probably not the most descriptive, thisust be considered aexerciseto achieve the

interpretation of these preliminary dataset.

2.5.8. Metagenome analysis

Bulk soil and rhizospheric bacteria were collected from the LEAP assay after seven days.
The meagenomes were isolated as explained in section 2.3, sequenced and assembled as
described in section 2.4.1 and 2.4.2. The assembled metagenomes were then uploaded on the
metagenomic analysis server MBGASTwww.mgrast.org. The taxonomy analysis in MG
RASTs based orthe Lowest Common Ancestor (LCA) algorithm that finds a single taxonomic
entity for all features on each individual sequengtuson et al.2007) For the functional
analysis, MERAST uses KEGG orthology to annotate the coding sequences(kamehisa,
1999) The settings used werevEalue=5 and %dentity=60.
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2.6 Development of the pLS20 conjugation system

This section describes thexperimental procedures related to the development of a

conjugation system based on the pLS20 plasmid. The results related to this part of the thesis

are presented in Chapter 5.

2.6.1 Bacteria engineering and cloning procedures

In order to monitor the charactistics of the conjugation system, thgacillus subtilis

168 donor and recipient were genetically labelled. Particularly, three main modifications were

carried out:

91 Labelling of the donor chromosome with gene reporter mKate2 to select donor cells
based orfluorescence.

1 Knockout oftomKfrom the recipient chromosome (to eliminate natural competence
activities) and the introduction of a tetracycline resistance cassette for selection of
recipient population on agar plates.

1 Labelling of the mobilisable plasniGR16B oriT s2o(and its version without oriE29

with the gene reporter sfGFP to detect gene transfer events.

Labelling of the donor chromosome withKate2

The following five fragments were individually amplified by Polymerase Chain Reaction

(PCR) tgroduce the geneticonstructPrpsO_mKate2_KanR necessary to label the donor

chromosome:

= =4 a4 4 -

Upstream region flanking the insertion locagrE(1365 bp)
Promoter PpsOand RBS (167 bp)

mKate2 CDS and terminator (911 bp)

Kanamycin resistance cassette (1419 bb)

Downstream region flanking the insertion séprE(1191 bp)

The flanking regions and PrpsO were amplified fidacillus subtilid68 chromosome;

mKate2 and Kanamycin cassette were amplified respectively from-SB&1 mKate2
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(Guiziou et al., 201&Gnd pANPCKYoshimura et al., 2007PCRs were performed with KOD
PlusNeo polymerase (kara Bio Inc.,Shiga, Japan) and primers designed manually and
synthesised by Eurofins Genomics (Tokyo, Japan). The primer list is incléggzbmdix Al

PCR reaction mix were prepared as reported in table 2.

Table 24 PCR reaction mix

Reaction mix X1
Primer Forward 2 pl
Primer Reverse 2 u
dNTPs 2 pl
Mg?* 1.28 pl
Buffer 10X 2 u
DNA 1l
KOD Polymerase 0.4l
Water 9.32 ul
Total 20 ul

Threesteps PCR thermal programs and Tedolwn-PCR were adopted. The three steps
PCR was composed tgnaturation at 94°C for 2 minutes, annealing at 58°C for 30 seconds
and elongation at 68°C for 1kb/30 seconds. The three steps were repeated for 30 cycles before

the final elongation at 68°C for 5 minutes (Figur@® 2.

94°C
T omin 68°C 68°C
: 1kb/30sec : 5min
58°C :
30sec 4°C
: [o's)
30X

Figure2.8 Thermal cycles used tine threesteps PCR
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Touchdown PCR programs were constituted by initial denaturation at 94°C for 2
minutes, 5 cycles of denaturation (96°C for 10 seconds) and annealing at 74°C for 1kb/30
seconds, 5 cycles of denaturation (96°C for 10 secondspyandaling at 72°C for 1kb/30
seconds, 5 cycles of denaturation (96°C for 10 seconds) and annealing at 70°C for 1kb/30
seconds, 30 cycles of denaturation (96°C for 10 seconds) and annealing at 68°C for 1kb/30

seconds, and finally elongation at 68°C for hutes(Figure 29).

96°C 96°C 96°C 96°C

94°C

74°C [
1kb/30sec; |

72°C

[ / 68°C_ 68°C
1kb/30sec: : 1kb/30sec; 1kb/30sec: 5min

Figure 20 Touchdown PCR thermal steps

In order to visualise DNA fragments, agarose gel electrophoresis was carried out with
1% (w/v) Agarose gel in 1X Ti#scetateEDTA. The chelating agent applied was N&ty
(Merck) and theDNA markers were 1Kb Plus DNA Ladder and 100bp DNA Ladder (New
England Biolabs IncJhe fragments were extracted from the gel and purified using the kit
Wizard® SV Gel and PCR ClgarSystem (Promega). Equivalent volumes of the purified
fragments were nxed to be used as template for the recombinant PCR with nested primers
(3 steps PCR to amplify the 4624 bp circuit). The unpurified product of this PCR was
transformed inBacillus subtilisl68 to generate the strain KV2 (transformation protocol
explainedn section 2.6.3). This strain was used as a control of the red fluorescence in the flow

cytometry experiments.

The unpurified product of theonstruct PrpsO_mKate2_KanR was also transformed
together with the chromosome extracted from the strain GRRByano et al., 2018a)DNA
extraction protocol was previously explained in section 2.3) into the strain YNB026 (donor
used in previous study containing pLS20pa2 NJMéyano et al., 2018h) Successful
transformants were selected on kanamycin and spectinomycin plates. The resulting strain was
named KV4 and was later transfioed with the plasmid pGR16B _ariy sSfGFP to produce
the strain KV5, which is the donor used in this research. A schematic representation of KV2

and KV5 construction is shown in figurd@.
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Colony PCRs were adopted to screen single colony mutantsc&aaly was first diluted
in 50pl of water and boiled at 95°C for 5 minute£2 fil of sample was used as DNA template.
The thermal cycles used were the same as in figu8ewth the addition of a denaturation

step at 94°C for 5 minutes as the first stépincrease the DNA availability during colony PCR.

PrpsO

strain GR23 b -
l DNA extraction m

l Recombinant PCR

Pspank

PrpsO

e

Chromosomal prep PCR product

/ B. subtilis 168

&

l KV2

pLS20cat AoriT %
OaprE :mKate2 aprE::mKateZ@

pGR1 6B_oriT gy_sfGFP

YNBO026

pLSZOcat AonT

KV5

pGR16B_oriT syo_sfGFP

O

pLS20cat_AoriT
aprE::mKate.

Figure 210 Schematic representation of the construction of KV5 (donor used in this research) and KV2 (control
strain for red fluorescence). The PCR product of the genetic device PrpsO_mKateZakiaafsformed into B.

subtilis 168 to produce KV2. Whereas same device together with the chromosomal prep from the strain GR23
were transformed into the strain YBNO026 to generate KV4. The transformation of KV4 with the mobilisable

plasmid pGR16B_orido STGFP produced the strain KV5.
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Comkdeletion in recipient strain

To inactivate the geneomKand simultaneously introduce the tetracycline resistance
cassettecomKupstream and downstream DNA fragments were amplified by PCR (three steps
PCR described before) usiBgsubtilisl68 chromosomal prep as template. Whereas, tit&R
cassette was amplified from the plasmid pOGMhikawa et al., 2006)The primers used
contained 30 nucleotide overhangs to allow recombinant PCR to seal the three fragments.
After visualisation via agarose gel electrophoresis, the correct bands were excided from gel
and purified (kit Wizard® SV Gel and PCR AlgaBystem, Promega). The recombinant PCR

was carried out using nested primers and equal volumes of the three fragments as template.

The PCR product was transformedinsubtilisl68 and transformants were select®n
tetracycline agar plates. The resulting strain, named KV7, represent the recipient strain in the

pLS20 conjugation experimentsigure2.11).

PCR product
Up tetR Down
Homologous
recombination

Up - Down

B. subtilis 168 chromosome

Up tetR Down

KV7

Figure2.11 Construction of KV7 (recipient strain used to characterise pLS20 conjugation syBéailius subtilis

168. A PCR product containing the tetracycline resistance cassette (tetR) with the upstream (Up) and downstream
(Down) comK flanking regions was transformed into B. subtilis 168. After homologous recombination in the host
cell, tetR is igerted in the comK locus. The resulting KV7 can be selected on tetracycline plates.
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Labelling pGR16B plasmids with sfGFP

The plasmid pGR16B_ardiowas produced in a previous study from pUCTA2501
(Ramachandran et al., 2017 this researclsfGFRvas cloned in the plasmid sequence to
monitor the plasmid movements and a version of the pGR16B_sfGFP wihduowas

generated to create a negative control for the mobilisation praces

To removeoriTs29 PCR was used to amplify the entire backbone and eliminate the
oriTLseoregion. The primers used included a Bglll restriction site and the same PCR protocol
previously describedin the section dbelling of the donor chromosome witimKate2 was
applied. The PCR product was purified with the kit Wizard® SV Gel and PCBpCIgatem
Ot NPYS3IlI 0 RAISAGSR gAGK . 3IfLL o0¢lF 1IN . A2
suggested protocol. Digestions occur durinlgdlr incubationat 37°C. The digested backbone
was purified a second time and-feA 3 § SR G2 LINR RdzOS L dhKi§atiod S NE A -
occurred at 16°C overnight by treatment with T4 Ligase (New England BioLabs Inc.). The
ligation mix was transformed intB. colDH&: G 2 NBLJX A OF S ( KSsxofad 3 G S
described in section 2.6.2), colonies grown on Erythromycin were inoculated in 5 ml of LB and
the plasmid was isolated from fresh overnight liquid culture using QIAprep Spin Miniprep Kit

(QIAGEN).

Both plasmid variantpGR16B_oriExl Y R LID w M eowdrgtBeNJinéarised by
digestion with EcoRITakara Bio Inc., Shiga, Japanyl simultaneouslyreated with Shrimp
Alkaline Phosphatase (SAP, Takara Bio Inc., Shiga, Japan) at 37°C for 1 émowvéothe
LIK2ALIKIGS 4G G§KS pQ TRegeheticoghRructibBn@ RIgEIGFRIDS A I | (i

was synthesised by IDT (Integrated DNA Technologies, Inc) and composed as follows:

1 Pveg promoter and RBS frd3acillus subtilis 168
1 sfGFP codon optimigefor Bacillus subtilis

1 amySterminator fromBacillus licheniformis

The 940bp constructwas amplified with primers containing 30overhangs that are
complementary with the extremity of the plasmid at the chosen insertion site. After Agarose
gel electroploresis, the band corresponding to the fragment size was excided from the gel

and purified as explain previously.
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NEBuilder HiFi DNA Assembly (NEB) was used to seal DNA fragment cost@RiRg
and theEcoRlinearised backbones. To increase the reactifficiency, recommended DNA
pmols and ratios were taken into consideration. Pmols were calculated for each fragment

using the formula:

Haéai0QUmE Qopht A &6 IND BeivRHK O & & i

The reactions were incubateat 50°C for 15 minutes. Transformation Bf coliDH%
with 10ul of HiFi assembly mix was then performed. Bright green transformants carrying the
LX I aYAR& LIDWKGER ang BORAGB_osbh SFGFP were selected on Ampicillin
plates and inoculated for plasmid extraction (Figur@2p. Purified plasmidsvere used to
transform the donor KV2 to obtain the strain KV5 (pGR16B %4i$fGFP) and KV6
0 LIDw ™ c ..sty pf@ARR &s well aBacillus subtilisl68 to generate the control KV3
(PGR16B_orik2g SIGFP). Plasmid maps are displayed and discussed in ratai id the

result chapter 5.

Pveg TamyS

w | N | | oow

6957 bp

Figure 212 The circuit containing Pveg, RBS, sfGFP and amyS terminator was synthetised by IDT. Upstream (Up)
and downstream (Down) overhangs enabled the binding of the circuit to the ends of thdifzafted vector
through the HIFI assembly reaction.
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2.6.2 DH%5a Calciuncompetent cells and transformation

Escherichia cobDH% were streaked out from glycerol stock to fresh LB agar plate with
no antibiotics. After Overnight growth, single colonies were inoculated in 5 ml of LB media
O/N at 37°C/200rpm. The starter culture was inoculated in 400ml of LB And incubated at 37
degreesfor about 2 hours. OD was monitored till it reached-0.2. The cells were then
harvested by 20 minutes of centrifugation at 4°C at 4000 rpm and washed witbhpled
100Mm CagGl The cells were then kept on ice for 40 minutes centrifuged and washaad ag
two more times. Glycerol was added at 2%%v) (final concentration) and aliquots were

frozen in liquid nitrogen and stored e80°C.

For transformation, aliquots were thawed on ice for 10 minuteS.{dl (1 pg100 ng) of
plasmid was added to the ceflixture, which was incubated on ice for 30 minutes without
mixing. After heat shock at 42°C for 30 seconds, cells were placed on ice for 5 minutes and
allowed to recover with 950 pl of room temperatur®medium (reported in section 2.2ells
are then ncubated at 37°C for 60 minutes on a shaking platform (250 rpm). Finally, 100 pl of
diluted cultures were spread on LB Agar plates supplemented with appropriate antibiotics.

Transformants appeared after overnight growth.

2.6.3 Bacillus subtilisansformation

Genetic transformation ofBacillus subtiliswas performed by inducing natural
competence, as described by Anagnostopoulos and Spifdgegnostopoulos and Spizizen,
1961) Competence media consisted of Spizizen minimal media (SMM) (0.2%SQHL.4%
KoHPQ, 0.6% KHPQ, 0.1% NgCsHsO7, 0.02% MgSK), supplementedwith 0.5% glucose,
casamino acids, ferric ammonium citrate, and tryptophan. Starvation media consisted of SMM

and 0.5%w/v) glucose.

Single colonies from LB Agar plates were inoculated in competence media and grown
overnight at 37°C and 180rpm. The foliogyday, the starter culture was diluted 1:20 in fresh
media. After 3 hours of incubation, the culture was supplemented with 5 ml efyarened
starvation media and incubated for 2 additional hours. 400ul aliquots were then dispensed in

1.5 ml Eppendorf thes and plasmid (1ug), chromosomal DNA&il) or PCR product (up to
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1/10 of the culture volume) was added to the cells. Next, cells were incubated for 1 hour at

37°C and 180rpm, plated out on selective LB Agar plates and grown overnight.

2.6.4 Conjugation expements

The pLS20 conjugation system requires donor and recipient strains. In this research the
donor was always the strain KV5 (strain construction in section 2.6.1.1.), while different
recipients were adopted to test the efficiency of the process. leorto characterise the
conjugation in the model straiB. subtilisL68, the recipient KVV7 (strain construction in section
2.6.1.2) was firstly used. Thereafter, tweritye wild type strains of the genuacilluswere
tested to assess pLS20 permissiver§essain list in section 2.1). Finally, the Bacillus portion of
the rhizospheric population extracted froBrassica rapavas also adopted (more details in

section 2.4.8). The results related to the conjugation experiments are reported in Chapter 5.

The cofjugation protocol spans three dayBhe main steps are reported in figure 2.1
Firstly, single colonies from fresh LB Agar plates were inoculated in 5ml of LB (with appropriate
antibiotics) O/N at 30°C 200rpshaking modgInnova orbitalincubator, Eppendorf) The
following day the cultures were diluted at optical density 0.05 (or 0.1 for fast growing strains)
with no antibiotic supplementation. Donor strains containnag controlled by the promoter
Pspankwere also provided with 1mM IPTIGOOmmol/tHsopropyt -D-thiogalactopyranoside
Solution) (Nacalai Tesuque, Kyoto, Japan). The cultures were grown at 37°C 200rpm till OD

0.51.0.

In experiments testing Donor:Recipient ratio 1:1, 500ml of donor and 500ml of recipient
were mixed in a falao tube and incubate at 37°C naaking mode for 15 minutes. After
mating, the samples were incubated for 30 minutes at 37°C 200rpm to allow fluorescent
proteins expression. Samples were then plated out on appropriate antibiotics or/and

prepared for flow gtometry analysis.

To allow colony counting and extrapolate conjugation efficiency data, samples were
diluted 1/10 and 1/100 and spread on Tetracycline and Erythromycin plates to select
transconjugants. Donor and recipient cells were diluted to* 8dd 10° and selected on
Chloramphenicol and Erythromycin, and Tetracycline plates, respectively. Plates were

incubated O/N at 37°C and the resulting CFUs were counted the following day.
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Figure 2.B Schematic representation of the conjugation experiment flmnk After mating and shaking
incubation stepspopulations of donors, recipients and transconjugants can be evaluatedlbgtive plang,
flow cytometry and FACS.
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2.6.5 Flow cytometry

After conjugation, the samples were fixed with Formaldehyde (3(v#®) final
concentration) for 30 minutes at room temperature. Cells were then centrifuged and
resuspended in 1 ml of 1X FTEOTA Buffer (Merck). A second washing step was carried out
with 1ml of 1X Tri€EDTA Buffer supplemented with 200mN KCI an@vd%glycerol. 1mg/ml
of lysozyme was added immediately before mild sonication in water bath for four minutes.

After sonication samples were preserved on ice till the analysis.

Fluorescence cgimetry was performed using the analyser BD FACSymphony A5 (BD
Bioscience) at the Flow Cytometry core facility (Newcastle University) and CytoFLEX S Flow
cytometer (Beckman coulter) in K&nOKA |, 2aKARI Qa 10 6Y20S | YAD!
flown at low flow speed and +100,000 events were recorded. Data regarding size (FSC),
granularity (SSC), fluorescence in the green and red ranges were collected. Lasers and filters
were chosen accordingly with the fluorochromes excitation and emission spectra (Eigdire

and Table &).

TagBFP EX sfGFP EX mKate2 EX sfGFP EM mKate2 EM
TagBFP EM

—— -

Figure 2.4 Spectra of the fluorochromes used in this study, TagBFP, sfGFP and mKate2.

Table 25 Overview of the fluorochromes used in this study and the lasers and filters adopted to detect the signals
by flow cytometry.

Fluorochromes Laser % Excitation  Filter % Emission
mKate2 561 nm 55% 610/20 93%
sfGFP 488 nm 100% 530/30 86%
TagBFP 405 nm 94% 450/50 75%

TagBFP was identified as a potential fluorochrome to label the plgsn8@0since the
excitation and emission of the fluorochrome require different laser and filter from mKate2

and sfGFR.abelling pLS20 witfagBFRvill be carried out in future work.
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2.6.6 Flow cytometry data analysis

Flow cytometry data were analysed using the software FCS Express 7 Research (De Novo
Software). Firstly, the events were plotted on S$(ide scatter) vs F&C(Forward scatter)
to designa gate for only bacteriadized particles. H indicates the parameter Height of the
detector output of the cytometer. In bacteria analysis, Height is chosen instead of Area (A)
because bacteria are relatively small entities and result completely irradiatelde laser ray.
One event corresponds to one cell passing through the fluidic system (if cells are properly

separated) and results in one dot on the dot plot.

In this analysis, the size gate is the parental gate. The events within this gate were
plotted on FITEH (488 530/30) vs PC5:b (561 610/20) to outline the four gates related to

the different populations based on their fluorescence:

9 donor, fluorescing in both red and green

1 recipient, without any fluorescence

1 transconjugant, fluorescing in green

91 donor with no mobilisable plasmid, fluorescing only in red

The positive (KV3) and negative (KV7) controls were used to design the gates, which
were applied to the dot plots generated for each sample. Histograms were also obtained to
identify the fluorescace picks and correct the gating when necessary. The donor KV5 was also

used as control to adjust the donor population gate (Figui®)2.
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Figure 215. Gates were designed to improve the accuracy of the Eldametry data analysis. The gating process

from top-left to bottom-right: Bacterial size gating by plotting SB@s FSE. This gate enables to exclude from

the analysis small particles and debris. The data from the control KV3 and KV5 were plottédsa0/26H vs

488 530/30H to design gates related to the fluorescence. Histograms were also produced to better define the
fluorescence gates. Within the size gate, four gates were drawn: recipient (no fluorescence), donor (green and
red fluorescence), gffgreen fluorescence) and mKate2 (red fluorescence). The events falling into the gfp gate
are considered as transconjugants.
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The controls KV7 and KV5 were also used to estimate the number of false positive and
false negative events, i.e., the events tlaat required to be subtracted from the conjugation
mixed samples. Since the total number of events varies among samples, proportions were
used to calculate false positive and false recipientnésdound in the donor, false positive

and false donor event®und in the recipient.

D = Donors

T = Transconjugants
R = Recipients

d = donor sample

r = recipient sample

C = conjugation sample
Considering the donor data:
00 & Y® "YQ 0 ®BOQ
"OHAY® YQROFOQ
Considering theecipient data:
"0 & iY@ "Yiz'Y @Y
"0 aDE® 0i1z'Y @Y
The adjusted number of recipients (ARc), donors (ADc) and transconjugants (ATc) in the
conjugation samples is calculated by subtracting the number of False events:

OY® YO "OHhaY®
00® 00 "ONad®
O "YD Y@ OO AY®E & £ OO AYEQD QR QQE 6

The adjusted data were then used to calculate the efficiency of conjugation, as

transconjugants/recipients (T/R) or transcongugs/donors (T/D).
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2.6.7 Case of study: pLS20 conjugatioBagilluscommunity isolated frorBrassicaapa

rhizosphere

Conjugation tests were carried out using KV5 as donor strain andacélusmixed
population isolated from plant roots as recipient. The workflow of this experiment is

summarised in figure 26.

The rhizosphere samples were collected fradnassica rapa var Chinensigw dz0 A Q 2
Spinacia olerace®. 2 NR S | Ldzfi€a satiyaRar céata. The plants were grown in the
ICOS labs at Newcastle University in universal media. Debris and soil aggregates were carefully
removed from the roots, which were collected in tubes containing 2ml of Rf&3.sonication
and washing steps (carried oas explained in 2.5.5 for the LEAP assay)Bth&llusportion

of the mixed rhizospheric communities was isolated as follows:

1 To select spordorming microorganisms a heat treatment at 80°C for 10 minutes was
carried out

1 To enrich the community, 3 hourscubation at 25°C 180rpm in R2A medium was
performed

9 To kill Gram negatives and fungi, treatments with Polymyxin B (10 pg/ml) and
Amphotericin B (10 pg/ml) were applied

1 The resulting community was grown on LB at 30°C for 3 hours and stor8d°at in

15%(v/v) glycerol stocks (final concentration)

For conjugation, the rhizosphere samples were inoculated in 5ml of fresh LB broth and
after 3 hours mixed with the donor KV5 (previously precultured as explained in section 2.6.4).
Prior mixing, O.D. was measured and equal volumes of donor and reciplismiveee mixed
in 20ml universal tubes. The mating step (at 37°C, no shaking) was 30 riongesnd the

following incubation (at 37°C, 200rpm shaking) was carried out for 1 hour.

A short sonication step was carried out to prevent cell aggregation, ddixation was
performed so that the bacterial cells were able tegew after sorting by FACS. Firstly, the
conjugation mixwas analysedit the flow cytometer BD FACSymphony A5 (performed as
previously explained in section 2.6.3hen the sorter FACSCan 1l (BD Biosciences) at
Newcastle University core facility was used to sort the population corresponding to the

transconjugants.
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Because of time constrains, only transconjugants fBmassica rapahizosphere were
sorted and further analysed. Aliquots sbrted cells were streaked on LB agar plates and LB
agar plates supplemented with erythromycin. After overnight growth at 30°C, colonies were
suspended in water, fluorescence was checked at the fluorescence microscope and colony
PCR (as described in seati2.6.1) was performed to validate the presence of the plasmid. A
second colony PCR to amplify the 16S region was performed. After agarose gel
electrophoresis, the bands were excided from gel, purified and the DNA was sequenced
(Eurofins Genomics) to idéfy the strains that accepted the plasmid through pL®2&diated

mating event.
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Figure 216 Workflow used to assess pLS20 conjugation in Bacillus mixed community extracted from the

NKAT 23LKSNS 2F . NIaaiol NI LI fr@nthdplaradngrBizbidadtetia edtvadznl A Q@ w2 2
from the roots ¢ee sectior2.5.5). The Bacillus portion of the rhizosphere population was isolated and subjected

to conjugation using KV5 as donor strain. After conjugation, flow cytometry analysis was catrizudotne

transconjugant population was sorted and further analysed. After growth on plate, the colonies were checked at
fluorescence microscopy and 16S of the strains was sequenced to identify the transconjugants.
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Chapter 3Analysis of a synthetic P8acillusconsortium

This chapter describes the results of thesilicoanalysis carried out on the strains
Bacillus licheniformi@BL),Bacillus thuringiensikr 3/2 (BT3) an@acillus thuringiensikr 7/2
(BT7), which have been selected to compose a consortium with plant fertilising activities.
Hence, this work aimed to characterise this simplified community and determine the genetic
traits responsible for PGP activities and cooperation among tianst Genomescale analysis
was carried out to give overview of the chromosome structure, taxonomy information and
draft genome reconstructio(sections 3.2, 3.3 and 3.4ubsequently, the protein functional
analysis is discussed, highlighting PGP temits lifestylerelated functions(section 3.5) In
conclusion, the metabolic reconstruction and flux balance analysis of the consortium was

examined(section 3.6)
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3.1. Introduction

3.1.1. Microbemicrobe interaction in the rhizosphere context

The rhizosphere amts up to 18 microbial cells per gram rogEgamberdieva et al.,
2008)belonging to thousands of different prokaryotic specipendes et al., 2011)At the
root interface, this plethora of closely or distantly relatedcroorganisms coexists, competes
for space ad nutrients, engages in metabolic trades and criessdingactivitiesd . dzi I AG T S
al., 2017; Hibbing et al., 2010; Jacoloyg &opriva, 2019; Peterson et al., 2006)

The niche theory postulates that if the root exudate is the main source of nutrients to
sustain bacterial growth in the rhizosphere, the ecological success of a species is strongly
affected by its ability of uptke thesesubstancegGhoul and Mitri, 2016; Jacoby and Kopriva,

2019) Three main outcomes can be obtained (Figure 3.1):

1 Niche differentiation. It is observed when different strains can uptake diverse
substrates (metabolicasource partitioning) and therefore can coexist in the same
habitat (Baran et al., 2015)

1 Competitive exclusion. It occurs when different strains present similar substrate
uptake capability and compete for the same resoureetHis scenario, the fitter
microbe will survive to the detriment of the competitor, which will be excluded from
the niche(Freilich et al., 2011a; Hardin, 1960; Hsu et al., 20Aid)example of this
mechanismis represented by theequestration of iron by siderophores that has been
shown to lead to pathogen suppression and biocontrol in the rhizosp(igetnsen
YR wlk FFlLGStfdzZ wnamceT .dzitAGT SG f P HAmT

1 Niche creation or extension. It develops whereanember produces and releases a
novel metabolite that can be used by another créseding strain(Peterson et al.,
2006; Ponomarova et al., 2017This nutritional interdependency promotes the
maintenance of species with diverse metabolic capadsliand favour beneficial
partnerships within the communitfHarcombe, 2010; Hayatsu, 2013; Wintermute and

Silver, 2010)
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Figure 3.1 Metabolic niche dynaminghe rhizosphere depends on the capability of uptake and utilisation of the
microbes. Three possible scenarios can be observed: Niche differentiation, competitive exclusion and novel
metabolic niche creation.

Beside the interaction driven by the resource availability, rhizosplberepetent
microbes engage in other kinds of cooperation and competition mechanisms. Microbes exert
direct antagonism by contactependent mechanisms, secretion of antimicrobial compatgin
and predation. The vast majority Bfroteobacterigoresents contactiependent competition
regulated by the bacterial type VI secretion system, which delivers toxins and other
antagonistic molecules into eukaryotes and prokaryd&lsarezMartinez and Christie, 2009;
Records, 2011)Jsing this system, the plant pathogAgrobacterium tumefaciendeploys an
antibacterial DNase into bacterial rivals in tobacco plgMs et al., 2014) Moreover, the
bacterial type Ill secretion system has beenatdsed to mediate bacterial colonisation of

fungal or oomycetal structured.ackner et al., 2011; Rezzonico et al., 2005)

A wide range of rhizosphereompetent microbes has been described to produce and

release molecular effectors of antimicrobial natuienig and Abraham, 1976; Raaijmakers
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and Mazzola, 2012; Shelburne et al., 20@&4 well as volatile molecules theén inhibit or
suppress the growth of competitorflin et al., 2007; Yi et al., 201®)loreover, n the
rhizosphere some microorganisms have been shown to predate on othérsugh
mechanisms of bacterial mycophadgBeier and Bertilsson, 2013; Singh et al., 1999)
mycoparasitismBarnett, 1963) protist predation on bacterigGao et al., 2019and even
bacteria preying on other bacter{@durkevitch et al., 2000)

Mechanisms of cooperation are also widespread in the rhizosphere. Biofilm formation
on plant tissues, for instance, is the result of microbial cooperdf@mnhorn and Fuqua, 2007;
Stoodley et al., 2002and represent an example of synthropy, i.e. the interaction among
microbes for the common goa@ee et al., 2014; Morris et al., 2013hdeed, biofilms are an
advantageous association for the microbas they providgrotection, united and organised
response to stress and resource availability, communicati@etan quorum sensingnda

favourable environment for horizontal gene trans{@&ose et al., 2008; Rudrappa et al., 2008)

A very specialised mechanism ofoperation can be found between plaassociated
fungi and endosymbiotic bacteridhese bacterinave been observed to live inside the fungal
cytoplasm (Kobayashi and Crouch, 2009; Moebius et al., 2@%) deeply affect fungal
processes, including reproduction, spore formation and plant colonisgRantidaMartinez
et al.,, 2007; Partiddartinez and Hertweck, 2005Fungal hyphae have been shown to
LINE A RS LIK@&aAAOFft &adzZlJ2 NI (G2 ol OGSNAFT aLINBIFRA
(Kohlmeier et al., 2005)Exploiting themycelium network bacteria are able tonigrate,
interact andengage ingene transferwith distantly located bacterigBethold et al., 2016;
Worrich et al., 2016)Bacteria have also beelocumentedto usethe mycelium structure to
colonise plant endospheréVik et al., 2013; Zhang et al., 20185 well aghe mycelium
hydrophobicity to solubilise and utilise pollutartsohimeier et al., 2005; Simon et al., 2Q15)
Furthermore, fungi are essential players in the microbial rhizosphere colonisation prBgess.
releasing exudates in the mycosphere (hyphae surrounding amed)modulating the
environment pH, fungi can promote the growth of selected bacteria and change th

rhizospheric community baland@oljander et al., 2007; Warmink et al., 2009)
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3.1.2. Synthetic community approach in plamicrobiome studies

Microbe-micrabe interactions are one of the main driving forces that structure the
microbiota and its association with the plant hd&akker et al., 2014; Freilich et al., 2011,
West et al., 2007)However, due to the multifactorial nature of these mechanisms, finding a
correlation between the intemicrobial interactions and the impact on plant is not always
feasible. In the last decade, reductionist studies propose the adoption of synthetic bacterial
communities to dissect complex phenomena like rhizospheric microbial interaction and the
connected PGP functioriodenhausen et al., 2014; de Souza et al., 20204; Viu et al.,
2019; Mee et al., 2014)

Beyond facilitating dink between genetic composition and ecological function, the
implementation of bacterial consortia has led to remarkable progress in the field of
agricultural microbebased bioformulation(Hsu et al., 2017; Vorholt et al., 2017#ield
experiments deterrmed that the application of consortiss more resilient and stable in
different environmental conditionand moreefficacious on plant growtfBerg and Koskella,

2018; MolinaRomero et al., 2017; Rolli et al., 2015)

In the literature, the documented approaches to eswly synthetic communities are
based on phylogeny or phenotype. The phylogenetic approach requires previous knowledge
of the rhizospheric community composition of teaudiedplant. The 16S and 18S rRNA gene
are used as reference to select microorganiamsong the most represented taXaliu et al.,

2017; Tikhonov et al., 2015)

Adopting this strategy requires to take into consideration potential ésa®lated to the
facts thattaxa can vary in dérent plant conditions and functional traits do not always
correlate with taxg/AvilaJimenez et al., 2020; Lozupone et 2012) A successful example of
the phylogenybased strategy is reported by a study that describes the selection of six
Pseudomonastrains after amplicon sequencing of tharlicrhizosphere in different growth
conditions(Zhuang et al.2020. Pseudomonasgvasidentified as key PGPR atite synthetic

community was assembled and tested witeneficialplant growth effect on garlic.

On the contrary, building synthetic communities from phenotypic observations of
individual strains can be effective if there is the possibility to scie®th compare multiple

strainsin vitroor in viva The selection of the mogerforming strains is based on phenotypic
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traits, such as growth promotion, root colonisation, nutrient acquisition, (etashmi et al.,

2019; PankeBuisse et al., 2015)

Several studies have proven the effectiveness of the phenotypic approach. A consortium
composed byG. diazotrophicudH. seropedicaandB.ambifariawas selected for thén vitro
antagonistic activity againgt. oxysporunandR. solanitwo phytopathogens of potatoes and
tomatoes(Pellegrini et al., 2020)rhe consortium successfully counteracted the pathogenic

infection when tested on both plants greenhouse pot experiments.

Another valid synthetic community was produced combining two PGPR strains,
Pseudomonas putiddBRIRA anBacillus amyloliquefacieM$BRISN13, that were individually
evaluated for their PGP activities, like auxin production,nimes production, biofilm
formation, siderophore activity, phosphate solubilisation and tolerance to drought and salt
stresses(Nautiyal et al., 2013b; Srivastava et al., 20IP)e consortium was tested on
chickpea growth under drought stress condition, resultingameliorated growth in the
consortiuminoculated plants compared to the individual inocalad control(Kumar et al.,
2016)

3.1.3. TheBacillusconsortium

In this research, a consortium tiree microbial strains was studie@he consortium
comprises the strain8acillus thuringiensikr 7/2 (BT7)Bacillus thuringiensir 3/2 (BT3),
Bacillus licheniformi@BL). BTand BT7 were isolateduringa sampling campaign from soil of
the Atacama Desert, in Chile in 2011, wherddswas isolated from soil at Agroscope
Liebefeld, Bern, Switzerlan@he strains were donate@ly Dr. Pilar Junier and Dr. Saskia

BindschedlerNlicrobiology groupUniversity ofNeuchatel, Switzerland).

The consortium was selected from a group of 15 strainBhisha Hashmi based ahe
in vitroandin vivoPGP activitie@Hashmi et al., 2019Y he three candidates tested positive in
a series of physiological experiments designed to assess PGP functions. Particularly, the strains
were able to growvhennitrogen freemedium or casein as sole nitrogen source was provided
showing the ability ofiking atmospheric nitrogen andtilise organic nitrogenrespectively.
Furthermore, the biosynthesis of siderophores and atiki@ phytohormon compounds was

detected in the three strainfHashmi, 2019)
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The individual strains were also tested vitro for their microbefungus interactions.
Particubrly interesting results shoed that the three strains exerted inhibition on the
pathogenic Rhizoctonia solanand not on the saprophyticlridhoderma rossicum The
consortium strains were also able to use the inner and outer portions oRthelanhyphae

as a fungal highway, while appeared only partially dispersed agrasssicunmyphae.

The three strains were able to grow as a combineduwlture, adhere ontdvena Sativa
(oat) seeds and promote seed germinatigdashmi et al., 2019)he consortium was also
tested in greenhouse pot experiments to determine the performance either in sterile and non
sterile substrate, single inoculum or-calture,in vegetative or edosporeforms. The results,
based on the dry weight of the plants after 45 days, demonstrated that individual strains did
not show any difference if compared with the untreated control, in sterile andstenile soil,
as well as for vegetative or endosgsr treatments. However, the three strains together
significantly increased the total dry weight of oat plants when inoculated as vegetative cells

or endospores, in both sterile and naterile soil.

In the field experiment, the three strains werested as a consortium (either inoculated
as vegetative cells or endospores) and compared with-tneated control. After 85 days,
significant effect of both types of inocula were detected in terms of plant dry weight and
number of seeds produced. The expeent enabled ke collecion of samples andhe study
of the microbial population changes upon consortium inoculations. The metagenomic analysis
showed no drastic shifts in the community composition among the treatments. As the
consortium was able to adhe onto seeds in a lowensity manner (19cells per seed), this
has been considered a crucial factor for the inoculation success. In fact, the consortium was
able to colonise the rhizosphere and exert beneficial effect on oat plant growth, without

outcompeting the autochthonous bacterial community.

In light of thsevidence, the three strains were selected to form a consortium plimt
growth enhancing features to apply as a sustainableifculant formulation in agricultural
settings.Nevertheless, the interactions between these bacteria and the plant are not entirely
understood.Untangling the complexity of the consortium dynamics is required to understand
the interactions occurring among the three bacterial strains andntodecularmechanisms

involved in the plant growth promotion.
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3.1.4. Purpose of the chapter

This chapter proposes a comprehengiveailicoanalysis of the strains that compose the
Bacillusconsortium. This work is intended to identify correlations between the genetids a

the PGP ecology of these microbes. Particular interest in this study was given to:

1 Genetic traits responsible for the PGP functions
Previous study demonstrates that the three strains are capable of utikémgspheric
N2 and casein as sole nitrogens sources producingsiderophores and auxilike
phytohormon,interacting withfungi (Hashmi, 2019)The genetic elements responsible
for these activities will be detected by using a comparative ger®agproach. Other
genetic features related to the more general phenotype of plardmotion were also
identified andwill be discussed throughout the chapter.

1 Genetic features that are involved in interactions among the strains
The three strains have been proven to improve oat plant growthvivo when
inoculated together as a consortium rather than singulé@dpashmi et al., 2019)his
result suggests that synergistic interactions occur among the strains. Mechanisms
cooperation metabolic interdependency and cro$seding were investigated via

comparative genomic analysis, metabolic modelling and flux balance analysis.

The results presentedh this chapterwere also used to identifpotential traits to

engineer theBacillusconsortium and improvés PGP functions.
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3.2. Genome sequencing and assembly

In order to uncover the genetic mechanisms beyond the PGP phenotype and to
investigate theBacillusconsortium cooperation, a genomiiased analysis was carried olib
do sq the chromosomal DNA froBacillus thuringiensisr 7/2 (BT7)Bacillus thuringiensisr
3/2 (BT3) andBacillus licheniformigBL) was isolated and sequenced using both MihlO
Nanopore Technology and the Illumina MiSeq platfaisdescribed in Chapter 2.4.1. lllumina
paired-end reads were assembled alongside the Nanopore reads using a workflow developed
by D.J. SKeon (https://github.com/Ravenlocke/nrssembly) that allowed thede novo

assembly of hybrid reads in contigs and scaffolds (see Chapter 2.4.2).

BL genomic DNA resulted in a single scaffold of 4,353,121 bp that encodes 4,297 open
reading frames, whereas B&8Bd BT7 assemblies produced 3 and 2 scaffolds for a total length
of 5,390,049 bp and 5,337,278 bp respectively (Table 3.1). The presence of episomal
megaplasmids was determined during the analysis and will be discussed later in this chapter

(Section 3.4.6)

Table 3.1 Overview of the consortium genomes sequencing results.

Features BL BT3 BT7

Sequencing technology lllumina + Nanopore lllumina + Nanopore lllumina + Nanopore

Genome size (bp) 4,353,121 5,390,049 5,337,278
% GC 45.83 35.35 34.89
Number of contigs 6 6 4

Number of scaffolds 1 3 2

N50 (bp) 2,434,397 2,996,298 5,318,067
L50 1 1 1
Coverage depth 32.5 225 355
Plasmids 0 1 2

CDS 4,297 5,762 5,937
tRNA 80 108 111

rRNA 17 41 36
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3.3. Taxonomy

In order to validate the taxonomic affiliation of the three strains, determine closely
related microorganisms and perform meaningful comparisons, phylogenetic analysis was
carried out. Two different strategies were applied, the alignment of 16S ribosoRal(R6S
rRNA) and the calculation of Average Nucleotides Identity (ANI) values using a pool of

genomes of the genuBacillus

The 16S rRNA is a core gene. It is characterised by variable regions that allow the
adequate differentiation and the ensuing classification, and conserved regions, that provide
efficient templates for primers design and hybridisation probes at different tawoadevels,
from individual strains to whole phykBaker et al., 2003; Fellner and Sanger, 1968gse
remarkable features contribute to make the gene a widely used marker for species
identification in the fields of baetial evolution and ecologgClarridge, 2004; Cuscé et al.,

2018)

The 16S rRNA sequences were identified in the assembled genomic sequences of the
consortium strains. Multiple copies of the 188NA coding sequence were found along the
chromosomes, with 14, 12 and 3 copies in BT3, BT7 and BL respectively. This is quite common
in bacteria and is related to their ability to respond to changes in environmental conditions
(ValdiviaAnistro et al., 2016)For this analysis, it was necessary to consider all the 16S rRNA
copies to attribute taxonomy. The segnces were submitted to the Classifier tool of the
Ribosomal Database Projd@ole et al., 2014and returned a generic classification that did
not provide enough resolution: Domain Bacteria, Phylum Firmicutes, Class Bacilli, Order

Bacillales, Family Bacillace&senus Bacillus.

To further investigate the taxonomic affiliation of the strains, the assembled genomes
were blasted using Blastn against the database NCBI RefSeq Targeted Loci-Pi6fct
ribosomal RNA project (Bacteria and Archa@hang et al., 2000BL results showed identity
in the range of 99.5% to 99.8% with@aralicheniformisand licheniformisspecies BT7 was
closed to severaB. thuringiensispecies (100989.8%), whereas BT3 shared high similarity
with a heterologous pool of strains from tl@ereusgyroup. These indications were applied in
the next analysis to identify candidates to use as referege@omes of the three consortium

strains.
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The average nucleotide identity (ANI) was calculated as described in Chapter 2. ANI is
currently considered the gold standard for prokaryotic species identification for strains for
which genome sequences are avall@abt has been compared with DNBNA hybridization
values showing that above the 97% of identity two genomes can be coedidéthe same

specieqEdgar, 2018; Goris et al., 2007; Richter and RossKita, 2009)

In this study, a pool of 17 genomes belonging to the gdausiluswas chosergfull list
reported inAppendix A.2and ANIm values in Appendix A.Be seuences downloaded from
the NCBI database and used together with the three consortium strains to calculate the
MuMmer-based ANI (ANIm) (Figure 3.2). In the heatmap, row and column are labeled with
the species queries. 95% to 100% ANIm sequence identitgspwnds to red colored cells,
meaning that the strains are closely related or belong to the same species. On the contrary,

blue cells indicate that the two strains do not belong to the same species.

In the consortium strainsthe genomesequence oBL is 98.9%imilar to the strairB.
paralicheniformidBac84for BT3 the closest matahas represented bB. cereusATCC 10987
with an ANIm value of 96.2% and tls&ain BT7 was found tbe close to the strain®.
thuringiensis serovar isragleisAM6552,B. cereu$59842B. thuringiensis L76Ccoring the
values 99.3%, 99.5% and 99.4%, respectively (Babdje

Table 3.2 Consortium strains and their reference genomes with ANIm values.

Consortium Strain Reference ANIm value
B.licheniformis B. paralicheniformi8ac84 CP023665.1) 98.9%
B. thuringiensi&r 3/2 B. cereuATCC 1098MNC005707) 96.2%
B. thuringiensi&r 7/2 B. cereu$s9842 (NC011772) 99.5%

Interestingly, the heatmap highlights the exceptional high similarity of the strains
belonging to theCereusgroup, a wide group of organisms that includgacillus anthracis,
Bacillus cereus, Bacillus thuringiensis, Bacillus mycoides, Bacillus pseudesaywtBacillus
weihenstephanensigRasko et al., 2005%trains belonging to this group show incrediblyhhi
genetic relatedness and their phylogeny classification has been source of debate among
microbiologists, which have classified this microorganisms based on their virulence factors,

plasmids, morphology, psychrophilic or thermotolerant abi(i@uinebretiére et al., 2013;
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Lechner et al., 1998)pathogenesigAgata et al., 1996)16S and other genotypic methods
(Chen and Tsen, 2002; Hill et al., 2004; Ko et al., 2004; Pradst2004; Soufiane et al., 2013)
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Figure 3.2 Heatmap of ANIm percentage identity for 17 microorganisms of the genus Bacillus #nédhe
Bacillus strains that compose the consortium (B. thuringiensis Lr 3/2, B. thuringiensis Lr 7/2 and B. licheniformis
indicated with the red dots). Row and column are labelled with the species queries. 95% ANIm sequence identity
corresponds to red cells the heatmap and indicate that the strains are closely related or belong to the same
species. On the contrary, blue cells are index of taxonomic distance. The colour intensity fades as the comparison
rises to 95%. The colors bars located above and to theflethe heatmap represent the source spedesl
assignment for each entry. The dendrograms were built by the ANIm values. The analysis reveals up to seven
speciedevel clades along the heatmap diagonal.
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3.4. Draft genome construction

In accordance witlihe obtained ANIm values, a reference genome was assigned for
each consortium strain (Table 3.2). The genomic sequences of the three strains were
compared with their chosen reference genome to assess the entirety of the newly assembled
genomes and locaksthe scaffolds position and orientation in respect to the reference. Dot
plots were generated to visualise the matching sequencesth@dorrectrearrangement of
the scaffolds(more details can be founth Chapter 2.4 This approach was used as a

basdine to obtain the draft genome for each of the consortium strains.

The single scaffold of the BL genome was aligned to its reference geome
paralicheniformisBac84 to obtain the plots in figure 3.3. The plot on the-tefbd side
indicates that the sd#old covers the reference genome completely, however the sequence
appears reversely orientated. The plot on the rigfaind side displays the alignment of the

conventionally reorganised Ritaft genome against the reference.
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Figure3.3 Dotplots resultd by comparison of Bacillus licheniformis assembled genome against the reference
Bacillus paralicheniformis Bac84. The dots represent the occurred hits, in particular the blue dots characterise the
reverse complement matches On the-ledind side the scaffd of the assembled genome was plotted. On the
right-hand side the rearranged draft genome can be appreciated.
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The BT3 genomic assembly produced three scaffolds that were compared to the
referenceBacillus cereuTCC 10987 (Figuregl&. 34b, 34c). Thelongest scaffold (paneél
in figure below) appeared reversely oriented with a gap betwabout 3500kb and 4500 kb
which is where thesecond scaffoldnatched(panelB). Finally, the third scaffold alignment

was observed reversely oriented and located at the end of the reference genome (anel

Thescaffold coordinates on the reference sequence were locésdietaled in Chapter
2.4.5 andrearranged to generate the draft genomeAnother alignment between the draft

and the reference allowed to visualise the correct reconstruction of BT3 ge(feignere 34d).
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Figure 34 a,b, c: Dotplots representing the alignnmé of Bacillus thuringiensis Lr3/2 scaffolds (y axis) against the
reference genome Bacillus cereus ATCC 10987 (x axis). The dots represent the occurred hits, in particular the blue
dots characterise the reverse complemerdtches d Dot plot showing the draft genome reconstruction of BT3
against the reference.
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Similarly, BT7 draft genome was reconstructed from the two scaffolds using as reference
Bacillus cereu§9842 genomic sequence (Figur&aBand b).The first scaffold (in panél)
coveredmost of the reference genomeA small gap around 600Kderresponded withthe
location of the match with the second scaffold (paBgIBT draft genomewas reconstructed

accordingly angompared with the referencence again (gure 35c).
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Figure3.5 a, b Dot plots representing the alignement of Bacillus thuringiensis Lr7/2 scaffolds (y axis) against the
reference genome Riereus G9842 (x axis). The dots represent the occurred hits, in particular the blue dots
characterise the reverse cotement matches. Dot plot showing the draft genome reconstruction of BT7 against
the reference.
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3.5. Functional comparison and identification of PGP traits

Once the draft genomes were reconstructed, the functional comparative analysis was
performed toidentify uniqgue and shared PGP features among the consortium strains and to
establish mechanisms ofcooperation and synergistic interactions within this synthetic
community. The comparison reported in this research relies on finding orthologous genes in

the genomes of the threstrains.

Orthologs are genencoded in different organismsthat are direct evolutionary
counterparts of each other. Contrary to paralogs that are genes in the same organism evolved
by gene duplication, orthologs are inherited by sja¢ion (Fitch, 1970; Gerlt and Babbitt,
2000; Koonin, 2001 After duplication, paralogus proteinsare subjected tdessevolutionary
pressure that leads to divergende their specificityand somdimes evenfunction. On the
other hand, orthologous proteins are thought to maintain the same function, specificity and
regulatory system in close organisf@elfand et al., 2000; Gerlt and Babbitt, 2001; Makarova
et al., 1999; Tatusov et al., 2000)

The detection of orthologswas performed byhe softwareCBHIT(Li and Godzik, 2006)
that requires amino acidic sequences as input data. The nucleotidic sequences were therefore
transformed in amino edic onesby using biopython (version 1.78n this analysis the
threshold was set at 60%or functional annotation, 60% sequence identity is necessary to
transfer all four digits of an EC number with 90% accufa@n and Skolnick, 2003ven
though this applies only on enzymes, the decision of using the threshold for the whole protein
data set was made to obtain a general overview that could give a valid indication of the

potential activities of the three strains.

Thepool of proteinswasdivided in clusters by similarityby CBHIT)and the clusters
were assigned into membership lists, according to whether the proteins were shared among
the consortium, between couples or unique of each strain (ssgph be found irappendix
A.29, A.30 and A1). In orderto produce a functiorbased comparative analysis, hypothetical
proteins, isoproteins and any proteins with annotation ambiguities were excluded by
employing another Python scripAppendix A.32)Even though the hypothetical proteins were
removed from the data set, it is important to acknowledge that a large quantity was found, in
fact across all the membership lists 5065 hypothetical proteins were counted (the numbers of

hypothetical proteins divided into membership is reported in #ppendix A.5). Finally, the
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derived lists were manually inspected and a Venn diagram displaying the quantitative data

was produced using Python Matplotl{blunter, 2007)Figure 3).

B.thuringiensis Lr 3/2 B.thuringiensis Lr 7/2

482
72 86

1690

43 46

651

B.licheniformis

Figure 36 Venn diagram showing the total features identified byHID at 60% identityl he outer sections show
the unique features for each strain, while the intersections represent the shared features between couples
(accessory) and anng the three strains (core).

A total of 3070 proteins were identified. In figure3the central intersection contains
the features shared among the three strains, and therefore it can be considered the protein
core of the consortium. 1690 congroteins were identified, 55% of the total. The external
intersections (in purple, yellow and blue) constitute the strapecific proteins, which are
unique to each of the organisms (when compared to the rest of the consortium), 26.3% of the
proteins idenified. The remaining three intersections represented rare and norstrain
specific proteins, and for this reason they can be categorised as accessory proteins, 18.6% of

the total.

BT3 presents 2287 proteins, of which only 72 are unique (3.1%), 4Banedswith BL
and 482 are shared with BT7 (21% of BT3 total content). BT7 shows similar trend with a total
protein count of 2304, of which 86 are unique (3.7%), 46 are shared with BL and 482 are shared
with BT3 (20.9% of BT7 proteins). BL has 2430 proteitstal, 651 of which are unique
(26.8%) and only the 3.36% are shared with the other two stré&lpsplete lists of features

are reported in appendix A.8 to A.14.
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Once the protein membership was established, each list was investigated in order to
identify the proteins that could be responsible for advantageous features in relation to the
rhizosphere environment. Previous approaches to identifying genes involved in niche
adaptation have used a comparison of genomes of strains adapted to a niche with the
genomes of PGRP strains nadapted (e.gHossain et al., 2015; Shen et al., 20E)wever,
these studies often identify genes that would not be intuitively considered to be important as
they are also found in other strains adapted to differenteis too. Whilst these genes maybe
not niche specific, they are essential for survival in a given niche outside of the laboratory.
Since soils survival genes are also required for PGP bacteria, in addition to genes necessary to
interact with plants, a brod definition was taken in this work, so that no important genes

where missed.

Moreover, the genomes of nesoil adapted bacteria of these species are difficult to
define as the provenance of strains is often unclear. The site of isolation e.g. watet, is n
necessarily the site in which they are adapted to (e.g. soil). Finally, since the purpose of this
study was to identify genes suitable for perturbation for enhancing PGPR traits, it was
necessary to be inclusive rather than exclusive. A gene that isaugissarily totally specific
to rhizosphere adaptation, could still provide an excellent candidate gene for improving the

PGPR ability of that strain.

The diagram below describes the number of genetic traits that could be responsible or
have a connectio with PGP activities (but not exclusively PGP associated), that may also
provide suitable targets for enhancing PGP activity (Figure 3.7). As discussed above, some of
proteins analysed in this chapter are well characterised for their involvement imiabllity,
even in NoAPGPR microbes (i.8, subtilisl68).

Moreover, each protein assigned to a PGP activity in the current analysis was already
reportedin the literature for their direct or indireatorrelation with that activity. The intent
of this chapter is to provide with an extensive overview of the potential functions encoded
within the three genomes and propose hypotheses based on this information. Indeed,
experiments are required to corroborate the hypotheses formulated in this section of the

thesis.
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Figure 37 Venn diagram of the potental PGP featureshe consortium strains. The outer sections show the
unique features for each strain, while timersections represent the shared features between couples (accessory)
and among the three strains (core).

1116 proteins out of the total 3070 (36.3%) have been correlated to PGP mechanisms
and activities in previous studies. Among the numerous protanctions considered, traits of
antibioticsd mT OSy 3AT YR mENf NNE HampT wllA2YF 1 SN
and phytohormones productioiCostacurta and Vanderleyden, 1995; Fahad et al., 2015)
resistance to heavy metal§Gaballa and Helmann, 2003; Kong and Glick, 2@hd)
environmental stressesamalero and Glick, 2012; Lata et al., 20d8yradation of aromatic
compounds and exudatdBais et al., 2006b; Singh et al., 20d@)e identified. The preserc
of such genetic traits enlightens the evolutionary pressure that has shapes genomes
and consequent adaptation to challenging nisHike soil (Schloter et al., 2000)In soil
nutrients are limitedCastle et al., 2017; Cui et al., 2018; Q. Li et al., 2020; Zhang et al,, 2019)
biotic factors play a crucial rol€heng et al., 2021; Goberna et al., 2014; Wang et al., 2019)
plant roots(Hu et al., 2016; Philippot et al., 201&8)d mycelium networkgToljander et al.,
2007; Worrich et al., 201&hape the microbial populatioand HGT enables theionobes to
exchange genetic material that encodes for advantageous t(Aisinov, 2011; Elsas et al.,
2003)
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These results suggest that the consortium strains have the genetic capabilities to play
an active role in the rhizosphere, through shared and unique mechanifhes.genetic
features were classified intgroups, based on their diverse modes of action for influencing
plant fitness and the surrounding environment. Specifically, the consorpotential PGP
functions were clustered in microbiome recruitment, plant colonisation, nutrients acquisition,

biocontrol, adaptation to plardassociated environment and genome plasticity (Figu. 3.

Microbiome
Plant recruitment
colonisation 329
144
Consortlum\
potential PGP
MNutrient
activities
acquisition — !“'--.. Genome
188 [ plasticity
~3 69
Adaptation to
Biocontrol plant-associated
132 environment
223

Figure 338 Donut plot describing the consortim features related to the plant growth promotion activities. Each
colour section represents a different aspect of the plant microbiome lifestyle. The number of genetic traits for
each function is reported in the plot.
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3.5.1. Microbiome recruitment

Uptake

Exudate

" Utilisation

Microbiome m— Chemotaxis

recruitment

Figure3.9 Genetic features that could be involved in mechanisms of microbiome recruitment in the consortium.
Chemotaxis, exudate uptake and utilisatiare the microbial traits debated in this section.

The traits belonging to thenicrobiome recruitment group encompass the abilitiafs
chemotaxis, exudate uptake and utilisation that are required to establish initial-piéerbbe
interactions. Upon rhizodeposin by the root apparatus, microorganisms are attracted
towards the rhizephere(Bais et &, 2006b) The exudate is a rich mixture of molecules that
represents a source of nourishment; hence the capability to assimilate the exudate content

constitutes a remarkable advantage in such competitive ecological (iidanis et al., 2010)

Rhizobacteria possess the ability to process chemotactic signals and move towards the
source accordinglyScharf et al., 20160nce in place, PGPR require an extensive system for
molecule uptake as well as the metabolic capabilities to break down and assimilate the
nutriments. The efficiency of these mechanisms determines the microbial success in the

metabolic nichgFreilich et al., 2011a)

Chemotaxis

Thecomparative genomic analygsesented here revealed that the three strains have
the genetic traits involved in chemotaxis towards peptides, amino acids and sugars, and
aerotaxis (taxis to oxygen), which is a common feature in mangebaand PGPR aylor et
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al., 1999)Table 33). Interestingly, the multiplesugarbinding periplasmic receptor ChvE was
found in BL and BT3. This receptor was characterised in the plant patAggebacterium
fabrum,where it is required fomduction of thevir genesexpressiorby monosaccharides and

chemotaxis towards those sugdidester, 2015)

BT7
N

The Venn diagram on the right shows the colour legend that indicate the gene membershi y
)

for BL, Yellow for BT7, Pink for BT3, dark purple f&TB\ gren for BEBT7, dark orange for BI3 | o
BT7, dark grey for shared by the three straibamplete list of features can be found in appendix A8~
to Al4.

Table 33 Genetic traits identified in the three consortium strains in relation to chemotaxis activ{l“

BL BT3 BT/

cheBDV, dppA, yfmL
Chemotaxis mcpABC, hemAT
cheACRVY, pomA

McpABC, hemAT, mMcpABC, hemAT,
cheACRVY, pomA cheACRVY, pomA

Exudate uptake

Traits related to nutrients absorption from the surrounding environment were prevalent
in the analysis. It is not certain whether these traits are connected with the actual
rhizodeposition utilisation, however it is relevant to notice that the strains can intake
molecules that constitute the core of the exudation at the raaterface(Zhang et al., 2014)
Carbohydrates, amino acids, organic a@dd peptides carpotentially be taken up by the

three consortium straingTable 34).

Some dissimilarity irnthe specific substratesvere identified. Particularly, BL displays
advanced capabilities of carbohydrate intake, whereas many features are conserved between
BT3 and BT7 and shared across the consortilins. divergence in the intake pattern, also
called metabolic partitioning, could suggest thbsence of resource compgon (at least
between BL and the twthuringiensisstrains) and could represent one of the reasons of the

coexistence of the three strains (see chapter 3.1).

Moreover, traits for the intake ofattty acids (in BT3 and BT7) andraatic compounds
(in BL and BT7#yere only identified incouplesin the consortiumBeside being components
of the exudate, these compounds have a role in inggrd intrakingdom communication and
signalling in the rhizospher@annucci et al., 2013; Rajkumari et al., 2018; Venturi and Keel,

2016)
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Table 3.4 Genetic traits involved in substes uptakeThe Venn diagram on the right shows th BT/
colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT
purple for BEBT3, green for BBT7, dark orange for BIEBI'7, dark grey for shared by the three oy

strains.Canplete list of features can be found in appendix A8 to Al4. =

Uptake BL BT3 BT7

araNPQ, bglPY, csbBC, gicF

lacF, levDE, malP, manRZ,

mdxE, mlitA, mtlF, msmE, sacXalsC, glcBU, mgJA lacG alsC, glcBU, mgJA
Carbohydrates sglT, sorC, sIrABE, ulaAC, rbsABC, treP, ptsG, fruA rbsABC, treP, ptsG, fruA

xylGHT, ¥fIS, yidgacX lacG malGF malGF

rbsABC, treP, pts@uA,

malGF

cycA, codBmetl, metN2 metl, metN2 acp, braC, yvbW, acp, braC, fliY,

yvbW, secA, secEY, tcyABCI fliY, ginHMP, livFi$ecA, glnHMP, livFHsecA,

Amino acids artMQ, artP, arcD, rocCE, secEY, tcyABCP, rocCE, secEY, tcyABCP, rocCE
alsT, ssuB alsT, ssuB alsT, ssuB
dctM, sdcSdauA, dogT dauA citNS fecE, dctA  citNSfeck dctA-

dgoD, garPsiaMQ, yveA dcuA, gIcA, panF, satP, dcuA, gIcA, panF, satP,

Organic acids naiP, mhbT, lutP, genK, cimH tauB, naiP, IutP, genK, tauB,naiP, lutP, genk,

actP,fmnP cimH, actP, fmnP cimH, actPimnP
Peptides dtpT, oppAoppBGD-F, dpdC, dtpD, sap®ppB  dpdC, dtpD, sap®ppB
P appA, dppBCE GD-F, appA, dppBCE GD-F, appA, dppBCE
Aromatic aroP aroP
compounds
Fatty acids atoE atoE

Exudate utilisation

Metabolic traits conferring the ability to degrade organic and inorganic compounds
were also observedTable 3). Even though some of these traits are also found in soil
bacteria, the metabolism of these resources coulfluence the rhizospheric metabolite
compositionand therefore the associated bacteria community (by creating new products to

crossfeedother species or by impairing pkDennis et al., 2010; Freilich et al., 2011a)

As many rhizospheric bacteria, the consortium strains present genetic featupesak
down aromatic compounds contained in the exudate. Aromatic amines, suchi-as
hydroxyphenylacetate and benzoate can be partially degraded by BL and the coulB@ BT3
respectively(Singh et al., 2018)

Other pathways that have been identified in PGPRs as well as in this analysis are related
to phenylacetate (found in PGPRebsiella pneumoniadWD5, Rajkumari et al., 2018)
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limonene, catechol androtocatechuate. These are abdant plant products and can serve as

growth substrates for soil bacter{&arciaFraile et al., 2015)

Several genetic traits encoding the degradation ofireoracids and nucleotides were
identified in the three strains, including endand exeproteinases and peptidases (Table
3.4.1.3). In the environment, it is common for bacteria to initiate catabolism of complex
molecules prior to internalisation, by relgiag extracellular hydrolytic enzymes. The resulting
monomers and oligomers are taken up inside the cell, where they are further metabolised
(Beier and Bertilsson, 2013; Lynd et al.,20&ven though this strategy is commonly adopted,
it represents a risk for the bacteria that actively produced the lytic enzymes, as the products
of these reactions are also available for opportunistic bacteria in the surrounding area. For
this reason,bacteria that invest energy in the production of extracellular lytic enzymes,
present tightly coupled uptake systems and release bioactive compounds to suppress
opportunistic bacterigJagmann et al., 2010)herefore, lytic activities can be also considered

part of the strategies involved in biocontr@@ee section 3.5.4)

Organic acids form a wide fraction of the exudate. Beside recruitingfimal bacteria,
they can play crucial roles in the rhizosphere, as they are able to influence pH and nutrients
acquisition, or act as signalling molecules in biocontrol and other procéEsesina et al.,
2005; Klessig et al., 2000; X. Liu et al., 20IBg consortium presents genefegatures that
confer the ability to catabolise an extensive range of organic adidsutilisation of these

compounds could indate the involvement of the three straims the processeabove

Mono-, oligo and polysaccharides constitute an abundant fraction of the exudate
subjected to microbial degradation. The current analysis highlights that BL, BT3 and BT7
contain the genetidraits to break down a wide range of carbohydrate forms, such as sucrose,
maltose, isomaltose, pullulan and starch. In addition, BL presents a set of features for the
catabolism of plant products and components, such as-mgsitol (ol cluster), pullula
(bbmA), lichenin bglg and levan gacBand levB. The latter has been proposed to be a
signalling modulator iB. subtilisspecies that contaisacB(levansucrase) anevB(levanase)
CDSg¢Daguer et al., 2004)n particular, the product of levan hydrolysis by LevB, levanobiose,
is not imported into the cell and tersdto accumulate extracellularly together with its
precursor. At the rocbacteria interface the amount of levanobiose/levan might act as
modulator that, similarly to other carbohydrates, regulates carbon metabolism, growth and
developmentinplans h Q1 I N* S& I f ®X uHamoT %KFy3a FyR | SZ
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Moreover, BL presents the glucosidaBgiH, which confers the capacity to hydrolyse
and utilise plant products like salicin and arbutin. Whereas, BT3 and&1E5 that encode
enzymedor the degradhtion of quercetin, a flavonoid detected in the root exudate of many

plant speciegCesco et al., 2010)

Table 35 genetictraits that contribute to the catabolic processes for the assimilation
nutriments.The Venn diagram on the right shows the colour legend that indicate the
membership: Blue for BL, Yellow for BT7, Pink for BT3, dark purpleBdBBgreen for BL
BT7, dark orange for BIBT 7, dark grey for shared by the three stralb@mplete list of features B
can be found in appendix A8 to Al4.

BT7

Catabolism BL BT3 BT7
4-hydroxyphenylacetate
y ypheny hpcBG xylF xylF
Benzoate
Phenylacetate paaF
Aromatic Protocatechuate/ pral,
compounds  catechol cleD catE catE catk
Monooxygenases/
' yg e ydhR, mhgP, mhgN,
Nitroreductases ycnE mhqP, ycnE
Regulation mhgR yfmJ mhgR mhqgR
. Cholesterol/
Steroids fadD3
Progesterone
Arginine arcAB arcAB
4-aminobutanoate gabD
. mhpA hmgA, hmgA, hpd,
L-phenylalanine hpd. phhA phhA
L-proline rocA fadM, rocA fadM, rocA
L-hystidine hutGHIPU hutGHIPU
L-threonine tdcB tdcB
Amino acids  L-tryptophan/
YPopH: kynB kynABUkyng ~ (YNABU
L-kynurenine kynB
Glutamine glnQ gInQ glnQ
1-aminobutyric gabDP gabDP
. gcvPAgcevPB, gcvPAgcevPB, gcvPA
Slsie gevT gevT gcvPB, gevT
Taurine tpa tpa
Cysteine decR decR
CtpA, epr, ipi,
prsW, subC, ina, npr, pepD, ina. nor
Proteases degQRS, espP, nprAB vpr, ' ’p :
pepD, nprAB,
Proteins/ subsS, sspA, wpr/ dpp5,clpP vpr, dpp5
Peptides VPr, dppS ,
bpr, dap4, diacC(,:pepé)Clg:?, dacC,
Peptidases dapb3, dacC, isp Sﬁpz EEEAP ' pepDQS, pip,
pcp, pepFl, yYPWAD, ypdF pcp, pepFl,
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dppA, pepA, dppA, pepA,
ypWAD, ypdF ypwAD, ypdF
NUTEEEs Pyrimidines/Purines r.UtR‘ rutb, guab rihA, nudG rihG rihA,
bases/ rihC nudG
Nucleotides NTP/dNTPs mazG mazG nudC mazG nudC
Monosaccharides
(DC_SaIIactar?te,Lf garD, gudD, lacD, garK, cdaR,
glucurate, Hucose, ycbGgarK, cdaR, rbsD., lacC, treA, ,garK,
D-allose, Lactose, rbsD, lacC, treA, lacRgntR, rhaB, cdaR, rbsD,
Xylose, frhamnose, lacR gntR, rhaB, alsB, srIDfucA,  lacC, treA
D-ribose, Tagatose, alsB, sriD rbsK, malR, fucA, rbsk,
D-sorbitol, Maltose) mapP malR, mapP
Inositol, .
carbohydrates Myo-inositol, :g:i\?VDEGUTUX ygdJiolAW iolAW
Scylleinositol
Oligo and p bbmaA, bglS, levB
Polysaccharides licT, malL, manR,
(Acarbose, Pullulan, mdxK, melA, EElBIE) n.plT’ R, el pL."A’
malL, licABC, mallL, licABC,
Starch, Levan, Maltose mtIDR, sacBC,
. glgP glgP,amy
Mannitol, Glycogen, ~ udh,pulA, malL,
Lichenin) licABC glghamy
Glutamic acid gudB gudB gudB
Valeric acid davT davT davT
Propanoic acid prpBCD, can prpBCD, can prpBCD, can
Oxalic acid yvr] oxdD oxdC oxdD
Nicotinic acid ndhF pncB2, hgd pncB2, hgd hgd »pncB2,
Organic acid Sialic acid nagAB nagAB nagAB
Lactic acid IutABC IutABC [utABC
Gentisic acid sdgD
Tartric acid ttdA ttdA
D-threonic acid pdxA
Pantothenic acid coaX coaX coaX
Glycolic acid ghrB ghrB ,ghrB
Plant Salicin Arbutin
. ' bglH, bglC dol, bglKbgIC dol, bglK
products Quercetin glH by qdol, bglkbg qdol. by
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3.5.2. Plant colonisation

Biofilm
Formation

Cell-wall

N\
oot y -
Degrad ——q\\}l!ii|||lll

colonisation

Figure3.10 Consortium genetic features that could be involved in mechanisms of plant colonisation, such as
biofilm formation and celvall degradation.

Once soil bacteria are recruited in the rhizosphere area, in order to stably colonise the
rhizoplane, they must be able to switch from motile to sessile lifestyle. This transition involves
the coordinated regulation of flagella, pili, adhesion system, potidn of exopolysaccharide
matrix (EPS) and development of communication through quorum sef€ioigpant et al.,
2010) All these activities promote the establishment of microb@bnies andiofilms on the

rhizoplane(Danhorn and Fuqua, 2007; Rudrappa et al., 2008)

Biofilm formatian

The comparative genomic analysis remattthe presence of traits responsible for
biofilm formation and plant celvall degradation in the consortium (Table6B. The three
strains exhibit an extensivaet of genes encodiniipgella systemthat can be useful to exert
chemotaxismotility across sil particlesand within fungal structuregDe Weert et al., 2002;
Kohlimeier et al., 2005)in addition,BT3 is able to produce fimbriae, which are elements
involved in microbial adhesion to surfafEpler Barbercheck et al., 2018; Larsonneur et al.,

2016)
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The three consortium strainshave genetic traits for thgorodudion of the quorum
sensing molecule autoinducer (Al2) by the synthas&xSand quench the related signal by
ailA. Al2, a furanosyl borate diester, constitutes a universal signal forcedllinterspees
communication, triggering programmed changes in gene expression and the consequent
coordination of phenotype and behaviour at microbial population l¢fareira et al., 2013)

The biological processes subjected te2Ahfluence include biofilm formation, sporulation,
antibiotics production, competency, motility, cell density, bioluminescence and virulence
factors (Auger et al., 2006; Duanfsssaf et al., 2016)he coordination of such activitiearc
determine the nature of the interactions among the remlonising rhizobacteria, the plant

host and the existing microorganisms in the ecological niche.

Furthermore, the BT3 and BT7 genomes containlgheluster (luxS regulated) that
encodes an effdtve A2 import and processing machinery, and regulates the extracellular
levels of the molecule in proportion to cell densiffaga et al., 2003Whereas ¢atures
involved in pulcherrimin biosynthesis (encodeddypXandyvmQ were also identified in BL
and BT7. Pulcherrimin has been shown to mediateresifriction of the growth irB. subtilis
biofilms by chelatig F&* from the surrounding environmentArnaouteli et al., 2019)it has
been proposed that pulcherrimirelated Fe sequestration by the biofilm confers an
environmental advantage andniits the proliferation of microbial competitorGu et al.,

2020)

Cell density regulation is a crucial aspect in the dynamics of the rhizosphere for two main
reasonsPrimarily cell densityis often coupled with gne expressiom bacterial communities
andcan triggerresponse only when a critical threshaotdreachedFray, 2002)Secondlythe

plant immune system is particularly sensitive to bacterial cell deiSeyng et al., 2014)

In order to develop threalimensional organised structures, a colony produces and
secretes extracellular polymeric substances, called EPS. The EPS matrix is fundamental to
provide protection against biotic and abiotstresses, besides aggregating soils particles and
gathering moisture and nutrimentgCosta et al., 2018; Sandhya and Ali, 20IrbB. subtilis
EPS is encoded by 15 genes clustered ireismperon(Habib et al., 2017)

The comparative genomic analysis shows that BL presents almost the complete genetic
setfor EPS productiowith the exceptionof epsAHan essential tyrosine kinase that consists

of a membrane domain and a kinase compondbtgrtli et al., 2016)Even though they are
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not present in the analysis, their role might be performed by the analogeakpresent in

the consortium. BL also possesses gendtaits that are responsible for biofilm
hydrophobicity(yweAandyuaB, complex architecturéyvcA, attachment and adhesin export
(pgaAandicaB. On the contrary, BT3 and BT7 exhibit minimal features related to the ability
of forming biofilms.However, hey couldbe involved in biofilm dynamics athe detected
glycosyltransferasebave been described to modulate the matrix componef@®shima et

al., 2001; Rainey et al., 2019)

on the right shows the colour legend that indicate the gene membershipf@IBt., Yellow for

Table 36 Genetic features related to biofilm formation in the consortium straihe.Venn diagram ‘\BW
BT7, Pink for BT3, dark purple forBBL3, green for BBT7, dark orange for BIE8T7, dark grey for T

shared by the three strain€omplete list of features can be found in appendix A8 to A14. &
Biofilm formation BL BT3 BT7
. . cdgJ, csrA, dgcCM, ebpS,
MOtIIIIt){./AdheSIO” nagJ, sigD, sinivmGC degU, degU, swrC swrC cypX
regulation SWIC.cypX
epsEFGIKLMNO, icaB, mcbk
Biofilm formation pgaA, yuaB yweA, yvcA, epsDHicaR YveL icaR Yvel
epsDHYveL
flgDG fiDISTW, yIxH, yvyG  flgEF, fliCDmotB, flgEF, fliCD,
Flagellum motB, flgBCKIlhABF, flgBCKLIhABF, motB,flgBCKL, flhABF,
fiIEFGMNP, hag fiIEFGMNP, hag fiIEFGMNP, hag
Fimbriae fimA
luxS, ISTABCDFKR, IUxQ, o ABCDFKR, lux@xs,
Quorum sensin tnP, aiiA luxs, tnP, aiiA
9 ymne, ytnP, aiiA ymne,
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Cellwall degradation

Some PGPR are able to gain access to the plant tissues and establish intimate symbiosis

within the plant partner(Afzal et al.,

require a peculiar set of skills to be able to lyse the plant cell \{laliadel et al.,

2019; Zinniel et al.,

200Zhese endophytic bacteria

2017)The

protein-basedcomparison of the consortium has revealed that the three strains can degrade

cellulose and xylan, which are the main componentslafipcell walls and the most abundant

polysaccharides in the biosphere (Tablé) 3However, BL presents sevegaheghat mediate

the disruption of primary and secondary plant cell walls, such as hemicellulose elements

(xylan, xyloglucan and glucomanngpéctin and its constituentsarabinose, Byalacturonate

and type | rhamnogalacturonan. This massive sdeafuressuggests that BL might conduct

an endophytic lifestyle within the host plant.

legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT3, dar

Table 37 Traits involved in cellall degradationThe Van diagram on the right shows the colomw
[2

for BI-BT3, green for BBT7, dark orange for BIBI7, dark grey for shared by the three stralns\ BL
Complete list of fetares can be found in appendix A8 to Al4.

Celtwall degradation  BL BT3 BT7

Xyloglucan degradation  xylP, yicl

Cellulose cellobiose bfce, cah, cbh2, celADS sleeil] sl o

degradation yoaJ ptcB, eglA BWGOELL 21150 ptcB, eglA

9 ' ptcB, eglA '

Oligoglucomannan gmuACDE@mMuB gmuB
ganAB, kdgRT, kduDl,

Pectin utilisation pehX, pel, pelABC, kdgA kdgA
pemA, abf2, arbAkdgA

Type | yesORSTUVYZ, ytePR!

rhamnogalacturonan

L-arabinose utilisation araABDR

D-galactose/

D-galactonate/ dgoAD, exuTR, igoD,

D-galacturonate uxaAB, uxuB, yjmBD

utilisation

Xylan degradation XIOA, xyIA, XynABC, ) XynD ) XynD

Root wax degradation

xynD

monoacylglycerol lipase
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3.5.3. Nutrient acquisition

Nitrogen

Nutrient

Phosphorous —— g
acquisition

Sulphur —

Iron —

Others _/

Figure3.11 Genetic features that could be involved in mechanisms of nutrient acquisition in the consortium. The
participation of the straing the nitrogen, phosphorous, sulphur and iron cy@es debated in this section.

Nutrient acquisition is usually addssed in literature as part of biofertilization
processes. Many rhizobactenparticipatewith their own metabolism to the bioavailability of
soil nutrients that are not directly utilisable by plants. Plants benefit from the enhanced
fraction of nourishmentind this results in plant fithess improvemeg@arcia and Ka&niffin,
2018; Rawat et al., 201.8Yhe comparative genomic analysis revealed various mechanisms
that could lead to the enhancement of nutrient assgility and acquisition in plants, as well

as a clear participation of the consortium in the ecology of N, P, Fe and S cycling.

Nitrogen (N)

Various genetideatures involved in N transformation were detected in the three
genomes (Table 8). In particuar, thethree genomesexhibitgenesrelated to N assimilation
(nasgenes) and denitrificatiom@rGHXY. Genes encodingramonium(nrgAnrgB ammonium
transport systemDetsch and Stulke, 2008hd nitrite (nitrite channel encoded bxgirC L et

al., D12)transpott through the membranevere identified inthe three strains

Previous study on the consortium reported that the three strains were able to fix
atmospherimitrogenin vitro (Hashmi, 2019however, the genomic analgsof the strains i
not identify nifH, encoding the dinitrogenase reductaseor other nif genes essential to
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nitrogen fixation QifHDKENP It is possible that the strains asdble to fix nitrogen without
the canonicahif operon, as someliazotrophicmicrobes possess alternative operon to fulfil
this metabolic procesgHigdon et al., 2020)Alternativenif genes ould be mined from the

genomes byHMM search(Eddy, 1998)

The genomic analysonfirmed the presence of genesesponsible fordeamination
processesn the consortium strains, with few substrate differences. Amino acid deamination
in soil bacteria can occur inside (after import) or outside the cell via enzymatic processes that
resultin the liberation of ammoniumThis compoundan be uptaken by bacteria and plants
(Geisseler et al., 2010; Moe, 2013a)

Genetic traits that encode for arginine deamination (ArcAB), for instancege we
identified in BL and BT7 genomes. The pathway was found to be responsible of the
mineralisation of N compound in soil, leading to the release of ammonium and njivikseon
et al., 2004)Once again, the consortium strains show a certain substrate partitioning that can

elicit the coexistence of the strains in the same metabolic niche.

Table 38 Genetic elements involved in nitrogen transformatidhe Venn digram on the right BT
shows the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7,
BT3, dark purple for BRT3, green for BBT7, dark orange for BI&BT 7, dark grey for shared by the )

BL

three strainsComplete list of featuresan be found in appendix A8 to Al4. =
Nitrogen BL BT3 BT7
Nitrogen fixation draG, nifA
Nitrate/nitrite tnrA, narW, nasABC,
denitrification and nreB, norBnreC, nasD, Eﬁ(SQD, narGHXT, nast nasD, narGHXTasE, nirQ
assimilation narGHTX, nasE, nirQ
Transporters nrgA,nrgB,nirC nrgA, nirC nrgA, nirC
Hydroxylamine
: I h
reduction cp cp
mtaD, lysP, ansA, mtaD, lysP, ansA, aspA,
Deamination _arcABgdhA,gIsA, yatV, aspA,agaSyafV, ilvA, arcAByafV, ilvA, yabJ,
ilvVA, yabJ
yabJ, glsA glsA
Allantoin degradation allBCDE, pucG, ybbW
Hypoxanthine/
xanthine/ pucK, pbuOGibbY pucK, pbuOG pucK, pbuOG

uric acid
Urea ammonification ureABCDEFG

Cyanate
decomposition
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Interestingly, BL has the genes that encode allantoin degradation. Many bacteria
associated with plants can produce and degrade N ureides, such as allantoin and allantoate.
These purine intermediates are an advantageous N and C source and represent prime
elements in droght and salinity stress signalling at the root surface interfé@aral and
lzaguirreMayoral, 2017; lIzaguirr®layoral et al., 2018) The genetic cluster for urea
ammonification wa alsoidentified in BL. This pathway releases free ammonium from urea
hydrolysis, affecting greatly the N turnover in soil and its consequent fertilis@karet al.,

1993) BT7 genome contains theynSgene encodingcyanase This enzymeatalyses the
cyanate utilisation as N source in a reaction with bicarbonate to produce ammoniadrahc
dioxide(Palatinszky et al., 2015)

Sulphur (S)

In all the threegenomesthere are genes encoding proteins that function to assimilate
and process S forms (Tabl@3.Two different types of sulphate permease were identified
(cysPandcysA, suggesting that sulphate can be uptaken by the consortium. The results show
that sulphate can be assimilated by the reduction to sulphite (cathalyse@ybip andCysH in
the three straing and hydrogen sulphidedtalysedoy CyskCysJ in BL anflr in BT3 and BT7).

BT7
N
\

]

shows the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7,

Table 39 Sulphur transformation and assimilation in the consortitiitme Van diagram on the right
BT3, dark purple for BRT3, green for BBT7, dark orange for BIBBI 7, dark grey for shared by th‘

three strainsComplete list of fetmres can be found in appendix A8 to Al4. NBL/
Sulphur BL BT3 BT7
Inorganic sulfatehydrogen sulfate
. . cyslJcysDH cysDH cysDH

biosynthesis yshley y 4

Sulfate permeases cysP

Organiesulfur AA S sufS. iscS s s
. nifS, sufs, iscS, nifs, nifs,

Cl\allltat[tr)]qlls'rn/tra(l:nspzo'rt mccB, patB, metC, sufS, iscS, mccB, sufS, iscS, mccB,

(Me |on|n§, ysteine, . msrC patB, metC, msrC patB, metC, msrC

Homocysteine, and Taurine)

Aliphatic sulfonates import SsuABCD SSuABCD SSuABCD




Desulfurization of organ® forms was also identified as a potential capability shared by
all of the consortium organisms. The three strains possess dente catabolism ofliphatic
sulfonates and organi® AAssuch as Lysteine,L-homocysteine and-methionine In BT3
and BT7 genomes, the gene encoding the enzyysteate sulfdyase (CuyA) was detected.
CuyAcatalyseghe desulfonation and deamination ofdysteate, yielding pyruvate, sulphite

and ammonium.

Two genes encodingneymes ffom taurine and sulfoquinovose degradation pathways
were found(ssuDin the three strainsandtpa in BT3 and BT7Even though these pathways
do not appear to be completérobably due to limits of the annotation methodghe two
substrates represnt S sources that can play an important role in the rhizosphere niche. In
particular, taurine is a component of plant exudate. The presence of the genes encoding the
ABC transporter complex SsuABC, involved in the import of aliphatic sulfonates such as
taurine, allows us to speculate that this molecule is uptaken in order to assimilate its S
component(Kondo et al., 1971; van der Ploeg et al., 1998gthree strainsencoded genes
for the monooxygenase SsuD that has been shown velsulfonates to their corresponding
aldehydes irPseudomonas putid&313. (Gahan and Schmalenberger, 2014; Kahnert et al.,
2000) However ssuFwith unknown function but essential for sulfonate desulfurisation was

not detected in the analysis.

The plant phospholipidsulfoquinovoseserves as a polar component in chloroplast
membranes(Harwood and Nicholls, 1979l is therefore possible that the sulfoquinovose
degradation pathway in bacteria takes part to the degradation of plant debris in soil organic

matter.

Phosphorous (P)

In previougy reportedin vitro tests (Hashmi, 2019)he three strains were notlae to
solubilise P from calcium phosphates(F¥0). when growing on National Botanical Research
Institute's Phosphate growth medium (NBRIP) platisutiyal, 1999) Nevertheless, the
genomic analysis revealed thdte three consortium strains haygenetic features that could
be involvedn activties oforganic P solubilisation and inorganic P mineralisatibis possible
that pH conditions were not favourable for the enzymatic reaction to oaauwitro or that

different genes are required for P solubilisation fr@a(PQ)..
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The genomic anadys showed thattie majority of the phosphatases shared among the
consortium were neutral or alkaline, whereas BL is the only strain in the consortium to have a

pythase phyQ (Table 310).

Organic acids, such as gluconic, oxalic, citric and lactic anrésalso been reported to
be secreted in P depleted soils with the purpose of soluhgi2 complexesGdhencoding for
the enzyme glucose dehydrogenase aashared featurén the consortium, but only BT3 and
BT7 presented the key enzyme for the cofactor synthesis PqQqE, suggesting that BT3 and BT7
can facilitate P solubilisation processes by the oxidation of glucose in glucon{Raditjuez

et al., 2001; Ro@uez and Fraga, 1999)

Genetic traits involved iritrate synthesis and transport featured in all of the three
strains. A study hasdemonstated that bacterial citrate synthase expressed in transgenic
tobacco roots lead to increased exudation of organic acids and P availability to the plant.
Citrate overproducing plants yielded more leaf and fruit biomass when grown urdaiting
conditions, and required less-fertilizer to achieve optimal growtfLépezBucio et al., 2000)

Table 310 Genetic features related to phosphorous solubilisation and mineralisafioa.Venn

BT7
diagram on the right shows the colour legend that indicate the gene membership: Blue for BL, \
for BT7, Pink for BT3, dark purple forBBIL3, green for BBT7, dark mange for BT8T7, dark grey T )

for shared by the three strain€omplete list of features can be found in appendix A8 to Al4. N
Phosphorous BL BT3 BT7
nud), acyP, phoD, rsbu, DppaX, yjbK, DppaX, yjbK,

Phosphatases rsbXppaX, yjoK, ywpJ,

opaC, yikJ, suhB ywpJ, ppaC, yfkJ, suhB  ywpJ, ppaC, yfkJ, suhB

Phytases phyC
cpdA, cpdP, pgpH, gldP, cpdA, cpdP, pgpH, gldP, cpdA, cpdP, pgpH, gldP,
Phosphoesterase yikN yikN yikN
Phosphorous
regulation rapG, rapJ, ykoL, yvgO

Pyrroloquinoline
guinone synthase

Glucose

dh dh dh
dehydrogenase L 8 g
Citrate transporter cimH —cimH cimH
Citrate synthase citZ citZ citz
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Iron (Fe)

Iron is an essential element for bactesarvival. An effective Fe acquisition system
makes the microorganisms considerably more competiiiveenvironmental conditions
Chelation of Fe ions using high affinity siderophores is the preferred strategy to assimilate the

element in rhizobacterigFerreira et al., 2019; Kramer et al., 2020)

Previousin vitro experiments demonstrated that the three straiase able to produce
siderophores(Hashmi, 2019)These results were corrobdeal by the comparative analysis
that highlighted genetic traits encoding§e acquisitionfeatures (Table 311), including
bacillibactin production dhbABCBFand internalisation(by the ABC transporter complex
FeuABC/YusV)Bacillibactin is a catholate sderophore encoded by thelhb operon
synthetised under irordeficiency by manacilli(May et al., 2001; Ollinger et al., 2006)

Aerobactin, on the other hand, was firstly found in #ascherichia calilasmid colW30
(Carbonetti and Williams, 1984)nd can be synthetised by BL and BT7 through a pathway
enaded bythe operoniucABC Thethree genomes contain traits related to the assembly of
the siderophore mycobactin, such asbtl encodingthe salicylate synthase anthbtG
encodingthe monooxigenase (only present in BL), the biosynthesis of enterobadtiB) @nd
its internalisation éntSand fepCin BT3 and BT7) andhbB encodingthe decarboxylase

involved in rhizobactin synthesis (in BL and BT7).

In BT3 and BT7, several other features that engage in Fe sequestration reveal exogenous
origins, such as the receptor encoded IBgACEF@Nd the heme intracellular regulatory
systemhssRhssSderiving from the human pathoge8treptococcus pneumonidhesetwo
sets of CDSs are required for heme acquisition from the serum taggther with hbpA,
hemH, hmoAB, hrtfNobles and Maresso, 20l Genetic traits of Fe intake and assimilation
are often regarded as virulence factors. They play a clear role in pathogenic activities and are
frequently propagated among prokaryotes as components of pathogenicity islands (PAI)
together with antibiott resistance cassettes and other genetic traits encoding ecological

advantageous function&arniel, 2001)PAls wilbe discussed later on in this chapter.

Furthermore, it is interesting to observe that even though the consortium strains are
capable of generating only bacillibactiaerobactinand enterobactin the intake of five
different siderophores can be achievethis observation enables to hypothesise that the

strains behave like cheaters in the rhizosphseigcethey present genetic traits responsible
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only for theinternalisationof siderophores produced by other members of the niBehnsen

YR wlk FFILGStfdzZ wamcT .dzit AT SG f P HAMTO

Table 311 genetic features thatould be involved iman sequestration by the consortium straifte

Venn diagram on the right shows the colour legend that indicate the gene membership: Blue o
Yellow for BT7, Pink for BT3, dark purple feBBg, green for BBT7, dark orange f@T3BT7, dark
grey for shared by the three strain@omplete list of features can be found in appendix A8 to Al14. \EL,-
Iron BL BT3 BT7
o fetB, feoA, fieF, ftnA, , fetB, feoA, fieF,
Availability/ hmuV, iscU, frahmuU, hbpA, hmoA, hrtA, hssR¢ fntA, hbpA, hmoA, hrtA,
Homeostasis dpsl, feoB, nfuA, fur, IsdACEFGmuU, dpsl, hssRS, isdACEMRmuU,
Storage hmoB, hemH feoB, nfuA, fur, hmoB, dps1, feoB, nfuA, fur,
hemH, hmoB, hemH,
Areobactin iucB, mbtGiucAC iucAC
Mycobactin mbtl mbtl mbtl
Enterobactin entB fes,entS, fepCentB entS, fepCentB
Rhizobactin rhbB rhbB
Bacillibactin dhbABCEF, besA, ymfl dhbABCEF, besA, ymfD, dhbABCEF, besA, ymiD,
feuABC, yusV feuABC, yusV feuABC, yusV
Transport ofiron-
hydroxamate
siderophores viiYZ, yfthA, yfiY, fhuD, yfiYZ, yfhA, yfiY, fhuD,  yfiYZ, yfhA, yfiY, fhuD,
Schizokinen, fatCD fatCD fatCD

Arthrobactin and
Corprogen, Aguibactin
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3.5.4. Biocontrol

Biocontrol

Antibiotic production
Antimicrobial peptides
Antifungal activities
Hydrolytic enzymes

Plant defense induction / / Aniibiolic resistance
Other strategies

1

Figure3.12 Genetic features that could be involvedriachanisms of biocontrol in the consortium. Particularly,
antibiotic production and resistance, antimicrobial peptide biosynthesis, antifungal activities, hydrolytic enzyme
production, plant defense induction and other strategies are considered in thignsec

The rhizosphere is an advantageous environment for many microorganisms beside
bacteria. In fact, rhizodeposits recruit fungi, protists, protozoa amthaeaBais etal., 2006b;
Roworth, 2017) The relationships among these organisms and the plant are shaped by an
intense net of signalling and interactions, which determine the abundance of the species and
their contribution in the rhizosphere communi@pnand, 2017; Bakker et al., 2014; Jacoby and
Kopriva, 2019) The outcome of these interactions will lead to relationships of beneficial,
neutral or detrimental nature among the participantslany features related to biocontrol
activities were identified in the genomes of the consortium strafneng table 3.2 to table
3.18.

Antibiotic production

The synthesis of antibiotics ofterequires extensive metabolic pathways. Although
some of the biosynthetic pathways are not complete, key enzymes for the production of

antibiotic compounds were identified in the consortium (TablE2p.
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The three genomes include the GDx@quired for the four steps pathway othe
Bacilysocin biosynthesis phospholipase YtpAphosphatidylglycerephosphate synthase
(bgsA), posphatidylglycerophosphatasB (pgpB) and hmosphatidate cytidylyltransferase
(cdsA).This phospholipid antibiotic shows antimicrobiatigity against som&taphylococcus
aureus strains and some ncfilamentous fungi like Candida pseudotropicalisand

Cryptococcus neoformait§amehiro et al., 2002)

Genetic traits for Surfactin production were found in BL. Surfactin is a cyclic lipopeptide
biosurfactant encoded inBacilliby three surfactin synthetase subunits (SrfAA, SrfAB and
SrfAC) and the activator Sepb I 1 ' y2 Sid Ff @3 ™ ddSEfacwndgoyiviyT t O
exhibits seere cell membrane disruption iStaphylococcus aureusyith loss of genetic

material and eventually cell death.

Bacilysin is a neribosomally synthetised antibiotic encoded by thecABCDEdperon
in Bacillus subtilisA portion of this operon(bacCDERwvasdetected in the consortiumThe
missingCDsencoding pephenate decarboxylas@acA andH2HPP isomeragbacB will be
mined from the genomes in future work to ensure the entirety of the pathwdis antibiotic
peptide has strong activity against ade range of bacteria and some fungi likandida
albicansO YSY A3 FyR ! 6N} KI YI wmdT cBacilysih ©fle/d action I y R
relies on the internalisation into host cells whegadter hydrolysis by intracellular peptidases
it releases the anticapsin motif. The latter inhibits glucosamipdh@sphatase synthase and

consequently stops cell wall synthefi&enig et al., 1976)

BL presents genetic traits that encode thetivation of theantibiotic ethionamide and
the biosynthesis ofichenicidin. Ethionamide strongly inhibits cell wadlsd mycolic acid
synthesis irMycobacterium tuberculosi&thA and EthR play crucial roles in the activity of this
compound. The monooxigenase EthA activates thedoug into the cytotoxic form, whereas
EthR represses EthA and the ability of forming actithionamide(Baulard et al., 2000)
Lichenicidin is a twapeptide lantibiotic (lanthioninecontaining peptide antibiotic) that
displays activity towards a broad spectrum of Grpaositive bacteria. The bactericidal activity
consists in the generation of aqueous transmembrane pores that depeléhe cytoplasmic

membrane(Begley et al., 200@ischinger et al., 2009)



Antimicrobial proteins and peptides

Bacteriocins are a diverse group of toxins that targets bacteria closely related to the
producing strainBacteriocinsare often encoded together with a gene conferring the related
immunity. The comparative analysis identified some bacteriocins in the consortium genomes

(Table 3.12).

The three consortium genomegncode featuresfor the synthesis of subtilosin, a
bacteriocin with activities againstisteria monocytogenesand some Bacillus species
(Shelburneet al., 2007; Zheng et al., 1998BT3 contains the CDS that encodes colicin, a
bacteriocin found in aft. colplasmid with activity againgt. coland closely related bacteria.
Whereas, BT7 presents an export system for lactococcin A and G, two bacteriocins from
Lactococcus subsp. cremothisit show activities selectively against lactococci speiteso
et al., 1991) The presence of exclusively export features suggests a potential detoxification

system against the toxin.

Table 312 Genednvolved in antibiotics and antimicrobial peptides biosynthesis in the ciurso o
strains.The Venn diagram on the right shows the colour legend that indicate the gene membe

Blue for BL, Yellow for BT7, Pink for BT3, dark purple #8T8Lgreen for BBT7, dark orange for ™ \
BT3BT7, dark grey for shared by the three stra@smplete list of features can be found in appendi‘x =
A8 to Al4.

Biocontrol BL BT3 BT7

YIpA bgsA, pgpB, YtpA bgsA, pgpB,

cdsA cdsA ytpA, bgsA, pgpB, cdsA

Bacilysocin

Ethionamide ethA, ethR

AnthIOt!CS Lgntlblpt_lc_ IchAL IchA2
production Lichenicidin
srfAA, srfAB,
Surfactin srfAC, srfAD swrC, sfp swrC, sfp
swrC, sfp
Bacilysin bacD bacCpacF - bacF bacC| bacF
Antimicrobial AlbE
proteins and Bacteriocin skfE.albE, albF  albE, albFgol albE ’
peptides
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Antifungal activities

In the rhizospherg bacterial response to pathogenic fungal invasion is incredibly
complex and not well understood y@Baffoni et al., 2015; Chapelle et al., 2016; Ordentlich et
al., 1988) Based on metagenomic and metatszriptomic data from sugar beet rhizosphere
infected byRhizoctonia solang recent study suggests a model in which finegus produces
oxalic acid during its growth toward the root system. Oxalates ofthe most abundant fungal
products has the potential tanourish and activad specific rhizobacteriaas well agxerting
oxidative stress in rhizobacteria and plantsbhcteria, this type of stress triggers (p)ppGpp
signalling pathway that leads to the activation of various survival strategies, including motility,
biofilm formation and secondary metabolites production. All these changes suppress fungal
growth, induce IR (induced systemic resistance) in plants andadcivate other

microorganisms to suppress the fungal invaffehapelle et al., 2016)

Testsm vitrofrom previous work documented the consortium Bilyi to antagonise the
growth of the pathogenic funguR. solaniand exploit its mycelium to propagate in the
environment(Hashmi, 2019)The comparative genomianalysiscorroborated those results
showing that the three strains have genetic traits required ftbe suppressiorof pathogenic
fung (Table 313).

The three straingpresent the genetic features thydrolyse oxalate and produce the
bacterial alarmone (p)ppGpp (nucleotides guanosinalighosphate 5diphosphate and
guanosine 3diphosphate 5triphosphate), which is responsible for thegidation of stringent
response under environmental stress conditigBsirfee et al., 2008} urthermore, the three
bacteriapossessa set of genes encoding chitinolytic enzymes involved in the degradation of
chitin, a widespread polymer that constitutes a structural elemeramifiropodsexoskeleton
and fungal cell wallBeier and Bertilsson, 2013; Ordentliehal., 1988; Singh et al., 199%)

Is therefore possible that the strains employ tbkitinolytic enzymeso gain access into the

fungal highway constituted by the mycelium.

Additionally, he comparative genomianalysisshowed that BLhas genes erading
compounds with antifungal action, such lesnosamingntdABQ and plipastatin(pssABCDE
Kanosamide, characterised Bacillus cereyshas inhibitory effects in plarmathogenic
oomycetes and fungMilner et al., 1996)Whereas, plipastatin acts dfrusarium oxysporum

f. sp. Cucumerimm hyphae, disrupting cell walls and membrar{€@ao et al., 2017)
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Table 313 Genetic traits related to antifungal activities in the consortidihe Venn diagram on BT7
the right shows the colour legend that indicate the gene membership: Blue for BL, Yellow fo \
Pink for BT3, dark purple for 803, green for BBT7, dark orange for BIEBT7, dark grey for | 8L/
shared by the three strain€omplete list of features can be foundjppendix A8 to A14. —

Antifungal activities BL BT3 BT7

chbC, endokhbG,

Chitin degradation chiAl ) chbG, chiAl ) chbG, chiAl
Kanosamine ntdABC

Plipastatin biosynthesis pssABCDE

(P)ppGpp signalling . . .
pathway ywac, relA, yjbM ywacC, relAyjbM ywac, relA, yjoM
Oxalate utilisation yvrJ,oxdD oxdC oxdD

Hydrolytic enzymes

The genes encoding lytic enzymesrevidentified in thethree genomegqTable 314).
Proteases, peptidases and lipases working in concert with chitinases and collagenases are
effectively involved in the assimilation of exogenous material and biocontrol activities. These
enzymes mediate the competition for nutriments and more directle thegradation of
O2 YLIS U A ( 2 NEbQing@tSat, 20105 SchutzéHiynck et al., 2019; Singh et al., 1999)
Table 314 Genetic elements encoding hydrolytic enzymes in the Bacillus comniinaty/enn
diagram on the right shows the colour legend that indicate ¢fene membership: Blue for B 8T
Yellow for BT7, Pink for BT3, dark purple feBB8, green for BBT7, dark orange for BIBT7, \

dark grey for shared by the three strai®mplete list of features can be found in appendix A8 toBL
Al4.

Hydrolytic enzymes BL BT3 BT7

. . €pr, espP, subsS, sspA, Bvpr, apr,
Proteases, Peptidases WprA VD, dpp5 dpp5 mpr, vpr, dpp5
Lipases estA
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Plant defence induction

A remarkable PGPR indirect mechanism that translates in biocontrol is the indattion
defence in the plant partner. RhizospheBacilliare capable okecreting molecules that
trigger plant health and protectiogChowdhury et al., 2015; De Vleesschauwed &0fte,
2009; Peng et al., 2019 the consortium, the genetic traits for three main mechanisms were
distinguished (Table B5): Induced Systemic Resistanc@SR by 2,3butanediol,
HypersensitivitfHS by nitric oxide and Induced Systemic Susdsigly (IS$ by spermidine.

diagram on the right shows the colour legend that indicate the gene membership: Blue fi o
Yellow for BT7, Pink for BT3, klgourple for BIBT3, green for BBT7, dark orange for BIBI7,

dark grey for shared by the three strai@mplete list of features can be found in appendix A8 to
Al4.

N
|
BL

Table 315 Genetic traits responsible for the induction of plant defence in the consofﬂum\/enn‘
<

Plant defence induction  BL BT3 BT7
2,3-butanediol synthesis alsDS alsDS alsDS
Nl CEsTAR R acoAB, acoR, acuAC, acoAB, acoR, acoAB, acoR, acuAC
9 budC , YirF acuACy ytrF
. . nos, srrA, hmp,
Nitric oxide nos, srrA, hmps nos, srrA, hmp;

bltD, speE, puuB, speG, bltD, speE, puuB, bltD, speE, puuB, spe(

Spermidine paiA speG, paiA paiA

2,3-butanediol and its precursor acetoin are volatiles that intercede in ISR. They have
been shown to induce the gene expression of ethylene and salicylic acid pathways in pepper
plants, leading to increased level of plant defence against patho{¢éinst al., 2016)The
genomes of the three consortium strainsntain genes related to the 2;Butanediol synthesis
(alsDand als§ and degradationgcoAB, acoR, acujGuggesting a potential role in the

regulation of ISR in plants.

Genes encoding traits that can be involved in the HS by nitric oxide (NO) management
in the roots surrounding area were identified in the consortium. NO is a signalling molecule
implicated in many plant processes, with a role in the activation of plant defence after
pathogenic attack(Stohr and Stremlau, 2006apynergistically with salicylic acid, NO can

initialise hypersensitive responses in plants and cause necrosis at the pathogen entry site
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(Klessig et al., 2000NO production rates depend on the environmental conditions, mainly
the availability of nitrate and oxygen. It is proposed that NO regulates symbiotic interactions
at theroot surface and plays a central role during anoxia as an indicator of the external nitrate

availability(Stohr and Stremlau, 2006a)

The three consortium stias presentthe genes encoding the ability to produce NO (NO
synthases Nos and NosL) and the #wamponents regulatory system SrrA/SrrB. The latter,
found inStaphylococcus aureps crucial in hostlerived NO resistance where it regulates the
flavohemopotein Hmp, an enzyme that detoxifies NO by convertion into nit(iekel et al.,
2013) These activities, translated to the rhizosphere context, could be indicating the potential

role of the consortium in NO balance and indirectly regulation plant defence levels.

Genetic traits encoding spermidine synthesis and degradatvere identified in the
consortium, suggesting a potential role in the regulation of ISS in plants. It has been reported
that the spermidine synthesis PP.seudomonasyringaetriggers ISS iArabidopsigoots, with

a crucial role of the enzyme spermidiggnthase (speEBeskrovnaya et al., 2019)

Other competition strateqgies

Diverse modes of action are implicated in rhizosphere biocontrol that do not necessarily
involve antimicrobial production or induced plant defence. The comparative coding sequence
analysis shows that the consortium is likely to be able to actively compete with pathogens and
limit their proliferation using different techniques (Tabld.g).

BT7

N
)

diagram on the right shows the colour legend that indicate the gene membership: Blue for BL,

Table 316 Geneticfeaturesrelated to competition strategies in the Bacillus commuriitye Venn ‘
for BT7, Pink for BT3, dark purple forHI3, green for BBT7, dark orange for BIBT 7, dark grey

\

for shared by the three strain€omplete list of features can be found in appendix A8 to Al4. —
Other competition strategies BL BT3 BT7
Putrescine uptake/synthase  puuP potABD, speE POtABD, speE , POtABD, speE

Hydrogen cyanide synthesis

Hydrogen cyanide production is a biocontrol agent that has been shown to efficiently

chelate and sequester phosphorous, exert nutrient limitation in pathogens and subsequent
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reduction of the plant infectiorfRijavec and Lapanje, 201&T3 and BT7 contain thenABC
structurd genes encoding a thresubunits flavoenzyme thatatalysesthe formation of
hydrogen cyanide. HcnABC expression was reported in the P&RRomonas fluorescens
strain CHAO under oxygen limitation conditions and linked with a role in fungal suppression i
plant roots(Blumer and Haas, 200@uithermore, tydrogen cyanidevas reported toplay a

role in allelopathy mechanisms bgxerting phytotoxic activity through the inhibition of

photosynthesis ad other metabolic processes in plgdtemer and Souissi, 2001)

In the three consortiuns strains traits for putrescine intake guuPand potABC)were
distinguishedPutrescine is responsibfer many activities that boost bacterial fitness. It has
been shown that the intake and the regulation its intracellular concentration is crucial during

competitive colonization of plant roo{¥uiper et al., 2001)

Antibiotic resistance

Antibiotic resistance is an advantageous trait that results from the adaptation to
challenging environmental conditions, in whitttere is a balance betweehnighly selective
competition for niche(Hibbing et al., 2010and cooperation, tht can strengthen bacterial
interactions and maintain the population in the nicf@intermute and Silver, 2010%tudies
on biofilms and other forms of bacterial aggregation explain that if the mechanism of
resistance benefits only one type of cell, intense competition will result in ssetegtion for
resistance. Contrarily, if the resistant cell protects the susceptible neighbours, the antibiotic
resistance becomes a cooperative trait, reducing the overall antibiotic selective pressure
(Frost et al., 2018; Sorg et al., 2016; Stewart and William Costerton,.2001)

Among the many resistance mechanisms, multidrug resistance (MDR) efflux pumps are
the most studied(Feng et al., 2018; Nishino and Yamaguchi, 2001; Sanchez Diaz, 2003;
Schindler and Kaatz, 2018)DR efflux pumps belong to a membraaechored protein family
that regulates homeostasis of compais by their selective diffusion into or out of the cell.
Some pumps exhibit high affinity for specific antibiotics, whereas some arsgeuificity

pumps that serve to detoxify the cells from a range of compounds.

According to thegenomicanalysis (Tabl&.17), BT7 and BT3 are potentially able to
detoxify fromfosfmidomycin, fosfomycin, spectinomycin and tetracycline by pumping them

out of the cell using their specific efflux pumps. Whereas, the consortium shares the genetic
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features encoding bacitracin, ibyclomycin, daunorubicin and doxorubicin efflux pumps,
which are responsible for the compound translocation across the membrane and therefore

the corresponding resistance.

Genetic traits related to tetracycline (tc) resistance were foutetd and tetR in BT3
and BT7tetA in the three strains)Tc diffuses into cells and prevents peptide elongation by
binding and inhibiting the 30S ribosomal subunit. The mechanism consists of three main
elements, tc repressor protein TetR, the operator TetO and the ari@panembrane protein
TetA.

In absence of tc, TetR binds the operator blocking TetR and TetA promoters. Whereas,
when tc binds TetR, the repressor is release due to a conformational changetBadadtetA
are transcribed. TetA antiporter membrane prateiouples the export of [MgTc]+ from the
cell with the import of H+. Increased levels of TetA and TetR efficiently diminish tc in the cell

and restore the repression of thetA andtetR (Berens and Hillen, 2003; Speer et al., 1992)

BT7
N

strains.The Venn diagram on the right shows the colour legend that indicate the gene membe '
3

Blue for BL, Yellow for BT7, Pink for BT3, dark purple 8T 8Lgreen for BBT7, dark orange for
BT3BT7, dark grey for shared by the three stra@smplete list of features can be found in appendlx
A8 to Al4.

Table 317 Generesponsible for antibiotics resistance via molecule extrusion in the consor‘

Antibiotic resistanceria efflux  BL BT3 BT7

Drug efflux/ Multidrug pumps emrY, mdtNyheH] . yheHI yheH]
Fosfomycin and Deoxycholate

Daunorubicin and Fosmidomycin

Doxorubicin drrA drrA ,drrA
Fluoroquinolones rv2688c, mdtHybhS rv2688c, mdtH, rv2688c, mdtH

Streptomycin

Tetracycline tetA tetA, tetA,
Bacitracin bceAB bceAB bceAB
Bicyclomycin ber ber ber

11€



Another common strategy to achieve antibiotic protection denstituted by the
deactivation of the antibiotic molecules, by enzymatic transformation of actorepounds in
inactive forms(Chen et al., 2019; Sandanayaka and Prashad, 2002; Smith and Baker, 2002)
The consortium encodes senal traits that inactivate antibioticsr contribute to this process
(Table 318). Among the shared features, acetyltransferase cat86 (effector of chloramphenicol
resistance), oleandomycin glycos$sdnsferase oleD ifactivates oleandomycin via -@-
glycasylation) and fosfomycin inactivation (by methallothiol transferase in BL, BT3 and BT7,

and methalloglutathione transferase in BL) can be counted.

Table 318 Genetic features involved in antibiotics resistance via molecule alteration ‘BW
inactivation. The Venn diagram on the right shows the colour legend that indicate the g N
membership: Blue for BL, Yellow for BT7, Pink for BT3, dark purpleEf&8Bgreen for BBT7, dark ™ W
orange for BT8BT7, dark grey for shared by the three strasmplete list of features can be found 2=

in appendix A8 to A14.

Antibiotic resistanceia inactivation BL BT3 BT7
Chloramphenicol cat86 cat86 cat86
Macrolidelincosamide

. ermD, vgb
Streptogramin B
Fosfomycin fosA fosB fosB fosB
3-lactams pnbA
Oleandomycin oleD oleD oleD
Aminoglycosides
Streptothricin
Virginiamycidike antibiotics
Vancomycin B vanW vanw vanwW

Bacimethrin, CFBIMP

Genetic features involved in therg@tection against Bactamsare also a shared in the
consortium, even though the process occurs through a heterogeneous groppnddillin
binding protein (PBP) andl8ctamases. The latter hydrolysddttam ring of peitillin and its
derivatives. Bactams inhibit bacterial growth by sequestrating PBPs, which are responsible

for aminoacid crosdinking of peptide glycan layers and eetll formation. The result of the
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PBP inhibition by{actams antibiotics is the immpper cell divisior{Bush and Bradford, 2016;
Sandanayaka and Prashad, 2002; Williams, 1999)

Since thef¥-lactamasesare secreted and act in the periplasm and extracellularly, this
type of resistance has been described to crpsstect susceptible cells in the surroundings
(Frost et al., 2018)It can be therefore considered a cooperation mechanism within the

consortium strains (and more in general in mixed baetesommunities).

BL encodes the genetic traits to minimise the damaging effects of macrolide,
lincosamide, and streptogramin B by reducing the affinity between ribosomes and these active
compounds via dimethylation of the adenine residateposition 2085n 23S rRNAPernodet
et al., 1996) Another Blfeatureinvolved in streptogramin B inactivation consists in linearising

the lactone ring at the esr linkage by vgbMukhtar et al., 2001)

Common features between BT3 and BT7 are the inactivation of nangycinlike
antibiotics by the acetyltransferase vat, the hydrolysis of streptothricin and bacimethrin by
the hydrolase sttH and the phosphatase cof, respecti@&lygnet et al., 1993; Hamano et al.,
2006) Resistance against aminoglycoside antibfo like gentamicin, tobramycin and
kanamycin could also be achieved in BT3 and BT7 by the action of the bifunctional

phosphotransferases aae#phD(Frase et al., 2012)

The genomic sequences of the consortium were also analysed using Resistance Gene
Identifier (RGI) that uses the Comprehensive Antibiotic Resistance Database (CARD) to predict
resistomegAlcock et al., 2020)The plots in figure R3illustrate the RGI outcomes sorted by

drug classes.

The first plot on the lethand sideis related to BL resistome, which consists in four
genetic elements KcrA, berB, brcC, ermDronferring resistance to peptide antibiotics,
macrolide, lincosamide and streptogramin via efflux and target alteration. In particular, BcrA
and BcrB are constituents of ABC antibiotic efflux pump for antibiotic peptides. Whereas, the
undecaprenyl pyropbsphate BcrC modifies bacitracin to confer resista(@ernard et al.,

2005) ErmD mechanism has been explained above.

The plots in the middle and on the righéind siderepresentBT3 and BT7 resistomes,

respectively. The two strains have in common theymes macrolide phosphotransferase
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MphL and Fosfomycin thiol transferase FosB that inactivate macrolides and Fosfomycin. BT3

resistome also presents Bc bdtctamase Bcll that acts against cephalosporin and penam.

Figure 313 Resistome overview of the consortium strains by RGI (BL, BT3 and BT7 from left to right). The yellow
portion represents strict hit with the CARD database, while orange and green show loose and perfect hits,
respectively.

The antibiotic production and regance play a clear role in plant disease management.
However, it has been argued that bacterial contribution to plant biocontrol is very limited, due
to the scarce microbial production under natural environmental conditions. It has been
proposed, on theother hand, that this restricted production exerts a role in prompting the
induced systemic resistance in the crop partn@Choudhary and Johri, 2009; De

Vleesschauwer and Hoéfte, 2009)



3.5.5. Adaptation to plantassociated environemt

Adaptation to
plant-associated
environment

\ Rhizoremediation

\ ¥ Stress mitigation
\ Plant-bacteria signalling

Vitamins and cofactors

Allelophaty.

Figure8.14 Cosortium genetic features that could be involved in mechanisms of adaption to
plant-associated environment. Traits related to vitamins and cofactors production,
allelophaty, plantbacteria signalling, stress mitigation and rhizoremediattwe debated in

this section.

Vitamins and cofactors

Vitamins and cofactors are essential in both plants and bacteria for their involvement in
promoting and assisting a range of enzymatic activities and metabolic functions. Their
production is often labrious, so it is favourable for plants to associate with bacteria that are
able to provide these compounds for them. Literature on this is limited and only a few studies
have described the connection between microbial production of vitamins and beneficial

effects in plantfMarek-Kozaczuk and Skorupska, 2001; Palacios et al.,.2014)

Genetic featuresencodingthe biosynthesis of vitamins and cofactors are uniformly
widespread in the consortium (Tablel9). The three strains presemfenes forproducing
thiamine ¢hiCDEFGIMNOST, yimB, ykoD, tgnBibtin @pioAW, bioFICKY, bioD1, bipH
riboflavin §ibABDEHY cobalamin ¢biX, yvgK, sirC, sumTcoenzyme A cpaBCDBX
pantothenic acidganFM, panBCDEpixidoxine gdxKTS, ylm)EmenaquinonerenABCDEH,
hepST, ubiEprotoporphyrinlX hemABCDELNY Yetrahydrofolate folBCK, dfrA, pabAB

Thiamine (vitamin Bljcts as a cofactor for several enzymes of the central metabolism

and for the main enzyme involved in the synthesis of indbéetic acid (IAA), a molecule

12C



that can strongly influence plant fitnegMarek-Kozaczuk and Skorupska, 2001; Zhang et al.,

1997) Beside thiamine role as a cofactor, its involvement in the activation of defence against

pathogens has also been determined in thiamtreated plants, such as rice, tobacco and

cucumber(Ahn et al., 2005a)

Table 319Vitamins and cofactors encoded in ttensortium.The Venn diagram on the right sho

W BT7
the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT‘N\
purple for BIBT3, green for BBT7, dark orange for BIBI 7, dark grey for shared by the three R

strains.Camplete list of features can be found in appendix A8 to Al4.

Vitamins and cofactors BL

BT3

BT7

Biotin
(VitaminB7)

Cobalamin
(Vitamin B12)

Coenzyme A

Thiamine
(Vitamin B1)

Pantothenic acid
(Vitamin B5)

Riboflavin
(Vitamin B2)

Pyridoxine
(Vitamin B6)

Menaquinone
(VitaminK2)/
Phylloguinone precursor

ProtoporphyriniX

Tetrahydrofolate

bioAW, bioFICKY, bioD1 bioH, bioFICKY, bioD1

btuF, cbiX, yvgK, sirC,
sumT

coaBCDEX

thil, yjoCEykoD, tenAl,
thiCDEFGIMNOST, ylm|

panBCDES

ycsE, ywtEjbABDEHZ,
yitU,

pdxKTS, yImE

menABCDEH, hepST,
ubiE

hemABCDELNZY

folBCK, dfrApabAB

pduX bluB,cbiX, yvgK,

sirC, sumT

coaBCDEXpaW, acpS

thiY,tenAl,
thiCDEFGIMNOST,
ylmB, ykoD

panFM panBCDE

rfnT, ribX, yyaP,
ribABDEHZ, yitU

pdxKTS, ylmE

menABCDEH, hepST,

ubiE

hemABCDELNZY

folBCK, dfrA, pabAB

bioH,bioFICKY, bioD1

, bluB, cbiX, yvgK,
sirC, sumT

coaBCDEXpaW, acpS

thiY, tenAl,
thiCDEFGIMNOST,
ylmB, ykoD

panFM panBCDE

rfnT, ribX, yyaP
ribABDEHZ, yitU

pdxKTS, ylmE

menABCDEH, hepST,
ubikE

hemABCDELNZY

folBCK, dfrA, pabAB

Riboflavin (vitamin B2) is required to assemble flavin cofactors (FMN and FAD), which

are essential for the energy metabolism of the cells. Riboflavin acts in plants as a resistance

elicitor and mediator of signal transduction with a role in plant deferdneparticular, the

vitamin triggers the transduction cascade that lead to the development of systemic resistance,

structural barrier by lignification and hypersensitive response by the creation of oxidative
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burst (Dong and Beer, 2000; Liu et al., 2016urthermore, the breakdown product
lumichrome has extraordinary positive effects on plant growth. It can enhance photosynthesis
and pigments production in plants in the presence of light, ineeeeoot respiration and
carbon assimilation, activate quorum sensing and facilitate mutualistic interaction between
plant and microbiota(Bashan et al., 2006; Matiru and Dakora, 2005; Phillips et al., 1999;
Rajamani et al., 2008)

Pyridoxine (vitamin B6) exhibiprotective activity against oxidative stress in plants. Its
degradation to quench £ confers resilience in microorganisms and alleviate oxidative stress
in plants(Bilski et al., 2000; Chen and Xiong, 20@&her vitamins like biotin, pantothenic
acid,menaquinone are produced by many PGPR and vitareatments onplants have been
shown to improveplant fithess(MarekKozaczuk and Skorupska, 2001; Palacios et al.,.2014)

However, the mechanisms have not been elucidated yet.

Allelophaty

Plants are able to communicate and influence each other throu¢daseng signalling
molecules from the root apparatus. This process is called allelophaty and it is able to mediate
phytotoxic effect on other plants allowing competition between species and invasive plants
(Schandry and Becker, 202@hizospheric microorganisms can play a crucial role in this
context by conversion, modification and synthesis of allelochemicals and therefore by shaping
actively plantplant interactions and the surrounding plant comnity landscap€Cipollini et

al., 2012)

This phenomenon involves the production and release of secondary metabolites to the
detriment of competitive plants, regardless of nutrient availabi(iBelz and Hurle, 2005)
Phenols, terpenoids and alkaloids are the most abundant allelochemicals known, and have
attracted researchinterest for their potential use asffective bioherbicidegMacias et al.,
2019). Some traits that can be connected to allelophaty mediation by soil microorganisms

were detected in the consortium (Table B8)2

BL presents traits that enable phenolic compound modification. The phenolic acid
decarboxylase complex bsdBCD is resgada for the reversible nocoxidative
decarboxylation of vanillate and -lydroxybenzoate (Lupa et al., 2008) AmnC (2

aminomuconic éemialdehyde dehydrogenaseatalyse the decarboxylation of ferulic,-p
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coumaric and caffeic acid€avin et al., 1998while padC(Phenolic acid decarboxylase) is
involved in the catabolism of-@minophenol, which is a breakdown product of(3H)
benzoxazolinone degradatior{Takenaka et al., 1997)2-(3H)}benzoxazolinone is an
allelochemical thatriduces strong phytotoxicity including necrosis, early senescence and
photosynthesis disruptionSancheiMoreiras et al., 2011, 2010)The three consortium
genamescontain the gene encoding the laccadeH, which oxidises phenolic compounds and
reduces their phytotoxicit{Ohno, 2001) It is important to acknowledge that phenols and
derivative compounds constitute hazardous environmental pollutants that are generated by

human activities and natural decomposition of orgamiatter.

legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT3, dar SN

A

Table 320Genetic traits involved in allelophafijhe Venn diagram on the right shows the cola“ BT7
)

for BLBT3, green for BBT7, dark orange for BIBT 7 dark grey for shared by the three strains.{ BL
Complete list of features can be found in appendix A8 to Al4. \'/

Allelophaty BL BT3 BT7
Phenoldegradation gzziiﬁl’_'amnc’ yfiH yfiH
Sesquiterpenes synthesis sghC, ytpB sghC, ytpB sghC, ytpB
(S}2-chloropropionate synthesis

Limonene degradation limB limB limB

Atropine degradation

Some monoterpenes and sesquiterpenes have been associated with phytotoxic
activities below ground, from inhibition of seeds germination to hormonal imbalance and
microtubule disorganisatiofAraniti et al., 2016; Chaimovitsh et al., 2010; Cheng et al., 2016)
Genesinvolved in the interference of this plaipiant signalling are detected in the
consortium, including limonene modifications by LimAdaLimB (Limonené&,2-epoxide
hydrolase and Limoneng,2-monooxygenase respectively). Limonene has been tested in
combination with other terpens showing strong allelophatic effects including inhibition of
grass seeds germinatig€hotsaeng et al., 2017; Gouda et al., 2016; Young and Bush, 2009)

Furthermore,the sporulenol synthase encoded bghCwas detected in the three genomes
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The function and the mode of action of tliesquiterpenédhave not been elucidated y¢Bato

et al., 2011)

Comparative genomicanalysis highlighted the presence of the gene encoding 2
haloacrylate reductasec@a43 in BT3 and BT7. The enzyme is responsible for the reduction of
2-chloroacrylate to produce (&-chloropropionate, which is intensively used as synthetic
precursor for the production of aryloxyphenoxypropionic acid herbic{#esata et al., 2005)

BT3 and BT7 can degrade the alkaloid atropine that has lbeported to be an effective

allelophatic agent with inhibition of seed germinati¢®antos et al., 2007)

Plantbacteria signalling

Indole-3-acetic acid (IAA) is one of the most abundant auxins produced by plants,
bacteria and fungi(Costacurta and Vanderleyden, 1995; Ludiigller, 2015) This
phytohormone is well known for its deep influence in plant growth and developifizanies,
2004) However recentlynew evidences describe auxins as multifunctional signal molecules
implicated in many aspects of the plab&cteria associated lifesty(®uca et al., 2014Beside
the effects on plant defence and exudation, auxin has an impact on the bacterial expression
of genes involved in virulence, adhasiand adaptation to stresSpaepen et al., 200.7For
this reason, bacteria that can synthesise IAA are also ablgtablesh resilient and favourable

associations with plants.

Table 321 Genetic elements involved in plamcteriasignalling The Venn diagram on the righ BT
shows the colour legend that indicate the gene membership: Blue for BL, Yellow for Biat, F‘“
BT3, dark purple for BRT3, green for BRT7, dark orange for BIBT 7, dark grey for shared by the
three strainsComplete list of features can be found in appendix A8 to Al14.

‘\\
J

S

Plantbacteria signalling BL BT3 BT7

Auxin biosynthesiprecursors trpABCDE, pri&;pP  trpABCDE, priA, trpABCDE, priA,

Indole 3acetyl acid biosynthesis ; aldH
ACC deaminase ggt, nitl
Isoprenoids dxr, ispADEFGH, fni dxr, ispADEFGH, fn dxr, ispADEFGH, fn

Tryptophan is the main precursor in bacterial IAA production and five different microbial
pathwaydeadingto the auxin final compound have been described in the litera{idengsha
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Li et al., 2018; Spaepet al., 2007) As expected, the threeonsortium strains exhibit genes
to synthesise tryptophantipABCDEnNd priA), while BLencodesalso the permeasé@rpP to

internalise exogenous tryptophan.

In the consortium, BT3 and B&rcodefeatures related tahe production of IAArom
tryptophan through the IPyA (indol8-pyruvic acid) pathway (Table23). The pathway
consists of three steps catabolised by an aminotransferase, itiaole-3-pyruvate
decarboxylas@and the aldehyde dehydrogenagglengsha Li et al., 2018)he BT&nd BTR a
ipdC a key gene encodinghe indole-3-pyruvate decarboxylase, was raped to be
constitutively expressed in the PGP&anibacillus polymyxa681(Phi et al., 2008 Whereas,
aldH, encodinghe aldehyde dehydrogenase, was characterise@irtinrobactersp.35W with

significant upregulation in the presence of exogenous tryptop{Mengsha Li et al., 2018)

In plants, IAA can affect the levels of aminocyclopropimarboxylic aicl (ACC). ACC is
converted in ethylene upon biotic or abiotic stress conditions, including high salinity, drought,
fungal and pathogens presence, nematode damage, thermal shock and excessive levels of
contaminantgGamalero and Glick, 2012)he increased amount of AQE€neratesncreased
levels of ethylene, which triggers stress response in plants. Some ACC that is exuded by plants
can be uptaken by rhizobacteria that have the metabolic capacity to bteddwn by ACC
deamination. This process provokes a drop in the ethylene production and translates in
moderate stress response that favour the plant fitné&dick, 2014)In the consortium, BL
presents the genetictraii 2 R2 2dzad GKIGX f2gSNRAYy3a GKS |/
glutamytACC by the action @f K S S ydluaviydtranspeptidase (Gtt).

The presence of these genes leads us to propasgnargistianechanism of action by
the consortium that could result in the improvement in plant fithess (Figutg)3Potentially,
the production of IAA by BT@®mbined with the capability of ACC utilisation by BL could be
responsible for activating the plant cascade thasultsin plant growth anddecreags

ethylene and the related stress signal.
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Figure 315 Proposed mechanism that combine activities of BT3 and BL for ensuing plant growth promotion. BT3
is able to produce IAA fromAtryptophan by ind@pyruvatg decarbo>,<ylasAe (Idp(}) ’and aldehyde deh,ydroAgenqse X A
61t RIOP 2 KSNBI asz .-dutadyly/ /i NG & aiFreNN O J-glBayhyyeadspaptiie Sy 1 &Y $
(Gtt).

Other genetic traits involved in plafiacteria signalling were identified in the
consortium. Genes encoding th@roduction of isoprenoidsare shared among the three
strains. Isoprenoids ar secondary metabolites that serve as precursors for terpene
biosynthesis. Terpenes belong to a family of compounds implicated in-kitgdoms
communication and signallin¢Piccoli and Bottini, 2013)Even thoughtheir roles remain
mostly unresolved, studies report that plants grown in sterile conditions do not show
significant terpene production, accumulation, or utilisatigpel Giudice et al., 2008)

suggesting that they have a central role in the dialog between plant and microbial partners.

Stress mitigation

Pants and bacteria are subjected to frequent and harsh abiotic challenges. Bacteria
associated with plants take an active part in the stress mitigation of the rhizospheric microbial
community and the plant partnegBal et al., 2013; Cohen et al., 2015; Vardharajula et al.,

2011) Differenttypes of stress elicit peculiar cellular and molecular respanieeplants and
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bacterig allowingto esca or copethe stress conditions. A number of traits involved in such
mechanisms were found in the consortiwomparativeanalysis, including those linked to UV,

temperature, osmotic and oxidative stresses (TabB23.

The harmful effects of UV irradiatierhave been shown to detriment yield and fitness
of rhizospheric bacteria and plant by-agljusting the quality and quantity of root exudates as
well as disrupting the delicate balance of the mutualistic relationships occurring faglomd
(Avery et al., 2003; Klironomos and Allen, 1999)e consortium only shares tigeneybgl
encoding theenzyme GTP cyclohydrolase 1 that provides UV protection with a role in the
degradation of damaged nucleotidéByrne et al., 2014BT3 and BT&ncodeshared genetic
featureslinked toUV protection includingohrB encodingdeoxyribodipyrimidine photdyase
anduvsE encodingdV DNA damage endonucleg3akao et al., 1996)

The analysis highlighted some traitslated to heat and chilling stress, such as €old
shock proein encoded bycspC ATRPdependent Clp protease with a role in the overall protein
guality control upon heat stregMiethke et al., 2006)andcshCand cshE that produceRNA
helicases involved in regulation of abiotic stress toleraf@wettrim, 2006; Pandini et al.,

2011)

BT3 and BT7 angotentially able to maintain cell turgor and stable osmolarity through
aquaporin Z channels (encoded dgp4 and smatconductance mechanosensitive channels
(msc$ (Delamarche et al., 1999; Martinac et al., 1988). encodes thelow conductance
mechanosensitive chann#&ina) which is reported to be overexpressed during hygmotic

stress(Edwards et al., 2012)

Factors of production and secretion ofamy osmolytes (threalose, ectoine, glycine
betaine and cholinejvith osmoprotectant functiorwere identified in the three genomes,
suggestinga potential participation othe microbes in plant osmotic stress tolerance. It has
been documented that bacterial osmolytes trigger stress tolerance pathways in plants, as well
as playing a role in the maintenance and adjustment of osmotic equilibrium in cells. These
beneficial actities has been shown to improve plant biomg&hintu and Jayaram, 2015;
Vurukonda et al., 2016)noculation of osmolytgroducing bacteria has been shown to
decrease the production of antioxidant enzymes (includaggorbate peroxidase APX,

catalase CAT, glutathione peroxs#aGPXin plantsunder stress conditions, demonstrating
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that the PGPR inoculation causes a decreased stress level in the plant §8dndhya et al.,

2010)

Table 322 Genesrelated to stress mitigation activities by the Bacillus consortiliitmee Venn -
diagram on the right shows the colour legend that indicate the gaeenbership: Blue for BL

Yellow for BT7, Pink for BT3, dark purple feBB8, green for BBT7, dark orange for BIBT 7, dark | W,
grey for shared by the three strairGomplete list of features can be found in appendix A8 to A14.

Stress mitigation  BL BT3 BT7
UV radiations ybgl ybgl, ybgl,
Heatcold shock clpE cspC ¢cspC ¢spC
Osmoprotectants
biosynthesis and

Y SugA, gbsA, opuCA, sugh teaD,
transport opuCC, opuCD, opcR,

OpUAA, opuAC, OpPUAA,

(Trehalose ectB,teaD,0puAA,
Ectoine OPUAC, OpUAB, OpuCE OpuAB, opuCB, opuD, opuAC, opuAB, opuCB,

) ) ' ' bsmA opuD, bsmA
Glycine betaine opuD, bsmA
Choline)
Osmotic stress ynal
Flavodoxin isiB isiB isiB
Superoxidase Mn-sodA, FesodA,

. . Mn-sodA, FesodA, yojM Mn-sodA, FesodA, yojM
dismutase yojM Yo yo)

ahpF, ohrB, oxyR,
ohrA, ohrR, tpx, bcp, ohrA, ohrR, tpx, bcp, ohrA, ohrR, tpx, bcp,

Peroxides ydbD, perR, katE, ydbD, perR, katE, ahpC ydbD, perR, katE, ahpC
ahpC,
Oxidative stress mrgA, ytfE dps1 dpsi, 12

response

Sharedgenesin the threeconsortiumgenomesencodeantioxidant functions, including
the production of flavodoxin bisiBand superoxidase dismutase sydAandyojM. Microbial
flavodoxins confer tolerance to oxidative stress induced by hydrogen peroxide and the
herbicides paraquat and atrame (Pefa et al., 2013)Superoxidase dismutases (SODs) are
enzymes that specifically catalyse the conversion of superoxide aniomohydrogen
peroxide HO, and Q. SODs have been demonstrated to contrast oxidative stress and provide

advartage in rhizosphere colonisation procesg@égang et al., 2007)

The toxicity of peroxides, such as hgden peroxide and organic hydroperoxides, can
potentially mitigate by thethree consortiumstrains, as their genomes contaitie features

oxyR perRandbcp, that are involved in sensing hydrogen peroxide and activating the cascade
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signalling responsiblfor cellular resistance and response. Whereasshared feature®hrA
and itsrepressomohrRhave been reported tactivelycontribute toorganic hydrogen peroxide

resistance (Fuangthong et al., 2001)

Furthermore, he consortium strains contain the geneacoding AhpC, Tpx and Bcp,
thiol-specific peroxidases thatatalysethe reduction of hydrogen peroxide and organic
hydroperoxides to water and alcohols, respectively. AhpC is an endogenous hydrogen
peroxide scavenger and can act in concert with AhpFotalact direct reduction of alkyl
hydroperoxides (Wasim et al., 2009). Tpx acts as lipid peroxidase with preference for alkyl
hydroperoxide substrates. It serves to inhibit bacterial membrane oxidation, with a central

antioxidant role during anaerobic grotv{Cha et al., 2004a, 2004b)

Finally, traits found in the three strains, suchthe CDSs for th€atalase2 KatE and
Manganese catalase YdbD, have protective activity towards the cells by decomposing

hydrogen peroxide into water and oxygé¢ishra and Imlay, 2012)

Rhizoremediation of heavy metals and xenobiotic compounds

Many metals and xenobiotics are released into soil and persist due to their scarce
degradability. Several ntrobialprocesesthat alter elements and metal bioavailability in soll
have already been discussed in this chapter asy therform multiple functions. These
mechanisms includacidification (by organic acids and protons release), chelation (by
siderophores and othecompounds) and redox reactiofidmstaetter et al., 2010; Fomina et
al., 2005)

The consortium exhibits traits that can be specificaliolmed in heavy metal tolerance
and rhizoremediation (Table &3). The three strains all have the arsenitadistance operon
arsRB(Cthe overexpression of which is induced by arsenate, arsenite, and antim@ate
and Kobayashi, 1998hn particular, the arsenate reductase ArsC catalyses the reduction of
arsende in arsenite, the arsenite resistance protein ArsB is involved in cellular extrusion, and

ArsR is the transcriptional repressor of the Ars operon.

In thethree genomes, genetic featureslated to the homeostasis of cadmium, zinc and
cobalt were detected Particularly, activities of sensingz¢$, export ¢adA Gaballa and
Helmann, 2003pand active efflux dzcD Guffanti et al., 2002)could be conducted by the

strains.



on the right shows the colour legend that indicate the gene membership: Blue for BL, Yo, f .
Pink for BT3, dark purple forBI'3, green for BBT7, dark orange for BIE3T 7, dark grey for shared ™ )
by the three straindComplete list of features can be found in appendix A8 to A14. &

Table 323 Heavy metal bioremediation and resistance by the consortium sffam.Venn diagram‘ e

Heavy metals rhizoremediation BL BT3 BT7

Nitrilotriacetate

Mercuric merR1

Arsenical resistance arsRBC arsRBC arsRBC
Cadmium, Zinc and Cobalt cadA, czcD cadA, czcD cadA, czcD;
Chromate chrA chrA chrA
Sensors czcS

Additionally, he three strains aléncodethe chrA CDS, encodinghromate reductase
that performs the reduction of the toxic form €to Cr3. A study onthe Crtolerant bacterum
Cellulosimicrobium cellulanemonstratel thatthe microbial reduction activitypy ChrAisup-
regulaied under toxic Chomate leels aml lead toimproved uptake of C#in green chilli plant

organs(Chatterjee et al., 2009)

Uniguely among the consortium BE€Acodes genesto produce the cadmium induced
protein Cadl(Hotter et al., 2001pand nitriloacetic acianonooxygenasétaA. The latter is a
biodegradable chelating agent with activity towardseavy metals. Its pollutant
bioremediation function has been reported to benefit ryegré¥sLiu et al., 2018BL is the
only onestrainin the consortium with theanerR1CDS that encodes thmercuric resistance
protein, a mediator ofthe mercuricdependent induction of mewry resistance operon

(Helmann et al., 1989)

Traits involved in the metabolic degradation aher xenobiotics, such gsetroleum
derivative compounds were identified in the consortium (Tabl24B. In particular, key
enzymes for the catabolism of carbazole-h{@iroxy6-oxo-6-(2'-aminophenyl) hexa2,4-
dienoic acid hydrolase CarC), ethylbenzene (Acetophenone carboxylase apc3 and apc4) and
naphthalene 2-hydroxychromene2-carboxylate isomeraseahD Eaton 1994)were features

detected in BL.
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NItroaromatic compounds, such as nitrobenzene and nitrotoluene are frequently used
as components of pesticides, dyes, polymers and explosives.cdimparative analysis
indicates features for the modification of nitrobeene, such asnbHencoding2-amino-5-
chloromuconic acid deaminase (in BhfinbzAnitrobenzene nitroreductase (in BT3 and BT7)
Whereas nitroaromatic explosivesld be potentiallype modified by the Methylmaleimide
reductaseencoded bynemAin BT3 and BT{lGonzale#érez et al., 2007; Williams et al., 2004)

Genetic featuresrelated to the catabolism of Azo compounds and azo dyes were
identified throughout the three genomed hese featuregcludeazobenzene reductase azr
andazo dyes reductases azoR, azoR1 and azoR2, which catalyse the cleavage of azo bond and

reduction to corresponding amines.

Genetic éements that suggest the involvement in the rhizoremediation of xenobiotic
compounds, such asehbicides and pesticides, are found across the genomes of the
consortium strains. Specifically, tltemparativeanalysis reveal the possible degradation
of compounds like {Nitrophenol (by pbenzoquinone reductase PnpB)Chlorobenzoate (by
4-hydroxyberzoytCoA thioesterase FcbC), halogenated aliphatic compounds (by Haloalkane
dehalogenase LinB), atrazine (by Atrazine chlorohydrolase Atza aswpiépylammelide
isopropyl amidohydrolase AtzC), pyrethroids (by Pyrethroid hydrolase estP), Bialaphos
(phosphnothricin acetyltransferase YwnH) and organophosphonates-Pfaadipeptidase

PepQ)Park et al., 2004; Wu et al., 2006; Zhang et al., 2009)

Exporters are crucial for bacterial tolerance and survivgbaiiuted condition. The
Guanidinium ion exporter Gdx is detected in the three consortium strains. Gdx overexpression
lead to resistance against quaternary ammonium salts that are used as disinfectants,
surfactants and fabric softeners (Chung and Saidd2R0rhe multidrug efflux pump encoded
by ebrABin BL and BT3, confers resistance to cationic lipophilic dyes such as ethidium
bromide, acriflavine, pyronine Y and safranin O. The efflux transporter YhhS in BT3 and BT7

confers higHevel resistance to glymsate when overexpressg8taub et al., 2012)
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Table 324 Xenobiotics detoxification and genimvolved in the consortiunfhe Venn diagram on B0
the right shows the colour legertat indicate the gene membership: Blue for BL, Yellow for
Pink for BT3, dark purple for-BI'3, green for BBT7, dark orange for BIEBT 7, dark grey for shared \

by the three straingComplete list of features can be found in appendix A8 to Al4. &

Xenobiotics detoxification BL BT3 BT7
Carbazole carC
Petroleum
. 4, 3
derivatives Ethylbenzene apc4, apcr
Naphtalene nahD/doxJ
Nitrobenzene cnbH
Nitroaromati ~ Nitroaromatic nfrA2 nfrA2 nfrA2
¢ compounds compounds
Nitrate esterexplosives
(GTN/PETN)
Dyes Aromatic azo compounds azoR azf, azr, azoR1, azoR2 azr, azoR1, azoR2

azoR1, azoRzZ

Halogenated organic

. .. linB
insecticides

Herbicid atrazine atzA

Insecticide
organophosphate
triesters and
organophosphonate
diesters
Insecticides/P Gjyphosate
esticides
Pyrethroids pesticides estP

Herbicide
Phosphinothricin
tripeptide (PTT or
bialaphos)

ywnH ywnH ywnH

Paranitrophenol pnpB

4-chlorobenzoate fcbC

D-serine

Nylon 6oligomers nylA

Guadinium ion
transporter- toxic
quaternary ammonium
compounds

gdx gdx gadx
Others

Carboxylesterase est est est

Cationic liphophilic dyes
(ethidium bromide,
acriflavine, pyronini
Y,safranin O)

ebrAB, bmrA ebrAB, bmrA bmrA
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3.5.6. Genome plasticity

Genome Restriction modification

plasticity 'E: DNA recombination
._::: Toxin-Antitoxin
[ Bacteriophage
Competency
Transposons

Figure 3.16 Consortium genetic features that could be involved in genome plagticityde restriction
modification and toxirantitoxin systems, transposon and bacteriophage elements, genes encoding DNA
recombination and competency mechanisms.

Among the variety of elements that indicate a certain degree of genome plasticity,
transposons, ToxirAntitoxin systemsand genomic islands were detected across the

chromosomes of the consortium strains (Tabl25p.

Transposons

Transposons generally range in size from 2.5 to 60 kb and usually possess long terminal
inverted repeats and one or several assory genes that confer an advantageous phenotype
to their bacterial host, such as antibiotic, heavy metal, or phage resist@aeakhani and

Oloomi, 2018; Frost et al., 2005; Rankin et al., 2011; Scott, 2002)

In the consortiumgenomesthere are elements related to transposition activities,
includingthe genes encoding thigansposition protein TnsA (required for Tn7 transposition),
TetC and TetD proteins (from transposonTn1B§ integraselint (from transposon Tn916),
TntR resolvase ti{at regulates its frequency of Tnl1000 transposition) and the
metallopeptidase ImmA (for regulation of horizontal gene transfer through the integrative and
conjugative element ICEBgBose et al., 2008; Braus et al., 1984; Rice, 1998; Sarnovsky et al.,
1996) This incredible amount of transposition traits suggests that the consortium

chromosomes were subjected to multiple mutagenesis events
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Table 325Genome plasticity elements found in the consortilihe Venn diagram on the right sho

Wi BT7
the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for B‘?k\
purple for BEBT3, green for BBT7, dark orange for BIBT 7, dark grey for shared by the three\BL
strains.Complete list of features can be found in appendix A8 to Al4.

Genome plasticity

BL

BT3

BT7

Competency

Transposons

Bacteriophage

DNA recombination

Extracellular
ribonuclease

Restriction
modification systems

ToxirrAntitoxin

ssbB, comFB, comGG, rol mrr, degU,ydcV,comK,

degU,comK, comN, clpC, comN, clpC, bdbCD, oppt

oppBGD-F, bdbCD, coiA, GD-F, coiA, comEA,

cOmEA, comEC, comFA,

comGA, comGC, ecsA

immA

pspA, xkdG, xkdkikdM,
phiRv2 yueB, sunS

xerCD, yneB, recR, mutSE

bsn

cmoM,
hndllIRhaelllM

ywqJ(T),
yobLK(TA),
yqcG (T),

yxiD (TyxxD (A),
ndoA endoAl

comEC, comFA, comGA,

comGC, ecsA

tnsA int, tetD,immA

yokD xkdM, phiRv2,
yueB, sunS

recT, xerCD, yneB, recR,
mutSB

bspRIM, hhalM, mcrB(M),

haelllM

wapA(Tiwapl (A),
ywgJ(THywaK (A),
yeeF (T),

hipB (A),

yxxD (A)

ndoA endoAl,

ydcV.comK,
comN, clpC, bdbCD,
oppBCGD-F, coiA,
cOmEA, comEC, comF,
comGA, comGC, ecsA,

int, tetD

yokD,yueB, sunS

xerCD, yneB, recR,
mutSB

bsn

bspRIM, hhalM,
mcrB(M),haelllM

wapA(T),

yeeF(T),
hipB (A),
yxxD (A)
ndoAendoAl,

Toxinantitoxin systems

A wide range of toxiantitoxin (TA) systems was found in the consortium. These self
poisoning agents are small mobile modules that can be found in bacterial chromosomes,
viruses and mobile elemer(tséamaguchi et al., 2011I))As are generally composed of two CDSs
encoding an auto regulated toxin and fitsutralising counterpart. As their loss can be fatal for

cells, TAs play a role in the maintenance of mobile elements as well as large dispensable DNA

regions and protection against other invading DNA elements.

Besides participating to the genome stabiliiyAs can influence several aspects of the

host lifestyle(Bardaji et al., 2012; Shidore and Triplett, 26br)

2019; Holberger et al.,

instance, toxin activities mighll a pation of a bacterialpopulationthat have lost a mobile
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genetic element or that have been infected by phage, or they may induce a metabolically
dormant state that confers tolerance to stress. TAs are abundant amongpédinogenic and
-symbiotic bacteria, whettr they may play an important role in plaassociated lifestyles is

still debated though{Bardaji et al., 2019)

The three consortium strains present a heterogeneous TA patterns, with missing toxin
or antitoxin counterparts fosome TA couples. It has been shown that in many species of
Bacillusand Listeriathe complementary antitoxin can vary considerably between different
strains of the same speci¢holberger et al., 2012 or instancethe strainsB. pumilusATCC
7061 andB. pumilusSAFRD32 have the same five toxins but only one antitoxin in common.
For this reason, it is possible that at the same toxin the consortium strains might respond with
different but equally efficacious antitaxi In order to further investigate this further analysis

are required.

Genomic islands

Genomic islands (Gls) are large DNA portions (up to 200 kb) incorporated in bacterial
chromosomes. The percentage of GC content and the codon usage of Gls are usually different
from the rest of the chromosome, suggesting that they originate from distaekied species

and propagate by horizontal gene transfer evefitangille et al., 2008)

Gls have attracted research attention because of the peculiar genetic information that
they encode. In fact, thefyequently are responsible for conferring adaptive traits and favour
the fithess of microorganisms in a particular niq@arniel, 2001; Hacker and Carniel, 2001;
Schmidt and Hensel, 2004n order to evaluate the Gls in the genoméslandViewer 4
software was use@see Chapter 2.4.7)The results revealethat the three strains harbour

severalGls.

In particular,BL genome contains seven Gls that encode features related to adaptation
and gene transfer as well as a conspicuous number of hypothetical proteins (Fidjdye 3.
Among the identified attributes are the vitamin B12 AdiRding protein BtuD, the accessory
urease protein UreD1 required for urease maturation, the enexgypling factor transporters
EcfAl, EcfA2 and EcfT involved in riboflavin uptake could contribute to bacterial survival in

highly competitive or nutriments depleted environment. On the other thatnaits related to
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biotic suppressionwere also found, includindantibiotic lichenicidin LchA2, AlpHa

kanosaminyltransferase KanE and teairtitoxin YobLYobK.

Other interesting features are involved in the regulation of ICEBs1 horizontal gene
transfer (metallopeptidase ImmA), exoprotein production, sporulation and competence
(transporter EscA) sitepecific recombination of DNA molecules (<€D complex) and pili

formation (type IV prepilin).

59.560 bp - 40 CDSs

29,000 bp - 40 LUSS
/ Ribosomal proteins
Vitamin B12 ATP-binding protein BtuD
/ Alpha-hemolysin translocator HiyB
/ Lantibiotic Lichenicidin LchA2
. Transporters EcfA1, EcfA2 and EcfT

_ 10.457 bp - 14 CDSs

Tyrosine recombinase XerC

Antitoxin YobK
3 N
37,969 bp - 55 CDSs ol
\x
-
/) — 7.533bp-10CDSs
Phage-like element PBSX proteins
, XkdH and XkdM
o
45,475 bp - 57 = \
ATP-d dent Cl| t
’:plerlwl en t'dp proI easz / \ 22,036 bp - 28 CDSs
T :a °pr I'_kase mm Toxin-Antitoxin YobL-YobK
ype 4 prepilin-like proteins / ™ \ Phage-like element PBSX protein XkdG
- I \
e toer \ 4,192 bp - 6 CDSs
ABC-type transporter ATP-binding protein ;
EcsA Urease accessory protein
Alpha-D-kanosaminyltransferase KanE UreD1
3]
= [ H I =1 -]
500k ™ 1.5M ™ 2.5M M KE an

Figure 317 Circular and lineavisualisation of predicted Gls in Bacillus licheniformis. Blocks are colored according
to the prediction method; IslandPick (green), IslandHAdOB (blue), SIBIMM (orange), as well as the
integrated results (dark red). Indicated in the circular pla tire main features for each Gl, including length,
number of CDSs and relevant annotated trafisthe bottom of the figure the linearised genome is reported and
with the Gl locations indicated in blue.

Software prediction about BT3 returned seven Gihwiost of the features identified
as hypothetical proteins and some transposase elements (Figa8. Ihe Gl carryinthe
genes encodin@spartate ammonidyase AspA and-asparaginase 1 AnsA (responsible for

aspartate and asparagine hydrolysis to fdiih*) can confer ecological advantage. Aspartate
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and asparagine are componextf the root exudate and their deamination lead to increased

level of N available for bacterial adsorption and metabolism.

Interestingly, the GI that harbours 20 CDSs, inclutliegCDS foformidase amiF and
three cytochrome c oxidase subunits (top left in the circular map), shares very similar structure
with the second Gl found in BT7 (second top right in figut8)3AmiF is an aliphatic amidase
with specificity for the hydrgisation of formamide, which is an important source of N in soil
and in fact is widely applied as fertilisgantarella, 1983Whereascytochrome c oxidase is

a key enzyme in aerobic metabolism with ancient archea or{@iastresana et al., 1994)

The fact that BT3 and BT7 were collected at the same expedition site and isolated from
the same soil type, highlights possible reasons for the persistancer@fyasimilar Gl in the
two genomes. This Gl could have been acquired via HGT by a common ancestor or after
lineagesplitting by donors of the same soil community. However, since the Gl insertion site
and the flanking CDSs are different, the acquisitiothef Gl from samesimilar donor after

lineagesplitting could be a coherent explanation.

10.218bp - 9 CDSs

Endonuclease YhcR
1S256 family transposase 1S654

9.963 bp - 10 CDSs ——— o &
Formamidase amiF \\ sM . |

Cytochome c oxidase subunits 4B, 3 and 1 ‘\

y 10,923 bp - 11 CDSs

26.395bp -41CDSs // IS3 family transposase ISBce18
Transposon gamma-delta resolvase TnpR | — ) £ Multidrug resistance ABC transporter
BmrA

11,57 -1 — R
metallo-hydrolase YfIN
Aspartate ammonia-lyase AspA
L-asparaginase 1 AnsA /

~_ 4 -13CD

21183 bp - 43 CDSs —— A

500k ™ 1.5M ™M 2.5M M 3.5M aM 4.5M 5M

Figure 318 Circular and linear visualisation of predicted Gls in Bacillus thuringiensis Lr 3/2. Blocks are colored
according to the prediction method; IslandPick (green), IslandBB¥OB (blue), SIBIMM (orange), as well as
the integrated results (dark red). Indied in the circular plot are the main features for each Gl, including length,
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number of CDSs and relevant annotated tralisthe bottom of the figure the linearised genome is reported and
with the Gl locations indicated in blue.

Fourteen Gls were prectied for BT{Figure 3.9). Thosdeature several recombinases
and transposases as well as favourabdét involved in soil bacterial survival and proliferation.
Same of the traits found in the predicted Gls were discussed previously in this chaptey as th
are involved in biotic stress management (such as, cold shock protein CspA, ribosome
hibernation promotion factor YvvD, UvrABC system proteilP&@pxiredoxin Bop heavy
metals resistance (arsenic resistance proteins ArsA, ArsC, ArsD and Acr3) amdrddioc
(undecaprenyl phosphatase BcrC confers resistance to bacitracin, multidrug resistant proteins

YkkDYkkGBmr3, demethyllactenocin mycarosyltransferase tylCV involved in the production

of the macrolide antibiotic tylosinBate et al.,

2000; Bernard et al., 2005)

6.550 bp - 10 CDSs 13.226 bp - 21 CDSs
LexA repressor

Resolvase YneB
Bacteriocin UVIB

Pseudaminic acid biosynthesisproteins PseB, PseG,
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Tyrosine recombinase XerC

5434 bp — 8 CDSs
UvrABC system protein C

1S4 family transposase MICBce1 /

73.284 bp — 82 §D§§/
Demethyllactenocin mycarosyltransferase tylCV
Tyrosine recombinase XerC
Multidrug resistance proteins YkkD,YkkC and Bmr3
Gamma-glutamylputrescine oxidoreductase PuuB
Alkaline phosphatase regulatory protein PhoP
1S4 family transposases ISBce5 and 1S231Y
NAD(P)H azoreductase AzoB
Undecaprenyl-diphosphatase BerC

Cytochome c oxidase subunits 4B, 3 and 1

Transposon gamma-delta resolvase TnpR
10,806 bp - 9 CDSs
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/
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Mechanosensitive channel mscL
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Cell shape-determining protein MreC

\\ Bacitracin export permease protein BceB

\_ 24.04 _
Ureidoacrylate amidohydrolase RutB
Cold shock protein CspA
Cytochrome c¢-551
Ribosome hibernation promotion factor YvyD

1

26,380 bp — 31 CDSs — TRAP-T-associated universal stress protein TeaD
Linear gramicidin synthase subunit D Thioredoxin reductase TrxB
Entgrobactm exporter EntS Arsenic resistance proteins ArsA, ArsC, ArsD, Acr3
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Figure 319 Circular and linear visualisation pfedicted Gls in Bacillus thuringiensis Lr 7/2. Blocks are colored
according to the prediction method; IslandPick (green), IslandPBOB (blue), SIKBEIMM (orange), as well as
the integrated results (dark red). Indicated in the circular plot are the fieaitures for each Gl, including length,
number of CDSs and relevant annotated trafisthe bottom of the figure the linearised genome is reported and
with the Gl locations indicated in blue.
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Plasmids

Plasmids are a resourceful extension of the cellular genetic material that must be taken
into consideration for a comprehensive analysis. Ble@omicanalysisof the consortium
highlighted that BL does npbssessany plasmids, whereas BT3 and BT7 carey(pBT3) and
two plasmids (pBF1 and pBT2), respectively (summarised in tabl€6).

Table 3.26 Plasmideundin the consortiunby sequencinglhe strairB. thuringiensidr 3/2 (BT3) presents one
plasmid (pBT3), while thsetrains B. thuringiensis #/2 (BT3) has two plasmids (pBI7and pBTR2). B.
licheniformis does ngiresent any plasmid.

Plasmid Strain Length (bp) CDSs
pBT3 BT3 269720 329
pBTZ1 BT7 267121 327
pBT7#2 BT7 79425 112

The plasmid nucleotide sequences were utilised to search for sipidamidsin NCBI
nonredundant nucleotide database. Plasmids that display regions of similarity were
downloaded and compared. After a first comparison pBT3 and {iB€3sulted similar tahe
plasmidpBFi1 (isolated fromBacillus cereu83BB108), whereas pB-R7/shared a portion of
high similarity with pHD1200112 froBaecillus thuringiensis.

BLAST Ring Image Generator (BRIG) was ubkedto generate comparisons of the
plasmid sequencessexplained in Chapter 2.4@\likhan et al., 2011)n figure 320, pBT3
found in BT3 (blue ring) and pBI7found in BT7 (purple ring) wereomparedwith the
reference pBFL from B. cereusO3BB108. Téa representationof the resultsshows high
identity match among the three plasmids, which are likely to have the same origin.
Furthermore, the GC skew is inverted in tBectionswhere no match was detected,
suggesting that insertion or recombination events might have occurred at thibsg inB.
cereusD3BB108.
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281957 bp - 90% identity
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p SRR BT7pBTZL
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Figure3.20 BRIG circular representation and comparison of-iBike plasmids found in the consortium strains
Bacillus thuringiensis Lr3/2 and Lr7/2. The reference sequence used (back inner circle) is Bacillus cereus 03BB108
plasmid pBFL (Accession number NZ_C®889.1).The innermost rings show GC content (black) and GC skew
(purple/green). The colour intensity of the circles fades as the identity of the allignement decreases.

In order to investigate whether pBT3 and pBIT@re the results of the incorporatiorf o
mobile genetic elements or other plasmid fragments, a second blast was carried out. In this
test, pBT3 was used as reference and compared with the analogouslpBBFL from B.
cereusD3BB108 and additional six plasmidslatedfrom strains of theCeaeusgroup (Figure
3.21). The comparison with pBII7 (inner blue circle) shows the high similarity of the two
genetic elements, with the exception of a small region arotimel 125kbp position This
enables to convey that the straifdT3 and BTZould haveacquired the plasmislfrom each

other or from a common donor.
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Figure 1 BRIG circular representation and comparison of 4Bike plasmids found in the consortium strains
Bacillus thuringiensis Lr3/2 and Lr7/2. The reference sequence used (back inner circle) ihgBT&rmost
rings show GC content (black) and GC skempl(@/green). The blue ring shows the alignement with pBTifie
purple ring presents the alignement witBacillus cereus 03BB108 plasmid pBHRAccession number
NZ_CP009639.1), whereas the other coloured rings exhibit the comparison with six plash@d®dus group.
The colour intensity of the circles fades as the identity of the allignement decreases.

The purple circle in figure AL indicates thealignmentagainst pBFL from B. cereus
03BB108In the previous analysis the sequence widely corregfsoto BT3 plasmid with the
exceptionof about 50 Kb, which do not present any match. This particular section partially
aligns with other plasmids included in tliemparative analysisSpecifically, fragments of the
plasmids pT0138 and pD17 (belongingtB. thuringiensisstrain T0139 and. cereusD17,
respectively) show high similarity to the reference sequence. In addgioort fragments of
the plasmids pIS5885 and pYCL1 (from. thuringiensis serovar thuringiensg. 1S5056 and
B. thuringiensisstrain Y10, respectivelyinatchwith small sections pf pBTRBroughout the

sequence.
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The second plasmid found in BT7, pJWas compared with ten plasmids from the

Cereusgroup to irdividuate potential similarities (FigureZ2).
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Figure 32 BRIG circular representation and comparison of pHD120lkd Dlasmid found in the consortium

strain Bacillus thuringiensis Lr7/2. The reference sequence used (back innes@BIERL The innermost rings

show GC content (black) and GC skew (purple/green). The blue ring shows the alignement with Bacillus
thuringiensis strain HD12 pHD120112 plasmid (Accession number CP014854réas the other coloured rings
exhibit the compeson with nine plasmids of the cereus grotipe colour intensity of the circles fades as the
identity of the allignement decreases.

In figure3.22 the blue circle representing trldignmentagainstB.thuringiensigplasmid
pHD1200112 exhibits high siamity (between 90 and 100%) across the majority of the
reference sequencwith the exceptionfor a20 Kb fragment. Some sectiookthis fragment

match significantly with pPBMB28, pFCE#257K and pG984209 (respectively belonging to

142



B. thuringiensis serovar finitimu¥BT020, B. wiedmannii bv. thuringiensistrain FCC41B.

cereus G9842).

These resultprovidean indication of the mutagenesis euws to which the plasmid has
been subjected. The high sequence affinity with a heterogeneous pool of plasmids suggests
once again that wild type bacteria, and in particular soil bacteria fromCleeugroup, are
prone to genetic material exchange. Thabysis described in this chapter highlighted that the
consortium strains have been exposed to this phenomenon, which included transposons,
genetic islands and plasmids. Since these modifications can create genomic instabilities and
deep changes in the hoghenotype and lifestyle, we camypothesisethat systems (like TA
and modificatioarecombination) are adopted by the three strains to regulate the
maintenance of genetic elements, the invasion of exogenous DNA and the balance with the

original genome.

Plhsmid annotation

The functional annotation of the plasmids was carried out using blagi@gtz et al.,
2008) as described in Chapter 2.4.2. The annotation of the three plasmids shmoamdtraits
responsible for plasmid plasticity and modification. Among them, transposases, integrases,

recombinases, resolvases, methyltransferases and related endonucleases can be enumerated.

More than half of the CDSs present in pBT3 and gBiieturnedwith hypothetical or
putative attributes. Nevertheless, some remarkable features were identified. Peptidase,
phosphatase, adhesin, pilus assembly protein CpaB, oligopeptide and peptide ABC
transporters were distinguished, as well as traits encoding lactwom®72 and its immunity
protein. Other features, including cekhock, universal stress proteins as well as glycine
betaine and tproline ABC transporters could confer stress tolerance in bacteria carrying the

plasmids.

Two genetic clusters with specifianctions were also identified. The first one shows
clear involvement in arsenic resistance and includes elements like transcriptional regulator
ArsR and repressor ArsD, arsenical resistance protein Acr3,-guwipg ATPase ArsA and
arsenate reductase AC. The second cluster presents sulphate assimilation activities by a
sulphate permease, an inorganic anion transporter and phosphoadenosine phosphosulfate

reductase CysH, which catalyses the reduction of sulphate into sulphite.
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The vast majority of the (33 in pBT2 encodes hypothetical proteins. It is interesting
though that a cluster of seven CDSs were identified as hypothetical belongiBgcithus
thuringiensis serovar israelensgtrain bthur0013, an entomophatogenic bacterium of the

Cereusgroup.

The full list reporting the plasmidnnotation can be found in the appendix (A.6 and)A

Toxins presence on plasmids

The three consortium plasmids were screened in order to assess the presence of toxins,
with the purpose of establishing the safety lewéthe strains and gathering more information
about their ecology. Antrax toxins are commonly harbouredBagillus anthraciplasmids
pXO1 and pXO2 but occasionally present in some closely rélatetistrains(Hoffmaster et
al., 2006, 2004)The three plasmids were compared with pXO1 and pX0O2, and the identified
matches were analysed. The visualisation through BRIG shows thatlpBiSplays no
significant alignments with pXO1 and pXO2 (figur23)3. Thesections that presentigh
similarity with pXO1 and pXOare related to transpogion elements (1S231, 1S1627),
germination response factors GerXb,-da&mage repair protein uvr were detected. pXO1 and

pXO2 toxins and other genes related to toxicity were not found in the consortium plasmids.

B GC Content

GC Skew

B ccsienn

ey £ ¥ 1 W ccskewin)
pXo1 i a E 3 pX02 3 1 BT7 pHDlike

181654 bp L3 z 70 kbp 96231 bp b B 100% identiny

60% identity
BT7 pBFI-1-like

60% identity
8T3 pBFI-1-like
I 100% identity
W 50% identity

60% identity

Figure 23 Comparison among pXO1, pXO2 and the plasmids identifitd tonsortium
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Furthermore, the plasmids were evaluated for the presence of traits coding for
insecticidal crystal proteins, so called cry and cyt gé@astagnola and Stock, 2018pme
Bacillus thuringiensispecies are well known to have pesticidatiaties, and to date, more
than 700 genetic elements have been associated with the production of parasporal crystals
that can cause toxicity, gut damage and death in some orders of insects and invertebrates

(Bravo et al., 2007; Méric et.aR018)

To establish the presence of Cry CDSs in the three plasmids, a Hidden Markov Modeler
(HMMER) search was performex$ reported in Chapter 2.4.9. The prediction results showed
no meaningful matches between the Cry toxin prcfidand the plasmidsequencedound in

Bt3 and BTY
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3.6. Metabolic model and flux balance analysis of the consortium strains eapEhB

The comparative genomic analysis discussed in this chapter (section 3.5) provided a
conspicuousamount of information about the potential PGP activities in the consortium.
Nevertheless, these results allowed to formulate only few hypotheses about the interactions
that might occur among the three strains and with a plant partner. To improve our
understanding of the consortium interactions and investigate metabolic partnerships within
the consortium and with the plantndividual and communitynetabolicmodellingas well as

flux balance analysis (FBAgre employed.

In the current sectionthe work dore using theKbase modelling platforns described
(refer to Chapter 2.4.10or details) Particular interest in thisection of thework has been
given to the nitrogen flux. N is crucial for plant as well as for bacterial growth and development
and could epresent a key in understanding plamicrobe interactions and crodseding

metabolism.

In order to investigate the impact of the nitrogen source in the interactions among the
three strains andB. rapa (model plant used in this studylour simulations wh different
nitrogenous forms have been performed. Timst simulation was done usirgmmonia (rich
medium)as N source, following by teststh nitrite, a mix ofitrite and Lglutamate andinally
L-glutamate. Nitrite and dglutamate were chosen as th@ant is not able to assimilate N in
these forms and would require bacterial transformation for N acquisition and survival in the
plant partner. In this analysis the growth level is described by the objective value, which
represents the maximum flux thrgin the biomass of the metabolic model in mmol per gram
cell dry weight per hour (mmol/gDW/h). A value of zero means that the model is not able to

perform growth in theappliedmedia.

The table 27 collects the values obtained during the consortium analyRieported in
the FBA section of the table, the objective values can be appreciated. It is clear that nitrogen
is a determinant element that deeply influences the growth of the organisms in this study,
either considered as communities or individuals. tasgnce of ammonia, the single strains
(BL, BT3 and BT7) and tbempartmentalised and mixeddag communities (CC and MBC)
achieve a flux toward the biomass of 0.8 mmol/gDW/h. The flux increases to 1.6 mmol/gDW/h
when nitrite is provided instead of ammonisledium supplemented witlboth nitrite and L

glutamate boosts the growth of the individual strains and reaches 39.2 and 33.3 mmol/gDW/h
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when the strains are considered as part of a compartmentalised and mixed bag community,
respectively. Slightly lower vwas are shown when the broth is supplemented with L

glutamate as sole N source.

Table 327 Quantitative data obtained by metabolic models and FBA using KBase platform. Four growth
conditions were simulated, which differ for the utilised nitrogenous source: ammonia, nigitetaimate and

nitrite and sole lglutamate. Models and FBA were rur §ingle bacteria (BT3, BL and BT7), compartmentalised
(CC) and mixed bag (MBC) consortium. The model produced data about reactions, compounds and compartments
in each tested system. Gapfilling introduced in the model reactions that were neglectedaumtation limits.

Some of these reactions were made reversible (R). The FBA section of the table gives the indication of the growth
degree feasible in the specified media (objective value highlighted in blue). This value represents the flux toward
biomassn mmol per gram cell dry weight per hour (mmol/gDW/h). The number of reactions and compounds that
participate in the flux within the systems are also specified.

Gapfilling model FBA
Reactions GCompounds  Compartments Gapfills Objective value Reactions Compounds
BT3 1281 1226 2 0.802083 1281 128
) BL 1323 1238 2 0.802145 1323 140
Glilulel) BT7 1263 1202 2 0.802081 1263 123
C 3867 3429 4 0.802103 3867 154
MBC 1446 1320 2 0.802103 1446 149
BT3 1281 1226 2 10+2R 1.60417 1281 128
BL 1322 1238 2 7+2R 1.60429 1322 140
Nitrite BT7 1263 1202 2 10+2R 1.60416 1263 123
ac 3856 3428 4 1.60421 3856 154
MBC 1445 1320 2 1.60421 1445 149
BT3 1281 1226 2 10+2R 29.6239 1281 128
BL 1322 1238 2 T7+2R 14.1272 1322 140
L-glutamate-Nitrite BT7 1262 1202 2 9+3R 31.2849 1262 123
ac 3865 3429 4 39.279 3865 154
MBC 1445 1320 2 33.3808 1445 149
BT3 1281 1226 2 10+2R 29.6239 1281 128
BL 1322 1238 2 T7+2R 14.1272 1322 140
L-glutamate BT7 1262 1202 2 9+3R 29.8316 1262 123
ac 3865 3429 4 36.8088 3865 154
MBC 1445 1320 2 30.1428 1445 149
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Consortium interactions

In order to identify the interactionsccurring among BL, BT3 and BT7, the flux from the
cytosols to the shared extracellular compartment (and the other way around) was taken into
consideration (Figure 24). The heatmap exhibits the direct comparison between
compartmentalised and mixed bag w&ls when diverse media are supplied. The FBA of the
compartmentalised community model (CC) providgsesspective of the interactions within
the consortium, whereas the FBA of the mixed bag community model (MBC) gives an insight

of the overall exchange beeen the consortium and the environment.

When ammonia is provided, the CC strains engage in a dense network of amino acids,
sugars and organic acids uptake and secretion, which suggest active exchange within the
community. For instance, the same amounteferine secreted by Blan betaken up by BT7,
fumarate and succinate flowing out from Bd&n beadsorbed by BL, and the totaiffuctose
discharged between BL and Bdah betaken up by BT3. These trades mostly exist within the
community and thereforare not shown when the consortium is considered as a mixed bag
system.As other N sources are applied to substitute ammonia, the rate of the exchange
decreases in both systems, compartmentalised and mixed whie the flux employed to

achieve biomass ©s.
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Figure4l S GYI L) aK2gAy3 GKS TFfdzE 2F & dzo #plevioipSge)CHudNE & &
is labelled with the compounds subjected to the flux. Row presents the organisms in compartmentalised and
mixed bag community and the mediised in the simulation. Each square includes a flux value in mmol per gram
cell dry weight per hour (mmol/gDW/h) and the corresponding shade of colour. Squares drifting to blue indicate
a flux from the extracellular space to the cytosol, suggesting tiiepound uptake into the cytosol. On the
contrary, reddrifting squares represent an opposite flux, which means the secretion of the substance by the single
organism or the community to the extracellular surrounding.

The figure 25reports a schematic resentation of the N flux within the consortium

strains (as a Compartmentalised Community) when different forms of N are provided.

Bacillus licheniformis Bacillus thuringiensis Lr 3/2
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Figure 325 Representation of the main nitrogen flux within the community using FBA of the reconstructed
compartmentalied community model of the three consortium strains. The direction of the arrows indicates the
flow, whereas the colour indicates the N source utilised in the simulation media (legend on the bottom left). Flux
values are expressed in mmol per gram cellvgight per hour (mmol/gDW/h).

In medium supplemented with ammonia (blue arrows), nitric oxide @fpgars to play
a strategic role in the three stias. NO is produced (fromArginine and O2) and transformed

in nitrate and nitrite subsequently. The rate is secreted by BT3 and adsorbed by BL and BT7,
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which transform it in nitrite. Nitrite partially flows into ammonia and biomass and some is

discharged in the environment where is taken up by BT3.

The deamination of amino acids, which leads to ammonapction, occurs in every
strain even though the substrate usage differs. In BL, flux of 596 mmol/gDW/h of urea toward
ammonia is also registered. Ammonia is released in the extracellular space by BL and BT3 and
taken up by BT7. AdditionallysGlutamateundergoes trades and transformations across the

consortium.

Whennitrite is applied as sole nitrogenous source (violet dashed arrows), the CC strains
all uptake minimum quantity of it (7 to 2 mmol/gDW/h), which is directly converted in
ammonia and a smaimount of Lglutamate. BT3 spares 0.5 mmol/gDW/h aflutamate and

releases it in the extracellular compartment; the same quantity is then adsorbed by BL.

When nitrite and tglutamate are both provided to the consortium (red dashed arrows),
nitrite is taken up by the CC strains in higher quantity and converted in nitrate, which is then
secreted by the three strains-dlutamate is assimilated by BT3 and BT7 and transformed in
L-glutamine. The latter undergoes deamination that results-glutamate and amrmnia in
the strains. BT8ecretesl0 mmol/gDW/h of tglutamate, which are taken up by BL, part of it
flows to the production ammonia in BL cellssdrine deamination contributes to increase

ammonia availability in the three strains.

In figure 325, the green arrowsrepresent the N flux when-glutamate is the only N
supplement in the mediumin the previous simulationL-glutamate is taken up by BT3 and

BT7, transformed in-glutamine and then broken down in ammonia andlutamate.
In the three straindNO produces nitrate through the following reaction:

NADH + 2 ©+ 2 NO <=> NAD +H2NGs

Each NO molecule is converted in two molecules of nitrate, which is exported to the

extracellular compartment.

The figure 36 shows the main N flux related to tHeBA of the mixed bag consortium
(MBC). It is manifest that the excharsggend metabolictransformations are minimised if the

consortium is considered as a single organig¥henammonia is provided as sole N source
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(blue arrows), this igptaken at a rate 66 mmol/gDW/h, whereas if nitrite is provided (dashed

violet arrows), 12 mmol/gDW/h of it are internalised and transformed in ammonia.

When Lglutamate is added to the simulations (in both media represented with green
and red arrows), it is adsorbed ancnsformed in tglutamine and zZxoglutarate with the
production of phosphate and ammonia, respectively. Part of the ammonia is then redirected
to the extracellular compartment and part of it is dedicated tadpartate synthesis and
biomass.NO is transfamed into nitrate andsubsequentlysecreted. In the nitrite and-L
glutamate medium, nitrite is taken up and oxidised into nitrate, which is also redirected to the

extracellular space.
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Figure 326 Representation of the main nitrogen flux reconstructed from the mixed bag model of the consortium
strains. In this model the three strains are considered as a single organism in one compartment. The direction of
the arrows indicates the flow, whereas tbelour indicates the N source utilised in the simulation media (legend

on the bottom left). Flux values are expressed in mmol per gram cell dry weight per hour (mmol/gDW/h).
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ConsortiumB. rapainteractions

B. rapametabolic reconstruction was obtainedplying autotrophic medium, which
supplies the plant with light for photosynthetic carbon production and ammonia as N source.

The ensuing FBA reported a flux into biomass of 1.69 mmol/gDW/h.

The plant model was then merged with the mixed bag consortiumehtwlgenerate a
compartmentalised community model with twelve compartments, ten plant compartments,
one bacterial cytosol and one shared extracellular space. The reconstructed model was used
to obtain the related FBA, using the same set of media empléyethe consortium analysis
(Table 3.28) The objective value, indicating the flux toward biomass, is stable at 3.38
mmols/gDW/h across the four simulations with different Nusmes, suggesting that balance
is maintained, and growth is preserved within tiant-microbiome system in different

nutritional regimens.

Table 328 Quantitative data obtained by metabolic models and FBA ugiagKBase platform. Four growth
conditions were simulated, which differ for the utilised nitrogenous source: ammonigg,rigiutamate and

nitrite and sole tglutamate. Models and FBA were run Bxrapain autotrophic medium (light to produce carbon

and ammonia as N sourcahd B. rapa with mixetdagbacterial community (Br_MBC). The model produced data
about reactions,compounds and compartments in each tested system. Gapfilling introduced in the model
reactions that were neglected due to annotation limits. The FBA section of the table gives the indication of the
growth degree feasible in the specified medium (objectalae highlighted in blue). This value represents the
flux toward biomass in mmol per gram cell dry weight per hour (mmol/gDW/h). The number of reactions and
compounds that participate in the flux within the systems are also specified.

Gapfilling model FBA
Reactions  Compounds  Compartments Objectivevalue  Reactions ~ Compounds
Ammonia Br_MBC 2512 2445 12 3.38458 2512 154
Nitrite Br_MBC 2511 2445 12 3.38458 2511 154
L-glutamate-Nitrite Br_MBC 2511 2445 12 3.38458 2511 154
L-glutamate Br_MBC 2511 2445 12 3.38458 2511 154
Autothrophic B. rapa 1066 1134 11 1.69229 1066 17

The heatmap in figure 37 collects the values related to the intake and secretion flux
betweenB. rapaand the mixed bag consortium (MBC) with the surrounding environnignt.
rapaFBA, as individual and as part of a community with MBC, reaeateredible consistency
in terms of flux, in and out the plant. The MBC exhibits the same endurance with the only
difference being the nitrogenous compound intake, which is dependent upon the specified
media. Interestingly, the plant is able to uptak&® mmol/gDW/h of ammonia even when

it is not provided in the media. At the same time thacterialMBC shows the capacity to
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internalise and utilise nitrite and-glutamate, and extrude ammonia at 5.576 mmol/gDW/h.
This datum suggests that in simulatedveonment with limited nitrogen availability, the
consortium can act as fertilising agent and provide the plant partner with nitrogen in a form

that is suitable for plant uptake, i.e., ammonia.

Co2
H20 50
02 470531 -70.531 -20.366 70531 2148 70531 2148 70531 2148
H+ 4 7.007 7.007 7.007 7.007 7.007
a-4 0178 0178 0013 0178 0013 0178 0013 0178 0013 - 25
Ca2+ - 0.013 0.013 0.013 0.013
Co2+ A 0.013 0.013 0.013 0.013
Mg 0.013 0.013 0.013 0.013 -0
n2+ 0.013 0.013 0.013 0.013
fe3 0.054 0.054 0.054 0.054 | 25
Cu2+ 0.013 0.013 0.013 0.013
Mn2+ 0.013 0.013 0.013 0.013
K+ 4 052 052 0027 052 0027 052 0027 052 0027 - -50
NH3 4 5576 5576 12691 5576 5576 5576 5576 5576 5576
Nitrite - 18.226
Sulphate 4 0135 0135 0369 0135 0369 0135 0369 0135 0369 - 75
Phosphate 4 0595 0595 2102 0595 2102 0595 2102 0595 2102
D-Glucose 10.0 7.56 156 1.56 100
Gycerol 0.044 0.044 0.044
Succinate -12.456 -12.456 -12.456
Formate - -21.941 -16.344 -16.344 -16.344 -125
4-Hydroxy-benzylalcohol 0.013 0.013 0.013 0.013
L-Glutamate 18.27 18.27
T T T T T T T T T
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Figure 3.Z Heatmap showing the flux of substances among B. rapa, the mixed bag consortium (MBC) and the
environment. Column is labelled with the compounds subjected to the flux. Row presents the organisms in
communities and the media used in the simulatiBach square includes a flux value in mmol per gram cell dry
weight per hour (mmol/gDW/h) and the corresponding shade of colour. Squares drifting to blue indicate a flux
from the extracellular space to the cytosol, suggesting the uptake of the compotmthe cytosol. On the
contrary, reddrifting squares represent an opposite flux, which means the secretion of the substance by the single
organism or the community to the extracellular surrounding. The light was included in the media and uptaken by
the plant with a rate of 2000 mmol/gDW/h. This value is omitted in the heatmap to enable a clearer colour usage
and a better appreciation of the data.
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3.7. Conclusions

This chapter details tha-silicoanalysis of three strainsf the genusBacillus Bacillus
thuringiensidLr 7/2 (BT7)Bacillus thuringiensisr 3/2 (BT3)Bacillus licheniformis (BO)hese
strainswere selectedto constitute a consortiunbased for theinn vitro functionsandin vivo

synergistic planfertilising activitiegHashmi, 2019; Hashmi et al., 2019)

The aim of this chapter was therefore to investigate the genomes of these microbes and
establish correlations betweethe genotype and the phenotypes observed, which include
plant-promotion and bacterial cooperation. The whole genome sequencing of the strains
enabled a proteirbased comparison that was fundamental in this research to identify unique
and shared geneticehtures involved in PGP activities and bacterial interactions. 1116 PGP
traits were identified and clustered into functional categories: plant recruitment and
colonisation, participation to nutrient cycles, biocontrol, adaptation to plassociated
environment and genome plasticity. The table 3.29 summarises the principal activities that

could be exerted by the strains based on the genomic analysis reported in this chapter.

Plantpromotion

According to thecomparative analysjghe three consortiumstrains have the genetic
traits that allow them tosen® rhizodeposits and mavtoward the rhizosphere environment
(by chemotaxis towards peptides, amino acids, sugars and oxygengover, thestrainsall
encodegenes for theuptake and assimiladn of substartes that are frequently found as

exudate components.

BLencodesan extensive set of genetic traits for biofilm formation and disruption of
primary and secondary plant cell walls. It is possible to speculate that BL has the assets to
conduct an endophyticifestyle within the host plantWhile BT3 gendimA encoding for
fimbriae and the adhesin found in the plasmids pBT3 and dBdauld enable the bacteria
BT3 and BT7 to attach to the rhizoplane.

Theresults suggest an involvement of the threensortiumstrainsin the ecology of N,
P, Fe and S. Marghared features among the three strains were identified in relatiomNto
transformationslike transport, AA deaminatiofwith some degree of substrate partitioning)

anddenitrification. While Blencodedraits ofurea ammonificatiorand allantoin degradation,
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which are two mechanisms that increase the N turnover in(Railatinszky et al., 2015; Xu et
al., 1993)

Fedures of organicP solubilisation anéhorganic Pmineralisationwere both detected
in the three consortium genomess well as features related tdesulfonation of organé
forms and sulphate reduction. Furthermore, siderophores required to competitively
sequester iron in the surrounding area were identified in the three consortium genomes. In
particular, genes encodingpacillibactin and enterobactin were shared among the strains,
while genes encodingerobactin were shared between BL and BT7. Interestirige three
strainsencodemany features related to the internalisation of siderophores which they do not
produce. This behaviour has been described before in rhizospheric bacteria as siderophore
cheatingd . SKyaSy FyR wl¥FFGStfdzZ wnanmcT .dzil AGT

Genetic traits encoding biocontroklated effectors were ideiified in the three
genomes, with some differences among the strains. BL resulted the most peculiar of the three
strains, presenting antimicrobial (surfactin, lichenicidin) and antimycoand&amine and
plipastatin traits. Bacilysin and other bacteriosirvere common elements, with some

differences in the bacteriocins produced.

The three genomes contain CDS that encode for chitin degradation and other hydrolytic
enzymes that could actively be involved in antagonistic activities upon contact with
competitars. Antibiotic detoxification features were also identified in three strains with some
dissimilarities in terms of substrates. These traits could be responsible for mechanisms of
efflux (multi drugs pumps) and antibiotic deactivation that could benefiteah&re bacterial

community or biofilm.

Furthermore, BL, BT3 and BT7 contain elements that could contribute to the biotic plant
protection by triggering plant immungystemvialSR by 2;Butanediol(Choudhary and Johri,
2009; Yi et al., 2016HS by nitric oxid&Klessig et al., 2000; Stohr and Stremlau, 2060l
ISS by spermidingMelnyk et al., n.d.)

Beside the shared traits related tatamins and cofactordiosynthesisthat can be
leading tobeneficial effects in plant@hn et al., 2005b; MareKozaczuk and Skgqrska, 2001;
Palacios et al., 2014he three straingncodemany genetic elements that can mitigate stress
response among bacteria and in plants. Those traits inchgieoprotectantsbiosynthesis

(Vardharajula et al., 2011peroxides detoxificatior{fMishra and Imlay, 2012; Wasim et al.,
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2009)and relieving the ethylenenediated stress response in plarf&al et al., 2013; Khan et
al., 2014)

Furthermore, the consortiumencodesgenetic featuresthat can shape planplant
interactions (by producing and degrading compounds with phytotoxic adil@phenols and

terpenoidg and plantmicrobiome signalling (isoprenoids, auxin and ethylene management).

Finally, the last section of the comparative genomic analysis describedetinamg
plasticity of the three strains Transposable elementsgether with several bxin-antitoxin
systemsand genomic islandsvere detected across the chromosomes of the consortium

strains suggesting that the three strains have been exposed to multiple mutagenesis events.

A particular attention was given to the megaplasmidund h BT3(pBT3)and BT7
(pPBT71 and pBTR2). pBT3 and pBTZ showed a remarkable sequence similarity and a wide
range of accessory genes, includirgpfidase, phosphatase, adheslactococcin 972 and its
immunity protein glycine betaine and-proline ABC transporterand elements involved in
arsenic resistanceOn the other hand, pB¥Z annotation reported alarge majority of

hypothetical proteins.

Table 3.29 Summary of the main PGP functions that could be exerted by the consortium strains ltheed on

genomic analysig? symbol indicatethe presence of genetic traits related to the functiasile 7* indicate that
the genes encoding for the functions are different among the strains.

Categories Function BL BT3 BT7
Chemotaxis n n n
Microbiome recruitment Exudate uptake n* n* n*
Exudate utilisation n n n
EPS production n
Quorum sensing n n n
Plant colonisation
Cell density coordination n* n* n*
Cellwall degradation n
Denitrification n* n n
AAdeamination n* n* n*
Nutrient acquisition
Urea ammonification n
Allantoin degradation n



Organic Phosphorous solubilisation
Inorganic P mineralisation
Organiesulphur AA catabolism
Inorganic Sulphate reduction

Iron sequestration by siderophores

Siderophore cheating

Biocontrol

Surfactin production

Lichenicidin production

Bacilysirand bacilysocirbiosynthesis

Bacteriocins

Chitin degradation

Kanosamine anglipastatin synthesis

Hydrolytic enzymes

Induced Systemic Resistance (ISR) byp@t&nediol
Induced hypersensitivity (HS) by nitric oxide
Induced Systemic Susceptibility (ISS) by spermidine
Putrescine uptake anslynthesis

Hydrogen cyanide synthesis

Multidrug efflux pumps

Chloramphenicol, oleandomyciRpsfomycin3-lactams
deactivation

Macrolide, lincosamide, and streptogramin B

Virginiamycidike andaminoglycoside antibiotics

Adaptation to plant

associated environment

Vitamins and cofactors
Allelophaty

IAA biosynthesis from tryptophan
ACC deamination
Osmoprotectants biosynthesis

Oxidative stressitigation

Rhizoremediation of arsenic, cadmium, cobalt, chromate

Genome plasticity

Transposons
ToxinAntitoxin systems
Genomic Islands

Plasmids
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Cooperation within the consortium

Thecomparative genomic analysis and the metabolic reconstruction coupled with the
FBA highlighted some aspects of the consortium cooperation and mechanisms by which the

strains could influence each other.

Firstly, the microbial interactions require to be certualised in the metabolic niche.
The rhizosphere constitutes a rich nutrient hotspot for soil bacteria, and therefore it attracts
an incredible number of microorganisms with different metabolic needs and capabilities. The
coexistence of microbes in thisompetitive environment is mainly due to the niche
partitioning, which occurs when different bacteria can uptake and utilise different metabolites

avoiding outcompeting other microbes over the same reso(Bazran et al., 2015)

The cehabitation of the three consortium strains could be initially attributed to the
divergent pattern®of metabolie uptake and utilisatiothat were reported by the comparative
analysis. Metabolic niche partitioning could occur also for other cdialpathways, like the
deamination of AA, the catabolism of orgasigiphur AA or more generic proteases and
peptidases that are important to retrieve nitrogen, sulphur and carbon from organic
compounds. The genetic traits involved in these metabolic watfs differ among the strains

(particularly in BL, but with some differences in BT3 and BT7 too).

In this chapter the metabolic interdependency among the three strains was also
investigated bymetabolic reconstruction and FBAimulations with different miogenous
sources showed that théaree strains can engage in a dense network of moke@tchanges
and that the nitrogenous element supplied in the medium drastically modifies those
exchangeslf ammonium is provideda low flux towards biomass is reped, as well as an
incredible variety of crosteeding reactions in the compartmentalised model that are not
present in the mixeébag model. Whereasnipresence of {glutamateor a combination of L
glutamate and nitrite,the flux redirectedto the biomassreachesthe highest levels with
reduced metabolic trades among the strains, suggesting that with favourable N sources there

Is no need for metabolic trading

Beside the compatibility within the same metabolic niche, more hypotheses explaining
the consortium cooperation can be formulated based on the strain physical closeness and
potential organisation traits found in the comparative analysis. Biofilms found along the roots

are multispecies bacterial colonies that can provide a protected and organisedtaiaieny
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bacteria, contribute to the plant health and successfully compete with other microbes on the
plant roots(Pandit et al., 2020BL was the only strain possessing the canonical genetic traits
to produce complex biofilm structures and exopolysaccharidpsdperon) that are the most
abundant part of the extracellular matr{tNaseem et al., 2018; Sutherland, 197 pwever,

it is possible to hypothesise that when the strains are inoculated as a consortium, BT3 and BT7
are potentially incorporated in biofiims with BL. BT3 and EBhcale genetic features
responsibleor adhesion to the rootdjke fimbriae (in BT3) and adhesin (in pBT3 and pBT7

as well asnatrix-regulating glycosyltransferases (in BT3 and BT7).

Thegenomes of the three strainntain the genetic features encoditlge QS ceitell
interspecies communication molecule, autoinduw&rthat enables communication and
coordination of gene expression and behaviours at colony I@eanisAssaf et al., 2016)
Additionally, the three straingncode features to manage cell densitgy pulcherrinin
production (in BT3 and BL) atite AF2 processing mechanism mediated by teecluster (in
BT3 and BT7)

It is, therefore conceivable that BT3 and BT7 participatéhe biofilm lifestyle even
without actively producing the EP@essetManzoni et al., 2018)BT3 and BT7 could
potentially cooperate in other ways, for instance, with detoxification mechanisfis
different spectrum of antibiotics, or prodtion of different varieties of bacteriocin, or by tight
exchange of metabolites (as predicted by the FBA), or by involvement with the plant
processes. One of the potential synergistic mechanisms that thest@igests a plant fitness
boost bythe combired activities of auxin production (by BT3 and BT7) and ACC deamination
(by BL)Furthermore, the FBA of the three strains as a mikad compartment an@rassica
rapashowed that the consortium has the metabolic potential to supply nitrogen to the plant
when the system is provided with nitrogenous forms that are not directly available for plant

utilisation.

Additionally, the comparative analysis highlighted some redundancy in the three strains
features, such as siderophore formation and cheating, osmoptaigs biosynthesis and
induction of defence in plants. All these activities seen in a commumtgopctive could
represent a form of cooperation that strengthens the consortium beneficial effects towards
the plant partner and the interaction within the beerial community. It is also possible that
the regulatory mechanisms of the gene expression of these traits vary in the three strains,

conferring a basal level of these activities in different environmental conditions. In natural
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communities,microbiome @ne compositions or functional profile@re often remarkably
conserved across individualsuggesting that some traits are responsible for the microbiome
resilience in the environmer(AvilaJimenez et al., 2020; Franzosa et al., 2015; Huttenhower

et al., 2012; Lozupone et al., 2012; Qin et al., 2010)

Although, all the theories and mechanisms described in this chapter require
experimental tests to be provenhe results obtained by comparative genomic analysis and
FBAhave beeressential to lay the foundation for future-tepth studies of the consortium
So far, the use of aomputationalapproachto compare multiplegenomes ad reconstruct
the metabolismof a community at such molecular resolutibas rot been reported in the
literature, and therefore represents a novelty in the fieldntangling the interactions
occurring in a planassociated bacterial community is importaftr developing effective
bioformulations to use in agriculture artlis chapter provides an example of how consortia

characterisation at molecular level could be achieved.

3.8 Prospective for engineerinlge Bacillusconsortium

The resultollected in this chapter describe the genetic potential of the consortium to
cooperate and improve plant fitness. These results represent an important indication of the
consortium functions and allow to propose genetic traits for ¢femetic engineeringf these
strains The bacterial genome manipulation can regard single genes, operons or pathways
encoding for biocontrol and biofertilisation activitieBhese genetic modifications could lead

to increased PGP functions ahijher yield in the crop partner

Some examples of functions and relative genetic traits for future modification of the

consortium metagenome or individual strains are reported below.

Phosphorous availability

Phosphorus, for instance, is an essential element in plant growth and devetapiie
analysis displayed that the consortium genomes contain many alkaline and neutral
phosphatases and a phytase (in BL) (Chapter 3.4.3). These enzymes catalyse the hydrolysis of
insoluble P compounds with the release of inorganic phosphorus, whitte im&in P form

available for plant uptake. However, previous studies demonstrated that the consortium
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strains were not able to solubilise phosphorous in the form of(l@@). in vitro (Hashmi,
2019) The solubilisation of tricalcium phosphate by rhizobacteria has been demonstrated to
be inversely poportional to the pH value at which the activity takes pl&Cao et al., 2018)

suggesting that acid phosphatases are more effective in this process.

Furthermore, phytases able to hydrolyse soil phytate to produce P, have been confirmed
to increase P availability in plants leading to fertilising eff@etsriguez et al., 2008Ylultiple
copies of the phytase cassette froAspergillus fumigatubave been introduced iBacilus
mucilaginousstrain DB, resulting in the 3646-fold increase of phytase activity compared to
the wild type(Li et al., 2005)

Based on tls evidence, room for genetic improvement of the P solubilising activities of
the consortium strains can be establishéthe introduction of genes encoding bifunctional
enzymes with botlacid phosphatase and phytase activities is an attractive strategy to improve
P solubilisation in microbes. Genes frdi coli appA and appA2 have been isolated and
characterized in liteature (Golovan et al., 2011; Rodriguez et al., 1998 enzyme AppA has
demonstrated pH optimum of 2.5, piease resistance, and high activityngvalues of 3165
U-mg'of protein for phytase activity and 712 U-thgf protein for acid phosphatase). AppA
and AppA2 were also expressed Michia pastorisshowing AppA2 higher affinity for
substrates like pardlitrophenylphosphate and sodium phytate at pH 2.5. These results make

the genesappAandappA2,good candidate for future tests and strain engineering.

ACC Deamination

Ethylene is a gaseous phytohormones that controls many aspects of plant development
andhas a fundamental role in plant response to stress conditions, such as high salt, presence
of heavy metals, excess of water and phytopathogen attibk amount of ethylene is tightly
regulated in plants, since its excess can trigger a cascade efiiméntal effects on plant
health(Gamalero and Glick, 2012; Vanderstraeten and Van Der Straeten, Rbizf)bacteria
have been reported to contribute lowering the ethylene levels and mitigating the related
stress response by biochemicakactions that modify the ethylene precursor- 1
aminocyclopropan€-carboxylate (ACC) (Figur@®.(Bal et al., 2013; Glick, 2014; Gupta and
Pandey, 2019; Kim et al., 2014)
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The functional analysis in this chapter (sectiob. ) suggestshat BL has the genetic
capabilityto convert ACQGo D! / / -glueamykranspeptidase in a reaction that requires
gluthathione and releases cyteinylglycine. However, this processd¢taleen validated or
reported in other rhizobacteria, but only in plantslartin et al., 1995; Peiser and Fa Yang S,
1998)

The vast majority of rhizospheitbacteria involved in ACC transformation is represented
by endophytic species and carries out ACC deamination by ACC deaminase (AcdS). The
reaction leads to the production of@xobutanoate and NdHAcdS has been heterologously
expressed in endophytic PGRiRe Serratia grimesiBXk(Tavares et al., 2018pphingomonas
faeni, Mesorhizobium cicestrain LMSL (Nascimento et a) 2012) Trichoderma asperellum
(F. Zhang et al., 2015Azoarcussp. CIRFernanded.lamosas et al., 202@nd Sinorhizobium
meliloti (Ma et al., 2004)The application afhesetransgenic bacterial formulations resulted

in improved plant growth under various stress conditions.

The current analysialso suggests that BL has the capability to establish itself as an

endophyte and cabe therefore considered a good candidate to express AcdS.



Gibberellins

Gibberellins (GAs) are phytohormones involved in many plant processes, including seed
germination, seedling emergence, stem and leaf growth, fruit and flower development, root
growth, root hair abundance, delay of senescence in plant or@aotsini et al., 2004; Fulchieri
et al., 1993; King and Evans, 2003; Pharis and King, 1985; Tanimota, 3@&netisd by
plants, fungi and bacteria, GAs represent a wide class of tetracyclic diterpenoids, of which only
four forms have been reported to be bioactive (G&A, GA, GA) (Bomke and Tudzynski,
2009; Salaza€erezo et al., 2018)

The precursor of the GAs synthesis pathway is Isopentenyl diphosphate (IPP), the 5
carbon building block for terpenoids and isoprenoids. The enzyme GGPP synthase catalyses
the reaction that transforms IPP in Geragg@ranyl diphosphate (GGPP), which is tinst
compound of the biochemical route for GAs biosynthéSalazaCerezo et al., 2018)n order
to produce GA bacteria and plants use a 12 steps pathway that is encoded by a nine CDSs

operon.

Figure 3.9 shows a schematic representation of the GA operoRIvizobium meliloti
which is one of the most studied GAsoducing bacteriungNett et al., 2017)GAs production
has also been reported to alleviate drought stress in maiz&zmspirillum spglLucangeli and
Bottini, 1997) to promote growth inOryza sativaby Bacillus amyloliquefacier{§hahzad et
al., 2016) to increase the fresh weight in peppers Bgcillus pumilu® Ddzi A SNNBT mal 3 SN
al., 2001; Joo et al., 2008nd to increasestem length and chlorophyll content in tomato

plants bySphingomonas s(Khan et al., 2014)

={cyp112 -I CYP114 4FDEA',+ SDRg. -|c'rP11_7 -| DS = CPS /-1 KS 4 IDI

Figure 3.2 Schematic illustration of the GA operon in Rhizobium meliloti. The operone is composed by nine CDSs
represented by the arrows (showing the transcriptionatiom): CYP, cytochrome P450skEerredoxin; SDHR
AK2NIOKIAYy | £t 02K2f RSKERNRISYylIaSkNBRAzOGI aST L5{X AazLl
d8yGKIaST Y{ZX SyildnilldnNByS aeyiKlIaST I gtfountib alEopiasa 2 LISy (iSy
of the operon in Rhizobium meliloti.

The heterologous expression of the pathway in bacteria has not been reported in the

literature. However, the amount of information regarding the bacterial CDSs and regulation,
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as well as the chr link between bacterial GAs biosynthesis and plant promotion have been
highlighted and make the pathway an interesting candidate for PGPR genome editing.
Pathways composed by various CDSs can be cloned by N\WWelwer et al.,2011) and
Bacilloflex(Wicke et al., 2017)which are synthetic biology tools (based on Golden Gate

technology) that allow the modular and hierarchl assembly of multiple DNA fragments.
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Chapter 4Bacillusconsortium activitiegn vitroandin vivo

4.1 Introduction

4.1.1 Plantmicrobe interactions in the rhizosphere

Plant and microbes have evolved mechanisms to communicate and c{®aistet al.,
2006b; Dodds and Rathjen, 2010; Whipps, 2081 xhe beginning of the plant life cycle, dry
seeds already constitute a microhabitat for microbes. The seed microbiota, inherited from the
mother plar, can be found in all the seed components, such as embryonic axis, cotyledons,
storage tissues and seed cqdbhnstoaMonje etal, 2 Mc T Ydzl YALF NI SO | f @3 HyJ
al., 2017)

Seed germination occurs upon water uptake which activates the plant physiology
(Copeland and McDonald, 2012}t this stage the germinating seed starts releasing nutritious
compounds that attract the microorganisms present in the surroundioi§ This particular
zone is callé spermosphere and is already characterised by incredible competition among the
recruited bacterigdChen and Nelson, 2012; Nelson, 20@Yccessful early col@aition relies
on the microbialability to move towards and efficiently utilise the seed exudate, as well as to

be able to adhere aw the seed coafKloepper et al., 1985; Ugoiji et al., 2005)

From an agricultural application point of view, the introduction of beneficial bacteria at
the spermosphere stage has resulted in particularly effective andlestgng PGP activities,
which include promotion of seed germination and seedling vigour, p¥atttogen
suppression and stress protectigdack and Nelson, 2018; Shweta et al., 2008; Verma and
White, 2018) Even at this early stage, plants and bacteria ar®lu@d in complex and
convoluted molecular dynamics, many of which have not been entirely elucidated yet. Seed
colonisation is such an important step thaétinfluences the progressive assembly of the

rhizosphere community around the roots and the plantwtio and yield.
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While the seed germinatg the root starts its development releasing a large quantity of
organic compounddn doing so, the plant is capable of altering the surrounding soil and the
inhabiting microbial communityMany ofthe compounds thatompose the exudate function
as microbial attractants, while others promote bacterial colonisation and biofilm formation
(for exampleorganic acids and indole derivativéBadri and Vivanco, 2009; Bais et al., 2006b;
De Weert et al., 2002; Oku et al., 2014; Roworth, 201@nglet al., 2014)

Bacteria are involved directly or indirectly in plant growth promotion via mechanisms of
biofertilisation and biocontro(Anand, 2017; Berendsen et,a2012; Chapelle et al., 2016;

Whipps, 2001)as already mentioned in previous chapters.

Eventually, the seedling grows ingm adult plant by developing roots together with
aboveground structures like stems, branches, leaves, flowers @ad the following
generation of seeds. Both belaground and abovground organs emit a range of intaand
intra-kingdom chemical signals specialised in communicating plant conditions like stress,
predation and nutrient availabilityvan Geem et al., 201.3Receptivemicrobes, that are
associated with all the plant organs, are therefore tuned in their PGP functions by their host

and at the same time tune plant physiology with their activities.

One example of this reciprocal influence is represented by the-tmshoot (R:S)
biomass partitioning, a commonly used indicator of the plant fitness | O1 2 @t | Yy R |
2018) Plants display a certain R:S plasticity by distribwiniggher proportion of biomass into
the shoot when growing in rich substrate to favour photosyritberoceses, while allocating
more biomasdo the root system to increase the uptake in nutrielimited media(Cambui et
al., 2011; Gedroc et al., 1996)owever, bacteria are able to strongly influence both root and
shoot development shifting the R:S paradigm and improving plant growth even in
unfavourable conditiongBelimov et al., 2007; Chu et al., 2020, p. 1; Gedroc et al., 1996;
Shaharoona et al., 2007; A. Wang et al., 2020)

Due totheir remarkable and convoluted association, microbiota and plant host are often
NEFSNNBR (2 Fta |y WK2f20A2y0QX | dzyAljdz2S Fdz
cause changes in the hologenome (the collective genomic content dhealindividual
members of the holobiontjAnand, 2017; Hassani et al., 2018; Morris, 2018; Rosenberg and
ZilberRosenberg, 2016)
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4.1.2 Distinctive microbiomes and model plant

Microbiomerecruitment has been shown to be a sophisticated and targeted process
that is influenced by several factors, such as seehe microorganismglohnstonMonje et
al., 2016) selective attractant or repellent capacity of the exudated molecules and their
diffusion into soilMoe, 2013; Scharf et al., 201@adri and Vivanco, 2009; Bais et al., 2006b)
and plant defence signallind>oornbos et al., 2012)he latter is of particular interest as the
plant immune system is implicated in the fine distinction between mutualistic, commensal
and pathogenic microbes that reach the resuil interface(Dodds and Rathjen, 2010; Jones
and Dangl, 2006)

In the last decadethe plant microbiome has been extensively investigated in model
plants likeArabidopsis thalian@ulgarelli et al., 2012; Koornneef and Meinke, 2010; Lundberg
et al., 2012)and staple crop species like g@ahiya et al., 2019; lannucci et al., 2013; Sapre
et al., 2018)rice (Bal et al., 2013; Ding et al., 2019; Jamali et al., 2020; Shenton et al., 2016)
and barley(Bulgarelli et al., 2015; Cardinale et al., 2019; Yao et al., 20B6%e studies have
made it possible to collect an incredible amount of information regarding mechanisms,
composition and functions of threcruited microbes in different experimental conditions.
Neverthelessthere are still many gaps in our knowledge of giant microbiome, particularly

in relationto plants of agricultural interestuch asregetable crops

In this research, the studiedlant was Brassica rapavar. parachinensis (B. rapaa
vegetable of Asian origins commonly known as Choy Bumapabelongs to theBrassicaceae
family, which als@ontainscabbage, broccoli, cauliflower and radish. Beside the agricultural
importance(70.13 million tonsper year,_, this family of vegetabkhas attracted research

interest for its cancepreventing propertiegHalkier and Gershenzon, 2006)

The Brassica vegetabiricrobiomeshave been sbwn to harbour a bacteri@ominated
microbiome and no arbuscular mycorrhizal fun@eranér et al., 2003; Rumberger and
Marschner, 2003) A recent study analysed the metagenomes of seven plants of the
Brassicaceae family, showing that plant genotype is the main driver of the assembly of the
microbiome communitfWassermann et al., 2014penes encoding bacterial myrosinasge (
phosphai -glucosidases were also mined from the metagenomes and found more
abundantly in rhizosphere and phyllosphere rather than in the surroundingMibsinases

catalyse the hydrolysis of glucosinolates (distinctive secondary metabolites produced by
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Brassicaceaefor defence) into products like isothiocyanates and nitriles that exert
suppression on nematodes and sbdrne fungal pathogenéCole, 1976; Granér et al., 2003)
In light of this evidence, it is clear thatvivoandin vitro analysef new PGPR consortia are

essential to establish their actual effectiveness on-noodel plants.

4.1.3 Tools tostudy plartmicrobe interactions

Experimental design is a crucial aspect in plant studies. Holistic approaches that aim at
the characterisation of the plant microbiome in its natural environment are often used in
ecology studieqCarrasco et al., 2020;aequard and Schadt, 2015; Pineda et al., 2017)
However, tlesetypes of experiments present many challenges due to the intrinsic variability
of the natural environment and sometimes constitutes an unsuitable setting for-state
research. In recentears, reductionist approaches have emerged as an effective way to break
down the interactions that occur within the plant microbiome withdbé unpredictable and
uncontrollable conditions. Factors like plant genotype, nutrient content and microbial
commurities can be controlled to remove some variability within the syst&mscontrol can
be achieved by the use of mesocosms, which are experimental tools tickdsena natural

environment under controlled conditions (Figure 4.1).

Beside pot experiments, this study a mesocosm named LEAP (Eixedation Assisted
Phytobiome) was usefEe, 2018)LEAP enablesresearcheto co-culture plant and microbes
as an holobiont and collect plant phenotype data in a-d@ruptive manner (details can be
found in chapter 2.5.5). Plant phenotyping provides quantitative data that constitute a
resourceful readout for plant fitness and physiold@ikbs et al., 2018; Martins et al., 2018;
Watt et al., 2020) In addition, at the end of the LEAP assay both microbes and metabolites
can be collected and analysed via metagenome sequencing and mass spectrometry,
respectively (chapter 2.5.7, 2.5.8 and 9)5.Therefore, this experimental setting makies
possible to establish correlations between plant phenotypes, microbial composition and

functions, and metabolites exchanged within the holobiont sys{Eigure 4.2)
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Figure 4.1 Different plant growth experimental settings. In field conditions, abiotic factors (like temperature, wind
and rain) and biotic factors (like insects, nematodes and other soil dwelling organisms) cannot be controlled. The
use of controlled chandss, like greenhouses or incubators reduces many of the variable factors, while
maintaining some variability in soil nutritional content and microbial population. The adoption of mesocosms
enableghe controlof most of the variables, by introducing cukkgrmicrobiome and specific types and quantities

of nutrients.
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Figured.2 Schematic representation of the LEAP mesocosm assay, samples collection and analysis.
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A. thalisna and two vegetable cropBrassica rapa subsp. parachineresisl Brassica oleacea
var. alboglabraEe, 2018)The plants were grown in the presence or absence ofohiome
that was previously retrieved from bulk soil or plant rhizosphere. Plant phenotype upon those
microbial inoculations was measured as root length and plant weight. In the presence of the
rhizospheric communityA. thalianashowed longer roots, whesas the vegetables showed an
increase in the fresh weight. The analysis of the microbiomes collected at the end of the assay
showed that the bulk soil microbiome profile converged to the rhizospheric one, suggesting a

strong influence of the plant on theommunity. The plant influence was also observed in the
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metabolomic analysis, in which root exudation patterns in the presence of rhizospheric

bacteria enumerated PGP metabolites, such as gibberellin and salicylic acid.

In this work, LEAP was adopted agpribvides the possibility to test different kinds of
bacterial treatments and collect a wide range of data. This resourceful tool was used to
preliminarily establish the effects and the activities of tRacillusconsortium (detailed in
chapter 3) on the gwth of the vegetable cro. rapa.Cocultures ofthe consortium and
indigenous microbiomes were also tested to study potential microtderobe interactions

and their involvement in plant growth promotion.

4.4. Purpose of the chapter

The main aim ofhis chapterwasto elucidate the effects of thé&acillusconsortium
application on the vegetable crdprassica rapa subsp. parachinen8articularly, phenotypic
data from LEAP assays and pot experiments will be described, as well as the analysis of
metabolite exchange between plant and inoculated microbes and metagenomic analysis of
the indigenous microbial community. All these experiments were carried out to answer two

principal sets of questions:

1. Can the consortium improvB. rapagrowth? Is the consdium more effective when
inoculated as a community rather than the individual strain inocula? Which are the

metabolites involved in consortiusplantinteractions? (Chapter section 4.2)

2. Are the consortium PGPR activities affected by the indigenous micne3ioNVhich
kind of metabolites are exchanged in these complex communities? (Chapter section
4.3)

The plant experiments described in this chapter were entirely carried out at the National

University of Singapore, in the Biology Department, Dr. Sanjay S@Qarup[ | 06 A Yy ! dz3c

and October 2019. | wasssistedoy Yong Liang Ee, Miko Pho Chin Hong and Irfana Nikhath in

the plant experiments and by Dr. Shruti Pavaghadi in the mass spectrometry analysis.
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4.2 Consortium effects oB. rapagrowth

4.2.1 Consortium effects on plant phenotype

In order to characterise the effects of the consortium inoculaBoassica rapgrowth,
LEAP assays were performe&AP is a mesocosm system that consists-aqultaring bacteria
and plant on an agar plaisee chater 2.5.5 for details)This assay enablelsd monitoring of
the earlyseedlingdevelopment andhe obsenation ofthe plant phenotype in the presence
of different bacterial inocula. LEAP settings facilitate plant measurements, such as root length
and plant weight, without disrupting the entirety of the plant organs. In addition, the
metabolites can be collected andnalysed to extrapolate information regarding the

metabolite exchange occurring between the inoculated microbes and the plant.

The first experiment wasonducted to determinewhether the three strains that
compose the consortium (BL, BT3 and BT7) are able to increase plant fithess when inoculated
together as a community rather thaasindividual inoculaFor the fresh weight fold change,
the data reported in figure 8.show aslightincrease in plants inoculedl with the consortium,
even though the difference between this treatment and individual strasnsot statistically

significant.

Effect of bacterial inocula on B. rapa weight

2.2

2.0 ~

1.8 A

1.6

1.4 A

1.2 A l L]
4

1.0 4

Fresh weight i fold change
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T T T
Control BL BT3 BT7 Consortium

Treatments
Figure 43 Effect of the individual strains and consortium inocula on théfremight of Brassica rapa. The plants
were grown together with the inocula in LEAP assay plates for seven days. After weight measurement the fold

change was calculated as (weight day ®eight day 0)/ weight day 0. The treatments were Control (PBS
solution), BL (Bacillus licheniformis), BT3 (Bacillus thuringiensis Lr 3/2), BT7 (Bacillus thuringiensis Lr 7/2) and
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Consortium (equal concentration of BL, BT3 and BT7). The box plots show the distribution of the data set. The
samples included three replicatefielbox identifies the integuartile range, i.e., the middle 50% of the data, and

the line within the box marks the median that is the wdata point. While the upper and lower whiskers are
determined by the higher and lower data point.

Data regarding thehange in the root apparatus length were also collected (Figde 4.
It is evident from the box plot that the LEAP assay favours the root development over the plant
weight. The absence of nutritious supplements in the mesocosm (veafar layer)
constitutes a driving force for the plant to increase the root appardtGshli et al., 2020; G.
Liu et al., 2018; Zhu et a2016) At the same time, this could also lead to an increase network

of plantmicrobes interactiongEltlbany et al., 2019; Lata et al., 2018)

In figure 44, the dda points related to the consortium treatment appear scattered and
the median value is similar to the contréi/hen the three strains armoculded separately

applyinga BT7 suspension appears énhancethe root development more than the other

two strans.
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Figure 44 Effect of the individual strains and consortium inocula on the root length of Brassica rapa. The plants
were grown together with the inocula in LEAP assay plates for seven days. The root length was measured and the
fold change was calculated as (root lehgiy 7¢ root lengthgay ¢/ root lengthgay o The treatments were Control

(PBS solution), BL (Bacillus licheniformis), BT3 (Bacillus thuringiensis Lr 3/2), BT7 (Bacillus thuringiensis Lr 7/2)
and Consortium (equal concentration of BL, BT3 and Bi&)ox plots show the distribution of the data set. The
samples included three replicates. The box identifies the-iutartile range, i.e., the middle 50% of the data, and



the line within the box marks the median that is the wdata point. While the uppeand lower whiskers are
determined by the higher and lower data point.

The R:S index for the different treatments is shown in figute Zhe three strains
inoculated together appear to have higher R:S than the strains individually. Moreover, the

consortium presents significant difference compared with the control (p= 0.0374).

Effect of bacterial inocula on B. rapa R:S ratio
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Figure 45 Effect of the individual strains and consortium inocula on the-tmshoot ratio (R:S) of Brassica rapa.

The plants were grown together with the inocula in LEAP assay plates for seven days. The shoot and root of each
plant were then weighed and the ratcalculated as root weight/shoot weight. The treatments were Control (PBS
solution), BL (Bacillus licheniformis), BT3 (Bacillus thuringiensis Lr 3/2), BT7 (Bacillus thuringiensis Lr 7/2) and
Consortium (equal concentration of BL, BT3 and BTi&.box plts show the distribution of the data set. The
samples included three replicates. The box identifies the-quiartile range, i.e., the middle 50% of the data, and

the line within the box marks the median that is the wdata point. While the upper and l@aw whiskers are
determined by the higher and lower data point. The lcaese letters on the boxes indicate statistical significance
between treatments. The values were calculated by analysis of variance ANGWAyoaed post hoc Tukey test

with p value at-off 0.05.

4.2.2 Metaboliteexchange amongonsortium and plant
In order to investigate the chemicalommunicationbetween plant and different

microbial inocula, the metabolites were collected from the LEAP assay. After seven days, the

metabolites were extracted from the membranes and the roots to be analysed at the MS type
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1 (details in Chapter 2.5.7 and 2.5.8). Téands of features were detected for each sample
(Table 4.1).

Table 4.1 Metabolites detectdd samples collected from LEAP assay with different bacterial treatments (BT3,
BT7, BL, Consortium, Control). Control is constituted by PBS, that is also thadmaffer prepare the bacteria
inocula. Three replicates per treatments were used. The metabolites were takerofstbamd membrangand
analysed by Mass Spectrometry type 1. The peaks detected were firstly analysed using Progenesis QI.

Treatment Rootmetabolites Membranemetabolites
BT3 6408+1035 4863+147

BT7 54124390 4883+39

BL 7142+180 51144325

Consortium 6852+354 5003+237

Control 67391231 4822+210

The scatter plot in figure @reports the metabolites detected from. raparoots treated

with no bacteria(Control sample)
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Figure 46 Metabolite features detected from Brassica rapa root samples in the absence of bacterial inoculum.
The samples were analysed at MS type 1. On the x axis the metabolite retention time (minutes) is reported, while
the y axis shows the mass-charge (m/z).
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The data were analysed by Progenesis QI and then subjected to statistical analysis to
identify the metabolites differentially present isamples fromplants treated with the
different inocula (Control, BT3, BT7, BL, Consortium). The root samples hadfeédntial
metabolites, while the membrane samples presented diferential metabolitesThe server
MetaboAnalysihttps://www.metaboanalyst.cajvas used to infer pathways from the ranked
list of MS peaks identified by untargeted metaholgs (more details in chapter 2.5.7)In
particular, the picko-path module was used selectirap referencesBacillus subtilisand
ArabidopsighalianaKEGG librarieIhe complete list of results can be found in the appendix

A.15 (root metabolites) and AGXmembrane netabolites).

For the root metabolites, only 94 features found significant hits with components of 51
pathways fromArabidopsis thalianandBacillus subtili&KEGG pathway libraries (Table S.4.1).
The scatter plot in figure 4.shows the differential metaldes found in root samples with

hits in the KEG@&. thalianapathway library.

Figure 47 Differential pathways among control, individual strain and consortium inocula. Metabolites were
extracted from plant roots after sevatays LEAP assay. On the x axis, the enrichment factor represents the
number of hits within the pathway library (KEG&abidopsis thaliana). On the y axisgio(p value). The scatter
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