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Resumen

Los enddfitos bacterianos que promuevearetimiento de las plantas o PGPBE se consideran el
futuro de lodioestimulantes en plantas, con bassieimnegable ventaja sobre los microorganismos
epifitos que se aplican cominmente para mejorar la nutricion y protecciéon. Sin embargo, la
investigacion actual de estos microorganismos asociados a las plantas tiene deficiencias en relacion
conla influenciadelas estrategias de cultivo y de fioemulacion con la subsecuente capacidad de
colonizacion de plantas. Ademas, todavia no se ha abordado la influencia de las condiciones de
cultivo y el estrés osmético en PGPBE sobre la capacidad de solubilizacitsfo®. Esta
investigacion doctoral tuvo como objetivo mejorar la capacidad de la cepa PKd#BEonia
radicincitansDSM 166586 para colonizar plantas, solubilizar fosfato y favorecer la supervivahcia
secado durante la formulacion. La estrategia yeclel preacondicionamiento de las células con
osmeaadaptacion, acumulacidn de hidregitoina y posterior encapsulacion de las célutidizando

pectina amidada. Los resultados demostraron qudelustipos halotolerantes de las bacterias
proporcionan unanotable influencia positiva en la superviven@ secado y aumentan
aproximadamente en 3 veces la capacidad de colonizacion de la raiz, o que respalda los efectos de
la promocidn del crecimi¢o en plantas de rabano hastaldigl% en la materia fresdas asi como,

el preacondicionamiento condujo a un aumento del 23,1% en la capacidad de solubilizacion de
fosfato in vitro al afectar positivamente la produccién de fosfatasas acidas. Masleala
acumulacion de hydrogctoina, este trabajo proporcionddencia que poya la nocion de que la
hydroxiectoina puede producir cambios significativos en el metaboloma endéger¢. de
radicincitans DSM 16656 durante la fase de crecimiento exponencial en salinidades altas. Los
cambios metabdlicos incluyen alteraws en el ciclo del &cido tricarboxilico, nesimtesis de
metabolitos intracelulares especificos como manitol -imasitol y trehalosa, y cambios en los
aminoacidos como deucina, l-asparagina, iserina, L-metionina y Lprolina. El significativo
cambiode 11,07 veces de-dspartato sugiere un potencial proteoma 4cido en salinidades altas, lo
gue amplia el conocimiento de las bacterias enddfitas bajo estrés salino. Ademas, las baeterias pre
osmoadaptadas formuladas en capsulas secas de pectina amidadtarammen 10 veces la
capacidad endofitica y la eficacia como promotor del crecimiento de plantas de bép@no
condiciones de invernaderbambiénlos agregados bacterianos formados durante la activacion de
las capsulas juegan un papel esencial egtégEas tempranas de colonizacion. Estos hallazgos ubican

la respuesta metabdlica al estrdmsay la acumulacién de hidreegtoina poK. radicincitansDSM

16658 en un contexto fisioldgico, allanando el camino hacia la interaccion entre el fenotipo celu
asociado con la tolerancia al estrés salino y la capacidad de supervivencia de los endéfitos Gram
negativos. Por ultimo, esta investigacion proporciona informacion para compregdio elelos
enddfitos bacterianogre-acondicionados @movilizados asi comosus mecanismoslurante los
primeros establecimientos de colonizacion de plantas, alentando la integracién de las estrategias de
fermentacion y formulacién para explotar las bacterias endofiticas.

Palabras clave: Endoéfitos bacterianos;encapsulamiento pre-acondicionamiento solutos

compatibles; apsula de pectina amidada.



Abstract

Plant grovth-promoting bacterial endophytes or PGPBE are considered the future of plants
growth biostimulators, based on their undeniable advantageousr epiphytic
microorganism commonly applied to enhance host plant nutrition and protection. However,
current research of these plastsociated microorganisms has deficiencies concerning
cultivation and prdormulation strategies on further bioactivity @n endophyte. Besides,

the repercussionf cultivation conditions and osmotic stress in PGPBE -@olBbilizing

ability has not been yet addressed. Through the strategy fmppdioning of cells with
osmoadaptation, hydroxyectoine accumulation and a further encapsulation of cells in
amidatedoectin beads, this doctoral research aimed at enhancing the capacity of the PGPBE
Kosakonia radicincitansDSM16656 strain to colonize plant seedlings, solubilize
phosphate and support the drying survival during formulation processing. Here, it was
demongrated that halotolerant phenotypes of bacteria provide a remarkable positive
influence on drying survival and aboufdd increased the plant endosphere colonization
capacity, supporting growth promotion effects in radish plants up to 41.1 % in the fresh
matter. Interestingly, the pi@nditioning lead to an increase of 2328 in thein vitro
phosphate solubilization ability by positively affecting acid phosphatases production.
Beyond the accumulation of hydroxyectoine, this work provides evidence suagpkbe

notion that hydroxyectoine can produce significant changes in the endogenous metabolome
of K. radicincitansDSM166568 during the exponential growth phase at high salinities.
Metabolome changes include alterations on tricarboxylic acid cyclegsynthesis of
specific intracellular metabolites such as manniteycinositol and trehalose, and up
regulationon aminoacids such as-leucine, L-asparagine, iserine, l.methionine and L
proline The significant 11.07old change of Laspartatesuggests gootential acidic
proteome at high salinities, extending the knowledge of traits foissa$ed bacteria
endophytes. Likewisepreosmoadapted bacteria formulated in amidated hydrogel pectin
dried beadsl10-fold increased the ability to multiply endophytically and the efficacy as a
plant growth promoter in radish plants. Gtalgged bacteria approach revealed that bacterial
aggregates formed during the-hrgdration of beads play an essential role in early
colonizaion stages. Overall, these findings place the metabolic salt stress response and the
hydroxyectoine accumulation Il radicincitansDSM16656 into a physiological context,
paving the way into the interaction betwéleacellular phenotype associated wathlt stress
tolerance, and drying survival capacity of Grapgative endophytes. This investigation
provides insights for understanding tseiccess of preonditioned andimmobilized
bacterial endophyteslso their mechanisnakiring early plant colonizein establishments,
encouraging the integration of fermentation and formulation strategies for exploiting
endophytic bacteria.

Keywords: Bacterial endophytes; encapsulation; -poaditioning; compatible solutes;
amidated pectin bead.
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Introduction

Microbial diversity is sggested as an essential asgectplant and human health. Plant
biostimulants offer one way to directly counteract global concerns for ensuring sustainable
and ecefriendly food supply. Within the frame of global population increment issues, and
environmental concerns associated whlemicaibased products in agriculture, the interest

in plant biostimulants has arisen. Inside the pheostimulants, the plant growgbromoting
bacterial endophytes (PGPBEs) hapkayed a crucial role in scigfic motivation for

establishinghem as aeal alternative.

The stimulation of plant growth and yield improvements by PGPBEs have been reported on
laboratory, greenhouse and field level in several plant spg#sna and Nath 2015; Lally

et al. 2017; Vermaet al 2018) A well-studied PGPBE iKosakonia radicincitans
DSM16656 (syn. Enterobacter radicincitar)s(Brady et al. 2013b) which endophytic
preferences in plant tissue have been demonst(ieedpferet al 2005b) This bactda

can stimulate the growth in a range of plant host and nutrient u(®akelzSeidel and
Ruppel 1992; Schillinget al. 1998; Ruppeét al 2006; Bergeet al 2015) Although these
high-adapted bacteria strains pose such remarkable propéniesajority of scientific
efforts have used fresh cultivated cells before evidence biological benefits, without a
formulation approach and phenomena esged during plant interactio(Bergeret al.

2015; Garima and Natl2015;Bergeret al.2017)

In brief, the main restrictions for marketing these-ftimmulants based on endophytic
bacteria are the requirements for high technical expertise in the active ingredient mass
production and the formulatiodrying issuesfor determiningthe best delivery systems

(Ryanet al.2008; Basharet al 2014) Additionally, it is becoming essential to understand
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the relationship of these both bottlenecks with the persistence, chemotactic and plant

colonization abity (Lodewyckxet al.2002)

Relative few studies have focused on the culture media design in the world of bacterial
endophytegNour et al. 2012; Youssett al. 2016) and most of them aiming only at the
plantassociated bacteria isolati(feeverset al.2015) In particular, he mass production of

K. radicincitansDSM166568 by submerged fermentation and the effects on the culture
media and scaled mass production process has not been widely addressed, so there are more
guestions than answers. Thus, the best possible scendadodavelop a liquid culture

medium allowing efficient economic microorganism productibat can provide stable and

more extended biological activity prior to formulatiapplication procedures.

The increasing interest in the bacteria endophytes exjpboitdowards the inoculants
developments requires the cultivation strategies and delivery systems approaches
integration. Most of the PGPBEs aK. radicincitans DSM16656 are Grannegative
bacteria, which downstream processing operations produce lethetisedin cell viability.

Thus, formulatiordrying processes provide challenges that limit the adoption of these
endophytes in agriculture. Few studies regarding formukatigimg processes of Gram
negative bacteria endophytes are available in the literaDaspitehe lack of information,
reviewson bacteria with agriculture interest on biocontrol and biofertilizaBmmaterraet

al. 2007; Cabrefigat al. 2014) suggest that the osmoadain is a potential alternative

for protecting cells against drying processing.

Among formulation strategies for Gramegative PGPBs, the encapsulatindlscen
biopolymeric materials ismergng as a promising alternativEhe immobilizatiorfocuses

mainly on increasing their tolerance against biotic and abiotic factors, such as antagonist or
drynesgVemmer and PateP013; Krel, JakobsSchoenwandt, Persiclet al.2018; Kell,
JakobsSchoenwandtyidal et al. 2018) In particular, the encapsulation of Graragdive
PGPBEs has used alginae a polymeric materialLally et al 2017; Azizet al. 2018;
Grobelaket al. 2018) However, the alginatsystems benefits are contradictory, and the

study of other natural polymers is required.



Pectin astructural planivall polysaccharideomponent may mimic natural conditions that
support endophytic behavior. The pedbimsed systems for endophytes have been rarely
studied (Krell, JakobsSchoenwandt, Vidalet al. 2018) nonetheless the potential
exploitation of pectin aBGPBEscarrier remains unexploredltogether, encapsulation in
pectinbased beads is proposedagdatform for applying bacterial endophytes.

For ensuring drying survival, osmoadaptation and compatible solatestbeen used as
strategies for protecting bacteria in the food indu&sales2004) However, this approach
has not been studied on integrating cultivafiemmulation processing in PGPBESs. Besides,
pre-conditioning and its influence on endophytic biological signature aagthosphorous
solubilization arainexplored. Noteworthy, metaliohetworks modifications in endophytic
baderia comprise a black box. Sihe metabolic profiling alterations upon osmotic stress
and compatible solutes supply are unknown for Gnagative bacterial endophytes and
knowledge regarding the potential beteff preconditioning are lacking. Summarizing,
the bacterial endophytes anhydrobiotic engineering and formulation techniques are
demanding field of studies for ensuring the adoption of these beneficial microorganisms
(Garcig 2011; Santoyet al.2016)

The research work proposes as the central hypothesis that integrating the culture medium
design including precorditioning of cells and the formulation by encapsulationKof
radicincitansDSM16658, the endophyte can improve its resistance for drying, maintaining

its ability to promote plant growth (Radish as plant model), supporting the endophytic ability

and phoshorus solubilization.

Preconditioning step includes the use of osmoadaptation and the accumulation of
compatible solutes. It isypothesizegdthat providing exogenous compatible solutes during
the adaptation at high salinities in culture media may synergistically influence the
phosphatase enzymes &f. radicincitans DSM16656, enhancing its physiological
machinery for phosphate solubilizatiomdesubsequent plant colonization activity. Besides,

cells drying survival could improve by using this approach. The primary assumption is based
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on the preconditioning by osmotic stress that mpyotect bacterial cells by shifting
metabolic profiling, proiding the accumulation or synthesis avantageous metabolites.
Likewise through encapsulation in polymeric materials such as amidated pectins, the

protection of cells and the endophytic establishment could increase.

Objectives of this research

This doctoral research aimed at extending the knowledge for @emative bacterial
endophytes, regarding the grenditioningformulation relationship processes with further

plant establishment.
The threanain objectives are:

1 Toidentify the parameters in tfermentation and preonditioning processes for the
endophyteK. radicincitansDSM16658, which provides the increase of biomass
yield and the resistance to the desiccation.

f To develop a formulation based on the endopliyteadicincitansDSM16658 that
protects the active principle from the drying process and maintains therhiltzsit
capacity as an endophyte.

! To reveal the metabolic profiling response Kif radicincitans DSM16656 to
osmotic stress and compatible solutes supply that supportgdsyirvival and

endophytic performance.

The investigation with. radicincitansDSM16656 will comprise three main phases: the
fermentation, the formulation and the efficacy test under controlled conditions.

Synopsis of the chapters

The documenhcomprisesseven chapters. InHapter 1 is addressingate of the art for
bacterial endophytes, and the challenges for their adopticdinding the cultivation and
delivery systems developmer@hapter 2 discusses the assessments carried out to define
culture mediaphenotypic fingerprintand to elucidate the sources of the most riavie
nutrients for thé. radicincitansDSM16656 cells proliferation. In Chapter 3, it is provided

evidence regarding that halotolerant bacterial phenotypes increase thmlomiting



capability, the phosphatolubilizing ability and the endophytic establishment. To
circumvent deleterious effects of drying, Chaptdodusses on the pfermulationresearch
aiming at providing desiccation tolerance to the endophyte by an osmoadaptation and
compatible solute inclusion procedure. The formulation prototype selection and the efficacy
as delivery systems of the endophyte in a radish plant system argsgidén Chapter 5. To
understand why the pi@nditioning of cells as an anhydrobiotic engineering strategy
provides benefits on drying survivahd colonization capabilities, a metabolomics approach

is presented in Chapter 6. Finally, Chapter 7 dealth whe conclusions and

recommendations that emerge from the research.

The patrticipants in this project comprise competent institutions such as Leibnitz 1IGZ and
Bielefeld Applied Sciences University in Germany, as well as AgrosavidJaiversidad
Nacionalde Colombia, which guaranteg uniquely strong consortium to address the key

issues.
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1.1 Increasing the plant performance in agriculture

World agriculture in the 21st century will face three major challenges: how to feed a growing
world population, how to contribute to reduciting prevalence of rural poverty, and how to
decrease the negatives effects on natural resources. Concerng ange&sing crop yields,

due to limited suitable soils and water resources available for crop production, the cost of
chemicalfertilizer inputs, and the decline of crop yields globally, climate change, and the
arisingof environmentaprotection securityNutrient eficient plants will play an essential

role in solving these issues in modern agricul{ii@geriaet al. 2008; Webb and Buratini
2016) Humanactivity is having a notorious global impact on the ecosystems, fuelled by a
rising world population thatauld reach 10 billion by 2056n this regard, during the last
decades, mch research has been focused on maKkurther improvements and the
developnent of innovative strategies. Among these approaches, the green farming and bio
productsbased inoculants address a demanding contribution for increasirigescty

agriculture performance.

Plantassociated microorganisfulfil | essential functions fglant growth and health. These
microbes improve nutrient acquisition, hormabatimulation and plant defensmechanism.
Microbial inoculants based on these beneficial microt@sprise a milestone for enhancing
agricultural biotechnology. The annualogith rate by 1012% market for microbial
inoculants, convert this topic into a worldwide tre(Berg 2009; Calvoet al. 2014)
Regarding their modes attion, these bitvased products can be biofertilizers, biopesticides,

phytostimulators and plant [somulants.

A plant biostimulant is any substance and/or microorganism whose function upon application
to the plants or rhizosphere is to stimulate natrefficiency acquisition, tolerance to abiotic
stress, and crop quality traif€alvo et al. 2014) In general, the future succes$
biostimulants requireinterdisciplinary research on mga®duction, formulation, signialg

with the plantenvironment in combination with education and business management.
Altogether, the biostimulant development offarpromising and ensenmentalalternative

to cope withthe growing concerns in modern agriculture. Hence, new trends have arisen on

these plant biostimulants based on exploiting a type of-pksstciated microorganism called



endophyteg¢Ryanet al.2008; Santoyet al.2016; Khaksaet al.2017; Le Cocq et al. 2017;
Mei et al.2017)

Endophytes are bactefiacluding actinomycete) or fungal microorganism which spends the
whole o part of its life cycleolonizinginter and/or intrecellular healthy tissue of host plant.
They can be isolated from surfadisinfested plant tissue or extracted from inside the plant,
commonly causing no apparent symptomshefdiseasg¢Hallmann, QuadHallmannet al.
1997; Tan and Zq2001; Santoyet al 2016)

1.2 Bacterial endophytes: General considerations

Plant growthpromoting bacteria or PGPBs have been described in the last decades by their
favorable effects on plants biostimulati@ompanet al 2010; Santoyet al.2016) PGPBs

can directly facilitate the growth of plants by nitrogen fixation, the production of
phytohormones and siderophores, the solubilization of phosphorus or indirectly by
preventing the incidence of plant pathogens or by improving stress resif&inteand
Bashan1997)

Within the PGPBs, we can distinguish two large groups, thelshizeria which live nedo

the roots, and the endophytic baizewith the ability to colonie plant tissues, and even live
as free cells in the sdiLacava and Azeved@013) Historically, endophytic bacteria have
considered being virulent plant pathogebst during the last two decades, discoveries
demonstrated several beneficial effects on host pldfs.both types of PGPBs, the
mechanisms of growth promotion in plante gractically the same. Nevertheledise
significant difference that endophyti€PBs present in comparison to rhizobacteria is once
they established within the tissues and organs, they do not affect by soil vaGalilssdss,

pH, water content and competitivenes#th armother microorganismetc.) which on the

contrary can influecethe rhizobacteridirectly.

Altogether, the scientific interest has undoubtedly turned towards the endophytic basteria,
demonstrated with the increment of publications year by year regarding these topics (Figure

1. 1), related to their physiological characteristics and the symbolic relationship with the
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plant, being potential active ingredients for the new generation of plant biostimulants
(Santoyocet al.2016)

Figure 1-1: Evolution of the number of scientific publications during the last two decades

regarding bacterial endophytes and related keywords [source: Web of Sciences]
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Among the plant biostimulants exishe biofertilizers. According tqVessey 2003) a
biofertilizer is a subsince which contains living microorganisms which, when applied to
seedplant surfaces, or soil, colomig the rhizosphere or the interior of the plant and promotes
growth by increasing the supply or availability of primary nutrients to the host plant.
Currently, the demand for microbial biofertilizers is increasing worldwide owing to a higher
degree of environmental awareness, the increasing number of laws protecting the
environment, and the evexpanding demand for edoendly productgGarciaFraileet al.

2015) The market for biofertilizers is expected to reach 1.88 billion dollars by 2020awi
growth rate of 14%. Neverthelegbe largest share in the market focuses on genera such as
Rhizobiumsp., Azotobactersp. Azospirillum sp. and phosphorisolubilizing bacteria,
mainly Grampositive that can form sporé&arciaFraile et al. 2015) (Table 1.1). In this

way, the gap that exists for Gramegativeusageand endophytic bacteria is considerable, but

at the same time promising in the contexaddptingbiofertilizers.
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In particular, the plant growtpromoting bacteria endophytes (PGPBES) promote the growth
of plants through nitrogen fixatiqiReiset al.2001; Sevilleet al.2001; ReinholeHurek and

Hurek 2011) the solubilization of phosphor@germaet al 2001; Wakeliret al.2004) the
siderophoreproduction(Vermaet al 2011; Rungiret al 2012)and by preventing infections
secreting antibacterial and antifungal aggResenblueth and ManezRomerq 2006)
Besides, by establishing the systemic resistance of the plant and the production of
phytohormones such as indole acetic acid and cytok{Rinila et al.2004; Compangét al

2010) Noteworthy, endophytic bacteria can improve #iaglity of plants to remove

environmental pollutiorfDoty, 2008)

Unfortunately, in many cases the PGPBEs fail to induce the desired effects when applied in
the field, due to the competition with other microorganisms in the rhizosphere aadseitits
deficiency in the colongation of the plant, this beirgycriticalstep to guarantee the beneficial
effects(Lugtenbergetal. 2001; Santoyet al.2016)

It has been reported that endgpt bacteria are more speciaa than rhizobacteria, being
more effective in their interaction with the host pléili et al 2014) Unlike endophytic

seed bacteria that are already established since germin@temdoim et al. 2012)
endophytic PGPBs use different mechanism®riter endoplant habitat. Mainly through
wounds in the roots, lateral fractures or intact epidermis, caused naturally by the growth of
the plant(Sprent ad de Farial988; Santoyet al 2016) Endophytes appear to actively
penetrate plant tissues using hydrolytic enzymes like cellulase and ped¢tizdiseann,
QuadtHallmannet al. 1997) Another importantimechanisms facilitating by root tissue
fractures along with the drainage of metabolites, causing active sites of attraction for the
rhizobacterigHallmann, QadtHallmannet al. 1997; Kandekt al. 2017) Other entry sites

for endophytic PGPBs include damaged stomata particularly in the leaves or young stems
(Jameset al.2001) lenticels present in the periderm of stems and r(iRiszaet al 2011)

aswell as during theadiclesgermination(Adams and Kloeppe002)
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Table 1-1: Examples of commercially available biofertilizer products baseplant growth
promoting bacteri@GPBgGarciaFraileet al. 2015)

Product Company Bacterial strain
Cell-Tech® Novozymes Rhizobia
Nitragin Gold® Novozymes Rhizobia
TagTeam® Novozymes Rhizobia +Penicillium bilaii
Nodulator® BASF Canada Inc. Bradyrhizobiumaponicum
Vitasoil® Symborg PGPB consortia
Biomix® Biomax PGPB consortia
Nitrofix® Labiofam S.A Azospirillumsp
Azotobacterin® JSC Azospirillum brasilense 8485
EVL coating® EVL Inc. PGPB consortia
Life® Biomax PGPB consortia
Biozink® Biomax PGPBconsortia

In general, the main restrictions for the commercialization of biofertilizers based on
endophytic bacteria worldwide are related to the requirements of the technical experience in
the mass production of the active principle, its efficient fdation and the maintenance of
biological activity, with a view to developing the best delivery sygleawava and Azevedo,

2013; Santoyeet al 2016) Typical liquid and solid formulation for PGPBEs are applied
using technics such foliar spray, seed coatings, slurries or soil amendment (Figure 1.2)
(Bashanet al 2014; Santoycet al. 2016) Nevertheless, it is increasingly important to
determine the influence of biotic and abiotic factors on thesyproduction of endophytes,
including desiccation stresses during formulation and further application (Figure 1.2).
Besides, it is essential the understanding of their relationsitip clvemotaxis and plant

colonization(Kandelet al. 2017)
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Figure 1-2: Schematic representation of the main processes involved during the mass

production, brmulation and application d@fofertilizers based oRGPBs or PGPBEs.
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1.3 Bacterial endophytes as plant growth promoters

Estimations suggest that the planet contains about 300,000 species ofydlatitshe vast
majority contain a hyperdiversef endophytegSmith et al. 2008) Among these plant
associated microorganisms, bacterial endophytes can promotgpiauth by eithedirect

or indirect mechanisms. Direct influence on plant development occurs when a bacterium
either facilitates the uptake of essential nutrients or modulates the hormones within the plant.
Essential nutents include nitrogen, phosplusrand iron. In theaseof hormones, PGPBE

can synthese phytohormones such as auxin, cytokinin and gibberellin. Some endophytic
bacteria can modate ethylene levels by synthdsig the enzyme,-aminocyclopropand-
carboxylate (ACC) deaminase, that cleaves the compoui@ &€ precursor of ethylene in
higher plantfBacon and Wite, 2016; Santoyet al.2016)

Indirect mechanism of plant growth promotion takes place when a PGPBE decreases the
deleterious effects on plants following infection with a phytopathogen. This commonly
occurs bythe antagonistic abilities that some PGPBEs have, including the enzymes
production secretion of antibiotics, bioactive substances and the induction of systemic

resistance in plants, inhibiting the pathog®assitsclet al 2004; Bradeet al 2014) Table
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1.2 sumnarizes a selection of studies relatedbawterial endophytes (PGPBE) and their

influence on the performance of different crops.

Table 1-2: Selection ofstudies regardg the efficacy of plant growthromoting bacterial
endophytes (PGPBE)

PGPBE PGP mechanisms Crop Reference
Enterobacter spstrain  Carbon source utilizatior Poplar trees (Taghaviet al. 2009)
638
K. pneumoni&42 Nitrogenfixing Maize (Riggset al 2001)
Pantoea agglomerans P-solubilizing Peanut (Taurianet al 2010)
Pseudomonas sp Organic acid releasing Peas (Oteinoet al.2015)
B. subtilisNA-108 Indole-3-Acetic acid Strawberry (Pereiraet al 2012)
(IAA) producing
Pseudomonas sp Indole-3-Acetic acid Sugarcane (Pirhadiet al.2018)
(IAA) producing
B. subtilisDS-178 Siderophore productien Wheat (Singhet al 2018)
Zinc solubilisation
Ensifer spCA-14 Nitrogenfixing Leguminous (HernandezHernandezt
Ormosia al. 2018)
macrocalyx
Burkholderia sp. Indole-3-Acetic acid Blueberry (Ortiz-Galeanaet al. 2018)
(IAA) producing
Bacilus sp. Cellular redox balance, Apple (Tamosiuneet al.2018)
Proteins expression
Serratia grimesiBXF1 ACC deaminase Bean (Tavareset al.2018)
Streptomyces spp.  Induction of plant defens:  Sorghum, (Pael et al.2018)
wheat
Bacillus thuringiensis Increment of poline Chickpea (Egamberdievat al. 2017)

NUU3 contents
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1.3.1 Kosakonia radicincitans DSM16656"
The recently named bacteriugosakoniaradicincitansDSM16656 (Brady et al. 2013a)

formerly Pantoea agglomerans,is an endophytic bacterium belonging to the
Enterobacteriaceatamily. Kosakoniain honor of the taxonomist Y. Kosako and the epithet
radicincitansfor radixi icis roots andncitantsmeans plant growtpromotion(Bradyet al.
2013a)

Up todae, four genomes df. radicincitansstrains have been completed and publisked:
radicincitans DSM166568 from wheat (5CA 000280495 (Witzel et al. 2012) K.
radicincitans GXGL-42 from maize GCA_001887675]t K. radicincitans UMENt01/12
from banana GCA 0006912051 (Suhaimiet al. 2014) and K. radicincitansYD4 from
Yerba mateGCA 000877295 Ji(Bergottiniet al.2015) The scrutiny othese genomes has
clarified the results found in inoculated crops upon their utilization. H&agadicincitans
have genes involving on nitrogéming encoding fotwo different nitrogenasd&kandjoet

al. 2018) the organic phosphate mineraliion, siderophore production, auxin efflux carrier
ard dissimilation of nitrite and nitrai@Vitzel et al. 2012; Bergottinet al. 2015)

K. radicincitansDSM16658 strain is a facultative isolate thategents motility with short
spherical rods, with a length of 8182 um and widtlof 1.0-1.6 um(Kampferet al.2005a)

On one hand, this Gramegative bacterium can increase the growth and yield of different
crops such as wheditrfticum aestivurj) maize Zea mayp tomato Solanum lycopersicum
and radishRaphanus sativisamong otherRemuset al.2000; Kreyet al.2011; Bergeet

al. 2015; Bergeret al. 2018) On the other hand, it can colorizphyllospheres and
rhizospheres, and survive in plants internal tisgiResnuset al. 2000) K. radicincitans
DSM16656 can fix nitrogen(Ruppel and MerbagH 995; Ekandjcet al. 2018) solubilize
tricalcium phosphatéSchilling et al. 1998) produce phytohormones such as auxins, indole
acetic acid (IAA), and cytokinins such as-¢@pentyladenosine and N€opentyladenine
(ScholzSeidel and Ruppgell992) This endophytic bacteriurban mediate antierbivore
defeng (Brock et al. 2018)and glucosinolate profile iArabidopsis thaliangBrock et al.
2013) alters the plant secondary metabolite compositienuaiferous vegetabléSchreiner

et al.2009)and even product quality in tomatB®ergeret al 2017) These features provide
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to this bacterium endophyte a remarkable bioprospection for applying it as an active

ingredient in biofdilizers or biestimulators in crop production systems.

The Leibnitz Institute for ornamental crops (IGZ) in Germany has extensive studies with the
endophytic strairk. radicincitansDSM16656. However, as with other endophytes, their
results are neitheepetitive nor reproducible when the microorganism is cultivggadtoyo

et al 2016) In addition despite the potential use Kf radicincitansDSM16656 as a
commercial biestimulator, this Grammegative bacterium presents a low resistance for
drying and their benefits have only demonstrated mainly with frakivatedcells (Berger

et al.2018) Henceaiming atdevel@ging a formulation based on this promising bacterium,

it is necessary to overcome aspects related to the formutityorg process and the stability
during storage, which are highdemanding in order to maintain the viability and the

biological benefit®of the bacteria.

1.4 The role of formulation in the utilization of endophytic
bacteria

It is frequent that outcomes obtained at laboratory or glasshouse conditions are not easily
transferred to the fieldparticularly when dealing with Gratmegative, noBsporulating
bacterid endophytes. Lacking sporésrming ability, they are more susceptible to
deleterious factors occurring during processing and field applicéSantoyoet al. 2016;

Mei et al. 2017) Therefore endophytic Grammegative bacteria require convenient,
protective formulations to support their efficiency at the target site and to assist the practical

use by farmergBasharet al.2014; Berningeet al 2018)

Effects caused by downstream processes, such as formulation and drying, arthamuwgj
damaging factors for the viability of endopityPGPBs. Drying is used f@ranulates and
powders, and is necessary prior to the storageedirhl productln general, lhe formulates
based onendophytes, including PGPBs, seeks to increase the establishment of
microorganisms in the soil andthin the plant, trying to increase their beneficial effects by
favouring the penetration and colonization of the host plant tissue, reducing costs through
decrease of the doses anddpelicationfrequenciegLacava and Azeved@013; Kandekt

al. 2017) Historically, biofertilizers distinguish five types of formulation such as the use of
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carriers (e.g.peat, talc, activatedacbon), granulates, liquid formulations, dry inoculants
(e.g., ®il, powders) and cell immobilaion (Hermann and Lesuep2013; Mahantyet al.

2017) Figure 1.3 is summing up the type of formulations and delivery strategies for bacterial
inoculants in agriculture.

Figure 1-3: Overview of application techniques for bacterial inoculants in agriculture
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Source: Adapted froBerningeret al.2018

The application techniques fdhe inoculants are closely related to the culture and
formulation strategy. The understanding of the relationstepsers thefforts in this field

into theendophyteplantrhizosphere triangle, to generate the best formulation strategy and
mode of deliveryfor the endophyteA large number of parameters that can vary in the
formulation process and that can also significantly influence their viabilityoaoidgical

activity makes it difficult to identify the ost critical factors. Neverthelesgssential
parameters that intervene in the formulation process are considered: the growing conditions,
the composition of the immobibgion matrix and the dryingpcesgHerrmann and Lesueur

2013; Lacava and Azeved?013; Mahaty et al.2017)
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Generally, he formulation and drying processagenerate deleterious effects on
microorganismswhich include stress due to sudden changes in temperature, effestsl

by cutting stress, oxidative stress due to conweith air, osmotic pressure, deease in
intracellularpH, capillarity forces and intracellular solute concentratioygered bywater
loss(Fu and Chen2011) Interestingly, along with the increment of pualiions related to
endophytic bacteria, the scientific concern on how to formulate these microorganisms has
increased during the last two decades (Figure 1.Hjs €hallenging are# attracting
widespread interestieverthelesshe number of publications is still low (Table 1.3), and the
majority of these studies havbeen maintaied under industrial secret. Hencthe

formulatedbased orbacterial endophytes is considered a relatively unexplored issue.

In the field of the formlation of biofertilizers, several knowledge gaps continue limiting
their positioning as a sustainalalkernative to chemical fertilers. According to Herrmann

& Lesueur (2013), with a revision since 1980, less than 1% of research articles on
rhizobacteia and PGPBs are related to formulation aspects of inoculants. On the other hand,
compared to the classic PGPBs, fewer results are found for technical studies of formulation
and drying for endophytic bacteria (PGPBES) as an active ingredient, this ugmngrée

such as "endophytes”, "Gram Negative bacteria”, "drying”, " formulation "and" PGPB "in
robust déabases such as Web of Science.
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Figure 1-4: Evolution of the number of scientific publicatiodaring the last two decades

regarding the formulation of bacterial endophytes [source: Web of Sciences]
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Table 1-3: Selection ofstudies regardinghe formulation of plant growtpbromoting

bacterialendophytes

PGPBE PGP Crop Type of formulation Reference
mechanisms
Bacillus pumilus Nitrogen Potato Pellet (granule) (Ortunoet al.
fixation, P 2018)
solubilizing
Bacillussp. Induction Cotton Talc-based (Rajendraret
systemic al. 2007)
resistance
Paraburkholderia Nitrogen Maize (Spray) Talebased + (Bejarancet al
phytofirmansPsJN fixation, P xanthan + Geloll 2017)
solubilizing
Bacillus cereus Induction Chestnut Wetting powder (Chenget al.
CE3 systemic 2015)

Diatomite + sodium
lignin sulfonate

resistance
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Bacillus subtilis Suppression of  Oilseed rape Pellet (Hu et al.2011)
Tu-100 pathogens
Herbaspirillum Nitrogen Sugarcane Foliar spray+ (da Silvaet al.
seropedicae fixation humic acid 2017)
HRC54
Kosakonia Nitrogen Maize Spray (Bergeret al.
radicincitans fixation, P formulation 2018)
solubilizing
Bacillusspp. Induction Banana Talc-CaCQ. (Harishet al.
systemic CMC (drench 2008)
resistance application)
Burkholderiasp. - Storage study Dry (Bazilahet al.
UPMB3 Vermiculite 2011)
based

Paraburkholderia
phytofirmansPJN

Storage study

Zeolitebased
granular

(Berningeret al.
2017)

1.4.1 Polymeric inoculants

The advancement reached in formulation development has eelw strategies, inclimh

the entrapment and immobiditon of microorganissithat seemparticularly promising
(Johnet al. 2011) Thisapproachnvolves the attachment or the entrapment of cells into a
matrix. Techniques for immobilaion included adsorption on surfaces, flocculation,
covalent bonding materials, crodisking, and encapsulation with polymegiGassidyet al

1996) Among these approaches, encapsulation is considered the most advantageous
technque for elaborating carriers fanicroorganismgHerrmann and Lesuel2013) Thus,
encapsulatedlving cells are protected in a nutritive shell against mechanical and stress from
the surroundings such as temperature, pH, organic solvents, predators, andaltinetsal

2011; Bashamet al.2014) Once capsules are located into the soil, soil microbiome actively
degrade them, facilitating that the encapsulated cells be gradually releaseis tth&asoll,
usually at rates according to seed germination times or the emergence of s¢Bdkhgs

et al. 2002; Basharet al. 2014) A wide variety of biological cores are encapsulated
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compaible, including bacteria (spofferming and nonsporulating), fungal spores, hyphal

segments, yes cells, mycorrhizasandplant extracts among othgiidalusaet al 2012)

Different techniques are used to encapsulate bacterial cells, including physical processes such
as spay drying, extrusion or fluidezd drying; chemical processes such asrgstallization,
molecular inclusion or interfacial polymerization. Finally, plegsihemical processes, such

as coacervation, liposomes and gelation/inverse gel§Bohoebitz, Lopezt al. 2013)

Table 1.4 summarises the main advantagesimadivantages of these methods.
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Table 1-4: Comparison of physicathemical encapsulation techniques for microbial inoculants

Spray Fluidized bed Extrusion lonic gelation Inverse gelation  Oil-entrapped Liposomes
drying emulsion
Core Beads Capsules Either Beads Capsules Beads Capsules
O 500 Yes No No No No No Yes
Water Soluble Yes Yes Yes No No No No
Uniform No Yes Yes Yes Yes Yes Yes
Time for 1030s 10 minl h 10 minlh 1-2h 1-2h 1-2h Minutes
process
Cost/ Very low/  Low/flexible Medium/ Medium/ Medium/ Medium/ Very high/
fast
Advantage biocompatible biocompatible biocompatible biocompatible  biocompatible
Disadvantages Dustand Coating fine Diffusion and Few wall Few wall Few wall Few wall
high particles release materials/ materials/ materials/ materials,
Temp. very thin
process control  process control  process control walls/process
control
Useful for Thermal Irregular Enzymesand Cells, enzymes, Cells, enzymes Cells, enzymes Capsules
resistance particles and vitamins suspensions  and suspensions and suspensions 0O 2 O
cells uniform walls

Source (Schoebitz, Lopeet al.2013)



24 Development of an integrated fermentation and formulation appr:
for the endophytic bacteriuosakonia radicincitans

The polymers that are sable for encapsulation includeaturatorigin (polysaccharides,
protein materials), the synthetics (polyacrylamide, polyurethane) and-hbetere, or co
polymers(Herrmann and Lesueu2013) Alginate is the most commonly used polymers for
encapsulating cells and preparedculants (Table 1.5). Alginatis a natural, biodegradable
and nontoxic polymer which forms a 3D porous gel when mixed with multivalent cations
(C&*)(Bashanet al. 2002) Capsules or beads containing the microorganism are formed
throughthedispersion of cells suspension into the polymer matrix and then simply dropping
it in the cationic solution. During theasslinking reaction and encapsulation procedure,
nutrients, fillers and additives can be included, to either extend shelf life, improve functioning
or inoculation efficacyMalusaet al. 2012) Afterward capsules are dried to ensure easy
handling and further packaging. To dry these capsules, different technologies have been
applied, such as spray drying, extrusion, emulsion, coaceryatisolvent

extraction/evaporation and thermal gelatflemmer and Pate2013)

Beyond the cell protection provided by the encapsulating material, many advantages of
entrapping cells haveeen described over free cells, under different conditions, especially
storage and field applications. Entrapment processes are mainly not stressful to cells, are
made with biodegradable and nontoxic carriers, and are carried a@er @septic
environmentsminimizing contamination(Cassidyet al. 1996) Regarding that bead are
highly concentrated, their volume is advantageous, limiting space for storage, transportation
and handling(John et al. 2011) The capsules or beads in a range 0fl1Q0 em
(microencapsulation) offer direct contact with seeds, while macroerasipsularger size,
millimeters to centimetejgequires the released cells to move through the soil toward the
plants(Johnet al.2011) Several studies have demonstrated the benefits of cells entrapment

cells in terms of shElife and supporting biological activity even at room temperature.

In comparison to free cells, encapsulation of PGPB cells can enhasckiliizing
efficiency(Younget al. 2006; Minaxj 2011) activity of ACC deaminas@Reed and Glick
2005) rhizosphere colonizatiofTrivedi and Pandey2008)and indole3-acetc acid (IAA)

production(Mezaet al.2015)among others.
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Although the encapsulation as formulation strategy has shown a high girospeost of

the reported investigations were at laboratory lesmetl few commercial bacterial products

are available in the market. The high production cost and advanced technical handling
needed, appeared to be the erption of the low adoption. Heg new approaches have to
remain affordable, compatible with current application technologies providing flexibility to
farmerg(Herrmann and Lesue#013) In particular, for bacterial endophytése challenges

are higher, sincthere arenct exising commercial products based on these microorganisms.
Thereby, research efforts have to address these issues supporapigbement of chemical

fertilizers andhe positioning of biological inoculants.

Table 1-5: A sample ofpolymeric inoculants based @tant growthpromoting bacteria to

increase plant performance

Formulation  Additives or Bacteria used Plant Reference
treatment species or
substrate
Alginate None Azospirillum brasilense Tomato (Basharet al.
2002)
Alginate None Pseudomonas asplenii  Canola (Reed and
Glick, 2005)
Alginate None Azospirillum brasilense Chlorella (de-Basharet

vulgaris al. 2008)

Alginate None Methylobacterium oryzae Tomato (Joeet al.
Azospirillum brasilense 2014)
Alginate Kaolin, Streptomycesp. Tomato  (Sabaratnam
starch, talc and Traquair
2002)
Alginate Potato starch P. fluorescens/Serratisp.  Wheat (Schoebitz,
Ceballoset al
2013)
Chitosan None SeveraPGPB Cucumber (Murphyet al

2003)
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CMCl/corn MgO/ZnO Rhizobia Cowpea, (Fernandest
starch sugarcane  al. 2009)
Alginate Humic acid Bacillus subtilis Lettuce  (Younget al.

2006)

Due to the growth of scientific interest in the development of formulations for endophytes
and taking into account state of the art in thisedsu biofertilizers (Herrmann arigesueur,
2013) the formulation ofK. radicincitansDSM16656 by encapsulatioris proposedor
application in soil. This formulation alternative is potentially the most beneficial and with
greatapplicability for PGPR endophytes, that is how capsules would improve the planting of

the formulation and its inclusiontmboth organic and mechameid agriculture.

1.5 Prospectings and challenges of bacterial endophytes

At theglobal level, there are congidible challenges for the implementation of endophytes
as new alternatives for PGPBsappliedbiotechnology to agricultur@Ryanet al. 2008;
Kandelet al. 2017) This fact explains how the number of publications on endophytes has
increased dramatically in recent years; however, not many publicdtbons on the
techniques of industrial application for thgf@raderet al. 2014; Santoycet al. 2016)
Accordingly, scienfic efforts have arisen in order to solve the problems of endophytes i
biotechnology and agriculture. For instartbe European cooperation project BestPass:
Boosting plarfendophyte stability, compatibility and performance across scales, into the
'‘Marie S k § o d «€wige Knaovative Training Network ', 2022920, which aims the
environmental and economic exploitation of this type of microorganisms, through the
development of new endophytic inoculants (bacteria and fungi) and the biotechnological
processemvolved. Thus, for the development of endophytic PGPBs bioproducts, is not only
essential to select promising microorganisms responsible for the promotion of plant growth,
but also integrate solutions from a technologicahpof view, to desigrprocesss that
include the solution of problems related to the loss of viability, maintor increasg

their biological activity and improvingtorage stabilityamong others. Nevertheless, the

current progress in technologglated microbial science, plapathogen interactions,
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genomics, and genetic engineering, would also support the optimizdtjmmtocolsfor
using bidertilizers. Although the utiliation d biofertilizer is blooming with great
acceleration, still, the technology is nascent but evol{itghantyet al 2017)

Issues related to biofertilizers adoption included the scaling up of the process from laboratory
to the field, which includes massive production of strain, formulation, staadeshippig.
Moreover, it is necessary study the persistence of biofertilizers in soil environment under
stressful conditions. Another aspect to take into account isltleagon of farmers about the
long-term benefit of using biofertilizers instead of chemicals. In addition, the misconception
that only acdas precursors of diseag&iick, 2012; Mahantgt al.2017) Notably, scientists

have to prove to the public and regulatory authorities that botiransformed bacterial
strains and genetically engineered strains do no present hazeidto humans. Thus, laws

and regulation should be strict enough to accomplish this statement.

Undoubtedly, scientific interest in endophytes and their wide variety of applications has been
growing in recent year&lick, 2012; Santoyet al.2016; Kandekt al.2017) Many PGPB
microorganisms have been isolated and marketed as promising bioferthiaeesyer its

effects on crop yields have fluctuated from one crop to another, from one place to another
and from one season to another. This issue is maigerl by the survival rate and the
stability of the biological activity of the inoculum introduced in the seeds, in the roots and/or
in the soil(Khalid et al.2004) In many cases, PGPBs do not induce the desired effects when
applied in the field in massive scales, due to the insufficieloinizationof the rhizosphere
and/or plant tissue, being the most important aspects required for the exprasthe

beneficial effect¢Lugtenberget al.2001)

1.5.1 Mass production of bacterial endophytes

As mentioned before, the biological activity of endophytic PGPBs is affected by their
massive production (submerged fermentation) and the subsequent formulation process
(drying) (Santoyoet al. 2016) The biologicaactivity includes the behaviaf chemotaxis
(matility), the production of phytohormonesnd mainly the ability to improve the intake of
nutrients by the plant, either nitrogen or phosphorus. Considering the production aspects, it

is essential to close the gap between the production methods of an active ingredient
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(endogenous PGPB) and its sustainable application as an agent of growth promotion i
plants. Besides, deepen the understanding of the relationship between formulation strategy,

its components, biological activitgnd stability othe active ingredient.

Regarding the mass production of endophytes, it has been an everlasting conceatlyGene
artificial culture media are often unable to mimic the biotic and abiotic endogenous
conditions required for the growth of this type of microorganisms, which cannot adapt
immediately to these changes in conditiiPsam and Kim2012) However, during the last

25 years, advances in cultivation techniques have been achieved, especially for endophytic
fungi (Lohseet al. 2015) including modified culture media are also includédain and
Querelloy 2009) using changes in growth conditiofkansseret al. 2002) and ceculture

and dilution of medigKamagata and TamakR005; Vartoukiaret al 2010) Recently,
arother approach includesmulated natural environments using root extracts as culture
media(Nour et al. 2012; Yousseét al 2016) These studies have contributed significantly

to the understanding of the production of endophytic microorganisms. Retadigs have
indicated that there is considerable variation in the biological activity of endophytic bacteria

with the culture medium compositigi et al.2015)

Culture media of plant origin have become a sustainable alternative for the cultivation of
endophytic PGPBs, with times of duplication comparable to those achieved with chemically
defined medigNour et al. 2012) Neverthelessthe composition of this type of extracts is

very heterogeneous, since it changes according to the season and the way of obtaining it; in
this way, further research is recommended to extend the answer to why culture media based
on plant tissue extracts inage the level of rhizobacteria propagation for industrial
applicationgYoussefet al. 2016) Finally, itis important to point out tha€. radicincitans
DSM16658 has been commonly produced for fresh applications using the standard nutrient
solution | (Merck, Cat No: 1.07882, Darmstadt, GermdBgrgeret al.2013; Bergeet al.

2015) which implya broad and challengingefd of research for the design of the culture
broth.
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Notably, the mass production of the endophytic bacteKunadicincitansDSM16656 has
been done by submerged fermentation, using relative expensive culturg Bexdexet al.
2013) Nevertheless, the best scenario for its scaling hastasting point the development
of a culture medium for its mass production, whichvadidhe efficient production of the
bacterium, maintaining or improving its biological activity during downstregeraiions

such as formulation.

1.5.2 Drying as the main issue during the formulation step

During the process of formulating microorganisms as active ingredients of biofertilizers, the
damages caused by heat transfer phenomena and by dehydration into the cells are two critical
factors to considdiFu and Chey2011; Herrmann and Lesue@013) Excessive heamainly
affects macromolecules and higherder structures such as proteins and nucleic acids
(Ghandiet al. 2012) On the other hand, stress due to dehydration mainly affects the
cytoplasmicmembrane, changing its fluidignd lipid peroxidatior(Teixeiraet al. 1996)
Generally, dying processesised for biological formulationgnvolved bothdeleterious
effects, therefore drying streasoidance strategies are demanding. Approaciedsding

spray drying(Schucket al. 2013) fluidized bed drying(Schoebitz, Lopezt al. 2013;
Berningeret al. 2018) and lyophiliation (Carvalhoet al. 2002) among otherhavedealt

with these issuedt is important to mein that the formulation by spray drying is the most
adopted at an industrial level, mainly with Grawsitive bacteria, such asctobacillussp,
Streptococcusp, Enterococcusp. andacillussp (Schucket al 2013) In contrast, studies

of dry formulations for Grarmegative bacteria are not conventional, and most of them have
not been stcessful and are difficult to compdfeu and Che2011)(Table 1.6).

It is defined that tolerance to thermal and mechanical stress is higher irpGs#ive
bacteria, followed by yeasts, wihramnegative bacteria being the most sensitive to these
factors, possibly due to their thin cell wallwgtture. Thus, the bioprospectiohinoculants
based on Gramegative bacteria such &s radicincitansDSM16656 requires technical

solutions relatetb the excessive loss of viability caused by the general formulation process.

The use of formulation agents with protective characteristics has been widely described as

essential for the survival of bacteria during dehydration operations; however, their
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effectiveness is closely related to the bacteria to be protected, and a particular study is
required for each active ingredient. These agents can act on the membrane, replacing the
water or modifying the glass transition tempera (Fu andChen, 2011) (Tdk 1.6). Hence,

there is limited knowledge about the drying method necessary for biofertilizers based on
gramnegative PGPBES, especially when it is needed to scale the formulation process and

the cost of production has to be profitable.

The great prospdoin of PGPBESs as active ingredients in new plant biostimulant inoculants
has no limit. Although its obvious physiological advantages compared to existing
alternatives, its application and technological development are deficient. With the existence
of thesetechnical gaps, a great opportunity arises to generate scientific knowledge,
wherefrom the vision of chemical engineering of bioprocesses could overcome the

limitations for obtaining the new generation of biofertilizers/biostimulants.

Alternatives for potecting bacterial endophytes have been reported, including normally the
use of drying protectants embedded into the formulation (Lactose, skimmed milk, etc
Besides, the osmoadaptationagsre-conditioned mechanism for stigthening cells before

drying, andthe inclusion of osmolytes such as trehalose, glyeiné betaine.

A mini-review of dryirg survival studies is given inable 1.6.
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Table 1-6: Research studies focusing on enhancing drgurgival in nonsporulating bacteria, with agricultural interest.

Bacterial agent

Drying

Strategy

References

Azospirillumbrasilense

Pantoea agglomerans

Enterobactersp.

Paraburkholderia

phytofirmansPsJN

Pseudomonas aeruginosa

Pseudomonas fluorescens

Pseudomonas fluorescens

Pseudomonas fluorescens

Pseudomonas fluorescens

Protectants Other parameters
Trehalose Encapsulation in alginate
beads
Sucrose Cell load, rehydration media
Skimmedmilk Consortia formulation

Trehalose, sucrose galactos: Storage temperature, inorgan

CMC gelatin carrier
EPS Inorganic carrier
Lactose Growth conditions

Glycine betaine Osmoadaptation by NaCl

Glycine bataine Osmoadaptation by NacCl,

nutrient addition

Lactose, skimmed milk,
sucrose, starch, trehalose

Osmoadaptation

AD

FD

FD

AD, FD

AD

FD

VD

AD

FD

Cell flocculation, stationary
phase

Rehydration in 1% NFSM,
10% sucrose

Consortium with
Pseudomonasp.

Air-drying, skimmed milk,
storage 4C

EPSas protectant

Harvesting after 16 h , mild
heat shock at 38C

Osmoadaptation (0.7 M NacCl

Osmoadaptation (0.7 M NaC
and 0.1 mM glycine betaine)

Osmoadaptatiowith lactose
as protectant

(Schoebitzt al.2012)

(Costaet al.2000)

(Barraet al.2016)

(Berningeret al.2017)

(Tewari and Arora2014)

(Bisultti et al. 2015)

(Bonaterreet al 2007)

(Cabrefigaet al 2011)

(Cabrefigeet al.2014)

AD, air-drying; SP, spraylrying; VD, Vacuumdrying, FD, Freezerying
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To strengtherK. radicincitansDSM16656 cells beforethe formulation operation, the use

of pre.conditioning from the fermentationquess is proposed as a strategy. Thereiens

such as manipulation of culture condits, preadaptation of cells throughermal, oxidative

or osmotic shock¢Santivarangknaet al. 2007; Broeckxet al. 2016) These mechanisms

could trigger intracellular and extracellular prdtex agents such as compatible solutes or

the activation of chaperongsoteins(Hsp33, DnaK, GLOE) repairing other proteins and
membrane protecto(8Vinter et al 2005; Jiacet al.2015). It is essentiaio mention thak.
radicincitansDSM16656 would have the ability to produce some Hsp proteins according to
the description of their genome (NCBI Accession PRINA16 1109). BeKideslicincitans

could accumulate compatible solutes upon osmotic stress duriogmaiéionirg that could
support the drying resistance and subsequent endophytic establishment. The existence of
these agents before the formulation operations could substantially improve stress tolerance

in general, resulting in higherability, biological activity and storage stability.
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2.1 Introduction

The design of culture medium continues being one of the most investaya®dn the
production of microorganisms or metabolites on a large scale, offering increasing challenges
(Singh, Haquest al.2017) Before 1970, culture media design was carried out using classic
methods, usually expensive and tiemanding, with a high number of experiments.
However, with the advent of modern mathematical and statistical technicju@s biecome

more dynamic, efficient, economical and robust. Thus, to design a production culture media,
fermentation conditions and appropriate media components (e.g. carbon, nitrogen, macro

and microelements) must be identified and optimized in conseguen

Increasing the active ingredient productivity reduces the total cost of the production and
development of microbigbased products. In general, higher productivity can be achieved
by improving the microorganism or by optimizing the process paramedéth. the
development of a culture medium, the research aims to have the best conditions for growth
or replication othe active ingredient, whether bacteria, fungus, virus or protozoa. In small
scales, the active ingredient of biopesticides is frequently produced using defined culture
media with standard substances in their cor(teennedy and Krousd 999; Singh, Haque

et al. 2017) Nonethelesswhen the produateeds to be taken to anattezale, economic
problems emergdhat make its implementation in bioproducts difficult. As a first
approximation, the culture media focuses on the simple fact of producing biomass:, cells
the agent of interest. For endophytes, with the focus on thgratiten of bioproduct
development the culture media design must also guarantee the stability of biological
activity, ensuring or enhancingsimetabolic signature involvad their plantassociated

lifestyle identity.

During the design and optimization of culture media, several strategies can be used,
independently ofthe fermentation technique: submerge fermentation (smF) or solid
fermentation (SSF). It includes the evaloatbdf one factor at a time or the manipulation of
several of them simultaneously. In the first method, the greatest limitation encountered is
the difficulty for estimating the interactions of the fact@ennedy and Krousel999;

Singh, Haquest al. 2017) Within this strategy, there are three approaches: removing one
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component of the culture media at a time, reviewing the effect it has on the production of
biomass or metabolite, and supplementation, whidlggeally used when is required to
know the effect of various carbon or nitrogen supplements. The latter been used mainly to
evaluate the effect on metabolite production or-amtgal activity (Tripathi et al 2004;
Singhet al. 2012) Besides, within this strategy, there is the replacement technique, which
uses the carbon or nitrogen source that shows positive effects in supplementation

experiments ase only source

The multivariable strategy of more than one factor at a time uses statistical methods such as
the design of experiments (DOE) for the optimization. Regarilingamentatheories of
experimental design, showed that changing more than one factor or variable in the media is
more efficient than changing each of them independéRither 1992) Most DOEs allow
preliminary selection between two to téactors in a limited number of experiments. With
these methods, several factors or media components are compared simultaaedubly

effects are ranked. Compared to the strategy of one factor at a time, with theD@E, of

fewer experiments and materials are used, and the interactions between the components can
be determined(Adinarayana and Ellaiah2002; Gundogduwet al. 2016) Within the
experimental design, exists the Placi&attrman design (PBD), which was introduced by R.

L Plackett and J.P Burman in 1946, as a solution to determine the main effects in any
process. This design is a tievel model where it is assumed that the interactions of the
factors are not significant. Then, it is possible to evaluate "n" variables in Ih +

experiments.

Among endophytes, a distinction is made between obligate endofGyteset al. 2013)

and facultative endophyt@€amnevet al.2005) where the first iexpected to be the hardest

to cultivate(Eeverset al 2015) Relative few studies have focused on the culture media
design in the world for bacterial endophyt@sour et al 2012; Youssekt al. 2016)
Different media are reported in the literature, depending on the species and research goal. In
particular, for the isolation of plaissociated bacteria, a distinction exists between
complex, rich media that contain high amounts of somewhat undetermimehts and

minimal media that contain lower yet precise amounts of nutrietgerset al 2015)
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Although the planbased culture media for endophytes has shown promising yiédas

et al.2012) considering their heterogeneity, it becomes diffitulise these approaches to
delve the cultivationntegration aimed in this research. Hence, the study on the culture
media design looks for a defined media. Then, the reduction of complex components was

limited as necessary.

In geneal, rich media produces a faable environment for endoptes to grow, ann
consequence, apeferable for planissociated bacteria proliferatiBeverset al 2015)
That is the case dRhizobiumsp orAzospirillumsp, which have been produced through
media such as TYG, BB, nutritive medium, LB medium, among others, which contain
components such as yeast extract or tryp{@ashanet al. 2011) Moreover, endophytic
bacteria such aBrevundimonas sp. Sphingomonas sp. Agrobacterium tumefaceras
produced in MS media (sucrose, tryptort&)terobacter sp. Pseudomonasrsp SA media
(Soytone, tryptone, yeast extra¢Beverset al. 2015) and Azospirilum brasilenseC16
(glutamate, yeast extra¢tylorenoGalvanet al.2012) maintaining the endophytic identity.
Based on a literature review, the design of b defined media was selected, which might
mimic thein planta conditions better than a minimal defined media, and therefore might
allow a more straightforward adaptation for endoph¢A¢ain and Querellop2009; Eevers

et al.2015)

Beyond the rich culture media design, and considering the available literature regarding
culture media in Grmbacteria endophytes, there arowledge gapin terms of assaying
the influence of amino acids and metahs on kinetic growth performance. Therefate,

was proposed to screening these growth factors to delve the issues.

2.1.1 Effects of osmotic stress and compatible solutes on
K. radicincitans DSM16656"

Since osmoadaptation and use of osmolytes within the cultivation is a potential strategy to
strength bacterial cells (Chapter 1, Table 1.6), the evaluation of these stressors is demanding
for K. radicincitansDSM16656. By a highthroughput microfermentation system, here was

proposed to determine the influence of osmotic stress and compatible solutes on bacterium
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kinetic growth. Thereby, upon the culture media desige sensitivityanalysis of sailt

amended media and cpatible solutes uptake were carried out.

Regarding the reported benefits on Graegative bacteria under osmotic stress, the
compatible solutes ectoine, hydroxyectoine, proline, betaine, glutamine, glycide
glutamate were selected for analysis (T&bh.

2.1.2 Microfermentation approach

Microfermentation uses m#fiioreactors for cultivating microorganisms with economic
value, which have gained increasing acceptance in industry and academic research. Critical
applications of microfermentation include thereening of media compositions and
bioprocess development, optimization and validatituberet al.2009; Kensyet al.2009)

This approach involvedhonitoring growth kimetic as a prerequisite for understanding the
whole process. In particular, with microfermentation techniques such as BiolLector®
platform, essential online information can be optically obtained on biomass formation, pH
evolution and dissolved oxygen tensi®OT) in media (Figure 2.1). Numerous studies had
been carried out experimentally proving the value of this effective d@itdenaueet al

2009; Funkeet al. 2009; Funkeet al. 2010) Thus, highthroughput cultivations can
accelerate and intensify research and development in the figidtefrs biology as well as
modelng and bioprocess optimizatioreducing human manual error and workload.

To obtain a suitable culture media for this endopltyie research initially screened media
from literature, in order to select the principalsQurce and Msource. Having the key
criteria of cost for preparingt, was followedby the design and optimization of media. As

the main biological response variables, biomass yield and final concentration at 24 h (CFU

mL?1) were used.

Summarizing, the result obtained from the different approaches, including microptate te
(Biolog GENI I'l  fingerprint), the s e-Buwnuahstrategy o f
and microfermentation experiments, were used as criteria for design the final culture media
for K. radicincitansDSM16656 .
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Figure 2-1 Features of Biolector® and microplates preparation for screening culture media
and conditions during microfermentation studie& ofadicincitansDSM16656.
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2.2 Materials and Methods

2.2.1 Phenotypic fingerprint of K. radicincitans DSM16656": GEN
[l microplate

K. radicincitansstrain DSM 16656 was characterized phenotypically using the Biolog
GEN Il MicroPlate™ system (Biolog system, Biolog Inc., Hayward, CA). The Biolog GEN

lIl assay utilizes a variety of carbondanitrogen sources, and was carried out accordingly
to manufacturer instructions. Briefly, bacterial cells from overnight bacterial cultures grown
on nutrient broth media (Merck, Darmstadt, Germany) were suspended in Biolog
inoculation fluid at the recomended concentration, and 100 jdf the suspension was
added to each well of the GHN MicroPlate and incubated at 30°C for 48 h.

The Biolog plate contained 96 total wells, 71 with different carbon sources, including
osmotic stressors assays, and thetpesimaximum growth) and negativeo(rcarbon

source/growth) control When bacteria cells respire, they cause a reduction of the
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tetrazolium indicator dye in each well, which results in the development of a purple colour.
Metabolic reactions were read ugia Biolog plate reader set to incubate the plate at 30°C
for 48 hours (Cytation 3, Biotek, Winooski, VT, USA). The plate reader measured the
absorbance of each well every hour at a wavelength of 590 nm.

The kinetic growth rate was calculated at exponkmiase, as the linear slope in the

logarithmic plot of OD vs time:

D& O 08O
0 0o

OD represents the optical density in the time point 1 and 2 after 5 h and 10 h respectively

on the fitted lingMultiskan FC microplate photometer, Theri®oientific, USA)

2.2.2 Culture media screening

To look into the ability ofK. radicincitansDSM16656 to grow in different media a
screening phase was conducted. An examination of six culture media available in literature
was performedMorencGalvanet al. 2012; Eeverset al. 2015) The fermentatio was
carried out in 250 mL flasksquipped with baffles. The incubati conditions were 100 mL

of culture media (initial concentration at 1.0X10FU mL?) in a rotary incubatoat 30°C,

190 rpm for 24 hourd KA KS 4000 IC Control, Staufen, Germanlgpr each culture media,

5 biological replicates were usegell concentration (CFU mit) in nutrient broth (Merck,
Darmstadt, Germany) at 24 h of cultivation were utilized as response varabtads of

media composition including the standard nutrient brottKfaradicincitansDSM16656

are given in Table 2.1.
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Table 2-1: Culture media evaluated in the screening phasé.fadicincitansDSM16656
Component (g L?) Standard M1 M2 M3 M4 M5 M6

Peptone without casein 15 13.5 6.75 6.75
Yeast extract 3 7 2.92 3.5 3.5
Monosodium glutamate 28.33
NazHPO4 3
NH4ClI 6
Glucose 1
Glycerol 14.9 14.9 45
Lactose 8
Starch 10
NacCl 6 2.5 2 5 10 10
K2HPO4 2.3 2 1 2.3 2.3
KH 2PO4 15 1.5 15
MgSOsH20 0.14 1 014 0.14
K2HPO43H20 1.34
FeCls 0.02
CaCOs 0.02
Casein 0.3
FeSGQi7H20 0.01
KNO3 2
MgSO47H20 0.5 0.05
pH 7202 7x02 7202 7+02 7+0.2 7202 7+0.2

2.2.3 Culture media design

Upon screening of culture media and Biolog GEN Il assays, advantageous components
suchasglycerol and yeast extract were selected. Details are given in resultsA3.211 In

this section, a PlackeBurman design was used to determine the main eftd@ct factors,
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including main Gsource, Nsource, NaCl (potential osmotic stressorsdlrce, Mgsource

and the more sensitive miglement$eand Mri? (see section 2.3.4) cell concentration
yields Factor levels were selected according to the eotnation of reported culture media
(Table 2.1) andherange of concentrations in plant root juices (Table 2.4). Table 2.2 and

2.3 provide information on factors and experimental design matrix.

Table 2-2: Factors and levels used in Plackgtirman design

Factor (g LY -1 +1
Glycerol 15 45
Yeast extract 1 8
NaCl 10 40
KoHPQy 0.5 4
MgSQu 0.5 1.5
*Fe/Mn ratio 1.1 3.3
Initial pH 4 7

*Fe/Mn ratio was adjusted varying Beoncentration from 0.4 ppm to 2.4 ppm

maintaining constant Mrat 0.7 pm (see also 2.2.4, Table 2.4).

Table 2-3: Matrix of experiments tested in Plack8tirman design (g L)
Factor X1 X2 X3 X4 X5 X6 X7
Run Glycerol Y. extract NaCl K2HPOs MgSOs Fe/Mn pH

1 15 1 10 0.5 0.5 11 4
2 45 8 10 4 0.5 11 4
3 15 8 10 0.5 0.5 3.3 7
4 15 8 40 4 0.5 3.3 7
5 45 8 40 0.5 15 3.3 4
6 15 1 40 4 15 11 7
7 45 8 10 4 15 11 7
8 45 1 40 0.5 0.5 11 7
9 15 8 40 0.5 15 11 4
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10 45 1 10 0.5 1.5 3.3 7
11 15 1 10 4 1.5 3.3 4
12 45 1 40 4 0.5 3.3 4

Once the main effects of components were determined, the influence of glydaerhasn
C-source on cell concentration and biomass yield warried out. Henceglycerol was
adjusted to 1.5, 2.0, 3.0 and 4 % maintaining constant the other components and biomass

harvesting was settled at 24 h.

2.2.4 Microfermentation procedure

By microfermentation technics in Biolector® system and considering glycerol as main C
sourcethe influence of selected amino acids and minerals.sadicincitansDSM16656

kinetic performance was determined. Assays were conducted in a defined basal media (g L
h: Glycerol (15); NHSQs (4), NaCl (10);Mg SO;7H.0 (0.5); KkHPQx (2.74); KHPOu

(1.3D.

Microelements féect on kinetic growth behavio

Metakions Fé3, Mn*2, Zn*'? and Cu? influence onkinetic growth of endophyte were
assayed. Here, the ions concentratiomere adjusted considering the range of contents
according to crude plant juices trying to mimicking natural condit{®fwur et al. 2012)
(Table 2.4). Firstly, a mixture of microelements was prepared and further a higher

concentration of each microelement within this solution was assayed.

ZnSQ;, FeSQ7H.O, MNnSQH>0O and CuS® were added to basal media to adjust the
following two concentration levels for each metal4]. Zn [0.4, 2.0 ppm]; Fé [0.2, 4.0
ppm]; Mn [0.7 4.0 ppm]; Cu [0.4, 2.0 ppm].

Amino acids #ect on kinetic growth behavio

Basal media was supplemented with ZnS(®.001 g L% zZn*" [0.4 ppm]); FeS@7H.0
(0.001 g L; F€* [0.2 ppm]); MNSQH20 (0.002 g t; Mn* [0.7 ppm]) and CuS£(0.001
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g L't [0.4 ppm)). Further, aino acid media was composed mmetations supplemented
basal media glutamic acid, Ealanine, Lleucine, proline, glycine, histidine at 0.2 mM. To
evaluate the effect of each amino acid, the amino acid media was adjusteugtoer

concentration at 1 mM.

Table 2-4: Elemental composition of culture media evaldatecomparison to plant juices

for culturing diazotrophic rhizobacter{dlour et al. 2012)

Merck media M1 M2 M3 M4 M5 M6

MIN  MAX
C((%)-g/L 334 713 2.2 8 10.29 3.92 3.37 6.91 18.68
N (%)-g/L 0.65 0.96 1.41 2.06 2.67 0.03 1.57 1.03 1.03
C/N 54 84 1.56 3.89 3.85 130.77 2.14 6.72 18.15
MACRO (ppm)
ca™ 22 1636 0 0 0 8.01 0 0,00 0,00
Mg** 174 653 0 2459 4931 4.93 175.63 13.81 1381
K* 640 2028 0 673.19 459.08 1347.81 861.77 1463.11 146311
Na* 782 4715 2359.34 983.06 0 786.45 3908.64 3932.24 393224
P 0 266.68 181.86 455.17 1991.72 750.28 75028
HCO3" 1336 447 0 0 0 12.13 0 0,00 0,00
Cr 2847 9834 3639.63 1516.51 13.11 1213.21 4358.51 1516,51 1516,51
SO4 124 2784 0 97.18 194.87 2294 694.13 97,18 97,18
PO43 0 817.77 557.67 1395.8 6107.64 81777 81777
MICRO (ppm)
Zn* 0.297 1.617 0 0 0 0 0 0 0
Fe 0.039 3.967 0 0 6.885 2.01 0 0 0
Mn 0.644 1.157 0 0 0 0 0 0 0
Cu* 0.14 0.96 0 0 0 0 0 0 0
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2.2.5 Effects of osmotic stress and compatible solutes on K.
radicincitans DSM16656" cultivations

The effect of compatible solutes on the growthKofradicincitans DSM16656 under
osmotic stress was evaluated. Assays were conducted in the BioLeutwo&ermentation

system with 48vell BH microplates with 1 ml culture media (R3) at 1200 rpm and 30°C.

A mixture of compatible solutes (1mM) was added to the culture medium and served as a
comparative parameter to evaluate the independent effect cbsacihyte. As independent
treatments, each of the compatible solutes in the media was evaluated at 1mM: Ectoine,
hydroxyectoine, betaine, proline, glutamine, glutamatg)ycine and trehalose (Table 2.4).

Osmoticstress was settled at 4% NacCl.

Table 2-5: Chemical structures of compatible solutes assessed

Ectoine Hydroxyectoine Proline Betaine
o OH o) OH o) o) |
)J\/ +/
N
HO//// OH -O \
N N
J\ J\ "
N N
H H
Glutamine Glycine Glutamate
o) o) o) o) o)
H2N \)j\
H,N OH OH HO (o}
NH, NH2

In order to confirm the intracellular uptake of the compatible solute a HPLC arnd$C
approach was conducted. HPLQV techniques determined the intracellular accumulation
of compatible solutes such as ectoine, and hydroxyectoine during cultivationet€ogah

of the amino acid proline included a derivatization step (Methoxylamine + MSTFA) and
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further GGMS evaluation (Figre2.2). Details of GEMS procedures are given @hapter
6.

Figure 2-2 Schematic representation for the sample preparation prior to the identification

and the quantification of compatible solutes. radicincitansDSM16656 cells

Compatible solutes extraction
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2.2.6 Determination of ectoine and hydroxyectoine accumulation

The intra and extracellular concentrations of ectoine and hydroxyectoine were carried out
by previously reported metho@§eixido et al. 2005) Briefly, samples oK. radicincitans
DSM16656 cells grown in DM 4% NacCl plus either ectoine or hydroxyectoine [1 @iV]

190 rpm, 30°Cwere centrifuged for 10 min at 10000 rpm and@@Mikro HT 200R,
Hettich GmbH & Co. KG, Tuttlingen, Germany). The supernatant fraction served for further
high-performance liquid chromatography (HPLC) analysis. The bacterial pellets were re
suspended in HPLC grade water and centrifuged to discard residues of cultiuenmed
Subsequently, approx. 50 pbf concentrated biomass was extracted for tizive
evaluations wh 570 pLof an extraction solution (methanol/chloroform/water 10:4:4, v/v)

by intense shaking for 5 min followed by theclusion of equal volumes (170 ulof
chloroform and wate(Kunte etal. 1993) After shanking for10 min, the phase separation
was ensured by centrifugation (5 min at 20000 rpm). The hydrophilic top layer containing
compatible solutes was recovered. Ectoine and hydroxyectoine quantification was achieved
by HPLC using acC 150/4.6 NUCLEODUR® 108 NH>-RP column and a UMetector



46 Development of amtegrated fermentation and formulation approz
for the endophytic bacteriuosakonia radicincitans

at 215 nm, at a flow rate of 1 nvhin at 30°C accompanied by a column heater and using

a solvent gradient established between eluents A and B (80% ACN in HPLC water) (see
Figure 2.2). The peafreas were calculated and compared with calibration curves created
with standards of each solute [ALImM] (Appendix 1). Results were expresseduasl
compatible solute §(dry weightK. radicincitanscells). All results are the mean of three
replicatesdbacterial samples per stress condition and incubation time

2.3 Results

2.3.1 Phenotypic fingerprint of K. radicincitans DSM16656™: GEN
Il microplate

At the end of the 24 bf theincubation periodK. radicincitansDSM16656 strain had
differential utilization of the carbon and nitrogen source (Figure 2.3, 2.4, 2.5). As expected,
there was no visible growth in any of the negative control wells and no significant difference
in the absorbance readings of the positive contrdl @smotic stressors assays resulted in
positive absorbance at 24 h of 1.807, 1.564 and 0.586 for 1%, 4% and 8% NacCl respectively.
Regarding Olhoand estimatedthxparameters, the carbon sources utilized more efficiently
were Dmannitol, Dtrehalose, Bmaltose and glycerol. Interestingly, polyols are
advantageous -Sources for the bacterium, in comparison to sugars such as glucose and
galactoseCitric acid, mucic acid, acetic aci@nd gluconic acid seem to beoéimer potential
nutrient sourcdor the endophyte. Conversely;malic acid, quinic acidand butyric acid

are not beneficial Gource forK. radicincitansDSM16656 (Figure 2.4).These carbon
sources are found tuaally in plants, available #store forms such as sucrose, raffinose,
whereas arabinoseylose, mannose, glucasand galactose exist in association with the

plant cell walls componen{¥anget al.2017)

Considering the assimilation ofdburces, amino acids such aslanine, proline, tsering

and L-aspartic acid provide tineendophyte notorioulsenefitsthatcan suggest the affinity

of the bacteria to these substances. Histidine and aeganénot potential iSources for the
endophytic bacteria (Figure 2.5). The raw data absorbance values for triplicate samples from

the 24 h time point and specific growth r§ig¢ wereaveraged (Appendix 2).



Figure 2-3 Comparative analyses & radicincitansDSM16658 growthin the Biolog GEN Ill microplate assay with different C

sources.
I D-Mannitol
[ ]
0.9 D-Cellobiose
D-Salicin

0.8 Y D-Tirehalose

o .

0.7 Sucrose D-Maltose
= S . D-Sorbitol GentioMose
-+ Fructose 6P Glucose 6P . *

&1 0.6 . D-Galactose
= . o-D-Lactose Glycerol
'E D-Fructose D-Turanpnse .
_ L] L ]
: '_]5 - F: a
- D-Mannose L Rln.mno. ©
S04 -t
=) ' . L-Fucose o da-D-Glucose
) Dextrin D-Fucose D-Melibiose
0.3 * o . .
myo-Inositol 3-Methyl Glucose
0.2 D-Arabitol
Stachyosd ‘.
1 D-Raffinose
0.1
0
0 0.01 0.02 0.03 0.04 .05 0.06 0.07 (.08

n[h]



48

Development of amtegrated fermentation and formulation approz

for the endophytic bacteriuosakonia radicincitans

Figure 2-4 Comparative analyses &f. radicincitansDSM16656 growthin Biolog GEN 1l microplate assay witklifferent organic

acids as Carboemources.
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Figure 2-5 Comparative analyses Kf radicincitansDSM16656 growthin the Biolog GEN IIl microplate assay with different amino

acids as Nitrogesources.
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Thephenotypic assays in Biolog wesinilar to the obtained with othdéénterobacteriaceae
endophytes, which hydrolgrla wide range ofarbon sourceand wereslightly halophyte

for proliferating at 4% NaC[Mahlangu and Seredaiamini, 2018) The wide carbon
utilization could facilitate bacterium entrance and heritsesurvival inside plant host

forming colonies thereaftélranget al.2017)

2.3.2 Culture media screening

The assessment of gixferent culture media elucidated the media M5 as advantageous for
producing viable cellsf the endophyte (Figure 3.8M5 was selected over M1 for further
analysis because the less amount of peptone and yeast extract required. Thereby, viability
(CFU nmLY) in M5 after 24 h wasignificantly different in comparison to the standard
nutrient broth use foK. radicincitansDSM16656 (p<0.05) with cells concentrations
higher than 2.0 x 8 CFU mL?. Culture media M3 and M4 based on starch and lactose
respetively showed the lowest yieldsAiming to eliminate the use of peptone, and
decreasing the costs of the culture media by leaving only the yeast extract as a nitrogen

source, a PlackeBurman design was planned.

Figure 2-6 Cells concentratios (CFU mL?) in different culture broth after 24 h of
fermentation of K. radicincitans DSM16656. Different letters indicate significant

differences according to Tukey post hoc test, (n >4; p<0.05).
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2.3.3 Culture media design

Considering culture M5 and having the glycerol as the main carbon source, 7 factors with
12 different media were tested using a PlaeBettman design. Factors and ithkevels
details are given indbles 2.3 and 2.4. Screening demaastd the treatment R3 with the
highestvalues of O at 24 h is significantly different from the other treatments, (6=

370.7, p<0.001,U= 0.05) (Figure 2.7A). Similarly, with this media (R3)dry biomass (g

L) yield reached the highest, values over 8.5 (F11, 8= 26.88, p<0.001,U= 0.05)
(Figure 2.7 B). Pareto diagram analysis clarifies that the concentration of yeast extract,
K2HPOy and the initial pH have positive and significant effects. With a negatie
significant effect, the concentration of NaCl and Mg38@re established (Figure 2Cj.

Interestingly, glycerol concentration had not a significant effect under the evaluated
conditions. In Figure 2.8, sole glycerol effect was elucidated in niR&liavhich confirmed

the Pareto results. Hence, before 24 h the production of biomass and viability (CHU mL

at 1.5 % and at 4% of glycerol are statistically the same, according to repeated measures
ANOVA (p <0.05) (Figure 2.8, Table 3.€Considering diomass chemical formula (GHk

No.24 Oo.33) with elemental composition of carbon (48.7%) and nitrogen (13(B#&gcock

and Richardsar2012) at 1.5 % glycerol the highest estimated yields at 30 h fwarel at

0.497 g C in biomass/g C in glycerol and at 0.918 g N in biomass/ g N in ygast.ex
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Figure 2-7 A. Optical density OBy andB. Production of dry biomass (g4 after 24 hours
of fermentation ofK. radicincitansDSM16656 in the proposed culture media with the
PlackettBurman designC. Pareto diagram for optical density abd Production of dry

biomass
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Figure 2-8 Effect of glycerol concentration as-gburce on kinetic growth oK.
radicincitansDSM16656 . Different letter indicate significant differences according to-RM

ANOVA test (p< 0.05).
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Table 2-6: Concentration of cells at 24 h and at 48 h. Different letters indicate significant
differences between treatments (24 h, &=0.66; p=0.5914), (48 h, £15=0.35; p=0.793)
(n =5, p<0.05).

Glycerol [g L] [CFU mLY] at 24 h [CFU mLY] at 48 h
15 2.03+0.85x18a 1.98 + 0.19 x1¥a
20 2.09 + 0.91 x1¥a 2.97 +0.19 x1¥ a
30 1.78 £ 0.42 x1¥ a 2.73+0.73 x1¥ a
40 1.57 +0.33 x1¥ a 2.39£0.30 x18a

Figure 2.9 illustrates the viability and cost of preparation of the 6 media evaluated in the
screening section, the nutrient broth standard and the final R3 media from PBackedin

design. Results suggest that the media R3 is notably cheaper in compgartbe other
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media. Thus, the elimination of peptone, the inclusion of yeast extract and the use of glycerol
at 1.5 % decrease the cost of preparl liter of media. HenceR3 media permits the
production ofK. radicincitansDSM16656 over 13* CFU mL! after 24 h with a cost at
0.0128 US$ L.

Figure 2-9 Comparative compilation of culture media, regarding viability (CFUYrdt 24
h and cost of broth preparation (US$)L
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Further studieslemonstrated the benefits of buffering the media R3 by the addition of
KH2PQy (1.31 g Y and KHPQy ( 2.74 g L), which extended the limit of growing from
3.76 +0.22 g 1 to 4.53 + 0.96 g 1 of biomass yields at 24 h of cultivation (n=€ulture
media price increased slightly to 0.008$ L.

2.3.4 Microfermentation approach

To look into the influence of amino acids as well as macro and micro minerals on kinetic
growth ofK. radicincitansDSM16656, a microfermentation technique was conducies.
avoid the interference of yeast extracts trace components on nets £ff basal media was
used (gL™): Glycerol (15); NHSQ (4), NaCl (10); Mg S@7H0 (0.5); KHPQ, (2.74);
KH2PQy (1.31); ZnSG; (0.001); FeS@rH20 (0.001); MnSGH20 (0.002); CuS®(0.001).
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Figure 2.10 permits to elucidate that the amino acids mixture at 0.2 mM as a supplement o
basal media reduce the time to start proliferation f2drh to 16.6 h. Interestingly, glutamic
acid, proline, alanine and glycine at a higher concentration of 1 mM facilitated the kinetic
growth and respiration of bacterial cells. Conversely, histidine adeddine at 1 mM have

a harmkinetic performance, ste the lag phase required is longer in comparison to the
mixture of amino acids [0.2 mM] used as a control. BioLector® scattered light signals

demonstrated the importance of amino acids in culture media for enhancing kinetic growth.

Figure 2-10 Effect of selected amino acids [0i21.0 mM] on kinetic growth oK.
radicincitansDSM16656 Biolector® approach.
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Finally, the supplementation of R3 media with amino acids at 1 milaghine, Lproline
and glutamic acid) allowsbtairing concentration higher thah0x13* CFU mL* at 24 h
of cultivation. Thus, the final concentration in supplemented R3 media wadalal 32gher
in comparison to the standard nutrient broth media with 6.1 + 2GHI0 mL2. Inclusion

of amino acids solution increase slightly R3 amended media at 0.0176US$ L
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Amino acids screeningesultsfor DSM16656 are in agreement with theutritional profile
abundance in plant juicdsased culturegp cultivaterhizospheric microorganissnwhich
predominant amino acids were (ughL glutamic (470), alanine (250), proline (200) and
arginine (360)YNouret al.2012) Another study supporting the found affinity was presented
by Youssefet al (2016, who determined glutamic, alanine and proline as essential amino
acids in a planbased culture for isolatingacterial endophytes. Unlikely, histidine was

found in the lowest concentration.

Figure 2.11 showed the response&ofadicincitansDSM16656 to microelements such as
Fe™3, Mn*2, Zn*?, and Cti?, when they were included in basal media. In this research, the
range of concentrations for each matel was adjusted according to plant juices
composition used for the isolation and proliferation oft&aal endophytes (Table 2.4).
Biomass vyield increases significantly with the inclusion of microelemeantoatlevel [-],

and it is constant at a high levelafncentration [+]

The effectof each microelement on bacteria growth by microfermentation in BioLector®
demonstrated that from 0.2 to 0.7 pphe four elements have a positive effect on kinetic
performance, since the scattered light signal showed bacteria activity after theiomaitus
basal media (Figure 2.12Results suggest th&t. radicincitans DSM16656 cells are
tolerant to both Zifand Fé3at the concentration in media from 2.0 to 4.0 ppm. In contrast,
at 4 ppm and 2 ppm for Mhiand Cu? respectively, these two elemeiifect the kinetic
growth of the endophgtsignificantly (Figure 2.1)2

Toxicity of Cu*? at 0.5 mMwas correlated to the leds/erse communityf rhizobacteria,
indicating a low tolerance to this metah (Sharaffet al.2017) Converselyaccording to a
recentstudy (Brigido et al. 2019) is rarelyfound a bacterial endophyte wiln*? i low
resistance, sinceplant associatedEnterobacteriales were highly Malerant. This
notwithstandingK. radicincitansDSM16656 establishment could be favourable at soil pH

>7 wereMn*? availability is reduced.
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Figure 2-11 Effect of selected microelements at two levels][®n kinetic growth ofK.
radicincitansDSM16656 (ODsoo M) and biomass production
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Figure 2-12 Effect of selectedhicroelements [0.2 4 ppm] orK. radicincitansDSM16656
On dissolved oxygen tension (DOT) in basal me&ansibility test by merofermentation
(Biolector®). Two concentration levels for each metaHj]. Zn [0.4, 2.0 ppm]; Fe [0.2, 4.0
ppm]; Mn [0.7,4.0 ppm]; Cu [0.4, 2.0 ppm].
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RegardingFe™ abundance in plafiased culture for isolating rhizobacte(Mour et al.
2012) further Fé&2 resistance assay in bacterial cells was carriedThen, inR3 media
Fe" was adjusteat 4, 12, 18, 70, 550 and 1100 pgmelucidate itsusceptibility agast
this metalion (Figure 2.13

Figure 2-13 Effect of selected microelements*Fen K. radicincitansDSM16656 kinetic

growth
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Metal ions are critical for many reactgrhowever, metal excess can be toxic. Matal
resistance irK. radicincitansDSM16656 is an interesting aspect, since studies regarding
the metal toxicity in bacterisuggest that in general Bés more toxic than Cd, Zn*2 and
Mn*2(Corneliset al 2011; Chandrangset al.2017) The high resistance against £geven
proliferating at 550 ppmis surprisingly interesting, andomparable with other Gram
negative bacteria, such as the haloph@teomohalobacter salexigemhich can proliferate

at high iron concentration at 50 pM Fe@2.8 ppm F&) (Argandonaet al 2010)(Figure
2.13. Finally, studies considering metals resistancédBM16656 generate important

knowledge, upon bioremediation alternatives and future applications may emerge.

2.3.5 Effects of osmotic stress and compatible solutes on K.
radicincitans DSM16656" cultivation

To assess the osmoadaptation capabilitg.afidicincitansDSM16656, the cultivation at

high salinities was conducted. Moreover, the affinity for compatibles solutes uptake exerted
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by osmotic stress was also tested. In this research, the capability of the bacterium endophyte
for proliferating at 4% NaCl wademonstrate@Figure 2.14A). Assays were conducted in

the BioLector® micrefermentation system with 48ell BH microplates with 1 ml R3
buffered media at 1200 rpm and 30°C. Timrement of salt in medstrongly impairedhe

growth of the bacteria. Thubjomass yield decrease from 4.85 + 0.18 to 2.74 + §.L%

for nonstresses cells to 4%NaCl adeleedia respectively (Figure 2.B). However, after

30 h of cultivation both cultivatioreached 18 CFUmL™, with concentration (log) values

at 11.13 #.11 and 11.02 £ 0.07 (n=3) for 1% NaCl and 4% NaCl treated cells respectively.

Figure 2-14 Salt stress effect oK. radicincitansDSM16656 growth.A. Effect on kinetic
growth by Biolector® approach in culture media R3 amended with NaCl [1, 3,Bl%)].
Effect on biomass production at 24 h cultivation. Lines represent the mean values of three

replicates (n=3).
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The positive role of compatible solutes during cultivataanhigh salinities is shown in
Figure 2.15 Osmolytes such as ectoine and hydroxyectadirieraM reduced the lag phase
~ 2 h in comparien to control media (Figure 2.1&). The upper growth limit was also
increased by the exogenous supply of these osmolytes in a mixture or indeperidently.
osmoprotective effect of ectoines (1 mM) was reported in other @egyative bacteria to
cope the proliferation at high salinitiek.Z M NaCl), suclBtreptomyces coelicol&3 (2)
(Bursyet al 2008)

The amino acids proline, betaine, glutamine and glycine as osmdaigesprovided
advantages for conferring apid osmoadaptation (Figuz15 B-C). At a lower level,
trehalose and glutamate could serveaa®mpatible solute for the bacterium but with a
smaller effect (Figure 2.15D). Betaine was reported as osmoprotectant for
Gluconacetobacter diazotrophic#AL5, which under high salinities (8800 mM NacCl)

led to increased kinetic parameters, reducing lag phase and biomasg¢Basliddo et al
2009) Osmostress protection by amino acid uptake is reported in bact@tigsaslogical
process, with the conversion to prolinead®y trait. Hence in the absence of Ng&bline

is utilized asa substratdor protein synthesis, but at high salinities servea esmpatible
solute in Grammegative bacteriédNagataet al 2005)
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Figure 2-15 Effect of compatible solutes addition [1 mM)] EnradicincitansDSM16656
growth at high salinity at 4% NaGA. Ectoine and hydroxyectoinB. Proline and Betaine.

C. Glutamine and glycin®. Glutamate and trehalose. Scattered light curves of cultivations

in a MTP in the BioLector® systenhines represent the mean values of three replicates

(n=3).
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Figures 2.16 AB shows the intracellular accumulation dynamics for ectoine and

hydroxyectoine respectivelyror both osmolytes, it was found a significant effect by
cultivation time, ectoin€Fs, 15=16.05, p-0.0002, Figure 2.16\) and hydroxyectoingFs,
15=36.45, g0.001, Figue 2.16B). After 24 h, the intracellular concentration of ectoine and

hydroxyectoine reached values up to 544.4 +187 and 528.&xh6bg* of dry biomass,

equivalent to 77.3fg mg* and 83.8 pg mg*. These yields are comparable to other studies
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which reported intracellular concentrationHalomonas elongat&S3 at 12Qug mg* and
45ug mg? of dry cells for ectoine and hydroxyectoine respectiy@iyoet al 1998) These
results demonstrate the capacity Kf radicincitans DSM16656 to accumulate these
substances under conditions of osmotic sti@esirol cells without asotic stress did not
accumulatesctoine or hydroxyectoine. It is olsed that the solute uptake was driven by
osmotic stress durintpe exponential growth phase, ete the osmolyte was detected.

For the case of Prale, the confirmation of its uptakeas condcted through G@/S.
Figure 2.17showed the G@AS spectra for intracellular extracts for control cells and
proline-added cellsThe peak at 20.19 min was identified asptoline According to the
NIST 98 database (NIST, MD, USAgnd occurred in cells when this amino acid was added.

Figure 2-16 Intercellular uptake of selected compatibleluses by K. radicincitans
DSM16656 cells osmoadapted at 4%aCl in culture media R3A. Ectoine, B.
Hydroxyectoine. Different letters indicate significant differences between biomass sampling

times according to Tukey post hoc test (n=4, p<0.05).
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Figure 2-17 Intracellular identification ofL-proline by GCMS, after the uptake biK.
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2.4 Discussion

Cultivation of bacterial endophytes represents a mandatory step prior to their exploitation
as potential biological inoculants with a sustainable production at-iedostrial and
industrial scalesThe use of endophytic bactetiased inoculants on increasing plant
nutrition and protection has a great potential in developing couriBrasleret al. 2014,
Santoy et al. 2016) especially if the lower cost of liquid media could be developed for

producing microbial biomass.

The relative nevepecieKosakonia radicincitanss a heterogeneous group of bacteria that
occupy different natural ecosystems, providing plant grgamtimoting features and playing

an increasingly essential role in the study of endophytic bat¥riael et al 2017; Becker

et al.2018) Here, the research focused on the elucidation of advantageous nutrient sources
for the endophyt&. radicincitansDSM16656. The strategy included the use of different
approaches for revealing the affinity of this bacterium to multiple nutrients. Thereby, the
initial step was to characterize the bacteria phenotypically using a Biolog IBEN
MicroPlaté™ system, followed by 1 screening of different culture media available in the
literature for rhizobacteria and endophytes. Furtinerselection and optimization of media
components by a Plackédurman design. Moreover, the inclusion of hitinoughput
microfermentation studs in BioLector® to investigate the effects of amino acids, macro
and microelements on kinetic growth. Finally, the evaluation of osmotic stress and the
addition of compatible solutes as potentialpoaditioning mechanisms for integrating the

proliferation of the endophyte with the formulation step.

The technology GENII of Biolog effectivelyallowed the phenotyping @f. radicincitans
DSM16656. Our data revealed some key phenotypic traits related to substrate assimilation,
such the utilization of cadn sources including polyols (Bhannitol, glycerol and sorbitol),
sugars (Bmaltose, gentiobiose andrhamnose), organic acids (mucic acid, acetic acid and
gluconic acid), and nitrogen sources mainly amino acidalghine, Lserine, proline and
L-aspartt acid). The poor assimilation of histidine was consistent with previous studies in
bacterial endophyte@_oiret et al. 2009) Beyond the GENII resuts, the selection of
glycerol as the main -Gource in culture media relied on the cost of this substance and
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benefits to provided osmotic stress to cells by decreasing water activity in media. Besides,
K. radicincitansDSM16656 possess a large plasmid gene for 1,2 propanediol degradation
(PDD) and glycerol transformatigBeckeret al.2018) According to GENII phenotyping,

the bacterium can oxide -Balacturonic acid, the primary monomer in pectins, which
provide knowledge that support the integratmnthis biopolymer as a potential carrier
within the formulation step. Pectin also contains neutral sugars suchhasnbhose, which

is either inserted or attached to the main chding et al. 2003; Sriamornsak 2011)
Interestingly, Lrhamnose was also discovered as a useful nutriespu@e for the
endophyte. Noticeably, the presence of pdu genes (pduABDEFLNMBQ)ropanediol
degradation (PDD) and dha genes (dhaBDKLMT) for glycerol transformation (GT) on the
large plasmid suggests thtradicincitansDSM16656 has the potential to anaerobically
degrade rhamnose and fucose in plant cell walls and glycerol in plant(B@dkeret al

2018) GEN III results provided useful insights for the selection of culture media for

screening and further phases of this research.

The screening of cture media suppatthe advantages of glycerol ass@urce in
comparison to starch or lactose for this endophyte. From an economic point of view, glycerol
concentration at 1.5 % is enough to reach biomass yield similar to the higher concentration
of the pdyol, suggesting that yeast extract is limiting the biomass production. It is

corroborated by the positive and significant effect found with the PlaBkethan design.

Microfermentation in BioLector® revealed the affinity of endophytic badtexdis to
selected amino aciddjus L-alanine L-proline and glutamic acid were identified as essential

for growth, suggesting an activation of the alaraspartateglutamate metabolism. Besides,
provide insights into the potential amino acid derivatives thab#itgerium may produce

such antibiotics (i.e Ecomycin)(Singh, Kumaret al. 2017) Moreover, these findings are

in line with studies which report that alanine, aspartate and glutamate facilitate the
proliferation of endophytic nitrogefixing bacteria, providing increments in ammonium
production and nitrogenase activity Rantoeasp. (Loiret et al. 2009) Likewisg plant

based culture media used for culturing rhizobacteria contains mostly these amino acids
(Youssefet al. 2016)
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Microelements represents a critical componentituce media, conferring groeo-factors

and serving as a stabilizer of enzymes and intermediates of metabolites. Metals cannot be
synthesized or degraded, then homeostasis primarily relies on modulating transport into and
out the cell(Chandrangset al. 2017) For K. radicincitansDSM16656 was established

that relative high concentration of Rand Zri2 did not impair the growth of the bacterium.
Conversely, Mi? and Cud? must be used in liquid culture at lower concentrations than 2
ppm, since the DOT curves in BioLector® revealed an inhibitory effect of these minerals at

higher concentration.

The potential iron tolerant cells of the endophyte may provide advantageghhrou
siderophore bigmthesis, iron import pathwagsd iron chelation in high concentrated plant
microbiomegKandelet al.2017) The tolerance to F&and Zri? can be explained by more
efficient metal homeostasis mechanisms and storage events such-ffelat@a proteins
(Chandrangset al 2017) Besides, according to the high contents ¢f Bad Zri? in plant
extracts using to proliferate bacterial endophytes, is expected the natural affinity of the
endophyte for theniNour et al. 2012; Youssefet al 2016) Noteworthy,K. radicincitans

DSM 16658 can proliferateén iron (lll) concentratn higher than 500 ppm (Figure 3)1
suggestingefficient sequestration proteins, *fsiderophore ABC transporter permease
activity, and efflux pumps. DOT curves suggest thdt &an be used by the bacterium as
an electron acceptor under anoxic conditions. In parallel, to the potential iron uptake,
bacterium controls the formation of dangerous reactive oxygen species (B@&3lis et

al. 2011)

2.4.1 Effects of osmotic stress and compatible solutes on K.
radicincitans DSM16656" cultivation

According to the cultivation under osmotic stress assessrieméslicincitansDSM16656
can be considered slightly halotolerasiticeit can proliferate at 4% NdG@Gnd shaved
respiration activity in GENII profiling at 8% NaCl (Appendix 2).Although kinetic
parameters are impaired along salt content in media, the use of exogenous compatible

solutes alleviates the cell adaptation. Hence, ectoine, hydroxyectoine and proline
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demonstrated the highest osmolyte effects, by reducingolege andni some cases

extendinghe upper growth limit.

The analysis of the chromatograms in HPU® confirmed the intracellular accumulation

of ectoine and hydroxyectoine. Interestingly, according to its gen&meadicincitans
DSM16656 lacks ectoine synthasand ectoine hydrolasein consequengecamot
synthesizer catabolizeneither ectoine nor hydroxyectoi{Mitzel et al.2012; Czeclet al.

2018) indicatingthat the uptake molecules are nwtabolized within the celDn the other

hand, poline is considered another potential compatible solute during the osmoadaptation
of cells, its accumulation was confirmed via ®AS. Considering the beneficial effect of
compmtible solutes, it is hygithesizedthat the inclusion of these substances as supplements
in saltadded liquid media may support the strength of cells prior to formulation processing

and subsequent may provide advantages during-efatibiome establishment.

To summarize, after the different approaches carried out in order to elucidate advantageous
nutrient sources foK. radicincitars DSML6656, here it is proposed that cultumeedia

must contain a polyol adygerol as main &ource at 1.5% when the aim iarbesting at

24 h, as Nsource, yeast extract which may provide the amino acids and minerals required
for proliferation. Hence, supplementation of this media can contain at 1 mM amino acids
suchasproline, glutamic acid and-Lalanine. Microelements aduih [Zn*2, Fe3, Mn*2,

Cu*? are needed for enhancing kinetic growth parameters. Finally, at high salinities, a rapid
adaptation and growth of this bacteria endophyte requirathesion of compatible solutes;

thus ectoine and hydroxyectoine can provtiebesperformances at 4% NaCl withaw

risk to be assimilated as€burce compagdo proline and betaine.

2.5 Conclusions

The phenotypic characterization in GEN Il technology and the assessment of culture media
for K. radicincitans DSM16656 revealed he affinity of bacterial cells for polyols as
advantageous carbon sources. The amino acalariine, proline and glutamic acid as N

sources enhance the kinetic parameters of the endophyte significantly. Microelements such
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as Fe, Zn, Mn and Cu are requitadiquid culture media for f bacteria proliferation. After
the systematic application of microfermentation and, the obtaineeeffestive liquid
media permitted 3#old increment of cells concentration up to 2¢MOFU mLt at 24 h in

comparison to the typically used standard nutrient broth.

Compatible solutes such as ectoine, hydroxyectoine, proline and betaine are a feasible
strategyto accelerate bacteria growth and to increase biomass yields under high salinities.
Thesdindings comprisealuable knowledge upon the integration of cultivation formulation
and plant interaction can be developed.



71

S3CHAPTBR OSMOTI C STRESS AN
HYDROXYECTOI NE | NCREASE

PHOSPHATE SOLUBI LI ZATI ON
PLANT COLONI ZATI ON KAPACI
radi ciDhD SN 6 ED6



72 Development of amtegrated fermentation and formulation approz
for the endophytic bacteriuosakonia radicincitans

3.1 Introduction

Bacterial endophytes have attracted considerable attention because of their capability to
promote plant growth through direct or indirect mechanisms. Direct mechanism gtblede
nutrients acquisition facilitation or hormones modulation, treindirect mechanism by
pathogen inhibitiofReinholdHurek and Hurek2011; Santoyet al.2016) Many bacterial
endophytes can support host plants by counteracting negapaetson the environment

(high salinities, heavy metal concentration, etc.) and are classified as plant -growth
promoting endophytic bacteria (PGPHEBRosenblueth and Martindzomerq 2006; Ryan

et al. 2008) Colonizationby PGPEB is essential for providing benefits to host plants.
Endophytic colonization involves the entry, growth and proliferation of bacterial
populations within the plarfReinhdd-Hurek and Hurek, 2011; Kandet al.2017)

The colonization patterns of PGPEB in plant tissues are strongly dependent on several biotic
and abiotic factorgHallmann, QuadtHallmanat al. 1997; Gaiercet al. 2013) Moreover,
rhizosphere miabial communities and metabolathway profiles may be entirely
different from those of endophyt€simm et al. 2015) Hence, variations in abiotic factors

such as temperatu(®ocali et al. 2003) soil type(Gottelet al 2011) pH (Hardoimet al.

2012) and nutrients availability have been described to influence bacterial plant
colonization behavior. Especially, soil salinity alterstbeaal community composition and

their functional activitiegYaish et al 2016; Kandekt al. 2017; Szymanskat al. 2018)

Thus, bacterial endophytes may help the plant to withstand such sudden osmolarity peak
conditions in their ecological niche, bggulating hormones such as auxin, cytokiwaind
ethylene.

Organic osmolytes enable organisms to adapt to environmental conditions by protecting
cells or molecules against salt stress. The
with the metabasm of the cell without adversely affecting macromolecules or physiological
processes and are referred to as compatible s¢Br@sn, 1978) These solutes accumulate

either by synthesis or by transport from the extracellular medium through osmotically

regulated transporters and mechanosensitive chaiWaed et al. 2001) Moreover,
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compatible solutes provide beneficial enzyme functions, protecting against high
temperature, desiccation, salinity, fre¢law procedures and even dryifigppert and
Galinski 1992; Sleator and Hill2002; Manzanerat al. 2004) Among these, intracellular
solutesuch hydroxyectoine is welhlown in halophytic bacteri@el Moralet al 1994; Ono

et al. 1998) and the latter is consideradprotein protectarWanget al. 2006) Despite
these benefits, the effect of hydroxyectoine enrichment in laotetls on bacterial plant

colonization behavior is still unknown.

The ability of edophytic bacteria to solubikzphosphorus has been amply demonstrated
(Estradeet al. 2013; Joeet al.2016) These studies have in many casesroborated than

vitro results of phosphorus solubilization withvivo studies Hence the monitoing of the
capacity to solubilie phosphorus biK. radicincitansDSM16656 is proposed during the
phases of media design, grenditioning and formulation as a model for evaluatingithe
vitro biological activity of the endophyte. This monitoring would be used taking into account
the potential genotypic or phenotypic changed the bacterium may have in each phase,
depending on the different environmefRainey and Travisand 998) Likewise, it will
serve as criteria to address tiesearch and further serves as a tool for the explanation or

correlation of the results in the efficacy test in the presence of the plant system.

The course of nutrients use including the phosphorus uypakghasizes the necessity to
stimulate its avadlbility during early plant growth stages during the endophytic
establishmentSchilling et al. 1998; Singtet al. 2013) Thus, beyondhe welldocumented

plant growthpromoting benefits of this bacterial strain, and its inorganic phosphate
solubilization capability, the response of this endophyte to both the osmotic stress and the
accumulation of ampatible solutes, and how these conditions may influence its phosphate
solubilization ability and subsequent plant colonization activity are still unknown. Here, it
is hypothesized that providing exogenous hydroxyectoine during the adaptation at high
salinities in culture media may synergistically influence the phosphatase enzyres of
radicincitans DSM16656, enhancing its physiological machinery for phosphate

solubilization (n vitro) and plant colonization activity.
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Members of thdBrassicaceadamily are economically important crops, which the benefits
of associated bacterial endophytes have tested succeg§fatlyet al. 2015) Previously
studies demonstrated the abilitykafradicincitansDSM 16658 to colonize internal tissue
of Brassicaceaespecies such as radisRaphanus sativus L. var. satiyy8ergeret al.
2015) independently of the site of application. Radish has features that favor the assessing
of effects caused by environmental variables such as the short growth cy8@ ¢24s),
small size enabling a large number of treatments, easy determination df garaineters
and nutrient uptake from sqostkaRick and Manning1993) In particular, radish easily
responds to the application of PGP and especialiplébilizing bacteria with leave and
tuber growth improvement anduptake responsdkaraet al.2013) Therefore, this plant
was selected as a model for testing plant greggvtimoting and endophytic aetiy of pre-

conditioned cells.

3.2 Materials and Methods

Compatible solute standard hydroxyectoinegtoine) was acquired from Sigma Aldrich
(Cat: 70709, Sigma Aldrich Corporatiodbarmstadt, GermanyAll other materials used

were of analytical reamt grade and used as received.

3.2.1 Bacterial and growth conditions

The bacterial straii. radicincitansDSM16656 was provided by the Leibnitz Institute of
Vegetable and Ornamental Crops in Grossbeeren, Germany. Chemically defined growth
medium (DM) was routinely used (g¥): glycerol (15), yeast extract (8)KPQy (2.74),
KH2PQ; (1.31), MgSQ 7H20 (0.5), FeS@H20 (60 ppm), MnSQ@(10 ppm) at pH 7.4. Pre
conditioning of bacteria before plant colonization assays was carried out by amending the
DM with NaCl [1 and 4%] and providing hydroxyectoine [1 mM] to DM 4% NaCl.

Preconditioned bacterial cells for plant colortioa experiments were prepared as follows:
DM (100 mL) was poured into 250 mL baffled Erlenmeyer flasks that were autoclaved at
121°C under 1.5 atm, for 30 miiihe initial inoculum concentration in the media was

adjusted at 10cells mLL. The cultures were maintainedl 190 rpm in a rotary incubator at
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30 + 1°C (KA KS 4000 IC Control, Staufen, Germanyjydroxyectoinewas sterilized
separately by filtration t h?02umpolyanylilen e m m
fluoride (PVDF),Millipore, Darmstadt, GermanyActively growing cells were harvested

at the exponential phase after 20 h ¢a@f 0.7-0.9) by centrifugation at 6875 x g for 15

min (Centrifuge 5810R, Eppendorf, Wesseling, Germany), and the obtained pellet of
bacteria wasvashed and centrifuged twice with corresponding NaCl solution [1 or 4%] to
maintain the osmotic pressure. The threeqmeditioned bacteria type cells [NaCl 1%, 4%

and 4% + Hectoine] were stored in the same NacCl solution adjusted #o©0.0 until

use in plant colonization assays. The intracellular hydroxyectoine concentration before

endophytic establishments experiments was determined via KFIRIiXido et al. 2005)

3.2.2 Osmoadaption and effect of hydroxyectoine:
Microfermentation procedure

The influence of different NaCl concentrations [0, 1, 3, 4%] in DM and the addition of
hydroxyectoine onK. radicincitansDSM16656 kinetic growth was monitored online in
microtiter plate cultivations (MPCs), with a microbioreactor, the RobolL&iturector®
system (m2pabs, Baesweiler, Germany). Hydroxyectoine vetarilized separately by
filtration through a 0.2m membrane filter (Durapore® 0.2 um PVDF, Millipore, Ireland),
andadded at 1 mM final concentration to the DM media (See chapter 3). The microtiter
plate (MTP) assays were conducted inwil flower plates, and the plates were enclosed
with an adhesive ggsermeable membrane with evaporation reduction layer, but atjowin
for sufficient and uniform aeration {EPR4810, m2plabs, Baesweiler, German{bluber

et al.2009)

The BioLecto® instrument was used for n@mvasive online assessment of scattered light
(signal representing the biomass formation) during cultivations for 48igmals were
acquired by irradiating each well with a light of a defined wavelength in a filter (excitation)
and detecting and interpreting the reflected/scattered light. The monitoring of all
BioLectom® cultivations used the following adjustments: Scatidight (filter 620 nm, Gain

20), pG-optode (filter 500 nm, Gain 33). The experiments were carried out at 30°C under
constant stirring (1200 rpm, shaking diameter = 3 mm, orbital) +we&lB8MTP-48-BO
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flower- plates, Lot No: 1711 (mpRabs, Baesweiler, &many) with an adjusted volume of
1000¢l DM. Each treatment was composed of three replicates. High densities of bacterial
cells were necessary to correlate scattered light intensities and biomass concentrations in
BioLecto®. A concentrated starteulture ofK. radicincitansDSM16656 (~ 5 g dry matter

L) was diluted in DM and measured at the same operating conditions as in the cultivation
assessmen{&ensyet al.2009)(Appendix 3.

3.2.3 Mineral phosphate solubilization in liquid media

The efficiency ofK. radicincitansDSM16656 of both preconditioned osmoadapted cells

and osmoadapted hydroxyectoiagded cells for phosphate solubilization were measured
via Pikovkayabds ( PVK) (Sthoehita, iCeballoseatZ0E3) RVIKH 7 . 2
media wee amended with 4% NaCl and 4% NacCl plus hydroxyectoine [1 mM] to reveal
the effects of osmotic stress and the osmolyte on bacterial phosphate solubilization ability.
Each flask containing 100 mL of PVK was inoculated with 100 pdlmdcterial suspension

at 1@ cells mL™. The flasks were incubated for approximately nine days at 30 + 1°C under
shaking at 190 rpm on a rotary shakétX KS 4000 IC Control, Staufen, Germany). Four
independent replicates per treatment were tested. Quantitative spectrophotanadysis

of the soluble phosphate was performed at 24 h, 48 h, 120 h and 200 h according to a
standard protoco{Murphy and Riley 1962) (Appendix 4). In parallel, the influence of
osmotic stress and tregldition of hydroxyectoine on pH evolution in PVK medium was
monitored online, using microtiter plate cultivations (MPCs) (RobolLeBitokector
system, m2gabs, Baesweiler, Germany). The following adjustments were used: Scattered
light (620 nm filter, gai 3), pHoptode (Filter pH[HP8] Ex (hnm)=470 nm; Em(nm)=525,

gain 7), and 1006L of PVK media incubated in 4&ell MTP-48-BH flower- plates, Lot

No: 1808 at 30°C and 1200 rpm.

3.2.4 Phosphatase enzyme activity

Phosphatase activity was determined usigtpophenyl phosphate disodium (PNPP, 0.025
M) as a colorimetric substrate. For the assay, 2 mL of 0.5 M modified universal buffer
(MUB) buffer adjusted to pH 6.5 (acid phosphatases) and 11 (alkaline phospjaase
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0.5 mL of the substrate were added to 0.5 mL of PVK supernatant mediurire€ell
supernatant samples were obtained by centrifuging 2 mL of culture at 21382 x g for 10 min
(Mikro HT 200R, Hettich GmbH & Co. KG, Tuttlingen, Germany). Reactions waneed

out at 37+£1°C for 60 min and stopped by the addition of 0.5 mL of 0.5 M-@a@12 mL

of 0.5 M NaOH. Samples were filtered by using filter paper (grade 401) retention time 12
15 um pore size. Thepitrophenol (PNP) formed was measured spectraphetrically at

400 nm (Genesys 10S WVis, Thermo Fisher Scientific, Waltham, MA, USA)jabatabai

and Bremner1969 Murphy and Rigéy, 1962) (Appendix 4. Four independent replicates
per treatment were tested. A control treatment including a hydroxyectoine solution [1 mM],
were analyzed under the same experimental conditions.nithef @nzyme activity (U) was
expressed asnicrograns of PNPP released per millilitgrer hour (ug mt h') and
normalized to dry biomass (mg) produced after 24 h.

3.2.5 Promotion of radish plant growth by osmoadapted K.
radicincitans DSM16656" cells

The effects of both osmoadaptation and the inclusidnhydroxyectoine intoK.
radicincitans DSM16656 on plant growth promotion were tested under glasshouse
conditions. RadisiRaphanus sativus var.sativug seeds of cultivar Rondar (an F1 hybrid;

S & G GmbH, Kleve, Germany) were used in all experiments. Radish inoculation with
osmoadapted bacterial cells and hydroxyectaiti@ed cells was conducted by immersing
radish seeds into a bacterial suspengl@fcells mLY) for 5 min, for ensuring spermosgie
establishmentHigure 37). Afterward, 10 inoculated seedgre placed in pots (10 pots per
treatment), filled with 1.5 L of a 1:1 (v/v) quaisand soil mixture (Fruhstorfer Erde type
T25: POs: 200-300 mg L, Hawita Gruppe GmbH Vechta, Germany). Tinds were then
placed randomly on trivets to avditetransfer of bacteria between individual p(@erger

et al.2015)(Figure 3.). Seeds treated with NaCl solution [1 and 4%] were used as controls.
Seedlings were irrigated manually with®Q of tap water per day (conductivity 0.0055

S/m). Plants were maintained under natural light conditions in the glasshouse at an average
temperature of 18 £ 4°C and an air humidity > 45%. At one and four weekplanshg,

the plants were harvested.
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Oneweekold seedlings samples from three different locations per pot were taken, rinsed
thoroughly with sterile water for removing soil dodsely adhered bacteraad flash frozen

for nucleic acid extraction. Afterwards, the plants were equally thibméige plants per

pot. Total fresh plant material (tuber and leaves), as well as the tuber diameter of each plant
were measured at four weeks old plants. The leaves were separated from the roots, and both
of them overdried at 60C (WTC Binder 342, Germgy) until constant weight, after which

the dry weight of tubers and leaves were measured. The complete experiment was repeated

twice.

Figure 3-1: Arrangement of pots during the plant growth promotion expeEntsin radish
under glasshousmsnditions

3.2.6 Nucleic acid extraction and quantification of K. radicincitans
DSM16656" in planta using qPCR

DNA was extracted from approximately 50 mg of lyophilized plant root materiaiwee

old seedlings) using DNeasy Plant Mini Kit (Qiagen, Hilden GmbH, Germany) according

to the manufacturerds instructi onssensurddhe | vy s

by the addition of 5 mm sterile metal beads and by mechanical cell disruptor (Retsch

MM200, Haan, Germany) at 30 rpm for 5 min. DNA quality and purity were assessed

photometrically (NanoDrop, Thermo Fischer Scientific, Darmstadt, Germany). €iapti
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reattime PCR (qPCR) was conducted using Advanced TM Universal $Y&@Ben | Dye
Supermix (BieRad Laboratories, Hercules, CA, USA).

Considering the genome &f. radicincitans DSM16656 (Witzel et al. 2012) and its
comparisorwith other Enterobacteriaceae genomes. A DNA repair protein was found to be
specific toKosakonia radicincitasand closely related taxgollowing Witzelet al (2017),
specific primers were designed using Geneious from Biomatters and Oligo Calc from

Northwestern UniversityPrimer details are givein (Appendix 5.

K. radicincitansDSM16656 speciesspecific primers and the plant TEF reference gene
were used fom plantabacterial quantificatioifWitzel et al 2017) The fold colonization

of K. radicincitanstreated plants with respect to the referegeee and the control plants
werecal cul ated and rP8&metrodLéevaktare Schmwiitger001) This 21
method is a convenient way to analyze the relative changes in gene expression from real

time quantitative PCR experiments.

Statistical analysis

The data were analyzed using SPSS Statistics v.2 software (SPSS, Chicago, IL). Data are
presented as meaalues + standard deviations (SD) or standard error (SE). The means were
tested for significant differences by emay analysis of variance (ANOVA) followed by

the Tukey post hoc test. Repeated measures ANOVA was carried out for the phosphate

solubilization data. The level of significance was sgb<d.05.
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3.3 Results

3.3.1 Osmoadaption and effect of hydroxyectoine:
Microfermentation procedure

To investigatehe osmotic pressure effecn kinetic growth response & radicincitans
DSM16656, a highthroughputmicrofermentation strategy using a microbioreactor system
was followed. The scattered signal demonstrated biaateria cells showed growth
variability under differenta, [0.97, 0.96, 0.955, 0.95] conditigngenerated by the ionic
solute NaCl at 0, 1, 3nd 4% in DM, respectively. Interestingly, bacterial cells were able to
grow in media with a lova, simulating environmaal stres conditions (Figure 3A&). At

16 h,K. radicincitansDSM16656 in DM 1% NaCl (0.96 @) reached a similar growth of

cellsdensity relative to the control without NaCl addition in DM at 0.9.7 a

Relative to the biomass (X@volution with the highesvalue of Ln (X/Xo) data, the
maximum growth of 88.91% + 1.49 % and 75.99% + 1.82 % of the control was obtained at
19.3 h and aB3 hfor 0.955 & and 0.95 arespectively (Figure 3.2). However, at 0.95.a
proliferation of bacteria was strongly impaired. Thus, further kinetic parameters were also
affected by increasing the salinity in media so@ximum specific growth rateigax). The

Mmax Which was taken at the point of highest slope or maximum exponential growth stage in
the range at-40 h, 1012.3 h, 1214.3 h and 1-20 h forNaCl at 0, 1, 3 and 4% in DM,
respectively(Figure 3.2A). The pmax for no amended media and 1% Na@ire 0.334 +
0.004 htand 0.361 + 0.008} decreasing significantly to 0.2849+ 0.015ih DM at 3 %

NaCl and 0.1529 + 0.0026hn DM 4% NaCl(Fs, 1:=319.5, p<0.001)K. radicincitans
DSM16656 was not able to grow atydower than 0.94. Glycerol as mainddurce was
depleted after 18 h and 30 h in DM 1% and 4% NaCl respectively (data not shown).

Dissolved oxygen tension (DOT) signal displayed no oxygen limitation throughout the
whole cultivation in DM (a= 0. 9 7 )60 %)DMOIT @urves dropped until complete
consumption of the glycerol after 10 h, 19.3 h and 21.3 h for DM without salt and
supplemented with 1 % a3®6 NaCl respectively (Figure 3B). Interestingly, DOT curve

at 4% NaCl showed in the range of2D.3 han extended plateau at levels lower than 8 %
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of air saturation, indicating a high oxygen consumption rate during the exponential and early

stationary phases.

K. radicincitansDSM166568 osmoadaptation improved by adding hydroxyectoine at 1 mM.
Hence, exogenously provided hydroxyectoine exteddhe upper growth limit ofK.
radicincitans DSM16656 under highsalinity growth conditions. Thus, after 24h of
incubation in the presence of hydroxyectoine, the biomass increased significantly by 15.18
+ 3.82 %,compared to that obtained at DM 4% NaRlrthermore, the laghase in DM

4% NacCl [&0.95] lasted 14 h and it decreased by 3.1 h with thesimiwf hydroxyectoine
(Figure 32 C). The specific growth rate was also significantly higher in hydroxyectoine
added cells at 0.1808 + 0.004 frange at 180 h)in comparison to DM at 4% NaCl at
0.1562 + 0.004 H (F1, =18.98, p=0.0121)

Figure 3-2: A. K. radicincitans DSM16656 osmoadaptation at different NaCl
concentrations in defined media (DNB). Effect of NaCl concentration in DM on dissolved
oxygen tension (DOTY. Effect of addition at 1 mM of hydroxyectoine Bnradicincitans
DSM16656 kinetic growth during osmoadaptation in DM atta95 (4% NaCl). Ln [X/Xo0]
values were calculated by calibrating scattered light intensities and biomass (X)

concentration curves of cultivations in a MTP in the BioLe®teystemMean values, n=3.
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3.3.2 Effects of osmotic stress on phosphate solubilization

capability (in vitro)
To look into the influence of osmotic unbalance on phosphate solubilization capalHlity of
radicincitansDSM16656 a PVK-amended liquid mediwith NaCl was used. Figure 3\3
shows the positive effects on bacteria ability to solubilize calcium phosphate in the PVK
media under osmotic stress caused by 4% NaCl, compared with that in the PVK control
media (NaCl 0.02%), solubilization in the sathended media increased by uR2&3%.
The bacterial uptake of hydroxyectoine was detected by HPLC analysis after 15 h in
response to high salinityeaching more than 500 umot'@f dry biomass at 24 Mo
hydroxyectoine was detected in cells grown in PVK in the absence of saltstimgiye
repeated measures ANOVA indicated significant differenBes € 28.229;p<0.00) in
response to the accumulation lmydroxyectoine on phosphate solubilization capability
during cultivation in PVK medium at 4% NacCl, and additional phosphataselecreased
by up to 939% after five days (Figure 3A). Thus, K. radicincitansDSM16656 can
solubilize phosphate in a range of 14800 mg L' after eight days of cultivation.
Comparable yields are congruent with other pure culture experiments withr@gative
bacterial endophytes suéseudomonassolates with phosphate solubilization capacities
D400mg L (Oteinoet al.2015)

Online pH monitoringluringcultivation in PVK media, demonstrated a decrease in pH with
increasing salinity in the media, with minimal pH values of 5.43, 5.66 and 5.82 recorded
after 12.3 h, 21.6 h and 22.3 h for PVK control, PVK 4% NaCl with hydroxyectoine and
PVK 4% NaClmedia respectively(Figure 3.4B). The decline in pH (< 5.5) during the
cultivation of endophytic pseudomonas in34&x). rich media was also reportexs a

response on organic acid product{@teinoet al.2015)

Figure 3-3: A. Effects of the preconditioning ofK. radicincitansDSM16656 in culture
media by osmoadaptation and by the addition of hydroxyectoine [1mM] on the
solubilization of orthophosphate, when grown in salt and hydroxyectoine amended PVK
medium.B. BioLecto® pH online monitoring during the cultivation &. radicincitans
DSM16656 in PVK. The Statistics were determined using repeated measures ANOVA and
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the TukeyHSD post hoc test gi<0.05. The sphericity of the matrix was assessed with the

Mauchly sphericitytest.
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3.3.3 Phosphate enzyme activity

Compared to the PVK control and the PVK 4% NaCl media, the addition of hydroxyectoine
induced a positive effect on phosphatase enzyme actiiig. phosphatase activity was
highly induced by the presence of hydroxyectoine inRlW& media (4% NacCl) afte24 h

(F2, 1=12.00;p=0.0029), 48 HF>, 1=70.67;p<0.0001) and 120 (F, 1:=35.22;p=0.0001)
(Figure 3.4A). Conversely, alkaline phosphatassivity was affected only after 24 (F,
11=35.52; p=0.0001), since at 48 [F2, 1:=1.17; p=0.3542) and at 120 (F;, 1=1.32;
p=0.3140), all treatments presemtsimilar activities (Figure 3.8). Chemical control

hydroxyectoine had not a detectablaat®on for inducing Fsolubilization.

Phosphataseactivation results upon osmotic strem® similar to those reported with
Aeromonas hydrophilawhosephosphatases increased alomigh high salinity and the
inclusion of betain€Lim et al.1996) Another study with rhizobacteria revealed increments
up to 30% higher acid phosphatases production upon incgeldsi@l (100 mM) in liquid
media Shazaand Shabida, 2000).

Figure 3-4: Phosphatase enzyme activitykafradicincitansby osmoadaptation and by the
addition of Hydroxyectoine [ImM] in PVK mediund. Acid phosphatase®. Alkaline
phosphatases. Different letters above bars indicate significant differences according to the
Tukey post hoc test @k0.05 (means £ SD, n= 4).
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3.3.4 Plant growth-promotion in radish

Generally, plant growth promotion by nasmoadapted and osmoadapkedadicincitans
DSM16656 cells was observed in all inoculated radish plants. Interestingly, when bacterial
cells before plant seed inoculation where in contact with hydroxyectoine [1 mM] during the
cultivation, the fresh matter of tuber and leaves increased significantly by s 2849.80,
p=0.0001)and 5.4%(Fs, 3=3.86,p=0.0172)in comparison to the meinoculated control
(Figure 3.5A).

Notably, compared with the osmoadapted cells in DM 4% NaCl, the hydroxyectoine
amended cells increased the dry matter of both tuberseands by 16.20%, 35=3.01,
p=0.0426)and 3.96% K3, 35=3.60,p=0.0672)respectively Figure 3.5B). In line with the

plant weight increase, the tuber diameter also significantly increased in all cases of
radicincitans cells compared to the nenoculated control Kz, 34~6.70, p=0.0013). The
tuber diameter varied frodb.74 + 1.82 mm in the native control up to 19.18 + 1.41 mm for
the hydroxyectoine preonditioned treatment (Figure 3@®. Figure 3.6hows the evident
plant growth promoting effects of po@nditionedK. radicincitansDSM16656 cells in

comparison to the native control.

K. radicincitansDSM16656 plant growthpromoting benefits were also demonstrated in
different plat host. Field cultivars of winter wheat and gleawed increments in grain yield
up to 20% , and peas increased dry matter yield about 1&@&ftuset al 2000) In tomato,
the mass of ripened fruits increasso?4 % as well asthe number of fruits per plaby 18

% (Bergeret al 2017) On grain maize, thi€. radicincitansinoculated plants increased up
to 29.3% under field conditions and aerial plant mass with 27.8% incre(Bemtgeret al
2018)

Bergeret al(2015) also userhdish as plant systenfor revealing plant growth promotion
effects ofK. radicincitansDSM16656. In that studyseedinoculated plantsrerecompared

to two-leaf sprayed plantdnterestingly, they reported that plants inoculated from seed
germinationgaineddoubleweight rather than spragaves plants. These findings supported
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the bacterium inoculation technic usedhis research, which longer exposure timpsn

seed inmersion in bacteria suspeseam to determine the magnitude of growth increase.

Figure 3-5: Radish growth promotion ia glasshouse inoculated WipreconditionedK.
radicincitans DSM16656 cells by osmoadaptation at 4% NaCl and by the addition of
hydroxyectoine at 1 mMA. Fresh mass of tubers and leaves. Fresh tuber Rass9.80,

p =0.0001); leaves fresh mass; (#=3.86,p =0.0172)B. Dry mass of tubers and leaves
Dried tuber masgFs, 3=3.01, P=0.0426) and dry leaves m#&Bs 35=3.60, p =0.0672)
(means £ SE, n=10F. Tuber diameter after 4 weeks of plantirg, 6~=6.70,p =0.0013)
(means + SD, n>5 of 5 plant measurements eddifferent letters represent significant
differences according to Tukey post hoc tegi<dt.05.
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Figure 3-6: Plant growth promoting effects of poenditioned K. radicincitans
DSM16656 cellstreatments in comparison to the native control after 4 weeks of planting.

Native Control K. rad at 1% NaCl Native Control K. rad at 4% NaCl

0" 0 Y ol

(3

/

Native Control K. rad at 4% NaCl + H-cctoine

3.3.5 K. radicincitans DSM16656™ plant colonization

Regarding the relative gene expression response, compared wibrermonditioned
bacteria cells at 1% NaCl, bacteria cefise-conditioned with 4% NaCl colonized
significantly tissue of eighday-old seedlings (¥ 1410.803;p=0.033), in comparison to
nonpre-conditioned cells at 1% NaCl (Figure 3.&onsistent with the biomass production
of radish plants, the endophytic oolzation was relatively strong in the presence of
intracellular hydroxyectoine iK. radicincitansDSM16656 cells that were osmoadapted
at 4% NaC] the colonizationwas approximately -Bold greater under the evaluated
treatment conditions 6F4=10.803;p=0.002) (Figure 38

As reported in other colonization studies, DSM 1665@apable oéstablisingin different
plants tissuegoots, leaves and stenms)ch asn maize(Ruppelet al. 2006) wheat(Ruppel
et al. 1992) Arabidopsis thaliana (Witzel et al 2017) and cruciferous vegetables
phyllospheresuch asBrassicajunceag Brassica campestrjBrassica oleraceaBrassica

rapaandNasturtium officinalSchreineret al. 2009)
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Accumulation ofK. radicincitansDNA in radishwas also investigated by Berger al

(2015). They reported successfully colonization by actin copy number (LecActin P@R) as
reference, with up to O-fold induction of 16 rDNA-gene copy number of bacterium.
Interestingly, after 5 weeks, theeportedthat theendophyte mainly accumulated in tuber
tissue rather than aerial parts on the plant. These previous findings indicate that site of
application, for instance seedntact approach, may influence bacterium colonization
ability. In this study, the spermosphere colonization in seeds was observed after inoculation,
indicating a vertical transmission mechanism (Figure 3.7)

Figure 3-7. SEM images of radish seed surfaceBowing the colonization by.

radicincitansDSM16656 cellsbeforeglasshouse experiments
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Figure 3-8: Abundance oK. radicincitansDSM16656 specific gene copy numbers in
inoculated radish plants with osmoadapted and hydroxyectoineopditioned cells.
Relative gene abundance measured using gPCR and calculated according to the methods of
Livak (Livak and Schmittgen2001) Different letters above the bars indicate significant

di fferences between treat ment $<0.85¢c(meansdi n g
SE).
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K.rad osmoadpated at  K.rad osmoadpated at K.rad osmoadpated at
DM 1% NaCl DM 4% NaCl DM 4% NaCl +
Hydroxyectoine [1 mM]

3.4 Discussion

Beyond the undeniable plant growthomoting capability oK. radicincitansDSM16656,

results of this study suggest that it is feasible to significantly improve plant colonization
ability of bacterial endophytes, by physiologically growing them uedesrnal osmolarity
conditions that promote the uptake or synthesis of advantageous compatible solutes such as

hydroxyectoine.

t
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Microfermentation studies in the BioLec®revealed thaK. radicincitansDSM16656

cells could consider osmoadapted aftemgng at a lower than 0.955 wherhé osmotic
pressure considerabéffects the kinetic behavior and the oxygen transfer rate for growing.
The viability of bacteria at stationary phase was slightly affected along with higher NaCl
concentrations; however, all treatments reachéd @BU mL?* after 30 h of cultivation,
indicating that viability and cellular structures of the endophyte cells were not disturbed
under high salinities. Similar results regarding the bacteria endofpytiagomonasp

LK11 and high salinities were previously descrilfedlo et al.2015)

DOT curvedor DM and DM 1% NaCl demonstrated the natural course of oxygen utilization
over time for a nofoxygen limitedK. radicincitansDSM16656 cultivation. Thus, the DOT

curves showed no plateau, which reveals that the growth of cells was not subjected to oxygen
limitation at any timgWewetzeret al. 2015) Nevertheless, at higher salinities such as 4%
NaCl, a plateau existence with DOT < 20 % suggested an oxygen limitation during around
26 h. These also indicate that bactecills proliferation requires highexygen transfer

rates along with the salt increment into the media. Since bacteria cells at high salinities can
proliferate under low dissolved oxygen tension (DOT), the osmoadapted phenotypes could
have intrinsic changes in their intracellular metabobited metabolic pathways.

The reduction of lag phase and the slight shift of DOT curve by the addition of
hydroxyectoine in DM at 4% NaCl, indicate the amelioration effect of this compatible solute
at accelerating the response of bacterial endophyte cdlighasalinities. The reduction in

lag phase caused by this osmolyte is consistent with other reports in biRtesiaet al.

2008; Tacet al 2016) Growth profiles permit to confirm that hydroxyectoine have a robust
osmoprotective impact since the addition of this osmolyte showed a significant effect on
kinetic growthin comparison to DM at 4% NaGt.is clear in Figure 3.£, that he presence

in media and further active transport of this compound counteracts the energy demand
caused by the adaptation to the osmotic pressures unbalance. It seems that metabolic energy
requires priory the cellular homeostasis over growth at0®5. Results prove that
exogenously provided hydroxyectoine extend the upper growth linkt e&dicincitans
DSM16656 under highsalinity growth conditions. Moreover, hydroxyectoine uptake > 150
umol gt dry weight into bacteriaytoplasm may be sufficient &hift metabolic respnse,
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likely altering pool composition. The amount of accumulated hydroxyectoine agrees in
concept with several reports, who demonstrated uptake of this osmolyte from 100 up to 400
umol g dry weight in early and late stationary phasbacteria upon salt stress c(Bsrsy

et al. 2008; Taoet al. 2016) Besideshydroxyectoine in Gramegative bacteria such as
Pseudomonas putidar Halomonas elongataffsets the detrimental events of high salinity

on cell growth(Grammanret al. 2002; Manzanerat al 2004)

The bacterial ability to solubilize phosphate has been extensively reported as a vital
mechanism that promotes plant gro@yaneshwaet al. 2002; Hayaget al. 2010) In this

study, was demonstrated thatradicincitansDSM16656 cells under osmotic stress could
increase its phosphate solubilization capabilipyto 357.7 + 9.38 mgtin comparison to
nonstressed cells with 290.3 + 42.6 mg hfter eight days of cultivation. Therefore,
bacteria may respond to high salinity no only by accumulating exogenous osmolytes such
as hydroxyectoine but also by -vggulting central metabolic pathways involved in the
organic acid synthesis, which is well known for its role as crucial factors in phosphate
solubilization (He et al. 2017) Since the pH values were lower in the treatment with
hydroxyectoine compared to the treatment in which the bacterial cells were grown solely in
PVK 4% NaCl media, a higher concentration of organic acids or the consumption of alkaline
components within the media is feasible in conjunction with the osmoadaptation process
(Schilling et al.1998) Organic acid detection could confirm these assumptions.

Widely distributed in microorganisms, plants and animals, phosphatases are hydrolases that
catalyze the hydrolysis of orthophosphate monoedtezseby releasing phosphgiull et

al. 2002) The general classification of acid and alkaline phosphatases relies only on the
optimum pHfor enzymatic activity. A superigsroduction of enzymes may be correlated

with the intracellular content of amino acids, since phosphatases are built on the basis of
amino acid sequences and the phosphoryl group acceptors. It is expected that the
physiobgical changes caused by either osmoadaptation or the addition of hydroxyectoine
trigger metabolic pathways for induction of amino acids, either aromatic or braciched

ones, which can favor enzyme biosynthesis and secretion. At high salinity, ascestasise
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response, trehalose biosynthesikimadicincitansDSM16656 cells may also lead to high
concentrations of trehalogephosphate phosphatase (T6PP), which catalyzes the
hydrolysis of trehalose-phosphate (T6P) to not only trehalose but alsagaic phosphate
(Konget al 2001; Liuet al. 2017) The elucidation of these metabolic profiling aspects wi
be addressed iGhapter 6

A greater production of enzymes, including acid phosphatases, may also be attributed to the
construction of osmoemedial mutationgpimutations inK. radicincitans DSM16656

cells, since some proteins are nonfunctional when the cells are grown in méova of
osmotic strength but regain activity at elevated osmolarities, suggesting that cells may be
undergoing phenotypic modulatiq@sonka 1989; Kuninet al. 1993) On the contrary,
alkaline phosphatases in Graragative bacteria are located in the periplasmic space or over
the cell surface, and can be released uparots stressin addition specific activation of
alkaline phosphatases may depend on growing phase and membrane phospholipid

composition that may not change at high salingizedyakinaet al. 2003)

Here the increase in acid phosphatase activity of the endopfiyteadicincitans
DSM16656 exposed to osmotic shock in the presence ofdxyectoine was evident.
Nonethelessfurtherresearch is needed to elucidate the types of phosphatases (nonspecific

vs. specific for certain substrates) that have beeregplated in the production process.

Since osmoadaptation in this bacterium leads to increased acid phosphatase enzyme
production it can be expected that this sigthal preconditioning procedure also supports

the metaboliteich arsenal to face the extremely competitive rhizosphere conditions before
entering the plant. Hence, osmoadaptation could trigger other proteilks thdicincitans
DSM16656 can encodéo facilitate plant establishment, including pectinases, cellulases,
glycoside hydrolases and glucana@&smpferet al 2005a; Beckeet al.2018) Moreover,

it has been demonstrated with bacteria sucRaadoeaagglomeransthat osmotic stress

can alter quorum sensing or the quenching of produced metabolites du@iprepanediql

which are suggested to act as signals in the plant microbiome, resulting in tolerance to

abiotic stresgvan Kesseekt al. 2015; Bacon and Whit@016) ThereforeK. radicincitans
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DSM16656 has a fraction of genes involved in propanediol degradation {PDD
pduABDEFLMPQ) and dha genes (dhaBDKLMinvolved in glycerol transformation
(GT) (Beckeret al.2018)

K. radicincitansDSM 16658 cells were able to promote growth in radish plants. These
findings are in line with previous studi@B®ergeret al.2015) in which the weight of radish
tubers and leaves increased from 20 to roughly 50%, in response to eitherosedated

or two-leaf sprayed plants witfresh cultivated cells. Neverthelessince in these pot
experiments the majority of plant growth yields were not significantly different betidieen
radicincitansDSM16656 cells grown in DM 1 % and DM 4% NacCl, the physioladic
advantages conferred to the osmoadapted cells may affect mainly during early colonization
stages, as shown here for emeek old plants. Thus, the relative high endophytic lifestyle
preference for salitressed bacteria cells and hydroxyect@dded cks may be due to the
alteration of signaling types of metabolites thbacteria can secrete into the
microenvironments surrounding plant roots, modifying ptiefense and plastompetition
mechanisms along with plant metabolite synth@Braderet al. 2014) Besides, external
stimuli such as the presence of root exudates masegudate the expression of the

chemotaxis and motilityelated genes of these bactéBackeret al.2018)

Consistent with the biomass production of radish plants, plant colonization was stronger in
the pesence of intracellular hydroxyectoine wittdn radicincitansDSM16656 cells, in

which the approximately-8ld increase in colonization was significant under the evaluated
conditions. Generally, these results may indicate that symbiotic performance with plants
increased by synergistic effects of fm@nditioned cells by osmoadafa and the
physiological changes caused by hydroxyectoifleis could be due to the chemical
chaperone properties of hydroxyectoiHence the influence ofiydroxyectoineon the local

water structure exerts pronounced effects on pr@®A binding inteactions, an essential

step that might altethe transcriptional profile of saktresses bacteria cellslahnet al.

2015; Czechet al. 2018) Besides, hydration of cytoplasm upon hydroxyectoine
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accumulation affords a major protective influence on protein stability and macromolecules

functionality (Knappet al. 1999)

Despite the endophytic colonization ability of the strain, it also growth and colonizes the
root surfaceqRuppel et al. 1992; Ruppelet al. 2006) These cells may contribute to
phosphorous solubilization and improved plantug®ake which has been previously
demonstrated Schilling et al. 1998) Nevertheless, additional studies are required to
determine the performance of halotolerant bacterial endophytic cells on ptzsghors

uptake under saline conditions.

The reinforcement ah vitro phosphate solubilization capability, including the production

of acid phosphatase enzymes and the accumulation of hydroxyectoine, also suggests an
intracellular metabolic rerdering within bacterial cells in responsehigh salinity (see
Chapter 9. It is proposed that these substantial and significant alterations in metabolites
levels represent the activation of a phenotypic shift as an osmoadaptation mechanism for
conferring advantages during rhizosphere competition establishment, orchestraterg n
exchange and mediating associations within the plant. To the best of our knowledge, the

current study is the first to address the-goaditioning of bacterial endophytic celis an

alternative to increasing plant colonization abilities

3.5 Conclusions

The results of this study showed that physiological modification&.ofadicincitans
DSM16656 by osmotic stress treatments and by the accumulation of compatible solutes
during cultivation constitute a feasible strategy to improve the ability of ttierdoam to
solubilize phosphate and to promote tpknt tissue colonization. Moreover, pre

conditioning could be a promising alternative prior to formulating bacterial endophytes.
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4.1 Introduction

The design of endophytdmsed biformulations has drawn the attention of the agro
biotechnological industry which has become interested in commercial inoculant production.
Such bieformulations are considered more effective because once the microbe is inside the
plant, it avoids the higltompetitivesoil surroundings, which is commonly faced by the
rhizosphere microbgd.odewyckxet al 2002; Santoyet al. 2016) Most of the studies on
bacteria endophytes includikg radicincitansDSM 16656 have used fresh cultivated cells
prior to reveal beneficial effects on plants, lacking a formulation proceeding which could
guarantee a longer shelf life and further efficacy reproducil§lierge etal. 2015; Garima

and Nath2015; Bergeet al.2017) Moreoverfor commercial proposes, the neggneration
bio-formulations must address the understanding of the genetic and molecular bases of plant
endophytes interactions, the mode of transmission and fuhbedesign®of formulation

drying strategies to protect the endophyte and to establish a symbiotic association between

endophyte and host plant.

The regular application target for endophytes such as soil or phyllosphere represents harsh
environments, where conditions of microbial interactions, temperature, UV radiation, free
moisture, pH, organic matter and limited nutrient supply can fluctuatefisantly at
nanometer and micrometer levélsndow and Leveau2002; Paul2015) Grantnegative
bacteria are generally less tolerant of such environmental conditions tharpGsive
bacteria, yeasts or filamentous fuligiielandet al. 2001; Reret al.2018) Although many
endophytic strains have been reportadst of these isolates belong to the sens{@vam
negative bacteria (Tabled. Thus, for endophytic Gramegative bacteria, preventing the
rapid loss of viability during the formulatiedrying process is essential achievecost
effective products anfirther exploitation at industrial agriculture scdf®ingh and Arora
2016; Le @cqet al.2017)
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Table 4-1: Bacteria genera reported with endophytic capabilities in different plan host
(Lodewyckxet al.2002)

Gram-negative Bacteria endophytes Gram-positive Bacteria endophytes

Acidovorax, Acinetobacter, Aeromonas, Actinomyces, Arthrobacter,
Afipia, Agrobacterium, Agromonas, Aureobacterium, Bacillus,
Alcaligenes, Alcanivorax, Allorhizobium, Chromobacterium, Corynebacterium,
Alteromonas, Aminobacter, Aquaspirillun Frankia, Nocardia, Renibacterium
Azoarcus, Azomonas, Azorhizobium, RhodococcusandStreptomyces
Azotobacter, Azospirillum, Beijerinckia,

Blastobacter, BlastomonaBrachymonas,

Bradyrhizobium, Brenneria,

Brevundimonas, Burkholderia,

Chelatobacter, Chryseomonas,

Comamonas, Delftia, Derxia, Devosia,

Enterobacter, Flavimonas,

Flavobacterium, Flexibacter, Halomonas

Herbaspirillum,Kosakonig Matsuebacter,

MesorhizobiumMoraxella, Nevskia,

Ochrobactrum, Pectobacterium,

Phenylobacterium, Photobacterium,

Porphyrobacter, Pseudoalteromonas,

Psychrobacter, Pseudomonas, Pantoea,

Ralstonia, Rhizobacter, Rhizobium,

Rhizomonas, Rhodanobacter, Shewanel

Sinorhizobium, Sphingobtezium,

Sphingomonas, Spirillum,

Stenotrophomonas, Thauera, Variovorax

Vibrio, Xanthomonas, Xylella, Zoogloea,

Zymobacter and Zymomonas
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Noteworthy, some microbiomstudies indicate thainder natural conditiongdult plant
leaves, stems, roots of seedlingSjamnegative endophytes are predominaver Gram
positive inaproportion of70:30 respectivel{Vegaet al.2005) Altogether, Grarmegative
bacteria endophytes such Kgsakonia radicincitansequire research efforts on increasing

the ability to withstand abiotic stresses durifiogmulationdrying processing such high
temperatures, elevated osmolalities and dehydration while conserving biological activity and
further endophyte capacity.

Preservation of microorganisms by desiccatisnthe preferred formulation method to
achievdongterm storagéBerningeret al.2018) Considerirg tha, one of the main concerns

for PGPBE from the laboratory to industrial development comprises the tolerance for drying
(Santoyocet al.2016; Meiet al.2017) The challenge is higherhen the bacterium presents
physiological disadvantages for desiccation as in the case of-Grgative bacteria
(Miyamoto-Shinohareet al. 2008) Besides, there is limited knowledge regarding strategies
aiming at enhancing drying surviviar non-sporulating PGPBE. Henctheenhancement of
tolerance for drying, by using integrated novel cultivafiormulation approaches could be

the key for further popularization and application of PGPBE.

A considerable number of studies have demonstrated that exposing bacterial cells as
Lactobacillus sp. or Pseudomonasp. to suHethal conditionsimproves resistance to
deleterious effects caused by abiotic stresses such as (Mdhdyre et al 2007; Cabrefiga
et al.2014; Shaet al.2014; Barbosat al.2015) Thus,studies of epiphytic bacteriavhich
live nonparasitically on the surface of a plastiggested that tolerability of environmental
factors could improve by egohysiological manipulation of growth conditions, pre
conditioning or the accumulation of contide solutesThe latter onesire lowmolecular
weight compounds that accumulatemarily under hyperosmotic stressonsidered also as
osmolytes, commonly share the properties of bgiatar, highly watersoluble,do not
interact with proteinand do nocarry a net charge at physiological (d4 Costat al.1998;
Kempf and Bremerl998; Seviret al.2016a) In additionto equilibrate intracellular osmotic
balance, compatible solutes operate as usefulligeisi of enzyme functions, spotecting

whole cells against high temperature, desiccation, salinity, ftbexe procedures and even
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drying in bacterial cellgLippert and Galinskil992; Sleator and Hijll2002; Manzanerat
al. 2004) Hence, osmoadaptation by compatible solute accumulation ascarigoning
mechanism may be a feasible strategy to strength PGPBE cells before forrurigitign

processes.

An advantageous compatible solute igdtoxyectoine which appearsintracellular in
halophytic bacterial poolg&del Moral et al. 1994; Onoet al. 1998) actingas a protein
protecting agent. Its hydroxylated nature baperiorpropertiescomparedo its precursor
ectoine in many application@Vang et al. 2006) So far, few studies have dealt with
anhydrobiotic engineerinip PGPBE to confetolerance for dryingBerningeret al. 2018)
Thereby, there is currently no study on the influence of exogenously compatible solutes
during the osmoadaptation in bacterial enddes and ensuing desiccation tolerance
particular, he influence of this compatible amassing strategy on drying strupean

formulation in polymeric materialsy encapsulatiors unknown

Even though many indications pointed out that polymeric inoculants are perhaps the future
of inoculants, few formulations of PGPB or rhizobia have passed the threshold of industrial
approval, as happed in other industries. Notthistanding bio-encapsulation is a sizeable
emerging field in pharmaceutical, nanotechnology, medicine, aquaculture, and cosmetics
(Basharet al. 2014) which can be used as a platform for applying the PGPR endophytes.
The production of an adried formulation containing viabl&ramnegative PGPBE cells
could be more coseffective to produce, but remains a challenging and essential step in
developing commercial bioproducts.

Few studies oformulatingdrying Gramnegative bacteria endophytes are available in the
literature. Thusso far, the successfiyl dried formulationsof Gramnegative bacteria are
mostly describethe talebased formuléor Paraburkholderia phytofirmanBsJN(Bejarano

et al. 2017) and Burkholderiasp in coir dustbased inoculan{Bazilah et al. 2011) In
particular, the encapsulation of Graragative PGPBE with polymeric materials has mostly
used alginate crodimking with divalent cations (C4), including bacteria such as
Enterobactespp. MN17 (Aziz et al.2018) Pseudomonas fluorescefhslly et al. 2017)and
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Pseudomonas consorti@robelaket al.2018) However, more work is needed palymeric
materials and crodskers usage, for enhancicgll survival,shelf lifeandscalability within
convective capsulegdrying processs (Humbert, Przyklenk, Vemmer and Pate?017;
Humbert, Przyklenk, Vemmer, Schumaetral. 2017)

Pectinsare a diverse family of biopolymers extracted from the plant cell wall, with an anionic
polysaccharide backbone @f1,4-linked -galacturonic acids in common. Uronic acids
present in the backbone have carboxyl groups, which can be substituted by rsiettsyl e
and/or carboxamide groups. Thus, pectin can be characterized by its degree of esterification
(DE) and/or degree of amidation (DA), which are both expressed as the percentage of
carboxyl groups esterified and/or amidated, respectifi¢lyynhet al 2017) In particular,
amidated pctin as polymer is extensively studiddr scaffolding drug delivery systems,
considering their versatilitppy targeting specificsites and releasing rat@isu et al. 2003;
Kosaraju 2005; Sriamornsgk011) Noteworthy, the incorpoti@an of calcium salts as cross

linker to pectin matrices could enhance the reactivity of the polysaccharides to the enzymatic
arsenal of bacteria, since many pectinases require ©aioins or are stimulated by their
presencgSunnotel and Nigap2002; Yadawet al 2008) Therefore, apart from a recent
study by encapsulating a fungal endoph}teell, JakobsSchoenwandt, Vidadt al. 2018)

the potential utilization of pectibased systems as a carrieP@PBEremans unexplored.

So despite these benefits, a detailed investigation regarding the influence of amidated pectin

crosslinking with calcium salts as tharrier of bacteria endophytes hagadeenmissing.

Here, it is hypothesized that amidated pectmosslinked with calcium saltsis an
advantageous material for encapsulatthgadicincitansDSM16656, serving as a carrier

for cells, fillers aml additives, and providing a nutrient source for bacteria. Additionally,
supporting the positive influence of ppemoadapted cells on drying survival and on plant
colonization. In this chapter, the research aimed at determining the influence of
osmoadaptadn and hydroxyectoine on drying survival, the effect of ctodser on
providing desiccation tolerance to entrapment cells, and the ability of encapsulated pre

osmoadapted cells to survive andrying process.
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4.2 Materials and Methods

Chemicals used in i study were obtained from Carl Roth GmbH (Karlsruhe, Germany) or
AppliChem GmbH (Darmstadt, Germany) if not specified otherwfsmidated pectin
references used in this study werevided byHerbstreith & Fox KG (Neuenbuerg/Wuertt,

Germany) Details aregiven in Table 42.

4.2.1 Drying survival assessments for free cells

Bacteria suspensions for drying survival assessments wwepared as follows: DM (100
mL) was poured into 250 mhaffled Erlenmeyer flasks that were autoclaved at 121°C, 1.5
atm, for 30 minThe initial inoculum concentration in media was adjusted &téils mL?.

The cultures were maintained 190 rpm in a rotary incubator at 30°&A KS 4000 ic
control, Staufen, GermanyActively growing cells were harvested at exponential phase after
20 h (ODy000.6) by centrifugation at 5252xg for 15 min (Mikro HT 200R, Hettich GmbH &
Co. KG, Tuttlingen, Germany), and the obtained pellgirebdaptedbacteria was washed
and centrifuged twice with a corresponding NaCl solution [0, 1, 2, 3 4 %] tdaimathe
osmotic pressure. The bacteria were stored in the same NaCl solution adjusteshatldD

(~ 1.0x13° CFU mLY) for the ensuing drying test. 100 jaf each bacterial suspension was
spread evenly as a thin layer onto culture microplateglls(VMR 10062892, Stockholm,
Sweden). Samples were allowed to dry under oxic conditions during 2 lamniraar flow
hoodat 25 + 1°C, an airflow at 0.4 mtsvith relative humidity at 45 + 2 YNockeret al.
2012) After drying, dried bacteria cells were recovered from microplates by adding 5 ml of
NaCl solution [0, 1, 2, 3, 4 %] to wash off the dried biofilm in a rotatory shestk&20 rmn,
20°C for 1 h. To assedbe number of viable cells, serial dilutions were plabgdthe
microdrop (10 pl techniqueon standard nutrient agar media (Merck, Darmstadt, Germany),
incubated at 30°C for 24 h and counted to determine the numbeatdé wells (CFU)
(Naghili et al. 2013) Bacterial cells with added hydroxyectomere treated with the same

procedure.
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4.2.2 Preparation of beads for cross-linker selection

To assess the influence of crdiskker agents orK. radicincitans DSM16656 drying
survival, two calcium salts, calcium chloride (Cg@ind calcium glucona{€G)were tested

in an alginatébased prototype. Crodisker solutions of CaGland CG were prepared at 0.1

M final concentrationSodium alginate (Manugel GMB, FMC Corporation, PA, USA) was
dissolved in ultrapure water to a final concentration of 4.0 % aedlaved for 6 min at 121

°C. Afterward, a sodium alginate solution (4%) was thoroughly mixed for 15 min adjusted
to a final concentration of alginate 56.2%, native crystalline starch at 22.5% (CIF GmbH,
Siegburg, Germany) aril radicincitansDSM16656 suspension at 21.3%, composition is

given in %ow/wwet basigHumbert, Vemmeet al.2017)

After 15 min of stirring the suspension was transferred into a 20 mL syringe and dripped
through acannula diameter 2.1 x 0.8 mm, Sterican, B. Braun Melsungen AG, Melsungen,
Germany)into the stirred crosbnker solution. The ionic gelation reaction took place
immediately, and the resulting hydrogel beads were kept foriih the stirred crosknker.
Further, beds were separated from the crisger using a sieve (mesh size: 1.0 mm) and
finally washedgently with ultrapure water. Schematic representation of the igeiation

reaction is given inigure4.1.

A standardizedhn situlaboratory drying test was conducted for the hydrogel beads. Briefly,

the excess of water was removed from the surface with cellulose paper, and the beads were
spread on aluminum trays. The beads and 2 kg freshly regenerated silica gel were put in an
ovenfor 24 h at 35 °C and in a second step the beads were dried in a desiccator filled with
silica gel for 48 h at room temperature to reach a water activity close to or even smaller than
0.3 (Humbert, Przyklenk, Vemmer and Pat2D17; Humbert, Vemmeet al. 2017) To
evaluatehe drying process, the water activity of the beads was measured by means of a water
activity meter (LabMasteaW, Novasina AG, LacherfHumbert, Przyklenk, Vemmer and

Pate| 2017)
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4.2.3 Screening of pectin materials as a nutrient source

For assaying pectin as a potential nutrient source, athrghighput screening through
microfermentation wa carried out. Pectin materialgith a wide range fodegrees of
esterification, degrees of amidation and galacturonic acid contents were selecked @ ab
These pectin materialgere used for screening their potential for serving as a nutrient source
for K. radicincitansDSM16656 cells. Briefly, 1 mLof 2% pectin material supplemented
with 1% yeast extract were placed imacrotiter plate (MTP) for conducting cultivations
(RoboLectorBioLector system, m2fabs, Baesweiler, GermanyJhe dissolved oxygen
tension andsreenFluorescenProtein GFP signal intensity were selected as parameters for
detecting bacterial growth activityPreviously, &ectrocompetent bacterial cells were
transformed with plasmid pMP46%5agendijket al. 2010)to produce colonies of eGFP
mutants oK. radicincitansDSM16656 (Appendix 6)

All BioLector® cultivations were monitored online with a p@ptode (filter DO [Pst3] Ex

(nm) =520; Em=600) and GFP filter (fiter GFP Gemini [Pst3], Gain=5, Ex (nm) =470;
Em=525). The experiments were performed at 30°C under constant agitation (1200 rpm,
shaking diameter = 3 mm, orbital) in-4&Il MTP-48-BO flower- plates, Lot No: 1711
(mp2labs, Baesweiler, Germany) with a working volume of 160@MM. Each treatment

was composed of three replicates.

Table 4-2: Psychochemical properties of selected pectin referemeed for screening in

microfermentation at BioLector®

Pectin Reference DE DA Galacturonic

acid content
Pectin Classic CU 902 57% - 75 %
Pectin Classic AUL 061/10 40 % - 85 %
Pectin Classic AUL 062/10 30 % - 84 %
Pectin Amid AU-L 063/10 33 % 15% 83%
Pectin Amid CU-L 065/10 44 % 11% 89 %

Pectin Amid CU-L 066/10 24 % 24 % 91 %
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Degree of esterification (DE); Degree of amidation (DA)

4.2.4 Formulation prototypes based on calcium alginate and
calcium pectin hydrogel beads

After the selection of both the crelsking agentto improvedesiccation tolerance and the
pectin reference for its benefits as a nutrient source, two groups of formulation prototypes
based on sodium alginate and pectin were developed. For alginataypeptdthe
encapsulation suspension was prepared by mixing 2.0 % sodium alginate, 14% of filler, 1%
sorbitol and 1% monosodium glutamakéaltodextrin (Applichem Pancreac, A4804) and
microcrystalline cellulose (MCCAYicel RG-591 NF, IMCD, Cologne, 102 Gmiany, batch

No. 110240 were tested as filler in the beads. Theyre selected according to their potential
benefits on drying survival and supporting endophytic colonizgBanningeret al. 2018;

Krell, JakobsSchoenwandt, Vidadt al 2018)

K. radicincitansDSM16656 cells were added into a final concentration of 15%, and the
suspension was gently stirred for 5 min. For bead formation, the suspension was dripped into
a sterile calcium gluconate solution (M) by using a syringe with a cannula (diameter 2.1

x 0.8 mm, Sterican, B. Braun Melsungen AG, Melsungen, Germany).eletn pprototype,
alginate solution was replaced by the amidated low methoxy pectin (ALMP) called Amid
CU-L 066/10 (DE 25% and DA 23%) 4o (w/v) Herbstreith & Fox KG, Neuenbirg,
Germany) and beads were manufactured by ionotropic gelation method as described
previously. For all prototypes, alginads well as pectirthe gelled beads instantaneously
formed were allowed to cure in the @aim gluconate solution for 10 min; then beads were
separated by filtratiobeforeair drying procedures. Details of tipeototypes are given in
Table 43.
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Table 4-3: Formulation prototypes for hydrogel beads preparation to encapsulate
K. radicincitansDSM16656 cells

Prototype *Biopolymer Cross Filler C-Source N-source
linker
P1 Alginate CaGlu Maltodextrin  Sorbitol Na-Glutamate
P2 Alginate CaGlu MCC Sorbitol Na-Glutamate
P3 Ami-Pectin  CaGlu Maltodextrin  Sorbitol Na-Glutamate
P4 Ami- Pectin  CaGlu MCC Sorbitol Na-Glutamate

*Amidated pectin corresponding to the referencelG066/10

Sorbitol and sodium glutamate were selected as advantageous nutrient sourkes for
radicincitans DSM16656 cells according to thehenotyping fingerprint in GENII
microplate (see Chapter 2).
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Figure 4-1: [A]. Schematic representation of the ionic gelation reaction during the
encapsulation oK. radicincitanscells in biopolymeric prototypes based on alginate and
pectin.[B]. Gelation of alginate solution with the additiohcalcium ions and the formation

of "Egg box " structure(Wan et al. 2008) [C]. Pectin molecule structure based on
polygalacturonic acidD]. Schematic representation of calcium binding to polygalactoronate
sequences: 'egg box' dimer and “egg’ cavity(Thakuret al.1997)
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4.2.5 Determination of viable cell number in formulation
prototypes

Before and after drying assessmeniacterial viable cell number within the beads was
determined by dissolving ten beads in 10 mL of a solution containing 0.03 M citric acid and
0.05 M sodium carbonate (pH 7+2) for 1 h in a rotatory shaker at 150 rpm @later995).

After complete dissolution, diluted samples were plated on Merck media agar and incubated
at 30°C for 24 hours. The results are given in % mean drying survival from five replicates
with N as CFU of dry beads and Bis CFU of moist beads:

. N
Survival(%) = —x100
I\IO
Preconditioning of bacterian cultivation before formulation step was carried out by
amending DM with NaCl [0, 1, 2, 4 %] as required to obtain water activitigsafe0.98,
0.97, 0.965 and 0.96 respectively (LabMastgrNovasina AG, Laobn, SwitzerlandjSee
4.2.1)

4.2.6 Air drying process for testing formulation prototypes

To look into the effectiveness of strengthening approaches for cogfexrimgh drying
survival rate orK. radicincitansDSM16656, a more scalable drying process for tieads

was assessed. The formulation prototypes at a scale of 500 wet g were dried during4 hat T
30 + 2°C, usingelative humidity (In=30 + 2%, out=50 * 2%d airflow at 9 g.mM in a
rotatory drying system at 1200 drum speed (Fredhelm Stechel GmBEDEL Alfeld,
Germany), an up to.e<0.4. After drying, viable cell number and survival rate in beads was

established as described before.
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4.2.7 Physicochemical characterization of formulation prototypes

Determination of hygroscopicity

The hygroscopicity of dry beads prototypes was evaluated based on the equilibrium of
moisture content achieved whtrey wereexposed to 80% relative humidity at 30°C in a
closed container. A saturated ammonium sulfate solution was used to control the relative
humidity (Chanet al. 2011) The moisture content was measured gravimetrically for each
sample at the desired time intervals. The moisture content was expressed as a percentage in
dry weight (% d.w.)

Determination of bead shape
The bead shape was quantified usihg sphericity factor (SF), which was given by the
following equation:

Sphericity factor (SF) = G~ G

dmax + dmin

wheredmaxis the largest diameter ambhin is the smallest diameter perpendiculardi@x
(Chanet al. 2011) The dmax and dmin were measured usingn image analyzer software
(Digimizer image, MedCalc Software, Ostend, Belgiuamd the sphericity factor was

computed.

Bead size and scanning electnmicroscopy (SEM)

Beadssurfacemorphologywas analyzed by scanning electron microscopy. Briefly, beads
were fixed by 4% (w/v) glutaraldehyde and 0.5% (w/v) formaldehyde for 2 h. The fixed
beads were sequentially dehydrated in a series of acetone (20, 40, 60, 80, 2*100%) 20 min
each, and dried on steibDried samples were coated with gold under an argon atmosphere
using a gold sputter module (Balzers, SCD 050, 40 mA, 80 seconds) providing a coating of
20-25 nm.Then, amples were then observed wdlscanning electron microscope Zeiss
1450VPSE equippedith EverhartThornley SE detector at 5 kV.
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4.2.8 Selection of pectin bead prototype, pre-conditioning of cells
and drying survival

Considering the gsitive effects in free cells upoosmoadaptation and hydroxyectoine
inclusion on drying survivalkee section.3.1), it was essential to establish the effectiveness

of this strategy integrated with the encapsulation in amidated pectin beads. After the selection
of prototype P3, th&. radicincitansDSM16656 cellswere pretreated during groti and
encapsulated according to the methoetscribed before (see sections 4.2.2 aRdifl Drying
survival test was carried out undervitro conditions according tGHumbert, Przyklenk,
Vemmer and PateR017; Humbert, Vemmeaeat al. 2017)

Statistical analysis

The data were analyzed using SPSS Statistics v.2 software (SPSS, Chicago, IByeData
presented as mean values + standard deviations (SD) or standard error (SE). The means were
tested for significant differences by enay analysis of variance (ANOVA) followed by the

Tukey post hoc test. Repeated measures ANOVA was carried out forgitustopic data.
Concentration values were logarithm transfedhefore analysis. The level of significance

was set ap<0.05.

4.3 Results

4.3.1 Drying survival for bacteria free cells

The survival of K. radicincitans fresh suspension after desiccation was influenced
significantly by the increasef salt concentration in the culture media DM. Thus, bacterial
cells preconditioned in DM 4% NaCl showed the highest drying tolerance in comparison to
nonpreconditioned cedl. Interestingly, exposing bacterta persistent high osmolarity
surroundings during cultivation 426 NacCl, resulted in a nearly two orders of magratud
higher survival rate (Figure.2) with 15.5 + 3.7 % of living cells recovered, compared to

0.51 + 0.2 % in control media grown in DM.

The inclusion of hydroxyectoine at 1 mM in DM 4% NaCl provided a further desiccation

tolerance in comparison to cells grenditioned with DM 4% NaCHence, the combination
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of ionically amended media and hydroxyectoiigngicantly increase drying survival to
36.42 + 1.53%Chi’*=16.01; df=18;p=0.00681, Figure .2).

Figure 4-2: Survival ofK. radicincitansDSM16656 cells after 2 h of drying (25 + 2°C, RH
45 + 3.5 %) Columns with different letters are significantly different (p <0.05) according to
KruskalWallis post hoc test (means £+ SD, n= 4)
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Results indicated that growth conditicatsigh salinitiesn DSM16656 determine tolerance
acquisition. Comparativestudies revealedbacteria drying survival upon osiic stress.
Hence Cabrefigaet al (2014) demonstrated that culture osmoadaptatioRseudomonas
fluorescensEPS62e provide a higher drying survi@0%) in a lactosebased wettable
powder (Malek et al. 2012) Besides, hyperosmotic stress aldhgamendment of growth

media with glycine betaine increased byliD-fold cell survival(Bonaterraet al.2007)

4.3.2 Screening of pectin references as a nutrient source

To asess the affinity of selected pectin references to serve as a nutrient source for further
encapsulation procedures, a hiffhoughput microfermentation study was appl€dntrol
with only yeastextract did not show growth activityrherefore, $solved oxygen tension

and GFP signal intensity curves demonstrated that pectin references with a degree of
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amidation favored DOT activity and further bacterial growk, 1=59.21; p<0.0%)
Noticeably the galacturonic acid content in pectin has a Baggamt effect on kinetic growth
and oxygen consumption durir§ radicincitans DSM16656 cultivation (F5, 17=30.45;
p<0.05, Figure 43 A-B). Thus, GFP intensity curves confirmed that the pectin amid
references AtL 063/10, CULO065/10 and CLL-066/10, which included the combination
of a DA and galacturonic acid content, are assimilated byadicincitansDSM16656
(Figure 43 B). Inteestingly, CUL-066/10 showed the shortest lag phase among the
biopolymers tested with ca 6 h in comparison to 9.3 h required felc 86B/10.With a high
oxygen consumption and further longer anoxic conditions pe(o@8 % DOT) the rapid
assimilation ® AU-L 063/10 may be detrimental in cell viability, as was showprotein
formation inGFP curvesompared to CtL-066/10Q Regarding the balance performance on
rapid pectin material assimilation by DOT curves conserving cell viability in GFP kinetics,
CU-L-066/10 was selected for further analysis.

Figure 4-3: Screening of seleetl pectin references as a nutrient sokg®issolved oxygen
tension and@) Fluorescence intensity of GFP signal during the cultivatidt o&dicincitans

DSM166586 in different pectin references. BioLec®approach (means + SD, n= 3).
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4.3.3 Cross-linker determination assessments

After the crosdinking reaction and formation of beads, the moisture content and water
activity (av) were determined for each type of beads. There were no significant differences
between types of beads regardingitiigal moisture content and water activities before and
after drying (n =5p<0.05).1t is essentiato point out that a bacterial free cells suspension
(10’ CFU mLY) was used as control during the drying procedure. Upon drying and the
evaluated conditios, any viable cells of the free bacterial treatment were detected at 10

dilutions. Details of these results agaven in Table 44.

Based on the results ofgure 44, calcium gluconate was selected as the best-tnkss
during the gelation reaction, providing a significant effect on the survivaK.of
radicincitandDSM16656 cells after dryingFs, 11= 267.01,p <0.001,U= 0.05) Thereby,
viable cells aftedrying were not detected in all cases where ea@k used as cros$isker
during the formation of beads, suggesting a decreastg dnitson cells viable number
Additionally, it was determined that poenditioning by osmotic stresg 4% NaClduring
cultivation could induce high¢olerance to dehydration conditions, with a viable cell number
of up to 4.2x18 CFU g of dry bead or a reduction of roughlyl® units. The drying

protection of calcium gluconate was also validated in pectin base (okd@$ot shown).
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Table 4-4: Formulation prototypes for beads preparation to encapd€laaicincitans

DSM16656 cells

Type of beads Initial Bead aw aw
Salt Pre-condition- Moisture content (%) before drying after drying
Crosslinker
1%NaCltCaCl2 74.98 + 0.93 0.9806 + 0.002 0.2662 = 0.035
2%NaClCaCl2 7517+2.12 0.979 £ 0.001 0.2824 + 0.052
4%NaClCaCl2 75.57+ 2.58 0.9826 = 0.002 0.286 + 0.068
1%NaCtCaGluconate 74.93+ 4.14 0.9822 +0.002 0.3018 +0.001
2%NaC}t CaGluconate 74.97 £ 1.55 0.9794 + 0.001 0.2968 + 0.056
4%NaCt CaGluconate 76.84+ 1.22 0.9812 + 0.003 0.2792 £ 0.040
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Figure 4-4: Effect of the crosg$inker calcium chloride (Ca@) and Calcium Gluconate at
0.1 M, in combination with the salt preonditioning orK. radicincitansDSM16656 drying
survival. Columns with different letters are significantly different according to Tpkey
hoc test (n>4, mean = SP< 0.05)
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Other studies reported that calcium gluconate preuitdsiccation tolerance to entrapped
cells ofR. terrigenain starchalginate based bead up to 31% after dryi@aghoebitzet al.
2012) Similarly, Humbertet al (2017) showed that calcium gluconase gelling agent
increasd drying survival of M. brunneumand S. cerevisiaecells by 75% and 50%

respectively.
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4.3.4 Drying survival of encapsulated bacteria in formulation
prototypes

Adaptability is crucial for survival in nature, and various organisms take extensive measures
to minimize the stress of a hostile environment. After the air drying process in the drum dryer
at 30 £ 2°Ccell survival inprototypes based on amidated pectin and maltodextrin showed
significant higher values in comparison to alginate, with values of 3.69 +1.52 % and 9.94
+3.17 % for the prototypes P1 a P3 respectiEly11= 267.01,p<0.001,U = 0.05) In
contrast, alginate prototypes reached drying survival of 0.0053 +0.0013% and 0.0136
+0.0028 % for P2 and P4 respectively. Interestingly, with the prototype P3, the reduction of
viable cell number after drying was a roughly-log unit, conveselyin P2 was 40g units
(Figure 45). Final bead moisture content were 2.90 + 0.22%, 2.83 £ 0.16%, 2.53 + 0.16%
and 2.69 = 0.25% for prototype P1, P2, P3 and P4 respectively.

Figure 4-5: K. radicincitansDSM16656 survival after air drying (30 = 2°Gyirflow at 9
g.m3) in alginate base and pectin base formulations prototypes. Columns with different

letters are significantly different according to Tukey post hoc test (n>3, mean<3)5).
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Hygroscopic properties

In order to characterize the moisture transfer by sorption of the dry beads preipaesther
amidated pectin or alginate, théygroscopicity was investigated by determinationtef
sorption kinetics (Figure.8). There was aignificant effect of theprototype(Fs, 145=1236;
p<0.001), the prototypetime interaction (Fs314545.34; p<0.05) as well as time
(F11,14=1101.7; p<0.001) on the moisture content of beads. Formulates containing
maltodextrin (P1, P3) inside the beads showed different moisture sorption in comparison to
MCC-based formulates (P2, P4). The ratie water uptake from the environment was
significantly different (p<0.05). Then the moisture sorption had a significantly different
course for all tested bea¢is<0.05). Remarkably, the beads of the P3 prototype revealed a
higher hygroscopicity. After 96 h the moisture content of beads were 12.01 + 0.57, 5.88 *
0.01 14.60 = 0.85 and 7.01 + 0.20 for the prototypes P1PB2and P4 respectively (Figure
4.6).

Figure 4-6: Hygroscopicity of hydrogel beads containigradicincitansDSM16656 cells
crosslinked with calcium gluconate at 0.1M and at 80% relative air humidity and 22 + 2°C
(n=4; mean £ SD).
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Determination of bead shape and morphology by SEM microscopy

To establish the bead morphology charactessfar each typebead prototype, the
measurement of beatlameter before and after drying aB&M micrographs were carried
out. In Rgure 47, it is observed the macroscopic sh#ipegt correspond mainly to spherical
beads, in both alginate and pectin based formulas, with P4 providing thepimerstal beads
(SF=0.09, Table &4). Some teashape and egghape events occurred in P2 and P3,
indicating a high surface tension within the d(@manet al.2009)

SEM micrographs confirmed a structural homogeneity of bpeatsred either with alginate

or pectin asa biopolymer. The surfaces of prototype samples were rough and covered with
characteristic wrinkles of diffent size and frequency (Figure8}t The crossections
micrographs showed the spoAdes inner structure of P3 and P4 with several channels and
voids, possibly formed as a result of the migration of water moleculesdherffacilitating

the pemeability. Microscopy assaallowed to clarify that beads P1 and P3 have porous and
cracks irside;these hollowed structures are presented more frequently than in P2 and P4.
The prototypes P2 and P4 containing MCC presenteceedgeineous surface, unlike P1 and

P3 which have maltodextrin in common possess smooth and clean surface.
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Figure 4-7. Macroscopy morphology otydrogel beadsprototypes containing K.
radicincitansDSM16656 cellscrosslinked with calcium gluconate at 0.1M

Table 4-5: Formulation prototypes for beads preparation to encapd€lasaicincitans

DSM16656
Wet Dry
beads beads
Prototype mm SF mm SF

P1 3.14+0.16  0.13 1.87+0.30 0.33
P2 2.98+0.26  0.17 1.72+0.28 0.26
P3 3.38+0.31 0.25 2.26x0.36  0.36
P4 3.05+0.13  0.09 1.81+0.11  0.10

SF=spheriity factor
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Figure 4-8: Scanning Electron Micrographs (SEM) Kf radicincitansDSM16656 beads
formulations: (A)Prototype 1, (B) Prototype 2, (C) Prototype 3, (D) Prototype 4.
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4.3.5 Selection of pectin bead prototype, pre-conditioning of cells
and drying survival

In Figure 49, it is evident that the osmoadaptation and hydroxyectoine supply previous to
encapsulation(P3 prototype)increasethe drying survival ofentrappedK. radicincitans
DSM16656 cells. Results suggest that osmdttressed cellat 4% NaClsurvive roughly
two orders of magnitude more than 1%NaCl treated cells. Noteworthy, hydroxyectoine
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added cells reduced their viable number after drying D@7 + 0.1dog units in comparison
to 2.9+ 0.18and 1.86+ 0.33 log unitdor 1% and 4% NacCl treated cells respectively. The
differences in population survival were significantly different §£39.06;p=0.0004).

Figure 4-9: Drying survival of preconditioned K. radicincitans DSM16656 cells
entrapment in amidated pectin beads. Different letters indicate significant differences
according to Tukey postoc test |§<0.05).
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4.4 Discussion

An effective establishment of Granegative bacterial endophytbased formulates is linked

with the drying survival andthe use of advantageous additives. Encapsulation in
biopolymeric materials is an emerging alternative for ensuring cell protectic@ubsequent
ddivery systems for plant growthromoting bacterigBashanret al. 2014) Thus, research

on hydrogel bed technology development, clairpssitives effects omcreasing bacterial

cells tolerance against unfavorable surroundings caused by biotic and abiotic factors, such as
antagonist or dryneg¥emmer and PateP013; Krel, JakobsSchoenwandt, Persicle al.

2018; Krell, JakobsSchoenwandt, Vidakt al. 2018) lonic gelation asencapsulation
techniqueis a potentidy scalable alternativéor agroindustrial applicatiosa (Humbaet,
Przyklenk, Vemmer, Schumarat al. 2017) Thecapsules or beads development requires
preformulation approaches consride the screening of polymerioaterials crosslinkers

and additives candidates. These bead components must be compatible with the endophytes,

and support phenotypic alterations that strength cells.

It is reported that stress adaptation provokes theutatidn of cell physiology to adapt to

the perceived environmental stress and thereby indirectly enhances desiccation tolerance
(Berningeret al. 2018) In general, Granmegative bacteria respond to elevaiuic-
strength media by synthesizing or accumulating a range of osmolytes, including trehalose,
various ectoines and amino acids derivatives such as glgetagne and iproline (Kempf

and Bremer1998; Sleator and Hill2002) To date, this principle has been applied to
industrially relevah bacteria ratherthan to plamassociated endophytesThus,
osmoadaptation as poenditioning mechanism provides an exciting and underused tool to
strength bacterial endophytes cellsotigh compatible solutes accumulation, previously

formulationdrying processing and plication.

As demonstrated. radicincitansDSM16656 cells grown in low a&-media altered ionically

with NaCl, pose superior drying tolerance in comparison to cells grown in an unmodified
basal medium. An osmolality threshold could cause significanteifées in drying survival
along salinity levels in media, likely between 2 and 3% NaCl, where bacteria cells could
prefer the accumulation of ions (saitstrategy), over the physiologically compliant organic
osmolytes (salbut strategy)(Kempf and Bremer 1998; Czechet al. 2018) It is also
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hypothesized that metabolic pool alterations in cells could drive the desiccation tolerance

mechanism in osmotic treated cells.

The superior drying survival oK. radicincitans DSM16656 cells upon adding
hydroxyectoine during the osmoadaptation procedure probably occurred due to the
physiochemical features of hydroxyectoine as drying protect8at hydroxyectoine
decreases water activity coefficielfkdeld et al. 2010)and provides superior glagsming
properties and redox stabiliffanneet al.2014) Besides, kidroxyectoine is more efficient

than ectoine by increasing the hydration and mobility in lipid membranes, giving an
advantage for cell membranes to withstand severe surrounding environments like osmotic
unbalance, accelemag cellular repair mechanism@larishchandraet al 2010) These
properties may confer to Granegative bacterial cells more extended life stability, higher
desiccation tolerance and protection against driignzaneraet al. 2002; Mananera,et

al. 2004; Pastoet al.2010)

Calcium gluconate (CG) as crelasker showed remarkably benefits for conferring
desiccation tolerance of encapsulated endophbgtis. Previous research showadhigher

survival of M. brunneuntonidia andS. cerevisia@ipon the usage of CG as a crbrking

agent in comparison to calcium chlorifdumbert, Przyklenk, Vemmer and Pat2017)

The mechanisms of CG as drying protector are not elucdiddt®vever, studies suggest that

CG conveys benefits such as increasing hygroscopicity of beads, shelf life and nutrient source
for fungi cells(Humbert, Przyklenk, Vemmer and Pa@017)

Gluconatas classified as osmoprotecta@choebitzt al. 2012)may protecthe membrane

of dried cells by its cyclic ester form glucefidactone, resembling cyclic monosaccharides,
which upon drying form amorphous glasses in the dry $¢&@weet al. 2001) This state
confers a slowdown diffusion process due to the high viscosity in the glassy state and protects
the membrane by different mechanis(Wgolfe and Bryant 1999; Humbert, Przyklenk,
Vemmer and PatgP017) It is noteworthy that this is the first report demonstrating that CG
can act simultaneously as crdssger of amidated pectins and enhancer of drying survival

of encapsulated Gramegative bacterial endophyte cells.
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During desiccation, an organism riuto a state also known as anhydrobiosis, where vital
functions temporary stop completely or partially becoming dormant. Upon rehydration, the
organism is resuscitated and resumes its vital func{®ascig 2011) The rehydration rate

or hygroscopic influence on cells survival is frequently under discussion, and the
argumentation is contradictospggesting strairdependmechanismsHere, hydrogel beads
containing MCC has a lower tendency to absorb water and are therefore less hygroscopic
than beads prepared with maltodextrin. It should be considered that maltodextrin is a highly
hygroscopic substance, which exhibitstsady increase in the watersalbed at high values

of aw in the surroundingéSaavedralLeoset al.2015)

Conversely, MCC possess a relative lowggroscopicperformance however, at levels
above 5%, the material can exhibit significant changes consistent with a transition from
glassy to rubbery state which is detrimental for bacterial @attsdon and Houghtori995)
Noteworthy, maltodextrin prototypes (P1, P3) showed the highest values of drying survival,
maintaining the decrease of viable cell number und&yg2units. Here, maltodextrin
demonstrates st alleviation effect on Gramegative bacteria cell survival &s previous
studies(Berningeret al.2017)

SEM images indicat®utstanding differences in MCC and maltodextrin hydrogel beads
prototypes. Hence, the absence of microparticles formation clarifies that maltodextrin keeps
the amorphousrystalline state, and the open inner cracks, especially in P3 could promote
water algorption diffusion for rapid activation of bacteria cells. Though high moisture
absorption rates are not desirable for the dry beads containing cells, the water uptake for the
maltodextrinbased prototypeare still low and may therefore not detrimentatheir shelf

life for the events of maltodextrin rubbery std®aavedrd.eos et al 2015; Humbert,
Przyklenk, Vemmer and Pat@017)

Although there is scarce research that deals with the alleviation of drying effects on Gram
negative endophytes, exist some reports regarding bacteria belonging to the same genera than

endophytes strains. For instance, studies suggest that the potaittgtitogen Acidovoraz



128 Development of amtegrated fermentation and formulation approz

for the endophytic bacteriuosakonia radicincitans

citrulli, enhance its survival by the embryo/endosperm localization in watermelon seeds
versus the seed cq@iuttaet al.2016) with 1-2 log units of viability loses. The Aminobacter

sp. MSH1 and the Sphingomonas sp. PM2 desiccation tolerance was enhanced before freeze
drying with trehalose, reaching survivals between 30 and (@¥tultzJenseret al. 2016)

Forthe opportunistic pathogen Acinetobacter baumannii, a stationary phase phenotype with
the BfmR gene expression showed higher drying stress response, this gene is stimulated by
increasing osmolarityFarrow et al. 2018) Another study with Alcaligenes species
demongtated that the drying resaicefor theamino forming bacteria waable to produce
cadaverine and putrescin@.akshmananet al. 2002) Some proteins ueh as late
embryogenesis abundant (LEA) are reporteletoritical for conferring drying survival and
resistance to high osmolalities to cyst forming Azotobacter vineléRddriguezSalazaret

al. 2017)

Considering the immobilization of Granegative bacteria as drying protection strategy, few
researchers have shown promising findings. Thesehcapsulation @eijerinkasp. in DE
malt dextrin as wall material protected the cells during spray drying@®&2 with only 1

log unit of viability decreas@Bozaet al. 2004) Interestingly, the immobilization é¢fantoea
agglomerandSIB55 andBurkholderia caribensidSIB40 in polyvinyl alcoholnanofibers
reduced the number of viable cells by ~ 1.5 log Uits Gregoricet al 2017) nonetheless
the electrospinning technique requires developments for scaling. The survival population of
Azospirillum brasilens®TCC125 after akdrying at 40C cells were 27% higher in alginate
beads compared to the standard grown cells, but with a reductie8 fgunits on cells
viability at ayv <0.2 (Joeet al 2012) Another drying studies on Granegative bacteria
include he spray drying oEnterobacter sakazakstrains with reduction of viable number
cells from 1.5 to 3 log units, using skim milk and dt 160C and Tout at 90C (Arku et al
2008) Otherwise, some nesporulating bacteria aBlavobacterium columnarelid not

survive after drying, even with protectants such as trehalose or skir(Paitkenet al 2015)

Among the drying process, air drying has demonstrated potential benefits for desiccating
Gramnegative bacteria endophytes such Raraburkholderia phytofirmansPsJN

(Berningeret al.2017) SinceK. radicincitansDSM16656 is quite sensitive for drying, with
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only a decrease of 1 log unit of viable number cells, the approach of-pastd hydrogel

showed here is promising for endophytes dryable formulations.

The lowsurvival rate oK. radicincitansDSM16656 may be attrilited to the nature of being

a Gramnegative bacterjavhich contain a the thinner peptidoglycan layer and the presence
of lipopolysaccharides on the cell wall in the former spe@iéigamoto-Shinoharaet al
2008) Thus, in Grammegative bcteria, peptidoglycan layer hago 10 nm thick, whereas

in Gramypositive bacteria their layer thickness is about 20 to 80(@Gopta 2002) In
consequence, this thinner protecting layerKin radicincitans DSM16656 cells could
generate a greater tendency to rupture during drought sMessover, motile Gram
negative bacteria genera with peritrichous flagella $uchdicincitansDSM16656 (Figure

5.5) are generally more sensitive during drying procebseauseof the mechanical fragility

and the protekforming flagella apparatus sensitiviyliyamoteShinoharaet al. 2008)

Gramnegative bacteria with lipopolysaccharide (LPS) on the cell wall, with hydrophilic
polysaccharide outermosthains may prevent the removal of water molecules during
desiccation, enhancing drying surviiiyamoto-Shinoharaet al. 2008) According to its
proteome K. radicincitanspossess putative lipopolysaccharide heptosyltransferase 11l and
heptosyltransferase RfaC enzymes, which are involvétkiniosynthesis of core rams of
lipopolysaccharidéWitzel et al. 2012) Questions remairegarding the influence of osmotic
stress cultivation on LPS biosynthesis that may drive higher drying tolerance.

Finally, the effectiveness of amidated pectin as a nutrient sourceasedtrapment
biopolymer for K. radicincitans DSM16656 cells was established. Indeedgsults
demonstrated that amidated pectins with a high content of galacturonic acid could @novide
advantageous nutrient source for endophytic bactéhia.microplate GEN Il findings in
Chapter 2 corroborate the capacitykofradicincitansDSM16656 to use galacturonic acid

as Gsource. Besides, pectins in combination with maltodextrin upon deymgapable of
forming a functional matrix suitable for sensitive substances, with -gter soluble
properties, wherpectin serves as a coating agent and maltodextrin mainly acts as a matrix

forming material(Sansonest al 2011) The role of sorbitol and monosodium glutamate in
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bead baracteristics is still unknowrowever, detigs of pectin bead performance are

addresseth Chapter 5

4.5 Conclusions

The preformulation and further drying survival assessments indicated that amidated pectin
with a high content of galacturonic acid suchAd$-L 063/10, CUL065/10 and CLL-
066/10 arean advantageous nutrient source fi radicincitans DSM16656. The
combination of amidated pectins crdsgking with calcium gluconate favors the desiccation
tolerance of the endophyte upon a convective drying process. After encapsulation i pectin
basehydrogel networks, the osmoadapted and hydroxyectmilded cells resisted stronger
drought conditions, integrating cultivation and formulation procedures, an essential step
towards dryable formulations of Granegative endophytes. Finally, the amidatedtipe

based prototype P3 with maltodextrin as filler was selected for further analysis, including the

evaluation as delivery systems in a plant model.
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5.1 Introduction

Application of plant growtlpromoting endophytic bacteria (PGPEB) based formulations is
considered an essential alternative to overcsailehealthissues caused by the application

of chemical fertilizerdKandelet d. 2017) Contamination of soils and groundwater upon
chemical fertilizers usage are common on current global agroindustemnegative
bacteria are generally less tolerant of such environmental conditions tharpGs#ive
bacteria, yeasts or filamentous fungi because among others the chemical composition of outer
cellular layergWielandet al. 2001; Gacet al. 2007; Reret al 2018) Thus, shortly after
suspensions of bacteria are inoculated into the soil without a proper carrier, the bacteria
population declinesapidly for most species of PGP@ashanet al. 2014) For Gram
negative bacteria, the ability to withed abiotic stresses during technical formulation
processing including high temperatures, elevated osmolality, and dehydration while
conserving biological activity and further ability to colonize plant endosphere are central

problems that require researefforts.

The potential of PGPBE has primarily been acknowledged and well documented across the
globe in the last few decades. Hence, stimulation of plant growth and yield improvements by
endophytic bacteria have been reported on laboratory, greenhouse and ékid s=weral

plant speciegGarima and Nath2015; Lallyet al 2017;Vermaet al. 2018) Some of them
includinggrowthunder drought stress, nitrogen deficiency and excessilinity(Rhoet al

2018) Notwithstanding despite the reported benefits, most of the investigations regarding
PGPBE includingK. radicincitans DSM16656 lack the formulation procedureswhich
couldfacilitate the step forward from the laboratory to the fi@drgeret al 2015; Garima

and Nath 2015; Bergeet al 2017)

Previots studies with mmising bacteria in agricultuiggested that sadtressed cells and
compatible solutes inclusion could potentiate their biological activity.Staphylococcus
saprophyticugST1), biofilm formation and exopolysacharides (EPS) production increased
alongwith NaCl concentradn, enhancing its plant growgbromoting abilitieQurashi and

Sabri 2011) Besides, the combination of osmoadéptaand glycine betaine amendment to
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growth media increasedlantoea agglomeran&325 colonization in apple flowef®Pusey

and Wend2012) In particular, this strategy may be extended to endophytic bacterial, which
studies revealed that osmoadaptation and the accumulation of selected luensphties
could drive the strengthening of bacterial phenotyQebrefigaet al.2011)

Encapsulation may offer an uninterrupted supply of nutrients without competing with other
microorganisms, protection against environmental stress and longer shelf life in storage
(Bashanet al. 2002; Trivediet al. 2005) So, the immobilization ofmicroorganisms in
polymeric materials provides them with several significant advantages ovetiviregp

suspensions.

As it was mentiored in Chapter 4pectins emergas a potential alternative for producing
polymeric inoculants. One of the most notable pectin features is ity abifiorm gels and
hydrogel composites, which can provide a wide range of biological applications. Hydrogel
beads are hydrophilic, threBmensional crosnked polymer networks, with high
biocompatibility, porous structure, enabling a high water contéat mimics the
extracellular matrix environmenh vivo (Zhao et al. 2018) Pectin is a structural plant
polysaccharide, which macromolecules aggregates tend to dissociate and expand at neutral
pH (Liu et al.2003)

Due to differences in degrees of esterification and amidation, viscosity, geléatpanical
properties, and stability of pectin are affec{8dtoet al.2008; Munariret al.2012) Pectins

have been widely used as emulsifiers, gelling agents, glazing agents, stabilizers, and/or
thickeners in food, pharmaceutical, personal care pahger product¢Chanet al.2017)
Altogether, the potential utilization of pectrased systems as arder of PGPBEgemains
unexploredBesidesa detailed investigation regarding the interaction of embedded bacterial
endophytes in amidated pectin beads during plant colonizatietessaryT hereby, irthis

chaptey the novel combination of a bactariiendophyte with the encapsulation in amidated

pectin hydrogel beads for supporting endophytic performance is addressing.
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The exploitation of biostimulants based on bacterial endophytes in the context of achieving
a sustainable regime of crdertilization will require an irdepth understanding of how
PGPBEs interact with the plant host. Henageslons are remaining about the aohetaxis

of entrapped endophytic cells, in addition to how these immobilized cealldirate through

the water umtke and emerge from the polymeric material towards plant tissue. Here, it is
hypothesized that amidated pectin represents a diffusion system for bacterial growth,
enabling root exudatesensing, and facilitatingells to grow as spatially structured
aggre@tes similar to those reported in roots during plant colonization by using planktonic

cells.

Trough gnotbiotic and glasshouse studias, combination with advancedicroscopy
imaging approaches,hi s researchoés section ecindeed at
beads capability as a delivery system of the bacterium endoghytedicincitans
DSM166568 and its modes of action. Moreover, it is proposed to establish the ability of
encapsulated presmoadapted and hydroxyectoiagded cells to colonizén¢ endosphere

in radish plants.

5.2 Materials and Methods

Chemicals used in this study were obtained from Carl Roth GmbH (Karlsruhe, Germany) or
AppliChem GmbH (Darmstadt, Germany) if not specified otheriigelroxyectoine (Hye)

was acquired from Sigma Aldtic(Cat: 70709, Sigma Aldrich Corporation, Germany).
Amidated pectin waprovided byHerbstreith & Fox KG (Neuenbuerg/Wuertt, Germany).

All other materials used were of analytical reageatlg and were used as received.

5.2.1 Encapsulation of K. radicincitans DSM16656" cells

As described in chapter, £alcium amidated pectin hydrogel beads were seleated
immobilization support. Briefly, an encapsulation suspension was obtained by @ixihg
pectin solution [4% w/v Amid CLL 066/10 (DE 24% and DA 24%)] mtrapure wate(Elix
Advantage Water Purification System, MeMHKlipore, Darmstadt, Germany) at 50 % wi/w.

Pectin solution was supplemented with 14% w/w maltodextrin (Applichem Pancreac,

det
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A4804), 1% w/w sorbitol and 1% w/w monosodium glutamdate.radicincitans cells
suspension for the osmoadaptation and hydroxyectoine treatments were added in the matrix
to a final concentration of 15% w/w @ x1@ viable cells mL! ) and the suspension was
gently stirred for 5 min.

For bead formatiorit was followedby the methods described in chapter 4 (sections 4.2.2 ad

4.2.4) Four biological replicates composed each treatment.

5.2.2 Encapsulation efficiency

The measurement oéncapsulation efficiency foK. radicincitans DSM16656 cells in
amidated pectin hydrogel beadas carried out as follos¢t 10 beads were disintegrated in

a solution containing 0.03 M citric acid and 0.05 M sodium carbonate (pH 7+2) for 1 h in a
rotatory shaker at 150 rpm (Matet al. 1995). After complete dissolution, the entrapped
viable bacteriawere counted by dilutingamples and plated on standard nutrient agar media
(Merck, Darmstadt, Germany), and incubated at 30°C for 24 hours. Bacterial cells

encapsulation efficiency (BEE) was calculabscthe following equation (Eg..5).

" %% LU 0
° 0z 1P
Where N is the number eheasurediiable bacteria cells and f\displays the free viable

bacteria cells before encapsulat{dtaghshenast al. 2015)

To establish the efficacy of pectin networks to entrap beads add#orestol (182.2 g mol

1) as a chemical parametens selectedHere, the amount of sorbitol was quantified in the
remainingcalcium gluconaterosslinking solution. Briefly, after 1@nin of hardening time,
beads were separated and 1 micatium gluconatsolution was recovered, centrifuged at
21130 x g for 5 min (Mikro HT 200R, Hettich GmbH & Co. KG, Tuttlingen, Germany), and
filtered through a 0.45 um membrane filter. The concaptraif sorbitol was determined by
HPLC (EC 150/4.6 NUCLEODUR® 108 NH-RP column, RI detector). The
chromatographic separation waarformed at a flow rate of 1 mhin* at 30°C controlled
with a column heater and using a solvent gradient establisheddregluents A and B (80%
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acetonitrile in HPLC water). The peak areas were integrated and compared with calibration
curves constructed with sorbitol [62D mg mLY. The entrapment efficiency (EE) for
sorbitol was calculated using the eqaat(Eq. 5.2):

"YE OiGENl OMAQANE T O@DE &1 § d QWADIQE ¢
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5.2.3 Plant growth promotion in radish by osmoadapted and
encapsulated K. radicincitans DSM16656" cells

The effiacy of amidated pectin hydrogel beads as formulation alternative for the bacterium

endophyteK. radicincitansDSM16656 was assessed under glasshouse conditions.

Moreover, the extended cresffect of preconditioning by osmoadaptation and the inclusion

of hydroxyectoine was also addressed. The glasshouse experiments were conducted
independently as those described in Chapter 3. Briefly, raBiskativusL. var. sativus)

seeds of cultivar Rondar (F1 Hybrid; S & G GmbH, Kleve, Germany) were used as plant
systems. Ten radish seeds were placed per pot, with ten pots per treatment, filled with 1.5 L
of a 1:1 (v/v) quartsand soil mixture (Fruhstorfer Erde type T2508 200-300 mg L2,

Hawita Gruppe GmbH Vechta, Germany). Afterward, pots were randomlydptactivets

to avoid the transfer of bacteliBergeret al. 2015) The final concentration of cells in dried
beads considered the beneficial effemtsdrying survivalencountered previouslyy salt

stress and hydroxyectoine additiGee Chapter )4 Thus, K. radicincitans DSM16656
inoculation with osmoadaptexs well as bacteria cells pcenditionedwith hydroxyectoine

was conducted by locating two dried amidated pectin beads with the same log unit of cells
concentration ca 2.0 x§@FU/bead under every single seed. Amidated pectin hydrogel
beads without the endophyte were also tested as a control for the formulation components.

Native seed without any treatment was used as the absolute control.

In these assays, seedlings were ategl and fertilized mandglwith Hoagland solution (50

mL per day) (Hoagland and Arnpi950. Plants were maintained under natural light
conditions. Temperature and humidity were recorded over the growth period, with an average
temperature of 18 + 2°@nd with an & humidity > 45 %. See Chapter)3
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Plant samplingvas conducted at oneeek posiplanting from three different locations per

plot. The seedlings were rinsed thoroughly with sterile water for removing soil with beads
adheredo the roots. Fuher, samples wertash frozen prior to isolation of nucleic acid
procedures. At this plant age, the root length was measured with a digital image analyzer
(Digimizer image, MedCalc Software, Ostend, Belgium) and the plants were equally thinned
to five plants per pot. Final sampling was carried out at five weeksptesting, and then

five radish plants from the center of each pot were harvested. Total fresh masssaridber
leaves material and the tuber diameter of each plant were measured. Thewess/es
separated from roots, oven dried at@@uring 4 days (WTC Binder 342, Germany) until
constant weight and dry weight of tubers and ésawere determing@hapter 3. The data

collected are the meames of two whole experiments.

5.2.4 Plant colonization by osmoadapted and encapsulated K.
radicincitans DSM16656'cells

Nucleic Acid extraction and quantification of K. radicincitans in planta using gPCR

The quantification of endophytic capacity followed the procedures previously degsabed
Chapter 3, section 3.2.6Thereby, the fold colonization d&f. radicincitansDSM16656
entrapped cells in treated plants with respect to the reference gene and to the control plants
was calcul at ed an ®*mahod(levakand Schmittgar001lh t he 21

5.2.5 Encapsulated bacteria and radish seedlings interaction:
GFP-tagged bacteria approach

To visualize the endophytic mode of actions and chemotactic performance of the
encapsulated bacteria cells within radish seedlinggnawitro gnotobiotic study was

conducted. Briefly, electrocompetent bacterial cells were transformed with plasmid
pMP4655(Lagendijk et al. 2010) (Appendix 6) Single colonies of eGFP mutants kKf
radicincitansDSM16656 grown on LuriaBertsni agar pl us okehweemyci n (
inoculated in 100 mistandard nutrient broth and the encapsulation of-@gBed bacteria

followed the procedure above.
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Endophytic modes of ien visualization for entrappeld. radicincitansDSM16656

To elucidate the interaction of encapsulated bacteriaadighplanttissues a cell imaging
approach was conducted. Firsttige activation of beads and seedlings tissues interaction
events were observed under transmitted light microscopy (EVOS® XL core, Life
Technologies). AfterGFRtagged bacteria from amidated beads anlisequent tissue
colonization were observed with amverted imaging system with fowolor fluorescence

and transmittedight applicationsapproach (EVOS® FL, Life Technologies). Further, the
root colonization bymmobilized bacterial within specific $&-locations was recorded with

a Zeiss LSM 510 META laser scanning confocal microscope (Carl Zeiss Jena GmbH).
Bacterial eGFP fluorescence signals were captured using argon laser excitation at 488 nm
(BP505550 180 filter, Plan Apo 63/1.4 oil lens), andtronages were captured using bright
field settinggWitzel et al.2017; Beckeet al.2018)

Mapping of the chemoattraction for the beadlish seedling system

The chemtactic performance of entrappledcteriavas detected by multispectral and kinetic
fluorescence imaging (PSI Open FluorCam FC-80®SI, BrnoCzech Republic). Briefly,

three radish seeds and three amidated pectin beads containing immobilize&ab&eK.
radicincitansDSM16656 were located in a Petri dish with 20 ml of agar media (1% w/v).
After four days of incubation at 30%T, GFP taggedbacteria activity inside beads aneith
chemotactic interaction withadish seedlings was assayed. The following parameters were
used for capturing fluorescence images: Reflectance mode: Blue light source (447 nm) at 5%
intensity, bandpass filter (440/4@m), shutter at 2 milliseconds and sensitivity at 0%;
Fluorescence mode: GFP bandpass filter (517/20 nm): Blue excitation light (447 nm) at 100%
intensity, shutter at 300 milliseconds and sensitivity at 38%.

Flagellar apparatus ¢f. radicincitansDSM16656 was visualized as follows: Bactedalls
were taken fronsolid mediaandsuspended iadine solution 0.05 M). One drop of bacterial
suspensionvas appliedn Pioloform-carboncoated, 408nesh coppegrids (Plano GmbH)
for 10 min. Further, cells wefexed with aqueous glutaraldehy{@&5% 1 min) stained with
uranyl acetat€2.5% 1 min), and examined by transmigs electron microscopy (JEX400
Plus, JEOL, voltage di20 kV) (Beckeret al,2018)
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Statistical analysis

SPSS Statistics v.22 software (SPSS, Chicago, IL) was used for analyzing data. Results are
presented as mean values + standard deviations (SD). Data were checked for normality and
homogeneity of variance using Shapikblk and Bartletttest, respectively. Means were
tested for significant differences by emay analysis of variance (ANOVA) followed by a
Tukey post hoc test. Data from glasshouse experiments were subjected to Dunt¢et post

test. The significance level was sep0.(®.

5.3 Results

5.3.1 Encapsulation efficiency

The utility of a biopolymer hydrogel for providiregdelivery system relies @he entrapment
effectiveness othe active ingredient and additivé®asharet al.2002) Hence to look into

the efficiency of amidated pectin beads with-L-066/10for encapsulating. radicincitans
DSM16656 cells and formulation additives, the concentration of these parameters before
and after the entrapment was determined. The initial cell coukt mHdicincitansbefore

beads preparation was 9.46 + 0.28 log CFUniLhe encapsulation efficiency for bader

cell using amidated pectin beads was 98.37 + 1.39 % (n=4). Regarding sorbitol encapsulation
efficiency, HPLC showed that 48 + 1.39 % (n=4) of this polyol remains into the amidated
pectin beads after the crelasking reaction. Beads diameter before aitér drying were

3.38 £ 0.31 mm and 2.26% 0.26 mm respectively (n>8).

5.3.2 Plant colonization by encapsulated K. radicincitans
DSM16656" cells

Effect of the number of beads on plant colonization

To establish the number of beads per seed that guaranteeofdarzation, a comparative
study with amidated pectin beads with 4% NaCl treated cells was carried out. It is important
to mention that during the glasshouse iiare was a negative effdgtthe number of beads

per seed on plan colonization. Thus, i€ads per seed generally had significant lower

colonization capabilities, roughly 166Id less, compared to treatments with 2 beads per
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seedF1, &=671.7, P<0.0001, Figure 5.XLonsidering these results, 2 bepdsseed method
for inoculationwas selected for further glasshouse trials.

It is important to point out that there are not published and comparable data regarding the

number of beads and PGPBE plant colonization performance.

Figure 5-1: Accumulation ofK. radicincitansDSM16656 DNA in inoculated radish plants
with amidated pectin beads. Effect of number of beads per seed on relative gene expression
in plant tissue. Different letters represent significant differences according to pdstkeyc

post hoc test at p<0.05, (means + SD, n>3).
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5.3.3 Plant growth promotion in radish by osmoadapted and
encapsulated K. radicincitans DSM16656" cells

Generally, in both glasshouse experiments, plant growth promoted by amidated pectin
hydrogel beads containirg radicincitansDSM16656 cells was observed for atloculated

radish plantscompared to uninoculated native plants. The dried beads for reatiment
contained the same log unit of concentration by approximately 2 0idlfle cells per bead.

It is important to notice that when hydroxyectoine at 1 mM was added during the pre
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conditioning step, the fresh matter of leaves increased significgnlly.45 % in comparison

to the absolute control treatmerfs (35=3.15; p=0.0259, Figure 5.2A, Figure 52 E).
Noteworthy, either the dry matter of tuber or leaves increased significantly by 18R3 % (
39=9.66; p<0.0001)and 20.68 %HKas, 35=7.74;p=0.0001)respectively, in comparison to the
absdute control treatment (FigurebB). Concerning the dry beads control, the increments
were 2.97 % and 5.48 % for weight gain in the tuber and leaves respectively. In line with the
plant weight gain, the radength after eight days of planting was significantly longer in case
of hydroxyectoine treatment at 3.291.07cm in comparison to the native control at 2483
0.65cm (F4, 3¢=9.67, p<0.001, Figure 52 C). The tuber diameter was also significantly
increased in all cases whéh radicincitansDSM16656 cells were presented in comparison
to the native control and beads conti®l, §=7.64,p=0.0002). Tuber diameter varied from
24.10 £ 1.14 mm for the native control up to 26.18 = 0.62 mm fohtlkeoxyectoine
treatment (Figure 2 D, Figure 52 E).

Figure 5-2: Growth promotion irnglasshouse radish plants inoculated with amidated pectin
dried beads containing po®nditioning K. radicincitans DSM16656 cells by
osmoadaptation at 4% NaCl and by adding hydroxyectoine at 1JAnMesh mass of tubers
and leaves. Fresh tuber mas$s, o=1.47, p=0.2321); leaves fresh masss (k=3.15,
p=0.0259)B) Dried mass of tubers and leavEsy tuber masgFs 39=9.66,p<0.0001) and

dry leaves maséFs, 3=7.74,p=0.001).C). Root length of radish plants after 8 days of
planting €4, 35=9.67,p<0.001).D). Tuber diameter after 5 weeks of plantirkg, 6=7.64,
p=0.0002) E. Glasshousgrown radish plants inoculated with prenditioned K.
radicincitans DSM16656 cells encapsulated in amidated pectin dried beads: Pre
conditioned in control beads, DM at NaCl 4% and DM at NaCl 4% with the addition of
hydroxyectoine [1 mM]. Diférent letters represent significant differences according to post

hoc Dunnettdés test. at p<0.05 (means N SD,

n
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