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Resumen

Los enddfitos bacterianos que promueven el crecimiento de las plantas o PGPBE se consideran el
futuro de los bioestimulantes en plantas, con base en su innegable ventaja sobre los microorganismos
epifitos que se aplican comiUnmente para mejorar la nutricién y proteccion. Sin embargo, la
investigacion actual de estos microorganismos asociados a las plantas tiene deficiencias en relacion
con la influencia de las estrategias de cultivo y de pre-formulacion con la subsecuente capacidad de
colonizacién 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 solubilizacién de fésforo. Esta
investigacion doctoral tuvo como objetivo mejorar la capacidad de la cepa PGPBE Kosakonia
radicincitans DSM 16656 para colonizar plantas, solubilizar fosfato y favorecer la supervivencia al
secado durante la formulacion. La estrategia incluye el pre-acondicionamiento de las células con
osmo-adaptacion, acumulacion de hidroxiectoina y posterior encapsulacion de las células utilizando
pectina amidada. Los resultados demostraron que los fenotipos halotolerantes de las bacterias
proporcionan una notable influencia positiva en la supervivencia al secado y aumentan
aproximadamente en 3 veces la capacidad de colonizacion de la raiz, lo que respalda los efectos de
la promocién del crecimiento en plantas de rabano hasta de 41,1% en la materia fresca. Es asi como,
el pre-acondicionamiento condujo a un aumento del 23,1% en la capacidad de solubilizacion de
fosfato in vitro al afectar positivamente la produccion de fosfatasas acidas. Méas alla de la
acumulacion de hydroxiectoina, este trabajo proporciona evidencia que apoya la nocién de que la
hydroxiectoina puede producir cambios significativos en el metaboloma enddégeno de K.
radicincitans DSM 16656" durante la fase de crecimiento exponencial en salinidades altas. Los
cambios metabdlicos incluyen alteraciones en el ciclo del acido tricarboxilico, novo-sintesis de
metabolitos intracelulares especificos como manitol, mio-inositol y trehalosa, y cambios en los
aminoécidos como L-leucina, L-asparagina, L-serina, L-metionina y L-prolina. El significativo
cambio de 11,07 veces de L-aspartato sugiere un potencial proteoma acido en salinidades altas, lo
gue amplia el conocimiento de las bacterias enddéfitas bajo estrés salino. Ademas, las bacterias pre-
osmoadaptadas formuladas en capsulas secas de pectina amidada aumentaron en 10 veces la
capacidad endofitica y la eficacia como promotor del crecimiento de plantas de rabano bajo
condiciones de invernadero. También, los agregados bacterianos formados durante la activacion de
las capsulas juegan un papel esencial en las etapas tempranas de colonizacion. Estos hallazgos ubican
la respuesta metabdlica al estrés salino y la acumulacion de hidroxiectoina por K. radicincitans DSM
16656" en un contexto fisiolégico, allanando el camino hacia la interaccion entre el fenotipo celular
asociado con la tolerancia al estrés salino y la capacidad de supervivencia de los endofitos Gram-
negativos. Por dltimo, esta investigacion proporciona informacion para comprender el éxito de los
enddéfitos bacterianos pre-acondicionados e inmovilizados, asi como sus mecanismos durante los
primeros establecimientos de colonizacion de plantas, alentando la integracion de las estrategias de
fermentacion y formulacion para explotar las bacterias endofiticas.

Palabras clave: Enddfitos bacterianos; encapsulamiento, pre-acondicionamiento, solutos

compatibles; capsula de pectina amidada.



Abstract

Plant growth-promoting bacterial endophytes or PGPBE are considered the future of plants
growth bio-stimulators, based on their undeniable advantageous over epiphytic
microorganism commonly applied to enhance host plant nutrition and protection. However,
current research of these plant-associated microorganisms has deficiencies concerning
cultivation and pre-formulation strategies on further bioactivity as an endophyte. Besides,
the repercussion of cultivation conditions and osmotic stress in PGPBE on P-solubilizing
ability has not been yet addressed. Through the strategy by pre-conditioning of cells with
osmoadaptation, hydroxyectoine accumulation and a further encapsulation of cells in
amidated pectin beads, this doctoral research aimed at enhancing the capacity of the PGPBE
Kosakonia radicincitans DSM16656" strain to colonize plant seedlings, solubilize
phosphate and support the drying survival during formulation processing. Here, it was
demonstrated that halotolerant phenotypes of bacteria provide a remarkable positive
influence on drying survival and about 3-fold increased the plant endosphere colonization
capacity, supporting growth promotion effects in radish plants up to 41.1 % in the fresh
matter. Interestingly, the pre-conditioning lead to an increase of 23.3 % in the in vitro
phosphate solubilization ability by positively affecting acid phosphatases production.
Beyond the accumulation of hydroxyectoine, this work provides evidence supporting the
notion that hydroxyectoine can produce significant changes in the endogenous metabolome
of K. radicincitans DSM16656" during the exponential growth phase at high salinities.
Metabolome changes include alterations on tricarboxylic acid cycle, novo-synthesis of
specific intracellular metabolites such as mannitol, myo-inositol and trehalose, and up-
regulation on amino acids such as L-leucine, L-asparagine, L-serine, L-methionine and L-
proline. The significant 11.07-fold change of L-aspartate suggests a potential acidic
proteome at high salinities, extending the knowledge of traits for salt-stressed bacterial
endophytes. Likewise, pre-osmoadapted bacteria formulated in amidated hydrogel pectin
dried beads, 10-fold increased the ability to multiply endophytically and the efficacy as a
plant growth promoter in radish plants. GFP-tagged bacteria approach revealed that bacterial
aggregates formed during the re-hydration of beads play an essential role in early
colonization stages. Overall, these findings place the metabolic salt stress response and the
hydroxyectoine accumulation by K. radicincitans DSM16656" into a physiological context,
paving the way into the interaction between the cellular phenotype associated with salt stress
tolerance, and drying survival capacity of Gram-negative endophytes. This investigation
provides insights for understanding the success of pre-conditioned and immobilized
bacterial endophytes, also their mechanisms during early plant colonization establishments,
encouraging the integration of fermentation and formulation strategies for exploiting
endophytic bacteria.

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

Microbial diversity is suggested as an essential aspect for plant and human health. Plant
biostimulants offer one way to directly counteract global concerns for ensuring sustainable
and eco-friendly food supply. Within the frame of global population increment issues, and
environmental concerns associated with chemical-based products in agriculture, the interest
in plant biostimulants has arisen. Inside the plant biostimulants, the plant growth-promoting
bacterial endophytes (PGPBEs) have played a crucial role in scientific motivation for

establishing them as a real alternative.

The stimulation of plant growth and yield improvements by PGPBESs have been reported on
laboratory, greenhouse and field level in several plant species (Garima and Nath 2015; Lally
et al. 2017; Verma et al. 2018). A well-studied PGPBE is Kosakonia radicincitans
DSM16656" (syn. Enterobacter radicincitans) (Brady et al. 2013b), which endophytic
preferences in plant tissue have been demonstrated (Kampfer et al. 2005b). This bacteria
can stimulate the growth in a range of plant host and nutrient uptake (Scholz-Seidel and
Ruppel, 1992; Schilling et al. 1998; Ruppel et al. 2006; Berger et al. 2015). Although these
high-adapted bacteria strains pose such remarkable properties, the majority of scientific
efforts have used fresh cultivated cells before evidence biological benefits, without a
formulation approach and phenomena associated during plant interaction (Berger et al.
2015; Garima and Nath, 2015; Berger et al. 2017).

In brief, the main restrictions for marketing these bio-stimulants based on endophytic
bacteria are the requirements for high technical expertise in the active ingredient mass
production, and the formulation-drying issues, for determining the best delivery systems

(Ryan et al. 2008; Bashan et 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 ability (Lodewyckx et al. 2002).

Relative few studies have focused on the culture media design in the world of bacterial
endophytes (Nour et al. 2012; Youssef et al. 2016), and most of them aiming only at the
plant-associated bacteria isolation (Eevers et al. 2015). In particular, the mass production of
K. radicincitans DSM16656" by submerged fermentation and the effects on the culture
media and scaled mass production process has not been widely addressed, so there are more
questions than answers. Thus, the best possible scenario is to develop a liquid culture
medium allowing efficient economic microorganism production, that can provide stable and

more extended biological activity prior to formulation-application procedures.

The increasing interest in the bacteria endophytes exploitation towards the inoculants
developments requires the cultivation strategies and delivery systems approaches
integration. Most of the PGPBEs as K. radicincitans DSM16656™ are Gram-negative
bacteria, which downstream processing operations produce lethal effects on cell viability.
Thus, formulation-drying processes provide challenges that limit the adoption of these
endophytes in agriculture. Few studies regarding formulation-drying processes of Gram-
negative bacteria endophytes are available in the literature. Despite the lack of information,
reviews on bacteria with agriculture interest on biocontrol and biofertilization (Bonaterra et
al. 2007; Cabrefiga et al. 2014), suggest that the osmoadaptation is a potential alternative

for protecting cells against drying processing.

Among formulation strategies for Gram-negative PGPBs, the encapsulating cells in
biopolymeric materials is emerging as a promising alternative. The immobilization focuses
mainly on increasing their tolerance against biotic and abiotic factors, such as antagonist or
dryness (Vemmer and Patel, 2013; Krell, Jakobs-Schoenwandt, Persicke et al. 2018; Krell,
Jakobs-Schoenwandt, Vidal et al. 2018). In particular, the encapsulation of Gram-negative
PGPBEs has used alginate as a polymeric material (Lally et al. 2017; Aziz et al. 2018;
Grobelak et al. 2018). However, the alginate-systems benefits are contradictory, and the

study of other natural polymers is required.



Pectin as structural plant-wall polysaccharide component may mimic natural conditions that
support endophytic behavior. The pectin-based systems for endophytes have been rarely
studied (Krell, Jakobs-Schoenwandt, Vidal et al. 2018); nonetheless, the potential
exploitation of pectin as PGPBEs carrier remains unexplored. Altogether, encapsulation in

pectin-based beads is proposed as a platform for applying bacterial endophytes.

For ensuring drying survival, osmoadaptation and compatible solutes have been used as
strategies for protecting bacteria in the food industry (Beales, 2004). However, this approach
has not been studied on integrating cultivation-formulation processing in PGPBEs. Besides,
pre-conditioning and its influence on endophytic biological signature such as phosphorous
solubilization are unexplored. Noteworthy, metabolic networks modifications in endophytic
bacteria comprise a black box. So, the metabolic profiling alterations upon osmotic stress
and compatible solutes supply are unknown for Gram-negative bacterial endophytes and
knowledge regarding the potential benefits of pre-conditioning are lacking. Summarizing,
the bacterial endophytes anhydrobiotic engineering and formulation techniques are
demanding fields of studies for ensuring the adoption of these beneficial microorganisms
(Garcia, 2011; Santoyo et al. 2016).

The research work proposes as the central hypothesis that integrating the culture medium
design, including pre-conditioning of cells and the formulation by encapsulation of K.
radicincitans DSM16656", the endophyte can improve its resistance for drying, maintaining
its ability to promote plant growth (Radish as plant model), supporting the endophytic ability

and phosphorus solubilization.

Pre-conditioning step includes the use of osmoadaptation and the accumulation of
compatible solutes. It is hypothesized, that providing exogenous compatible solutes during
the adaptation at high salinities in culture media may synergistically influence the
phosphatase enzymes of K. radicincitans DSM16656', enhancing its physiological
machinery for phosphate solubilization and subsequent plant colonization activity. Besides,

cells drying survival could improve by using this approach. The primary assumption is based
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on the pre-conditioning by osmotic stress that may protect bacterial cells by shifting
metabolic profiling, providing the accumulation or synthesis of advantageous 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 Gram-negative bacterial
endophytes, regarding the pre-conditioning-formulation relationship processes with further

plant establishment.
The three main objectives are:

e Toidentify the parameters in the fermentation and pre-conditioning processes for the
endophyte K. radicincitans DSM16656", which provides the increase of biomass
yield and the resistance to the desiccation.

e To develop a formulation based on the endophyte K. radicincitans DSM16656" that
protects the active principle from the drying process and maintains the biostimulant
capacity as an endophyte.

e To reveal the metabolic profiling response of K. radicincitans DSM16656" to
osmotic stress and compatible solutes supply that support drying survival and

endophytic performance.

The investigation with K. radicincitans DSM16656" will comprise three main phases: the
fermentation, the formulation and the efficacy test under controlled conditions.

Synopsis of the chapters

The document comprises seven chapters. In Chapter 1 is addressing state of the art for
bacterial endophytes, and the challenges for their adoption, including the cultivation and
delivery systems development. Chapter 2 discusses the assessments carried out to define
culture media, phenotypic fingerprint, and to elucidate the sources of the most favorable
nutrients for the K. radicincitans DSM16656" cells proliferation. In Chapter 3, it is provided
evidence regarding that halotolerant bacterial phenotypes increase the root-colonizing



capability, the phosphate-solubilizing ability, and the endophytic establishment. To
circumvent deleterious effects of drying, Chapter 4, focusses on the pre-formulation research
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 are discussed in Chapter 5. To
understand why the pre-conditioning of cells as an anhydrobiotic engineering strategy
provides benefits on drying survival, and colonization capabilities, a metabolomics approach
is presented in Chapter 6. Finally, Chapter 7 deals with the conclusions and

recommendations that emerge from the research.

The participants in this project comprise competent institutions such as Leibnitz IGZ and
Bielefeld Applied Sciences University in Germany, as well as Agrosavia and Universidad
Nacional de Colombia, which guarantee a uniquely strong consortium to address the key

issues.






1.CHAPTER 1. REVIEW: PLANT GROWTH
PROMOTING BACTERIAL ENDOPHYTES,
GENERAL BIOTECHNOLOGICAL
PROSPECTION
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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 reducing the prevalence of rural poverty, and how to
decrease the negatives effects on natural resources. Concerns arise for increasing crop yields,
due to limited suitable soils and water resources available for crop production, the cost of
chemical fertilizer inputs, and the decline of crop yields globally, climate change, and the
arising of environmental protection security. Nutrient efficient plants will play an essential
role in solving these issues in modern agriculture (Fageria et al. 2008; Webb and Buratini
2016). Human activity is having a notorious global impact on the ecosystems, fuelled by a
rising world population that could reach 10 billion by 2056. In this regard, during the last
decades, much research has been focused on making further improvements and the
development of innovative strategies. Among these approaches, the green farming and bio
products-based inoculants address a demanding contribution for increasing eco-friendly

agriculture performance.

Plant-associated microorganisms fulfill essential functions for plant growth and health. These
microbes improve nutrient acquisition, hormonal stimulation, and plant defense mechanism.
Microbial inoculants based on these beneficial microbes, comprise a milestone for enhancing
agricultural biotechnology. The annual growth rate by 10-12% market for microbial
inoculants, convert this topic into a worldwide trend (Berg, 2009; Calvo et al. 2014).
Regarding their modes of action, these bio-based products can be biofertilizers, biopesticides,

phytostimulators and plant biostimulants.

A plant biostimulant is any substance and/or microorganism whose function upon application
to the plants or rhizosphere is to stimulate nutrient efficiency acquisition, tolerance to abiotic
stress, and crop quality traits (Calvo et al. 2014). In general, the future success of
biostimulants requires interdisciplinary research on mass production, formulation, signaling
with the plant-environment in combination with education and business management.
Altogether, the biostimulant development offers a promising and environmental alternative
to cope with the growing concerns in modern agriculture. Hence, new trends have arisen on

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



endophytes (Ryan et al. 2008; Santoyo et al. 2016; Khaksar et al. 2017; Le Cocq et al. 2017,
Mei et al. 2017).

Endophytes are bacteria (including actinomycete) or fungal microorganism which spends the
whole o part of its life cycle colonizing inter and/or intra-cellular healthy tissue of host plant.
They can be isolated from surface-disinfested plant tissue or extracted from inside the plant,
commonly causing no apparent symptoms of the disease (Hallmann, Quadt-Hallmann et al.
1997; Tan and Zou, 2001; Santoyo et al. 2016).

1.2 Bacterial endophytes: General considerations

Plant growth-promoting bacteria or PGPBs have been described in the last decades by their
favorable effects on plants biostimulation (Compant et al. 2010; Santoyo et 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 resistance (Glick and
Bashan, 1997).

Within the PGPBs, we can distinguish two large groups, the rhizobacteria which live near to
the roots, and the endophytic bacteria, with the ability to colonize plant tissues, and even live
as free cells in the soil (Lacava and Azevedo, 2013). Historically, endophytic bacteria have
considered being virulent plant pathogens, but during the last two decades, discoveries
demonstrated several beneficial effects on host plants. For both types of PGPBs, the
mechanisms of growth promotion in plants are practically the same. Nevertheless, the
significant difference that endophytic PGPBs present in comparison to rhizobacteria is once
they established within the tissues and organs, they do not affect by soil variables (Salt stress,
pH, water content and competitiveness with another microorganism, etc.) which on the
contrary can influence the rhizobacteria directly.

Altogether, the scientific interest has undoubtedly turned towards the endophytic bacteria, as
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
(Santoyo et 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 exist the biofertilizers. According to (Vessey, 2003) a
biofertilizer is a substance which contains living microorganisms which, when applied to
seed, plant surfaces, or soil, colonizes 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 ever-expanding demand for eco-friendly products (Garcia-Fraile et al.
2015). The market for biofertilizers is expected to reach 1.88 billion dollars by 2020, with a
growth rate of 14%. Nevertheless, the largest share in the market focuses on genera such as
Rhizobium sp., Azotobacter sp. Azospirillum sp. and phosphorus-solubilizing bacteria,
mainly Gram-positive that can form spores (Garcia-Fraile et al. 2015) (Table 1.1). In this
way, the gap that exists for Gram-negative usage and endophytic bacteria is considerable, but

at the same time promising in the context of adopting biofertilizers.
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In particular, the plant growth-promoting bacteria endophytes (PGPBES) promote the growth
of plants through nitrogen fixation (Reis et al. 2001; Sevilla et al. 2001; Reinhold-Hurek and
Hurek, 2011), the solubilization of phosphorus (Verma et al. 2001; Wakelin et al. 2004), the
siderophores production (Verma et al. 2011; Rungin et al. 2012) and by preventing infections
secreting antibacterial and antifungal agents (Rosenblueth and Martinez-Romero, 2006).
Besides, by establishing the systemic resistance of the plant and the production of
phytohormones such as indole acetic acid and cytokinins (Pirttila et al. 2004; Compant et al.
2010). Noteworthy, endophytic bacteria can improve the ability of plants to remove

environmental pollution (Doty, 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 and subsequent
deficiency in the colonization of the plant, this being a critical step to guarantee the beneficial
effects (Lugtenberg et al. 2001; Santoyo et al. 2016).

It has been reported that endophytic bacteria are more specialized than rhizobacteria, being
more effective in their interaction with the host plant (Ali et al. 2014). Unlike endophytic
seed bacteria that are already established since germination (Hardoim et al. 2012),
endophytic PGPBs use different mechanisms to enter endoplant habitat. Mainly through
wounds in the roots, lateral fractures or intact epidermis, caused naturally by the growth of
the plant (Sprent and de Faria, 1988; Santoyo et al. 2016). Endophytes appear to actively
penetrate plant tissues using hydrolytic enzymes like cellulase and pectinase (Hallmann,
Quadt-Hallmann et al. 1997). Another important mechanism is facilitating by root tissue
fractures, along with the drainage of metabolites, causing active sites of attraction for the
rhizobacteria (Hallmann, Quadt-Hallmann et al. 1997; Kandel et al. 2017). Other entry sites
for endophytic PGPBs include damaged stomata particularly in the leaves or young stems
(James et al. 2001), lenticels present in the periderm of stems and roots (Ruiza et al. 2011),

as well as during the radicles germination (Adams and Kloepper, 2002).
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Table 1-1: Examples of commercially available biofertilizer products based on plant growth-

promoting bacteria-PGPBs (Garcia-Fraile et al. 2015)

Product Company Bacterial strain
Cell-Tech® Novozymes Rhizobia
Nitragin Gold® Novozymes Rhizobia
TagTeam® Novozymes Rhizobia + Penicillium bilaii
Nodulator® BASF Canada Inc. Bradyrhizobium japonicum
Vitasoil® Symborg PGPB consortia
Biomix® Biomax PGPB consortia
Nitrofix® Labiofam S.A Azospirillum sp
Azotobacterin® JSC Azospirillum brasilense B-4485
EVL coating® EVL Inc. PGPB consortia
Life® Biomax PGPB consortia
Biozink® Biomax PGPB consortia

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 formulation and the maintenance of
biological activity, with a view to developing the best delivery system (Lacava and Azevedo,
2013; Santoyo et 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)
(Bashan et al. 2014; Santoyo et al. 2016). Nevertheless, it is increasingly important to
determine the influence of biotic and abiotic factors on the mass production of endophytes,
including desiccation stresses during formulation and further application (Figure 1.2).
Besides, it is essential the understanding of their relationship with chemotaxis and plant

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

production, formulation and application of biofertilizers based on PGPBs or PGPBEs.
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1.3 Bacterial endophytes as plant growth promoters

Estimations suggest that the planet contains about 300,000 species of plants, which the vast
majority contain a hyperdiverse of endophytes (Smith et al. 2008). Among these plant-
associated microorganisms, bacterial endophytes can promote plant-growth by either direct
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 nutrients include nitrogen, phosphorus and iron. In the case of hormones, PGPBE
can synthesize phytohormones such as auxin, cytokinin and gibberellin. Some endophytic
bacteria can modulate ethylene levels by synthesizing the enzyme, 1-aminocyclopropane-1-
carboxylate (ACC) deaminase, that cleaves the compound ACC, the precursor of ethylene in
higher plants (Bacon and White, 2016; Santoyo et 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 by the 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 pathogen (Sessitsch et al. 2004; Brader et al. 2014). Table
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1.2 summarizes a selection of studies related to bacterial endophytes (PGPBE) and their

influence on the performance of different crops.

Table 1-2: Selection of studies regarding the efficacy of plant growth-promoting bacterial

endophytes (PGPBE)

PGPBE

PGP mechanisms Crop

Reference

Enterobacter sp. strain
638

K. pneumonia 342
Pantoea agglomerans
Pseudomonas sp

B. subtilis NA-108

Pseudomonas sp

B. subtilis DS-178

Ensifer sp. CA-14

Burkholderia sp.

Bacillus sp.

Serratia grimesii BXF1

Streptomyces spp.

Bacillus thuringiensis
NUU3

Carbon source utilization  Poplar trees

Nitrogen-fixing Maize
P-solubilizing Peanut
Organic acid releasing Peas
Indole-3-Acetic acid Strawberry
(IAA) producing
Indole-3-Acetic acid Sugarcane
(IAA) producing
Siderophore production- Wheat
Zinc solubilisation
Nitrogen-fixing Leguminous
Ormosia
macrocalyx
Indole-3-Acetic acid Blueberry
(IAA) producing
Cellular redox balance, Apple
Proteins expression
ACC deaminase Bean
Induction of plant defense ~ Sorghum,
wheat
Increment of proline Chickpea

contents

(Taghavi et al. 2009)

(Riggs et al. 2001)
(Taurian et al. 2010)
(Oteino et al. 2015)

(Pereira et al. 2012)

(Pirhadi et al. 2018)

(Singh et al. 2018)

(Hernandez-Hernandez et
al. 2018)

(Ortiz-Galeana et al. 2018)

(Tamosiune et al. 2018)

(Tavares et al. 2018)

(Patel et al. 2018)

(Egamberdieva et al. 2017)
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1.3.1 Kosakonia radicincitans DSM16656"
The recently named bacterium Kosakonia radicincitans DSM16656" (Brady et al. 2013a),

formerly Pantoea agglomerans, is an endophytic bacterium belonging to the
Enterobacteriaceae family. Kosakonia in honor of the taxonomist Y. Kosako and the epithet
radicincitans for radix—icis roots and incitants means plant growth-promotion (Brady et al.
2013a).

Up to date, four genomes of K. radicincitans strains have been completed and published: K.
radicincitans DSM16656T from wheat [GCA_000280495.2] (Witzel et al. 2012); K.
radicincitans GXGL-42 from maize [GCA_001887675.1]; K. radicincitans UMENt01/12
from banana [GCA _000691205.1] (Suhaimi et al. 2014) and K. radicincitans YD4 from
Yerba mate [GCA _000877295.1] (Bergottini et al. 2015). The scrutiny of these genomes has
clarified the results found in inoculated crops upon their utilization. Hence, K. radicincitans
have genes involving on nitrogen-fixing encoding for two different nitrogenases (Ekandjo et
al. 2018), the organic phosphate mineralization, siderophore production, auxin efflux carrier
and dissimilation of nitrite and nitrate (Witzel et al. 2012; Bergottini et al. 2015).

K. radicincitans DSM16656" strain is a facultative isolate that presents motility with short
spherical rods, with a length of 0.8-1.2 um and width of 1.0-1.6 um (Kampfer et al. 2005a).
On one hand, this Gram-negative bacterium can increase the growth and yield of different
crops such as wheat (Triticum aestivum), maize (Zea mays), tomato (Solanum lycopersicum)
and radish (Raphanus sativus), among others (Remus et al. 2000; Krey et al. 2011; Berger et
al. 2015; Berger et al. 2018). On the other hand, it can colonize phyllospheres and
rhizospheres, and survive in plants internal tissues (Remus et al. 2000). K. radicincitans
DSM16656" can fix nitrogen (Ruppel and Merbach, 1995; Ekandjo et al. 2018), solubilize
tricalcium phosphate (Schilling et al. 1998), produce phytohormones such as auxins, indole-
acetic acid (IAA), and cytokinins such as N6-isopentyladenosine and N6-isopentyladenine
(Scholz-Seidel and Ruppel, 1992). This endophytic bacterium can mediate anti-herbivore
defense (Brock et al. 2018) and glucosinolate profile in Arabidopsis thaliana (Brock et al.
2013), alters the plant secondary metabolite composition in cruciferous vegetables (Schreiner

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

ingredient in biofertilizers or bio-stimulators in crop production systems.

The Leibnitz Institute for ornamental crops (IGZ) in Germany has extensive studies with the
endophytic strain K. radicincitans DSM16656". However, as with other endophytes, their
results are neither repetitive nor reproducible when the microorganism is cultivated (Santoyo
et al. 2016). In addition, despite the potential use of K. radicincitans DSM16656" as a
commercial bio-stimulator, this Gram-negative bacterium presents a low resistance for
drying and their benefits have only demonstrated mainly with fresh cultivated cells (Berger
et al. 2018). Hence, aiming at developing a formulation based on this promising bacterium,
it is necessary to overcome aspects related to the formulation-drying process and the stability
during storage, which are highly demanding in order to maintain the viability and the
biological benefits 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 field, particularly when dealing with Gram-negative, non-sporulating
bacterial endophytes. Lacking spores-forming ability, they are more susceptible to
deleterious factors occurring during processing and field application (Santoyo et al. 2016;
Mei et al. 2017). Therefore, endophytic Gram-negative bacteria require convenient,
protective formulations to support their efficiency at the target site and to assist the practical

use by farmers (Bashan et al. 2014; Berninger et al. 2018).

Effects caused by downstream processes, such as formulation and drying, are among the most
damaging factors for the viability of endophytic PGPBs. Drying is used for granulates and
powders, and is necessary prior to the storage of the final product. In general, the formulates
based on endophytes, including PGPBs, seeks to increase the establishment of
microorganisms in the soil and within the plant, trying to increase their beneficial effects by
favouring the penetration and colonization of the host plant tissue, reducing costs through a
decrease of the doses and the application frequencies (Lacava and Azevedo, 2013; Kandel et

al. 2017). Historically, biofertilizers distinguish five types of formulation such as the use of
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carriers (e.g., peat, talc, activated carbon), granulates, liquid formulations, dry inoculants
(e.g., soil, powders) and cell immobilization (Herrmann and Lesueur, 2013; Mahanty et 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 from Berninger et al. 2018

The application techniques for the inoculants are closely related to the culture and
formulation strategy. The understanding of the relationships centers the efforts in this field
into the endophyte-plant-rhizosphere triangle, to generate the best formulation strategy and
mode of delivery for the endophyte. A large number of parameters that can vary in the
formulation process and that can also significantly influence their viability and biological
activity makes it difficult to identify the most critical factors. Nevertheless, essential
parameters that intervene in the formulation process are considered: the growing conditions,
the composition of the immobilization matrix and the drying process (Herrmann and Lesueur,
2013; Lacava and Azevedo, 2013; Mahanty et al. 2017).
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Generally, the formulation and drying processes generate deleterious effects on
microorganisms, which include stress due to sudden changes in temperature, effects caused
by cutting stress, oxidative stress due to contact with air, osmotic pressure, decrease in
intracellular pH, capillarity forces and intracellular solute concentration triggered by water
loss (Fu and Chen, 2011). Interestingly, along with the increment of publications related to
endophytic bacteria, the scientific concern on how to formulate these microorganisms has
increased during the last two decades (Figure 1.4). This challenging area is attracting
widespread interest; nevertheless, the number of publications is still low (Table 1.3), and the
majority of these studies have been maintained under industrial secret. Hence, the

formulated-based on bacterial endophytes is considered a relatively unexplored issue.

In the field of the formulation of biofertilizers, several knowledge gaps continue limiting
their positioning as a sustainable alternative to chemical fertilizers. According to Herrmann
& Lesueur (2013), with a revision since 1980, less than 1% of research articles on
rhizobacteria 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 using keywords
such as "endophytes”, "Gram Negative bacteria”, "drying", " formulation "and" PGPB "in

robust databases such as Web of Science.



19

Figure 1-4: Evolution of the number of scientific publications during the last two decades

regarding the formulation of bacterial endophytes [source: Web of Sciences]
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Table 1-3: Selection of studies regarding the formulation of plant growth-promoting

bacterial endophytes

PGPBE PGP Crop Type of formulation Reference
mechanisms
Bacillus pumilus Nitrogen Potato Pellet (granule) (Ortuno et al.
fixation, P- 2018)
solubilizing
Bacillus sp. Induction Cotton Talc-based (Rajendran et
systemic al. 2007)
resistance
Paraburkholderia Nitrogen Maize (Spray) Talc-based +  (Bejarano et al.
phytofirmans PsJN fixation, P- xanthan + Geloil 2017)
solubilizing
Bacillus cereus Induction Chestnut Wetting powder (Cheng et al.
CE3 systemic 2015)

Diatomite + sodium
lignin sulfonate

resistance
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Bacillus subtilis Suppression of Oilseed rape Pellet (Hu etal. 2011)
Tu-100 pathogens
Herbaspirillum Nitrogen Sugarcane Foliar spray+ (da Silva et al.
seropedicae fixation humic acid 2017)
HRC54
Kosakonia Nitrogen Maize Spray (Berger et al.
radicincitans fixation, P- formulation 2018)
solubilizing
Bacillus spp. Induction Banana Talc-CaCOs. (Harish et al.
systemic CMC (drench 2008)
resistance application)
Burkholderia sp. - Storage study Dry (Bazilah et al.
UPMB3 Vermiculite- 2011)
based
Paraburkholderia - Storage study Zeolite-based (Berninger et al.

phytofirmans PJN

granular

2017)

1.4.1 Polymeric inoculants

The advancement reached in formulation development has led to new strategies, including
the entrapment and immobilization of microorganisms that seem particularly promising
(John et al. 2011). This approach involves the attachment or the entrapment of cells into a
matrix. Techniques for immobilization included adsorption on surfaces, flocculation,
covalent bonding materials, cross-linking, and encapsulation with polymers (Cassidy et al.
1996). Among these approaches, encapsulation is considered the most advantageous
technique for elaborating carriers for microorganisms (Herrmann and Lesueur, 2013). Thus,
encapsulated-living cells are protected in a nutritive shell against mechanical and stress from
the surroundings such as temperature, pH, organic solvents, predators, and others (John et al.
2011; Bashan et al. 2014). Once capsules are located into the soil, soil microbiome actively
degrade them, facilitating that the encapsulated cells be gradually released towards the soil,
usually at rates according to seed germination times or the emergence of seedlings (Bashan

et al. 2002; Bashan et al. 2014). A wide variety of biological cores are encapsulated-
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compatible, including bacteria (spore-forming and non-sporulating), fungal spores, hyphal

segments, yeast cells, mycorrhizas, and plant extracts among others (Malusa et al. 2012).

Different techniques are used to encapsulate bacterial cells, including physical processes such
as spray drying, extrusion or fluidized drying; chemical processes such as co-crystallization,
molecular inclusion or interfacial polymerization. Finally, physicochemical processes, such
as coacervation, liposomes and gelation/inverse gelation (Schoebitz, Lopez et al. 2013).

Table 1.4 summarises the main advantages and disadvantages of these methods.
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Table 1-4: Comparison of physical-chemical encapsulation techniques for microbial inoculants

Spray Fluidized bed Extrusion lonic gelation Inverse gelation Qil-entrapped Liposomes
drying emulsion
Core Beads Capsules Either Beads Capsules Beads Capsules
<500 pm 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 10-30s 10 min-1h 10 min-1h 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 Dust and 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 Enzymes and Cells, enzymes, Cells, enzymes Cells, enzymes Capsules
resistance  particles and vitamins suspensions and suspensions  and suspensions <2 pm
cells uniform walls

Source: (Schoebitz, Lopez et al. 2013)
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The polymers that are suitable for encapsulation include natural-origin (polysaccharides,
protein materials), the synthetics (polyacrylamide, polyurethane) and homo-, hetero-, or co-
polymers (Herrmann and Lesueur, 2013). Alginate is the most commonly used polymers for
encapsulating cells and prepared inoculants (Table 1.5). Alginate is a natural, biodegradable
and nontoxic polymer which forms a 3D porous gel when mixed with multivalent cations
(Ca?")(Bashan et al. 2002). Capsules or beads containing the microorganism are formed
through the dispersion of cells suspension into the polymer matrix and then simply dropping
it in the cationic solution. During the cross-linking reaction and encapsulation procedure,
nutrients, fillers and additives can be included, to either extend shelf life, improve functioning
or inoculation efficacy (Malusa et 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, coacervation, solvent

extraction/evaporation and thermal gelation (Vemmer and Patel, 2013).

Beyond the cell protection provided by the encapsulating material, many advantages of
entrapping cells have been 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 out under aseptic
environments minimizing contamination (Cassidy et 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 of 10-100 pm
(microencapsulation) offer direct contact with seeds, while macroencapsulation (larger size,
millimeters to centimeters) requires the released cells to move through the soil toward the
plants (John et al. 2011). Several studies have demonstrated the benefits of cells entrapment

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

In comparison to free cells, encapsulation of PGPB cells can enhance P-solubilizing
efficiency (Young et al. 2006; Minaxi, 2011), activity of ACC deaminase (Reed and Glick,
2005), rhizosphere colonization (Trivedi and Pandey, 2008) and indole-3-acetic acid (IAA)

production (Meza et al. 2015) among others.



25

Although the encapsulation as formulation strategy has shown a high prospection, most of
the reported investigations were at laboratory level, and few commercial bacterial products
are available in the market. The high production cost and advanced technical handling
needed, appeared to be the explanation of the low adoption. Hence, new approaches have to
remain affordable, compatible with current application technologies providing flexibility to
farmers (Herrmann and Lesueur, 2013). In particular, for bacterial endophytes, the challenges
are higher, since there are not existing commercial products based on these microorganisms.

Thereby, research efforts have to address these issues supporting the replacement of chemical

fertilizers and the positioning of biological inoculants.

Table 1-5: A sample of polymeric inoculants based on plant growth-promoting bacteria to

increase plant performance

Formulation Additives or Bacteria used Plant Reference
treatment species or
substrate
Alginate None Azospirillum brasilense Tomato  (Bashan et al.
2002)
Alginate None Pseudomonas asplenii Canola (Reed and
Glick, 2005)
Alginate None Azospirillum brasilense Chlorella  (de-Bashan et
vulgaris al. 2008)
Alginate None Methylobacterium oryzae/  Tomato (Joe et al.
Azospirillum brasilense 2014)
Alginate Kaolin, Streptomyces sp. Tomato (Sabaratnam
starch, talc and Traquair,
2002)
Alginate Potato starch  P. fluorescens/Serratia sp. Wheat (Schoebitz,
Ceballos et al.
2013)
Chitosan None Several PGPBs Cucumber (Murphy et al.

2003)
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CMCl/corn MgO/ZnO Rhizobia Cowpea, (Fernandes et
starch sugarcane al. 2009)
Alginate Humic acid Bacillus subtilis Lettuce (Young et 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 this issue for biofertilizers (Herrmann and Lesueur,
2013), the formulation of K. radicincitans DSM16656" by encapsulation is proposed for
application in soil. This formulation alternative is potentially the most beneficial and with
great applicability for PGPR endophytes, that is how capsules would improve the planting of

the formulation and its inclusion into both organic and mechanized agriculture.

1.5 Prospectings and challenges of bacterial endophytes

At the global level, there are considerable challenges for the implementation of endophytes
as new alternatives for PGPBs in applied biotechnology to agriculture (Ryan et al. 2008;
Kandel et al. 2017). This fact explains how the number of publications on endophytes has
increased dramatically in recent years; however, not many publications focus on the
techniques of industrial application for them (Brader et al. 2014; Santoyo et al. 2016).
Accordingly, scientific efforts have arisen in order to solve the problems of endophytes in
biotechnology and agriculture. For instance the European cooperation project BestPass:
Boosting plant-endophyte stability, compatibility and performance across scales, into the
‘Marie Sktodowska-Curie Innovative Training Network ', 2015-2020, 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
processes involved. 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 technological point of view, to design processes that
include the solution of problems related to the loss of viability, maintaining or increasing
their biological activity and improving storage stability, among others. Nevertheless, the

current progress in technology-related microbial science, plant-pathogen interactions,
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genomics, and genetic engineering, would also support the optimization of protocols for
using biofertilizers. Although the utilization of biofertilizer is blooming with great
acceleration, still, the technology is nascent but evolving (Mahanty et 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, storage, and shipping.
Moreover, it is necessary to study the persistence of biofertilizers in soil environment under
stressful conditions. Another aspect to take into account is the education of farmers about the
long-term benefit of using biofertilizers instead of chemicals. In addition, the misconception
that only acts as precursors of diseases (Glick, 2012; Mahanty et al. 2017). Notably, scientists
have to prove to the public and regulatory authorities that both non-transformed bacterial
strains and genetically engineered strains do no present hazard or risk to 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 years (Glick, 2012; Santoyo et al. 2016; Kandel et al. 2017). Many PGPB
microorganisms have been isolated and marketed as promising biofertilizers; however, 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 mainly caused 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 insufficient colonization of the rhizosphere
and/or plant tissue, being the most important aspects required for the expression of the

beneficial effects (Lugtenberg et 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) (Santoyo et al. 2016). The biological activity includes the behavior of chemotaxis
(motility), the production of phytohormones, and 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 in
plants. Besides, deepen the understanding of the relationship between formulation strategy,

its components, biological activity, and stability of the active ingredient.

Regarding the mass production of endophytes, it has been an everlasting concern. Generally,
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 conditions (Pham and Kim, 2012). However, during the last
25 years, advances in cultivation techniques have been achieved, especially for endophytic
fungi (Lohse et al. 2015), including modified culture media are also included (Alain and
Querellou, 2009), using changes in growth conditions (Janssen et al. 2002) and co-culture
and dilution of media (Kamagata and Tamaki, 2005; Vartoukian et al. 2010). Recently,
another approach includes simulated natural environments using root extracts as culture
media (Nour et al. 2012; Youssef et al. 2016). These studies have contributed significantly
to the understanding of the production of endophytic microorganisms. Recent studies have
indicated that there is considerable variation in the biological activity of endophytic bacteria

with the culture medium composition (Yi 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 media (Nour et al. 2012). Nevertheless, the 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 increase the level of rhizobacteria propagation for industrial
applications (Youssef et al. 2016). Finally, it is important to point out that K. radicincitans
DSM16656" has been commonly produced for fresh applications using the standard nutrient
solution I (Merck, Cat No: 1.07882, Darmstadt, Germany) (Berger et al. 2013; Berger et al.
2015), which imply a broad and challenging field of research for the design of the culture
broth.
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Notably, the mass production of the endophytic bacterium K. radicincitans DSM16656" has
been done by submerged fermentation, using relative expensive culture media (Berger et al.
2013). Nevertheless, the best scenario for its scaling has as a starting point the development
of a culture medium for its mass production, which allows the efficient production of the
bacterium, maintaining or improving its biological activity during downstream operations

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 consider (Fu and Chen, 2011; Herrmann and Lesueur, 2013). Excessive heat mainly
affects macromolecules and higher-order structures such as proteins and nucleic acids
(Ghandi et al. 2012). On the other hand, stress due to dehydration mainly affects the
cytoplasmic membrane, changing its fluidity and lipid peroxidation (Teixeira et al. 1996).
Generally, drying processes used for biological formulations involved both deleterious
effects, therefore drying stress-avoidance strategies are demanding. Approaches including
spray drying (Schuck et al. 2013), fluidized bed drying (Schoebitz, Lopez et al. 2013;
Berninger et al. 2018), and lyophilization (Carvalho et al. 2002) among others have dealt
with these issues. It is important to mention that the formulation by spray drying is the most
adopted at an industrial level, mainly with Gram-positive bacteria, such as Lactobacillus sp,
Streptococcus sp, Enterococcus sp. and Bacillus sp (Schuck et al. 2013). In contrast, studies
of dry formulations for Gram-negative bacteria are not conventional, and most of them have

not been successful and are difficult to compare (Fu and Chen, 2011) (Table 1.6).

It is defined that tolerance to thermal and mechanical stress is higher in Gram-positive
bacteria, followed by yeasts, with Gram-negative bacteria being the most sensitive to these
factors, possibly due to their thin cell wall structure. Thus, the bioprospection of inoculants
based on Gram-negative bacteria such as K. radicincitans DSM16656" requires technical

solutions related to 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 temperature (Fu and Chen, 2011) (Table 1.6). Hence,
there is limited knowledge about the drying method necessary for biofertilizers based on
gram-negative PGPBEs, especially when it is needed to scale the formulation process and

the cost of production has to be profitable.

The great prospection of PGPBEs 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 these technical 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 protecting bacterial endophytes have been reported, including normally the
use of drying protectants embedded into the formulation (Lactose, skimmed milk, etc.).
Besides, the osmoadaptation as a pre-conditioned mechanism for strengthening cells before
drying, and the inclusion of osmolytes such as trehalose, glycine, and betaine.

A mini-review of drying survival studies is given in Table 1.6.
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Table 1-6: Research studies focusing on enhancing drying survival in non-sporulating bacteria, with agricultural interest.

Bacterial agent

Protectants

Other parameters

Drying

Strategy

References

Azospirillum brasilense

Pantoea agglomerans

Enterobacter sp.

Paraburkholderia

phytofirmans PsJN

Pseudomonas aeruginosa

Pseudomonas fluorescens

Pseudomonas fluorescens

Pseudomonas fluorescens

Pseudomonas fluorescens

Trehalose

Sucrose

Skimmed milk

Trehalose, sucrose galactose,

CMC gelatin

EPS

Lactose

Glycine betaine

Glycine bataine

Lactose, skimmed milk,
sucrose, starch, trehalose

Encapsulation in alginate
beads

Cell load, rehydration media

Consortia formulation

Storage temperature, inorganic
carrier

Inorganic carrier

Growth conditions

Osmoadaptation by NaCl

Osmoadaptation by NaCl,
nutrient addition

Osmoadaptation

AD

FD

FD

AD, FD

AD

FD

VD

AD

FD

Cell flocculation, stationary
phase

Rehydration in 1% NFSM,
10% sucrose

Consortium with
Pseudomonas sp.

Air-drying, skimmed milk,
storage 4C

EPS as protectant

Harvesting after 16 h , mild
heat shock at 38C

Osmoadaptation (0.7 M NaCl)

Osmoadaptation (0.7 M NaCl
and 0.1 mM glycine betaine)

Osmoadaptation with lactose
as protectant

(Schoebitz et al. 2012)

(Costa et al. 2000)

(Barra et al. 2016)

(Berninger et al. 2017)

(Tewari and Arora, 2014)

(Bisultti et al. 2015)

(Bonaterra et al. 2007)

(Cabrefiga et al. 2011)

(Cabrefiga et al. 2014)

AD, air-drying; SP, spray-drying; VD, Vacuum-drying, FD, Freeze-drying
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To strengthen K. radicincitans DSM16656" cells before the formulation operation, the use
of pre-conditioning from the fermentation process is proposed as a strategy. There are options
such as manipulation of culture conditions, pre-adaptation of cells through thermal, oxidative
or osmotic shocks (Santivarangkna et al. 2007; Broeckx et al. 2016). These mechanisms
could trigger intracellular and extracellular protection agents such as compatible solutes or
the activation of chaperones proteins (Hsp33, DnaK, GLoE) repairing other proteins and
membrane protectors (Winter et al. 2005; Jiao et al. 2015)). It is essential to mention that K.
radicincitans DSM16656" would have the ability to produce some Hsp proteins according to
the description of their genome (NCBI Accession PRINA16 1109). Besides, K. radicincitans
could accumulate compatible solutes upon osmotic stress during pre-conditioning 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 higher viability, biological activity and storage stability.



2. CHAPTER 2. CULTIVATION: SCREENING
OF NUTRIENTS AND CULTURE MEDIA
DESIGN FOR Kosakonia radicincitans
DSM16656"
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2.1 Introduction

The design of culture medium continues being one of the most investigated areas in the
production of microorganisms or metabolites on a large scale, offering increasing challenges
(Singh, Haque et al. 2017). Before 1970, culture media design was carried out using classic
methods, usually expensive and time-demanding, with a high number of experiments.
However, with the advent of modern mathematical and statistical techniques, it has become
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 consequence.

Increasing the active ingredient productivity reduces the total cost of the production and
development of microbial-based products. In general, higher productivity can be achieved
by improving the microorganism or by optimizing the process parameters. With the
development of a culture medium, the research aims to have the best conditions for growth
or replication of the 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 content (Kennedy and Krouse, 1999; Singh, Haque
et al. 2017). Nonetheless, when the product needs to be taken to another scale, economic
problems emerge that make its implementation in bioproducts difficult. As a first
approximation, the culture media focuses on the simple fact of producing biomass, cells or
the agent of interest. For endophytes, with the focus on the integration of bioproduct
development, the culture media design must also guarantee the stability of biological
activity, ensuring or enhancing its metabolic signature involved in their plant-associated

lifestyle identity.

During the design and optimization of culture media, several strategies can be used,
independently of the fermentation technique: submerge fermentation (smF) or solid
fermentation (SSF). It includes the evaluation of 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 factors (Kennedy and Krouse, 1999;
Singh, Haque et 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, which is typically 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 anti-fungal activity (Tripathi et al. 2004;
Singh et 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 as the 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. Regarding fundamental theories of
experimental design, showed that changing more than one factor or variable in the media is
more efficient than changing each of them independently (Fisher, 1992). Most DOEs allow
preliminary selection between two to ten factors in a limited number of experiments. With
these methods, several factors or media components are compared simultaneously, and the
effects are ranked. Compared to the strategy of one factor at a time, with the use of DOE,
fewer experiments and materials are used, and the interactions between the components can
be determined (Adinarayana and Ellaiah, 2002; Gundogdu et al. 2016). Within the
experimental design, exists the Plackett-Burman 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 two-level model where it is assumed that the interactions of the
factors are not significant. Then, it is possible to evaluate "n" variables in "n + 1"

experiments.

Among endophytes, a distinction is made between obligate endophytes (Croes et al. 2013)
and facultative endophytes (Kamnev et al. 2005), where the first is expected to be the hardest
to cultivate (Eevers et al. 2015). Relative few studies have focused on the culture media
design in the world for bacterial endophytes (Nour et al. 2012; Youssef et al. 2016).
Different media are reported in the literature, depending on the species and research goal. In
particular, for the isolation of plant-associated bacteria, a distinction exists between
complex, rich media that contain high amounts of somewhat undetermined nutrients and

minimal media that contain lower yet precise amounts of nutrients (Eevers et al. 2015).
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Although the plant-based culture media for endophytes has shown promising yields (Nour
et al. 2012), considering their heterogeneity, it becomes difficult to use these approaches to
delve the cultivation-integration 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 general, rich media produces a favorable environment for endophytes to grow, an in
consequence, are preferable for plant-associated bacteria proliferation (Eevers et al. 2015).
That is the case of Rhizobium sp or Azospirillum sp, which have been produced through
media such as TYG, BTB-1, nutritive medium, LB medium, among others, which contain
components such as yeast extract or tryptone (Bashan et al. 2011). Moreover, endophytic
bacteria such as Brevundimonas sp. Sphingomonas sp. Agrobacterium tumefaciens were
produced in MS media (sucrose, tryptone), Enterobacter sp. Pseudomonas sp in TSA media
(Soytone, tryptone, yeast extract) (Eevers et al. 2015) and Azospirillum brasilense C16
(glutamate, yeast extract) (Moreno-Galvan et al. 2012), maintaining the endophytic identity.
Based on a literature review, the design of a rich defined media was selected, which might
mimic the in planta conditions better than a minimal defined media, and therefore might
allow a more straightforward adaptation for endophytes (Alain and Querellou, 2009; Eevers
et al. 2015).

Beyond the rich culture media design, and considering the available literature regarding
culture media in Gram-bacteria endophytes, there are knowledge gaps in terms of assaying
the influence of amino acids and metal ions on kinetic growth performance. Therefore, it
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. radicincitans DSM16656. By a high-throughput 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 design, the sensitivity analysis of salt-

amended media and compatible solutes uptake were carried out.

Regarding the reported benefits on Gram-negative bacteria under osmotic stress, the
compatible solutes ectoine, hydroxyectoine, proline, betaine, glutamine, glycine, and
glutamate were selected for analysis (Table 2.5).

2.1.2 Microfermentation approach

Microfermentation uses mini-bioreactors for cultivating microorganisms with economic
value, which have gained increasing acceptance in industry and academic research. Critical
applications of microfermentation include the screening of media compositions and
bioprocess development, optimization and validation (Huber et al. 2009; Kensy et al. 2009).
This approach involved monitoring growth kinetic 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 tension (DOT) in media (Figure 2.1). Numerous studies had
been carried out experimentally proving the value of this effective device (Buchenauer et al.
2009; Funke et al. 2009; Funke et al. 2010). Thus, high-throughput cultivations can
accelerate and intensify research and development in the field of systems biology as well as

modeling and bioprocess optimization, reducing human manual error and workload.

To obtain a suitable culture media for this endophyte, this research initially screened media
from literature, in order to select the principal C-source and N-source. Having the key
criteria of cost for preparing, it was followed by the design and optimization of media. As
the main biological response variables, biomass yield and final concentration at 24 h (CFU

mL1) were used.

Summarizing, the result obtained from the different approaches, including microplate test
(Biolog GEN III fingerprint), the selection of literature’s media, Plackett-Burman strategy
and microfermentation experiments, were used as criteria for design the final culture media
for K. radicincitans DSM16656.
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Figure 2-1 Features of Biolector® and microplates preparation for screening culture media
and conditions during microfermentation studies of K. radicincitans DSM16656".
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2.2 Materials and Methods

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

K. radicincitans strain DSM 16656 was characterized phenotypically using the Biolog
GEN 11l MicroPlate™ system (Biolog system, Biolog Inc., Hayward, CA). The Biolog GEN
I11 assay utilizes a variety of carbon and nitrogen 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 recommended concentration, and 100 pL of the suspension was
added to each well of the GEN 111 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 the positive (maximum growth) and negative (no carbon

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 using a 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 exponential phase, as the linear slope in the

logarithmic plot of OD vs time:

_ Ln 0D, — LnOD,
(t; —t1)

1l

OD represents the optical density in the time point 1 and 2 after 5 h and 10 h respectively
on the fitted line (Multiskan FC microplate photometer, Thermo Scientific, USA).

2.2.2 Culture media screening

To look into the ability of K. radicincitans DSM16656" to grow in different media a
screening phase was conducted. An examination of six culture media available in literature
was performed (Moreno-Galvan et al. 2012; Eevers et al. 2015). The fermentation was
carried out in 250 mL flasks equipped with baffles. The incubation conditions were 100 mL
of culture media (initial concentration at 1.0x10° CFU mL™) in a rotary incubator at 30°C,
190 rpm for 24 hours (IKA KS 4000 IC Control, Staufen, Germany). For each culture media,
5 biological replicates were used. Cell concentration (CFU mL™) in nutrient broth (Merck,
Darmstadt, Germany) at 24 h of cultivation were utilized as response variables. Details of
media composition including the standard nutrient broth for K. radicincitans DSM16656"

are given in Table 2.1.
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Table 2-1: Culture media evaluated in the screening phase for K. radicincitans DSM16656"

Component (g L) Standard M1 M2 M3 M4 M5 M6

Peptone without casein 15 135 6.75 6.75
Yeast extract 3 7 2.92 3.5 3.5
Monosodium glutamate 28.33
Na2HPO4 3
NH4CI 6
Glucose 1
Glycerol 14.9 14.9 45
Lactose 8
Starch 10
NaCl 6 2.5 2 5 10 10
K2HPO4 2.3 2 1 2.3 2.3
KH2PO4 1.5 1.5 1.5
MgSO4 H20 0.14 1 014 0.14
K2HPO43H20 1.34
FeCls 0.02
CaCOs 0.02
Casein 0.3
FeS047H20 0.01
KNOs 2
MgSO47H20 0.5 0.05
pH 702 7x02 7+x02 7+02 7x02 7202 7%+0.2

2.2.3 Culture media design

Upon screening of culture media and Biolog GEN 11l assays, advantageous components
such as glycerol and yeast extract were selected. Details are given in results (2.3.1-2.3.2). In

this section, a Plackett-Burman design was used to determine the main effects of 7 factors,
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including main C-source, N-source, NaCl (potential osmotic stressor), K-source, Mg-source
and the more sensitive microelements Fe** and Mn*?2 (see section 2.3.4) on cell concentration
yields. Factor levels were selected according to the concentration of reported culture media
(Table 2.1) and the range 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 Plackett-Burman design

Factor (g L) -1 +1
Glycerol 15 45
Yeast extract 1 8
NaCl 10 40
K2HPO4 0.5 4
MgSOy4 0.5 1.5
*Fe/Mn ratio 1.1 3.3
Initial pH 4 7

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

maintaining constant Mn* at 0.7 ppm (see also 2.2.4, Table 2.4).

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

1 15 1 10 0.5 0.5 1.1 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 1.5 3.3 4
6 15 1 40 4 1.5 1.1 7
7 45 8 10 4 1.5 1.1 7
8 45 1 40 0.5 0.5 1.1 7
9 15 8 40 0.5 1.5 1.1 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 glycerol as the main
C-source on cell concentration and biomass yield was carried out. Hence, glycerol 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-
source, the influence of selected amino acids and minerals on K. radicincitans DSM16656"
kinetic performance was determined. Assays were conducted in a defined basal media (g L
1: Glycerol (15); NH4SO4 (4), NaCl (10); Mg SO47H20 (0.5); KoaHPO4 (2.74); KH2PO4
(1.31).

Microelements effect on kinetic growth behavior

Metal-ions Fe*3, Mn*2, Zn*? and Cu*? influence on kinetic growth of endophyte were
assayed. Here, the ions concentrations were adjusted considering the range of contents
according to crude plant juices trying to mimicking natural conditions (Nour 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.

ZnS0O4, FeSO47H20, MnSO4H20 and CuSOs4 were added to basal media to adjust the
following two concentration levels for each metal [-, +]. Zn [0.4, 2.0 ppm]; Fe*® [0.2, 4.0
ppm]; Mn [0.7, 4.0 ppm]; Cu [0.4, 2.0 ppm].

Amino acids effect on kinetic growth behavior

Basal media was supplemented with ZnSO4 (0.001 g LY Zn* [0.4 ppm]); FeSO47H.0
(0.001 g L; Fe** [0.2 ppm]); MnSO4H20 (0.002 g L'%; Mn* [0.7 ppm]) and CuSO4 (0.001
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g L% [0.4 ppm]). Further, amino acid media was composed by metal-ions supplemented
basal media + glutamic acid, L- alanine, L-leucine, proline, glycine, histidine at 0.2 mM. To
evaluate the effect of each amino acid, the amino acid media was adjusted to a higher

concentration at 1 mM.

Table 2-4: Elemental composition of culture media evaluated in comparison to plant juices

for culturing diazotrophic rhizobacteria (Nour 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 0.96 141 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 13.81
K* 640 2028 0 673.19 459.08 1347.81 861.77 1463.11 1463.11
Na* 782 4715 2359.34 983.06 0 786.45 3908.64 3932.24 3932.24
P 0 266.68 181.86 455.17 1991.72 750.28 750.28
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 19487 2294  694.13 97,18 97,18
PO43 0 817.77 557.67 1395.8 6107.64 817.77 817.77
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 growth of K. radicincitans DSM16656" under
osmotic stress was evaluated. Assays were conducted in the BioLector® micro-fermentation
system with 48-well 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 of each osmolyte. As independent
treatments, each of the compatible solutes in the media was evaluated at 1mM: Ectoine,
hydroxyectoine, betaine, proline, glutamine, glutamate, L- glycine and trehalose (Table 2.4).

Osmotic stress 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)
HZN\)j\
H,N OH OH HO (o}
NH, NH2

In order to confirm the intracellular uptake of the compatible solute a HPLC and GC-MS
approach was conducted. HPLC -UV techniques determined the intracellular accumulation
of compatible solutes such as ectoine, and hydroxyectoine during cultivation. The detection

of the amino acid proline included a derivatization step (Methoxylamine + MSTFA) and
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further GC-MS evaluation (Figure 2.2). Details of GC-MS procedures are given in Chapter
6.

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

and the quantification of compatible solutes in K. radicincitans DSM16656" cells.
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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 methods (Teixido et al. 2005). Briefly, samples of K. radicincitans
DSM16656" cells grown in DM 4% NaCl plus either ectoine or hydroxyectoine [1 mM] at
190 rpm, 30°C were centrifuged for 10 min at 10000 rpm and 20°C (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 culture medium.
Subsequently, approx. 50 pL of concentrated biomass was extracted for quantitative
evaluations with 570 pL of an extraction solution (methanol/chloroform/water 10:4:4, v/v)
by intense shaking for 5 min followed by the inclusion of equal volumes (170 pL) of
chloroform and water (Kunte et al. 1993). After shanking forl0 min, the phase separation
was ensured by centrifugation (5 min at 10000 rpm). The hydrophilic top layer containing
compatible solutes was recovered. Ectoine and hydroxyectoine quantification was achieved
by HPLC using an EC 150/4.6 NUCLEODUR® 100-5 NH2-RP column and a UV-detector
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at 215 nm, at a flow rate of 1 mL min 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 peak areas were calculated and compared with calibration curves created
with standards of each solute [0.1-1 mM] (Appendix 1). Results were expressed as pmol
compatible solute g* (dry weight K. radicincitans cells). All results are the mean of three
replicates bacterial 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 h of the incubation period, K. radicincitans DSM16656" 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 control well. Osmotic stressors assays resulted in
positive absorbance at 24 h of 1.807, 1.564 and 0.586 for 1%, 4% and 8% NaCl respectively.
Regarding ODsoo and estimated pmax parameters, the carbon sources utilized more efficiently
were D-mannitol, D-trehalose, D-maltose and glycerol. Interestingly, polyols are
advantageous C-sources for the bacterium, in comparison to sugars such as glucose and
galactose. Citric acid, mucic acid, acetic acid, and gluconic acid seem to be another potential
nutrient source for the endophyte. Conversely, D-malic acid, quinic acid, and butyric acid
are not beneficial C-source for K. radicincitans DSM16656" (Figure 2.4). These carbon
sources are found naturally in plants, available in-store forms such as sucrose, raffinose,
whereas arabinose, xylose, mannose, glucose, and galactose exist in association with the

plant cell walls components (Yang et al. 2017).

Considering the assimilation of N-sources, amino acids such as L-alanine, proline, L-serine,
and L-aspartic acid provide to the endophyte notorious benefits that can suggest the affinity
of the bacteria to these substances. Histidine and arginine are not potential N-sources for the
endophytic bacteria (Figure 2.5). The raw data absorbance values for triplicate samples from

the 24 h time point and specific growth rate () were averaged (Appendix 2).
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Figure 2-4 Comparative analyses of K. radicincitans DSM16656™ growth in Biolog GEN 11l microplate assay with different organic

acids as Carbon-sources.
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Figure 2-5 Comparative analyses of K. radicincitans DSM16656" growth in the Biolog GEN 111 microplate assay with different amino

acids as Nitrogen-sources.
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The phenotypic assays in Biolog were similar to the obtained with other Enterobacteriaceae
endophytes, which hydrolyzed a wide range of carbon sources and were slightly halophyte
for proliferating at 4% NaCl (Mahlangu and Serepa-Diamini, 2018). The wide carbon
utilization could facilitate bacterium entrance and hence, its survival inside plant host

forming colonies thereafter (Yang et al. 2017).

2.3.2 Culture media screening

The assessment of six different culture media elucidated the media M5 as advantageous for
producing viable cells of the endophyte (Figure 2.6). M5 was selected over M1 for further
analysis because the less amount of peptone and yeast extract required. Thereby, viability
(CFU mL) in M5 after 24 h was significantly different in comparison to the standard
nutrient broth use for K. radicincitans DSM16656" (p<0.05), with cells concentrations
higher than 2.0 x 10 CFU mL™. Culture media M3 and M4 based on starch and lactose
respectively showed the lowest yields. Aiming 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 Plackett-Burman design was planned.

Figure 2-6 Cells concentrations (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 Plackett-Burman design. Factors and their levels
details are given in Tables 2.3 and 2.4. Screening demonstrated the treatment R3 with the
highest values of ODeoo at 24 h is significantly different from the other treatments (Fi1, 48 =
370.7, p <0.001, a = 0.05) (Figure 2.7 A). Similarly, with this media (R3), dry biomass (g
L) yield reached the highest, values over 3.5 g L™ (Fi1, 45 = 26.88, p <0.001, o = 0.05)
(Figure 2.7 B). Pareto diagram analysis clarifies that the concentration of yeast extract,
K2HPO4 and the initial pH have positive and significant effects. With a negative and
significant effect, the concentration of NaCl and MgSQO4 were established (Figure 2.7 C).

Interestingly, glycerol concentration had not a significant effect under the evaluated
conditions. In Figure 2.8, sole glycerol effect was elucidated in media R3, which confirmed
the Pareto results. Hence, before 24 h the production of biomass and viability (CFU 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 2.6). Considering a biomass chemical formula (CH1.7s
No.24 Oo.33) with elemental composition of carbon (48.7%) and nitrogen (13.9%) (Peacock
and Richardson, 2012), at 1.5 % glycerol the highest estimated yields at 30 h were found at
0.497 g C in biomass/g C in glycerol and at 0.918 g N in biomass/ g N in yeast extract.
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Figure 2-7 A. Optical density ODgoo and B. Production of dry biomass (g L) after 24 hours
of fermentation of K. radicincitans DSM16656" in the proposed culture media with the
Plackett-Burman design. C. Pareto diagram for optical density and D. Production of dry

biomass
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Figure 2-8 Effect of glycerol concentration as C-source on kinetic growth of K.
radicincitans DSM16656". 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, F 3, 10=0.66; p=0.5914), (48 h, F 310=0.35; p=0.793)
(n =5, p<0.05).

Glycerol [g L]

[CFUmMLY]at24h

[CFUmL"] at48 h

15 2.03+0.85x10%a 1.98 + 0.19 x10'%a
20 2.09 +0.91 x10%%a 2.97 £0.19 x10 a
30 1.78 +0.42 x10 a 2.73+0.73x10 a
40 1.57 +0.33 x10%% a 2.39 +0.30 x10%a

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 Plackett-Burman

design. Results suggest that the media R3 is notably cheaper in comparison to the 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 preparing 1 liter of media. Hence, R3 media permits the
production of K. radicincitans DSM16656" over 10'' CFU mL™ after 24 h with a cost at
0.0128 US$ L.

Figure 2-9 Comparative compilation of culture media, regarding viability (CFU mL™) at 24
h and cost of broth preparation (US$ L™)
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Further studies demonstrated the benefits of buffering the media R3 by the addition of
KH2PO4 (1.31 g L) and KoHPO4 ( 2.74 g L), which extended the limit of growing from
3.76 +0.22 g L t0 4.53 + 0.96 g L™* of biomass yields at 24 h of cultivation (n=4). Culture
media price increased slightly to 0.014 US$ L.

2.3.4 Microfermentation approach

To look into the influence of amino acids as well as macro and micro minerals on Kkinetic
growth of K. radicincitans DSM16656', a microfermentation technique was conducted. To
avoid the interference of yeast extracts trace components on main effects, a basal media was
used (g L1): Glycerol (15); NH4SO4 (4), NaCl (10); Mg SO47H20 (0.5); K2HPO4 (2.74);
KH2PO4 (1.31); ZnSO4 (0.001); FeSO47H20 (0.001); MnSO4H20 (0.002); CuSO4 (0.001).
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Figure 2.10 permits to elucidate that the amino acids mixture at 0.2 mM as a supplement of
basal media reduce the time to start proliferation from 21 h 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 and L-leucine at 1 mM have
a harm kinetic performance, since 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 [0.2 — 1.0 mM] on kinetic growth of K.
radicincitans DSM16656" Biolector® approach.
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Finally, the supplementation of R3 media with amino acids at 1 mM (L-alanine, L-proline
and glutamic acid) allows obtaining concentration higher than 2.0x10** CFU mL™* at 24 h
of cultivation. Thus, the final concentration in supplemented R3 media was ca 32-fold higher
in comparison to the standard nutrient broth media with 6.1 + 2.1 x10° CFU mL™. Inclusion

of amino acids solution increase slightly R3 amended media at 0.0176 US$ L.
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Amino acids screening results for DSM16656" are in agreement with the nutritional profile
abundance in plant juices-based cultures, to cultivate rhizospheric microorganisms, which
predominant amino acids were (ug L™?): glutamic (470), alanine (250), proline (200) and
arginine (360) (Nour et al. 2012). Another study supporting the found affinity was presented
by Youssef et al (2016), who determined glutamic, alanine and proline as essential amino
acids in a plant-based culture for isolating bacterial endophytes. Unlikely, histidine was

found in the lowest concentration.

Figure 2.11 showed the response of K. radicincitans DSM16656" to microelements such as
Fe*3, Mn*2, Zn*?, and Cu*?, when they were included in basal media. In this research, the
range of concentrations for each metal-ion was adjusted according to plant juices
composition used for the isolation and proliferation of bacterial endophytes (Table 2.4).
Biomass yield increases significantly with the inclusion of microelements at a low level [-],

and it is constant at a high level of concentration [+].

The effect of each microelement on bacteria growth by microfermentation in BioLector®
demonstrated that from 0.2 to 0.7 ppm, the four elements have a positive effect on kinetic
performance, since the scattered light signal showed bacteria activity after their inclusion in
basal media (Figure 2.12). Results suggest that K. radicincitans DSM16656" cells are
tolerant to both Zn*? and Fe*3 at the concentration in media from 2.0 to 4.0 ppm. In contrast,
at 4 ppm and 2 ppm for Mn*2 and Cu*? respectively, these two elements affect the kinetic
growth of the endophyte significantly (Figure 2.12).

Toxicity of Cu*? at 0.5 mM was correlated to the less diverse community of rhizobacteria,
indicating a low tolerance to this metal-ion (Sharaff et al. 2017). Conversely, according to a
recent study (Brigido et al. 2019), is rarely found a bacterial endophyte with Mn*? — low
resistance, since plant associated Enterobacteriales were highly Mn-tolerant. This
notwithstanding, K. radicincitans DSM16656" establishment could be favourable at soil pH

>7 were Mn*? availability is reduced.
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Figure 2-11 Effect of selected microelements at two levels [+,-] on kinetic growth of K.

radicincitans DSM16656" (ODsoo Nm) and biomass production
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Figure 2-12 Effect of selected microelements [0.2 — 4 ppm] on K. radicincitans DSM16656"

On dissolved oxygen tension (DOT) in basal media. Sensibility test by microfermentation

(Biolector®). Two concentration levels for each metal [-, +]. 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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Regarding Fe*® abundance in plant-based culture for isolating rhizobacteria (Nour et al.
2012), further Fe™ resistance assay in bacterial cells was carried out. Then, in R3 media,
Fe*® was adjusted at 4, 12, 18, 70, 550 and 1100 ppm, to elucidate its susceptibility against
this metal-ion (Figure 2.13).

Figure 2-13 Effect of selected microelements Fe*® on K. radicincitans DSM16656" kinetic
growth
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Metal ions are critical for many reactions; however, metal excess can be toxic. Metal-ion
resistance in K. radicincitans DSM16656" is an interesting aspect, since studies regarding
the metal toxicity in bacteria suggest that in general Fe*® is more toxic than Cu*?, Zn*? and
Mn*2 (Cornelis et al. 2011; Chandrangsu et al. 2017). The high resistance against Fe*3, even
proliferating at 550 ppm, is surprisingly interesting, and comparable with other Gram-
negative bacteria, such as the halophyte Chromohalobacter salexigen which can proliferate
at high iron concentration at 50 pM FeCls (2.8 ppm Fe*®) (Argandona et al. 2010) (Figure
2.13). Finally, studies considering metals resistance in DSM16656"™ 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 capability of K. radicincitans DSM166567, 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 was demonstrated (Figure 2.14 A). Assays were conducted in
the BioLector® micro-fermentation system with 48-well BH microplates with 1 ml R3-
buffered media at 1200 rpm and 30°C. The increment of salt in media strongly impaired the
growth of the bacteria. Thus, biomass yield decrease from 4.85 + 0.18 t0 2.74 +0.25 g L*
for non-stresses cells to 4%NaCl added-media respectively (Figure 2.14 B). However, after
30 h of cultivation both cultivation reached 10** CFU mL™, with concentration (logio) values
at11.13 +0.11 and 11.02 + 0.07 (n=3) for 1% NaCl and 4% NaCl treated cells respectively.

Figure 2-14 Salt stress effect on K. radicincitans DSM16656" growth. A. Effect on kinetic
growth by Biolector® approach in culture media R3 amended with NaCl [1, 3, 4%]. B.
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 cultivation at high salinities is shown in
Figure 2.15. Osmolytes such as ectoine and hydroxyectoine at 1 mM reduced the lag phase
~ 2 h in comparison to control media (Figure 2.15 A). The upper growth limit was also
increased by the exogenous supply of these osmolytes in a mixture or independently. The
osmoprotective effect of ectoines (1 mM) was reported in other Gram-negative bacteria to
cope the proliferation at high salinities (1.2 M NaCl), such Streptomyces coelicolor A3 (2)
(Bursy et al. 2008).

The amino acids proline, betaine, glutamine and glycine as osmolytes also provided
advantages for conferring a rapid osmoadaptation (Figure 2.15 B-C). At a lower level,
trehalose and glutamate could serve as a compatible solute for the bacterium but with a
smaller effect (Figure 2.15 D). Betaine was reported as osmoprotectant for
Gluconacetobacter diazotrophicus PALS, which under high salinities (50-300 mM NacCl)
led to increased kinetic parameters, reducing lag phase and biomass yields (Boniolo et al.
2009). Osmostress protection by amino acid uptake is reported in bacteria as physiological
process, with the conversion to proline as a key trait. Hence in the absence of NaCl, proline
is utilized as a substrate for protein synthesis, but at high salinities serves as a compatible

solute in Gram-negative bacteria (Nagata et al. 2005).
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Figure 2-15 Effect of compatible solutes addition [1 mM] on K. radicincitans DSM16656"

growth at high salinity at 4% NaCl. A. Ectoine and hydroxyectoine. B. Proline and Betaine.

C. Glutamine and glycine. D. Glutamate and trehalose. Scattered light curves of cultivations

in a MTP in the BioLector® system. Lines represent the mean values of three replicates

(n=3).
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Figures 2.16 A-B shows the intracellular accumulation dynamics for ectoine and
hydroxyectoine respectively. For both osmolytes, it was found a significant effect by
cultivation time, ectoine (Fs, 15=16.05, p=0.0002, Figure 2.16 A) and hydroxyectoine (Fs,
15=36.45, p<0.001, Figure 2.16 B). After 24 h, the intracellular concentration of ectoine and
hydroxyectoine reached values up to 544.4 +187 and 528.6+165 pmol g™ of dry biomass,
equivalent to 77.39 ug mg™ and 83.06 pug mg™. These yields are comparable to other studies
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which reported intracellular concentration in Halomonas elongata KS3 at 120 pug mg™* and
45 ug mg* of dry cells for ectoine and hydroxyectoine respectively (Ono et al. 1998). These
results demonstrate the capacity of K. radicincitans DSM16656" to accumulate these
substances under conditions of osmotic stress. Control cells without osmotic stress did not
accumulate ectoine or hydroxyectoine. It is observed that the solute uptake was driven by
osmotic stress during the exponential growth phase, where the osmolyte was detected.

For the case of Proline, the confirmation of its uptake was conducted through GC-MS.
Figure 2.17 showed the GC-MS spectra for intracellular extracts for control cells and
proline-added cells. The peak at 20.19 min was identified as L-proline According to the
NIST 98 database (NIST, MD, USA), and occurred in cells when this amino acid was added.

Figure 2-16 Intercellular uptake of selected compatible solutes by K. radicincitans
DSM16656" cells osmoadapted at 4% NaCl in culture media R3. A. 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 of L-proline by GC-MS, after the uptake by K.
radicincitans DSM16656" cells after 24 h of cultivation. A. R3 media at 4% NaCl. B R3
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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 semi-industrial and
industrial scales. The use of endophytic bacteria-based inoculants on increasing plant
nutrition and protection has a great potential in developing countries (Brader et al. 2014;
Santoyo et al. 2016), especially if the lower cost of liquid media could be developed for

producing microbial biomass.

The relative new species Kosakonia radicincitans is a heterogeneous group of bacteria that
occupy different natural ecosystems, providing plant growth-promoting features and playing
an increasingly essential role in the study of endophytic bacteria (Witzel et al. 2017; Becker
et al. 2018). Here, the research focused on the elucidation of advantageous nutrient sources
for the endophyte K. radicincitans DSM16656". 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 GEN Il
MicroPlate™ system, followed by the screening of different culture media available in the
literature for rhizobacteria and endophytes. Further, the selection and optimization of media
components by a Plackett-Burman design. Moreover, the inclusion of high-throughput
microfermentation studies 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 potential pre-conditioning mechanisms for integrating the

proliferation of the endophyte with the formulation step.

The technology GEN 111 of Biolog effectively allowed the phenotyping of K. radicincitans
DSM16656". Our data revealed some key phenotypic traits related to substrate assimilation,
such the utilization of carbon sources including polyols (D-mannitol, glycerol and sorbitol),
sugars (D-maltose, gentiobiose and L-rhamnose), organic acids (mucic acid, acetic acid and
gluconic acid), and nitrogen sources mainly amino acids (L-alanine, L-serine, proline and
L-aspartic acid). The poor assimilation of histidine was consistent with previous studies in
bacterial endophytes (Loiret et al. 2009). Beyond the GEN IlI results, the selection of
glycerol as the main C-source in culture media relied on the cost of this substance and



67

benefits to provided osmotic stress to cells by decreasing water activity in media. Besides,
K. radicincitans DSM16656" possess a large plasmid gene for 1,2 propanediol degradation
(PDD) and glycerol transformation (Becker et al. 2018). According to GEN 111 phenotyping,
the bacterium can oxide D-galacturonic acid, the primary monomer in pectins, which
provide knowledge that support the integration of this biopolymer as a potential carrier
within the formulation step. Pectin also contains neutral sugars such as L-rhamnose, which
is either inserted or attached to the main chains (Liu et al. 2003; Sriamornsak 2011).
Interestingly, L-rhamnose was also discovered as a useful nutrient C-source for the
endophyte. Noticeably, the presence of pdu genes (pduABDEFLMPQ) for propanediol
degradation (PDD) and dha genes (dhaBDKLMT) for glycerol transformation (GT) on the
large plasmid suggests that K. radicincitans DSM16656" has the potential to anaerobically
degrade rhamnose and fucose in plant cell walls and glycerol in plant lipids (Becker et al.
2018). GEN 111 results provided useful insights for the selection of culture media for

screening and further phases of this research.

The screening of culture media supports the advantages of glycerol as C-source 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 polyol, suggesting that yeast extract is limiting the biomass production. It is

corroborated by the positive and significant effect found with the Plackett-Burman design.

Microfermentation in BioLector® revealed the affinity of endophytic bacterial cells to
selected amino acids; thus L-alanine, L-proline and glutamic acid were identified as essential
for growth, suggesting an activation of the alanine-aspartate-glutamate metabolism. Besides,
provide insights into the potential amino acid derivatives that the bacterium may produce
such antibiotics (i.e., Ecomycin) (Singh, Kumar et al. 2017). Moreover, these findings are
in line with studies which report that alanine, aspartate and glutamate facilitate the
proliferation of endophytic nitrogen-fixing bacteria, providing increments in ammonium
production and nitrogenase activity to Pantoea sp. (Loiret et al. 2009). Likewise, plant-
based culture media used for culturing rhizobacteria contains mostly these amino acids
(Youssef et al. 2016).
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Microelements represents a critical component in culture media, conferring grow co-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 (Chandrangsu et al. 2017). For K. radicincitans DSM16656" was established
that relative high concentration of Fe*® and Zn*? did not impair the growth of the bacterium.
Conversely, Mn*2 and Cu*? 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 advantages through
siderophore biosynthesis, iron import pathways and iron chelation in high concentrated plant
microbiomes (Kandel et al. 2017). The tolerance to Fe** and Zn*2 can be explained by more
efficient metal homeostasis mechanisms and storage events such ferritin-related proteins
(Chandrangsu et al. 2017). Besides, according to the high contents of Fe*® and Zn*? in plant
extracts using to proliferate bacterial endophytes, is expected the natural affinity of the
endophyte for them (Nour et al. 2012; Youssef et al. 2016). Noteworthy, K. radicincitans
DSM 16656" can proliferate in iron (111) concentration higher than 500 ppm (Figure 2.13),
suggesting efficient sequestration proteins, Fe*-siderophore ABC transporter permease
activity, and efflux pumps. DOT curves suggest that Fe*3 can 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 (ROS) (Cornelis 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 assessments, K. radicincitans DSM16656"
can be considered slightly halotolerant, since it can proliferate at 4% NaCl and showed
respiration activity in GEN Ill 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 reducing lag phase and in some cases

extending the upper growth limit.

The analysis of the chromatograms in HPLC-UV confirmed the intracellular accumulation
of ectoine and hydroxyectoine. Interestingly, according to its genome, K. radicincitans
DSM16656" lacks ectoine synthase and ectoine hydrolase, in consequence, cannot
synthesize or catabolize neither ectoine nor hydroxyectoine (Witzel et al. 2012; Czech et al.
2018), indicating that the uptake molecules are not metabolized within the cell. On the other
hand, proline is considered another potential compatible solute during the osmoadaptation
of cells, its accumulation was confirmed via GC-MS. Considering the beneficial effect of
compatible solutes, it is hypothesized that the inclusion of these substances as supplements
in salt-added liquid media may support the strength of cells prior to formulation processing

and subsequent may provide advantages during plant-endobiome establishment.

To summarize, after the different approaches carried out in order to elucidate advantageous
nutrient sources for K. radicincitans DSM16656", here it is proposed that culture media
must contain a polyol as glycerol as main C-source at 1.5% when the aim is harvesting at
24 h, as N-source, 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
such as proline, glutamic acid and L- alanine. Microelements addition [Zn*?, Fe*3, Mn*?,
Cu*?] are needed for enhancing kinetic growth parameters. Finally, at high salinities, a rapid
adaptation and growth of this bacteria endophyte require the inclusion of compatible solutes;
thus ectoine and hydroxyectoine can provide the best performances at 4% NaCl with a low

risk to be assimilated as C-source compares to proline and betaine.

2.5 Conclusions

The phenotypic characterization in GEN 11l technology and the assessment of culture media
for K. radicincitans DSM16656" revealed the affinity of bacterial cells for polyols as
advantageous carbon sources. The amino acids L-alanine, 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 required in liquid culture media for f bacteria proliferation. After
the systematic application of microfermentation and, the obtained cost-effective liquid
media permitted 32-fold increment of cells concentration up to 2x 10** CFU mL* at 24 h in

comparison to the typically used standard nutrient broth.

Compatible solutes such as ectoine, hydroxyectoine, proline and betaine are a feasible
strategy to accelerate bacteria growth and to increase biomass yields under high salinities.
These findings comprise valuable knowledge upon the integration of cultivation formulation

and plant interaction can be developed.
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3.CHAPTER 3. OSMOTIC STRESS AND
HYDROXYECTOINE INCREASE
PHOSPHATE SOLUBILIZATION AND
PLANT COLONIZATION CAPACITY OF K.
radicincitans DSM16656"
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3.1 Introduction

Bacterial endophytes have attracted considerable attention because of their capability to
promote plant growth through direct or indirect mechanisms. Direct mechanism includes the
nutrients acquisition facilitation or hormones modulation, and the indirect mechanism by
pathogen inhibition (Reinhold-Hurek and Hurek, 2011; Santoyo et al. 2016). Many bacterial
endophytes can support host plants by counteracting negative impacts on the environment
(high salinities, heavy metal concentration, etc.) and are classified as plant growth-
promoting endophytic bacteria (PGPEB) (Rosenblueth and Martinez-Romero, 2006; Ryan
et al. 2008). Colonization by PGPEB is essential for providing benefits to host plants.
Endophytic colonization involves the entry, growth and proliferation of bacterial
populations within the plant (Reinhold-Hurek and Hurek, 2011; Kandel et al. 2017).

The colonization patterns of PGPEB in plant tissues are strongly dependent on several biotic
and abiotic factors (Hallmann, QuadtHallmann et al. 1997; Gaiero et al. 2013). Moreover,
rhizosphere microbial communities and metabolic-pathway profiles may be entirely
different from those of endophytes (Timm et al. 2015). Hence, variations in abiotic factors
such as temperature (Mocali et al. 2003), soil type (Gottel et al. 2011), pH (Hardoim et al.
2012), and nutrients availability have been described to influence bacterial plant
colonization behavior. Especially, soil salinity alters bacterial community composition and
their functional activities (Yaish et al. 2016; Kandel et al. 2017; Szymanska et al. 2018).
Thus, bacterial endophytes may help the plant to withstand such sudden osmolarity peak
conditions in their ecological niche, by regulating hormones such as auxin, cytokinin, and
ethylene.

Organic osmolytes enable organisms to adapt to environmental conditions by protecting
cells or molecules against salt stress. These organic osmolytes are generally ‘‘compatible”
with the metabolism of the cell without adversely affecting macromolecules or physiological
processes and are referred to as compatible solutes (Brown, 1978). These solutes accumulate
either by synthesis or by transport from the extracellular medium through osmotically

regulated transporters and mechanosensitive channels (Wood et al. 2001). Moreover,
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compatible solutes provide beneficial enzyme functions, protecting against high
temperature, desiccation, salinity, freeze-thaw procedures and even drying (Lippert and
Galinski, 1992; Sleator and Hill, 2002; Manzanera et al. 2004). Among these, intracellular
solute such hydroxyectoine is well known in halophytic bacteria (del Moral et al. 1994; Ono
et al. 1998), and the latter is considered a protein protectant (Wang et al. 2006). Despite
these benefits, the effect of hydroxyectoine enrichment in bacterial cells on bacterial plant

colonization behavior is still unknown.

The ability of endophytic bacteria to solubilize phosphorus has been amply demonstrated
(Estrada et al. 2013; Joe et al. 2016). These studies have in many cases, corroborated the in
vitro results of phosphorus solubilization with in vivo studies. Hence, the monitoring of the
capacity to solubilize phosphorus by K. radicincitans DSM16656" is proposed during the
phases of media design, pre-conditioning and formulation as a model for evaluating the in
vitro biological activity of the endophyte. This monitoring would be used taking into account
the potential genotypic or phenotypic changes that the bacterium may have in each phase,
depending on the different environments (Rainey and Travisano, 1998). Likewise, it will
serve as criteria to address the research 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 uptake, emphasizes the necessity to
stimulate its availability during early plant growth stages during the endophytic
establishment (Schilling et al. 1998; Singh et al. 2013). Thus, beyond the well-documented
plant growth-promoting 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 compatible 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 enzymes of K.
radicincitans DSM16656", enhancing its physiological machinery for phosphate

solubilization (in vitro) and plant colonization activity.
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Members of the Brassicaceae family are economically important crops, which the benefits
of associated bacterial endophytes have tested successfully (Card et al. 2015). Previously
studies demonstrated the ability of K. radicincitans DSM 16656 to colonize internal tissue
of Brassicaceae species such as radish (Raphanus sativus L. var. sativus) (Berger et 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 cycle (24-30 days),
small size enabling a large number of treatments, easy determination of growth parameters
and nutrient uptake from soil (Kostka-Rick and Manning, 1993). In particular, radish easily
responds to the application of PGP and especially P-solubilizing bacteria with leave and
tuber growth improvement and P-uptake responses (Lara et al. 2013). Therefore, this plant
was selected as a model for testing plant growth-promoting and endophytic activity of pre-

conditioned cells.

3.2 Materials and Methods

Compatible solute standard hydroxyectoine (H-ectoine) was acquired from Sigma Aldrich
(Cat: 70709, Sigma Aldrich Corporation, Darmstadt, Germany). All other materials used
were of analytical reagent grade and used as received.

3.2.1 Bacterial and growth conditions

The bacterial strain K. radicincitans DSM16656" was provided by the Leibnitz Institute of
Vegetable and Ornamental Crops in Grossbeeren, Germany. Chemically defined growth
medium (DM) was routinely used (g L™): glycerol (15), yeast extract (8), K:HPO4 (2.74),
KH2PO4 (1.31), MgSO4 7H20 (0.5), FeSO4H20 (60 ppm), MnSO4 (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.

Pre-conditioned bacterial cells for plant colonization 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 min. The initial inoculum concentration in the media was

adjusted at 10° cells mL™. The cultures were maintained at 190 rpm in a rotary incubator at
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30 £ 1°C (IKA KS 4000 IC Control, Staufen, Germany). Hydroxyectoine was sterilized
separately by filtration through a 0.2 um membrane filter (Durapore® 0.2 pm polyvinylidene
fluoride (PVDF), Millipore, Darmstadt, Germany). Actively growing cells were harvested
at the exponential phase after 20 h (ODeoo 0f 0.7-0.9) by centrifugation at 6875 x g for 15
min (Centrifuge 5810R, Eppendorf, Wesseling, Germany), and the obtained pellet of
bacteria was washed and centrifuged twice with corresponding NaCl solution [1 or 4%] to
maintain the osmotic pressure. The three pre-conditioned bacteria type cells [NaCl 1%, 4%
and 4% + H-ectoine] were stored in the same NaCl solution adjusted to ODggo ~ 1.0 until
use in plant colonization assays. The intracellular hydroxyectoine concentration before

endophytic establishments experiments was determined via HPLC (Teixido 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 on K. radicincitans DSM16656" kinetic growth was monitored online in
microtiter plate cultivations (MPCs), with a microbioreactor, the RoboLector-BioLector®
system (m2p-labs, Baesweiler, Germany). Hydroxyectoine was sterilized separately by
filtration through a 0.2 um membrane filter (Durapore® 0.2 um PVDF, Millipore, Ireland),
and added at 1 mM final concentration to the DM media (See chapter 3). The microtiter
plate (MTP) assays were conducted in 48-well flower plates, and the plates were enclosed
with an adhesive gas-permeable membrane with evaporation reduction layer, but allowing
for sufficient and uniform aeration (F-GPR48-10, m2p-labs, Baesweiler, Germany) (Huber
et al. 2009).

The BioLector® instrument was used for non-invasive online assessment of scattered light
(signal representing the biomass formation) during cultivations for 48 h. Signals 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
BioLector® cultivations used the following adjustments: Scattered light (filter 620 nm, Gain
20), pO2-optode (filter 500 nm, Gain 33). The experiments were carried out at 30°C under
constant stirring (1200 rpm, shaking diameter = 3 mm, orbital) in 48-well MTP-48-BO
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flower- plates, Lot No: 1711 (mp2-labs, Baesweiler, Germany) with an adjusted volume of
1000 pul DM. Each treatment was composed of three replicates. High densities of bacterial
cells were necessary to correlate scattered light intensities and biomass concentrations in
BioLector®. A concentrated starter culture of K. radicincitans DSM16656" (~ 5 g dry matter
L) was diluted in DM and measured at the same operating conditions as in the cultivation
assessments (Kensy et al. 2009) (Appendix 3).

3.2.3 Mineral phosphate solubilization in liquid media

The efficiency of K. radicincitans DSM16656" of both pre-conditioned osmoadapted cells
and osmoadapted hydroxyectoine-added cells for phosphate solubilization were measured
via Pikovkaya’s (PVK) liquid media (pH 7.2 £ 0.2) (Schoebitz, Ceballos et al. 2013). PVK
media were amended with 4% NaCl and 4% NaCl 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 pL of a bacterial suspension
at 108 cells mLL. The flasks were incubated for approximately nine days at 30 + 1°C under
shaking at 190 rpm on a rotary shaker (IKA KS 4000 IC Control, Staufen, Germany). Four
independent replicates per treatment were tested. Quantitative spectrophotometric analysis
of the soluble phosphate was performed at 24 h, 48 h, 120 h and 200 h according to a
standard protocol (Murphy and Riley, 1962) (Appendix 4). In parallel, the influence of
osmotic stress and the addition of hydroxyectoine on pH evolution in PVK medium was
monitored online, using microtiter plate cultivations (MPCs) (RoboLector-BioLector
system, m2p-labs, Baesweiler, Germany). The following adjustments were used: Scattered
light (620 nm filter, gain 3), pH-optode (Filter pH[HP8] Ex (nm)=470 nm; Em(nm)=525,
gain 7), and 1000 pL of PVK media incubated in 48-well MTP-48-BH flower- plates, Lot
No: 1808 at 30°C and 1200 rpm.

3.2.4 Phosphatase enzyme activity

Phosphatase activity was determined using p- nitrophenyl 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 phosphatases), and
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0.5 mL of the substrate were added to 0.5 mL of PVK supernatant medium. Cell-free
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 were carried
out at 37+1°C for 60 min and stopped by the addition of 0.5 mL of 0.5 M CaCl, and 2 mL
of 0.5 M NaOH. Samples were filtered by using filter paper (grade 401) retention time 12-
15 um pore size. The p-nitrophenol (PNP) formed was measured spectrophotometrically at
400 nm (Genesys 10S UV-Vis, Thermo Fisher Scientific, Waltham, MA, USA) (Tabatabai
and Bremner, 1969; Murphy and Riley, 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. The unit of enzyme activity (U) was
expressed as micrograms of PNPP released per milliliter per hour (ug mL? hl) 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 inclusion of hydroxyectoine into K.
radicincitans DSM16656™ on plant growth promotion were tested under glasshouse
conditions. Radish (Raphanus sativus L. var. sativus) seeds of cultivar Rondar (an F1 hybrid,;
S & G GmbH, Kleve, Germany) were used in all experiments. Radish inoculation with
osmoadapted bacterial cells and hydroxyectoine-added cells was conducted by immersing
radish seeds into a bacterial suspension (108 cells mLY) for 5 min, for ensuring spermosphere
establishment (Figure 3.7). Afterward, 10 inoculated seeds were placed in pots (10 pots per
treatment), filled with 1.5 L of a 1:1 (v/v) quartz-sand soil mixture (Fruhstorfer Erde type
T25: P,0s: 200-300 mg L™, Hawita Gruppe GmbH Vechta, Germany). The pots were then
placed randomly on trivets to avoid the transfer of bacteria between individual pots (Berger
et al. 2015) (Figure 3.1). Seeds treated with NaCl solution [1 and 4%] were used as controls.
Seedlings were irrigated manually with 50 mL of tap water per day (conductivity 0.005-0.05
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 weeks post-planting,

the plants were harvested.
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One-week-old seedlings samples from three different locations per pot were taken, rinsed
thoroughly with sterile water for removing soil and loosely adhered bacteria and flash frozen
for nucleic acid extraction. Afterwards, the plants were equally thinned to five 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 oven-dried at 60°C (WTC Binder 342, Germany) 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 experiments in radish
under glasshouse conditions

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 material (one-week-
old seedlings) using DNeasy Plant Mini Kit (Qiagen, Hilden GmbH, Germany) according
to the manufacturer’s instructions. The lysis of plant tissue and bacterial cells was ensured
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). Quantitative
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real-time PCR (qPCR) was conducted using Advanced TM Universal SYBR® Green | Dye
Supermix (Bio-Rad Laboratories, Hercules, CA, USA).

Considering the genome of K. radicincitans DSM16656" (Witzel et al. 2012) and its
comparison with other Enterobacteriaceae genomes. A DNA repair protein was found to be
specific to Kosakonia radicincitans and closely related taxa. Following Witzel et al (2017),
specific primers were designed using Geneious from Biomatters and Oligo Calc from
Northwestern University. Primer details are given in (Appendix 5).

K. radicincitans DSM16656" species-specific primers and the plant TEF reference gene
were used for in planta bacterial quantification (Witzel et al. 2017). The fold colonization
of K. radicincitans treated plants with respect to the reference gene and the control plants
were calculated and represented with the 2—24°4 method (Livak and Schmittgen, 2001). This
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 mean values + standard deviations (SD) or standard error (SE). The means were
tested for significant differences by one-way 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 set at p<0.05.
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3.3 Results

3.3.1 Osmoadaption and effect of hydroxyectoine:
Microfermentation procedure

To investigate the osmotic pressure effect on kinetic growth response of K. radicincitans
DSM16656, a high-throughput microfermentation strategy using a microbioreactor system
was followed. The scattered signal demonstrated that bacteria cells showed growth
variability under different aw [0.97, 0.96, 0.955, 0.95] conditions, generated by the ionic
solute NaCl at 0, 1, 3 and 4% in DM, respectively. Interestingly, bacterial cells were able to
grow in media with a low aw, simulating environmental stress conditions (Figure 3.2 A). At
16 h, K. radicincitans DSM16656" in DM 1% NaCl (0.96 aw) reached a similar growth of

cells density relative to the control without NaCl addition in DM at 0.97 aw.

Relative to the biomass (X) evolution with the highest value 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 at 33 h for 0.955 aw and 0.95 aw respectively (Figure 3.2 A). However, at 0.95 aw
proliferation of bacteria was strongly impaired. Thus, further kinetic parameters were also
affected by increasing the salinity in media such maximum specific growth rate (Umax). The
Mmax Which was taken at the point of highest slope or maximum exponential growth stage in
the range at 7-10 h, 10-12.3 h, 12-14.3 h and 17-20 h for NaCl at 0, 1, 3 and 4% in DM,
respectively (Figure 3.2 A). The pmax for no amended media and 1% NaCl were 0.334 £
0.004 htand 0.361 + 0.008 h™%, decreasing significantly to 0.2849+ 0.015 h™* in DM at 3 %
NaCl and 0.1529 + 0.0026 h'* in DM 4% NaCl (Fs, 11=319.5, p<0.001). K. radicincitans
DSM16656" was not able to grow at aw lower than 0.94. Glycerol as main C-source 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 (aw= 0.97) (DOT> 60 %). DOT curves 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 % and 3 % NaCl respectively (Figure 3.2 B). Interestingly, DOT curve
at 4% NaCl showed in the range of 20-47.3 h an 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. radicincitans DSM16656" osmoadaptation improved by adding hydroxyectoine at 1 mM.
Hence, exogenously provided hydroxyectoine extended the upper growth limit of K.
radicincitans DSM16656" under high-salinity 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% NaCl. Furthermore, the lag-phase in DM
4% NaCl [aw0.95] lasted 14 h and it decreased by 3.1 h with the inclusion of hydroxyectoine
(Figure 3.2 C). The specific growth rate was also significantly higher in hydroxyectoine-
added cells at 0.1808 + 0.004 h' (range at 18-20 h) in comparison to DM at 4% NaCl at
0.1562 + 0.004 h™* (F1,5=18.98, p=0.0121).

Figure 3-2: A. K. radicincitans DSM16656" osmoadaptation at different NaCl
concentrations in defined media (DM). B. Effect of NaCl concentration in DM on dissolved
oxygen tension (DOT). C. Effect of addition at 1 mM of hydroxyectoine on K. radicincitans
DSM16656" kinetic growth during osmoadaptation in DM at aw 0.95 (4% NaCl). Ln [X/Xo]
values were calculated by calibrating scattered light intensities and biomass (X)

concentration curves of cultivations in a MTP in the BioLector® system. Mean 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 capability of K.
radicincitans DSM16656" a PVK-amended liquid media with NaCl was used. Figure 3.3 A
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 salt-amended media increased by up to 23.3%.
The bacterial uptake of hydroxyectoine was detected by HPLC analysis after 15 h in
response to high salinity, reaching more than 500 umol g of dry biomass at 24 h. No
hydroxyectoine was detected in cells grown in PVK in the absence of salt. Interestingly,
repeated measures ANOVA indicated significant differences (F2, o = 28.229; p<0.001) in
response to the accumulation of hydroxyectoine on phosphate solubilization capability
during cultivation in PVK medium at 4% NaCl, and additional phosphate release increased
by up to 9.39% after five days (Figure 3.3 A). Thus, K. radicincitans DSM16656" can
solubilize phosphate in a range of 150-400 mg L™* after eight days of cultivation.
Comparable yields are congruent with other pure culture experiments with Gram-negative
bacterial endophytes such Pseudomonas isolates with phosphate solubilization capacities
~400 mg L (Oteino et al. 2015).

Online pH monitoring during cultivation 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% NaCl media respectively (Figure 3.4 B). The decline in pH (< 5.5) during the
cultivation of endophytic pseudomonas in Cas(POs). rich media was also reported as a

response on organic acid production (Oteino et al. 2015).

Figure 3-3: A. Effects of the pre-conditioning of K. radicincitans DSM16656 in culture
media by osmoadaptation and by the addition of hydroxyectoine [LmM] on the
solubilization of orthophosphate, when grown in salt and hydroxyectoine amended PVK
medium. B. BioLector® pH online monitoring during the cultivation of K. radicincitans
DSM16656" in PVK. The Statistics were determined using repeated measures ANOVA and
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the Tukey-HSD post hoc test at p<0.05. The sphericity of the matrix was assessed with the
Mauchly sphericity test.
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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 activity. Acid phosphatase activity was
highly induced by the presence of hydroxyectoine in the PVK media (4% NaCl) after 24 h
(F2,11=12.00; p=0.0029), 48 h (F2,11=70.67; p<0.0001) and 120 h (F2, 11=35.22; p=0.0001)
(Figure 3.4 A). Conversely, alkaline phosphatase activity was affected only after 24 h (F,
11=35.52; p=0.0001), since at 48 h (Fz 11=1.17; p=0.3542) and at 120 h (F2, 11=1.32;
p=0.3140), all treatments presented similar activities (Figure 3.4 B). Chemical control

hydroxyectoine had not a detectable reaction for inducing P-solubilization.

Phosphatases activation results upon osmotic stress are similar to those reported with
Aeromonas hydrophila, whose phosphatases increased along with high salinity and the
inclusion of betaine (Lim et al. 1996). Another study with rhizobacteria revealed increments
up to 30% higher acid phosphatases production upon increasing NaCl (100 mM) in liquid
media (Shazia and Shabida, 2000).

Figure 3-4: Phosphatase enzyme activity of K. radicincitans by osmoadaptation and by the
addition of Hydroxyectoine [ImM] in PVK medium. A. Acid phosphatases; B. Alkaline
phosphatases. Different letters above bars indicate significant differences according to the

Tukey post hoc test at p<0.05 (means = SD, n=4).



86 Development of an integrated fermentation and formulation approach
for the endophytic bacterium Kosakonia radicincitans
- OPVK control 0.02 % NaCl
bo
E OPVK 4% NaCl
o]
E B PVK 4% NaCl + H-ectoine [1 mM]
=
E
@ b
2
=
= a
= [
= T
[-w [ [
= L
1]
<
120
Time [h]
A
1:0 OPVK control 0.02 % NaCl
E
=) OPVK 4% NaCl
) B PVK 4% NaCl + H-ectoine [1 mM]
£
«
s
8
<
=
) a
£ b a !
=™ f
k5] ‘_J_' ‘
£ 1 i
N |
= a
< ——
24 48 120
Time [h]




87

3.3.4 Plant growth-promotion in radish

Generally, plant growth promotion by non-osmoadapted and osmoadapted K. radicincitans
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 41.1% (F3, 39=9.80,
p=0.0001) and 5.4% (Fs3, 39=3.86, p=0.0172) in comparison to the non-inoculated control
(Figure 3.5 A).

Notably, compared with the osmoadapted cells in DM 4% NaCl, the hydroxyectoine
amended cells increased the dry matter of both tubers and leaves by 16.20% (Fs, 39=3.01,
p=0.0426) and 3.96% (F3, 20=3.60, p=0.0672) respectively (Figure 3.5 B). In line with the
plant weight increase, the tuber diameter also significantly increased in all cases of K.
radicincitans cells compared to the non-inoculated control (Fs, 34=6.70, p=0.0013). The
tuber diameter varied from 15.74 + 1.82 mm in the native control up to 19.18 + 1.41 mm for
the hydroxyectoine pre-conditioned treatment (Figure 3.5 C). Figure 3.6 shows the evident
plant growth promoting effects of pre-conditioned K. radicincitans DSM16656" cells in

comparison to the native control.

K. radicincitans DSM16656" plant growth-promoting benefits were also demonstrated in
different plat host. Field cultivars of winter wheat and pea showed increments in grain yield
up to 20% , and peas increased dry matter yield about 100 % (Remus et al. 2000). In tomato,
the mass of ripened fruits increased by 24 % as well as the number of fruits per plant by 18
% (Berger et al. 2017). On grain maize, the K. radicincitans inoculated plants increased up
to 29.3% under field conditions and aerial plant mass with 27.8% increments (Berger et al.
2018).

Berger et al (2015) also used radish as a plant system for revealing plant growth promotion
effects of K. radicincitans DSM16656. In that study, seed-inoculated plants were compared
to two-leaf sprayed plants. Interestingly, they reported that plants inoculated from seed
germination gained double weight rather than spray-leaves plants. These findings supported
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the bacterium inoculation technic used in this research, which longer exposure times upon

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

Figure 3-5: Radish growth promotion in a glasshouse inoculated with pre-conditioned K.
radicincitans DSM16656" cells by osmoadaptation at 4% NaCl and by the addition of
hydroxyectoine at 1 mM. A. Fresh mass of tubers and leaves. Fresh tuber mass (F3, 30=9.80,
p =0.0001); leaves fresh mass (Fs, 39=3.86, p =0.0172) B. Dry mass of tubers and leaves.
Dried tuber mass (Fs, 39=3.01, P=0.0426) and dry leaves mass (Fs, 39=3.60, p =0.0672)
(means £ SE, n=10). C. Tuber diameter after 4 weeks of planting (Fs, 34=6.70, p =0.0013)
(means = SD, n>5 of 5 plant measurements each). Different letters represent significant
differences according to Tukey post hoc test at p<0.05.
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Figure 3-6: Plant growth promoting effects of pre-conditioned K. radicincitans
DSM16656" cells treatments in comparison to the native control after 4 weeks of planting.
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3.3.5 K. radicincitans DSM16656™ plant colonization

Regarding the relative gene expression response, compared with non-pre-conditioned
bacteria cells at 1% NaCl, bacteria cells pre-conditioned with 4% NaCl colonized
significantly tissue of eight-day-old seedlings (F2, 14=10.803; p=0.033), in comparison to
non-pre-conditioned cells at 1% NaCl (Figure 3.8). Consistent with the biomass production
of radish plants, the endophytic colonization was relatively strong in the presence of
intracellular hydroxyectoine in K. radicincitans DSM16656" cells that were osmoadapted
at 4% NacCl; the colonization was approximately 3-fold greater under the evaluated
treatment conditions (F2, 14=10.803; p=0.002) (Figure 3.8).

As reported in other colonization studies, DSM 16656 is capable of establishing in different
plants tissues (roots, leaves and stems) such as in maize (Ruppel et al. 2006), wheat (Ruppel
et al. 1992), Arabidopsis thaliana (Witzel et al. 2017) and cruciferous vegetables
phyllosphere such as Brassica juncea, Brassica campestris, Brassica oleracea, Brassica

rapa and Nasturtium officinal (Schreiner et al. 2009).
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Accumulation of K. radicincitans DNA in radish was also investigated by Berger et al
(2015). They reported successfully colonization by actin copy number (LecActin PCR) as a
reference, with up to 0.7-fold induction of 16 rDNA-gene copy number of bacterium.
Interestingly, after 5 weeks, they reported that the endophyte mainly accumulated in tuber
tissue rather than aerial parts on the plant. These previous findings indicate that site of
application, for instance seed-contact 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 surfaces showing the colonization by K.

radicincitans DSM16656" cells before glasshouse experiments
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Figure 3-8: Abundance of K. radicincitans DSM16656" specific gene copy numbers in
inoculated radish plants with osmoadapted and hydroxyectoine pre-conditioned cells.
Relative gene abundance measured using qPCR and calculated according to the methods of
Livak (Livak and Schmittgen, 2001). Different letters above the bars indicate significant
differences between treatments according to Dunnett’s post hoc test at p<0.05, (means *

SE).
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3.4 Discussion

Beyond the undeniable plant growth-promoting capability of K. radicincitans DSM16656",
results of this study suggest that it is feasible to significantly improve plant colonization
ability of bacterial endophytes, by physiologically growing them under external osmolarity
conditions that promote the uptake or synthesis of advantageous compatible solutes such as

hydroxyectoine.
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Microfermentation studies in the BioLector® revealed that K. radicincitans DSM16656"
cells could consider osmoadapted after growing at aw lower than 0.955 when the osmotic
pressure considerably affects 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 reached 10 CFU 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 endophyte Sphingomonas sp
LK11 and high salinities were previously described (Halo et al. 2015).

DOT curves for DM and DM 1% NaCl demonstrated the natural course of oxygen utilization
over time for a non-oxygen limited K. radicincitans DSM16656 cultivation. Thus, the DOT
curves showed no plateau, which reveals that the growth of cells was not subjected to oxygen
limitation at any time (Wewetzer et 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 bacterial cells proliferation requires higher oxygen 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 metabolites and 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 cells to high salinities. The reduction in
lag phase caused by this osmolyte is consistent with other reports in bacteria (Bursy et al.
2008; Tao et 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 growth in comparison to DM at 4% NaCl. It is clear in Figure 3.2 C, that the 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 at aw 0.95. Results prove that
exogenously provided hydroxyectoine extend the upper growth limit of K. radicincitans
DSM16656" under high-salinity growth conditions. Moreover, hydroxyectoine uptake > 150
umol gt dry weight into bacteria cytoplasm may be sufficient to shift metabolic response,
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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 phase in bacteria upon salt stress cues (Bursy
et al. 2008; Tao et al. 2016). Besides, hydroxyectoine in Gram-negative bacteria such as
Pseudomonas putida or Halomonas elongata offsets the detrimental events of high salinity
on cell growth (Grammann et al. 2002; Manzanera et al. 2004).

The bacterial ability to solubilize phosphate has been extensively reported as a vital
mechanism that promotes plant growth (Gyaneshwar et al. 2002; Hayat et al. 2010). In this
study, was demonstrated that K. radicincitans DSM16656" cells under osmotic stress could
increase its phosphate solubilization capability up to 357.7 + 9.38 mg L™ in comparison to
non-stressed cells with 290.3 + 42.6 mg L after eight days of cultivation. Therefore,
bacteria may respond to high salinity no only by accumulating exogenous osmolytes such
as hydroxyectoine but also by up-regulating 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 monoesters, thereby releasing phosphate (Bull et
al. 2002). The general classification of acid and alkaline phosphatases relies only on the
optimum pH for enzymatic activity. A superior production 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
physiological changes caused by either osmoadaptation or the addition of hydroxyectoine
trigger metabolic pathways for induction of amino acids, either aromatic or branched-chain

ones, which can favor enzyme biosynthesis and secretion. At high salinity, as a homeostasis
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response, trehalose biosynthesis in K. radicincitans DSM16656" cells may also lead to high
concentrations of trehalose-6-phosphate phosphatase (T6PP), which catalyzes the
hydrolysis of trehalose 6-phosphate (T6P) to not only trehalose but also inorganic phosphate
(Kong et al. 2001; Liu et al. 2017). The elucidation of these metabolic profiling aspects will
be addressed in Chapter 6.

A greater production of enzymes, including acid phosphatases, may also be attributed to the
construction of osmo-remedial mutations-epimutations in K. radicincitans DSM16656"
cells, since some proteins are nonfunctional when the cells are grown in media of low
osmotic strength but regain activity at elevated osmolarities, suggesting that cells may be
undergoing phenotypic modulation (Csonka, 1989; Kunin et al. 1993). On the contrary,
alkaline phosphatases in Gram-negative bacteria are located in the periplasmic space or over
the cell surface, and can be released upon osmotic stress. In addition, specific activation of
alkaline phosphatases may depend on growing phase and membrane phospholipid

composition that may not change at high salinities (Badyakina et al. 2003).

Here the increase in acid phosphatase activity of the endophyte K. radicincitans
DSM16656" exposed to osmotic shock in the presence of hydroxyectoine was evident.
Nonetheless, further research is needed to elucidate the types of phosphatases (nonspecific
vs. specific for certain substrates) that have been up-regulated in the production process.

Since osmoadaptation in this bacterium leads to increased acid phosphatase enzyme
production, it can be expected that this sub-lethal pre-conditioning procedure also supports
the metabolite-rich arsenal to face the extremely competitive rhizosphere conditions before
entering the plant. Hence, osmoadaptation could trigger other proteins that K. radicincitans
DSM16656" can encode to facilitate plant establishment, including pectinases, cellulases,
glycoside hydrolases and glucanases (Kampfer et al. 2005a; Becker et al. 2018). Moreover,
it has been demonstrated with bacteria such as Pantoea agglomerans, that osmotic stress
can alter quorum sensing or the quenching of produced metabolites such as 1,3-propanediol,
which are suggested to act as signals in the plant microbiome, resulting in tolerance to

abiotic stress (van Kessel et al. 2015; Bacon and White, 2016). Therefore, K. radicincitans
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DSM16656" has a fraction of genes involved in propanediol degradation (PDD-
pduABDEFLMPQ) and dha genes (dhaBDKLMT) involved in glycerol transformation
(GT) (Becker et al. 2018).

K. radicincitans DSM 16656 cells were able to promote growth in radish plants. These
findings are in line with previous studies (Berger et al. 2015), in which the weight of radish
tubers and leaves increased from 20 to roughly 50%, in response to either seed-inoculated
or two-leaf sprayed plants with fresh cultivated cells. Nevertheless, since in these pot
experiments the majority of plant growth yields were not significantly different between K.
radicincitans DSM16656" cells grown in DM 1 % and DM 4% NaCl, the physiological
advantages conferred to the osmoadapted cells may affect mainly during early colonization
stages, as shown here for one-week old plants. Thus, the relative high endophytic lifestyle
preference for salt-stressed bacteria cells and hydroxyectoine-added cells may be due to the
alteration of signaling types of metabolites that bacteria can secrete into the
microenvironments surrounding plant roots, modifying plant-defense and plant-competition
mechanisms along with plant metabolite synthesis (Brader et al. 2014). Besides, external
stimuli such as the presence of root exudates may up-regulate the expression of the

chemotaxis and motility-related genes of these bacteria (Becker et al. 2018).

Consistent with the biomass production of radish plants, plant colonization was stronger in
the presence of intracellular hydroxyectoine within K. radicincitans DSM16656" cells, in
which the approximately 3-fold increase in colonization was significant under the evaluated
conditions. Generally, these results may indicate that symbiotic performance with plants
increased by synergistic effects of pre-conditioned cells by osmoadaptation and the
physiological changes caused by hydroxyectoine. This could be due to the chemical
chaperone properties of hydroxyectoine. Hence, the influence of hydroxyectoine on the local
water structure exerts pronounced effects on protein-DNA binding interactions, an essential
step that might alter the transcriptional profile of salt-stresses bacteria cells (Hahn et al.

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

functionality (Knapp et al. 1999).

Despite the endophytic colonization ability of the strain, it also growth and colonizes the
root surfaces (Ruppel et al. 1992; Ruppel et al. 2006). These cells may contribute to
phosphorous solubilization and improved plant P-uptake, which has been previously
demonstrated (Schilling et al. 1998). Nevertheless, additional studies are required to
determine the performance of halotolerant bacterial endophytic cells on plant phosphorus

uptake under saline conditions.

The reinforcement of in vitro phosphate solubilization capability, including the production
of acid phosphatase enzymes and the accumulation of hydroxyectoine, also suggests an
intracellular metabolic re-ordering within bacterial cells in response to high salinity (see
Chapter 6). 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, orchestrating nutrient
exchange and mediating associations within the plant. To the best of our knowledge, the

current study is the first to address the pre-conditioning of bacterial endophytic cells as an

alternative to increasing plant colonization abilities.

3.5 Conclusions

The results of this study showed that physiological modifications of K. radicincitans
DSM16656" by osmotic stress treatments and by the accumulation of compatible solutes
during cultivation constitute a feasible strategy to improve the ability of the bacterium to
solubilize phosphate and to promote the plant tissue colonization. Moreover, pre-

conditioning could be a promising alternative prior to formulating bacterial endophytes.
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4. CHAPTER 4. DRYING SURVIVAL AND PRE-
FORMULATION STUDIES FOR
K. radicincitans DSM16656"
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4.1 Introduction

The design of endophytes-based bio-formulations has drawn the attention of the agro
biotechnological industry which has become interested in commercial inoculant production.
Such bio-formulations are considered more effective because once the microbe is inside the
plant, it avoids the high competitive soil surroundings, which is commonly faced by the
rhizosphere microbes (Lodewyckx et al. 2002; Santoyo et al. 2016). Most of the studies on
bacteria endophytes including K. radicincitans DSM16656" 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 reproducibility (Berger et al. 2015; Garima
and Nath, 2015; Berger et al. 2017). Moreover, for commercial proposes, the next-generation
bio-formulations must address the understanding of the genetic and molecular bases of plant-
endophytes interactions, the mode of transmission and further the designs 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 fluctuate significantly at
nanometer and micrometer levels (Lindow and Leveau, 2002; Paul, 2015). Gram-negative
bacteria are generally less tolerant of such environmental conditions than Gram-positive
bacteria, yeasts or filamentous fungi (Wieland et al. 2001; Ren et al. 2018). Although many
endophytic strains have been reported, most of these isolates belong to the sensitive Gram-
negative bacteria (Table 4.1). Thus, for endophytic Gram-negative bacteria, preventing the
rapid loss of viability during the formulation-drying process is essential to achieve cost-
effective products and further exploitation at industrial agriculture scale (Singh and Arora,
2016; Le Cocq et al. 2017).
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Table 4-1: Bacteria genera reported with endophytic capabilities in different plan host

(Lodewyckx et al. 2002).

Gram-negative Bacteria endophytes

Gram-positive Bacteria endophytes

Acidovorax, Acinetobacter, Aeromonas,
Afipia, Agrobacterium, Agromonas,
Alcaligenes, Alcanivorax, Allorhizobium,
Alteromonas, Aminobacter, Aquaspirillum,
Azoarcus, Azomonas, Azorhizobium,
Azotobacter, Azospirillum, Beijerinckia,
Blastobacter, Blastomonas, Brachymonas,
Bradyrhizobium, Brenneria,
Brevundimonas, Burkholderia,
Chelatobacter, Chryseomonas,
Comamonas, Delftia, Derxia, Devosia,
Enterobacter, Flavimonas,
Flavobacterium, Flexibacter, Halomonas,
Herbaspirillum, Kosakonia, Matsuebacter,
Mesorhizobium, Moraxella, Nevskia,
Ochrobactrum, Pectobacterium,
Phenylobacterium, Photobacterium,
Porphyrobacter, Pseudoalteromonas,
Psychrobacter, Pseudomonas, Pantoea,
Ralstonia, Rhizobacter, Rhizobium,
Rhizomonas, Rhodanobacter, Shewanella,
Sinorhizobium, Sphingobacterium,
Sphingomonas, Spirillum,
Stenotrophomonas, Thauera, Variovorax,
Vibrio, Xanthomonas, Xylella, Zoogloea,
Zymobacter and Zymomonas

Actinomyces, Arthrobacter,
Aureobacterium, Bacillus,
Chromobacterium, Corynebacterium,
Frankia, Nocardia, Renibacterium,
Rhodococcus, and Streptomyces




102 Development of an integrated fermentation and formulation approach

for the endophytic bacterium Kosakonia radicincitans

Noteworthy, some microbiome studies indicate that under natural conditions (adult plant
leaves, stems, roots of seedlings), Gram-negative endophytes are predominant over Gram-
positive in a proportion of 70:30 respectively (Vega et al. 2005). Altogether, Gram-negative
bacteria endophytes such as Kosakonia radicincitans require research efforts on increasing
the ability to withstand abiotic stresses during formulation-drying processing such high
temperatures, elevated osmolalities and dehydration while conserving biological activity and
further endophyte capacity.

Preservation of microorganisms by desiccation is the preferred formulation method to
achieve long-term storage (Berninger et al. 2018). Considering that, one of the main concerns
for PGPBE from the laboratory to industrial development comprises the tolerance for drying
(Santoyo et al. 2016; Mei et al. 2017). The challenge is higher when the bacterium presents
physiological disadvantages for desiccation as in the case of Gram-negative bacteria
(Miyamoto-Shinohara et al. 2008). Besides, there is limited knowledge regarding strategies
aiming at enhancing drying survival for non-sporulating PGPBE. Hence, the enhancement of
tolerance for drying, by using integrated novel cultivation-formulation 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 Pseudomonas sp. to sub-lethal conditions improves resistance to
deleterious effects caused by abiotic stresses such as drying (Mclntyre et al. 2007; Cabrefiga
et al. 2014; Shao et al. 2014; Barbosa et al. 2015). Thus, studies of epiphytic bacteria, which
live non-parasitically on the surface of a plant, suggested that tolerability of environmental
factors could improve by eco-physiological manipulation of growth conditions, pre-
conditioning or the accumulation of compatible solutes. The latter ones are low-molecular
weight compounds that accumulate primarily under hyperosmotic stress. Considered also as
osmolytes, commonly share the properties of being polar, highly water-soluble, do not
interact with proteins and do not carry a net charge at physiological pH (da Costa et al. 1998;
Kempf and Bremer, 1998; Sevin et al. 2016a). In addition to equilibrate intracellular osmotic
balance, compatible solutes operate as useful stabilizers of enzyme functions, so protecting

whole cells against high temperature, desiccation, salinity, freeze-thaw procedures and even
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drying in bacterial cells (Lippert and Galinski, 1992; Sleator and Hill, 2002; Manzanera et
al. 2004). Hence, osmoadaptation by compatible solute accumulation as a pre-conditioning
mechanism may be a feasible strategy to strength PGPBE cells before formulation-drying
processes.

An advantageous compatible solute is hydroxyectoine, which appears intracellular in
halophytic bacterial pools (del Moral et al. 1994; Ono et al. 1998), acting as a protein-
protecting agent. Its hydroxylated nature has superior properties compared to its precursor
ectoine in many applications (Wang et al. 2006). So far, few studies have dealt with
anhydrobiotic engineering in PGPBE to confer tolerance for drying (Berninger et al. 2018).
Thereby, there is currently no study on the influence of exogenously compatible solutes
during the osmoadaptation in bacterial endophytes and ensuing desiccation tolerance. In
particular, the influence of this compatible amassing strategy on drying survival upon

formulation in polymeric materials by encapsulation is 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 happened in other industries. Notwithstanding, bio-encapsulation is a sizeable
emerging field in pharmaceutical, nanotechnology, medicine, aquaculture, and cosmetics
(Bashan et al. 2014), which can be used as a platform for applying the PGPR endophytes.
The production of an air-dried formulation containing viable Gram-negative PGPBE cells
could be more cost-effective to produce, but remains a challenging and essential step in
developing commercial bioproducts.

Few studies of formulating-drying Gram-negative bacteria endophytes are available in the
literature. Thus, so far, the successfully dried formulations of Gram-negative bacteria are
mostly described the talc-based formula for Paraburkholderia phytofirmans PsJN (Bejarano
et al. 2017) and Burkholderia sp in coir dust-based inoculant (Bazilah et al. 2011). In
particular, the encapsulation of Gram-negative PGPBE with polymeric materials has mostly
used alginate cross-linking with divalent cations (Ca?*), including bacteria such as
Enterobacter spp. MN17 (Aziz et al. 2018), Pseudomonas fluorescens (Lally et al. 2017) and



104 Development of an integrated fermentation and formulation approach

for the endophytic bacterium Kosakonia radicincitans

Pseudomonas consortia (Grobelak et al. 2018). However, more work is needed on polymeric
materials and cross-linkers usage, for enhancing cell survival, shelf life and scalability within
convective capsules-drying processes (Humbert, Przyklenk, Vemmer and Patel, 2017

Humbert, Przyklenk, Vemmer, Schumann et al. 2017).

Pectins are a diverse family of biopolymers extracted from the plant cell wall, with an anionic
polysaccharide backbone of a-1,4-linked p-galacturonic acids in common. Uronic acids
present in the backbone have carboxyl groups, which can be substituted by methyl esters
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, respectively (Huynh et al. 2017). In particular,
amidated pectin as biopolymer is extensively studied for scaffolding drug delivery systems,
considering their versatility by targeting specific sites and releasing rates (Liu et al. 2003;
Kosaraju 2005; Sriamornsak, 2011). Noteworthy, the incorporation 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 calcium ions or are stimulated by their
presence (Sunnotel and Nigam, 2002; Yadav et al. 2008). Therefore, apart from a recent
study by encapsulating a fungal endophyte (Krell, Jakobs-Schoenwandt, Vidal et al. 2018),
the potential utilization of pectin-based systems as a carrier of PGPBE remains unexplored.
So, despite these benefits, a detailed investigation regarding the influence of amidated pectin

cross-linking with calcium salts as the carrier of bacteria endophytes has so far been missing.

Here, it is hypothesized that amidated pectin cross-linked with calcium salts is an
advantageous material for encapsulating K. radicincitans DSM16656", serving as a carrier
for cells, fillers and additives, and providing a nutrient source for bacteria. Additionally,
supporting the positive influence of pre-osmoadapted cells on drying survival and on plant
colonization. In this chapter, the research aimed at determining the influence of
osmoadaptation and hydroxyectoine on drying survival, the effect of cross-linker on
providing desiccation tolerance to entrapment cells, and the ability of encapsulated pre-

osmoadapted cells to survive an air-drying process.
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4.2 Materials and Methods

Chemicals used in this study were obtained from Carl Roth GmbH (Karlsruhe, Germany) or
AppliChem GmbH (Darmstadt, Germany) if not specified otherwise. Amidated pectin
references used in this study were provided by Herbstreith & Fox KG (Neuenbuerg/Wuertt,

Germany). Details are given in Table 4.2.

4.2.1 Drying survival assessments for free cells

Bacteria suspensions for drying survival assessments were prepared as follows: DM (100
mL) was poured into 250 mL baffled Erlenmeyer flasks that were autoclaved at 121°C, 1.5
atm, for 30 min. The initial inoculum concentration in media was adjusted at 10° cells mL™.
The cultures were maintained at 190 rpm in a rotary incubator at 30°C (IKA KS 4000 ic
control, Staufen, Germany). Actively growing cells were harvested at exponential phase after
20 h (ODeoo 0.6) by centrifugation at 5252xg for 15 min (Mikro HT 200R, Hettich GmbH &
Co. KG, Tuttlingen, Germany), and the obtained pellet of preadapted bacteria was washed
and centrifuged twice with a corresponding NaCl solution [0, 1, 2, 3 4 %] to maintain the
osmotic pressure. The bacteria were stored in the same NaCl solution adjusted at ODeoo ~ 1.0
(~ 1.0x10'° CFU mL) for the ensuing drying test. 100 pL of each bacterial suspension was
spread evenly as a thin layer onto culture microplates-6 wells (VMR 10062-892, Stockholm,
Sweden). Samples were allowed to dry under oxic conditions during 2 h in a laminar flow
hood at 25 + 1°C, an airflow at 0.4 m s with relative humidity at 45 + 2 % (Nocker et 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 shaker at 120 rpm,
20°C for 1 h. To assess the number of viable cells, serial dilutions were plated by the
microdrop (10 pL) technique on standard nutrient agar media (Merck, Darmstadt, Germany),
incubated at 30°C for 24 h and counted to determine the number of viable cells (CFU)
(Naghili et al. 2013). Bacterial cells with added hydroxyectoine were treated with the same

procedure.



106 Development of an integrated fermentation and formulation approach

for the endophytic bacterium Kosakonia radicincitans

4.2.2 Preparation of beads for cross-linker selection

To assess the influence of cross-linker agents on K. radicincitans DSM16656" drying
survival, two calcium salts, calcium chloride (CaCl,) and calcium gluconate (CG) were tested
in an alginate-based prototype. Cross-linker solutions of CaCl, and CG were prepared at 0.1
M final concentration. Sodium alginate (Manugel GMB, FMC Corporation, PA, USA) was
dissolved in ultrapure water to a final concentration of 4.0 % and autoclaved 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) and K. radicincitans DSM16656" suspension at 21.3%, composition is

given in %w/w wet basis (Humbert, Vemmer et al. 2017).

After 15 min of stirring the suspension was transferred into a 20 mL syringe and dripped
through a cannula (diameter 2.1 x 0.8 mm, Sterican, B. Braun Melsungen AG, Melsungen,
Germany) into the stirred cross-linker solution. The ionic gelation reaction took place
immediately, and the resulting hydrogel beads were kept for 10 min in the stirred cross-linker.
Further, beads were separated from the cross-linker using a sieve (mesh size: 1.0 mm) and
finally washed gently with ultrapure water. Schematic representation of the ionic gelation

reaction is given in Figure 4.1.

A standardized in situ laboratory 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
oven for 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 Patel, 2017; Humbert, Vemmer et al. 2017). To
evaluate the drying process, the water activity of the beads was measured by means of a water
activity meter (LabMaster-aW, Novasina AG, Lachen) (Humbert, Przyklenk, Vemmer and
Patel, 2017).
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4.2.3 Screening of pectin materials as a nutrient source

For assaying pectin as a potential nutrient source, a high-throughput screening through
microfermentation was carried out. Pectin materials with a wide range of degrees of
esterification, degrees of amidation and galacturonic acid contents were selected (Table 4.2).
These pectin materials were used for screening their potential for serving as a nutrient source
for K. radicincitans DSM16656" cells. Briefly, 1 mL of 2% pectin material supplemented
with 1% yeast extract were placed in a microtiter plate (MTP) for conducting cultivations
(RoboLector-BioLector system, m2p-labs, Baesweiler, Germany). The dissolved oxygen
tension and Green Fluorescent Protein (GFP) signal intensity were selected as parameters for
detecting bacterial growth activity. Previously, electrocompetent bacterial cells were
transformed with plasmid pMP4655 (Lagendijk et al. 2010) to produce colonies of eGFP
mutants of K. radicincitans DSM16656" (Appendix 6).

All BioLector® cultivations were monitored online with a pO.-optode (filter DO [Pst3] Ex
(nm) =520; Em=600) and GFP filter (filter 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 48-well MTP-48-BO flower- plates, Lot No: 1711
(mp2-labs, Baesweiler, Germany) with a working volume of 1000 uL. DM. Each treatment

was composed of three replicates.

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

microfermentation at BioLector®

Pectin Reference DE DA Galacturonic
acid content

Pectin Classic CU 902 57% - 75 %
Pectin Classic AU-L 061/10 40 % - 85 %
Pectin Classic AU-L 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 cross-linking agent to improve desiccation 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 alginate prototype, the
encapsulation suspension was prepared by mixing 2.0 % sodium alginate, 14% of filler, 1%
sorbitol and 1% monosodium glutamate. Maltodextrin (Applichem Pancreac, A4804) and
microcrystalline cellulose (MCC) (Avicel RC-591 NF, IMCD, Cologne, 102 Germany, batch
No. 110240) were tested as filler in the beads. They were selected according to their potential
benefits on drying survival and supporting endophytic colonization (Berninger et al. 2018;
Krell, Jakobs-Schoenwandt, Vidal et al. 2018).

K. radicincitans DSM16656" 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 (0.1 M) by using a syringe with a cannula (diameter 2.1
x 0.8 mm, Sterican, B. Braun Melsungen AG, Melsungen, Germany). For pectin prototype,
alginate solution was replaced by the amidated low methoxy pectin (ALMP) called Amid
CU-L 066/10 (DE 25% and DA 23%) at 4% (w/v) (Herbstreith & Fox KG, Neuenbirg,
Germany), and beads were manufactured by ionotropic gelation method as described
previously. For all prototypes, alginate as well as pectin, the gelled beads instantaneously
formed were allowed to cure in the calcium gluconate solution for 10 min; then beads were
separated by filtration before air drying procedures. Details of the prototypes are given in
Table 4.3.
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Table 4-3: Formulation prototypes for hydrogel beads preparation to encapsulate
K. radicincitans DSM16656" 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 reference CU-L-066/10

Sorbitol and sodium glutamate were selected as advantageous nutrient sources for K.
radicincitans DSM16656" cells according to the phenotyping fingerprint in GEN Il

microplate (see Chapter 2).
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Figure 4-1: [A]. Schematic representation of the ionic gelation reaction during the
encapsulation of K. radicincitans cells in biopolymeric prototypes based on alginate and
pectin. [B]. Gelation of alginate solution with the addition of calcium ions and the formation
of "Egg box " structure (Wan et al. 2008). [C]. Pectin molecule structure based on
polygalacturonic acid. [D]. Schematic representation of calcium binding to polygalactoronate
sequences: 'egg box' dimer and 'egg-box' cavity (Thakur et al. 1997).
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4.2.5 Determination of viable cell number in formulation
prototypes

Before and after drying assessments, bacterial 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 (Mater et al. 1995).
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 No as CFU of moist beads:

. N
Survival (%) = —x100
N0
Pre-conditioning of bacteria in cultivation before formulation step was carried out by
amending DM with NaCl [0, 1, 2, 4 %] as required to obtain water activities (aw) at 0.98,
0.97, 0.965 and 0.96 respectively (LabMaster-aw, Novasina AG, Lachen, Switzerland) (See
4.2.1).

4.2.6 Air drying process for testing formulation prototypes

To look into the effectiveness of strengthening approaches for conferring a high drying
survival rate on K. radicincitans DSM16656", a more scalable drying process for the beads
was assessed. The formulation prototypes at a scale of 500 wet g were dried during 4 h at Tin
30 + 2°C, using relative humidity (In=30 + 2%, out=50 * 2%) and airflow at 9 g.m=in a
rotatory drying system at 1200 drum speed (Fredhelm Stechel GmbH D-31031 Alfeld,
Germany), an up to aw <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 when they were exposed to 80% relative humidity at 30°C in a
closed container. A saturated ammonium sulfate solution was used to control the relative
humidity (Chan et 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 using the sphericity factor (SF), which was given by the
following equation:

dmin

Sphericity factor (SF):d"‘aX;
d. +d

where dmax IS the largest diameter and dmin is the smallest diameter perpendicular t0 dmax
(Chan et al. 2011). The dmax and dmin Were measured using an image analyzer software
(Digimizer image, MedCalc Software, Ostend, Belgium) and the sphericity factor was

computed.

Bead size and scanning electron microscopy (SEM)

Beads surface morphology was 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 stubs. Dried 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, samples were then observed with a scanning electron microscope Zeiss
1450VPSE equipped with Everhart-Thornley 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 positive effects in free cells upon osmoadaptation and hydroxyectoine
inclusion on drying survival (see section 4.3.1), it was essential to establish the effectiveness
of this strategy integrated with the encapsulation in amidated pectin beads. After the selection
of prototype P3, the K. radicincitans DSM16656" cells were pre-treated during growth and
encapsulated according to the methods described before (see sections 4.2.2 and 4.2.4). Drying
survival test was carried out under in vitro conditions according to (Humbert, Przyklenk,
Vemmer and Patel, 2017; Humbert, Vemmer et al. 2017).

Statistical analysis

The data were analyzed using SPSS Statistics v.2 software (SPSS, Chicago, IL). Data are
presented as mean values + standard deviations (SD) or standard error (SE). The means were
tested for significant differences by one-way analysis of variance (ANOVA) followed by the
Tukey post hoc test. Repeated measures ANOVA was carried out for the hygroscopic data.
Concentration values were logarithm transformed before analysis. The level of significance

was set at p<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 increase of salt concentration in the culture media DM. Thus, bacterial
cells pre-conditioned in DM 4% NaCl showed the highest drying tolerance in comparison to
non-preconditioned cells. Interestingly, exposing bacteria to persistent high osmolarity
surroundings during cultivation at 4% NacCl, resulted in a nearly two orders of magnitude
higher survival rate (Figure 4.2) with 15.5 + 3.7 % of living cells recovered, compared to

0.51 + 0.12 % 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 pre-conditioned with DM 4% NaCl. Hence, the combination
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of ionically amended media and hydroxyectoine significantly increase drying survival to
36.42 + 1.53% (Chi?=16.01; df=18; p=0.00681, Figure 4.2).

Figure 4-2: Survival of K. radicincitans DSM16656 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
Kruskal-Wallis post hoc test (means = SD, n=4)
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Results indicated that growth conditions at high salinities in DSM16656" determine tolerance
acquisition. Comparative studies revealed bacteria drying survival upon osmotic stress.
Hence, Cabrefiga et al (2014) demonstrated that culture osmoadaptation in Pseudomonas
fluorescens EPS62e provide a higher drying survival (70%) in a lactose-based wettable
powder. (Malek et al. 2012). Besides, hyperosmotic stress along the amendment of growth

media with glycine betaine increased by 10-100-fold cell survival (Bonaterra et al. 2007).

4.3.2 Screening of pectin references as a nutrient source

To assess the affinity of selected pectin references to serve as a nutrient source for further
encapsulation procedures, a high-throughput microfermentation study was applied. Control
with only yeast extract did not show growth activity. Therefore, dissolved 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 growth (Fs 17=59.21; p<0.05).
Noticeably, the galacturonic acid content in pectin has a significant effect on kinetic growth
and oxygen consumption during K. radicincitans DSM16656" cultivation (F5, 17=30.45;
p<0.05, Figure 4.3 A-B). Thus, GFP intensity curves confirmed that the pectin amid
references AU-L 063/10, CU-L065/10 and CU-L-066/10, which included the combination
of a DA and galacturonic acid content, are assimilated by K. radicincitans DSM16656"
(Figure 4.3 B). Interestingly, CU-L-066/10 showed the shortest lag phase among the
biopolymers tested with ca 6 h in comparison to 9.3 h required for AU-L 063/10. With a high
oxygen consumption and further longer anoxic conditions periods (< 20 % DOT), the rapid
assimilation of AU-L 063/10 may be detrimental in cell viability, as was shown in protein
formation in GFP curves compared to CU-L-066/10. 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 selected pectin references as a nutrient source. A) Dissolved oxygen
tension and B) Fluorescence intensity of GFP signal during the cultivation of K. radicincitans

DSM16656" in different pectin references. BiolLector® approach (means + SD, n= 3).
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4.3.3 Cross-linker determination assessments

After the cross-linking reaction and formation of beads, the moisture content and water
activity (aw) were determined for each type of beads. There were no significant differences
between types of beads regarding the initial moisture content and water activities before and
after drying (n =5, p<0.05). It is essential to point out that a bacterial free cells suspension
(10" CFU mL™) was used as control during the drying procedure. Upon drying and the
evaluated conditions, any viable cells of the free bacterial treatment were detected at 10°

dilutions. Details of these results are given in Table 4.4.

Based on the results of Figure 4.4, calcium gluconate was selected as the best cross-linker
during the gelation reaction, providing a significant effect on the survival of K.
radicincitansDSM16656" cells after drying (Fs, 11 = 267.01, p <0.001, a = 0.05). Thereby,
viable cells after drying were not detected in all cases where CaCl, was used as cross-linker
during the formation of beads, suggesting a decrease > 4-log units on cells viable number.
Additionally, it was determined that pre-conditioning by osmotic stress at 4% NaCl during
cultivation could induce higher tolerance to dehydration conditions, with a viable cell number
of up to 4.2x10° CFU g of dry bead or a reduction of roughly 2-log units. The drying

protection of calcium gluconate was also validated in pectin base beads (data not shown).
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Table 4-4: Formulation prototypes for beads preparation to encapsulate K. radicincitans

DSM16656" cells

Type of beads Initial Bead aw aw
Salt Pre-condition- Moisture content (%) before drying after drying
Cross-linker
1%NaCl-CaCl2 74.98 £ 0.93 0.9806 = 0.002 0.2662 + 0.035
2%NaCl-CaCl2 75.17+2.12 0.979 £ 0.001 0.2824 + 0.052
4%NaCl-CaCl2 75.57 £ 2.58 0.9826 + 0.002 0.286 + 0.068
1%NaCl-Ca-Gluconate 7493 +4.14 0.9822 + 0.002 0.3018 + 0.001
2%NaCl- Ca-Gluconate 7497 £1.55 0.9794 + 0.001 0.2968 + 0.056
4%NaCl- Ca-Gluconate 76.84 £ 1.22 0.9812 + 0.003 0.2792 + 0.040
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Figure 4-4: Effect of the cross-linker calcium chloride (CaClz) and Calcium Gluconate at
0.1 M, in combination with the salt pre-conditioning on K. radicincitans DSM16656" drying
survival. Columns with different letters are significantly different according to Tukey post
hoc test (n>4, mean = SD, p < 0.05).
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Other studies reported that calcium gluconate provides desiccation tolerance to entrapped
cells of R. terrigena in starch-alginate based bead up to 31% after drying (Schoebitz et al.
2012). Similarly, Humbert et al (2017) showed that calcium gluconate as gelling agent
increased drying survival of M. brunneum and S. cerevisiae cells 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°C, cell survival in prototypes based on amidated pectin and maltodextrin showed
significant higher values in comparison to alginate, with values of 3.69 £1.52 % and 9.94
1+3.17 % for the prototypes P1 a P3 respectively (Fz 11 = 267.01, p<0.001, a = 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 1.2-log unit, conversely in P2 was 4-log units
(Figure 4.5). 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. radicincitans DSM16656" survival after air drying (30 + 2°C, airflow at 9
g.m™) in alginate base and pectin base formulations prototypes. Columns with different

letters are significantly different according to Tukey post hoc test (n>3, mean + SD, p < 0.05).
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Hygroscopic properties

In order to characterize the moisture transfer by sorption of the dry beads prepared with either
amidated pectin or alginate, their hygroscopicity was investigated by determination of its
sorption kinetics (Figure 4.6). There was a significant effect of the prototype (F3, 143=1236;
p<0.001), the prototype-time interaction (Fs3143=45.34; p<0.05) as well as time
(F11,143=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 rate of water uptake from the environment was
significantly different (p<0.05). Then, the moisture sorption had a significantly different
course for all tested beads (p<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 P1, P2, P3 and P4 respectively (Figure
4.6).

Figure 4-6: Hygroscopicity of hydrogel beads containing K. radicincitans DSM16656" cells
cross-linked with calcium gluconate at 0.1M and at 80% relative air humidity and 22 + 2°C
(n=4; mean = SD).

18% -

16% -

]
=
2

12% A

10% -

8% A

6% A

Moisture content |[%o

4%

2% A

0%

100




121

Determination of bead shape and morphology by SEM microscopy

To establish the bead morphology characteristics for each type-bead prototype, the
measurement of bead diameter before and after drying and SEM micrographs were carried
out. In Figure 4.7, it is observed the macroscopic shape that corresponds mainly to spherical
beads, in both alginate and pectin based formulas, with P4 providing the most spherical beads
(SF=0.09, Table 4.5). Some tear-shape and egg-shape events occurred in P2 and P3,
indicating a high surface tension within the drop (Chan et al. 2009).

SEM micrographs confirmed a structural homogeneity of beads prepared either with alginate
or pectin as a biopolymer. The surfaces of prototype samples were rough and covered with
characteristic wrinkles of different size and frequency (Figure 4.8). The cross-sections
micrographs showed the sponge-like inner structure of P3 and P4 with several channels and
voids, possibly formed as a result of the migration of water molecules, and further facilitating
the permeability. Microscopy assay allowed to clarify that beads P1 and P3 have porous and
cracks inside; these hollowed structures are presented more frequently than in P2 and P4.
The prototypes P2 and P4 containing MCC presented a heterogeneous surface, unlike P1 and

P3 which have maltodextrin in common possess smooth and clean surface.
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Figure 4-7: Macroscopy morphology of hydrogel beads prototypes containing K.
radicincitans DSM 16656 cells cross-linked with calcium gluconate at 0.1M.

Table 4-5: Formulation prototypes for beads preparation to encapsulate K. radicincitans

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 2.26+0.36 0.36
P4 3.05+0.13 0.09 1.81+0.11 0.10

SF=sphericity factor
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Figure 4-8: Scanning Electron Micrographs (SEM) of K. radicincitans DSM16656" 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 4.9, it is evident that the osmoadaptation and hydroxyectoine supply previous to
encapsulation (P3 prototype) increase the drying survival of entrapped K. radicincitans
DSM16656 cells. Results suggest that osmotic —stressed cells at 4% NaCl, survive 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 only 1.27 + 0.12 log units in comparison
t0 2.9 £ 0.18 and 1.86 + 0.33 log units for 1% and 4% NaCl treated cells respectively. The
differences in population survival were significantly different (F2, s=39.06; p=0.0004).

Figure 4-9: Drying survival of pre-conditioned K. radicincitans DSM16656" cells
entrapment in amidated pectin beads. Different letters indicate significant differences
according to Tukey post-hoc test (p<0.05).
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4.4 Discussion

An effective establishment of Gram-negative bacterial endophytes-based formulates is linked
with the drying survival and the use of advantageous additives. Encapsulation in
biopolymeric materials is an emerging alternative for ensuring cell protection and subsequent
delivery systems for plant growth-promoting bacteria (Bashan et al. 2014). Thus, research
on hydrogel bead technology development, claims positives effects on increasing bacterial
cells tolerance against unfavorable surroundings caused by biotic and abiotic factors, such as
antagonist or dryness (Vemmer and Patel, 2013; Krell, Jakobs-Schoenwandt, Persicke et al.
2018; Krell, Jakobs-Schoenwandt, Vidal et al. 2018). lonic gelation as encapsulation
technique is a potentially scalable alternative for agro-industrial applications (Humbert,
Przyklenk, Vemmer, Schumann et al. 2017). The capsules or beads development requires
pre-formulation approaches considering the screening of polymeric materials, cross-linkers
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 the modulation of cell physiology to adapt to
the perceived environmental stress and thereby indirectly enhances desiccation tolerance
(Berninger et al. 2018). In general, Gram-negative bacteria respond to elevated-ionic-
strength media by synthesizing or accumulating a range of osmolytes, including trehalose,
various ectoines and amino acids derivatives such as glycine-betaine and L-proline (Kempf
and Bremer, 1998; Sleator and Hill, 2002). To date, this principle has been applied to
industrially relevant bacteria rather than to plant-associated endophytes. Thus,
osmoadaptation as pre-conditioning mechanism provides an exciting and underused tool to
strength bacterial endophytes cells through compatible solutes accumulation, previously

formulation-drying processing and application.

As demonstrated, K. radicincitans DSM16656 cells grown in low aw-media altered ionically
with NaCl, pose superior drying tolerance in comparison to cells grown in an unmodified
basal medium. An osmolality threshold could cause significant differences in drying survival
along salinity levels in media, likely between 2 and 3% NaCl, where bacteria cells could
prefer the accumulation of ions (salt-in strategy), over the physiologically compliant organic

osmolytes (salt-out strategy) (Kempf and Bremer, 1998; Czech et 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 of K. radicincitans DSM16656" cells upon adding
hydroxyectoine during the osmoadaptation procedure probably occurred due to the
physiochemical features of hydroxyectoine as drying protectant. So, hydroxyectoine
decreases water activity coefficients (Held et al. 2010) and provides superior glass-forming
properties and redox stability (Tanne et al. 2014). Besides, hydroxyectoine 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, accelerating cellular repair mechanisms (Harishchandra et al. 2010). These
properties may confer to Gram-negative bacterial cells more extended life stability, higher
desiccation tolerance and protection against drying (Manzanera et al. 2002; Manzanera, et
al. 2004, Pastor, et al. 2010).

Calcium gluconate (CG) as cross-linker showed remarkably benefits for conferring
desiccation tolerance of encapsulated endophytic cells. Previous research showed the higher
survival of M. brunneum conidia and S. cerevisiae upon the usage of CG as a cross-linking
agent in comparison to calcium chloride (Humbert, Przyklenk, Vemmer and Patel, 2017).
The mechanisms of CG as drying protector are not elucidated. However, studies suggest that
CG conveys benefits such as increasing hygroscopicity of beads, shelf life and nutrient source
for fungi cells (Humbert, Przyklenk, Vemmer and Patel, 2017).

Gluconate is classified as osmoprotectant (Schoebitz et al. 2012) may protect the membrane
of dried cells by its cyclic ester form glucono-3-lactone, resembling cyclic monosaccharides,
which upon drying form amorphous glasses in the dry state (Crowe et al. 2001). This state
confers a slowdown diffusion process due to the high viscosity in the glassy state and protects
the membrane by different mechanisms (Wolfe and Bryant, 1999; Humbert, Przyklenk,
Vemmer and Patel, 2017). It is noteworthy that this is the first report demonstrating that CG
can act simultaneously as cross-linker of amidated pectins and enhancer of drying survival

of encapsulated Gram-negative bacterial endophyte cells.
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During desiccation, an organism turn to 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 functions (Garcia, 2011). The rehydration rate
or hygroscopic influence on cells survival is frequently under discussion, and the
argumentation is contradictory suggesting strain-depend mechanisms. Here, 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 exhibits a steady increase in the water absorbed at high values

of aw in the surroundings (Saavedra-Leos et al. 2015).

Conversely, MCC possess a relative lower hygroscopic performance; 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 cells (Amidon and Houghton, 1995).
Noteworthy, maltodextrin prototypes (P1, P3) showed the highest values of drying survival,
maintaining the decrease of viable cell number under 2-log units. Here, maltodextrin
demonstrates its alleviation effect on Gram-negative bacteria cell survival as in previous

studies (Berninger et al. 2017).

SEM images indicate outstanding differences in MCC and maltodextrin hydrogel beads
prototypes. Hence, the absence of microparticles formation clarifies that maltodextrin keeps
the amorphous-crystalline state, and the open inner cracks, especially in P3 could promote
water absorption 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
maltodextrin-based prototypes are still low and may therefore not detrimental to their shelf
life for the events of maltodextrin rubbery state (Saavedra-Leos et al. 2015; Humbert,
Przyklenk, Vemmer and Patel, 2017).

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 potential fruit pathogen Acidovoraz
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citrulli, enhance its survival by the embryo/endosperm localization in watermelon seeds
versus the seed coat (Dutta et 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 60% (Schultz-Jensen et al. 2016).
For the opportunistic pathogen Acinetobacter baumannii, a stationary phase phenotype with
the BfmR gene expression showed higher drying stress response, this gene is stimulated by
increasing osmolarity (Farrow et al. 2018). Another study with Alcaligenes species
demonstrated that the drying resistance for the amino forming bacteria was able to produce
cadaverine and putrescine (Lakshmanan et al. 2002). Some proteins such as late
embryogenesis abundant (LEA) are reported to be critical for conferring drying survival and
resistance to high osmolalities to cyst forming Azotobacter vinelandii (Rodriguez-Salazar et
al. 2017).

Considering the immobilization of Gram-negative bacteria as drying protection strategy, few
researchers have shown promising findings. Thus, the encapsulation of Beijerinka sp. in DE
malt dextrin as wall material protected the cells during spray drying at aw 0.252 with only 1
log unit of viability decrease (Boza et al. 2004). Interestingly, the immobilization of Pantoea
agglomerans ISIB55 and Burkholderia caribensis 1SIB40 in polyvinyl alcohol-nanofibers
reduced the number of viable cells by ~ 1.5 log units (De Gregorio et al. 2017), nonetheless,
the electrospinning technique requires developments for scaling. The survival population of
Azospirillum brasilense MTCC125 after air-drying at 40°C cells were 27% higher in alginate
beads compared to the standard grown cells, but with a reduction of 2-3 log units on cells
viability at aw <0.2 (Joe et al. 2012). Another drying studies on Gram-negative bacteria
include the spray drying of Enterobacter sakazakii strains with reduction of viable number
cells from 1.5 to 3 log units, using skim milk and Tin at 160°C and Tout at 90°C (Arku et al.
2008). Otherwise, some non-sporulating bacteria as Flavobacterium columnare did not

survive after drying, even with protectants such as trehalose or skim milk (Peiren et al. 2015).

Among the drying process, air drying has demonstrated potential benefits for desiccating
Gram-negative bacteria endophytes such as Paraburkholderia phytofirmans PsIN

(Berninger et al. 2017). Since K. radicincitans DSM16656 is quite sensitive for drying, with



129

only a decrease of 1 log unit of viable number cells, the approach of pectin-based hydrogel

showed here is promising for endophytes dryable formulations.

The low survival rate of K. radicincitans DSM16656™ may be attributed to the nature of being
a Gram-negative bacteria, which contain a the thinner peptidoglycan layer and the presence
of lipopolysaccharides on the cell wall in the former species (Miyamoto-Shinohara et al.
2008). Thus, in Gram-negative bacteria, peptidoglycan layer has 5 to 10 nm thick, whereas
in Gram-positive bacteria their layer thickness is about 20 to 80 nm (Gupta, 2002). In
consequence, this thinner protecting layer in K. radicincitans DSM16656" cells could
generate a greater tendency to rupture during drought stress. Moreover, motile Gram-
negative bacteria genera with peritrichous flagella such K. radicincitans DSM16656" (Figure
5.5) are generally more sensitive during drying processes, because of the mechanical fragility
and the protein-forming flagella apparatus sensitivity (Miyamoto-Shinohara et al. 2008).

Gram-negative bacteria with lipopolysaccharide (LPS) on the cell wall, with hydrophilic
polysaccharide outermost chains may prevent the removal of water molecules during
desiccation, enhancing drying survival (Miyamoto-Shinohara et al. 2008). According to its
proteome, K. radicincitans possess putative lipopolysaccharide heptosyltransferase |11 and
heptosyltransferase RfaC enzymes, which are involved in the biosynthesis of core regions of
lipopolysaccharide (Witzel et al. 2012). Questions remain regarding the influence of osmotic
stress cultivation on LPS biosynthesis that may drive higher drying tolerance.

Finally, the effectiveness of amidated pectin as a nutrient source and as entrapment
biopolymer for K. radicincitans DSM16656" cells was established. Indeed, results
demonstrated that amidated pectins with a high content of galacturonic acid could provide an
advantageous nutrient source for endophytic bacteria. The microplate GEN Il findings in
Chapter 2 corroborate the capacity of K. radicincitans DSM16656" to use galacturonic acid
as C-source. Besides, pectins in combination with maltodextrin upon drying are capable of
forming a functional matrix suitable for sensitive substances, with high-water soluble
properties, where pectin serves as a coating agent and maltodextrin mainly acts as a matrix-

forming material (Sansone et al. 2011). The role of sorbitol and monosodium glutamate in
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bead characteristics is still unknown; however, details of pectin bead performance are

addressed in Chapter 5.

4.5 Conclusions

The pre-formulation and further drying survival assessments indicated that amidated pectin
with a high content of galacturonic acid such as AU-L 063/10, CU-L065/10 and CU-L-
066/10 are an advantageous nutrient source for K. radicincitans DSM16656'™. The
combination of amidated pectins cross-linking with calcium gluconate favors the desiccation
tolerance of the endophyte upon a convective drying process. After encapsulation in pectin-
base hydrogel networks, the osmoadapted and hydroxyectoine-added cells resisted stronger
drought conditions, integrating cultivation and formulation procedures, an essential step
towards dryable formulations of Gram-negative endophytes. Finally, the amidated pectin-
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.CHAPTER 5. A FORMULATION STRATEGY
FOR BACTERIAL ENDOPHYTES: THE
INTEGRATION OF PRE-CONDITIONING OF
CELLS WITH THE ENCAPSULATION IN
AMIDATED PECTIN BEADS
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5.1 Introduction

Application of plant growth-promoting endophytic bacteria (PGPEB) based formulations is
considered an essential alternative to overcome soil health issues caused by the application
of chemical fertilizers (Kandel et al. 2017). Contamination of soils and groundwater upon
chemical fertilizers usage are common on current global agroindustry. Gram-negative
bacteria are generally less tolerant of such environmental conditions than Gram-positive
bacteria, yeasts or filamentous fungi because among others the chemical composition of outer
cellular layers (Wieland et al. 2001; Gao et al. 2007; Ren et al. 2018). Thus, shortly after
suspensions of bacteria are inoculated into the soil without a proper carrier, the bacteria
population declines rapidly for most species of PGPB (Bashan et al. 2014). For Gram-
negative bacteria, the ability to withstand 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 research efforts.

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 field level in several
plant species (Garima and Nath, 2015; Lally et al. 2017; Verma et al. 2018). Some of them
including growth under drought stress, nitrogen deficiency and excessive salinity (Rho et al.
2018). Notwithstanding, despite the reported benefits, most of the investigations regarding
PGPBE including K. radicincitans DSM16656" lack the formulation procedures, which
could facilitate the step forward from the laboratory to the field (Berger et al. 2015; Garima
and Nath, 2015; Berger et al. 2017).

Previous studies with promising bacteria in agriculture suggested that salt-stressed cells and
compatible solutes inclusion could potentiate their biological activity. For Staphylococcus
saprophyticus (ST1), biofilm formation and exopolysacharides (EPS) production increased
along with NaCl concentration, enhancing its plant growth-promoting abilities (Qurashi and

Sabri, 2011). Besides, the combination of osmoadaptation and glycine betaine amendment to
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growth media increased Pantoea agglomerans E325 colonization in apple flowers (Pusey
and Wend, 2012). In particular, this strategy may be extended to endophytic bacterial, which
studies revealed that osmoadaptation and the accumulation of selected compatible solutes
could drive the strengthening of bacterial phenotypes (Cabrefiga et 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
(Bashan et al. 2002; Trivedi et al. 2005). So, the immobilization of microorganisms in
polymeric materials provides them with several significant advantages over free-living

suspensions.

As it was mentioned in Chapter 4, pectins emerge as a potential alternative for producing
polymeric inoculants. One of the most notable pectin features is its ability to form gels and
hydrogel composites, which can provide a wide range of biological applications. Hydrogel
beads are hydrophilic, three-dimensional cross-linked polymer networks, with high
biocompatibility, porous structure, enabling a high water content that mimics the
extracellular matrix environment in 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, gelling, mechanical
properties, and stability of pectin are affected (Sato et al. 2008; Munarin et al. 2012). Pectins
have been widely used as emulsifiers, gelling agents, glazing agents, stabilizers, and/or
thickeners in food, pharmaceutical, personal care, and polymer products (Chan et al. 2017).
Altogether, the potential utilization of pectin-based systems as a carrier of PGPBES remains
unexplored. Besides, a detailed investigation regarding the interaction of embedded bacterial
endophytes in amidated pectin beads during plant colonization is necessary. Thereby, in this
chapter, the novel combination of a bacterium endophyte 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 crop fertilization will require an in-depth understanding of how
PGPBEs interact with the plant host. Hence, questions are remaining about the chemotaxis
of entrapped endophytic cells, in addition to how these immobilized cells re-activate through
the water uptake 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 exudates-sensing, and facilitating cells to grow as spatially structured
aggregates similar to those reported in roots during plant colonization by using planktonic

cells.

Trough gnotobiotic and glasshouse studies, in combination with advanced microscopy
imaging approaches, this research’s section aimed at determining the amidated pectin dried
beads capability as a delivery system of the bacterium endophyte K. radicincitans
DSM16656" and its modes of action. Moreover, it is proposed to establish the ability of
encapsulated pre-osmoadapted and hydroxyectoine-added cells to colonize the 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 otherwise. Hydroxyectoine (Hye)
was acquired from Sigma Aldrich (Cat: 70709, Sigma Aldrich Corporation, Germany).
Amidated pectin was provided by Herbstreith & Fox KG (Neuenbuerg/Wuertt, Germany).
All other materials used were of analytical reagent grade and were used as received.

5.2.1 Encapsulation of K. radicincitans DSM16656" cells

As described in chapter 4, calcium amidated pectin hydrogel beads were selected as
immobilization support. Briefly, an encapsulation suspension was obtained by mixing ALM
pectin solution [4% w/v Amid CU-L 066/10 (DE 24% and DA 24%)] in ultrapure water (Elix
Advantage Water Purification System, Merck Millipore, Darmstadt, Germany) at 50 % wi/w.

Pectin solution was supplemented with 14% w/w maltodextrin (Applichem Pancreac,
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A4804), 1% w/w sorbitol and 1% w/w monosodium glutamate. K. radicincitans cells
suspension for the osmoadaptation and hydroxyectoine treatments were added in the matrix
to a final concentration of 15% w/w (~ 8 x10° viable cells mL™ ) and the suspension was
gently stirred for 5 min.

For bead formation, it was followed by 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 of encapsulation efficiency for K. radicincitans DSM16656" cells in
amidated pectin hydrogel beads was carried out as followed: 10 beads were disintegrated in
a solution containing 0.03 M citric acid and 0.05 M sodium carbonate (pH 7£2) for 1 hiin a
rotatory shaker at 150 rpm (Mater et al. 1995). After complete dissolution, the entrapped
viable bacteria were counted by diluting samples and plated on standard nutrient agar media
(Merck, Darmstadt, Germany), and incubated at 30°C for 24 hours. Bacterial cells

encapsulation efficiency (BEE) was calculated by the following equation (Eq. 5.1).

Logi [N]
0 — <210 "1
BEE (%) = o910 INO]

Where N is the number of measured viable bacteria cells and No displays the free viable

x100 Eq.5.1

bacteria cells before encapsulation (Haghshenas et al. 2015).

To establish the efficacy of pectin networks to entrap beads additives, sorbitol (182.2 g mol
1) as a chemical parameter was selected. Here, the amount of sorbitol was quantified in the
remaining calcium gluconate cross-linking solution. Briefly, after 10 min of hardening time,
beads were separated and 1 mL of calcium gluconate solution 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 concentration of sorbitol was determined by
HPLC (EC 150/4.6 NUCLEODUR® 100-5 NH2-RP column, RI detector). The
chromatographic separation was performed at a flow rate of 1 mL min* at 30°C controlled
with a column heater and using a solvent gradient established between eluents 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 [0.2-20 mg mL™]. The entrapment efficiency (EE) for
sorbitol was calculated using the equation (Eq. 5.2):

[Total sorbitol added — sorbitol in crosslinker solution

EE (%) =
(%) Total sorbitol added

x 100 Eq.5.2

5.2.3 Plant growth promotion in radish by osmoadapted and
encapsulated K. radicincitans DSM16656" cells

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

endophyte K. radicincitans DSM16656" was assessed under glasshouse conditions.

Moreover, the extended cross-effect of pre-conditioning by osmoadaptation and the inclusion
of hydroxyectoine was also addressed. The glasshouse experiments were conducted
independently as those described in Chapter 3. Briefly, radish (R. sativus L. 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) quartz-sand soil mixture (Fruhstorfer Erde type T25: P,Os: 200-300 mg L7,
Hawita Gruppe GmbH Vechta, Germany). Afterward, pots were randomly placed on trivets
to avoid the transfer of bacteria (Berger et al. 2015). The final concentration of cells in dried
beads considered the beneficial effects on drying survival encountered previously by salt
stress and hydroxyectoine addition (see Chapter 4). Thus, K. radicincitans DSM16656"
inoculation with osmoadapted as well as bacteria cells pre-conditioned with hydroxyectoine
was conducted by locating two dried amidated pectin beads with the same log unit of cells
concentration ca 2.0 x10® CFU/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 irrigated and fertilized manually with Hoagland solution (50
mL per day) (Hoagland and Arnon, 1950). Plants were maintained under natural light
conditions. Temperature and humidity were recorded over the growth period, with an average

temperature of 18 + 2°C and with an air humidity > 45 %. (See Chapter 3).
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Plant sampling was conducted at one-week post-planting from three different locations per
plot. The seedlings were rinsed thoroughly with sterile water for removing soil with beads
adhered to the roots. Further, samples were flash 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 weeks post-planting, and then
five radish plants from the center of each pot were harvested. Total fresh mass of tubers and
leaves material and the tuber diameter of each plant were measured. The leaves were
separated from roots, oven dried at 60°C during 4 days (WTC Binder 342, Germany) until
constant weight and dry weight of tubers and leaves were determined (Chapter 3). The data

collected are the mean values 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 described (see
Chapter 3, section 3.2.6). Thereby, the fold colonization of K. radicincitans DSM16656"
entrapped cells in treated plants with respect to the reference gene and to the control plants

was calculated and represented with the 2—24°4 method (Livak and Schmittgen, 2001).

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 seedlings an in vitro gnotobiotic study was
conducted. Briefly, electrocompetent bacterial cells were transformed with plasmid
pMP4655 (Lagendijk et al. 2010) (Appendix 6). Single colonies of eGFP mutants of K.
radicincitans DSM16656T grown on Luria-Bertani agar plus gentamycin (150 ug mL™) were
inoculated in 100 mL standard nutrient broth and the encapsulation of GFP-tagged bacteria

followed the procedure above.
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Endophytic modes of action visualization for entrapped K. radicincitans DSM16656"

To elucidate the interaction of encapsulated bacteria and radish plant tissues a cell imaging
approach was conducted. Firstly, the activation of beads and seedlings tissues interaction
events were observed under transmitted light microscopy (EVOS® XL core, Life
Technologies). After, GFP-tagged bacteria from amidated beads and subsequent tissue
colonization were observed with an inverted imaging system with four-color fluorescence
and transmitted-light applications approach (EVOS® FL, Life Technologies). Further, the
root colonization by immobilized bacterial within specific site-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
(BP505-550 180 filter, Plan Apo 63/1.4 oil lens), and root images were captured using bright
field settings (Witzel et al. 2017; Becker et al. 2018).

Mapping of the chemoattraction for the bead-radish seedling system

The chemotactic performance of entrapped bacteria was detected by multispectral and kinetic
fluorescence imaging (PS1 Open FluorCam FC 800-O, PSI, Brno, Czech Republic). Briefly,
three radish seeds and three amidated pectin beads containing immobilized GFP-labelled K.
radicincitans DSM16656" were located in a Petri dish with 20 ml of agar media (1% wi/v).
After four days of incubation at 30+1°C, GFP tagged bacteria activity inside beads and their
chemotactic interaction with radish seedlings was assayed. The following parameters were
used for capturing fluorescence images: Reflectance mode: Blue light source (447 nm) at 5%
intensity, bandpass filter (440/40 nm), 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 of K. radicincitans DSM16656" was visualized as follows: Bacteria cells
were taken from solid media and suspended in saline solution (0.05 M). One drop of bacterial
suspension was applied in Pioloform-carbon-coated, 400-mesh copper grids (Plano GmbH)
for 10 min. Further, cells were fixed with aqueous glutaraldehyde (2.5%, 1 min), stained with
uranyl acetate (2.5%, 1 min), and examined by transmission electron microscopy (JEM-1400
Plus, JEOL, voltage at 120 kV) (Becker et 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 Shapiro-Wilk and Bartlett test, respectively. Means were
tested for significant differences by one-way analysis of variance (ANOVA) followed by a
Tukey post hoc test. Data from glasshouse experiments were subjected to Duncan post-hoc

test. The significance level was set at p<0.05.

5.3 Results

5.3.1 Encapsulation efficiency

The utility of a biopolymer hydrogel for providing a delivery system relies on the entrapment
effectiveness of the active ingredient and additives (Bashan et al. 2002). Hence, to look into
the efficiency of amidated pectin beads with CU-L-066/10 for encapsulating K. radicincitans
DSM16656" cells and formulation additives, the concentration of these parameters before
and after the entrapment was determined. The initial cell count of K. radicincitans before
beads preparation was 9.46 + 0.28 log CFU mL™1. The encapsulation efficiency for bacteria
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 cross-linking reaction. Beads diameter before and after drying were
3.38 £ 0.31 mm and 2.26x 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 guarantee plan colonization, a comparative
study with amidated pectin beads with 4% NaCl treated cells was carried out. It is important
to mention that during the glasshouse trial, there was a negative effect by the number of beads
per seed on plan colonization. Thus, 10 beads per seed generally had significant lower

colonization capabilities, roughly 100-fold less, compared to treatments with 2 beads per
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seed (F1,6=671.7, P<0.0001, Figure 5.1). Considering these results, 2 beads per seed method

for inoculation was 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 of K. radicincitans DSM16656" 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 post hoc Tukey

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 containing K. radicincitans DSM16656" cells was observed for all inoculated
radish plants, compared to uninoculated native plants. The dried beads for each treatment
contained the same log unit of concentration by approximately 2.0x10° viable 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 significantly by 17.45 % in comparison
to the absolute control treatment (Fs, 20=3.15; p=0.0259, Figure 5.2 A, Figure 5.2 E).
Noteworthy, either the dry matter of tuber or leaves increased significantly by 18.93 % (F4,
39=9.66; p<0.0001) and 20.68 % (F4, 30=7.74; p=0.0001) respectively, in comparison to the
absolute control treatment (Figure 5.2 B). 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 root length after eight days of planting was significantly longer in case
of hydroxyectoine treatment at 3.99 + 1.07 cm in comparison to the native control at 2.83 £
0.65 cm (F4, 39=9.67, p<0.001, Figure 5.2 C). The tuber diameter was also significantly
increased in all cases when K. radicincitans DSM16656" cells were presented in comparison
to the native control and beads control (Fs, 39=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 for the hydroxyectoine
treatment (Figure 5.2 D, Figure 5.2 E).

Figure 5-2: Growth promotion in glasshouse radish plants inoculated with amidated pectin
dried beads containing pre-conditioning K. radicincitans DSM16656" cells by
osmoadaptation at 4% NaCl and by adding hydroxyectoine at 1 mM. A) Fresh mass of tubers
and leaves. Fresh tuber mass (Fs 20=1.47, p=0.2321); leaves fresh mass (Fa, 49=3.15,
p=0.0259) B) Dried mass of tubers and leaves. Dry tuber mass (Fs, 39=9.66, p<0.0001) and
dry leaves mass (Fs, 39=7.74, p=0.001). C). Root length of radish plants after 8 days of
planting (Fs, 39=9.67, p<0.001). D). Tuber diameter after 5 weeks of planting (Fa, 30=7.64,
p=0.0002). E. Glasshouse-grown radish plants inoculated with pre-conditioned 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]. Different letters represent significant differences according to post
hoc Dunnett’s test. at p<0.05 (means + SD, n= 8).
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5.3.4 Effects of pre-conditioned cells in combination with the
amidated pectin encapsulation on plant colonization

In general, K. radicincitans cells encapsulated in dried amidated pectin beads were able to
colonize plant tissue. Thereby, bacterial cells could leave the beads and settle into the eight
days seedlings (Figure 5.3). Thus, regarding relative gene expression response, two dry

amidated pectin beads per seed containing pre-conditioned bacteria cells with 4% NaCl
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significantly enhanced the plant tissue colonization, in comparison to non-pre-conditioned
immobilized cells at 1% NaCl (F2, 11=2460.71; p<0.05, Figure 5.3). Noteworthy, consistent
with biomass production of radish plants, the endophytismus was stronger with the presence
of intracellular hydroxyectoine in K. radicincitans DSM16656" cells osmoadapted at 4%
NaCl, which the roughly 10-fold increment was significantly under the evaluated conditions
(Fs,15=10477.33; p<0.0001, Figure 5.3).

Figure 5-3: Accumulation of K. radicincitans DSM16656" DNA in inoculated radish plants
with amidated pectin dried beads. Effect of pre-conditioning of K. radicincitans DSM16656"
in culture media by osmoadaptation at 1% NaCl, at 4% NaCl, and 4% NaCl + hydroxyectoine
[1 mM], on relative gene expression in plant tissue. Different letters above bars indicate
significant differences of treatments according to Tukey post hoc test at p<0.05, (means +
SD, n=4).
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5.3.5 Encapsulated bacteria and radish seedlings interaction:
GFP-tagged bacteria approach

Multiple samples were checked under fluorescent microscopy and nearly all inoculated
plants were colonized. In vitro assessments suggested that the immobilization in amidated

pectin beads allowed the successful colonization of plant tissues by the endophyte through
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firstly the bead adhesion to the roots and the chemotaxis events, and further establishments
onto root surface, root hairs and secondary roots for slow release (Figure 5.4, Figure 5.6). In
Figure 5.4, the mapping of chemotaxis of encapsulated K. radicincitans DSM16656" cells
was evident, since GFP fluorescence images demonstrated the activation of beads, the
localization of high bacterial density and the cells movement towards radish seedlings roots.
Therefore, without a chemical gradient, flagella rotates with no overall directional
movement. Upon chemical gradient or attractant existence, the length of run is extended
(Figure 5.5).

The early bacterial colonization stage on epidermis plant tissue was ubiquitous and evident
in Figure 5.7 and Figure 5.10. In general, the bacterium utilizes cell junctures and

intracellular spaces as microcompartments for colonization.

The formation of bacterial aggregates within the beads, either moist or dried (Figure 5.8 B-
D) along plant interaction is quite impressive, since these aggregates of around 10 um were
also observed in both colonization stages, forming biofilms after seed sprouting in either
roots hairs (Figure 5.8 A-B) and upon emerging secondary roots (Figure 5.9). At 48 h post-
inoculation, bacteria released from the beads formed a biofilm on the root surface, near root
hairs and onto cell maturation regions (Figure 5.6 B, Figure 5.8 C-D, Figure 5.9 D). Similar
plant colonization patterns were observed in previous investigations, using poplar endophyte

in maize seedlings (Kandel et al. 2017)

Figure 5-4: Mapping of the chemoattraction effect of K. radicincitans DSM16656™ GFP-
tagged cells encapsulated in pectin beads. Left column represents blue reflectance images.
Right column represents GFP fluorescence images A) Control beads without K.
radicincitans. B) Beads with K. radicincitans DSM 16656 " pre-conditioning at NaCl 1% C)
Beads with K. radicincitans pre-conditioning at NaCl 4%. D) Beads with K. radicincitans
DSM16656" pre-conditioning at NaCl 4% + hydroxyectoine [ImM]. Color bar indicates
emitted light intensity for both image types.
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Figure 5-5: Transmission electron microscopy (TEM) images of K. radicincitans

DSM166567, showing their peritrichous flagellar apparatus and chemotactic behavior.
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Figure 5-6: A. One-week-old radish seedling interacting with amidated pectin beads from
the seed, sampling during the glasshouse assays. B. Interaction of encapsulated bacteria cells
in amidated pectin dried beads with radish seedlings (gnotobiotic system), phase-contrast
microscopy approach (EVOS® XL core, Life Technologies). K. radicincitans DSM16656"
colonizing root hairs and secondary root surface 4 dpi. Scale bar: 5000 um.
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Figure 5-7: Radish seedlings (gnotobiotic system) colonization by encapsulated bacteria
cells in amidated pectin dried beads. Inverted imaging system for four-color fluorescence and
transmitted-light applications approach (EVOS® FL, Life Technologies). GFP-tagged - K.
radicincitans DSM16656" cells colonizing lateral root surfaces (A, B, D) and secondary roots

(C) 4 dpi. Scale bar: 1000 um.
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Figure 5-8: Amidated pectin-encapsulated GFP-tagged K. radicincitans DSM16656" cells
after 24 h of growth. Beads were cut in half [Sliced 20 um, CM 1800 microtome (Leica
Instruments, Nussloch, Germany)], and images were acquired with an inverted microscope
(EVOS® FL, Life Technologies). Scale bar: 1000 pum.
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Figure 5-9: Confocal laser scanning micrographs showing the inner colonization of radish
seedlings by encapsulated K. radicincitans cells expressing eGFP. A. Bacterial aggregates
formation inside and at the edge of amidated pectin bead [Sliced 20 um, CM 1800 microtome
(Leica Instruments, Nussloch, Germany)]. B. Amidated pectin-encapsulated GFP-tagged K.
radicincitans DSM16656" colonizing root hairs by forming aggregates 4 dpi.
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5.4 Discussion

Exploitation and manipulation of beneficial bacterial endophytes can be a sustainable
alternative to cope with the demanding eco-friendly and productive agriculture. The
formulation of bacterial endophytes candidates can enhance the bio-prospection of this
emerging low-input strategy. The potential of formulation approaches of endophytic bacteria
as wettable powder (Cheng et al. 2015), pellets (Hu et al. 2011), gel-based inoculants (da
Silva et al. 2012) and foliar sprays (Bejarano et al. 2017) for applying as plant growth
stimulators or biocontrol agents has been demonstrated. However, a few numbers of studies
have dealt with the entrapment or encapsulation of endophytic bacteria as proper application
technology (Oteino et al. 2015; Lally et al. 2017), using mainly the coating of seed by a
bacteria-calcium alginate mix. Herein, this research section extends the knowledge for
applying pre-conditioned cultivation and further cells encapsulation by ionic gelation as an

alternative to formulate these endophytes.

Though the evident capability of the endophyte K. radicincitans DSM16656" to promote
radish growth, results suggest that the integration of osmoadaptation of bacterial cells during
the cultivation and the uptake of advantageous compatible solutes such hydroxyectoine are
beneficial to the endophytic activity. Noteworthy, both environment variations during growth
may lead to greater phenotypic plasticity (Schulz and Boyle, 2005). Thereby, previous studies
discussed the beneficial effects on bacteria endophytes caused by salt stress and the uptake
of hydroxyectoine, including metabolic reordering and enhancements of phosphatases
activity (Cruz et al. 2019).

The amidated pectin-entrapment is a promising alternative to support plant colonization by
bacterial endophytes. Hence, encapsulated K. radicincitans DSM16656" cells in dried
amidated pectin beads maintain the capability to colonize radish plants. Nevertheless, the
negative influence of beads number on endophytic capabilities could be due to the higher
stress than the beads would exert on seed, which would limit its space to germinate. Indeed,
the relative high bead hygroscopicity (see Chapter 4, Figure 4.6) may cause a dehydration
phenomenon, by sequestrating the water located immediately in the vicinity of the seed.
These findings are valuable knowledge for the successfully endophytic-bead formula

application.
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Regarding plant growth-promoting performance, entrapped cells provided outstanding
positive radish-yields. These findings are comparable to Berger et al (2015), who reported
weight increments from 20 to roughly 50 % in tuber and leaves, applying either seed-
inoculated or two-leaf sprayed plants with fresh cultivated cells. Here, it is important to point
out that these results were achieved by using dried beads, since it is clear that encapsulation
of cells and drying intrinsically depressed motility, which is highly implied with the plant
interaction and colonization. Besides, dried beads may require a longer time to establish to
swell and to uptake water for the surroundings, providing porous within the gel-matrix
facilitating the increment of internal aw for K. radicincitans DSM16656" cells multiplication
(Young et al. 2006).

Osmoadaptation as sub-lethal pre-conditioning procedure as well as the addition of
osmolytes could modify the identity and functioning of metabolites that bacteria cells
produce, supporting the competitiveness and the establishment in the rhizosphere before
colonizing the plant endosphere (see Chapter 6). Hence, osmotic unbalanced can modify
mechanisms of quorum sensing (QS), quenching (QQ) or extracellular polymeric substances
(EPS) during the formation of biofilm and further signaling steps with the plant, during the
microbiome and endophytic establishment (Dulla and Lindow, 2008; Vu et al. 2009; Bacon
and White, 2016). Thus, small groups of cells aggregates and biofilm formation, mediated
through QS provide advantages to capitalize on favorable environments or withstand

stressful conditions (Dulla and Lindow, 2008).

The successful establishment of the embedded endophytic bacterium could also be due to the
indirect mechanism provided by the additives into the bead. Since pectin is one of the major
components in plant cells walls and it is suggested that it might serve as an environmental
factor in the stimulation of bacterial biofilm formation during plant colonization, mimicking
natural conditions (Deboy et al. 2008; Wu et al. 2015). In Chapter 4, it was demonstrated
that the amidated pectins with a high content of galacturonic acid could provide an
advantageous nutrient source for endophytic bacteria, supporting the early establishment in
the soil. Indeed, K. radicincitans DSM16656" can encode for pectinases secretion and
utilizes D-galactose precursor of D-galacturonic acid as sole carbon source (Kampfer et al.

2005a; Becker et al. 2018). Moreover, other studies in spruce provide evidence of D-
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galacturonic acid and D-sorbitol utilization as a trait for contributing to the endophytic
lifestyle and proliferation in highly reducing microsites in plants thereafter (Shishido et al.
1999; Yang et al. 2017). Besides, amidated pectin beads have also successfully used as a
carrier for delivering fungi endophyte in potato plants (Krell, Jakobs-Schoenwandt, Vidal et
al. 2018).

Pectin as biopolymer for entrapping bacteria could trigger the enzymatic arsenal of the
bacterium, since the early barrier encountered of this polysaccharide may mimic natural
conditions and activate the plant cell wall-degrading apparatus, including the secretion of
endopolygalacturonase and pectin esterases to degrade the backbone of a-D-galacturonic
acid, which are considered as physiological traits in endophytes (Walitang et al. 2017).
Likewise, other critical enzymes that K. radicincitans DSM16656" could encode for
facilitating plant colonization are glycoside hydrolases (>127 proteins), B- glucosidases,
mannosidases, galactosidases and glucanases (Deboy et al. 2008; Yang et al. 2017; Becker
et al. 2018).

Althoght there were not significant differences in radish yields by applying control beads,
considering the other components within the bead, the monosodium glutamate can serve as
a nutrient source for plant bio-stimulation, enhancing soil microbial activity and soil
respiration (Singh et al. 2009). For bacterial cells, glutamate may act as an alternative
electron acceptor in beads, facilitating the growth in oxygen-depleted zones and further the
whole activation into pectin networks. On the other hand, the cross-linker calcium gluconate
could convert to gluconic acid under low pH, which is one of the most essential acids
involved in the phosphorus solubilization by PGPBs (Lin et al. 2006; de Werra et al. 2009),
including Pseudomonas endophytes (Oteino et al. 2015). Taking into account that bead
components may modify the nutrient niche of root surfaces and subsequent soil microbiome,
they could influence the switch of K. radicincitans DSM16656" from bead- rhizosphere to
endophytic lifestyles, altering radish carbon metabolism including secondary metabolites
such glucosinolates and inducing priming of defense responses (Brock et al. 2013; Brader et
al. 2014; Saminathan et al. 2018).

In line with biomass production of radish plants, the plant colonization by entrapped cells

increased with the presence of intracellular hydroxyectoine in K. radicincitans DSM16656"
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cultivation, in which the roughly 10-fold increment was significantly under the evaluated
conditions. Similar results are described with free-living cells in Chapter 3. This finding
indicates that plant colonization improved by synergistic effects of pre-conditioned cells by
osmoadaptation and formulation performance. The amassing of hydroxyectoine during
cultivation may support the formation and persistence of the endophyte in plant tissue, since
this osmolyte may confer protection from osmotic stress during biofilms formation (Mosier
et al. 2013). Noteworthy, as elucidated in this research (Chapter 3), the hydroxyectoine
incorporation provides to bacterial cells advantages such as the up-regulation of acid

phosphatases and an acidic proteome.

Imaging microscopy and multispectral fluorescence imaging show the colonization patterns
of encapsulated GFP-tagged K. radicincitans DSM16656" strain in radish seedlings. Thus,
bacterial cells entrapped in pectin beads can colonize early plant tissue and show endophytic
life-style by two main ubiquitous pathways. First through root hairs during the first stage of
root development: in contact to beads, root hairs establish mainly nearby the frontiers of
growth out the bead and eventually into the bead by multiple adhesions entrance events
(Figure 5.7 B). In these zones, K. radicincitans DSM16656" cells are predominant planktonic
cells and forming aggregates thereafter. The epidermis-root cracks events potentiate

colonizing sites for bacterial proliferation (Figure 5.10 C).

Secondly, entrapped K. radicincitans DSM16656" cells are capable of colonizing the
secondary roots, either the region of cell maturation (the basis) or the root cap (the tip)
reaching the cortical tissue (Figure 5.10). This mechanism occurs during the second stage of
root development. Interestingly, secondary roots penetrate the bead matrix and they can
establish into it. These advantageous sites for colonization are facilitated by the junction
where lateral root emerges through the endodermis, the cortex and the epidermis (Figure 5.10
D) (Witzel et al. 2017). Surprisingly, K. radicincitans DSM16656" aggregates-like colonize
endosphere compartments as xylem, indicating a wider cells-plasticity for interacting within

the variable plant tissues micro-environments (Figure 5.11 A-B).

From the plant side, at one-week-old seedlings stage, the metabolism dominance of radish
included amino acids, the terpenoids, nucleotides and the biosynthesis of secondary

metabolites. These molecules and the glucosinolates (GLS) accumulation may drive the gate
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opening for K. radicincitans DSM16656" cells entrance and persistence (Mitsui et al. 2015).
Unlike, carbohydrate metabolism is not enriched before 14 days during root thickening. In
addition, genes related to stress and stimulus responses, are most enriched at the early
seedling stage (Mitsui et al. 2015).

Figure 5-10: Confocal laser scanning micrographs showing the inner colonization of radish
seedlings by encapsulated K. radicincitans cells expressing eGFP. A. K. radicincitans
DSM16656" colonizing secondary root epidermis 4 dpi. B. K. radicincitans DSM16656"
colonizing root hairs 4 dpi. C. The endophytismus is facilitating by root cracks in secondary
roots. D. K. radicincitans DSM16656" colonizing junction generated by the lateral root
emergence. Scale bar: 20 pm.
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Figure 5.11A illustrates the second stage on bacterial colonization, which involves the
migration and proliferation from the high populated epidermis into the endodermis and
further reaching the xylem. The bacterial aggregates observation into xylem and stele tissues
are surprising, since this is the first report that revealed this aspect from previously entrapped
cells (Figure 5.11B).
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Figure 5-11: Confocal laser scanning micrographs showing the inner compartments
colonization of radish seedlings by encapsulated K. radicincitans DSM16656" cells
expressing eGFP. A. Bacterial aggregates forming biofilm to colonizing epidermis and
moving towards endodermis tissue. B. K. radicincitans DSM16656" colonizing stele-xylem
tissue within the plant endosphere, and the presence of bacterial aggregates. 4 dpi C. Scale

bar: 20 um.
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Here, it is observed that K. radicincitans DSM16656" aggregates embedded into the bead
proliferated and migrated through the bead material, colonizing the secondary root.
Surprisingly, since groups of cells were detected at depths > 100 um, bacterial aggregates
localization were not restricted to the bead borders, where the oxygen concentration would
be higher (Sonderholm et al. 2017). This suggests that the facultative capability of this
endophyte allowed the anoxic growth and the entire exploitation of bead structure, favoring
the proliferation through the redox gradient between anoxic sites and the microaerobic
arenchymatic tissue environment (Sessitsch et al. 2012). Altogether, pectin hydrogels can be
considered as an in-vivo-like biofilm system, diffusion-limited, wherein bacterial endophytes



160 Development of an integrated fermentation and formulation approach

for the endophytic bacterium Kosakonia radicincitans

growth exhibits central features of in-vivo biofilms showed during plant colonization (Figure
5.9A-B).

Since the fluorescence images showed higher GFP intensities in the beads frontiers pointed
to the radish roots, it seems to be that the driven force of entrapped K. radicincitans
DSM16656" cells to swim towards seedling tissue is the root exudates that diffuse to the
neighborhood of the bead. Thus, the induction of chemotactic response of bacterial
endophytes to root exudates has been reported (Bacilio-Jimenez et al. 2003) and is presented
as the first step for colonizing the rhizoplane region (Ray et al. 2018). Although all beads
containing bacteria endophyte showed chemotactic activity, the images of pre-osmoadapted
cells with hydroxyectoine suggested that these cells might have advantages for sensing the

roots exudates.

Questions remain regarding this hypothesis, to delve into the capability of osmotic stress to
modify flagellar apparatus, metabolite profile and quorum sensing in bacteria endophytes
(Sessitsch et al. 2012; van Kessel et al. 2015). Noticeably, with this study, the use of
multispectral-kinetic fluorescence imaging emerges as an applicable methodology for

targeted analysis of GFP-tagged bacterial endophytes and plant host interaction.

5.5 Conclusions

Analysis of the data provides evidence that physiological modifications by osmotic stress,
the accumulation of compatible solutes during cultivation and the entrapment of these pre-
conditioned cells in pectin-base hydrogel networks enclosed a feasible strategy to improve
bacterial endophyte-host interactions. For the first time, a successful endophytic activity of
K. radicincitans DSM16656" cells encapsulated in amidated dry pectin beads was
demonstrated. Besides, there is a gain of knowledge considering the elucidation of entrapped
bacterial cells capability to proliferate as aggregates and migrate through the biopolymer
matrix, colonizing plant tissues and promoting radish growth under glasshouse conditions.
The phenotypic plasticity of K. radicincitans DSM16656" triggered by osmoadaptation and

exogenously provided hydroxyectoine during cultivation persists in entrapment cells for
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increasing plant bio-stimulation and endophytic performance. These findings give advances

in plant growth-promoting bacterial endophytes inoculant technology.
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6. CHAPTER 6. METABOLIC PROFILING
RESPONSE OF K. radicincitans DSM16656": TO
OSMOTIC STRESS AND
HYDROXYECTOINE, ASSOCIATED WITH
DRYING SURVIVAL AND PLANT
COLONIZATION
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6.1 Introduction

System biology science embraces four key technologies such as genomics, transcriptomics,
proteomics, and metabolomics. All the approaches are in a state of expeditious expansion in
Gram-negative bacteria endophytes (Kaul et al. 2016). The metabolite profiling and
multivariate data mining is a robust way to categorize samples and to reveal critical
metabolites responsible for specific processes. Here, this technology was applied to verify
the hypothesis that K. radicincitans DSM16656" cells with and without osmoadaptation and
hydroxyectoine addition have different metabolic signatures, and those metabolic alterations
are involved directly and indirectly on cell drying survival and endophytic colonization

capability as was shown in chapters 3, 4 and 5.

Though K. radicincitans DSM16656" can fix atmospheric nitrogen (Ruppel and Merbach,
1995), solubilize rock phosphate (Schilling et al. 1998) and even product quality (Berger et
al. 2017), the potential use of this endophyte as a commercial bio-stimulator is under
significant challenges. Hence, this Gram-negative bacterium presents a low resistance for
drying, and it is still unknown how the organism adapts to high osmotic environments.
Noteworthy, metabolomics regarding the response of endophytes to osmotic stress and

compatible solutes is an unknown topic.

So far, few studies have dealt with anhydrobiotic engineering in PGPBE to confer tolerance
for drying (Berninger et al. 2018). Thereby, there is currently no study on the influence of
exogenously compatible solutes during the osmoadaptation in bacterial endophytes and
ensuing drying survival. Besides, few studies on metabolic profiling responses by exogenous
addition of compatibles solutes in bacteria have been carried out, including the addition of
L-proline on Tetragenococcus halophilus for revealing differences in TCA cycle and amino
acids profile (He et al. 2017), and the insights into metabolic osmoadaptation of the ectoine
producer Chromohalobacter salexigens (Piubeli et al. 2018). However, there are no studies
regarding Gram-negative bacterial endophytes and metabolic profiling upon salt stress and
exogenously supplied hydroxyectoine. Furthermore, the protective mechanism of osmolytes

such as hydroxyectoine upon salt stress is partly understood. Therefore, to elucidate the
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desiccation protective effects and the re-routing of metabolic flux upon hydroxyectoine
addition and salt stress, the metabolic responses of hydroxyectoine-added K. radicincitans
DSM16656" cells were analyzed, using a high-throughput analytical gas chromatography-
mass spectrometry (GC-MS) approach.

Plant colonization by endophytic bacteria is a complex process that involved five distinct
stages: (1) recognizing root exudates and motility towards the plant, (2) attachment to the
roots surface, (3) biofilm formation, (4) root surface penetration and (5) plant endosphere
colonization (Kandel et al. 2017). Each multidimensional interaction is mediated by specific
biomolecules. In order to determine how these biomolecules are acting, it is crucial the
‘omics’ integration approaches (Kaul et al. 2016), since the majority of the research treated
with the physiological alteration responses in plants (Sessitsch et al. 2012; Brader et al. 2014;
Becker et al. 2018). There is a knowledge gap within revealing the metabolic alterations in
osmoadapted-endophytic cells that support plant establishment. Besides, some studies on
endophytic plant biostimulant bacteria revealed contradictory outcomes suggesting strain
dependence background.

Physiological machinery involved in the multidimensional mechanism for colonizing plants
include, the amassing of favorable carbon and nitrogen sources, the chemotaxis proteins
(MCPs), the amino acids associated with the membrane-bound histidine-kinase, cell-wall
enzymes, and the regulation of specialized proteins for biofilm formation, among others
(Borland et al. 2016; Pinski et al. 2019).

In this research, previous results demonstrated that osmoadaptation and the hydroxyectoine
uptake provide to K. radicincitans DSM16656 cells a higher drying tolerance and stimulate
the endophytic colonization capability in radish plants. Altogether, is tentative to hypothesize
that pre-conditioning of bacteria cells by growing them at high salinities and providing
exogenously hydroxyectoine during the adaptation in culture media protects bacterial cells
could shift metabolic profiling, increasing the drying survival and supporting plant
colonization performance. Thus, by metabolic profiling and data mining analysis, this study

section aimed at determining the influence of cells pre-conditioning procedures in K.
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radicincitans DSM16656" on its metabolic signatures associated with drying survival and

physiological endophytic machinery.

6.2 Materials and Methods

6.2.1 Biomass samples preparation for metabolic profiling

The relative levels of metabolites in K. radicincitans DSM16656" cells during the
exponential phase were assessed in an untargeted approach. Intracellular metabolites
extraction and gas chromatography-mass spectrometry (GC-MS) analyses were conducted
as follows: a culture volume of 2 mL of bacteria at exponential phase at ODgoo ~0.6 were
harvested by fast centrifugation for 1 min at 15000 rpm (Mikro HT 200R, Hettich GmbH &
Co. KG, Tuttlingen, Germany) and the pellet was rapidly quenched in liquid nitrogen until
further processing. After quenching, samples were freeze-dried (Christ GmbH, Osterode am
Harz, Germany) overnight. Metabolites extraction was conducted according to the procedure
described by Plassmeier et al. 2007. In particular, ~ 5 mg of dried biomass was added to 0.5
g zirconia/silica beads (0.5 mm diameter, BioSpec Inc., OK, USA). Further, 1 ml 80% MeOH
was added with ribitol (10 pmol L) as an internal standard. Disruption of biomass was
performed for 3 x 60 s at 6200 min! in a homogenizer (Precellys 24, Bertin instruments,
Montigny-le-Bretonneux, France). The obtained lysate was centrifuged at 19000xg for 5 min
(Centrifuge 5424, Eppendorf AG, Wesseling- Berzdorf, Germany) and 650 pL of the
supernatant was transferred to 1 mL micro reaction vessels (Supelco Inc., CA, USA). In
parallel, one vessel containing 1 mL 80% MeOH/10 uM Ribitol was used as a blank (see
Figure 2.2).

Evaporation of the solvent in samples was ensured at 37°C and nitrogen gas contact for 80
min (Reacti Therm heating and stirring module, Thermo Fisher Scientific Inc., MA, USA).
The derivatization of dried extracts was carried out with the addition of 75 uL of
methoxyamine (20 mg mL™ in pyridine) for 90 min at 37 °C [Sigma- Aldrich GmbH (VWR
International GmbH, Darmstadt, Germany)]. Later, 75 pL N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA) (Macherey Nagel GmbH & Co. KG, Dueren, Germany) was

added for a second derivatization step and the reaction was stirred for another 30 min. Finally,
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the derivatization reaction into the vessels was centrifuged at room temperature at 4000 rpm
for 5 min, (Centrifuge 5810R, Eppendorf AG) and the supernatant fractions were transferred
to HPLC vials with 100 uL inlays (VWR International GmbH) before loading into the GC-

MS autosampler.

6.2.2 GC-MS assessments

GC-MS analysis was conducted on a TraceGC gas chromatograph connected with a PolarisQ
ion trap mass spectrometer and an AS2000 autosampler (Thermo Finnigan GmbH, Dreieich,
Germany) (Plassmeier et al. 2007; Krell, Jakobs-Schoenwandt, Persicke et al. 2018). Briefly,
supernatant fractions were injected at 1 uL volume and 250°C through a 30 m x 0.25 mm
Equity-5 column with a 0.25 um 5% diphenyl/95% dimethylsiloxane coating (Supelco Inc.).
The temperature was maintained at 80°C for 3 min. Further, the temperature profile was
settled at 5°C min™ to 325 °C, acquiring the mass spectra at 4 scans s with a range of 50—
550 m/z. Previous to the next injection procedure, the temperature was adjusted to 80°C and
maintained for 5 min. The integration of peaks in chromatograms was performed using
Xcalibur 2.0 (Thermo Finnigan GmbH). Samples were inspected for the existence of a ribitol
peak (m/z: 217). Metabolite relative contents are expressed in arbitrary units (semi-
guantitative determination). Moreover, metabolite verification was performed via
commercially available standards and the NIST 98 database (NIST, MD, USA). Peak
integration was conducted automatically and normalized to dry biomass weight and ribitol

area.

6.2.3 Metabolome data processing

To obtain deeper insights into the physiological adaptations of K. radicincitans DSM16656"
to sustained hyperosmotic salt stress, the intracellular metabolite levels were measured.
Metabolic data processing and statistical analysis were performed by following the workflow
of MetaboAnalyst 4.0, a web-based comprehensive tool suite for metabolic data analysis

(http://www.metaboanalyst.ca). The data were found to follow normal distribution after data

processing and normalization (internal standard ribitol). These data were used for two

exploratory multivariate analysis techniques, unsupervised Principal Component Analysis


http://www.metaboanalyst.ca/
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(PCA) and supervised Partial Least Square-Discriminant Analysis (PLS-DA) for selecting
essential features. Intrinsic variation of data and outliers detection was performed using the
2D score plot of the PCA, and the class discrimination was analyzed using score plot of PLS-
DA. Performance of PLS-DA model was measured using two parameters, R2 and Q2 and
cross-validated by permutation test (Xia et al. 2009; Xia et al. 2012; Xia et al. 2015). R2 is
defined as the proportion of variance in the data explained by the model. It represents the
total explained variation in the data and indicates goodness of fit. Q2 is defined as the
proportion of variance in the data predictable by the model. It describes the extent of
separation between the classes and indicates the predictability of the model. In the case of an
ideal model, R2 and Q2 should reach 1 (Joghee and Jayaraman, 2014). Significantly
contributing metabolites were identified using the variable importance in projection (VIP),
which was calculated on the weighted sum of the squares for the partial least squares (PLS-
DA) loadings (Farres et al. 2015).

For metabolic pathway analysis, Kosakonia radicincitans GXGL-4A (krd 283686-Kyoto
Encyclopedia of Genes and Genomes- KEGG) was selected as a model. Escherichia coli K-
12 MG1655 was selected for pathway enrichment and pathway topological analysis in
MetaboAnalyst 4.0 platform. The p-value (from pathway enrichment analysis) indicates the
statistical significance of association of the altered metabolites with the pathway and pathway
impact value (from pathway topological analysis) is calculated as the sum of the importance
measures of the matched metabolites normalized by the sum of the importance measures of

all metabolites in the pathway (Joghee and Jayaraman, 2014).
Statistical analysis

Data were analyzed using the SPSS Statistics v.22 software (SPSS, Chicago, IL). Data were
inspected for normality and homogeneity of variance using Shapiro-Wilk's and Levene's test,
respectively. Means were tested for significant differences by one-way analysis of variance
(ANOVA) followed by a Tukey post hoc test. The level of significance was set at p<0.05.

Percentage data on drying survival were arcsine transformed before statistical analysis.
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6.3 Results

6.3.1 Metabolome response to hyperosmotic salt stress

To elucidate the physiological changes conferring enhancement on drying survival in
bacterial cells after osmotic stress, a non-targeted metabolomics to investigate the global
metabolic responses of the PGPR endophyte K. radicincitans DSM16656" to salt stress were
performed. More than 70 metabolites were identified by comparing to their corresponding
mass spectra in the user-generated database and their retention time values. The spectrum of
metabolites identified comprised sugars, organic acids, sugar alcohols, polyamines, and
amino acids. Principal components analysis (PCA) for the intracellular metabolites showed
a significant alteration caused by the osmotic stress (Figure 6.1 A). No outliers were detected
by PCA at 95% confidence. The PLS-DA scores for each replicates disclosed three well-
separated clusters, where the unstressed conditions at 0% NaCl controls had negative t1
scores and the cells subjected to extended osmotic stress at 4% NaCl had positive t1 scores
as illustrated in Figure 6.1 B. The model was significant with R? =0.9817; Q>=0.84722
indicating substantial changes in the metabolic pools under salt stress. Metabolic profiling
analyses revealed that prolonged exposure of K. radicincitans DSM16656" to osmotic stress
at 4% NaCl resulted in substantial changes in cytoplasmic energy metabolism-associated
metabolites, including pyruvate and organic acids such as fumaric acid and L-malic acid, as
well as sugars and polyols such as galactose, trehalose, mannitol and myo-inositol (Figure
6.2 A).
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Figure 6-1: A. PCA scores plot and B. Partial least squares discriminant analysis PLS-DA
score plot for the detected metabolites during osmoadaptation and by adding hydroxyectoine
[ImM].
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The contribution of the variables was determined by interpreting the variable importance in
projection (VIP) score, which is estimated from the weighted sum of the square for each PLS-
DA loadings for each component. Within the twenty most important variables identified by
VIP scores > 1.9, L-aspartate, malate, trehalose and mannitol were established as metabolites

that contributed significantly to the class separation of osmotic stress levels (Figure 6.2 A).

The alterations in the cellular levels of central metabolic-pathway metabolites were analyzed
for all K. radicincitans DSM16656" cultivations to elucidate a unified response to osmotic
stress. The trend observed for these putative altered metabolites levels and related pathways
during salt-stress is summarized in Table 6.1. Particular attention was paid in investigating
the levels of compatible solutes and their precursors concerning the salt concentration. Thus,
following the increased extracellular osmolarity, the relative abundance of L-aspartate,
mannitol and trehalose increased significantly (p <0.05) to 11.07, 66.84 and 65.12-fold
respectively, in the K. radicincitans DSM16656" cytoplasm (Figure 6.2 C). Interestingly, the

relative abundance of TCA cycle intermediates such as pyruvate, fumarate, malate and citrate
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tends to increase upon salt stress (Figure 6.3). Besides, at high salt concentrations, elevated
pool contents of L-asparagine and L-glutamine with 3.49 and 2.98-fold change were
measured. Unlike, for some aromatic amino acids such as L-histidine, L-tyrosine, L-

phenylalanine and L-tryptophan a considerable drop in the relative abundance at DM 4%
NaCl was detected.
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Figure 6-2: Variable importance in projection (VIP) plot displays the top 20 most important metabolite features identified by PLS-DA.
The colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each group under study. A. During
osmoadaptation from no amended media DM to 4% NaCl. B. Upon addition of hydroxyectoine [ImM] at 4% NaCl amended media. C.
Box-whisker plots of relative abundance concentrations of important metabolites in PLS-DA model: L-aspartate, mannitol, trehalose

and myo-inositol. Asterisks indicate the level of statistical significance (p < 0.05; n >4).
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Table 6-1: Intracellular metabolites of central metabolic pathways up-regulated or down-

regulated with increasing salt concentration (NaCl) in K. radicincitans DSM16656"

Putative metabolites Related pathway

Up- regulated
Amino acids

L-Aspartate Alanine, aspartate  and
glutamate metabolism

L-Glutamate Glutathione degradation and
glutamate metabolism

Sugars and polyols

Fructose-6P Phosphate pathway
Glucose- 6P Phosphate pathway
Trehalose Trehalose biosynthesis, D-

glucose 1P => trehalose

Mannitol Mannitol biosynthesis
myo-Inositol myo-inositol metabolism
Organic acids Pyruvate Pyruvate metabolism,

tricarboxylic acid

Glycolysis (Embden-
Meyerhof pathway), glucose
=> pyruvate

Malate Tricarboxylic acid
metabolism

Glyoxylate metabolism

Citrate Tricarboxylic acid
metabolism

Glyoxylate metabolism



174

Development of an integrated fermentation and formulation approach

for the endophytic bacterium Kosakonia radicincitans

Down- regulated

Amino acids

Others

Fumarate

L-Histidine

L-Methionine

L-Lysine

L-Phenylalanine

Pyruvate metabolism

Glyoxylate metabolism

Histidine biosynthesis,
PRPP => histidine

Histidine degradation,
histidine => N-
formiminoglutamate =>
glutamate

Methionine  biosynthesis,
aspartate => homoserine =>
methionine

Methionine degradation

Lysine biosynthesis,
succinyl-DAP pathway,
aspartate => lysine

L-Phenylalanine
biosynthesis

Citrulline-Ornithine-Arginine Arginine  and proline

metabolism

Urea cycle
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Figure 6-3: Comparison of levels of glycolysis and TCA cycle pathway intermediates in K. radicincitans DSM16656" under salt stress

and upon addition of hydroxyectoine. Asterisks indicate the level of statistical significance (p < 0.05, n = 8) in comparison with the
control DM amended at 4% NaCl. GA3P, glyceraldehyde 3-phosphate; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; PEP,

phosphoenolpyruvate
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6.3.2 Metabolome response to hyperosmotic salt stress upon
hydroxyectoine uptake

The presence of hydroxyectoine during the osmoadaptation altered the abundances of
metabolites throughout their metabolic networks. PCA plot detected no outliers at 95%
confidence (Figure 6.1 A). The addition of hydroxyectoine led to a new cluster within this
PCA plot (4% NaCl + hydroxyectoine), which is distinguished from the cluster with 4% NaCl
mainly by positive PC2 scores. Similarly, the PLS-DA plot revealed four separated clusters,
corresponding to the media amended with NaCl [0, 1, 4%] and the additional treatment with
hydroxyectoine. Here relative to 4% NaCl, the direction of separation by addition of
hydroxyectoine is along with component 1, suggesting that cells with the presence of the
osmolyte were metabolically different (Figure 6.1 B). Looking at the VIP scores (Figure 6.2
B), mannitol, L-lysine, L-asparagine and L-histidine were identified as the main metabolites
contributing to class separation. Remarkably, L-aspartate showed a high VIP score in
combination with a significant reduction in relative abundance with the inclusion of

hydroxyectoine to the medium at 4% NacCl.

The uptake of hydroxyectoine during bacteria growth at DM 4% influenced the relative
abundance of the majority of TCA intermediates, such as pyruvate, malate, succinate and
citrate (Figure 6.3). Besides, significant changes (p<0.05) in most of the detected intracellular
amino acids in K. radicincitans DSM16656" cells were observed upon hydroxyectoine
addition. Hence, exogenously supplied hydroxyectoine led to a significant fold change in the
pools of L-asparagine, L-proline, L-serine, L-glutamate, L-homoserine, L-methionine, L-
leucine and the urea cycle intermediates citrulline-ornithine-arginine (Figure 6.4; Figure 6.5
A-B). However, the addition of hydroxyectoine induced a drop in relative abundance levels
of aromatic amino acids such as L-phenylalanine and L-tryptophan, as well as the reduction
of the arginine-proline metabolism intermediate N-acetylornithine. Likewise, it was notable
that levels of L-lysine, L-aspartate and L-glutamine decreased in the hydroxyectoine-added
cells (Figure 6.4; Figure 6.5 A-B).
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Figure 6-4: Box-whisker plots of selected amino acids with significant changes along with

salt stress and the addition of hydroxyectoine in K. radicincitans DSM16656" cells
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Figure 6-5: Effect of exogenous hydroxyectoine addition on amino acid metabolism in K. radicincitans DSM16656" under salt stress.
A. Schematic diagram of amino acid metabolism observed in K. radicincitans DSM16656, dark and light grey boxes indicate positive
and negative fold changes after the addition of hydroxyectoine respectively B. Metabolic profile of amino acids under salt stress. Fold

change represents the ratio of amino acid content in the hydroxyectoine-added cells and control cells in DM at 4% NaCl, (p <0.05; n
>4).
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6.3.3 Metabolomic pathway analysis

Pathways altered during salt-stress were identified using MetaboAnalyst platform. The
summary of the pathway analysis is shown in Figure 6.6. This topology analysis estimates
the importance of a metabolite within a metabolic network. Node color and size are
indicative of p-value significance and pathway impact, respectively. Pathways with an
impact value >0.4 which is the cut-off that satisfied the condition of p < 0.05 were identified
as essential for analysis (Du et al. 2016). Based on this resolution, the pathways altered
during salt-stress were alanine, aspartate and glutamate metabolism, beta-alanine
metabolism, cysteine and methionine metabolism and fructose and mannose metabolism
(Figure 6.6 A). In contrast, in comparison to the hydroxyectoine-added cells, arginine and
proline metabolism, D-glutamine and D-glutamate metabolism and the pentose phosphate

pathway were down-regulated (Figure 6.6 B).



182 Development of an integrated fermentation and formulation approach
for the endophytic bacterium Kosakonia radicincitans

Figure 6-6: Putative metabolic pathways associated with the salt-stress response of K.
radicincitans DSM16656" cells grown in A. NaCl 4%, B. NaCl 4% + hydroxyectoine
[ImM]. All the matched pathways are represented as nodes. Node colour indicates the
significance based on p-value and node size indicates significance of pathway impact. Key:
1. Alanine, aspartate and glutamate metabolism, 2. Arginine and Proline metabolism, 3.
Pentose phosphate pathway, 4. Pyruvate metabolism, 5. Glycolysis/gluconeogenesis
metabolism, 6. Cysteine and methionine metabolism, 7. Citrate cycle (TCA), 8. Sulfur
metabolism, 9. Glycine-serine and threonine metabolism, 10. Beta-alanine metabolism, 11.
Butanoate metabolism, 12. D-glutamine and D-glutamate metabolism, 13. Nitrogen

metabolism, 14. Fructose and mannose metabolism, 15. Selenoamino acid metabolism.
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6.4 Discussion

Fluctuations in environmental osmolarity and drought tolerance are ubiquitous stress factors
encountered by microorganisms during industrial fermentation and further formulation
approaches. Therefore, it is necessary to develop and understand efficient adaptation
strategies to mitigate the harmfulness of these stress conditions. Among these strategies, the
accumulation of compatible solutes and the addition of exogenous osmolytes to protect cells
against highly osmolar environments are valuable and effective (He et al. 2017; Czech et al.
2018). Molecular and physiological processes that allow bacterial endophytes such as
Kosakonia sp. to withstand salt stress are unknown. Herein, it was used a metabolic profiling
approach to investigate systematically the causes of the positive effects on drying survival,
mediated by grown cells at high salinities and the inclusion of hydroxyectoine in amended

media.
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6.4.1 Changes in metabolic profiling in K. radicincitans DSM16656"
associated with a higher drying survival
K. radicincitans DSM16656" cells grown in low aw-media altered ionically with NaCl, pose
superior drying tolerance in comparison to cells grown in an unmodified basal medium (see
4.3.1 section). In Chapter 4, apart from the salt-in and salt-out strategies (Kempf and Bremer,
1998; Czech et al. 2018), it was hypothesized that osmoadapted cells undergoing intra-
metabolic shifts, which may confer to the cells higher drying survival. This explanation is
here supported by the metabolic profiling findings, where high levels of osmolytes such as
mannitol, trehalose, myo-inositol, L-glutamate and L-aspartate were detected at elevated

salinities.

Beyond the accumulation of trehalose, an effective intracellular drying protector in bacteria
(Tunnacliffe et al. 2001; Reina-Bueno et al. 2012), the accumulation of the polyol mannitol
as an osmoprotectant in K. radicincitans DSM16656" was rather surprising, since formerly
it was found only in a few bacteria to cope with osmotic stress (Sand et al. 2015; He et al.
2017). Thus, mannitol can protect encapsulated bacteria as in Bifidobacterium animalis cells
envelopes against drying stress, by interacting with head groups of lipids, phospholipid
bilayers and protecting secondary proteins (Dianawati et al. 2012). According to the K.
radicincitans DSM16656" genome (Becker et al. 2018), mannitol is probably synthesized
by the reduction of fructose 6-phosphate (F6P) via mannitol-1-phosphate 5-dehydrogenase.
Thereby, we found that the fructose and mannose metabolism and levels of F6P tend to
increase along with osmotic stress and by the addition of hydroxyectoine, boosting the

relative abundance of mannitol.

L-aspartate was found to be the dominant amino acid under regular conditions whose levels
along with L-glutamate increased at higher salinities. This was also disclosed in the pathway
analysis, demonstrating alanine, aspartate and glutamate as one of the major pathways
impacted by osmotic unbalance (Figure 6.6). L-aspartate accumulation was also surprising
since only a few studies upon Gram-negative bacteria indicated this feature (Joghee and
Jayaraman, 2014; Yin et al. 2017). High levels of L-aspartate may confer desiccation
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tolerance to bacteria cells by inserting it in the interfacial region of the bacterial plasma
membrane increasing membrane fluidity (Martos et al. 2007). Moreover, L-aspartate is a
powerful chelation agent playing a role in controlling concentrations of cations such as Ca®*,
Mg?*, Mn?*, Zn?* and Cu?*, for the bacterial survival during extended exposure to osmotic
stress (Sajadi, 2010). Evidence indicates that these cations are involved in the regulation of
a range of courses in Gram-negative bacteria, including cell division and gene expression as
a reaction to external stimuli (Malek et al. 2012). Altogether, the increment of L-aspartate
levels could benefit K. radicincitans DSM16656" cells desiccation tolerance.

It is noticeably the increase in the TCA-cycle organic acids levels, like pyruvate, malate,
and fumarate. These findings are in line with the impact observed upon salt-stress to the
pyruvate metabolism as shown by the metabolic pathway analysis (Figure 6.6). Similar
results in TCA cycle alteration were found in halophilic bacterial isolates (Joghee and
Jayaraman, 2014). This can be explained by a high-energy demand required to preserve cell
homeostasis at high osmotic pressure, where the cells had to prioritize cell homeostasis over
growth, then the higher energy demand in cells the higher metabolism via TCA cycle. It has
been reported that under stress conditions, energy pool management is the first concern of
cells (Roessler and Muller, 2001). The increment in oxygen consumption in DOT curves

also demonstrates the high-energy demand required to survive at high salinities.

At high salt concentrations, occurred a significant drop in the relative abundance of aromatic
amino acids such as L-histidine, L-tyrosine, L-phenylalanine and L-tryptophan. Since levels
of basic amino acids such as L-lysine and L-histidine drop along with high salinities and
acidic amino acids such as L-aspartate and L- glutamate increased, it is suggested that K.
radicincitans DSM16656" possess intracellular acidic proteins functional at high salinities
(Oren, 2013). The potential acidic proteome in K. radicincitans DSM16656" may be
considered to be correlated with the amassing of KCI to contribute to the intracellular
osmotic balance (Oren, 2013).

The superior drying survival of K. radicincitans DSM16656" cells upon adding
hydroxyectoine during the osmoadaptation procedure probably occurred due to the
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physiochemical features of hydroxyectoine as drying protectant. Thus, hydroxyectoine
decreases water activity coefficients (Held et al. 2010) and provides superior glass-forming
properties and redox stability (Tanne et al. 2014). Besides, hydroxyectoine 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, accelerating cellular repair mechanisms (Harishchandra et al. 2010). These
properties may confer to Gram-negative bacterial cells more extended life stability, higher
desiccation tolerance and protection against drying (Manzanera et al. 2002; Manzanera et
al. 2004; Pastor et al. 2010). However, beyond these findings that gave scarce insights into
the metabolic response of hydroxyectoine added-cells, this study presents a different role of
hydroxyectoine as the trigger of a metabolic shift for providing advantages to cells. Hence,
the impact of osmotic stress and hydroxyectoine on bacteria was explored in more detail on

the levels of carbon metabolites.

The levels of intermediates involved in glycolysis and the tricarboxylic acid (TCA) cycle
were monitored under salt stress. At high salinities, higher levels of glycolytic intermediates
(glyceraldehyde 3-phosphate, PEP and pyruvate) and higher contents of TCA cycle
intermediates (fumarate, citrate and malate) were detected. A more dynamic central carbon
metabolism may provide salt-tolerant bacteria cells with the decisive energy in the form of
ATP and precursors constructing bricks to fuel courses conveying salt tolerance, such as the
biosynthesis of compatible solutes (Sevin et al. 2016b). Conversely, hydroxyectoine possess
stress-relieving properties for alleviating the energy requirements for living at high
salinities, since the levels of TCA intermediates tend to decrease. Though osmoadaptation
is an energy-demanding process in bacteria, generally at higher salinities the enrichment of
compatible solutes in the cytoplasm is energetically substantially less demanding than their
novo-synthesis production (Oren, 2011; Czech et al. 2018). Indeed, the intracellular levels
of trehalose, L-glutamate, L-aspartate and myo-inositol decreased as a response to

exogenous hydroxyectoine in amended media.
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The function of hydroxyectoine as osmotic stress protectants does not seem to be based
exclusively on the extensive intracellular amassing of this compound. Thereby, the
hydroxyectoine uptake by K. radicincitans DSM16656" leads to an increase in the relative
abundance of amino acids such as L-leucine, L-asparagine, L-serine, L-methionine and the
aromatic amino acid L-phenylalanine significantly. The increment of amino acid pools may
contribute to counteracting the osmotic unbalanced and further desiccation tolerance.
Interestingly, an advantageous amino acid such L-proline increased 15.5-fold in the
hydroxyectoine-added cells, enabled by the contraction of L-glutamate accumulation
requirements, which may lead in cells the glutamic acid-glutamic semialdehyde-proline
pathway. The intracellular increment of L-proline may contribute to the desiccation
tolerance in bacteria, since this amino acid may provide protein stability and thermodynamic
advantages to cells, such as reducing and increasing the entropy and free energy of thermal
of unfolding respectively (Prajapati et al. 2007; Mosier et al. 2013).

6.4.2 Changes in metabolic profiling in K. radicincitans DSM16656"
associated with a higher plant colonization ability

Upon osmoadaptation and hydroxyectoine addition, intracellular metabolites in K.

radicincitans DSM16656" could drive the complex plant colonization process.

Biomolecules involved into the bacterial cells proliferation, sensing root-chemotaxis and

biofilm formation could up-regulate, facilitating the entering the plant.

In Chapter 2 (Figure 2.3), the phenotypic fingerprint in Biolog test revealed that the
endophyte utilizes mannitol, trehalose and galactose as advantageous sole C-source. Hence,
in the presence of host plant and upon sensing favorable environmental surrounding bacteria
cells can activate for proliferating. For the halophytic phenotypes at 4% NaCl, the high
relative abundance of metabolites such as mannitol, trehalose, malate, galactose, and
pyruvate can be used by cells to proliferate and activate the machinery towards the
multidimensional interactions within the plant. Thereby, the incidental trehalose
accumulation is described as a competitive feature during the Sinorhizobium meliloti-alfalfa

interactions, acting as an essential carbon reservoir (Jensen et al. 2005). Galactose
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metabolism is also reported as a trait in bacterial root endophytes associated with brown
sarson (Brassica rapa L.) (Padder et al. 2017).

Interestingly, N-sources amassing upon high salinities was in agreement with the nutrient
preferences of the endophyte, thus L-aspartate and L-glutamate relative levels increased.
Apart from the metabolites mentioned above, the hydroxyectoine-added cells increased
glucose-6-P, fructose and gluconate, providing another advantageous C-sources for the
bacterium, that inject additional nutrients during the early activation, the substrate utilization
and colonization stages (Pinski et al. 2019). Regarding favorable N-sources, L-proline and
L-serine concentration increased in osmoadapted (4% NaCl) hydroxyectoine-added cells
concerning the cells without the osmolyte addition.

Enrichment bacterial cells upon osmotic stress, including the intracellular accumulation of
selected amino acids and C-sources, may drive the host-plant interaction, since plants
require essential amino acids, such as L-proline, L-asparagine, L- glutamate, L-serine among
others for their metabolic networks. Then, it is tentative to theorize that high levels of these
biomolecules that eventually bacteria cells may secrete for metabolic exchange, can enhance
bacteria-plant interaction through plant-nitrogen assimilation mechanisms and amino acid
cycling. Thereby, studies in poplar plants suggest that this host tend to amass amino acids

such as L-asparagine and urea along with endophyte interaction (Scherling et al. 2009).

Bacterial endophyte establishment starts with the chemotaxis of free-living cells towards the
roots exudates gradients followed by adhesion to the rhizoplane. Methyl-accepting
chemotaxis proteins (MCPs) play a major role in these first stages (Pinski et al. 2019). These
proteins are linked to a cytoplasmic histidine-aspartate phosphorylating system. According
to the endophyte genome, K. radicincitans DSM16656™ possess methyl-accepting
chemotaxis protein | (serine sensor receptor) and protein Il (aspartate sensor receptor).
Interestingly, the metabolomics data revealed that both amino acids abundance within sensor
receptors increase upon osmotic stress. Besides, low levels of L-histidine in salt-stressed

cells may suggest a high histidine-kinase activity, which is the enzyme that forms a sensory
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complex with MCPs associated with flagellar motors, and it is related to bacterial

homeostasis and stimuli sensing (Borland et al. 2016).

The early attachments on roots are mediated by flagella and pili as well as by specialized
proteins such as curli and hemagglutinins (Mitter et al. 2013; Pinski et al. 2019). Both
proteins are involved within the adhesion of cells on surfaces, cell aggregation and biofilm
formation. Among these, K. radicincitans DSM16656" can produce filamentous
hemagglutinin and it is hypothesized that hemagglutinin activity under 420 mOsmo could

not change by osmaotic strength, according to vaccine influenza studies (Choi et al. 2015).

Mannitol-relative high levels could provide indirect benefits to bacteria for plant
colonization. Hence, comparative genomics studies (Wu et al. 2011), revealed that the
enzyme mannitol dehydrogenase has a beneficial role in several bacterial endophytes, which
effectiveness of the plant defense response via the conversion of pathogen-secreted mannitol
into mannose gives endophytes a competitive advantage in the endosphere. Interestingly, a
gene encoding for mannitol dehydrogenase was found in K. radicincitans DSM16656"
species. The important outcome here is the metabolic re-ordering triggered by osmotic stress
and hydroxyectoine addition, which may indirectly benefit endophyte-host plant interaction

via mannitol biosynthesis.

Pre-conditioning by osmotic stress increase the relative abundance of urea, suggesting an
increment of amino acid catabolism, which lead to the production of ammonia, that tend to
the up-regulation of the urea cycle (Scherling et al. 2009). Additionally, an excessive L-
proline and L-asparagine concentrations into the hydroxyectoine-added cells pools may lead
to catabolism mechanism which triggered additional ammonia boost. Ammonia not only
provides a portion of the nitrogen demand but also potentially stimulates plant defense
against pathogens. Noteworthy, ammonia by Gram-negative bacterial endophytes is an
essential trait for indirect plant-growth promotion (Hassan, 2017; Brigido et al. 2019).
Considering the potential ammonia increments into the colonization microenvironments,
questions remain about how the diazotrophic nature of the endophyte is affecting along with

the cells pre-conditioning.
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Metabolomics approach confirms the proposed metabolic reordering in endophytic cells
exerted at high salinities discussed in Chapter 3. Hence, this research help to decipher the
metabolic traits that are involved in the osmoadaptation and hydroxyectoine uptake of K.
radicincitans DSM16656". These essential results extend the knowledge regarding the
biological response of this endophyte to these stressors and provide insights into the
mechanism for facilitating the plant growth promotion and the endophytic establishment of

pre-conditioned cells.

Questions remain regarding how conservative the acidic proteome in Kosakonia sp. at high
salinities can be, and which genes are involved in such adaptation. Then, further studies
along with other alternative omics would widen the understanding of the underlying cellular
mechanisms in osmoadaptation as a pre-conditioning strategy for enhancing drying survival,

plant growth-promoting effects and endophytic establishment.

6.5 Conclusions

To conclude, substantial alterations in endogenous metabolites pools upon exposure to high
salinity, including elevated levels of mannitol and L-aspartate, play a crucial role in
confering desiccation tolerance to the endophyte K. radicincitans DSM16656'. Metabolic
approaches indicate that bacteria cells adapt to prolonged osmotic stress by altering their
amino acid and TCA cycle pools. Thus, to maintain the osmotic bacteria cells accumulates
hydroxyectoine and/or novo-synthesize compatible solutes and increase intracellular acidic
amino acids pools. These meaningful alterations in metabolite pools and eventual acidic
proteome induce a phenotypic shift as an osmoadaptation mechanism for conferring survival
under desiccation stress and eventually advantages for plant colonization. Metabolic traits
include mannitol, trehalose and galactose accumulation as a competitive feature during
radish plant-interactions. Besides, it was found the amino acid and urea up-regulation for
supporting nitrogen fixing. Finally, this study will encourage anhydrobiotic engineering in
Gram-negative bacteria endophytes, supporting the exploitation of compatible solutes for

developing dryable and more active biological active formulations.
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7.Conclusions and recommendations

7.1 Conclusions

An essential step for implementing PGPBEs within eco-friendly agriculture is the
development of sustainable cultivation and delivery systems. To accelerate this labor-
intensive process, it is necessary to employ novel formulation-processing strategies.
Furthermore, it is critical the understanding of the mode of action and the interaction
between the endophytic bacteria and the formulation-plant system. This doctoral research
pursued the capacity enhancement of the PGPBE Kosakonia radicincitans DSM16656"
strain to colonize plant seedlings, solubilize phosphate and support the drying survival
during formulation processing. This research represents the first comprehensive study for
integrating the pre-conditioning bacteria endophyte cells through osmoadaptation,

hydroxyectoine accumulation and the formulation in an amidated pectin-based network.

K. radicincitans DSM16656" phenotypic characterization revealed its affinity for polyols as
advantageous C-sources, including glycerol and sorbitol. On the other hand, L-alanine, L-
proline and glutamic acid as the most favorable N-sources. After the systematic application
of microfermentation, the obtained cost-effective and glycerol-based liquid media permitted
32-fold increment of cells concentration in comparison to the typically used standard

nutrient broth.

Data evidence showed that physiological alterations in K. radicincitans DSM16656" by
osmotic stress at 4% NaCl and by the accumulation of hydroxyectoine during cultivation
increased phosphate-solubilization ability, particularly acid phosphatases secretion, and to

promote the endophytic root colonization.
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The maintenance of bacterial viability during drying is a critical challenge during
formulation. This research provided proofs that endogenous metabolites pools alterations
upon growing at high salinity, including higher levels of mannitol, L-aspartate and acidic
proteome, support desiccation tolerance to the endophyte K. radicincitans DSM16656".
Besides, after encapsulation in pectin-calcium gluconate hydrogel networks, the
osmoadapted at 4% NaCl and hydroxyectoine-added cells resisted stronger drought

conditions, in comparison to calcium chloride cross-linking.

This work demonstrated for the first time that physiological modifications triggered by
osmotic stress at 4%NaCl and hydroxyectoine-amassing events during cultivation, in
combination with the entrapment of these pre-conditioned cells in amidated pectin beads
enclosed a feasible and innovative strategy, to improve bacterial endophyte-host
interactions. Besides, their unknown capability to proliferate and migrate as aggregates
through the biopolymer matrix and endodermis plant tissue was elucidated.

Osmoadapted cells increase mannitol, trehalose and galactose levels, which according to
their C-source preference could support the activation and further proliferation, boosting
plant colonization events. In the same line, increments on favorable N-sources including
amino acids such as L-proline, L-glutamate, L-serine, and the urea up-regulation could drive
nitrogen-fixing and plant promoting features.

As hypothesized, the integration of cultivation and formulation proceedings target a higher
endophytic capability of K. radicincitans DSM16656". Through the metabolic re-ordering
upon growing at high salinities, the amassing of hydroxyectoine and the entrapment in
amidated pectin hydrogel beads, the endophyte resist significantly drying stress and increase
its plant colonization ability. These data provide evidence that the phenotypic plasticity of
K. radicincitans DSM16656" persists in entrapment cells, for increasing plant bio-

stimulation and endophytic performance.

Finally, this study opens new perspectives to Gram-negative bacteria endophytes,
supporting their exploitation for developing efficient polymeric dryable formulations. These
findings comprise a valuable knowledge upon the inoculant technology can integrate the
cultivation and formulation procedures, to take the step from the laboratory to the field.
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7.2 Recommendations

For future studies, other omics approaches are necessary for integrating the metabolomics
insights found in this research. Genomic, proteomics and transcriptomics can address a step
forward to elucidate more mechanism involved in pre-conditioned bacterial endophytes.
Thus, it would be necessary to generate K. radicincitans DSM16656™ mutants impaired in
synthesis and accumulation of compatible solutes to demonstrate their importance into the
formulation-drying process and further endosphere colonization. Besides, to decipher the
genic response of pre-treated K. radicincitans DSM16656" cells during the interaction with
plant host, under free-living cells and formulated conditions.

Since enzymatic activity in endophytic microorganisms is essential for entering the plant
host, further research is required in order to elucidate the effect of pre-conditioning and
compatible solutes on enzyme secretion. It is recommended specific experiments to
demonstrate the effectiveness of the delivery system strategy for the endophyte under high
salinities in soils. In addition, the shelf life test is required to assay the potentiality of the
pectin-based formulate under different storages conditions. Besides, the influence of
osmoadapted cells on this feature is necessary to establish. Finally, future investigations
could validate the integrated strategy of osmoadaptation and formulation in pectin hydrogel
beads with another Gram-negative bacterium endophyte, to investigate whether this

approach can facilitate the step from the laboratory to the field scale.

7.3 Publications and scientific output

[1] Cruz B, Schoenwandt D, Gomez M, Becker M, Patel A, Ruppel S. 2019. Salt stress
and hydroxyectoine enhance phosphate solubilisation and plant colonization
capacity of Kosakonia radicincitans. Journal of Advanced Research. Doi:
https://doi.org/10.1016/j.jare.2019.03.012

[2] Cruz B, Schoenwandt D, Gomez M, Patel A, Ruppel S. 2019. Anhydrobiotic

engineering for the endophyte bacterium Kosakonia radicincitans by

osmoadaptation and providing exogenously hydroxyectoine. World Journal of
Microbiology and Biotechnology. (Under review)


https://doi.org/10.1016/j.jare.2019.03.012

196 Development of an integrated fermentation and formulation approach
for the endophytic bacterium Kosakonia radicincitans

[3] Cruz B, Schoenwandt D, Gomez M, Serrato J, Patel A, Ruppel S. 2019. A new
formulation strategy for bacterial endophytes: pre-conditioning of cells and the
immobilization in amidated pectin beads. Journal of Biotechnology. (Under review)

International scientific meetings

Poster Presentations

[1] Endophytic plant growth promoting bacterium Kosakonia radicincitans: An
integrated fermentation and formulation approach. Conference: X1V Meeting of the
IOBC-WPRS Working Group Biological Control of Fungal and Bacterial Plant
Pathogens. September 2016, Berlin, Germany.

[2] Entwicklung eines integrierten Fermentations- und Formulierungsverfahrens fur das
endophytische ~ Bakterium  Kosakonia  radicincitans  als  neuartiges
Dingemittel/Poster. Conference: Pflanzenschutz: Effizienz und Vielfalt At:
September 2016, Halle Saale, Germany

[3] Compatible Solutes Accumulation Capacity of the Endophytic Bacteria Kosakonia
radicincitans. Conference: Tropentag-“Future Agriculture: Socio-ecological
transitions and bio-cultural shifts”. September 2017, Bonn, Germany

[4] Encapsulation of pre-conditioned endophytic bacteria in amidated pectin beads. 26"

International Conference on Bioencapsulation. August 2019, Strasbourg, France.

Oral Presentations in International Conferences

[1] Osmoadaptation and compatible solutes accumulation by bacterium Kosakonia
radicincitans enhance its capacity as endophyte in radish plants. Conference: 61.
Deutsche Pflanzenschutztagung. September 2018, Universitdt Hohenheim,
Germany.

[2] Osmoadaptation and hydroxyectoine accumulation enhance endophytism of
encapsulated Kosakonia radicincitans in radish plants. Conference: The Plant
Microbiome, Exploration of Plant-Microbe Interactions for improving agricultural

productivity. November 2018, TU-Berlin, EIGouna, Hurghada, Egypt.



197

Appendix 1: HPLC calibration curves for ectoine
and hydroxyectoine quantification

A. EC 150/4.6 NUCLEODUR® 100-5 NH,-RP column and a UV-detector at 215 nm, at a flow rate of
1 mL min at 30°C accompanied by a column heater and using a solvent gradient established between
eluents A and B (80% ACN in HPLC water).
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Appendix 2: Biolog GEN Ill microplate outcome

D. The “Phenotypic Fingerprint” of K. radicincitans DSM 16656 obtaining with the Biolog GEN 111 MicroPlate analyses. The microwells contain 94

phenotypic tests: 71 carbon source utilization assays and 23 chemical sensitivity assays.

A2 Dextrin + C9 Inosine +++ . . B-Hydroxy-
F3 | L-Galactonic Acid | . Ha D,Lbutyric )
Lactone .
Acid
A3 D-Maltose +++ 0 .
cio | PR s
A4 D-Trehalose +++ Fa D-Gluconic Acid | +++
H5 a-Keto- )
. o . Butyric Acid
A5 D-Cellobiose +++ Cl1 Fusidic Acid +++
F5 D-Glucuronic acid | +++ Acet i
A6 Gentiobiose +++ C12 D-Serine +++ H6 ceAc::?ge ic +
A7 Sucrose +++ D1 D-Sorbitol +++ F6 Glucuronamide ++ H7 Prz\pz:li%nlc +
A8 D-Turanose ++ D2 D-Mannitol +++ F7 Mucic Acid +++ H8 Acetic Acid +++
A9 Stachyose + D3 D-Arabitol - F8 Quinic Acid - H9 | Formic Acid +
Positive . . .
Al0 Control +++ D4 myo-Inositol - F9 D-Saccharic Acid | +++ H10 | Aztreonam +++
All pH 6 +++ D5 Glycerol +++ F10 Vancomycin +++ H11l sodium +++
Butyrate
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Cc2 D-Mannose + G10 Nalidixic Acid -
C3 D-Fructose + E9 L-Serine +++ G11 | Lithium Chloride | +++
C4 D-Galactose ++ E10 Lincomycin +++ G12 | PotassiumTellurite -
cs | Methyl . E11 | Guanidine HCI | +++ | | H1 Tween 40 .
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C6 D-Fucose - E12 Niaproof 4 +++ . .
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H2 . -
] Acid
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F2 Acid A H3 Butyric Acid i

More details of GEN 111 microplate test

http://208.106.130.253/pdf/teach_portal/MI/Universal_GEN_Ill_Protocol _07172013.pdf
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Appendix 3: Correlation of scattered light intensities
and biomass concentrations in BioLector®
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Appendix 4: Quantitative spectrophotometric
analysis: A. Calibration curve for orthophosphate
guantificacion. B. calibration curve for phosphatase
enzyme activity
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Appendix 5: Gene sequence used for gPCR analysis

Alignment of the ten best NCBI blastn search hits to a 140 bp gene sequence of a DNA repair protein used for
gPCR analysis of Kosakonia radicincitans DSM16656". Position and length of primer sites are indicated by
green bars; DNA sequences of other strains corresponding to primer sites of DSM 16656 T are framed in black;
nucleotides differing from the consensus are highlighted in color (Witzel et al. 2017).

Primer fdnaJ_F1

K_radicincitans DSM16656
Primer fdnaJ_R2

K_oryzae D5

K radicincitans GXGL-4A

K oryzae Ola 51
Enterobacter sp. R4-368
K_sacchari BO-1

K”sacchari SP1

Kluyvera intermedia CAV1151
Enterobacter cloacae SBP-8
Enterobacter sp. FY-07
K_cowanii 888-76

Primer fdnaJ_F1

K_radicincitans DSM16656
Primer fdnaJ_R2

K_oryzae D5

KZradicincitans GXGL-4A

K oryzae Ola 51
Enterobacter sp. R4-368
K_sacchari BO-1

K”sacchari SP1

KTuyvera intermedia CAV1151
Enterobacter cloacae SBP-8
Enterobacter sp. FY-07
K_cowanii 888-76
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Kluyvera intermedia CAV1151

Enterobacter cloacae SBP-8

Enterobacter sp. FY-07

K_cowanii 888-76
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Appendix 6: Preparation of Electro Competent bacteria
cells

REFERENCE
Adapted by Tetsuya Chujo

REAGENTS: LB medium (g L™): 1% Bacto Tryptone (10), 0.5% Bacto Yeast extract (5), 85 mM
NaCl (5).

Make up to 1 L with Milli-Q water. pH to 7-7.5 with 0.5 mL of 5 M NaOH
Autoclave 600 ml in 2 L flasks and aliquot the remainder into Universals.

SOB medium (g L™?): 2.0 % Bacto Tryptone (20), 0.5% Bacto Yeast extract (5), 5 M NaCl 2 mL
[final: 10 mM], 2 M KCI 1.25 ml [final: 2.5 mM], Milli-Q water 990 mL.

2M Mg?* solution 9/100 mL
1 M MgS0..7H,0 24.65
1 M MgCl,.6H.0 20.33

Autoclave, and add 10 mL sterile 2M Mg?* solution (1M MgS04.7H,0 + 1M MgCl,.6H,0)
SOC medium

Add 1/100 vol. sterile 2 M Glucose solution into SOB medium plus 10% Glycerol.
Autoclave, and store at 4°C

2x Sterile Culture tubes with lids

6x Sterile GSA Bottles

4x Sterile SS34 tubes

2L Sterile water (ice cold)

50 ml 10% Glycerol (ice cold)

Sterile 1.5 mL Eppendorf Tubes

METHOD
Day 1
1. Streak K. radicincitans onto 2 LB plates, and incubate overnight at 37°C.

Day 2
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2. Transfer a single colony into a test tube with 10 mL LB medium. Incubate overnight at 37°C.
Day 3

3. Transfer 6 mL of pre-cultured K. radicincitans into 2L flask containing 600 mL LB medium.
Shake at 250 rpm at 37°C for 4-5 h or until mid-log phase i.e. ODgy=0.4~0.5.

4.  Store the flasks on ice for 10 min, then transfer cells to GSA bottles. Harvest by centrifuging
at 3000 rpm for 15 min at 4°C.

5. Pour off the supernatant and resuspend the cells in 600 mL of ice-cold sterile MQ water.

6. Centrifuge at 3000 rpm for 15 min at 4°C. Thoroughly remove the supernatant.

7. Resuspend the pellet in 300 mL ice-cold sterile MQ water.

8. Centrifuge at 3000 rpm for 15 min at 4°C. Thoroughly remove the supernatant.

9. Resuspend the pellet in 12 mL of ice-cold sterile 10% glycerol.

10. Centrifuge at 3000 rpm for 15 min at 4°C. Thoroughly remove the supernatant.

11. Resuspend the pellet in 1.2 mL of ice-cold sterile 10% glycerol.

12. Aliquot 50ul of cells into sterile 1.5 mL Eppendorf tubes. Flash-freeze in liquid N2

13. Store at -80°C

NOTES

1. Itis very important that the K. radicincitans cells are kept cold all the time, use cold GSA
tubes and 1.5 mL tubes, as well as cold buffers.

2. The final concentration of the cells should be at least 101° mlIL.

3. Atstep 3, monitor Absorbance from 3 h as it is important that cell density does not exceed

mid-log phase. Use LB media to blank spectrophotometer.
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