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ABSTRACT

Plant Growth-Promoting Rhizobacteria (PGPR) serve as effective bioinoculants that stimulate
plant growth and enhance soil fertility. Encapsulating PGPR within hydrogel matrices provides
a protective environment that improves their survival, stability and overall bioactivity in
agricultural applications. This dissertation presents a novel self-encapsulation method
employing Azotobacter vinelandii, a bacterium capable of synthesizing its own alginate, a
natural exopolysaccharide that forms a stable gel upon Ca** crosslinking. Six 4. vinelandii
strains from German and Czech microbial collections were investigated for their growth
performance, alginate yield and plant growth-promoting traits. Among them, strains DSM 87,
DSM 720 and CCM 289 produced the alginate concentrations (4.9+ 0.6 g/L, 3.5 +0.5 g/L and
2.2 + 0.3 g/L, respectively) with easy ability to form strong gels. These strains also
demonstrated strong PGPR activities, including indole-3-acetic acid production (up to
10.5 pg/mL), siderophore synthesis and phosphate solubilization. Further experiments focused
on different gelation possibilities including multivalent ions, organic acids and gelation in the
whole volume by dissolving insoluble CaCO3; presented in the cultivation media. Focusing on
application and industrial potential of this process for biofertilizer production, the entire
procedure was up-scaled to bioreactors, where the effects of agitation speed and filling volume
were tested for strain DSM 87. To evaluate the plant growth-stimulation properties of the
obtained bacterial gels, lettuce plants were cultivated under different treatment conditions. The
results demonstrated that bacterial gelled cultures positively influenced plant growth and

improved plant survival under drought stress.

This work demonstrates a cost-effective and environmentally sustainable approach to
bioinoculant production by using 4. vinelandii’s alginate-forming capacity, providing a

promising alternative to conventional biofertilization methods.

KEY WORDS
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ABSTRAKT

Baktérie podporujuce rast rastlin (PGPR) sluZia ako u¢inné bioinokulanty, ktoré stimuluju rast
rastlin a zvySuji urodnost’ pody. Obalenie PGPR v hydrogelovych nosic¢och poskytuje ochranné
prostredie, ktoré zvySuje ich prezitie, zlepSuje stabilitu a celkovi bioaktivitu

v pol'nohospodarskych aplikaciach.

Tato dizertacna praca predstavuje novy sposob pripravy bioinokulantov pomocou baktérie
Azotobacter vinelandii, schopnej produkovat’ vliastny alginat, exopolysacharid tvoriaci stabilny
gél pri vizbe s i6nmi Ca?*. V praci bolo testovanych Sest’ kmetov A4. vinelandii pochadzajucich
z nemeckych a ¢eskych mikrobidlnych zbierok. Kmene boli skimané na zaklade ich rastu,
produkcie alginatu a podporujucich vlastnosti pre rast rastlin. Medzi nimi kmene DSM 87,
DSM 720 a CCM 289 produkovali koncentracie alginatu (4,9 += 0,6 g/L, 3,5 £0,5 g/lL a2,2 +
0,3 g/L), pricom vykazovali dobrii schopnost” vytvarat’ pevné¢ gély. Tieto kmene zaroven
preukazali vyrazné PGPR aktivity, vratane produkcie indol-3-octovej kyseliny (az do
10,5 pg/mL), syntézy sideroforov a solubilizacie fosfatov. Dalsie experimenty sa zamerali na
rozne moznosti gélovania, vratane vyuzitia multivalentnych i6nov, organickych kyselin a
rovnomerného gélovania v celom objeme prostrednictvom rozptst'ania nerozpustného CaCOj3
pritomného v kultivaénom médiu. Pri zamerani sa na samotny aplikacny a priemyselny
potencial tohto procesu pri vyrobe biohnojiv bol cely postup vyskuSany aj v bioreaktoroch, kde
boli pre kmeii DSM 87 testované vplyvy rychlosti mieSania a objemu naplnenia. Pri
vyhodnoteni stimulaé¢nych u¢inkov bakteridlnych gélov na rast rastlin boli pestované rastliny
Salatu za réznych podmienok osetrenia. Vysledky ukazali, ze bakteridlne gélové kultury

pozitivne ovplyvnili rast rastlin a zlepsili ich prezitie pri strese sposobenom suchom.

Tato praca predstavuje efektivny, lacny a environmentalne udrzatelny postup na vyrobu
bioinokulantov vyuzitim schopnosti 4. virnelandii produkovat alginat, ¢im ponuka ekologicka

alternativu ku konvenénym metdédam hnojenia.

KLUCOVE SLOVA

Baktérie stimulujuce rast rastlin, PGPR, alginat, polyhydroxyalkanoaty, biopolyméry,

bioinokulanty, pol'nohospodarstvo, kultivaéné experienty
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1 INTRODUCTION

Encapsulation of microorganisms has emerged as a versatile and promising technology with
broad applications across food industry, agriculture and medicine. This technique involves the
entrapment of microbial cells within protective matrices (e.g. polysaccharides, lipids or
proteins) that can cover the cells from environmental stresses, control their release and enhance
their functional stability. Encapsulation not only improves microbial survival during storage
and application but also facilitates targeted delivery, enabling microorganismsto exert their

beneficial effects more effectively (Dusso & Salomon, 2023; Gunzburg et al., 2020).

Besides the advantageous roles in medicine and the food industry, this thesis focuses on
agriculture and explores new possibilities for ecological soil fertilization. There are high
demands on crop production. Excessive use of chemical fertilizers can infiltrate into
groundwater and cause long-term negative effects, such as biodiversity loss and soil
degradation (Ferreiraet al., 2019). Combined with the challenges posed by climate change, the
agricultural sector faces multiple urgent issues that must be addressed. Progress in solving these
challenges is ongoing but gradual. Key priorities in agriculture include maintaining and
improving soil quality, enriching soil nutrient levels and preventing erosion, all of which are
essential for achieving high crop yields and sustainable plant growth. Maintaining high soil
quality through the use of environmentally friendly alternatives to chemical fertilizers often
faces challenges, primarily due to higher initial costs. However, a progress in a bioinoculant
development and their application has been made in recent years (dos Reis et al., 2024; Monica
et al., 2025). Bioinoculants, also known as bacterial inoculants, are microorganisms that
positively influence plant growth and contribute to soil bioremediation by participating in the
biological activities of the soil ecosystem. Their beneficial effects include the production of
plant growth regulators, nitrogen fixation, binding of toxic metals and other functions that
support plant health and soil quality (Chandra et al., 2018; Haruta & Kanno, 2015; Song et al.,
2015).

Plant growth-promoting rhizobacteria (PGPR) are a key group of bioinoculants known for their
diverse abilities to enhance the soil microbiome, maintain a healthy rhizosphere and ultimately
support plant growth. These beneficial bacteria improve soil fertility by increasing the
availability of vital nutrients such as nitrogen and phosphorus, suppressing soil-borne
pathogens that compete for plant resources and producing siderophores (compounds that

chelate iron and make it more accessible to plants) (Song et al., 2015). Nevertheless, in this
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case, the primary limiting factor appears to be the survivability rate of PGPR following their
introduction into the soil environment (Beshah et al., 2024; Shah et al., 2021). When bacterial
strains are transferred from nutrient-rich cultivation media to natural soils, they are suddenly
exposed to fluctuating pH, variable temperature regimes, desiccation stress and competition
with indigenous microbial communities (Chandra et al., 2018; Haruta & Kanno, 2015). These
factors can significantly impair cell viability and, consequently, reduce the intended functional
benefits, such as nutrient solubilization, phytohormone production, or pathogen suppression
(Beshah et al., 2024). To enhance survival, PGPR are frequently delivered in the form of liquid
inoculants, which can be applied for a seed treatment. This method ensures close proximity
between the bacteria and the emerging roots, increasing the probability of successful
colonization (L. Chen et al., 2021). However, seed coating is often time-consuming, requires
specialized equipment and is associated with higher costs, making it less feasible for large-scale
agricultural deployment (Ahemad & Kibret, 2014). An alternative approach involves applying
the liquid inoculant directly into the soil, either alone or integrated with liquid fertilizers (L.
Chen et al., 2021; Kelbessa et al., 2023). While this strategy can facilitate rapid bacterial
distribution, the survival of PGPR under such conditions is typically short-lived, necessitating

repeated applications to maintain effective population levels (Calvo et al., 2014).

Another potential solution involves incorporating beneficial bacteria into a gel matrix
composed of polysaccharides, lipids, or proteins, forming a protective barrier through the
process of encapsulation. PGPR encapsulated in matrices such as alginate, chitosan, or xanthan
gum are shielded from adverse environmental factors, while the gel structure retains moisture,
creating a microenvironment that supports bacterial viability (Barrera et al., 2020; Bashan et
al., 2014). These encapsulated microorganisms are gradually released from the gel into the
surrounding soil, where they can colonize the rhizosphere and interact with native microbial
communities. Because the release is controlled and continuous, the beneficial effects are
sustained over a longer period, reducing or eliminating the need for frequent reapplications
(John et al., 2011; Malusa et al., 2012). Furthermore, gel formulations can be freeze-dried for
extended shelf life and later rehydrated upon application, which facilitates easier storage,
transportation and handling without significant loss of viability (Barreraet al., 2020; Malusa et
al., 2012). This approach offers a practical means of delivering bioinoculants while maintaining

long-term efficacy under field conditions.

In this dissertation, we proposed and investigate a novel approach; self-entrapping bacteria

within a hydrogel matrix that they produce themselves. This strategy could be both feasible and
10



cost-effective, as it eliminates the need for additional gelation agents. The key requirement was
to select bacterial strains that not only belong to the PGPR group but also possess the ability to
synthesize extracellular polysaccharides of sufficient quality to form a protective hydrogel

barrier, enabling self-encapsulation.

From the available candidates, Azotobacter vinelandii was chosen due to its GRAS (Generally
Recognized As Safe) status, non-toxicity and well-established capacity for nitrogen fixation via
its nitrogenase enzyme. In addition, A. vinelandii exhibits diverse potential bioactivities,

making it a promising candidate for multifunctional agricultural applications.

By developing and evaluating this self-encapsulation concept, this work aims to contribute both
to the advancement of bioinoculant formulation technology and to the broader goal of

sustainable, resource-efficient agriculture.
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2 THEORETICAL PART

2.1 BIOINOCULANTS AND THEIR APPLICATION IN THE AGRICULTURAL
SECTOR

Microbial inoculants, also referred to as bioinoculants, are substances containing living
microorganisms, which are expected to benefit plant growth after their application
(Koutsougera et al., 2023). Microorganisms include living bacteria, fungi and microalgae
isolated from soil, plants and/or water (Makhaye et al., 2021). Applied to seeds, aerial parts of
the plants, or the soil, they positively affect plant growth and work as fertilizers of biological
origin (Vessey, 2003). Generally, the delivery system formulation should have all desired
properties such as high solubility, stability, effectiveness, non-toxicity and enhanced targeted

activity with effective concentration (Vejan et al., 2019).

The composition of microbial inoculants depends on their intended effect on a crop/plant and
the form of the application. Bioinoculants can be directly applied to the soil, coated on the seeds
or sprayed on the plant’s surfaces (Ajilogba et al., 2017). Liquid inoculants allow alternative
application methods, such as in-furrow and can be sprayed on soil or applied through “foliar”
application These modern methods may be advantageous in some cases, for example, in-furrow
inoculation to alleviate the impact of pesticides used for seed treatments in contact with the
bacteria (Fukami et al., 2016). However, there are limiting factors that restrict the use of liquid
inoculants in some areas. Biotic and abiotic stresses may affect the effectiveness of the
bioinoculant application, making it inefficient in cases such as nutrient-poor or unbalanced
soils, increasing temperatures, salinity, water stress, pests and diseases, among others (Matte et
al., 2018). Therefore, besides the liquid form of application, efforts have also been made to
improve the efficiency of inoculants supporting them with a carrier matrix (Yousefi et al.,
2017). A great variety of materials have been used as carriers, for instance clay minerals (e.g.
bentonite, vermiculite, attapulgite), high organic matter materials (e.g. sugarcane bagasse,
sewage sludge, sawdust), or polysaccharides (alginate, carrageenan, xanthan) (Koutsougera et
al., 2023; Vassilev et al., 2020). Microbes are mixed with clay minerals or organic materials
and then applied to the soil along the roots. Another technique for the formulation is to
encapsulate the microbes into polymeric beads to maintain their viability and also to provide

easy handling by the end user (Koutsougera et al., 2023) .

The current definition and regulation of bioinoculants was provided by the European Union in
2019/1009 includes, regulates and defines plant biostimulants products (including
12



bioinoculants such as Azospririllum spp., Azotobacter spp. and mycorrhizal fungi) (https://Eur-
Lex.Europa.Eu/, 2019; Koutsougera et al., 2023), although they have been used much earlier.
The first inoculant to be commercially produced, was “Nitragin”, in 1890s, in the USA and
gelatine was used as a carrier for bacterial cells, while the used microorganisms were dependent
on host legume species (Bradyrhizobium japonicum, Rhizobium leguminosarum,
Sinorhizobium meliloti, Bradyrhizobium sp.). Due to the low viability rate, these carriers were
soon replaced by peat, which remained as the “gold” carrier until the end of the 1990s, when
the scenario began to change and peat were replaced by liquid inoculants (Santos et al., 2019b).
Since the beginning of the manufacturing of inoculants, the industry has been concerned about
generating increasingly efficient products, at a low cost, with easy manipulation and the good
quality required by farmers. An important aspect is the choice of the carrier
for the microorganisms, providing long cellular viability and easy application (Parveen et al.,
2023).

Mechanisms of the improvement of plants and crops growth will be described in detail later
(Chapter 2.2). However, it is important to note, that N, fixation, phytohormone production,
enhancing plant resistance to diseases and pests are only few mechanisms involved in
organisms considered beneficial bacteria (PGPR) (Majkowska-Gadomska et al., 2021). New
technologies are at the centre of research to increase application relying on the use of mixed
inoculants, aiming to promote plant growth by combining distinct mechanisms of different
microorganisms. The synergic effect of two or more types of inoculants can provide excellent
results and show the great potential of being increasingly used by farmers (Ferri et al., 2017).
This thesis will be focused on bacterial inoculants, therefore primary PGPR will be described

further in the following parts.

The great majority of the first manufactured inoculants contained only single species
of microorganism and in general one strain, which had the best inoculation results for a
particular crop. Exceptions included a maximum of two microorganisms “of the same type”,
for example, two Bradyrhizobium strains or species for soybean. Particularly in the last decade,
the use ofinoculants containing microorganisms of “different types” has expanded. The
combination of strains or species acting in different microbial processes results in higher
benefits and, ultimately, yields. For example, microorganisms affecting plant growth
(Bradyrhizobium spp., Rhizobium spp.), phytohormone production (e.g., Azospirillum spp.,
Pseudomonas spp.), solubilization of phosphate (Bacillus spp.), or biological control

(Pseudomonas spp., Bacillus spp.). The application of mixed inoculants is usually called co-
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inoculation or mixed inoculation and it is currently possible to find co-inoculants for several

crops in the market (Santos et al., 2019b).

The efficiency of co-inoculation is a result of many factors, such as the selection of appropriate
strains, the cellular concentration of each one, the method of inoculation (applied to the seeds,
foliar spray, in-furrow) and the plant genotype. Therefore, research is needed to generate
knowledge aimed at the production of new formulations for commercial inoculants with mixed
bacteria and on alternative methods of application of inoculants and microbial molecules

(Fukami et al., 2016).

These ongoing research efforts are part of a broader global trend toward more sustainable
agricultural practices, in which microbial inoculants play a key role. For instance, the first
studies in Brazil focused on clover (7rifolium spp.) and alfalfa (Medicago sativa) crops
intended for livestock production. In the 1960s, the application of rhizobia has also increased
in soybean (Glycine max) and since then the application has spread to over 110 authorized
strains of rhizobia (Bomfim et al., 2021). In 2018 the use of inoculants in Brazil covered

approximately 78 % of the crop area (36.5 million hectares) (Santos et al., 2019b).

Another top country using bioinoculants is India (Samago et al., 2018), where the usage of
biofertilizers has dramatically increased in the last 15 years. In the years 2020 and 2021, India
over 134 thousand tonnes of solid carrier based biofertilizers and about 26,000 kilolitres of
liquid biofertilizers (Garcha, 2023). Indian companies dominating the market in bioinoculant
production include International Panaacea Limited, SOM Phytopharma Limited, Kan Biosys,
Multiplex Biotech Private Limited Karnataka, Krishak Bharati Cooperative Limited
(KRIBHCO) among others (Garcha, 2023).

Worldwide, another leading biofertilizer-producing company include Novonesis (Denmark),
Symborg (Spain), Kiwa Biotech (China), Mapleton Agribiotech (Australia), Lallemand Inc.
(Canada), or RizobacterArgentina S.A (Argentina) (Garcha, 2023).

2.2 PLANT GROWTH-PROMOTING RHIZOBACTERIA

In the soil, specifically in the rhizosphere, important and intensive interactions take place
between the plant, soil, microorganisms, fungi and soil microfauna (Meena et al., 2017). Plant
growth-promoting rhizobacteria (PGPR) are free-living bacteria colonizing the root surface and
are involved in many beneficial activities contributing to plant growth. PGPR affect the soil by

improving soil organic matter (SOM) and its mineralization by enriching the soil with nitrogen
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and phosphorus nutrients, phytohormone synthesis, production of siderophores for binding
toxic metals (cadmium, cobalt, etc.) and pathogen elimination, all of which help in soil fertility

improvement and enhance the productivity of the soil environment (Ahemad & Kibret, 2014).

PGPR invade plant tissues and survive in intracellular spaces of the host plant while causing
unapparent and asymptomatic infections. Generally, PGPR can be classified as extracellular
plant growth-promoting rhizobacteria and intracellular plant growth-promoting rhizobacteria.
Extracellular PGPR are found in the rhizosphere or in the root cortex, while according to their
proximity to the plant root, they live near the roots but without contact, colonizing the root
surface and sometimes living in intracellular spaces of the root cortex. Meanwhile, intracellular
PGPR can enter plant cells and can produce specialized structures, called nodules (Meena et

al., 2017).

Rhizobacteria associated with roots synthesize a large number of various biomolecules
(hormone regulators, siderophores, hydrolytic enzymes etc.), which aside from the direct effect
on plant physiology also improves soil health and quality. Following death, plant residues filled
with organic compounds undergo decomposition and mineralization and lead to higher nutrient
levels. Apart from soil mineralization, PGPR synthesize many growth-responsible agents
(indole acetic acid, 1-aminocyclopropane-1-carboxylic acid deaminase), which ultimately
affect plant root morphology. An important factor for the colonization of PGPR in the
rhizosphere is soil moisture. Water content in soil affects the physiological state
of microorganisms and plants, impacts respiration and is essential for maintaining
the catalytically active state of soil enzymes. The positive effect of PGPR on root growth
contributes to moisture retention. The production of small catechol molecules by PGPR leads
to the enrichment of the iron in a form accessible for plant utilization. Some rhizobacteria have
the ability to bind heavy metals (Cd, Pb) and remove phytotoxic substances and pathogens,
which are all part of bioremediation and help to restore the soil quality for agricultural purposes
(Gonzélez Henao & Ghneim-Herrera, 2021; W. Schmidt et al., 2020). An overview of the

mentioned PGPR properties are shown in Figure 1.
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Figure 1 Mechanisms of plant growth-promoting effects in rhizosphere,; Biofertilization
mechanisms (green arrows), biostimulator mechanisms (yellow arrows) and biocontrol

mechanisms (blue arrows) (Ferreira et al., 2019).

2.2.1 Production of phytohormones

One of the direct mechanisms of how PGPR influences plant growth and development is the
ability to produce precursors for plant hormones (phytohormones) such as indole acetic acid
(IAA) and ACC deaminase, a precursor of ethylene. The first-mentioned hormone, [AA is
synthesized by up to 80 % of rhizobacteria colonizing the seeds and root surfaces and it is the
most common natural auxin with a positive effect on root growth (Shailendra Singh, 2015).
In plants, IAA stimulates cell proliferation and enhances the plant’s uptake of minerals and
nutrients from the soil. Auxins affect plant cell division and differentiation, stimulate seed and
tuber germination and increase the rate of xylem and root development (Etesami et al., 2009;
Spaepen & Vanderleyden, 2011). Moreover, IAA as the most well-known auxin controlling
processes of vegetative growth, initiates root formation and mediates the response to light,
gravity and fluorescence. Pigment formation and biosynthetic pathways influenced by IAA

have an impact on plant photosynthesis. The main precursor necessary of the biosynthesis of

16



IAA is the amino acid tryptophan, commonly found in root exudates (Etesami et al., 2009;

Vessey, 2003).

Cytokinins and gibberellins are phytohormones influencing the elongation of stems and leaf
growth and are produced by bacteria such as Azotobacter sp., Bacillus subtilis, Pseudomonas
fluorescens or Rhizobium sp. (Hamzi & Skoog, 2015). However, according to Glick (2012) it
appears that plant-growth-promoting rhizobacteria produce lower cytokinin levels compared to
phytopathogens, making the stimulatory effect of the PGPR on plant growth less than the
inhibitive effect of cytokinins produced by the pathogens (Glick, 2012; Zafar-ul-Hye et al.,
2013).

The phytohormone ethylene is the only gaseous hormone, promoting root initiation, fruit
ripening, stimulation of seed germination and other processes. Ethylene affects cell
proliferation in the root architecture by inducing overproduction of lateral roots and root hairs
with a subsequent increase in nutrient and water uptake. As it was already mentioned, the
enzyme 1-aminocyclopropane-1 carboxylic acid (ACC) is a precursor for ethylene production,
catalysed by ACC oxidase. Bacterial strains exhibiting ACC deaminase activity have been
identified in a wide range of genera such as Azospirillum, Bacillus, Burkholderia, Enterobacter,

Pseudomonas and Rhizobium (Ahemad & Kibret, 2014).

Microbially produced phytohormones are synthesized and released continuously, which

contributes to greater effectiveness in plant growth (Shailendra Singh, 2015).

2.2.2 Nitrogen fixation

The role of nitrogen and its presence in the soil is very important, considering it belongs to one
of the most vital nutrients for living organisms, including in our case plant growth and
productivity. Although the amount of nitrogen in the atmosphere is about 78%, this form is
inaccessible to growing plants, so the atmospheric nitrogen has to be converted into plant-
utilizable form ammonia (NH3) by biological nitrogen fixation (Gaby & Buckley, 2012). Some
nitrogen-fixing microorganisms are capable of the biological conversion of atmospheric
nitrogen into ammonia by using a complex enzyme system known as nitrogenase.
Approximately two-thirds of globally fixed nitrogen is from microbial fixation, while the rest
is synthesized industrially by the Haber-Bosch process. In addition, the biological nitrogen
fixation by microorganisms represents an economically beneficial and environmentally friendly

alternative to chemical fertilizers (Bhattacharyya & Jha, 2012; Galloway et al., 2008).
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Generally, nitrogen-fixing microorganisms are categorized as symbiotic and non-symbiotic.
Symbiotic bacteria form a symbiosis with leguminous plants and non-leguminous trees (such
as members of groups Frankia, Rhizobia), whereas non-symbiotic bacteria are free-living
bacteria in the soil and water (e.g. members of the genera Azospirillum, Azotobacter). However,
non-symbiotic nitrogen-fixing bacteria provide only a small amount of the fixed nitrogen that
the bacterially associated host plant requires. Symbiotic nitrogen-fixing rhizobacteria infect and
establish symbiotic relationships with the roots of host plants, which requires and involves a
complex interplay between host and symbiont resulting in the nodule formation, where the
rhizobacteria colonize as intracellular symbionts. Nitrogen-fixing PGPR in non-leguminous
plants are also called diazotrophs capable of forming a non-obligate interaction with the host

plant (Ahemad & Kibret, 2014).

As it was mentioned above, the process of nitrogen fixationis carried out by an enzyme called
nitrogenase complex. The complex consists of two-component metalloenzymes, from which
one is the nitrogenase reductase with iron protein and nitrogenase with a metal cofactor.
Nitrogen reductase provides electrons with high reducing power, while nitrogenase uses these
electrons to reduce molecular nitrogen (dinitrogen N,) to amonnia (NH3) (F. V. Schmidt et al.,
2024). Based on the metal cofactor three different nitrogen-fixing systems have been identified:
molybdenum-, vanadium- and iron- nitrogenases. Among different bacterial genera, there are
various nitrogen-fixing systems, nevertheless, most biological nitrogen fixation is carried out

by the activity of the molybdenum nitrogenases (Rubio & Ludden, 2008).

Furthermore, it was discovered recently that all three nitrogenases can also reduce carbon

monoxide (CO) to hydrocarbons (F. V. Schmidt et al., 2024).
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Figure 2 Representation of Mo-nitrogenase in Azotobacter vinelandii. The Fe proteins at both
sides are shown in grey, while MoFe protein is shown in the middle (in two subunits: yellowish-

NifD, a-subunit, in light blue- NifK, 3-subunit) (Gu & Milton, 2020).

Nitrogenases have demanding biochemical requirements including oxygen sensitivity, a need
for reductants (ferredoxin, flavodoxin), ATP and access to metals used in the assembly of the
metalloclusters (Johnston et al., 2023). The genes for nitrogen fixation are found in both
symbiotic and free-living systems. Nitrogenase genes include structural genes, genes involved
in the activation of the Fe protein, iron-molybdenum cofactor biosynthesis, donation of
electrons and necessary regulatory genes required for the synthesis and function of the whole
enzyme. In diazotrophs, genes for nitrogen fixation are typically found in a cluster of around
20-24 kb with seven operons encoding 20 different proteins. The symbiotic activation of these
genes in Rhizobium is dependent on low oxygen concentration, which is regulated by another
set of genes known as fix genes, common for both symbiotic and free-living bacteria. The
process of nitrogen fixation is highly energy-demanding, requiring at least 16 moles of ATP for
every mole of nitrogen reduced. To meet energy demands, it is more effective if bacterial
carbon resources are directed toward oxidative phosphorylation, which results in the synthesis
of ATP, rather than the accumulation of storage compounds (Galloway et al., 2008; Goyal et
al., 2021).

2.2.3 Phosphate solubilization

Phosphorus (P) is a macronutrient that plays the essential role in many metabolic processes.
Phosphorus as a vital element can be found in biological molecules, including nucleic acids,
co—enzymes, phosphoproteins and phospholipids. Therefore, it is one of the main limiting

elements for biomass production, as a plant-available P represents only a small fraction of total
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soil P (approximately 0.05 %). Phosphorus is one of the main limiting elements for biomass
production in terrestrial ecosystems, therefore the addition of P-fertilizers is common and
extensive, causing the ongoing eutrophication of continental and coastal waters (Tian et al.,
2021). Therefore, the use of phosphate solubilizing microorganisms (PSMs) helps address the
challenge by improving soil fertility and reducing the need for chemical fertilizers. PSMs can
break down insoluble forms of phosphorus, such as phosphates, in the soil and convert them

into easily absorbed, soluble forms available to plants (C. Wang et al., 2023).

Plant cells can absorb several forms of P, but the greatest part is absorbed mainly as anions,
such as HPO4* or H,PO4>" depending on soil pH. The concentration of soluble P in the soil
solution is usually at levels varying from ppb in very poor soils to 1 mg/L in heavily fertilized
soils, whereas insoluble phosphates generally account for 95 up to 99 % of total phosphorus in
the soil (Kalayu, 2019). Among the whole microbial population in soil, P-solubilizing bacteria
comprise 1 — 50 % of the total respective population. Apart from those species, symbiotic
nitrogen-fixing rhizobia have also shown phosphate phosphate-solubilizing activity (KB et al.,

2017).

In the soil, PSMs apply various approaches such as lowering soil pH, chelation and
mineralization, to make phosphorus accessible to plants. The mechanism behind lowering pH
1s microbial production of organic acids or the release of protons. The production of organic
acids together with the decrease of the pH by the action of microorganisms result in P
solubilization. The most common organic acid produced by PSMs are gluconic and 2-
ketogluconic, however, citric, lactic, oxalic, acetic, malic and more may also be synthetized by

different bacterial species (Kalayu, 2019).

The hydroxyl and carboxyl groups of acids produced by PSMs chelate the cations bound to
phosphates, leading to their conversion into soluble forms in the soils. These acids may compete
for fixation sites of Fe and Al insoluble oxides, react with them and stabilize them, making

them so-called “chelates” (Pradhan & Sukla, 2005).

The other mechanism of phosphorus solubilization is mineralization. Organic phosphate is
transformed into utilizable form by PSMs through the process of mineralization, in the soils
with an extensive amount of plant and animal residues, containing high levels of organic
phosphorus. PSMs mineralize soil organic P by the production of enzymes such as phytase,
hydrolysing organic phosphate compounds, while releasing inorganic phosphorus that can be

absorbed by plants. Alkaline and acid phosphatases use organic phosphate as a substrate to
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convert it into inorganic form. Mixed cultures of PSMs (e.g. Bacillus spp.) have shown

enhanced efficiency in phosphorus solubilization due to synergistic interactions between
different strains (Aseri, 2009; KB et al., 2017).

2.2.4 Additional benefits of plant growth-promoting bacteria

Production of Siderophores

Siderophores are low-weight molecules (range between 500 and 1500 Da) that exhibit high
affinity and selectivity for binding ferric iron (Fe**). These compounds are produced by various
microorganisms, including bacteria and fungi, as well as by certain gramineous plants, to
facilitate the uptake of the iron and other metals from the soil (Hider & Kong, 2010). Under
physiological conditions, Fe3" ions are extremely insoluble (approximately 107'7 mol/L),
making iron poorly bioavailable at circumneutral pH and thus insufficient for plant uptake

(Ilbert & Bonnefoy, 2013; Meena et al., 2017).

Siderophores typically contain negatively charged oxygen atoms with a high electron density,
which strongly attract for instance and for our focus— Fe** ions. The geometry of these
molecules depends on the type of donor groups and the number of ligands they contain. Factors
such as the nature of donor atoms, side chains and complexation energies all influence the
stability of the siderophore. Moreover, the denticity (the number of donor atoms within a single
ligand that can bind to the central ironion) is a critical parameter for the stability of the chelated

complex (Miethke & Marahiel, 2007).

In nature, the most common siderophores are hexadentate containing six containing six ligand
donor atoms arranged in linear or cyclic structures. Soil pH also affects siderophore types:
hydroxamate-type siderophores are more prevalent in neutral to acidic environments, while
catecholate-type siderophores tend to dominate in neutral to alkaline conditions (Schalk et al.,
2012). Several bacterial genera were described to produce siderophores, such as Azotobacter,
Azospirillum, Bacillus, Nocardia, Pantoea, Streptomyces, etc (Ma, 2005). Under iron-limiting
conditions, such as in the rhizosphere, bacteria like Azotobacter vinelandii excrete siderophores
that chelate iron into stable complexes. These complexes are then transported into the bacterial
cell via highly specific transport systems. 4. vinelandii produces a range of siderophores,
including monocatechols (e.g., 2,3-dihydroxybenzoic acid and aminochelin), bis(catechol)
compounds (e.g., azotochelin), tris(catechol) structures (e.g., protochelin) and the yellow-green

fluorescent pyoverdine-type siderophore known as azotobactin (Diaz-Barrera & Soto, 2010).
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Pathogen and toxic metals antagonism

The PGPR mechanisms employ several mechanisms to deter phytopathogens, which can be
classified as chemical, environmental, or metabolic strategies (Glick, 2012). Chemically, PGPR
secrete a variety of microbial metabolites such as antibiotics and hydrolytic enzymes that
directly inhibit the growth of plant pathogens and reduce the severity of infections (Table 1).
These bioactive compounds are effective against both bacterial and fungal pathogens
preventing root penetration and contributing to overall plant health. Environmentally, PGPR
can outcompete pathogenic microbes through niche exclusion and resource competition,
effectively displacing them from the rhizosphere. Metabolically, PGPR can trigger induced
systemic resistance (ISR) or systemic acquired resistance (SAR) in plants, priming the plant's
immune system and modifying hormonal pathways that influence plant defence responses
(Igbal et al., 2024). The role of PGPR in both natural and induced soil suppressiveness has been
widely investigated, particularly for their capacity to enhance antibiotic production in the
rhizosphere. Effective and sustained colonization by PGPR genera such as Azospirillum,
Bacillus, Burkholderia, Coniothyrium, Pseudomonas and Staphylococcus has been shown to
significantly improve plant growth and resilience over time (Bhat et al., 2023; Gonzélez Henao

& Ghneim-Herrera, 2021; Hakim et al., 2021; Meena et al., 2017).
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Table 1 Mechanisms employed by plant growth-promoting rhizobacteria against pathogens
(Bashan et al., 2014, Clauss & Koch, 2006, Haas & Défago, 2005, Pieterse et al., 2014, Ryu
etal., 2003).

Mechanisms Effect on plant growth

Competition for Fe3" ions through siderophore

production

Antibiotic production

_ _ Reduced disease incidence and severity and
Production of small toxic molecules

increase biomass of plants

Production of hydrolytic enzymes

Competition for nutrients, colonization sites and

displacement of pathogens

Induced and acquired systemic resistance Make plant more resistant to infection by

pathogens and increase biomass of plants

Change ethylene levels in plants Reduce noxious effect of excess ethylene

production in plants

Suppression of deleterious rhizobacteria Increase biomass of plants

Furthermore, PGPR enhance soil quality and play a critical role in bioremediation by binding
and detoxifying toxic metals such as arsenic (As), lead (Pb) and cadmium (Cd). The
accumulation of these heavy metals in the soil is of significant concern, as even low
concentrations can be highly toxic to living organisms and are considered one of the major

threats to terrestrial and aquatic ecosystems (Atobatele & Olutona, 2015a).

To combat metal toxicity, microorganisms have evolved various adaptive strategies. These
microbial detoxification mechanisms offer promising tools for the development of eco-friendly

remediation technologies (Atobatele & Olutona, 2015).

PGPR contribute to metal detoxification through the release of intracellular and extracellular
compounds such as organic acids, protons, metal-binding proteins, enzymes and siderophores,
many of which are also present in root exudates. As illustrated in Figure 3 these molecules alter
metal bioavailability by transforming toxic metal ions into less bioavailable or inactive forms.

For instance, organic acids and protons produced by microorganisms help solubilize heavy
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metals and convert them into forms less harmful to plants. In addition, phytochelatins,
synthesized by plants and associated microbes, chelate heavy metals and facilitate their
sequestration. PGPR also produce metal-detoxifying enzymes, such as methyltransferases,
which can modify heavy metal compounds, thereby alleviating stress and enhancing plant

tolerance (Devi et al., 2022).

Plant growth regulators

Ameliorate root

growth
Bacteria

Plant Beneficial Microbes Root exudates
(PBM)
On interaction with soil contaminated with heavy metal ion
l l l l Redox reaction
Organic acids Proton Phytochelatins Enzymes

2e
Hg?** —— Hg°

: “I ..‘0.. / \

26
‘ . Metal-binding Siderophores Hg?* 2 CH;Hg*
. protein

l ‘ ‘ o Methyitransferases

Protein-metal Siderophores-metal
complex complex

¢ @

Figure 3 Overview of PGPR impacts on heavy metals in the soil by release of intracellular

Soluble form of heavy metal

binding molecules— organic acids, protons, enzymes and phytochalins. Phytochelatins are able
to form complexes with heavy metals and help in their detoxification leading to bioremediations

of the soil. Siderophores may be used by PGPR to bind e.g. iron (Devi et al., 2022)

Moreover, numerous microbial species have developed cytosolic sequestration systems to
evade heavy metal toxicity. In this mechanism, metal ions are absorbed into the microbial cell
and subsequently transformed into less toxic or inert forms, minimizing their harmful effects

(Ahemad, 2012). In addition to detoxification, microbes also enhance nutrient availability by
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facilitating ion exchange and producing organic acids in both soil and soilless environments.
These organic compounds contribute to the mobilization of chemically bound nutrients, making
them more accessible for plant uptake and thereby improving overall soil fertility (Haferburg

& Kothe, 2007).

23 THE USE OF EXTRACELLULAR POLYMERS AS BIOINOCULANT
MATRICES

Extracellular polymers (EPs), also referred to as extracellular polymeric substances (EPS), are
high-molecular-weight mixtures complexes of polymers secreted by a wide range of bacterial
species. These species belong to both gram-negative (4lphaproteobacteria, Betaproteobacteria
and the Gammaproteobacteria class) and gram-positive bacteria classes (Bacilli, Clostridia,
Actinomycetia) (Netrusov et al., 2023). The production of EPS is important for bacteria for
several reasons since they enhance their survival and adaptability in the environment. Also,
EPS play a fundamental role in a formation of biofilm, cell aggregation and assist in adhesion
mechanisms to biotic and abiotic surfaces through cell recognition and their cooperation (Prete
etal., 2021). EPS provide diverse protective functions: they shield bacterial cells from extreme
temperatures, high salinity, aridity, UV radiation, unfavourable pH, osmotic stress,
phagocytosis and chemical stressors such as antibiotics, heavy metals and oxidants (Netrusov
et al., 2023). In particular, EPS have shown cryoprotective effects for arctic bacteria (J. Wang
et al.,2019). The specific mechanisms and protective roles of EPS will be further discussed in

the following sections.

Bacteria produce various compounds marked as extracellular polymers, such as
polysaccharides (alginate, chitosan, agar) and polyamids (poly-y-glutamic acid) (Ghosh et al.,
2021). The chemical structure is diverse, whereas the most dominant components of EPS are
proteins and carbohydrates (75 — 90 %). The composition of EPS may be influenced by the
function of the EPS, substrate and the type of microorganism producing it, with lipids, nucleic

acids and humic substances affecting the EPS composition (More et al., 2014).
Extracellular polymers in the protection against abiotic and biotic stresses

The protective role of EPS is extensive and crucial for microbial survival under various
environmental stresses. One of the key functions is drought protection, which is particularly
important in the context of increasing climate variability. EPS possess a high water-holding
capacity, enabling them to retain moisture effectively. Under drought conditions, EPS act like

a protective sponge, shielding bacterial cells from desiccation. This moist layer not only
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preserves water but also provides a reservoir of nutrients, helping bacteria to survive during dry

periods and allowing time for metabolic adjustments to environmental stress (Costa et al.,
2018).

EPS also play a significant role in tolerance to salt stress, benefiting not only microorganisms
but also their associated host plants. EPS produced by NaCl-tolerant microbial isolates can
reduce sodium (Na®) uptake by binding and immobilizing Na* ions, thereby lowering their
availability to plant roots. This action helps prevent nutrient imbalance and mitigates osmotic
stress, both of which are critical for the survival of microorganismsunder saline conditions. As
a result, plants benefit from improved ion homeostasis and enhanced stress tolerance

(Upadhyay et al., 2011).

Temperature extremes, both high and low, represent significant challenges for microbial
survival and EPS contribute substantially to microbial resilience under such conditions. As
previously noted, EPS serve as cryoprotectants, especially for sea-ice microorganisms, helping
to prevent cellular damage caused by freezing. In fact, high concentrations of EPS have been
observed in Antarctic bacterial communities, where they not only shield microbes from physical
damage and desiccation, but also act as barriers against harmful contaminants such as heavy
metals. This multifunctional protection enhances microbial survivability in cold and chemically
extreme environments (Lo Giudice et al., 2020). On the other hand, only few studies have been
conducted on the relationship between EPS and heat resistance. Research of Metallosphaera
sedula, extremely thermoacidophile archae, proving that secretion of EPS improves heat

resistance of microorganism (Yu et al., 2019).

In a biofilm immobilized by EPS, cells are held in proximity, facilitating intense interactions
and formation of synergistic micro-consortia. This close association also provides a continuous
source of carbon-, nitrogen- and phosphorus-containing compounds to support the biofilm
community (Flemming & Wingender, 2010). In this complex system, EPS help retain
extracellular enzymes that break down compounds outside the cell, capturing molecules from
the surrounding water and making them available as nutrient and energy sources (Costa et al.,

2018).

Moreover, EPS can adsorb not only nutrients but also bind or entrap metal ions, clay minerals,
colloids and oxides, playing an important role in environmental bioremediation. The factors
influencing metal adsorption by EPS include the nature of binding sites and their chemical

structure, pH, metal concentration in the environment, ionic strength, molecular weight and
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degree of branching of EPS (Costa et al., 2018). The amphiphilic properties of EPS are key to
heavy metal adsorption, as polyvalent metal ions can bind to both proteins and carbohydrates
within the EPS matrix. The ratio of protein to carbohydrate in EPS is often used as an indicator
of adsorption capacity. For example, the adsorption of divalent ions such as Cu?*, Cd** and Pb**
is generally higher in EPS with a greater protein-to-carbohydrate ratio, whereas Zn** tends to

preferentially bind with carbohydrates (Wei et al., 2017).

Structurally, extracellular polymers can be classified as homo-polymers or hetero-polymers
based on their subunit composition. Homo-polymers consist of identical monomers, such as the
homopolysaccharide cellulose, while hetero-polymers are composed of two or more different
monomers (monosaccharides in the case of carbohydrates), such as alginate or xanthan (Z.

Wang et al., 2023).
Alginate as a representant of extracellular polysaccharides

This work will primarily focus on polysaccharides, specifically alginate, although other
common and widely used polymers such as cellulose and xanthan will also be mentioned.
Alginate is a well-known biopolymer predominantly produced by brown algae. It is composed
of two monomeric subunits: (1,4)-D-mannuronic acid (M) and a(1,4)-L-guluronic acid (G).
as illustrated in Figure 4. The structural composition of alginate is influenced by environmental
factors such as oxygen availability, pH and temperature (Silva et al., 2017). Different species
of brown seaweed produce alginates with varying proportions and sequences of M and G
residues, which determine the molecular weight, physical properties and functional
characteristics of the polymer and its derivatives. Interestingly, certain bacteria like Azotobacter
and Pseudomonas are also capable of producing alginate. Bacterial production offers the
advantage of tailoring the polysaccharide’s quality and properties - such as the M/G ratio and

molecular weight- which is often difficult to achieve through seaweed extraction (Kivilcimdan

Moral & Yildiz, 2016).
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Figure 4 Structure of two alginate subunits, which form polymer chains in alginate: L-

Guluronic acid (left) and D-mannuronic acid (right) (Ching et al., 2017).

These monomers (M, G) of alginate link together to form polymers with varying qualities and
gelation capacities. The basic structure of alginate consists of linear, unbranched chains of these
monomers arranged in distinct blocks: regions of consecutive M residues (M -blocks),
consecutive G residues (G-blocks) and alternating sequences of M and G residues (MG-blocks)
(Donati & Paoletti, 2009). The polymer may contain segments exclusively composed of one
monomer type or a combination of alternating residues. Commercially available alginates,
typically derived from seaweed, are found in the form of their sodium, potassium, or ammonium
salts. The molecular weight of alginate usually ranges from 60 to 700 kDa but can exceed this
range depending on the specific biosynthetic conditions (Ching et al., 2017b).

However, when comparing the costs, alginate derived from seaweed dominates industrial
production, while bacterial alginate remains less competitive in the market. A key factor
influencing the price of bacterial alginate is the carbon source used for production. For years,
research on bacterial alginate synthesis has primarily focused on using simple and readily
assimilable carbon sources such as glucose and sucrose, which bacteria efficiently convert into

the polysaccharide product (Ching et al., 2017).

Gel forming properties of extracellular polymers

Various representatives of polysaccharides (alginate, cellulose, chitosan) and proteins

(collagen) have gelation properties and are used in hydrogel production. Hydrogels are

polymers forming three-dimensional network porous structure. The porous structure of

hydrogels, their high permeability, softness, mechanical strength allows their utilization as a

material for cell adhesion and tissue engineering (S. Wang et al., 2023). Moreover, water is an

important part of hydrogels, typically ranging from 70 to 90 % by weight, whereas in some
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cases it may reach up to 99 % by weight (Hoare & Kohane, 2008). In hydrogels, water exists
in three forms: bound, intermediate and free water. Bound water forms hydrogen bonds with
hydrophilic groups in the polymer chains, while free water does not interact with the polymers.
Intermediate water interacts weakly with the polymer. The relative amounts of these three types
of water depend on factors such as the overall water content, the polymer type, its side chains
and the method of cross-linking during gelation. During dehydration, the shrinkage of the
polymer network is largely influenced by the hydrogen-bonding structure among these types of

water (Naohara et al., 2022).

Gelation of hydrogels, the process of a network formation of polymer chains, may vary
according to the hydrogel type and the targeted properties of the material. The formation of
polymer network occurs though chemical process (condensation, addition polymerization, or
by chemical reaction with linear polymer precursor), or physical process (change of pH,
temperature or ionic gelation). During a condensation reaction, where molecules with three or
more reactive groups, such as —OH groups, react with a networking agent. In the case of addition
polymerization, free radical reacts with a double bond, causing the creation of another bond
between monomers. When there are multiple double bonds in the molecule, branching is
possible. The third type of reaction forms structures with side chains and involves a chemical
reaction starting with a linear polymer precursor, which becomes networked or vulcanized by

forming chemical bonds (Larson R.G, 1999).

Physical gelation forms intermolecular interactions, different from chemical bonds, causing the
formation of a network structure by van der Waals bonds, electrostatic interactions and
hydrogen bonds. For instance, the gelation mechanism of thermo-responsive hydrogels is based
on the dissolution of the gelling material at elevated temperatures. During cooling, double
helices are formed, followed by aggregation of these helices. Stabilization of the double helix
is achieved through hydrogen bonding interactions between the polymer chains (Karoyo &
Wilson, 2017). Nevertheless, ionic gelation, a specific type of physical gelation, due to its

importance and the focus of this thesis, will be mentioned further (Larson R.G, 1999).

The ability to form an ionic gel in the presence of multivalent cations (Ca?*, Mg?*, Ni**, Mn*")
is widely utilized in the encapsulation of bioactive substances in the food industry, drugs in the
pharmaceutical industry and cell immobilization in the biotechnology industry. For the alginate,
for which ionic gelation is typical, the affinity towards cations is directly dependent on the

number of G-blocks present in the alginate structure. For the medical and environmental
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applications, the use of highly concentrated solution with cations such as Pb, Cu and Cd is
limited. Therefore, the most commonly used reagent for ionic gelation is calcium chloride
because of its availability and non-toxicity. However, a major limitation of the calcium alginate
gel is its instability in the presence of Ca-chelators such as citrates, phosphates, lactates and
carbonates. Cooperative binding of divalent cations and the G-block regions of the polymer
produces gels. The mechanism of gelation is induced by the addition of bivalent/multivalent
ions, such as Ca®" into the alginate polymer causing the binding of two G chains on opposite
sides and forming a diamond-shaped hole. This shape consists of a hydrophilic cavity that binds
the Ca?* ions by multiple coordination using the oxygen atoms from the carboxyl groups. This
tightly bound polymer configuration results in the formation of a junction zone known as ‘egg
box’ (demonstrated in Figure 5). Each cation binds to four G residues in the egg-box formation
to form a network of these interconnected regions. It has been shown that in the case of Ca*",
the formation of a stable junction requires eight to twenty adjacent G residues (Sosnik, 2014;

Yang et al., 2013).

;
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Figure 5 Polymeric chains of alginate, consisting specifically of guluronic subunits react with

divalent ions of calcium and create ‘egg-box’ structure. Reproduced from (Sosnik, 2014).

As mentioned earlier, cations can also bind to block sequences other than G-blocks in alginate.
For example, binding studies have revealed that Ca?* is capable of binding to both G and MG
blocks, Ba** to G and M blocks and Sr** to G-blocks only (Donati & Paoletti, 2009). Alginate
is also able to form gels in the presence of trivalent cations such as Al**and Fe** and the binding

of trivalent cations to alginate is generally enhanced compared to that of divalent cations.

30



Trivalent cations interact simultaneously with three carboxyl groups of different alginate
biopolymer at the same time and form a bonding structure, which results in a more compact gel

network (Yang et al. 2013).

The formation of gel particles can occur by either external or internal gelation depending on the
different methods by which cross-linking ions are introduced to the alginate polymer.
The internal gelation method includes the controlled exposure of alginate to cations to achieve
a homogeneous distribution of alginate in the hydrogel. Gelation occurs simultaneously
at multiple locations (both internal and external of hydrogel particles) resulting in a
homogeneous hydrogel structure (Phillips & Williams, 2009). Inactive forms of Ca** (such as
CaCOs or CaS0Oy) are mixed with sodium alginate solution and extruded into oil followed by
acidifying the mixture in order to release Ca?* from insoluble compounds. Acidification can be
achieved immediately by the direct addition of mineral acid (glacial acetic acid) or in a
controlled fashion using a slowly hydrolyzing lactone (D-glucono-d-lactone (GDL) (Ching et
al., 2017; Donati & Paoletti, 2009). The external method (diffusion-controlled) of gelation is
rapid and gel formation is instantaneous. Cations diffuse from a higher concentration region
into the interior of the alginate particle. Rapid and instantaneous gelation allows alginate to be
used in cell or bioactive immobilization, where the cells or bioactive substances are entrapped
in a single alginate gel bead. Moreover, rapid gel formation is also important in applications

where a certain size and shape of the hydrogel is required (medicine) (Ching et al., 2017).

The usage of acids in the gelation affects the pH of the solution, bringing it down below the
dissociation constant (pKa) of the polymer. In the case of alginate, M and G residues have pKa
of 3.38 and 3.65, respectively. Hence, alginate is negatively charged across a wide range of pH
values (Phillips & Williams, 2009). A decrease in the pH of the alginate solution can occur in
two ways. A rapid pH decreases result in the precipitation of alginic molecules as aggregates
while a slow and steady drop in pH results in the formation of a continuous alginic acid bulk
gel. In contrast to ionic gels, acid gels of alginate are stabilized by hydrogen bonding and M -
blocks residues have been shown to play a part in the gelation process. Nevertheless, acid gels
are very similar to ionic gels and gel strength is correlated to the G-block content in the polymer
chain. However, alginic acid gels are less studied compared to ionic gels due to their limited

applicability (Draget et al., 2006).

31



Industrial applications of extracellular polymers

Extracellular polymers, especially polysaccharides are widely used in the food industry,
wastewater treatment and medicine due to their biocompatibility, hydrophilic character and
thickening and gelling agent properties. For instance, polysaccharides such as alginate, agar
and carrageenan have application potential in the food industry as a stabilizer, gelling agent,
thickener and film-forming agent. In addition, alginate and its modified forms serve as a water-
soluble dietary fibre because it does not contribute a significant nutritional value or calories as
it passes through the human digestive system (Jiao et al., 2019). Moreover, polysaccharides
such as alginate can be used in wastewater treatment to remove various pollutants such as heavy
metals (cadmium, chromium, copper, etc.), dyes and phenolic compounds (Bashan, 2014). The
application of polysaccharide may be found in the cosmetic industry, applying them to
toothpastes, shampoo aids, mask shapers, etc. This cross-linking of polysaccharides and their
ability to form hydrogels are used in the pharmaceutical industry as drug carriers (Pérez-Ramos
et al., 2016). The usage of extracellular polymers as suitable carriers for microbial strains is
also common. These carriers provide stabilization and protection of microbial strains during
transport and storage and secure the continuous release of microorganisms, which may be

important in the pharmacological and agricultural industry (Chaudhary et al., 2020).

24 AZOTOBACTER VINELANDII - PLANT GROWTH-PROMOTING
BACTERIUM

The microorganism, on which this work will be focused on, is a gram-negative bacterium
Azotobacter vinelandii belonging to the group of plant growth-promoting bacteria. Azotobacter
spp. live as a free-living saprophyte in soil, fresh water and marine environments. 4. vinelandii
was adopted as a model organism for different metabolic pathways, such as the study of aerobic
nitrogen fixation, respiration, microorganism physiology and enzyme kinetics (Noar & Bruno-
Barcena, 2018). Multiple important discoveries were made by studying the genus Azotobacter,
including Lineweaver-Burk kinetic model, studying how the inhibitor competes with enzyme
activity and genetic code (Christiansen et al., 2000; Setubal et al., 2009). However, the most
interesting characteristics, which have been studied, are Azotobacter’s nitrogenase activity and
aerobic physiology. The bacterium is characterized by its high respiration rate compared to
other prokaryotes under similar growth conditions and even when it is exposed to high oxygen
concentration, it also fixes nitrogen (N2). Under conditions of nitrogen fixation and high oxygen

concentration, the main mechanism proposed to prevent nitrogenase inactivation is respiratory

32



protection. Due to the production of siderophores, phytohormone precursors and the ability to
fix nitrogen, Azotobacter vinelandii belongs to the group of plant growth-promoting
rhizobacteria, hence, it stimulates plant growth and enriches the soil with nutrients (Noar &
Bruno-Bércena, 2018; Urtuvia et al., 2017). All the mentioned biotechnological properties will

be described further in the following subchapters.

Furthermore, the importance of choosing A. vinelandii as a working microbe in the presented
thesis, is not only due to its plant growth-promoting properties, but also because of its ability
to produce two biopolymers of special importance for the intended application: extracellular
alginate, a polysaccharide described earlier and intracellularly accumulated

polyhydroxyalkanoates.

Polyhydroxyalkanoates (PHA) are polyesters of hydroxyacids, accumulated in intracellular
granules of various bacterial species (e.g. Cupriavidus, Burkholderia, Hallomonas,
Psuedomonas, Rhodospirillum), cyanobacteria (e.g.Synechococcus, Synechocystis) and/or
archaebacteria (e.g Haloferax) (Koller et al., 2017; Obulisamy & Mehariya, 2021). Bacterial
cell produces PHA in an environment with a surplus of a suitable carbon source and a limitation
by a nutrient such as nitrogen, or phosphorus, improving the microorganisms’s stress tolerance.
Metabolic pathways for PHA production will be described later, nevertheless, the key enzymes
such as PHA synthase, PHA depolymerase and phasins (structural PHA granule associated
proteins) play an important role in PHA synthesis (Bresan et al., 2016).

2.4.1 Respiration in Azotobacter vinelandii

Azotobacter sp. has been widely studied due to its ability of nitrogen fixation by nitrogenase.
To protect nitrogenase from inactivation by oxygen, Azotobacter has developed several
adaptive mechanisms, among which “respiratory protection” is one of the most critical and
well-characterized (Dixon & Kahn, 2004). Respiratory protection involves an increase in the
cellular respiration rate under high oxygen concentrations during diazotrophic growth,
effectively reducing intracellular oxygen levels and protecting nitrogenase activity (Poole &
Hill, 1997). The respiratory chain components involved include cytochrome bd oxidase and
type I NADH dehydrogenase (NDH 1II), which play essential roles in this protection
mechanism (Castillo et al., 2020).

The electron transport chain of Azotobacter vinelandii is branched, containing multiple terminal
oxidases that allow the bacterium to adapt efficiently to fluctuating oxygen levels in its

environment (Reed et al., 1994; Cotruvo & Stubbe, 2011). Electrons donated by substrates such
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as NADH and L-malate initiate the respiratory chain, while NADPH indirectly contributes
electrons via the transhydrogenase enzyme, which transfers reducing equivalents to NADH
(Thorneley & Lowe, 1985). These electrons travel through ubiquinone (QS8) along two main
pathways: one involving cytochromes b and c, terminating in a hem-copper oxidase with high
oxygen affinity but lower activity, which predominates under low-oxygen conditions (Reed et
al., 1995); the other, a faster quinol oxidase pathway involving cytochrome bd oxidase,
characterized by lower oxygen affinity and reduced ATP yield, yet crucial under high-oxygen
or oxidative stress conditions (Poole & Hill, 1997; Cotruvo & Stubbe, 2011).

Importantly, although cytochrome bd oxidase is often considered less coupled to ATP synthesis,
evidence suggests it may still contribute to proton motive force generation (Giuffre et al., 2014).
A. vinelandii dynamically regulates the use of these two branches in response to environmental
redox conditions, utilizing cytochrome bd oxidase to protect nitrogenase under oxygen-rich,
potentially toxic conditions, while favouring the b/c branch when oxygen levels are low (Reed
et al., 1995). This flexible respiratory strategy is a key adaptation that allows Azotobacter to
thrive in complex redox habitats, maintaining nitrogen fixation even in fluctuating oxygen

environments (Kennedy et al., 1997). The schematic representation is shown in Figure 6).

Increased production of carbon dioxide and elevated respiration rates lead to higher aldolase
activity, which channels carbon through the pentose phosphate pathway. This redirection of
metabolic flux affects both the biomass yield and specific growth rate, as energy and carbon
are diverted toward respiratory protection rather than other metabolic functions (Noar & Bruno-

Barcena, 2018).

34



Low O, ' High O,

OM

M

Cytoplasm

nnm | |

{1II| D 1N

IERED

Figure 6 Schematic of Oxygen-Dependent Gene Regulation in Azotobacter vinelandii: low (left
side) oxygen and high (right side) oxygen levels influencing gene expression via two systems:
Under low oxygen (left), reduced quinones (Q8H:) activate ArcB, leading to ArcA
phosphorylation (ArcA-P), which in turn activates algD, alg8 and alg44. This promotes
alginate production, shown as green polysaccharides. Under high oxygen (right), oxidized
quinones (Q8) inhibit ArcB, preventing ArcA activation and gene expression. Additionally,
Na'NQR may repress algC and algD, although this mechanism is not fully understood. As a
result, alginate synthesis is reduced, depicted by faded polysaccharide chains (Castillo et al.,
2020).

2.4.2 Nitrogenase activity in Azotobacter vinelandii

In the subchapter 2.2.2, general information has already been mentioned about the nitrogenase
complex. The effectiveness and complexity of the whole metabolic process depend on specific
regulations influenced by the presence or absence of different metals (Mo, V and Fe). For
instance, the presence of molybdenum represses the activity of V- or Fe- nitrogenases, though
it activates the activity of Mo-nitrogenase and in reverse. If the bacterial culture exhausts its
supply of Mo and V are not present, the bacterium 4. vinelandii depends on the Fe-nitrogenase

to grow. Regarding fixed nitrogen sources, 4. vinelandii is capable of using both inorganic
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sources (such as ammonium or nitrates) and several organic sources (aspartate, glutamate, urea,

etc.) (Noar & Bruno-Béarcena, 2018).

Nitrogenase activity may be repressed by the presence of nitrogen compounds in the
environment, such as ammonium salts or nitrate salts, especially when cells are pre-adapted
to them, or even organic compounds (e.g aspartate, adenine). The mechanism responsible for
shutting off nitrogenase activity, which is almost immediate, appears to be a decrease in proton
motive force, restricting the access of nitrogenase to reducing equivalents it requires. Factors
that modify the force of repression include the amount of oxygen and the potential respiratory
rate (too little oxygen, or too much without an adequate increase in respiration, increases
nitrogenase repression). High pH also enhances repression, providing supporting evidence for
a mechanism involving the proton motivation force. 4. vinelandii does not appear to store
nitrogenase protein inactivated by fixed nitrogen-induced regulation over long periods (unlike
Rhodospirillum rubrum stores nitrogenase by ADP-ribosylation), hence, the inactive proteinis

degraded in A. vinelandii (Ponnuraj et al., 2005).

All nitrogenase reductase (DNR) versions can be irreversibly inactivated by oxygen and its
reactive species, preventing A. vinelandii from growing diazotrophically. As mentioned above,
the bacterium uses various strategies to protect its enzymes from oxygen. Like most aerobes,
A. vinelandii produces superoxide dismutase (SodB), while the production of SodB is
proportional to oxygen exposure, the same as catechol siderophores. In strains that produce
siderophores, the polysaccharide alginate may limit exposure to oxygen. There is evidence that

DNR itself can directly reduce oxygen, in the effect known as ‘auto-protection’ (Thorneley &
Ashby, 1989).

Furthermore, A. vinelandii employs a strategy called conformational protection, in which a
small iron-sulfur protein, called FeSII or Shethna protein, binds to DNR and temporarily
inactivates it in a reversible manner. Reactivation of DNR occurs once oxygen is no longer a
threat to the nitrogenase complex. Thus, under sudden oxygen stress or carbon substrate

depletion, Azotobacter ceases to proliferate (Dingler & Oelze, 1985; Franke et al., 2025).

2.4.3 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHA) are polyesters of hydroxyalkanoic acids, which are produced
and accumulated by numerous prokaryotic microorganisms (bacteria, cyanobacteria and
archaea) in the form of intracellular granules. The primary biological function of PHA is the

storage of energy, carbon and reducing power, playing a key role in the survival of cells under
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starvation conditions and nutrient limitations, such as nitrogen and phosphorus. However, the
presence of PHA granules in bacterial cells also enhances their robustness against various
external stress factors such as UV radiation, higher or lower temperature, oxidative stress and
osmotic imbalance (Obruca et al., 2016). The presence of PHA in bacterial cells substantially
enhances their ability to maintain cell integrity when suddenly exposed to stress factors
(osmotic pressure, UV radiation). PHA can serve as chemical protection, shielding proteins and
other biomolecules from denaturation by extreme temperature, heavy metals or oxidative stress
and can act as a highly efficient cryo-protectant (Obrucaet al., 2018; Sedlacek et al., 2019). For
instance, in the case of the non-halophilic bacterium Cupriavidus necator, the presence of PHA
reduced plasmolysis-induced cytoplasmic membrane damage during osmotic up-shock. In
contrast, sudden induction of osmotic up-shock and subsequent down-shock resulted in massive

hypotonic lysis of cells lacking PHA granules (Sedlacek et al., 2019).

Furthermore, the biocompatibility, biodegradability and renewable origin of PHA have
attracted considerable attention as promising “green’ alternatives to petrochemical polymers.
However, commercial production of PHA is scarce, especially due to high production costs.
Biotechnological processes for PHA production are focusing on reducing costs, for instance,
by using cheap waste substrates (such as molasses, bran and brew’s span grains) as carbon

sources (Koller, 2019).
Structure and composition of polyhydroxyalkanoates

The number of carbon atoms in the polymer and the length of the polymeric chain categorize
PHA into three groups: common PHA with short-chain length (scl-PHA), medium-chain length
(mcl-PHA) and extremely rare long-chain length (Icl-PHA) PHA (Kunasundari & Sudesh,
2011). Scl-PHA contain 3 to 5 carbon atoms per monomer unit, while mcl-PHA consist of 6 —
14 carbon atoms per unit. Polymer chains consisting of 15 and more carbon atoms in every unit
do not occur frequently (Tan et al., 2014). To date, at least 150 different monomers possessing

various structures have been found (Amstutz et al., 2019).

Copolymers of PHA may include scl-PHA and mcl-PHA monomers such as 3-hydroxybutyrate,
3-hydroxyvalerate, 3-hydroxyhexanoate and 4-hydroxybutyrate (G. Q. Chen & Wu, 2005).
Blends of PHA with short and long-chain lengths are superior for industrial uses because of
their suitable physical properties such as crystallinity, elongation to break and more. The low
substrate specificity of some PHA synthases (from various bacteria) supports the variety of
biosynthetic PHA, which results in the formation of monomers having unusually branched,
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unsaturated or aromatic side groups (Steinbuchel et al., 1995). With the addition of
supplemental compounds or carbon sources, containing substituted side chains, functional
groups (e.g hydroxyl, carboxylic, epoxy, phenoxy groups and halogens) can be introduced into

the side chain (Shahid et al., 2021).

PHA is synthesized by many types of bacteria and stored as in the form of intracellular granules
in bacterial cells. The surface layer of the granule, shown in Figure 7, is free of phospholipids
and consists of proteins distributed across it, known as phasins. Phasins are thought to be non-
catalytic proteins consisting of hydrophobic and hydrophilic domains, where the hydrophobic
domain binds to the PHA surface of the granules. The amphiphilic coating of phasins stabilizes

PHA granules and prevents them from aggregation (Shahid et al., 2021).

In the centre of the PHA granules are localized PHA molecules and most likely also a small
amount of “intra-granullar” water. The presence of residual water inside the PHA granules was
also confirmed experimentally by Barnard and Sanders already in 1989 (Obruca et al., 2020).
Moreover, the question of whether the intracellular polymer existsin a crystalline or amorphous
state had been a major interest. The analysis by Steinbuchel (1998) demonstrated that the
polymer within the cell behaves like an elastomer. The authors supported this conclusion with
X-ray diffraction analysis of PHA-producing bacteria, which showed an absence
of a significant amount of crystalline polymer in the cells (Amor et al., 1991; Steinbiichel &

Fiichtenbusch, 1998).

In conclusion, within bacterial intracellular granules, native PHA is found in a
thermodynamically unstable amorphous state, although this state can be altered by certain

physical or chemical treatments (e.g. freezing, centrifugation, extraction) (Sedlacek et al.,

2019).
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Figure 7 Polyhydroxyalkanoate granule; The presently known PHB granule associated
proteins (PGAPs) are symbolized by differentially coloured globules. The polymer chains of
PHB are inside the granule, whereas on the surface are phasins (proteins stabilizing the
structure and enzymes) PHB synthase and PHB depolymerase. The dimension of the surface
layer is enlarged relative to the polymer core for better visibility (Bresan et al., 2016).

Role of polyhydroxyalkanoates in bacterial cell stress survival

The results of the study by Sedlacek and colleagues confirmed the fundamental importance of
PHA granules, which also have practical biotechnological significance. This is due to PHA-
rich bacterial cells are resistant to osmotic imbalances, so they could be utilized in-situ
bioremediation technologies or during enrichment of mixed microbial consortiums in PHA

producers under conditions of fluctuating salinity (Sedlacek et al., 2019).

Research by Novackova ef al. studied the adaptation of PHA-producing bacteria Cupriavidus
necator to high osmolarity and copper ions and confirmed an important role of PHA granules
inthe survival of the bacteria. Most importantly, accelerated turnover of the PHA cycle provides

increased levels of PHA monomers with chaperoning and osmo-protective functions

(Novackova et al., 2022).

Non-optimal temperature is another stress factor for bacterial cells. Obruca et al. (2016)
investigated the cryoprotective role of polyhydroxybutyrate (PHB) in Cupriavidus necator H16
and its PHB-deficient mutant PHB*. They found that intracellular PHB granules enhance
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bacterial survival during freeze-thaw cycles. Additionally, the exogenous addition of 100 mM
3-hydroxybutyrate (3HB) increased cell viability in both strains, demonstrating that both
intracellular PHB and its monomer contribute to protection against freezing stress (Obruca et

al., 2016).

Furthermore, bacteria isolated from Antarctic freshwater, confirmed PHA accumulation as an
efficient adaptation strategy to avoid damage produced by intracellularice crystals, oxygen-
reactive species and severe dehydration (Ciesielski et al., 2014). When exposed to low
temperatures, PHA were observed to be essential for maintaining the redox state in the Antarctic

bacterium Pseudomonas sp. (Ayub et al., 2009).

From the reports summarized above, it can be concluded that the protective role of PHA
represents a general phenomenon regardless of the individual microorganism or the specific
stressor. Nevertheless, the particular protective mechanisms of PHA are not yet fully
understood; thus, not just one single mechanism is responsible for the protective effects of PHA.
However, it seems that the presence of PHA granules has numerous biological and biophysical

consequences, which synergistically enhance the overall stress resistance of PHA-containing

cells (Obruca et al., 2018).

2.4.4 Biosynthetic pathways of PHA and alginate produced by genus Azotobacter

Azotobacter sp. primarily produces PHA in the late exponential phase (as do most of the strains
in standard batch culture) and consumes it in the stationary phase. PHA production is connected
with the encystment of bacteria, where PHA may serve as a storage polymer for this process in
strains that produce cysts. In controlled conditions related to nitrogen limitation, Azotobacter
species induce the production of PHA and when oxygen limitation is lifted, the bacteria
reassimilate the PHA. Moreover, oxygen limitation can cause the accumulation of excess
reductant, which PHA formation can alleviate by acting as an electron sink. A similar effect as
that of PHA formation can be caused by the impairment of NADH oxidation (Pylaet al., 2009).
The increased production of PHA may be affected by iron limitation (through genetically
increasing phbBAC transcription according to Muriel-Millan and/or the selection of carbon

sources (monosaccharides, disaccharides, acetate, butanol, etc.) (Muriel-Millan et al., 2014).

The biosynthesis of PHA, in particular the most common member of PHA family — poly(3-
hydroxybutyrate) (PHB) begins with the condensation of two molecules of acetyl-CoA to give
acetoacetyl-CoA by an enzyme, known as B-ketothiolase. Acetoacetyl-CoA is reduced by
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NADPH-dependent acetoacetyl-CoA reductase to P-hydroxybutyryl-CoA. This activated

monomer is then polymerized by the stereospecific enzyme PHA synthase to form PHB (Pyla
et al., 2009).

The production and degradation of PHA in A. vinelandii can be affected by both culture medium
conditions and directly through the genetic regulations of Azotobacter. PhbR protein up-
regulates the PHA-producing operon (phbBAC) along with the adjoining gene (phbR). The
sigma factor (RpoS) and the global two-component response regulator system, GacS/GacA, is
also involved in this up-regulation (Hernandez-Eligio et al., 2011). Other regulatory factors,
such as the arrF gene, are enconded in a regulatory small RNA, ArrF, which is expressed under
iron limitation and regulates the expression of iron-containing proteins such as superoxide
dismutase and FeSIl/ Shethna protein. Knocking out the arrF gene increases the production of
PHA even under well-aeration conditions. The ptsP gene, involved in the regulation of nitrogen
fixation and respiratory protection under carbon-limited conditions, enhances the production of
PHA. Regulation of metabolic pathways in A. vinelandii, as in other microorganisms is a
complex process, so it is likely that this summary is not an exhaustive list of all relevant factors.

However, it is clear that polymer production is important to different aspects of A4. vinelandii

metabolism (Jung & Kwon, 2008).

The production and regulation of PHA in A. vinelandii are also related to alginate production.
Both metabolic pathways are connected, especially at the carbon source, which serves as the
starting point for polymer synthesis. Extracellularly produced alginate is a polysaccharide of
varying composition that many strains of 4. vinelandii produce, while others, known as ‘non-
gummy’ strains do not. Under various conditions, such as low aeration, overproducing PHA
strains also produce more alginate than wild-type strains. Alginate, like PHB, is involved in the
cyst structure and encystment and germination processes of A. vinelandii. However, PHB and
alginate may compete for the carbon source, so the production of one or the other can be
affected by removing the gene responsible for the production of PHB or alginate from A.
vinelandii (Page et al., 2001). Synthetic pathways of both, PHB and alginate in A. vinelandii,

are demonstrated in Figure 8.
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Figure 8 Metabolic pathways linking alginate synthesis, central carbon metabolism (including
Krebs cycle and glycolysis) and polyhydroxybutyrate (PHB) synthesis in A. vinelandii. Scheme
shows how oxygen diffusion and the electron transport chain influence energy penetration

though ATP synthase activity (Dudun et al., 2021).

The non-gummy phenotype can be determined by the insertion of a transposon into the algU
gene (an activator of alginate production), in which alginate forms a protective part of the cyst
coat, helping it resist desiccation. Also, blocking or cutting other genes can lead to partial or
complete loss of alginate production (e.g. in the synthesis of GDP-mannuronic acid, or during
polymerization) (Dudun et al., 2021). The rate of production and molecular properties of
alginate (molecular weight, ratio of mannuronic to guluronic acid, degree of acetylation) depend

on the level of oxygen in the cellular environment (C. Pea et al., 2006).

The main structural difference between algal and bacterial alginates is the presence of O-acetyl
groups in the latter, where the acetyl groups are invariably linked to the M residues in the C-2
and C-3 positions. Since acetylated M-residues are not epimerized, acetyl substitution also

controls C-5 epimerization (Aarstad et al., 2019).

The alginate biosynthetic pathway is similar in both Azotobacter and Pseudomonas species,
which are unique among bacterial sources of alginate. The synthesis of the alginate precursor,

GDP-mannuronic acid, starts in the cytoplasm of the cell. Fructose-6-phophate as a primary
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compound is converted by four enzymatically catalysed reactions to GDP-mannuronic acid.
First, fructose-6-P is isomerized into mannose-6-phosphate by the bifunctional enzyme
phosphomannose isomerase/guanosine diphosphomannose pyrophosphorylase (AlgA).
Mannose-6-phosphate is then converted by phosphomannomutase (AlgC) to mannose-1-
phosphate, after which AlgA catalyses the conversion of mannose-1- phosphate to GDP-
mannose. Finally, GDP-mannose is oxidized to GDP-mannuronic acid by GDP-mannose

dehydrogenase (AlgD) (Remminghorst & Rehm, 2006).

GDP-mannuronic acid, as a precursor for alginate synthesis, is transported into periplasmic
space. Polymerization of GDP-mannuronic acid begins in the periplasmatic space and it is
enzymatically catalysed by a polymerase located on the cytoplasmatic membrane. The subunit
Alg8 is responsible for the catalytic activity of the polymerase and the transport through the
outer membrane is coordinated by a multi-protein complex. In the periplasmatic space, also
most alginate modifications occur, such as acetylation and epimerization. Transacetylation
occurs on hydroxylic groups on C2 and C3 of mannuronic acid residues, preventing
epimerization at C5 and the formation of a-L-guluronic acid by alginate lyases. Moreover,
Azotobacter is capable of additional epimerization by extracellular epimerases, which differ

from intracellular epimerases in their primary structure (Figure 9) (Pacheco-Leyvaetal.,2016).
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Figure 9 Modular structure of alginate homopolymer M-subunits, their acetylation by alginate
enzymes (Algl, AlgJ, AlgF and AlgX) and subsequent epimerization by AlgG and AIgE to

produce G-subunits, which form an egg-box structure with multivalent ions (Aarstad et al.,
2019).

Alginate lyases, or alginases, serve to modify the length and molecular weight of the polymer.
Each lyase acts specifically on a different substrate; some prefer glycosidic linkages between
mannuronate residues, while others prefer polyguluronate as a substrate. Alginate transport is
mediated by the AIgE alginate transport porin (or by AlgJ protein in A. vinelandii) (Aarstad et
al., 2019).

The proteins involved in polymerization, modification (acetylation and epimerization) and
transport of the nascent polymer chain function within the periplasmic space and facilitate

excretion to the extracellular environment (Ertesvag, 2015).
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This remarkable ability of Azotobacter to produce both PHA and alginate simultaneously can
be utilized for biotechnological production on an industrial scale. However, the synthesis of
alginate represents a competing pathway, consuming substrate during the optimization of PHA
production and vice versa. One of the strategies used to enhance PHB or alginate production
involves blocking one of the genes responsible for the production of either alginate or PHB
through genetic engineering approaches. However, the targeted mutations in PHB production
in the Azotobacter strain to increase yields, as studied by Pena et al. and Mejia et al. led to
different results (Mejia et al., 2010; R. J. Pena et al., 2002). By comparing two strains, one
being a mutant with decreased PHA accumulation (marked as AT268) and the other was the
wild-type, Pena et al. showed that in batch cultures conducted in a bioreactor (at 3 % dissolved
oxygen tension, or DOT), the alginate production generated by the mutants was lower (2.6 g/L)
than in the wild type (3.5 g/L) (R. J. Pena et al., 2002). From these results, the authors suggested
that the regulation of carbon flux is a very complex process and that the consumed carbon
source is not necessarily directed toward alginate biosynthesis (Mejiaetal., 2010; R. J. Pefia et

al., 2002).

The production of PHB and alginate is under a highly complex genetic control, nevertheless, it
is possible to influence their synthesis by implementing different cultivation strategy. Many
factors affecting cell culture growth and the production of biopolymers with varying properties
have been studied. Among the most important are the carbon and nitrogen source and dissolved
oxygen tension (Castillo et al., 2020). The acetylation rate is also an important factor in
determining alginate properties and it can be influenced by the addition of 3-(N-

morpholino)propane sulfonic acid into the culture medium (C. Pena et al., 2006).

2.4.5 Further research and scale-up process of biopolymer production by

Azotobacter vinelandii

Studies of the scaling-up of the biotechnological process are necessary to ensure that the optimal
production (on a small scale) can be maintained at a larger scale. Although there is extensive
literature on process scale-up, there is no common or universally applicable scale-up strategy.
Furthermore, scale-up is complicated due to the high oxygen demand or the need for high
aeration speeds, especially when the rheological properties of the broth show high resistance to
mass transfer, as in alginate production. Studies regarding fermentation strategies (at the

bioreactor scale), with the aim of increasing PHA production in the bacterium A. vinelandii, are
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rare. In contrast, there is an abundance of literature regarding PHA production using other

microorganisms (J. Lee et al., 2021).

One of the main challenges in cultivating 4. vinelandii at larger scales is the inability to reach
high biomass amounts due to their characteristically high respiration rates. The respiration rates
of A. vinelandii are determined by the strain, the specific growth rate, nitrogen source and
oxygen availability. The nitrogen source (nitrates, ammonia, urea etc.) affects the respiration
rates of A. vinelandii due to the high energetic costs associated with the cellular maintenance in
cultures grown under diazotroph conditions and at high oxygen concentrations because of
respiratory protection (Castillo et al., 2020; Diaz-Barrera & Soto, 2010). During scale-up
production, when the bioprocess is translated from Erlenmeyer flasks to a laboratory bioreactor,
production of both biopolymers is accompanied by a considerable decrease in alginate
molecular weight and the viscosity of the broth. However, the same collective of authors
demonstrated that, by simulating the evolution of the dissolved oxygen tension (occurring in
shake flasks) in a stirred bioreactor, it was possible to produce alginates with a very similar
molecular weight (1,800 kDa) and concentration (4.0 g/L) in a 14-liter bioreactor (C. Pefia et
al., 2008).

Mejia et al., described a two-stage fermentation processes (no oxygen-limited and oxygen-
limited conditions) for 4. vinelandii cultures. Although this fermentation strategy was designed
to improve alginate production, the cultures using the wild-type strain showed an increase

in the PHB yield from 0.03 to 0.44 g/g (Mejia et al., 2010).

From an industrial perspective, one potential problem with the cultivation of A. vinelandii
cultures is that optimal alginate production can be obtained when the DOT is accurately
controlled within a microaerophilic range. A. vinelandii cultures cultivated at low DOT (0 —
1 %) showed a decrease in alginate production, which was linked to an increase in intracellular
storage of PHB whereas at high DOT (approximately 10 %), A. vinelandii cells use the carbon
source mainly for biomass production (Mejia et al., 2010). However, it is known that A.
vinelandii exhibits a high level of respiration, which is important to consider for its use in
industrial bioprocess. Due to this fact, it is possible that biomass of 4. vinelandii may not reach
sufficiently high densities in a typical fermentation strategy at the bioreactor scale, which could
be a challenge when the purpose is to implement the production of alginate or PHB at an

industrial scale (Jiao et al., 2019; Mejia et al., 2010).
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2.5 STATE OF THE ART IN BIOINOCULANTS

Over the past decades, agriculture has remained a cornerstone of national economic
development, particularly in regions where food production is closely tied to livelihood and
export revenue. In many developing countries, however, the availability and equitable
distribution of water resources are severely limited due to both scarcity and inefficient water-
use practices. To offset the decline in soil fertility resulting from continuous cropping and to
meet the growing demand for food, synthetic nitrogen fertilizers (e.g. urea) are widely used in
modern agriculture. However, their long-term application has raised serious concerns, including
soil acidification, eutrophication of water bodies, greenhouse gas emissions and the depletion
of beneficial soil microorganisms (Ahmad et al., 2022; Leif Marvin R. Gonzales et al., 2015).
Chemical fertilizers typically have low nutrient-use efficiency. Urea is utilized by plants at a
rate of only 30 — 40 %, with the remainder lost through leaching, volatilization and runoff,
especially in arid and semi-arid regions (Leif Marvin R. Gonzales et al., 2015). These
inefficiencies not only waste resources but also pollute surface and groundwater and contribute

to atmospheric emissions of nitrous oxide, a potent greenhouse gas.

Consequently, there is an urgent need for sustainable and eco-friendly agricultural solutions. In
the face of rapid global population growth, climate instability and declining soil fertility,
agriculture is under immense pressure to increase food production while minimizing
environmental degradation. One such promising solution is the application of bacterial
bioinoculants, also referred to as microbial inoculants or biofertilizers. These are formulations
containing beneficial bacteria, typically PGPR, that are introduced into the soil or onto plant
surfaces to stimulate growth, enhance nutrient availability and improve plant resistance to
stress. Unlike synthetic inputs, these microbial formulations improve the natural soil
microbiome, contribute to nutrient cycling and do not harm the environment (Bashan et al.,
2014). Bacterial inoculants provide a biological alternative that enhances nutrient uptake and
plant growth without polluting the environment. PGPR such as Azospirillum, Rhizobium,
Pseudomonas and Bacillus fix atmospheric nitrogen, solubilize phosphorus, produce growth-
promoting hormones and help plants withstand drought, salinity and pathogen stress (Ahmad

et al., 2022; Valetti et al., 2016).

2.5.1 Current situation worldwide with bacterial inoculants

The adoption of bioinoculants varies globally. In Latin America, particularly Brazil and

Argentina, bioinoculants have been successfully integrated into large-scale farming. Brazil, for
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instance, uses Bradyrhizobium spp. inoculants on more than 85 % of its soybean cultivation
area, supplying nearly all nitrogen requirements biologically and saving approximately USD
4.5 billion annually (Hungria et al., 2006). In contrast, North America and Europe have
advanced regulatory frameworks and infrastructure but lower field adoption rates, often due to
economic inertia and reliance on inexpensive chemical inputs. Nevertheless, the global market
for bacterial inoculants has grown significantly over the past decade. It is projected to rise from
approximately USD 457.6 billion in 2024 to USD 681.3 billion by 2032, with a compound
annual growth rate (CAGR) of 5.1 % (Data Bridge Market Research, 2025). This growth
reflects increasing demand for sustainable agricultural products and regulatory pressure to
reduce chemical fertilizer usage. Key market drivers include the rise in organic farming,
advancements in microbial formulation technologies and growing awareness of the

environmental consequences of chemical inputs.

2.5.2 The application of liquid bacterial inoculants

In agricultural systems, PGPR such as Bacillus subtilis, Pseudomonas fluorescens and
Azospirillum spp. are frequently applied as inoculants due to their ability to enhance plant
growth through multiple mechanisms. These bacteria secrete phytohormones (e.g., auxins,
cytokinins), siderophores, antifungal compounds and stress-alleviating enzymes, which
collectively contribute to improved nutrient acquisition, disease suppression and stress
resilience in crops (S.-K. Lee et al., 2016). Among the various formulations, liquid inoculants
have become increasingly dominant in the global market owing to their relatively low
production costs. However, despite their convenience, liquid formulations present significant
limitations. The microbial cells within these preparations are susceptible to abiotic stresses,
particularly nutrient depletion, desiccation and thermal shocks. These factors lead to a rapid
decline in viable microbial populations during storage and after application, reducing field
efficacy (Allouzi et al., 2022; Lobo et al., 2019). To maintain biological effectiveness, a
minimum viable cell concentration of 107 colony-forming units (CFU) per mL is required
during storage and application (Kumar et al., 2022; Valetti et al., 2016). Sustaining such
populations under fluctuating environmental conditions remains a challenge and highlights the

need for enhanced formulation strategies.

Importantly, microbial communities do not operate in isolation; their interactions within the
rhizosphere significantly influence soil structure, microbial diversity and the system’sresilience

to abiotic stresses. A long-term study by Wu et al. (2020) demonstrated that the application of
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organic fertilizers in combination with reduced chemical fertilizer input led to improved soil
organic matter content, higher levels of available nitrogen and phosphorus and a moderate
decline in pH (Wu et al., 2020). These effects were most pronounced after two years of
consistent treatment, underscoring the cumulative benefits of bio-based amendments

(Ehinmitan et al., 2024; Molina-Romero et al., 2017).

A comprehensive review of experimental trials across multiple crops (including tomato, maize,
wheat, cotton and peanut), which has further confirmed the efficacy of PGPR under abiotic
stress conditions. Strains such as Achromobacter piechaudii, Pseudomonas fluorescens,
Klebsiella oxytoca and Bacillus spp. have been shown to improve key plant growth parameters
(e.g., height, biomass, root length), chlorophyll content, water-use efficiency and reduce
sodium uptake under salinity stress. Certain strains, particularly those producing ACC
deaminase, can mitigate ethylene accumulation in plant roots, thus enhancing tolerance to
drought and salt stress (Nayak et al., 2015; Parveen et al., 2023). Some PGPR also increase the
activity of antioxidant enzymes such as superoxide dismutase and catalase, providing additional
protection against oxidative damage. Moreover, inoculated plants often exhibit enhanced
uptake of essential nutrients like nitrogen, phosphorus, potassium and calcium (Parveen et al.,

2023).

In summary, while liquid bacterial inoculants offer a cost-effective and efficient method for
delivering PGPR to agricultural soils, their sensitivity to abiotic stressors limits their
performance. Addressing these limitations through improved formulation techniques is critical

to fully realizing the potential of bioinoculants in sustainable and climate-resilientagriculture.

2.5.3 Application of bacterial inoculants encapsulated in polymer matrices

To improve nutrient use efficiency and minimize environmental degradation, slow-release
fertilizers (SRFs) have emerged as a promising alternative to conventional chemical fertilizers.
Unlike traditional formulations, SRFs offer significant advantages, including delayed nutrient
release, reduced leaching and runoff and enhanced crop quality (Junaid et al., 2024a). A key
advance in this field is the encapsulation of live bacterial cultures within biodegradable polymer
matrices such as alginate, or chitosan. This microbial encapsulation process involves mixing
liquid inoculants containing beneficial bacteria with gel-forming polymers, often crosslinked
by di- or trivalent ions (e.g., Ca**, Al**) or multi-carboxylic acids, resulting in solid hydrogel
beads that harbour high concentrations of viable cells. Encapsulation offers multiple benefits

beyond controlled release compared to liquid bioinoculants: it simplifies handling, storage and
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transportation and provides protection to microbial inoculants from adverse environmental
factors such as high temperatures, desiccation and UV radiation (Nayak et al., 2015).
Furthermore, the biodegradable and non-toxic nature of these polymer carriers aligns well with

sustainable agricultural practices

These encapsulated beads with PGPR can be applied directly to seeds or soil, where they
gradually degrade and release the bacteria into the rhizosphere, ensuring sustained colonization

and activity.

There are several types of encapsulation matrices. The first of these carriers relied mainly on
solid substrates, such as peat, lignite, or vermiculite, which provided relatively inexpensive and
accessible materials. Historically, solid carriers have formed the backbone of commercial
microbial inoculant formulations, with peat in particular serving as the conventional standard
due to its high organic matter content, water-holding capacity and ability to buffer cells during
storage and application (Santos et al., 2019). Nevertheless, peat extraction raises sustainability
concerns and its physical and chemical properties can vary between sources. Due to these
concerns recent work highlights biochar as a promising peat substitute because of its porosity,
high surface area and ability to adsorb and shelter microbial cells, enhancing survival under
stress and improving compatibility with soil systems (Bolan et al., 2023). Solid formulations,
available as wet or dry types, containing microbial cultures embedded in granules or powders
with organic or inorganic carriers (Khan et al., 2023). Wet formulations retain high moisture
levels during storage and application and utilize carriers such as alginate, peat, clay, biogas
sludge, or biochar (Schoebitz et al., 2014; Vassilev et al., 2020). Carrier selection depends on
cost, toxicity, chemical stability and ease of use for farmers (Malusa et al., 2012). Across all
solid carrier types, key formulation challenges persist. Notably maintaining viability during
drying and storage, avoiding contamination from organic matrices and ensuring consistent,
scalable processing, which helps explain the ongoing shift in the literature toward encapsulation
and gel-based approaches that better control microbial protection and release (Fadiji et al.,

2024).

Hydrogel-based encapsulation addresses many of these challenges effectively. Hydrogels’
three-dimensional polymeric networks retain moisture, provide mechanical protection and
enable the gradual release of encapsulated bacteria. Their tissue-like structure makes them ideal
for delivering bioactive agents in agricultural settings (Junaid et al., 2024b). Natural

polysaccharides such as alginate, chitosan, cellulose, starch and pectin are favoured over
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synthetic polymers for their biodegradability, biocompatibility and low toxicity. These
polymers, composed of monosaccharide units linked by glycosidic bonds, exhibit high
flexibility, water absorption and encapsulation efficiency. Importantly, their physicochemical
properties (including mechanical strength and porosity) can be tailored by adjusting cross-
linking density and polymer composition, improving stability and controlled-release behaviour

of the microbial inoculants (Gao et al., 2025; Kowalska et al., 2022).

The compatibility of polysaccharide-based hydrogels with soil environments enhances bacterial
colonization and persistence under stress conditions like drought and salinity. However,
economic feasibility remains a key hurdle for large-scale adoption of encapsulated inoculants.
Nevertheless, ongoing research and development by agro-biotech companies focus on creating
cost-effective, scalable and field-ready products. Future progress depends on increased
investment in biopolymer science, formulation engineering and innovation to meet the growing
demand for sustainable biofertilizers that can replace chemical inputs (Bashan et al., 2002; Date,

2001) (Bashan et al., 2002).

Natural polymers such as alginate, chitosan, starch and pectin are widely used for bacterial
encapsulation, often forming hydrogel beads or coatings that protect microbial viability during
storage and ensure gradual, controlled release into the rhizosphere (Hert et al., 2009; van
Gijtenbeek & Kok, 2017). Additives like glycerol act as osmoprotectants, reducing desiccation
stress on encapsulated cells, while polysaccharide blends such as xanthan-gellan improve
mechanical strength and acid resistance of the matrices. Compared to free-cell suspensions,
hydrogel formulations sustain higher viable counts (up to 10° CFU/g) and demonstrate superior
plant growth promotion and disease resistance. For example, encapsulated Bacillus subtilis
strains improved root rot control in cucumber by over 50% relative to liquid inoculants and
similar benefits in biomass and nutrient uptake have been observed in oats and rapeseed.
Hydrogel technology also supports multi-strain inoculation, facilitating synergistic interactions
among beneficial microbes like Azospirillum, Herbaspirillum and Pseudomonas, which
enhance drought resilience, soil nutrient cycling and crop yield (Cortés-Patifio et al., 2021).
Despite the clear potential of hydrogel bioinoculants, challenges remain in scaling production,

cost reduction and thorough field validation (Buitrago-Arias et al., 2025).

Overall, dry formulations either of solid or hydrogel carriers, with low moisture content, extend
shelf life and include powders made by freeze drying, air drying, spray drying, or desiccation.

Freeze drying, a gentler method, preserves bacterial viability with the help of protectants,
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though drying techniques vary widely in cost and energy consumption (Berninger et al., 2018).
Talc is a commonly used natural carrier for dry inoculants due to its hydrophobicity and low
moisture absorption, which aids long-term storage (Follett et al., 2016). Dry immobilization
often employs alginate or zeolite encapsulation combined with protective additives like gelatin,
carboxymethyl cellulose, arabic gum, disaccharides, maltodextrin, or milk-derived compounds,
all of which improve bacterial survival (Berninger et al., 2018; Schoebitz et al., 2013). The
efficacy of these protectants varies with microbial species and requires careful optimization
(Lahlali et al., 2006). Compounds such as sodium glutamate enhance membrane fluidity and
drying resistance, while milk proteins stabilize formulation structure, further improving
viability (Follett et al., 2016; Khan et al., 2023). Low-cost additives like glycerol, maize bran
residue and whey also serve as both nutrients and protectants (Vassilev & de Oliveira Mendes,

2018).
2.5.4 The focus on next-generations bioinoculants as the subject of this thesis

Methods for carrying beneficial microorganisms in agriculture, such as freeze-dried bacterial
cultures or liquid formulations, continue to evolve, with encapsulation into hydrogel carriers
being a key research area to develop more efficient and stable products. According to Bashan
et al. (2014), industrial residues and agricultural by-products like sugarcane bagasse, sawdust,
or brewery waste can serve as inexpensive carriers for microbial inoculants. However, these
raw materials often have inconsistent compositions and pose sterilization challenges, limiting
their widespread application. One major challenge in inoculant production is maintaining long-
term cell viability. Techniques like freeze-drying reduce intracellular water content, thereby
lowering metabolic activity and extending microbial lifetime (Bashan, 2014). While freeze-
dried inoculants offer improved shelf life, their commercial production requires specialized
equipment and skilled labour, which contribute to high costs. Thus, research efforts aim to
reduce production costs while maintaining bioinoculant quality. Moreover, factors such as
dosing frequency and the recovery time of cells from liquid or gel formulations remain
significant barriersto adoption, especially over large-scale agricultural areas like soybean farms

in South America (Santos et al., 2019).

Hydrogel bioinoculants present additional benefits including improved water retention and
enhanced drought resistance, which are critical for sustainable agriculture under changing
climatic conditions (Ali et al., 2024). The concept of this dissertation focuses on PGPR of the

genus Azotobacter vinelandii (described in subchapter 2.4). A. vinelandii is a gram-negative,
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non-pathogenic bacterium known for its dual capability to promote plant growth and produce
biotechnologically valuable compounds such as extracellular alginate and intracellular PHA.
Despite its high alginate yields and beneficial plant interactions, the potential of 4. vinelandii
as a bioinoculant combining both traits have not been fully explored, to our knowledge This
thesis proposes a novel “self-encapsulation” strategy, where the bacteria produce alginate in
situ, which upon crosslinking forms hydrogel entrapping the cells. This approach promises to
simplify the inoculant preparation process and reduce costs significantly, making it an

innovative advancement in PGPR applications.

The agricultural application of A. vinelandii has been already studied and commercialized to
some extent, especially due to its ability to fix atmospheric nitrogen. Azotobacter species are
ubiquitous in soils worldwide, with their abundance depending on specific soil conditions. As
a plant growth-promoting rhizobacterium, A. vinelandii enhances crop yields by providing
biologically fixed nitrogen that plants can utilize. Additionally, 4. vinelandii contributes to

improving crop nutritional quality by increasing vitamin content and protein levels (Aasfar et

al., 2021; Das, 2019; Gross-Urrego et al., 2025).

Integrating bacterial inoculants like Azotobacter into nutrient management systems offers a
sustainable approach improving soil health and productivity while reducing chemical inputs.
Biofertilizer inoculation is a promising strategy to boost crop productivity while minimizing
chemical fertilizer use, supporting environmentally friendly agriculture (Ammar et al., 2023;
Bhardwaj et al., 2014; Vergel-Castro & Boom-Carcamo, 2025). However, inconsistencies in
field performance of PGPR inoculants remain a challenge due to differences between controlled
lab or greenhouse conditions and complex field environments. To overcome these limitations,
biofertilizer formulations are increasingly amended with organic materials, cell protectants and
nanoparticles to enhance microbial survival and efficacy. Furthermore, advances in next-
generation sequencing, gene editing, synthetic biology and computational modelling offer
powerful tools to optimize microbial strains and plant-microbe interactions for sustainable crop

production (Bakker et al., 2013; Diaz-Rodriguez et al., 2025).
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Figure 10 The scheme of the experimental part of our research strategy, 1. Optimization of
growth media for A. vinelandii with a focus on production of alginate for gel formation, 2.
Gelation of the bacterial culture and characterization of the physical and chemical properties

of bacterial gelled culture, 3. Application and evaluation of plant growth stimulation.
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3 RESEARCH AIM AND OBJECTIVES

The topic “Encapsulation of Microorganisms for Their Application in Food Industry,
Agriculture and Medicine.” is broad, combining elements of biotechnology and physical
chemistry; however, the primary focus of this research is the encapsulation of bacterial cells
and their application in agriculture. To achieve the objectives of the study, the research has been

divided into several tasks.

The thesis involves selecting of suitable bacterial strains capable of producing two biopolymers:
polyhydroxyalkanoates and alginate of the required quality. Various strains of the plant growth-
promoting rhizobacterium (Azotobacter vinelandii) are selected from a microbial collection
based on previous literature screening. The main object is to gel bacteria directly by its own
produced alginate. The second task involves analyzing the properties of gels containing
encapsulated bacteria, including rheology, stability and bacterial release, using various
physicochemical methods. Finally, the encapsulated bacteria will be applied to soil to evaluate

their effects on plant growth and yield.
1. Phase

e Screening and characterization of A. vinelandii strains deposited in various public
collections of microorganisms

e Characterization of microbial strains:
* PHB content
» Alginate content and quality (monomer composition, molecular weight)

* Gelation properties of the culture
2. Phase

e Analyzation of prepared gelled bacterial culture
» Time of gelation, gelation agents, quality of the gel
e Bacterial viability

e Release of the bacterial culture from the gel
3. Phase

e Application of PGPR in encapsulated form into the soil with plant seeds
e Release of PGPR into the soil
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4 MATERIAL AND METHODS

Formalin (Sigma-Aldrich, USA)

4.1 CHEMICALS USED IN DISSERTATION THESIS
14C-acetate, radioactive, provided by Lund
University

CASEIN AM (Thermo Fisher Scientific, USA)
Potassium dihydrogen phosphate (Lachner, Czech
Republic)

Disodium hydrogen phosphate dodecahydrate
(Lachner, Czech Republic)
Dipotassium hydrogen phosphate (Lachner, Czech
Republic)

Sodium hydrogen phosphate dihydrate (Lachner,
Czech Republic)
Sodium chloride (Lachner, Czech Republic)
Potassium chloride (Lachner, Czech Republic)
Calcium chloride dihydrate (Lachner, Czech
Republic)

Calcium carbonate (Penta, Czech Republic /
Chemapol, Czechoslovakia)

DNS- 3,5-dinitrosalicylic acid (Sigma-Aldrich,

Czech)

Ammonium sulfate (Lachner / Lachema, Czech
Republic)

Magnesium sulfate heptahydrate (Lachner, Czech
Republic)

Manganese(Il) sulfate tetrahydrate (Lachner, Czech
Republic)

Zinc sulfate heptahydrate (Lachner, Czech
Republic)

Copper(Il) sulfate pentahydrate (Lachema, Czech
Republic)

Ferrous sulfate heptahydrate (Lachner, Czech
Republic)

Ferric chloride heptahydrate (Lachner, Czech
Republic)

Sodium molybdate dihydrate (Lachema, Czech
Republic)

Sodium azide (Lachner, Czech Republic)

Sodium hydroxide (Lachner, Czech Republic)
Hydrochloric acid (37%) (Lachner, Czech
Republic)

Sulfuric acid, concentrated (Penta / Lachner, Czech
Republic)

Perchloric acid (Penta, Czech Republic)

Acetic acid (Lachner, Czech Republic)

Benzoic acid (Lachner / Penta, Czech Republic)
Citric acid monohydrate (Lachner, Czech Republic)
Sodium citrate (Penta, Czech Republic)

Sodium acetate trihydrate (Sigma-Aldrich,
Germany)

Ethanol (including 97%) (Lachner, Czech
Republic)
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Indole Acetic Acid (Sigma-Aldrich)

Isopropyl alcohol (Penta, Czech Republic)
Methanol (VWR, USA)

Acetone (Penta, Czech Republic)

EDTA, disodium salt (Lachner, Czech Republic)
D-glucose monohydrate / Glucose monohydrate
(Lachner / Lachema, Czech Republic)

Gluconic acid (Sigma-Aldrich, Germany)
L-tryptophan (Sigma-Aldrich, Germany)
L-DOPA (L-3,4-dihydroxyphenylalanine) (Sigma-
Aldrich, Germany)

Indole-3-acetic acid (IAA) (Sigma-Aldrich,
Germany)

Chrom azurol S (CAS) (Sigma-Aldrich, Germany)
Cetrimonium bromide (CTAB) (Sigma-Aldrich,
Germany)

Piperazine (Sigma-Aldrich, Germany)

MOPS (3-(N-morpholinyl) propanesulfonic acid),
sodium salt (Sigma, Germany)

Agar powder (HiMedia, India)

Peptone (HiMedia, India)

Nutrient broth with 1% peptone (HiMedia, India)
Yeast extract / Yeast extract powder (HiMedia,
India)

SYTOX™ Green (Thermo Fisher Scientific, USA)
DAPI (4',6-diamidino-2-phenylindole) (Thermo
Fisher Scientific, USA)

Propidium iodide (PI) (Thermo Fisher Scientific,
USA)

Perlite (Agro, Czech Republic)
Potassium hydroxide (Lachner, Czech Republic)

Radioactive and non-radioactive *H-leucine (Leu),
provided by Lund University

Scintillation cocktail (Ultima gold, USA)
Soil substrate (Agro, Czech Republic)
Thymidine, provided by Lund University
Tricalcium phosphate (Lachner)

Trichloroacetic acid (Sigma-Aldrich, USA)


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/thymidine

4.2
Autoclave VX-150, Systec, USA

Bioreactor Biosan RTS-1, SIA Biosan, Latvia
Bioreactor Biostat B plus, Sartorius
Bioreactor RALF, Bioengineering AG

ELISA, Multimode reader, Synergy HTX, BioTek
Centrifuge EBA 200, Hettich

Centrifuge EBA 20, Hettich

Thermoblock SBH 130, Stuart

Vortex shaker BV 1000-E, Biosan / Benchmark
Scientific

Magnetic stirrer without heating MMS-3000,
Biosan

Magnetic stirrer without heating MMS-300
Magnetic stirrer with heating H2760-HS-E,
Benchmark Scientific

Magnetic stirrer KARTELL TKO

Analytical balance PA224C, Ohaus

Laboratory balance EW 620, Kern

Precision balance Scout Pro, Ohaus

Laminar flow hood Aura Mini, Bio Air Instruments
Safety Bunsen burner schuett phoenix Il eco,
Schuett-biotec

Nanophotometer PEARL, Implen

Rheometer HR-2, TA Instruments

GC system: Finnigan TRACE GC Ultra with FID
detector, Thermo Scientific

GC column: J&W DB-WAX, 30 m x 0.25 mm,
Agilent

MALS Dawn Heleos Il and dRI Optilab T-rEX,
Agilent Technologies, 1260 Infinity, column — PL
aquagel-OH MIXED-M 8 pm, 300 x 7.5 mm
Digital orbital shaker SHO-2D, ZWYR-D2401,
Labwit

Automatic micro viscometer, Anton Paar
Centrifuge EBA, Hettich
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INSTRUMENTS USED IN DISSERTATION THESIS

DLS — ZetaSizer Nano ZS, Malvern Instruments
Encapsulator BUCHI B-395

Densitometer DMA 4500, Anton Paar

FTIR spectrophotometer Nicolet iS50, Thermo
Scientific

pH meter pH 50+ DHS, XS Instruments

Plant growth lighting 300 W LED Grow Light,
Viparspectra

Plant growth lighting 1200 W LED Grow Light,

Viparspectra

High-pressure freezing platform. EM ICE, EM
AFS2, Leica Microsystems

HPLC, Agilent Technologies

Liquid Scintillator Counter, Perkin Elmer

Scanning electron microscope, Magellan 400/L,
FEI

Spectrophotometer U-3900H, Hitachi

Synergy HTX multi-mode microplate reader,
ELx808, BioTek

Flow cytometer NL-2000, Cytek Biosciences,
Fremont

Universal centrifuge Z 36 HK, HermLe

Ultra-low temperature freezer ULUF 490, Arctiko
Laboratory fume hood N 1500/900 M2, Merci
Mini incubator 10L-Analog, Domel
Temperature-controlled shaker ES20, Biosan
Universal water bath BL4/150, 12 L, WSL
Biological incubator IP60-M, LTE Scientific
Biological incubator IP100-U, LTE Scientific /
Biotech

Shaker Unimax 1010 + Incubator 1000, Heidolph
Microcentrifuge 1-14, Sigma

Transmission electron microscope (Morgagni, FEI)



4.3 MICROBIAL CULTURES AND CULTIVATION

Freeze—dried bacterial cultures of Azotobacter vinelandii (DSMZ 85; DSMZ 87; DSMZ 576;
DSMZ 720; DSMZ 13529) were obtained from the German Collection of Microorganisms and
Cell Cultures; Braunschweig, Germany. Freeze-dried bacterial culture Azotobacter vinelandii
CCM 289 and Pantonea ananatis CCM 2407 and Azospirullum brasilense CCM 3862 were
obtained from the Czech Collection of Microorganisms; Brno, Czech Republic. The bacterial
cultures were maintained as frozen stock cultures at —80°C in the presence of glycerol (10 %

w/w).

Cultivations for the inoculum preparation were performed in 100 mL Erlenmeyer flasks
containing 35 mL of modified Ashby’s medium glucose (20.0 g/L, yeast extract 6.0 g/L,
Na2HPO4 2.0 g/L, MgS04.7H,0 0.3 g/L, (NH4),SO4 0.6 g/L and CaCOs 1 g/L) for 24 h at
30°C with constant shaking at 180 rpm.

After 24 hours, the inoculum was transferred (5 % v/v) into mineral medium of the composition
dependent on the experiment. Generally, the composition described above was used, with a
fructose or sucrose were used as carbon source (20 g/L), with the amount of CaCOj3, varying
according to experiment (1.0, 2.0 or 5.0 g/L). The media were sterilized at 120°C for 15 min.
The volume in flask (250 mL) similarly varied according to experiment while maintaining the
same inoculum-to-medium ratio (5 % v/v). The media volume of 100 mL was used as a control,
the volume of 50 and 150 mL were used in chapter 5.2.3 to study how the medium filling effects
polymer and biomass production. The bacterial cultivations were performed at 30 °C, typically

at 220 rpm from 3 — 7 days.

The cultivations of A. brasilense and P. ananatis were performed in Nutrient Broth medium of
avolume of 50 mL in Erlenmayer flask (100 mL) for 24 hours. The grown cultures were either
stored at —80 °C in the presence of 10 % (w/w) glycerol or inoculated onto specific media to

assess PGPR properties (see Chapter 4.4)

4.4 TEST FOR PLANT GROWTH-PROMOTING PROPERTIES

4.4.1 Production of Indole Acetic Acid
Cultivation for indole acetic acid production assay was performed in King B media containing
glycerol 15 g/L, peptone 20 g/L, K2ZHPO4 1.15 g/L and MgSO4.7H20 1.50 g/L. Stock

bacterial cultures of 4.vinelandii and positive controls (4. brasilense and P. ananatis) of the

volume of 0.75 mL were pipetted into 3 mL autoclaved tubes containing King B medium
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supplemented with 2.5 mM tryptophan. The cultivation was performed at 30°C with constant
shaking at 180 rpm for 3 days.

The standard method VIS spectroscopic analysis was employed (Gordon & Weber, 1951):
0.5 mL supernatant from the centrifuged (5,400 x g and 10 mins) bacterial culture (cultivated
in King B media) was used and mixed with 0.5 mL Salkowski reagent (FeCls;.6H,O 12 g/L,
96%H,S04 421 mL/l) (Ambrosini & Passaglia, 2017). The samples were incubated for 30 min
in the dark, then 150 pl of the mixture was applied into 96-wells microplates. Absorbance (530
nm) was measured with a microplate reader ELx808 by BioTek. Pure IAA (Sigma-Aldrich)

was used as a calibration standard, 4. brasilense and P. ananatis were used as a positive control.

4.4.2 Production of siderophores

The method used to detect siderophore is based on identifying isolates capable of producing
siderophores through the utilization of Chromazurol S (CAS), a blue dye (Neilands, 1987).
When bacteria produce siderophores, the absorption of Fe** turns the blue colour of

Chromazurol S into red, which creates reddish halo zones around bacterial colonies.

Iron CAS agar plates were prepared by mixing CAS reagent with sterile King B (described
above). Agar plates were inoculated with bacterial cultures and a positive control (Pantonea
ananatis) and an uninoculated plate was taken as a negative control. After inoculation, plates
were incubated at 30 °C for 3 — 5 days in the dark and observed for the formation of orange

zone around the bacterial colonies (Arora & Verma, 2017).

Siderophore production was quantified using the Chrome Azurol S (CAS) assay. Briefly, the
supernatant from the grown bacterial cultures was collected and mixed ina 1:1 (v/v) ratio with
CAS reagent. The mixtures were incubated at room temperature for 30 minutes and absorbance

was measured at 630 nm against a CAS reagent blank.

Siderophore production was expressed as percent siderophore units (PSU) using the formula

PSU (%) = Sk —Ramle 5 10,

blank
Pantoea ananatis supernatant was included as a positive control.
4.4.3 Phosphate solubilization

Pikovskaya's medium for phosphate solubilization contained: glucose 10 g/L, tri calcium

phosphate 5 g/L, yeast extract 0.5 g/L, calcium chloride 0.1 g/, magnesium sulphate

59



heptahydrate 0.25 g/L, agar 15 g/L. The medium was autoclaved at 121°C for 15 minutes.
Azotobacter strains were inoculated into the sterilized agar medium by gently applying
microbial loop with grown culture. Plates were incubated at 30°C for 3—5 days and observed

for the formation of clear halo zones around the colonies.

4.5 ANALYSIS PERFORMED DURING AND AFTER THE BACTERIAL
CULTIVATION

Analyses were performed to monitor optical density (OD at 630 nm), biomass, alginate
production and gelation potential. During the initial cultivations of A. vinelandii strains, every
24 h were taken subsamples from bacterial cultures. Bacterial growth was monitored indirectly

by measuring optical density at 630 nm using water as a blank.

In the later phases of the experiments, after the initial growth monitoring, analyses were
performed following the termination of the cultivation (after 4—6 days, depending on the

bacterial strain).

For monitoring the biomass, 10 mL of bacterial cultures were collected daily and centrifuged
at 6,000 rpm for 5 min. Supernatant containing alginate was separated from sediment and
precipitated with ethanol for further analysis described in 4.6. The sediment containing the

biomass was washed with 10 mL of distilled water and dried at 70°C to constant weight.

The gel forming properties were also tested. Few drops of bacterial culture from the sample

were pipetted into calcium chloride solution (2 % w/w) and it was monitored gel formation.

4.6 DETERMINATION OF BIOPOLYMERS AND MOLECULAR WEIGHT
ANALYSIS OF ALGINTE

The content of poly(3—hydroxybutyrate) (PHB) in dry biomass was determined using gas
chromatography (Trace 1300, Thermo Scientific, column: ZB—WAXplus 30 m by 0.50 mm)
with flame—ionization detector (GC—FID) (Brandl et al., 1989). Commercially available PHB
was used as a standard; benzoic acid was utilized as an internal standard. Each sample was

measured in triplicate.

The alginate was precipitated from supernatant by using cold ethanol (96 %) (Clementi et al.,
1999) and determined gravimetrically. Generally, 3 mL of supernatant was mixed with 6 mL
of cold ethanol (4 °C) and the sample was centrifuged at 4,500 rpm for 15 mins at 4°C. The

supernatant was poured out and the precipitated alginate was washed with distilled water and a
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double volume of ethanol. Afterwards, the centrifugation was repeated. The supernatant was
poured out again and the final precipitated alginate was dried in a thermostat at 70 °C for 24 —

48 hours and weighed. The analysis was performed in duplicates for each bacterial culture.

Molecular weights of precipitated alginate were analysed using size exclusion chromatography
coupled with multi-angle light scattering (Dawn Heleos II, Wyatt Technology, Santa Barbara,
CA, USA) and differential refractometry (Optilab T-rEX, Wyatt Technology, Santa Barbara,
CA, USA). 2.0 mg of the dried alginate was dissolved in 1.5 mL of 50 mmol/L sodium citrate
solution and subsequently passed through syringe filters with nylon membrane (0.45
um). A total of 100 pL of each sample was injected into the size exclusion chromatography
system (Infinity 1260 system with PL aquagel-OH MIXED-H column, Agilent Technologies,
Santa Clara, CA, USA). As a mobile phase, 50 mmol/l of sodium citrate (filtered through 0.1
um membrane filters) at a flow rate of 0.6 mL/min was used. To determine the weight-average
molecular weight (M,,), ASTRA software (version 7.3.2, Wyatt Technology, Santa Barbara,
CA, USA) was used.

Determination of the M/G subunit ratio using Fourier transform infrared spectroscopy

Dried alginate samples obtained by precipitation were examined using a Fourier transform
infrared (FTIR) spectrometer iS50 (Thermo Scientific, Waltham, MA, USA). Analyses were
conducted at room temperature in a controlled air-conditioned environment, employing a built-
in single-reflection diamond attenuated total reflectance (ATR) crystal. Each absorption
spectrum represented the average of 16 scans, recorded at a resolution of 4 cm™ and a data
interval of 0.5cm™. For every A. vinelandii strain, five separate alginate samples were
measured to obtain independent spectra. Absorbance values at 780; 810; 1600 and 1,720 cm™
were extracted from each spectrum to determine structural parameters, including the M/G ratio

and acetylation level, according to the procedure outlined by (Bonartseva et al., 2017).

4.7 SELF-ENTRAPMENT OF THE BACTERIAL CULTURE INTO THE
HYDROGEL MATRIX

Gelation agents for bioinoculants were prepared using calcium chloride in the concentration of

2 % w/w, or 5 % w/w, respectively.

For the basic tests of gelation ability, the as-cultivated bacterial cultures were added dropwise
into a double volume of gelation agent via slow pipetting to form macrogels of unidentified

shape. The process of gelation was done at room temperature without stirring the mixture to
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avoid disintegration and to preserve the gel’s shape. The time of the gelation was set up for
30 min and followed by the filtration of prepared gels carefully through filter paper (category

KA 1) or nylon layer to remove the redundant gelation agent solution.

4.7.1 Gelation by using multi-ions, acids and glucono- 8 -lactone
Ionic gelation

For the gelation ionic gelation FeCls, CuCl, in the concentration of 2 % w/w. The preparation
of gels was similar as with CaCl,. Cultivated A. vinelandii cultures (10 — 20 mL) were added
dropwise into a double volume of the ion solution using slow pipetting. Gelation was allowed
to proceed for 30 minutes. After gelation, the gels were carefully filtered to remove excess ion

solution.
Acidic gelation

For low-pH gelation, organic acids were used at a concentration of 0.5 M. The chosen acids

were citric, maleic and oxalic acid.
Gelation with GDL (Glucono-6-Lactone)

For GDL-induced gelation, the ratio of CaCOs3 to GDL was set at either 1:2 or 1:4 (w/w).
Calcium carbonate was present in the bacterial culture as a media component and freshly
prepared GDL solution was added immediately to avoid premature hydrolysis. The mixture was
left at room temperature to allow slow acidification and gel formation, after which the pH was
measured. For the rheological time-sweep test (4.9.1), the mixture was quickly transferred to

the measuring device immediately after mixing.

4.8 FREEZE-DRYING OF BACTERIAL GELS

Prepared gels (see section 4.7) freed from excess crosslinking agent, were freeze-dried using a
freeze-dryer at —20 °C, with the condenser set to —50 °C. The pressure in the freeze-drying
chamber was set to 10 Pa. The freeze-drying process lasted 2 — 3 days, depending on the water
content of the sample.
4.9 CHARACTERIZATION OF THE GEL FORMULATIONS

4.9.1 Mechanical properties

The gels prepared by self—entrapping of the bacterial cultures CCM 289, DSM 87, DSM 720
and DSM 13529 were further analyzed to investigate their rheological properties. The
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oscillatory rheometry analyses of bacterial gels were performed on Rheometer Discovery HR
(TA Instruments). Amplitude tests were performed with the deformation strain ranging from
0.1 to 1,000.0% and with a constant frequency of oscillation at 1 Hz. The macro-gels were
measured at 25 °C; 6 points per decade, while the amplitude of deformation was increasing.
After the measurement, the evolution of the storage modulus (G’) and loss modulus (G”) was

recorded to assess gelation kinetics and stiffness development.

The rheological properties of the bacterial gels formed with GDL were monitored using a time-
sweep test over a period of 70 minutes. 25°C, frequency at 1 Hz, while using Peltier Concentric

Cylinder (TA Instruments).

4.9.2 Morphological analysis by electron microscopy

The encapsulated bacterial cultures were prepared using cryogenic sample fixation prior to
imaging in either transmission or scanning electron microscopy, following protocols developed

by colleagues from Institute of Instrumentation Technology, Brno, Czech Republic.

For TEM analysis, a small portion of the sample was excised with a scalpel and placed on 3
mm Au/Cu type A carriers, then covered with the flat side of 3 mm Au/Cu type B carriers. The
samples were preserved by high-pressure freezing (EM ICE, Leica Microsystems, Vienna,
Austria) and subsequently subjected to freeze substitution (EM AFS2, Leica Microsystems,
Vienna, Austria). The substitution medium contained 1% OsOa4 and 0.1% uranyl acetate in fresh
acetone and the process was carried out at —90 °C for 60 hours. The samples were then gradually
warmed to —54 °C at a rate of 2 °C per hour and maintained at this temperature for 8 hours.
They were further heated to —24 °C at 5 °C per hour and held for 15 hours, followed by a final
warming phase at 4 °C for 18 hours. After fixation, samples were infiltrated with epoxy resin
(Epoxy Embedding Medium kit, Sigma Aldrich, Darmstadt, Germany) and polymerized for 48
hours at 62 °C. The embedded specimens were sectioned into ultrathin slices (~80 nm) using a
diamond knife (Ultra 45°, DIATOME, Nidau, Switzerland) on an ultramicrotome (EM UC7,
Leica Microsystems, Vienna, Austria). Sections were mounted on PELCO Cu 200 Mesh TEM
grids and stained with conventional agents: 2% aqueous uranyl acetate and 3% lead citrate

(Reynolds method). Imaging was performed using a TEM (Morgagni, FEI) operated at 80 kV.

For cryo—SEM analysis, hydrogel samples were trimmed to fit 6 mm aluminum carriers (side
A) for high-pressure freezing. The carriers containing the sample were filled with culture
medium and frozen using high-pressure freezing (EM ICE, Leica Microsystems, Vienna,

Austria). Samples were then transferred into a cryogenic vacuum chamber (ACE600, Leica
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Microsystems), fractured and sublimated at —95 °C for 7 minutes. Hydrogels containing PHB-
producing bacteria were visualized using a scanning electron microscope (Magellan 400/L,

FEI) equipped with a cryo-stage, at —120 °C with an electron beam energy of 1-2 keV.

4.10 CULTIVATION OF AZOTOBACTER VINELANDII IN BIOREACTORS

4.10.1 Up-scaling of cultivation process

Bacterial cultures of Azotobacter vinelandii DSM 87 or CCM 289 were inoculated at 5 % v/v
into the bioreactors, with working volumes adjusted according to the treatment, either 3 L or
4 L. The inoculum, cultivated in Erlenmeyer flasks (100 mL volume in 250 mL flask) consisted
of 24-hour-old cultures with an optical density at 630 nm (ODs30) of approximately 3 and the

cultivation temperature was maintained at 30 °C.

The bioreactor conditions varied depending on the experiment. The working volume ranged
from 3 L to 4.5 L, with media components calculated proportionally to the selected volume.
Agitation in the RALF bioreactor was maintained at a constant speed of 350 — 450 rpm, while
in the Biostat B Plus bioreactor dynamic agitation ranged from 150 — 450 rpm or 250 — 750 rpm,
depending on the specific experiment. Oxygen input was set to a partial pressure of 1% v/v/m,
supplied either through constant mixing in the RALF bioreactor or via cascade control in the
Biostat B Plus, depending on the experimental setup. Glucose (20 g/L), used as the carbon
source, was sterilized separately and added directly to the bioreactor. The duration of cultivation
depended on the growth rate, gelation potential of the culture and the available carbon source.
Subsamples were taken at selected time points, according to the culture’s growth progression,
to assess gelation potential and for the determination of glucose concentration, alginate
production and biomass. Only 4. vinelandii DSM 87 was used in these experiments, as the
CCM 289 strain was unable to form a gel even after several attempts. For comparative purposes,
bacterial cultures were also inoculated at 5 % v/v following the standard cultivation protocol.
When foam formation was observed during the cultivation, an antifoam agent (0.5 mL) was

added to the culture.

Table 2 Cultivation of Azotobacter vinelandii DSM 87 in RALF and Biostat B Plus Bioreactors

Under Various Conditions to Determine the Optimal Gelation Potential of Bacterial Cultures.
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Glucose was added at a concentration of 20 g/L, with variations in bioreactor type, working

volume, agitation speed, glucose supplementation mode and cultivation duration.

Time of the
Glucose
Experiment Bioreactor Volume (L)  Stirring (rpm) cultivation
addition
(b
a) Control RALF 3 400 X 42
b) Increased
. RALF 3 450 X 30
mixing
¢) Increased
RALF 4 400 x 30
volume
Yes,2 g
d) Fed-batch RALF 3 350 o 48
addition
e) Dynamic
Biostat B plus 4 250-1750 x 26
agitation
Mild
D ] Yes, 1 g
dynamic Biostat B plus 4 150 -450 36
addition
agitation

4.10.2 Cultivation in minibioreactors RTS-1

After 24 hours of cultivation in the inoculation medium, the culture of Azotobacter vinelandii
DSM 87, prepared one day in advance, was transferred into Falcon tubes with aero lids at
5% v/v to working volumes of 10, 20, or 30 mL, supplemented with glucose to a final
concentration of 20 g/L. The cultures were then placed into Biosan RTS-1 minibioreactors
under constant rotary shaking, with the optical density at 850 nm (ODsso) automatically
monitored and later calculated. The cultivation typically lasted three days, depending on when

the measured ODsso began to decline, indicating bacterial death.

4.10.3 Determination of residual sugars using the DNS method

During the DNS method, 3,5-dinitrosalicylic acid reacts with D-glucose to form 3-amino-5-
nitrosalicylic acid. The reaction requires energy, which is typically supplied by heating the

mixture. This leads to a color change from yellow to orange, making it a colorimetric reaction.
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A calibration curve was prepared from a glucose stock solution with a concentration of 3 g/L,
which was subsequently diluted to 0.6, 1.2, 1.8,2.4 and 3 g/L. Then, 500 pL of the appropriately
diluted glucose solution (supernatant from centrifuged biomass) was pipetted into a glass test
tube. Next, 500 uL of DNS reagent was added. The test tubes containing this mixture were
incubated for 10 minutes in a water bath at 70 °C. After incubation, the samples were cooled to

room temperature and brought to a final volume of 10 mL with distilled water.

The absorbance of the samples was measured on a spectrophotometer at 540 nm against a blank,
which consisted of the same mixture as the test samples, but with 500 uL of distilled water

instead of the supernatant. All samples were prepared in triplicate.

4.11 FLOW CYTOMETRY ANALYSIS

4.11.1 Testing of fluorescent probes

Stock solutions of the fluorescent probes (Propidium lodide, Fluorescein diacetate, Sytox,
Calcein AM) were prepared at a concentration of 1 mg/mL, or according to the manufacturer's
instructions. Cell cultures were first washed and diluted 10—1000x using phosphate buffer. To
each diluted culture, 1-5 pl of the fluorescent probe stock solution was added, depending on
the specific probe used. The samples were then incubated in the dark at room temperature for

5-20 minutes, as recommended for each probe.

After incubation, the samples were ready for analysis by flow cytometry. Data acquisition was
performed by recording 10,000 events (i.e., detected cells) and the results were processed using

the SpectroFlo software. The phosphate buffer composition is described in Table 3.

Table 3 The composition of phosphate buffer in 1,000 mL of distilled water

Compound Weight (g)
NaCl 8.000
KCl 0.200
Na,HPO,. 2H,0 0.144
KH,PO, 0.240
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4.11.2 Testing of viability after release of encapsulated bacteria from gelled

culture

Bacterial gelled cultures were prepared by mixing 10 mL of bacterial culture with 5 mL of
gelation agents. The mixture was allowed to gel and then further released into physiological
saline. The gelled cultures were gently mixed in phosphate buffer for one hour. From this

suspension, aliquots were pipetted and diluted 10 — 100x as needed.

Propidium iodide (PI) was used as a viability probe by adding 5 ul from a 1 mg/mL stock
solution, followed by incubation for 10 minutes at laboratory temperature. Data acquisition
involved recording 10,000 events (i.e., detected cells) and the results were processed using the

SpectroFlo software.

4.12 PLANT CULTIVATION

The application of bioinoculants and their influence was tested on plants of Lactuca sativa
(variety lento). The plants were cultivated in two different experiments. The seeds were
germinated on petri dishes for 5-8 days, depending on their growth and transformed into the
soil when for the first one was performed in the laboratory conditions with temperature around
24 °C and humidity regulated by irrigation system on 60 % twice a day with 12 hours day/night
cycle with watering every third day. The experiments were performedin 1 L pots with organic
soil (Argo) and perlite in ratio 4:1. Treatments varied according to experiment. In the first
experiment, gels with encapsulated bacteria, bacteria in liquid phosphate buffer and control
without any treatment were used. The inoculation of treatment was done in the first day of

lettuce cultivation and in 14 days. The experiment lasted for 30 days.

The second experiment was performed in glasshouse in the cooperation with Lund University,
Faculty of Biology. The temperature in the glasshouse was set on 18 °C with constant humidity
on 60 %. The day/night cycle was set on 16/8 hours with the use of commercial soil. The
experiment was performed in 1 L pots with watering every third day, while monitoring their
water content in the soil. After the germination of the seeds, two treatments were performed
and negative control. In this experiment, gels with encapsulated bacteria and hydrogel without
bacteria were chosen as treatments. The same as previous experiments, one pot was inoculated
with 4 germinated seeds and inoculated by gel (bacterial and with bacteria) or nothing as
negative control. From each treatment, negative control respectively, 16 pots were inoculated.
4 pots from each treatment, negative control, respectively were not inoculated by plants, only

treatment for monitoring behaviour of microbes without interfering plant mechanisms. The
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second application of treatment was not performed. After 35 days of watering, half of grown
plants, or negative control respectively were randomly selected not to be water anymore to

monitoring their drought resistance.

During the experiments, samples of soil were taken to determine bacterial, fungal growth and

microbial respiration.

30 Ill. Cultivation of lettuce for 35 days
X« w with regular watering
I. Cultivation — U0 ‘@ @
of bacterial Germination

culture and

seed + —_—
germination — —’ —’ _’
%'I I
%27 N\ .®
| | | |

IV. Stop watering grown
Il — plants for 7 days

Il. Direct
gelation of
bacterial culture

Control measurements

Figure 11 Schematic representation of 2nd cultivation experiment of lettuce, focusing on
drought resistance of treated and untreated plants; where two treatments were used: bacterial
gelled culture, bacterial gel without cells and untreated controls. Treatment was applicated
only once and after 35 days of cultivation half of each treatment/untreated control was tested

for drying and rest were cultivated as before.

Soil characterization

The water content (WC) was analysed gravimetrically by drying at 105 °C to constant mass
Water holding capacity (WHC) was measured by saturating 5.0 g of the fresh soil with distilled
water for 24 h and weighted after 6 h of draining by gravity.

4.12.1 Bacterial and fungal growth measurements

Bacterial growth was estimated by measuring the rate of incorporated *H-leucine (Leu) into
bacteria. Bacteria in weighted amount of the soil were extracted by centrifugation according to

(Baathet al.,2001). 1 mL of Scintillation cocktail (Ultima Gold) was added into pellet, vortexed
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and centrifuged (16,200xg for 2 min). After centrifugation, samples were measured using a
liquid scintillation counter (Ultima Gold) to determine the amount of incorporated leucine in

extracted bacteria (in pmol Leu g ' h'™!).

For the estimation of fungal growth, acetate-in-egosterol method was used described by (Bééth
etal., 2001). Similarly to the estimation of bacterial growth, 1 g of soil was weighted into glass
tubes and mixed with 20 pl of '*C-acetate solution [1-'*C] acetic acid, sodium salt, 2.07
GBg.mmol !, Perkin Elmer) and non-reactive sodium acetate, resulting in a final concentration
of 220 umol/L. Soil samples were incubated at 18°C for 2 h, when the formalin (500 pL) was
added to terminate the growth. Ergosterol and incorporated acetate were washed according to
(Rousk & Baath, 2007) 3 mL of scintillation cocktail (Ultima Gold; PerkinElmer, USA) was
added and measured on scintillation counter PerkinElmer, USA. The rate of fungal growth was

determined in pmol ace-in-erg g ' h™l.
Data evaluation

All data that for bacterial and fungal growth was converted to C units. For the conversion from
Leucine to C units, first converted the leucine to thymidine equivalents which were done in
Cruz-Parades et al. (2021) by multiplying the leucine data by 0.096628 (Cruz-Paredes et al.,
2017). Following this it was used a conversion factor in Soares and Rousk (2019) to convert
thymidine to C units by multiplying the thymidine data by 0.0055 (Soares & Rousk, 2019). To
convert from Ergosterol to C units, conversion factor of 0.0026 was used (Soares and Rousk

2019).

When the moisture data were fitted to a curve, the data was divided by the estimated asymptote
in the regressed equation causing the curve to converge at the asymptote of 1 for bacterial
growth (Brangari et al., 2022). For moisture dependent samples, data was fitted to a logistic

curve:

_ 1
Y = 1 ok(WC-EC50) >

While y represents bacterial growth, k is the slope coefficient determined from linear
regression, WC denotes water content and ECso represents the concentration at which 50% of

maximal growth is achieved.
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The evaluation was repeated to allow a clearer comparison of ECso, which represents the
concentration at which sample growth is reduced by half and can thus be related to bacterial

resistance to drought stress

4.12.2 Statistical analysis

To determine if there was a difference between groups a one-way ANOVA was conducted
between treatments for each of the variables- plant biomass, length of roots and leaves. Data
from plant experiments were evaluated by one-way ANOVA in statistical software JASP to

obtain their statistical significance (p-value).

To assess differences between groups, a one-way ANOVA was performed for each variable;
plant biomass, root length and leaflength. Data from the plant experiments were analyzed using
the statistical software JASP to determine statistical significance (p-value). Testing was
conducted at the conventional significance level of p = 0.05 (statistically significant, “*”), at a
high significance level of p < 0.01 (“**”) and very high significance p < 0.001 (“***”), or as

no significance when p > 0.05 (“ns”
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5 RESULTS AND DISCUSSION

5.1 SCREENING OF VARIOUS AZOTOBACTER VIENLANDII STRAINS FOR
THEIR ABILITY TO PRODUCE SELF-ENCAPSUALTED BIOINOCULANTS

In the course of this dissertation, our goal was to use the plant growth-promoting bacterium
Azotobacter vinelandii, which naturally produces the extracellular polysaccharide alginate, to
form a gel matrix upon direct crosslinking of the as-cultivated culture. Currently, the
encapsulation within extracellular matrices (such as xanthan or alginate) is already used for
PGPR to enhance their viability over time and to enable controlled release in the environment.
However, our concept does not rely on addition of external commercial alginate with bacterial
cultures as we aim to produce alginate of sufficient yield and suitable quality directly in the
PGPR culture. This novel preparation method introduces a novel type of bacterial inoculant,

which, to the best of our knowledge, has not been previously reported.

The immediate gel formation using only the bacterial culture would significantly reduce the
cost of inoculant production by eliminating the need for commercially sourced encapsulation
matrices. Additionally, industrial biotechnological processes can more easily lead to
contamination and typically require further equipment and sterile facilities. Our simplified

method offers an alternative that is more efficient and less resource intensive.

The gelation process, in which the grown bacterial culture is directly pipetted into a crosslinking
agent (a divalent ion solution, in our case 2 % w/w CaCl,), is illustrated in Figure 12. The gel
forms immediately upon contact. This concept improves the bacterial inoculant preparation
process by eliminating the need for external matrices. In our approach, 4. vinelandii produces
its own encapsulating matrix (alginate), making the encapsulation process feasible, streamlined

and cost-effective.
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Figure 12 The process of gel formation using a novel approach directly from a 5-day-old
bacterial culture of A. vinelandii DSM 87: The bacterial culture, grown to the stationary phase
(a), is directly pipetted into a 2 % w/w CaCl; solution (b), which serves as a multivalent ion
gelation agent. This interaction results in the formation of a strong bacterial gel with
encapsulated plant growth-promoting bacteria (c), facilitated by the self-produced alginate

matrix.

5.1.1 Growth of Azotobacter vinelandii strains and their ability to produce

biopolymers

Throughout the dissertation thesis we worked with six different strains of 4. vinelandii, five of
them were obtained from German Collection of Microorganisms (labelled as “DSM”) and one
from Czech collection of Microorganisms (labelled as “CCM”) to test our hypothesis in

preparation of new version of bacterial inoculant.

The strains were cultivated on amodified Ashby’s medium. The medium was partially nitrogen-
limiting, with glucose as the sole carbon source and CaCOs added to support alginate synthesis
and maintain desired pH. In the initial stage of experiments, the cultivation was focused on
Azotobacter’s ability to produce the extracellular polysaccharide alginate, known for its gel-
forming potential (Ciarleglio et al., 2023; Kapoor et al., 2025). From the beginning, our goal
was to prepare new type of bioinoculant, which could be encapsulated into its own
polysaccharides-based gels directly from growth bacterial culture without the need of an
external gel forming agents. By this concept we aimed at minimizing production costs of

bacterial inoculants and avoiding use of external gelation matrices such as alginate or xanthan.
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Hence, our goal was to cultivate bacterial culture containing sufficient amount of alginate with
high molecular weight and low M/G ratio to obtain gel formation easily. Due to this reason, we
monitored the extracellular polymer content (gravimetrically) and gelation ability (via dropwise
addition of the culture to crosslinking solution — 2 % (w/w) calcium chloride) of each tested

strain during the time course of cultivations.

In the first two days of cultivation, bacterial growth was evident by increased optical density
(OD), nevertheless, no gelation potential was observed during this early cultivation phase, only
a turbid solution was obtained upon addition to CaCl,. Starting from the third day, gelation
ability of bacterial cultures became visually noticeable by biofilm formation on the flask walls
for strains DSM 87 and CCM 289. The gel formations after addition of bacterial culture into
CaCl; solution were detect for strains DSM 87, DSM 576, DSM 13529 and CCM 289. Notably,
DSM 720 demonstrated gelation potential later, on the fifth day of cultivation, with an alginate
yield of 3.5 g/L. Despite producing a comparable alginate amount (2.1 g/L), strain DSM 85
failed to form any gels and instead yielded only a turbid solution upon pipetting into 2% (w/w)
calcium chloride, the gelation agent. A full overview of gel formation abilities is provided in

Table 4.
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Table 4 Summary of analysed properties of A. vinelandii strains: production yields of
polyhydroxybutyrate (PHB) and alginate, structural characteristics of alginate — molecular
weight, ratio of mannuronic and guluronic acids (M/G), acetylation degree — all on 4" day of
cultivation. The best gelation performance with 2% w/w CaCl; characterizes the consistency of

the bacterial gelled culture.

Strain PHB Alginate production Alginate structure Gelation
production ability (-)
PHB (% Day of Alginate (g/L)  Molecular M/G ratio Acetylation Ability to form
cdw) max. weight (As10/A780) degree gel ()
alginate (kDa) (A1’720/A1’600)
production
DSM 85 7.04 £3.57 6t 2.14+£0.01 319.00 £ 2.24+0.1 0.06 +£0.01 No gel
0.91 formation
DSM 87 2195+ 5th 4.87+0.57 492.85 + 1.7+0.1 0.54+0.01 Compact gel
10.62 15.49
DSM 576 14.38 £10.2 Sth 3.09+1.19 181.60 + 2.84+0.3 0.17 £0.02 Weak, easily
0.14 disintegrated
gel
DSM 720 30.21 £2.08 6t 3.52+0.54 344.85 1.6 £0.3 0.08 +£0.02 Compact gel
2.76
DSM 13529 24.02 £5.28 Sth 3.78 £0.78 308.20 + 2.0+0.5 0.10 £0.03 Compact gel
6.08
CCM 289 223+1.12 4th 2.18 £0.35 430.83 + 24403 0.20 £0.06 Compact gel
1.69

PHB serves primarily as an internal carbon and energy reserve (M. S. Lee & Salleh, 2025)
however, its presence is also associated with increased cellular robustness, enhancing survival
during stress conditions and improving bacterial viability (Grzesiak et al., 2024; Jaffur et al.,
2023; Tienda et al., 2024), which is particularly relevant for agricultural applications where
cells are introduced into soil environments with fluctuating resources and environmental
conditions. Generally, investing carbon sources into the production of two polymers is not
optimally effective for the cells with respect to achieving maximal yields of a single product.
Thus, it was expected, that cells with higher PHB amount will have low alginate content and

vice versa. Nevertheless, our experiments showed the opposite and strains as DSM 85 and DSM
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576 with low gelation ability, while reaching 2.1 and 3.1 g/L of alginate, did not produce high
amounts of PHB either (7 and 14 % of cdw, respectively). Results of screening strains of A.
vinelandii (Table 4) are particularly notable, as they contrast with literature reports indicating a
decline in alginate production during the stationary phase (Ponce et al., 2021). In our case,
significant yields were obtained even in later cultivation stages, when carbon availability is
typically limited. Generally, late-phase productivity can be attributed to the accumulation of
PHB, detected via GC analysis at levels of approximately 20 — 30 % of cdw for strains DSM
87, DSM 720, DSM 13529 and CCM 289. The strains with limited PHB production were DSM
85 (7.04 % of cdw) and DSM 576 (14.4 % of cdw).

Nevertheless, for us, obtaining a good alginate yield was necessary, as the quantity of alginate
plays a key role in gel formation. However, it became evident that yield alone is not sufficient
and the ability to form a stable and compact gel also depends on the quality of the alginate,

particularly its structural properties.

Among all tested strains, DSM 87 exhibited the highest alginate yield (4.9 g/L) on the 5th day
of cultivation and was the only strain to produce a compact, stable gel immediately upon contact
with the gelation agent. This confirmed its suitability for our approach, which relies on self-
produced alginate for encapsulation without the need for commercial additives. Other strains,
such as DSM 720 and DSM 13529, also produced relatively high amounts of alginate (3.5 g/L
and 3.8 g/L, respectively) and were able to form compact gels, though not as efficiently or
consistently as DSM 87. DSM 576 produced 3.09+ 1.19 g/L, but the resulting gel was weak
and easily disintegrated, indicating that despite a moderate yield, the alginate quality was
insufficient for forming a stable matrix. Interestingly, DSM 85 and CCM 289 produced similar
amount of alginate (2.1 g/L and 2.2 g/L, respectively), however, the gelation potential was
significantly different. While DSM 85 was unable to form any gel and easily mix with gelation
agent, strain CCM 289, despite its low yield, managed to form a compact, stable gel. This was
likely due to better structural properties of the alginate, which lead us to further investigate

alginate structure and quality.

First of the key structural factors expected to influence property of alginate was the molecular
weight (My). Higher M,, alginate is generally associated with easier gel formation, as it
enhances the degree of cross-linking between polymer chains. In this context, the M, of alginate
produced by the strains ranged from 181 to 500 kDa (see Table 4). On the 4th day of cultivation,
when EPS production was well established, DSM 87 produced alginate with an M,, approaching
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500 kDa, despite an overall alginate yield of less than 2 g/L.. CCM 289 followed with molecular
weight reaching 430 kDa. Similar My, values were observed in DSM 720 and DSM 13529,
suggesting that even strains with moderate alginate production may synthesize polymers with
high gel-forming potential. However, interestingly strain DSM 85 with alginate of M,, reaching
319 kDa did not show any gelation properties. Also, weakly gel-forming DSM 576 produced
alginate with an My, of 181 kDa, consistent with previously reported values after 48 hours of

cultivation (Clementi & Parente, 1997).

Other studies have also documented a wide M, range under varying cultivation conditions; for
example, (Diaz-Barrera et al., 2021) reported an increase from 200 kDa to 520 kDa during
cultivation in bioreactor using 4. vinelandii. It is generally accepted that M,, values above
~240 kDa contribute to stronger gel networks, as they promote more robust calcium-mediated
cross-linking (Fernandez Farrés & Norton, 2014). Nevertheless, even alginates with My, below
100 kDa have been shown to form gels under certain conditions (Ramos et al., 2018), indicating
that M,, is important but not the always determinant with respect to gelation capability. Our
results and previous studies confirm, that besides My, also the monomer composition of
alginate plays a critical role in defining gel formation and its strength. The mannuronic-to-
guluronic acid (M/G) ratio is particularly relevant, with a higher guluronic acid content
supporting stronger gels due to the formation of stable egg-box structures through Ca** ion
coordination (Donati & Christensen, 2023). This structural specificity enables tighter cross-
linking. Moreover, acetylation of alginate can increase viscosity but inhibits calcium binding,

thereby reducing gelation potential (Skjak-Brak et al., 1989).

Understanding the structural composition of alginate is essential, as its monomeric makeup
significantly influences its physicochemical properties and gel-forming capabilities. For this
reason, we conducted a detailed analysis of the alginates produced by different Azotobacter
strains using FTIR spectrometry. This technique allows for the identification of specific
functional groups based on characteristic absorption bands within the infrared region, thereby
providing insights into the molecular structure of the polysaccharide. In our study, we focused
on absorbance peaks at 780 cm™', 810 cm ™ and 1720 cm™', which correspond to guluronic acid
(G), mannuronic acid (M) and acetyl groups, respectively. These wavenumbers were selected
based on previous findings by (Bonartseva et al., 2017), who demonstrated their relevance in
the analysis of Azotobacter-derived alginates. The structural parameters obtained from FTIR

spectroscopy are summarized in Table 4.
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The calculated M/Gratios of the analysed alginates ranged from 1.6 to 2.8, indicating a relative
guluronate content between 26 % and 37 %. These values are consistent with the monomer
compositionreported for 4. vinelandii alginates in the aforementioned study (Bonartsevaet al.,
2017). Among the strains tested, the highest G content was observed in the DSM 87 culture,
followed closely by CCM 289. Notably, both of these strains are known to form strong and
cohesive bacterial gels, suggesting a direct correlation between guluronate content and gel
strength. In contrast, DSM 576 exhibited the lowest G content and was associated with weaker
gel formation. Interestingly, while acetyl groups were detected in varying amounts, there was
no clear relationship between the degree of acetylation and the gelation behaviour in our
experimental setup. This suggests that, under the conditions tested, acetylation does not appear

to play a significant role in influencing gel formation.

5.1.2 Plant growth-promoting activities of Azotobacter vinelandii strains

PGPR support plant development through multiple pathways, including the synthesis of
phytohormones, suppression of pathogens and alteration of the surrounding soil microbiota
(Olanrewaju et al., 2017). In our study, we focused on evaluating three key plant-beneficial
traits in selected 4. vinelandii strains: phosphate solubilization, iron-chelating compounds
(siderophores) and the production of IAA. These parameters were selected to comparatively
verify the PGP potential of the tested strains. Illustrative images of qualitative assays on agar
mediaare provided in the Figure 13, while a summary of quantitative results of siderophore and
IAA production are provided in Figure 14 and Figure 15. Another important trait associated
with PGPR is nitrogen fixation, which was not directly tested in our study, as the presence and
activity of nitrogenase in A. vinelandii has been well documented in previous studies (Natzke

et al., 2018; Rivier et al., 2023).

Phosphate solubilization is an essential trait contributing to the efficiency of biofertilizers. Since
much of the phosphorus in soil is bound in insoluble forms, it becomes inaccessible to plants.
Certain PGPR strains can mobilize this phosphorus through the secretion of organic acids,
thereby increasing its bioavailability (Aasfar et al., 2021; Hafez et al., 2016). In this
investigation, phosphate solubilization was assessed using Pikovskaya’s medium supplemented
with tricalcium phosphate (5 g/L). After removing the colonies, halo zones became visible
underneath all tested A. vinelandii strains, confirming their phosphate solubilization activity,
shown in Figure 13a. Notably, DSM 87 and DSM 720 produced less intense halo zones, which

may indicate a comparatively lower efficiency in mobilizing inorganic phosphates.

77



The ability to produce siderophores is a well-established characteristic of plant growth-
promoting rhizobacteria (PGPR), as it aids in overcoming iron limitations in the rhizosphere.
In soils, iron predominantly exists in the ferric form (Fe3"), which is largely insoluble and
difficult for organisms to access (Ma, 2005; Schalk, 2025). To address this, microorganisms
secrete siderophores, high-affinity metal-chelating compounds, facilitating, for instance, iron
uptake for both the microbial cells and the associated plants. The ability to produce siderophores
was initially assessed using a qualitative method on CAS agar to determine whether the bacteria
could secrete these iron-chelating compounds. The appearance of light orange halos around the
colonies on the blue agar plates confirmed siderophore production. This activity was observed

in all tested bacterial strains from the German and Czech collections of microorganisms. The

results are presented in Figure 13b.

DG P

DSM 87, DSM 57688 0} DSM 13,529

Figure 13 Qualitative plate assays for phosphate solubilization (a) and siderophore production
(b) in A. vinelandii strains used in this dissertation. (a) Phosphate solubilization is indicated
by the formation of clear halo zones beneath the grown colonies on Pikovskaya’s medium-
noticeable after wiping of bacterial colony, demonstrating the solubilization of tricalcium
phosphate. (b) Siderophore production is confirmed by the appearance of orange halo zones

around the colonies grown on a blue agar medium containing CAS (Chrome Azurol S) reagent.

All A. vinelandii strains tested positive in qualitative assays for siderophore production,

indicating their potential for iron-chelation under iron-limited conditions. To further investigate
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this capability, we conducted quantitative analysis using spectrophotometry, expressing the
results in percent of siderophore units (PSU), represents the percentage of decolorization of
CAS medium. As shown in Figure 14, strain CCM 289 exhibited the highest siderophore
activity, reaching 46 PSU. This level was comparable to the positive control, Pantonea
ananatis, suggesting that CCM 289 is particularly efficient at iron solubilization. Strains DSM
576 and DSM 720 also demonstrated relatively high activity, with values of 39 and 36 PSU,
respectively, followed by DSM 87 at 26 PSU. These results suggest that siderophore production
varies significantly among A. vinelandii strains, even though all possess the genetic potential
for this trait. In contrast, DSM 13529 and DSM 85 exhibited markedly lower siderophore
production, with only 19 and 5 PSU, respectively. These values represent approximately 45 %
and 11 % of the activity observed in the positive control, indicating a limited ability to mobilize
iron. The low production in these strains may be due to regulatory differences or reduced

expression of siderophore biosynthesis genes.

Overall, the data highlight CCM 289 as a promising candidate for applications requiring
efficient iron chelation, such as plant growth promotion or bioremediation. The observed
variability among strains underscores the importance of strain-specific screening when

selecting microorganisms for biofertilizer or biocontrol purposes.
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Figure 14 Quantitative estimation of siderophore production (expressed in percent siderophore
units, PSU) by A. vinelandii strains and the positive control Pantonea ananatis. Siderophore
production was determined spectrophotometrically at 630 nm using the chrome azurol S (CAS)
assay, based on the decolorization of the blue CAS reagent to an orange-red colour indicating

iron chelation.

Another bioactivity assay conducted was the quantification of [AA, a well-characterized auxin
known for its critical role in promoting root elongation and branching. It is well-documented
that up to 80% of soil-associated bacteria can produce IAA, which contributes to enhanced root

development and improved nutrient uptake (Shailendra Singh, 2015).

In our study, all tested 4. vinelandii strains demonstrated the ability to synthesize IAA, although
the concentrations varied. The highest production was observed in strain DSM 87, reaching
10.5 pg/mL, as shown in Figure 15. Strains DSM 720 and DSM 85 also produced 9.0 and
8.7 ug/mL, while DSM 576 reached 8.5 pg/mL and both DSM 13529 and CCM 289 produced
7.6 and 7.7 pg/mL, respectively. Despite these values confirming IAA biosynthesis, they were
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considerably lower than that of the positive controls, (4. brasilense, produced47 pg/mL and P.

ananatis 67 pg/mL).

Although the IAA levels in A. vinelandii strains were relatively low in comparison, their
production still indicates auxin-related potential. However, the true bioactivity of these strains
cannot be assessed solely through IAA concentration. The functional impact of IAA and other
microbial metabolites on plant growth was therefore further validated in subsequent plant
cultivation experiments (5.6), where the cumulative effects of bacterial bioactivities (including
production of siderophores and phosphate solubilization) on root development and overall plant

performance were evaluated under more realistic conditions.
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Figure 15 Quantitative estimation of indole-3-acetic acid (IAA) production (in ug/mL) by A.
vinelandii strains, with Azospirillum brasilense and Pantonea ananatis were used as positive

control. IAA production was induced by the addition of L-tryptophan to the growth medium and
quantified spectrophotometrically at 530 nm.
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Taken together, the findings reinforce the multifunctionality of 4. vinelandii as a plant growth-
promoting bacterium. Alongside the production of IAA, siderophores and phosphate-
solubilizing metabolites confirmed in our assays, 4. vinelandii is also recognized for its
nitrogen-fixing ability due to the presence of nitrogenase enzymes, which contribute to soil
enrichment with organic nitrogen (Natzke et al., 2018). Coupled with its capacity for PHB but
chiefly also alginate synthesis, these attributes underline the biotechnological potential of
A. vinelandii strains as promising agents in the formulation of advanced bioinoculants for

sustainable agriculture (Aasfar et al., 2021).
5.1.3 Morphology of self-encapsulated bioinoculants

To investigate the ultrastructural details of A4. vinelandii cultures and their biopolymer
production, advanced imaging techniques were employed. Among these, transmission electron
microscopy (TEM) was utilized due to its exceptional resolution and ability to visualize
intracellular components and extracellular matrices. TEM allowed us to observe the
morphology of the bacterial cells but also the organization of encapsulated materials with high
precision. The concept of the preparation of hydrogel samples for TEM analysis was achieved
in cooperation with colleagues from Institute of Scientific Instruments, Academy of Sciences

of the Czech Republic.

As shown in Figure 16, TEM images of A. vinelandii self-encapsulated in alginate reveal an
abundance of intracellular PHB granules, clearly visible as electron-dense inclusions (indicated
by orange arrows). These granules are densely packed within the bacterial cytoplasm, indicating
robust PHB accumulation. The strain DSM 720, that was used for TEM visualization, is capable
of reaching up to 30 % of cdw of PHB as revealed by GC analysis (Table 4).

As it is also obvious from the TEM images, the gelled A. vinelandii cells are surrounded with a
network-like structure of alginate hydrogel, resulting from direct encapsulation of the microbial
culture using a 2 % calcium chloride solution. This encapsulation process facilitates the
formation of Ca**crosslinked alginate chains that enclose the intact bacterial cells, evidently
demonstrated in the Figure 16. The figures clearly highlight the close interaction between
bacterial cells and the alginate matrix, demonstrating how effectively TEM can reveal

biopolymer production and encapsulation at the microstructural level.
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Figure 16 TEM pictures of bacterial gelled culture samples of A. vinelandii DSM 720 with
CaCl; as gelation agent in two resolutions with scale 10um (up) and 5 um (down). Networked

alginate chains are surrounding bacterial cells, while granules of PHB are inside the cells.

Moreover, the successful design, encapsulation and TEM imaging of bacteria within hydrogel
matrices present significant technical challenges, primarily due to the high-water content of
hydrogels. This water can interfere with conventional sample preparation techniques required
for high-resolution TEM, potentially leading to structural deformation or damage to bacterial
cells during dehydration and embedding processes. Encapsulating living or structurally intact
bacteria in hydrogels for nanoscale characterization demands careful optimization of both the
hydrogel composition and the imaging protocol. In this context, our collaborators from ISI,
Brno, have made notable progress by refining fixation, dehydration and sectioning techniques
specifically tailored for hydrogel-bacteria composites. These optimized methods have enabled

more accurate preservation of bacterial morphology and localization within the matrix,
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facilitating detailed ultrastructural analyses. The results of this methodological development,
including validation experiments and imaging outcomes were recently published in
Supplementary subchapter 10.3. This publication contributed valuable insights into hydrogel-
bacteria interactions and the development of bioengineered systems for advanced biomedical

or environmental applications.

5.1.4 Analysis of the gel stability of Azotobacter vinelandii strains by rheology

measurements

Following the development and testing of various cultivation media, we proceeded to
investigate the material properties of the encapsulated gels. The aim was to better understand
the consistency, deformation and disintegration behaviour of the gel matrix of the alginate beads
with encapsulated bacteria, with a view toward their future application in agriculture. Bacterial
cultures were crosslinked by calcium chloride (2% w/w) by gentle pipetting of culture into
gelation agent. Rheological analyses were performed to characterize the physical properties of
the gels, specifically using amplitude sweep tests to determine the complex modulus and the
limit of the linear viscoelastic region (LVR). These measurements allowed us to assess the
structural strength of the gels and compare the performance of different 4. vinelandii strains.
Our goal was to identify which strains produced the most robust gels, as indicated by higher

values of the complex modulus.

Strains DSM 85 and DSM 576 did not exhibit any, or exhibited weak gelation potential, only
DSM 87, DSM 720, DSM 13529 and CCM 289 were included in the rheological experiment.
The rheological properties of bacterial gelled cultures of A. vinelandii strains were evaluated
through amplitude sweep tests to assess gel strength and structural integrity. The top panel in
the Figure 17 illustrates the average complex modulus (G*), illustrating how each gel responds
to increasing deformation, what is an approach commonly used in mechanical characterization
of bacterial gels. All samples exhibited a characteristic decrease in complex modulus beyond a
critical strain (10 % of amplitude sweep), indicating the end of the linear viscoelastic region
(LVR) and onset of structural breakdown. Among the tested strains, CCM 289 clearly
demonstrated the highest gel strength, maintaining the highest complex modulus across the
LVR. This is further confirmed by the bottom panel in Figure 17, which summarizes the
average complex modulus within the LVR range. CCM 289 achieved a significantly higher
modulus (~16 kPa), while the remaining strains (DSM 87, DSM 720, DSM 13529) showed

much lower and relatively similar values (approximately 3 — 4 kPa). These results suggest that

84



the strain CCM 289 produces notably stiffer and more robust gels, which may be advantageous

for encapsulation-based applications where mechanical stability and controlled bacterial release

are critical.
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Figure 17 Rheological behaviour of gel-forming Azotobacter strains (CCM 289, DSM 87, DSM

720 and DSM 13529) during amplitude sweep measurements. The top panel shows the complex

modulus (G*) as a function of increasing oscillatory strain, illustrating the viscoelastic

response and structural integrity of bacterial gelled cultures from each strain under

deformation. The bottom panel presents a comparison of the average complex modulus values

for the four strains, highlighting differences in gel strength and consistency.

In summary, all tested 4. vinelandii strains demonstrated the ability to form bacterial gel

cultures when encapsulated in calcium-alginate matrices, confirming their suitability for

immobilization approaches. Rheological analysis further revealed notable differences in gel
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strength among strains, with CCM 289 producing the most robust and structurally stable gels.
Its significantly higher complex modulus suggests enhanced resistance to mechanical stress,
which is advantageous for applications requiring long-term stability and controlled bacterial
release. While the other strains (DSM 87, DSM 720 and DSM 13529) also formed structurally
consistent gels with moderate strength, CCM 289 stood out as the most promising candidate
for future development of encapsulated bioinoculants. These findings support the broader
potential of A. vinelandii strains for use in gel-based formulations, paving the way for further

testing in soil environments and agricultural systems.

5.2 FURTHER CHARACTERIZATION OF AZOTOBACTER VINELANDII WITH
POTENTIAL MODIFICATION OF CULTIVATION PROCESSES TO
IMPROVE THE GELATION ABILITY OF THE CULTURES

To further explore the potential of bacterial strains in gel production, we focused on optimizing
key cultivation parameters to improve gel strength and reduce production costs. Specifically,
we examined the effects of modifying the composition of the bacterial growth medium,
adjusting the medium filling volume and supplementing the cultures with calcium carbonate.
These factors were selected based on their known influence on bacterial metabolism and gel

formation.

One of our main objectives was to identify cost-effective media formulations that support
efficient gel bioinoculant production. We also evaluated how different filling volumes could
affect oxygen availability and nutrient distribution, aiming to optimize growth conditions while
minimizing media consumption. The various addition of calcium carbonate was tested for its
potential to enhance gel structure and stability. Through these modifications, we aimed to find

a more economical and efficient process for producing strong and stable bacterial gels.

5.2.1 Modification of cultivation media by variation of carbon source type

In the initial set of experiments, glucose was chosen as the carbon source to assess the growth
and alginate production capabilities of various Azotobacter strains. However, recognizing the
potential to broaden the range of carbon sources without compromising growth or gelation
potential, we aimed to investigate additional options. This approach led us to explore a variety
of alternative substrates, each capable of supporting microbial growth. By diversifying the
carbon substrates available, we not only enhance the biotechnological potential of Azotobacter

strains but also improve its ecological adaptability and possible variability of production. This
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flexibility in utilizing different carbon sources underscores the bacteria's metabolic versatility,
an important factor in its ability to thrive in a different environments, Azotobacter cultivations

and its applications into soil (Sumbul et al., 2020; Tec-Campos et al., 2020).

Variety of carbon sources were chosen for this experiment, such as fructose, sucrose, maltose,
arabinose, cellobiose, lactose, glycerol or starch. These carbohydrates and related compounds
often originate from different industrial or agricultural waste streams, making them attractive,
low-cost substrates for bacterial cultivation. For example, fructose and sucrose are commonly
found in waste from fruit processing and sugar production. Maltose and cellobiose can be
derived from the breakdown of starch-rich or cellulose-rich wastes such as cereal residues or
potato processing by-products. Lactose is abundant in dairy industry effluents like whey.
Glycerol is a major by-product of biodiesel production, while starch is widely present in
agricultural residues including corn, cassava and potato waste. Using such diverse carbon
sources not only provides a range of nutrients to support bacterial growth but also contributes
to sustainable waste valorization by transforming low-value by-products into valuable bacterial
gels. The use of waste substrates offers a dual benefit: it reduces production costs by replacing
expensive raw materials and promotes environmental sustainability by recycling these by-
products into new valuable materials. In this case, we produce bioinoculants to increase crop
production and the waste material remaining after harvest can be reused circularly to produce
new bioinoculants. This approach represents an ecological alternative that supports circular

economy principles and reduces overall environmental impact.

DSM 87 and DSM 720 were cultivated on these sources for 4 days in standard 96-well
microplates, while measuring optical density in selected timepoints. The noticeable growth was
found only for fructose, sucrose, glucose and maltose, as it is shown in Table 5 for DSM 87 and
for DSM 720 in Supplementary Table 9. Out of these screening experiment, we move to flask
cultivation while selecting only sucrose and fructose as alternative carbon sources and glucose

as control.
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Table 5 Bacterial growth of A. vinelandii DSM 87 on various carbon substrates in
concentration 20 g/L throughout 93 hours. The bacteria grew in 96-hole plate at 30°C while
constant shaking 250 rpm and measured on selected times by ELISA Multi mode Reader at
630 nm.

ODs30
Hours Fructose Glucose Sucrose Xylose Arabinose Celobiose Maltose Laktose Glycerol  Starch
0 0.154 0.153 0.135 0.156 0.152 0.136 0.133 0.141 0.127 0.139
10 0.234 0.233 0.225 0.226 0.246 0.269 0.305 0.250 0.235 0.223
25 0.297 0.328 0.242 0.232 0.198 0.203 0.285 0.238 0.275 0.203
45 0.352 0.467 0.267 0.323 0.227 0.244 0.328 0.249 0315 0.211
69 0.393 0.611 0.381 0.331 0.233 0.253 0.392 0.248 0.328 0.205
74 0.421 0.637 0.416 0.339 0.241 0.258 0.435 0.251 0.326 0.206
93 0.504 0.788 0.546 0.388 0.245 0.255 0.581 0.293 0.393 0.215

Some previous studies have examined the impact of carbon sources on A. vinelandii
biopolymer’s production. Mainly, in order to reduce the costs various alternative resources such
as molasses, maltose and starch were utilized as alternative low-cost carbon source, while the
molasses reached 4.7 g/L, maltose 2.9 g/L of alginate production and no alginate was produced
using starch. Sucrose and glucose reach similar alginate levels, in this case 3.5 g/L (Kivilcimdan

Moral & Yildiz, 2016).

Aftertesting A. vinelandii growth on various carbon substrates, we decided to focus specifically
on the three most common sugars: glucose, fructose and sucrose. For instance, sucrose is
traditionally used in Burk’s medium as the standard carbon source for 4. vinelandii cultivation.
Glucose was used since the beginning as generally used carbon source for bacterial growth and

biopolymer production and fructose was chosen based on previous 96-hole microplate test.

Our study, demonstrated in Figure 18, confirmed that cultures grown on fructose achieved the
highest biomass, reaching approximately 8 g/L, along with the greatest alginate production,
close to 4 g/L. In comparison, cultures supplemented with sucrose produced biomass levels
exceeding 6 g/L and alginate concentrations around 3.8 g/L. Meanwhile, growth on glucose
was relatively lower, with biomass around 6 g/L and alginate production approximately 2.6 g/L.
These findings highlight fructose as not only the most effective substrate for biomass

accumulation but also the best for maximizing alginate yield under the tested conditions.

Regarding the gelation potential, all three carbon sources supported sufficient gel formation.

Each culture was able to form strong gels with the bacterial biomass without the addition of any
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external gelation agents. Remarkably, fructose stood out because gelation was visually
observed as early as the third day of cultivation, with the entire culture volume becoming gelled.
This spontaneous gelation likely resulted from the combined effect of possible fructose’s
gelation-promoting properties and the presence of calcium carbonate (CaCO3) in the medium,
which release by decrease of pH. This media compound provides sufficient calcium ions to

cross-link the alginate polymers without requiring any external carbonate source.

However, this gelation phenomenon was not sustained beyond the third day of cultivation. Over
time, the constant agitation or mixing of the bacterial culture may have disrupted the gel matrix,
leading to its gradual disintegration. This suggests that while fructose can promote early and
strong gel formation, maintaining the gel structure in a dynamic cultivation environment
remains challenging. Further investigations, for instance the measurement of pH during the
time, are needed to confirm this hypothesis and to explore ways to stabilize the gel during longer
cultivation periods, possibly by optimizing mixing conditions or supplementing stabilizing

agents.
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Figure 18 The production of alginate and biomass with three different carbon sources in
concentration 20 g/L by A. vinelandii DSM 87 on 5" day of cultivation- glucose was used as a

control, sucrose and fructose as tested alternative carbon sources.

The use of different carbon sources for A. vinelandii cultivation has been previously
investigated, for instance by Clementi (1997), who primarily focused on the quantity of alginate
produced under various conditions (Clementi & Parente, 1997). However, to our best
knowledge, in previous studies, the direct gelation potential of the culture itself such as the
physical ability of the culture medium to form a stable gel, has not been systematically
evaluated. In our study, we observed a distinct and immediate gelation of the culture medium
in the presence of fructose on the third day of cultivation, highlighting a previously
underreported phenomenon. However, the interesting could be an effect of different
concentrations of individual sugars, which was not considered in this study. This aspect could
be explored in future research projects, such as bachelor’s or master’s theses, focusing
specifically on how carbon source concentration affects not only bacterial growth and alginate
yield but also the alginate characteristics, gelation behaviour and mechanical properties of the

resulting hydrogels.
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5.2.2 Effect of calcium carbonate on Azotobacter vinelandii media

Calcium carbonate (CaCO3) is commonly used in microbial cultivation media as a buffering
agent to maintain pH stability (Ashby, 1907). In the context of A. vinelandii, this role is
particularly relevant due to the organism’s metabolic activity, which can lead to acidification
of the medium. However, in our study, we aimed not only at exploring its buffering capacity
but also to investigate how varying levels of CaCOs could influence the strain’s ability to
produce alginate with enhanced gelation properties. Since CaCOj3 is a poorly soluble calcium
source, we hypothesized that its gradual dissolution might affectboth the availability of calcium
ions and the structural properties of the alginate matrix. Therefore, we tested different
concentrations of CaCOs3 in the culture medium to evaluate its impact on the gelation potential

and physicochemical characteristics of the alginate produced by 4. vinelandii.
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Figure 19 Alginate and biomass yield after cultivating DSM 87 for five days with varying
calcium carbonate content (I, 2 and 5 g/L) and a constant glucose concentration (20 g/L).

Alginate is represented by light grey columns and biomass by dark grey columns.

These findings suggest that moderate CaCO3 addition (around 1 — 2 g/L) may enhance alginate

production, likely due to optimal buffering of pH and improved availability of calcium ions for
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alginate biosynthesis and alginate capsule formation. However, excessive CaCOj3 appears to
inhibit alginate production, possibly by overly stabilizing the pH or altering the metabolic
conditions required for alginic acid synthesis and self-encapsulation. Although several studies
(Sofia Oriskova, 2020) attempted to use much higher CaCO3 concentrations (up to 30 g/L),
they did not report increased alginate yield and observed a complete absence of gel formation.
This is consistent with our observation that gel-like biofilms or self-gelation occur only under
limited CaCOs availability. Interestingly, while 5 g/ CaCOs is often used in standard A.
vinelandii cultivation protocols reported in the literature (Ashby, 1907.; Clementi & Parente,
1997; Trujillo-Roldan et al., 2001) the lack of biofilm or gelation is rarely addressed. This may
indicate a key oversight and supports the novelty of our findings, which suggest that self-
encapsulation and gel formation in 4. vinelandii are strongly influenced by the balance between
calcium availability and metabolic conditions, which offers a potential avenue for medium

optimization in future biotechnological applications.

5.2.3 Influence of the medium volume on oxygen transfer and cell growth in

cultures of Azotobacter vinelandii

A. vinelandii is a free-living, strictly aerobic diazotroph known for its ability to fix atmospheric
nitrogen and produce the exopolysaccharide alginate (Barney, 2024; Noar & Bruno-Barcena,
2018). This bacterium presents an interesting physiological paradox: although nitrogenase, the
key enzyme responsible for nitrogen fixation, is highly sensitive to oxygen, A. vinelandii
requires high oxygen concentrations for optimal growth and metabolic activity (Takimoto et
al., 2022; Threatt & Rees, 2023). To resolve this, the organism relies on a combination of
protective mechanisms, such as elevated respiratory rates to consume intracellular oxygen
rapidly and the biosynthesis of extracellular polymers like alginate, which are thought to act as
diffusional barriers or protective matrices around the nitrogen-fixing apparatus (Ponce et al.,

2021).

Therefore, environmental conditions that affect oxygen transfer, such as agitation speed and the
filling volume of cultivation vessels, are likely to influence both the growth rate and the
metabolic investment into alginate biosynthesis. Previous studies have suggested that alginate
production may increase under conditions of moderate oxygen limitation, potentially as a
response to oxidative stress or as a means of maintaining nitrogenase activity (Sabra et al.,
2000; Takimoto et al., 2022). Based on these considerations, this study aimed to investigate

how varying oxygen availability, through changes in agitation speed and culture volume in
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Erlenmeyer flasks, influences the production of alginate and biomass in A. vinelandii. By
modulating these easily controllable cultivation parameters, we sought to identify cultivation
conditions that optimize alginate yield, while also gaining insight into the biological role of

alginate in the bacterium’s response to oxygen stress.

Before assessing the effect of culture volume, we first evaluated the impact of different agitation
speeds on alginate production. Under static conditions, no bacterial growth was observed. At
180 rpm, the cultures showed growth; however, during the gelation assay, the solution remained
turbid and failed to form a gel. Consequently, only agitation speeds above 210 rpm were
considered for further experiments. At these higher speeds, most of the tested strains
consistently produced alginate capable of forming stable gels, except for DSM 85 and DSM

576, which did not yield stable gels even under increased agitation.

These preliminary results supported our initial hypothesis that agitation speed influences
oxygen availability, thereby affecting alginate biosynthesis. Specifically, for strains CCM 289,
DSM 87, DSM 720 and DSM 13529, increased agitation correlated with enhanced gel
formation, suggesting higher alginate production under conditions of improved oxygen transfer.
This aligns with the proposed biological role of alginate as a protective barrier that mitigates
oxygen diffusion and helps safeguard the nitrogenase enzyme from inactivation, a phenomenon

also reported by Sabra at al., 2000 (Sabra et al., 2000).

To examine further the effect of aeration, we conducted flask experiments at previously chosen
agitation speed of 210 rpm using 250 mL Erlenmeyer flasks filled with 50, 100 and 150 mL of
medium. Samples were collected from day 3 to day 6, measuring alginate concentration. Two

strains, DSM 87 and CCM 289, were selected based on their ability to form stable alginate gels.

As shown in Figure 20, alginate production for A. vinelandii DSM 87 various level of flask
filling was monitored over time. A small difference in alginate production was detected between
filling volumes on the third day. However, a noticeable drop on day four could be attributed to
poor separation of alginate from biomass, likely due to overly dense gel structures. This
complicates accurate quantification of alginate via ethanol precipitation, as gravimetric analysis
becomes unreliable when strong gels interfere with phase separation. From day five onward,
differences between the effect of filling volumes became more apparent. The 100 mL volume
resulted in the lowest alginate production, while the 150 mL volume achieved the highest yield,
reaching 7 g/L on day six. However, no clear differences in bacterial-gelled-culture stability

were observed among the volumes of cultivation media tested. For strain CCM 289 (in
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Supplementary, Figure 39), notable differences in alginate production appeared as early as day
three, again with the highest yield corresponding to the 150 mL culture. This trend continued
over the following days, with the 150 mL cultures consistently outperforming the lower filling

volumes.
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Figure 20 Determination of alginate yield throughout 3—6 days of cultivation for strain DSM
87. Different filling volumes were tested with the same agitation speed (210 rpm).

Generally, different levels of oxygen saturation have been tested in bioreactor cultivations to
study their linear influence on both alginate content and its molecular weight influencing
linearly alginate content and its molecular weight. Sabra et al. (2000), used electron microscopy
to observe noticeable differences in Azotobacter vinelandii cells grown under 2.5 % and 20 %
air saturation, demonstrating that at higher oxygen levels, cells are enveloped by a dense

polysaccharide layer (Sabra et al., 2000).

Nevertheless, studies based on flask experiments have certain limitations when compared to

controlled bioreactor systems. In our case, the results did not reveal as strong a correlation
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between oxygen availability and alginate production as initially anticipated. While some
variation in production was observed across different culture volumes, the differences remained
moderate. Interestingly, cultures with higher filling volumes, typically associated with lower
oxygen transfer, showed slightly better alginate yields and more consistent gel formation. Our
research has suggested that oxygen transfer in shake flasks may occur differently than in stirred
systems. It has been shown that under increased viscosity, shake flasks can maintain or even
enhance oxygen transfer rates, in part due to the formation of a thin liquid film along the inner
walls of the flask (Giese et al., 2014). This film may facilitate improved oxygen exchange,
making the shake flask a more adaptive environment in terms of oxygen availability. However,
the formation of biofilm on flask surfaces does not necessarily indicate oxygen limitation.
Rather, this phenomenon may be influenced by multiple factors, including improved nutrient
access, resistance to pH fluctuations and conditions that facilitate chemical signalling and

enhanced quorum sensing (Giese et al., 2014; Malheiro & Simdes, 2017).

This highlights the complexity of oxygen dynamics in small-scale systems and suggests that
flask-based cultivation may involve additional mechanisms that support alginate biosynthesis

under conditions not typically favourable in larger-scale bioreactors.

5.3 EVALUATION OF STRUCTURAL AND PHYSICO-CHEMICAL PARAMETRS
OF GELLED BACTERIAL CULTURES

During the preparation of gelled bacterial cultures, calcium chloride (2 % w/w) was employed
as the primary crosslinking agent due to its well-established biocompatibility, wide availability
and low cost. Calcium ions, being divalent, facilitate gelation by forming an "egg-box" structure
with alginate chains, resulting in a stable hydrogel network (described above in 2.4.4). Given
the advantages of calcium chloride, it served as a reliable standard for initial experiments.
However, in pursuit of optimizing gel strength and exploring alternative gelation pathways, we
extended our investigation to other gelling agents. This included testing multi-ion crosslinking
systems, gelation induced by pH reduction and specific networking of anions of various organic
acids and gradual gelation through the release of insoluble CaCO; using glucono-d-lactone
(GDL). These approaches were explored not only to understand their impact on the mechanical
properties and stability of the hydrogel matrices but also to identify potential alternatives that
could offer improved characteristics for specific applications. The methodology and
comparative results of these gelation strategies will be discussed in detail in the subsequent

sections.
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5.3.1 Preparation of gelled bacterial cultures using alternative cross-linking

methods—multivalent ions

To develop effective hydrogel systems for encapsulating bacterial cultures, we aimed to
investigate various crosslinking strategies involving multivalent ions, extending beyond the
commonly used calcium chloride. While calcium chloride is widely recognized for its
efficiency, biocompatibility and affordability, our goal was to evaluate the potential of
alternative ionic crosslinkers and assess their influence on gelation efficiency, structural
integrity and mechanical strength of the resulting hydrogels. This comparative approach was
intended to identify versatile gelation agents suitable for different bacterial strains and

application scenarios.

Calcium chloride (2 % w/w) served as the reference crosslinking agent against which the
performance of alternative multivalent ions was evaluated. Our aim was to gain insights into
how other di- and tri-valent ions affect formation of gels from bacterial cultures. Specifically,
we tested Cu?" and Fe** as interesting multivalentmetal ions. These ions are capable of inducing
gelation at lower concentrations and offer distinct functional properties, Cu®>* has known
antimicrobial and biomedical utility, while Fe** is a physiologically essential trivalention. The
alginate gelation mechanism with multivalent ions is typically attributed to the formation of an
"egg-box" structure, wherein ionic interactions between divalent or trivalent cations and
carboxyl groups on the polymer chains facilitate the creation of a three-dimensional gel
network. Interestingly, recent molecular dynamics simulations and experimental data reveal
that alginate chains contain many non-equivalent binding sites, some of which remain
unbounded after gelation. Transition metal ions such as Cu?* can form rapid and robust
crosslink junctions, moreover, it has also led to the formation of secondary complexes that
persist after standard washing, indicating stronger physical adsorption (Makarova et al., 2023).
This study specifically aimed to compare the performance of di- and trivalentions in terms of

gel strength and mechanical stability.

For this study, a representative bacterial strain, 4. vinelandii DSM 87, was selected as a model
organism to standardize testing conditions across all crosslinking scenarios. To evaluate the
performance of various gelation agents, rheological measurements were conducted using an
amplitude sweep test. This method was used to determine the average complex modulus within
the linear viscoelastic region (LVR) and the limiting oscillation strain (LOS), defined as the

strain at which the structural integrity of the gel is disrupted and the material undergoes collapse
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of its internal structure and irreversible deformation. These parameters provide insight into the
mechanical stability and robustness of the bacterial gel network under stress. The results of
these rheological analyses are presented in Figure 21. Among the tested gelation agents, Fe*
achieved the highest complex modulus of all the tested cross-linking agents, reaching up to 25
kPa, at 1 % limiting strain, which is interesting when compared to the reference CaCl, (2 %
w/w), damaging at 2.5 %. Furthermore, Ca®" at 5% w/w resulted in a higher complex modulus
than 2 % CaCl,, while its LOS, marking the end of the LVR, was approximately 0.5 %. The
unique properties of Fe** bacterial gelled culture arise from the specific binding behaviour of

Fe** ions with alginate chains.
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Figure 21 The comparison of multivalent gelation agents used for direct gelation of bacterial

cultures of A. vinelandii DSM 87. As reference, CaCl, (2 % v/v) was used.

Among the various multivalent ions tested, Fe*" ions demonstrated the highest potential for
enhancing gel elasticity due to their strong crosslinking capability with carboxyl -rich polymers
such as bacterial alginate. However, this increased elasticity is accompanied by decreased long-

term stability as indicated by a lower LOS. Recent studies have shown that the incorporation of

97



additives, such as Ca**, into Fe**-alginate gels can significantly improve their mechanical
stability and overall robustness (Massana Roquero et al.,2022; Y. Wanget al., 2024). It is worth
noting that a reverse approach by adding small amounts of Fe** to primarily calcium-based gels,
could potentially modify and enhance certain mechanical or structural characteristics of the
resulting gel matrix. For instance, the addition of Fe** may be beneficial when the alginate yield
or its quality (M/G) is not sufficient to form gels using Ca** alone. However, such optimization
strategies, while scientifically promising, represent a distinct research direction that goes
beyond the primary scope of this dissertation. The aim here was not to develop hybrid gel
systems, but rather to systematically study various aspects of bacterial encapsulation relevant

to the formulation and preparation of bioinoculants.

To further explore the microstructural characteristics of alginate-based hydrogels crosslinked
with different ionic agents, scanning electron microscopy (SEM) was employed. Our objective
was to examine how the type of crosslinking ions, or their concentration, influence the
morphology of the resulting gel networks as compared to CaCl.. Since it is well known that the
freezing technique used prior to freeze-drying can significantly affect the observed
microstructure of hydrogels (particularly in terms of pore formation and matrix architecture)
we tested two different freezing approaches (freezing at —80°C and instantaneous freezing by
liquid nitrogen). By combining these variables, we aimed to better understand the interplay

between ionic crosslinking and sample preparation on the final morphology of the gels.

Figure 22 represents SEM micrographs of samples crosslinked with CaCl, (2 % and 5 % w/w)
and FeCls (2 % w/w), prepared using two different freezing methods: freezing at —80 °C (left:

panels a, ¢, e) and liquid nitrogen immersion (right: panels b, d, ).
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Figure 22 Scanning electron microscopy of different gelation ions, where two methods of
preparation were used- frozen in -80°C (left part- a, c, e) and by liquid nitrogen (right part-b,
d). f) for CaCl; 2 % (a,b), CaCl, 5 % (c, d), FeCl3 2% (e, f)

The morphology of all CaCl, (2 and 5 % w/w) in the Figure 22, shows noticeable differences
depending on the freezing method. The —80 °C frozen sample (a, c,) reveals a moderately rough,
porous texture, with rounded surface features indicative of localized shrinkage during
dehydration. In contrast, the liquid nitrogen-frozen counterpart (b, d) displays a smoother, more
compact structure with less pronounced surface porosity, likely due to the more rapid freezing
and reduced ice crystal growth. In contrast, FeCl; (2 %)—crosslinked hydrogels show a
distinctly different morphology. The —80°C sample (e) appears smoother, yet displays
cracking, possibly due to brittleness and internal stress during drying. The liquid nitrogen-
frozen Fe** gel (f) exhibits a highly porous and interconnected network, characteristic of a

sponge-like structure. This pronounced porosity may be attributed to the formation of secondary
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structures and strong crosslinking density, which influence the hydrogel’s freeze-drying

behaviour.

As expected, multivalent ions demonstrated noticeable differences in the quality, strength and
even the microporous structure of bacterial hydrogels. Of particular interest to our study is the
observation, supported by the findings of revealed in the bachelor thesis of Svobodova, that
while high concentrations of Cu?" and Ba?" (above 2 % w/w) negatively affected bacterial
viability, lower concentrations (0.2 % w/w and below) did not have a significant impact on cell
survival (Lucie Svobodova, 2024). These results suggest that the addition of multivalent
gelation agents such as Cu?*, Ba?*, or Fe** can enhance the mechanical strength and increase
the average complex modulus of bacterial hydrogels, without compromising bacterial viability
at low concentrations. This opens the possibility of optimizing gel properties without ecological
or biological drawbacks. However, further studies are necessary to systematically evaluate the
effects of varying concentrations and combinations of multivalent ions on gel performance and

bacterial encapsulation efficiency.

5.3.1 Ionotropic gelation in the whole volume using glucono-6-lactone

In addition to exploring alternative cations and organic acids for alginate-based gel formation,
we investigated the incorporation of GDL as an alternative additive to enhance the gelation
process and improve the properties of the resulting gels. One of the key advantages of using
GDL, compared to gelation initiated solely by calcium ions, lies in its delayed gelation
mechanism. While calcium ions from CaCl, trigger rapid gelation upon contact with the
polymer matrix, GDL gradually spontaneously hydrolyzes into gluconic acid, leading to a slow
and controlled pH reduction. The resulting acidification dissolves CaCO; (presented in A.
vinelandii medium), leading to the gradual release of Ca?* ions into the medium. This controlled
liberation of calcium ions enables slow and homogeneous gelation, allowing precise regulation
of gel structure and mechanical properties. Unlike encapsulation methods that rely on
multivalent ions or direct acid addition, GDL-mediated gelation offers the potential to process
large volumes of bacterial cultures more efficiently, simplifying the workflow and reducing

both waste and processing time.

Importantly, our decision to use this method was also logically driven by the fact that CaCO3
is already an integral component of the cultivation medium. By adopting this approach, we are
able to utilize CaCO; efficiently in two stages of the process. Firstly, during microbial

cultivation and subsequently as a calcium source during gelation. Beyond its impact on
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mechanical performance, this internal gelation strategy also provides significant processing
advantages. The delayed response is particularly beneficial in applications such as bacterial
encapsulation, where premature gel network formation could compromise the even distribution
of cells. Moreover, the homogeneous internal release of crosslinking ions ensures consistent
gelation throughout the entire matrix, in contrast to the surface-dominated and often uneven
gelation observed with fast-acting ionic crosslinkers. Such volumetric uniformity is essential
for applications that demand reliable mechanical and structural integrity across the entire gel

body.

The mechanical properties of bacterial gelled culture crosslinked via internal gelation using
GDL and CaCOs were evaluated through oscillatory rheology (Figure 23). Two molar ratios of
GDL:CaCO:s, 1:2 (top) and 1:4 (bottom), were compared to assess their impact on gel stiffness
and structure. Gels formed at the 1:4 ratio exhibited significantly higher complex moduli (G*),
indicating stronger crosslinking and enhanced mechanical stability. These samples maintained
elasticity over a broader strain range, while the phase angle (8) increased more gradually,
suggesting greater structural resilience. In contrast, the 1:2 ratio resulted in weaker gels with a
lower G* and earlier onset of network breakdown, as seen in the sharp increase in d beyond
100 % strain. This behaviour highlights the critical role of Ca?" availability in determining gel
robustness. Notably, higher molecular weight alginate (DSM 13529) produced consistently
stiffer gels than lower molecular weight variants (CCM 289 and DSM 87), attributable to

greater chain entanglement and network integrity.
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Figure 23 Complex moduli (right) of Azotobacter gels (CCM 289- green, DSM 87- red and
DSM 13529- blue) and phase angle (right), formed by delayed gelation technique using GDL
in ratio 1:2 (CaCOs : GDL) up and ratio 1:4 (down). Circles represent complex moduli, while

squares represent phase angle.

Since the advantage of GDL lies in its delayed gelation behaviour, we focused our experimental
approach on investigating the kinetics of this gelation process. To characterize gel formation in
detail, the gelation was monitored over time using a time sweep test, while the pH was
simultaneously measured. The results are presented in Figure 24. The pH (top) gradually
decreases from approximately 6.8 to 5.2 within 80 minutes, indicating progressive acidification

of the medium. The viscoelastic properties of the sample (Figure 24 bottom) show a significant
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increase in both the storage modulus (G’) and loss modulus (G"), with G’ rising more sharply.
The early crossover point, where G’ surpasses G”, suggests that the material transitions from a
predominantly viscous to a predominantly elastic behaviour within the first 10 minutes, which
characterizes gel formation. As the time progresses, G’ remains significantly higher than G”,
indicating the development of a strong gel network. The data demonstrate that the gelation
process is strongly influenced by acidification, which enhances intermolecular interactions,

resulting in increased structural rigidity of the material.
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Figure 24 The continuous gelation by GDL of Azotobacter strain CCM 289 in the ratio CaCO3;
GDL (1:4), where in the top is measured pH of bacterial culture over time after GDL addition

and in the bottom is measured rheological behaviour of formed gel

Our experiment with continuous gelation demonstrates that gel formation using GDL is

possible within a relatively short time frame. Although the average complex moduli of the
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resulting gels are lower compared to those formed with CaCl; or other gelling agents previously
tested in Chapter 5.3.1 and 5.3.2, the potential of gradual, controlled gelation is noteworthy.
This slower gelation process may offer practical advantages in biotechnological applications,
where it could help simplify production workflows and reduce the need for rapid mixing or
precise timing, ultimately enhancing process efficiency. Moreover, gelation in whole volume

allows the formation of well-defined gel shapes that mirror the container.

5.3.2 Preparation of bacterial gels using alternative cross-linking methods with

organic acids

In addition to traditional ionic crosslinking with multivalent metal ions, alternative gelation
strategies based on organic acids have attracted growing interest due to their biocompatibility,
tunability and potential for gentler encapsulation conditions. Among these, citric acid has
emerged as a particularly promising candidate for pH-induced gelation of alginate-based
hydrogels. The mechanism of acidic gelation differs fundamentally from ion-mediated gelation.
Instead of forming ionic bridges between carboxylate groups using multivalent cations, acidic
gelation relies on specific networking of organic acids ions. The addition of an organic acid
protonates the carboxylate groups (—COO") on the alginate chains, converting them into their
neutral -COOH for, leading to the neutralization of charge reduces electrostatic repulsion
between polymer chains, allowing them to move closer together and form three-dimensional

gel network (Massana Roquero et al., 2022).

In the context of this work, the primary aim was not to fully optimize acid-crosslinked hydrogels
for advanced applications, but rather to explore their feasibility as alternative encapsulation

systems for bacterial cultures of 4. vinelandii.

Initial experiments were conducted using citric, maleic and oxalic acids, all in concentration of
0.5 M. The acids were chosen to evaluate gel formation, mechanical integrity and bacterial
viability. Citric acid is commonly used in the biotechnological industry, while maleic and oxalic
acids were selected as relatively strong organic acids to explore their potential as alternative
gelation agents (Pérez-Madrigal et al., 2017). The results of these trials are presented in the
following section, with particular attention to their relevance for practical bioinoculant

preparation and demonstrated in Figure 25.

The Figure 25 demonstrate the effect of differentacidic gelation agents on the complex modulus
within the linear viscoelastic region (LVR) and the limiting strain (%) of hydrogels. Among the

tested agents, 0.5 M oxalic acid produced the stiffest gel, with the highest complex modulus
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(9 kPa), although it exhibited the lowest limiting strain (~1%), indicating a brittle structure. In
contrast, the reference sample using 2% CaCl, (R) showed a moderate complex modulus
(5 kPa) but the highest limiting strain (~3.5%), suggesting a more flexible and resilient gel.
Citricacid (0.5 M) resulted in a gel with intermediate stiffness (6.5 kPa) and moderate limiting
strain (2.5 %), while maleic acid (0.5 M) produced the softest gel (2 kPa) with a relatively low
but slightly higher strain limit (1.8 %) compared to oxalic acid. These findings highlight that
oxalic acid yields a rigid but fragile network, while CaCl, promotes a more elastic and
deformable gel. The variability observed in the data, particularly in the oxalic acid and CaCl,
groups, is reflected in the larger error bars, indicating potential inconsistency in gel formation.
Overall, the choice of gelation agent significantly influences the mechanical behaviours of the

resulting hydrogel, with trade-offs between stiffness and flexibility.
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Figure 25 The comparison of acidic gelation agents used for direct gelation of bacterial

cultures of A. vinelandii DSM 87. As reference, CaCl; (2 % v/v) was used.
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In the context of acidic gelation, citric acid has emerged as a particularly promising alternative
to reference, calcium chloride (2 % w/w). It is biocompatible, widely used in food and
pharmaceutical products. Moreover, citric acid—based gels exhibit stimuli-responsive behavior,
making them suitable for controlled drug release, wound healing and tissue engineering
applications (Siitekin, 2024). However, increasing citric acid concentrations, while enhancing
gelation, have been associated with reduced tensile strength and modulus in alginate films, as
observed in several studies, highlighting a trade-off between gelation efficiency and mechanical

robustness (Hilbig et al., 2020).

Carboxylic acid-induced gelation SEM analysis was conducted on alginate hydrogels
crosslinked with 0.5 M citric acid and 0.5 M oxalic acid, chosen as representative samples. As
for the 1onic crosslinking, samples were prepared via two different freezing methods, frozen at
—80°C and liquid nitrogen. For citric acid—gelled samples, the —80 °C preparation (Figure 26a)
exhibits a densely packed and granular surface morphology, with uniformly distributed
spherical or semi-spherical domains. This suggests consistent ionic- or hydrogen-bond
crosslinking driven by citric acid’s multiple carboxyl groups. The liquid nitrogen-frozen sample
(Figure 26b) displays a slightly more open and fibrous surface, though the spherical micro-
domains are still present, indicating retained structural integrity with slightly increased porosity

due to the faster freezing process.

In the case of oxalic acid—crosslinked samples, a distinct difference in morphology is observed.
The —80 °C sample (Figure 26c) presents a more heterogeneous and layered texture, with
noticeable tearing or folding of the structure, possibly reflecting weaker crosslinking or brittle
behaviour. The liquid nitrogen-prepared sample (Figure 26d) appears highly porous and
fragmented, with an open, sponge-like network. This suggests that oxalic acid induces a looser
gel network and its lower molecular weight and fewer functional groups compared to citric acid

may contribute to reduced gel stability and mechanical strength.

106



10 pm

Figure 26 SEM of different carboxylic acids used in gelation- 0.5 M citric acid (a, b), 0.5 M
oxalic acid (c, d) by two different methods of sample preparation, frozen at —80°C (left- a, c)
and by liquid nitrogen (right- b,d).

These observations confirm that both the type of gelation ion and the freezing method
significantly influence the final microstructure of hydrogels, which in turn affects their
mechanical and functional properties. This is particularly important in applications such as
biomedical engineering and encapsulation, where both strength and flexibility are critical.
Among the tested gelation agents, citric acid emerges as the most promising alternative to ionic
crosslinking, offering a favourable balance between stiffness and elasticity. Similar to previous
findings involving multivalent ion solutions, a combination of CaCl, and an organic acid (such
as citric acid) may enhance gelation behaviour and material performance. However, further
investigation is needed to fully evaluate the potential interactions, optimize the formulation and

assess the resulting gelled bacterial culture’s properties in more detail.

5.4 INVESTIGATION OF BACTERIAL CELLS RELEASE FROM GEL MATRICES
AND THEIR VIABILITY MONITORING BY FLOW CYTOMETRY

In the following chapter, we focused on studying the continuous release of bacteria from gelled
bacterial cultures. Our aim was to analyse not only how the bacterial gels disintegrate over time,
but also whether the bacteria remain viable at the end of the cultivation process and after
encapsulation. Any changes in the medium, environmental conditions, or temperature can affect

bacterial viability, particularly after gel formation, even while still keeping bacterial media.
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Therefore, we wanted to determine how quickly bacteria are released from the gel, whether the
gels are mechanically stable enough to resist disintegration in phosphate buffer or aqueous

conditions and finally, whether the released bacteria remain viable.

5.4.1 Bacterial cells release from the gel into isotonic and hypotonic environments

In addition to rheological measurements and as a part of gel characterization, we also studied
the release of the bacteria from the gel matrix to assess the differences in gel strength. The most
importantly, two representative strains were studied out of this category- strain DSM 720 and
CCM 289. The release studies were performed into the distilled water. As a second release
environment, the phosphate buffer was studied, since it had been proven by several studies, that
presence of phosphates in the buffer, dissolve the connecting alginate network (Chan et al.,

2008; Urbanova et al., 2019).

Figure 27 presents the optical density measurements (at Ag3o) of the surrounding liquid media
- either distilled water or phosphate buffer- used to monitor bacterial release over 6 hours under
gentle agitation. Results are shown for two bacterial strains. Strain DSM 720 exhibited a rapid
and continuous release in phosphate buffer, with optical density reaching Ag3o= 2 by the third
hour, suggesting that phosphate ions may enhance or accelerate the release process in this strain
and degradation of alginate network. In contrast, strain CCM 289 showed a slower and more
gradual release, reaching a maximum Ag3o of 0.35, indicating a more stable encapsulation
behaviour. Nevertheless, disintegration in distilled water was much smoother and more
continuous for both gelled bacterial cultures, suggesting that release dynamics are not only
strain-dependent but also strongly influenced by the composition of the release medium as well
as by the stability and porosity of the alginate network. Phosphates are known for their strong
chelating affinity toward Ca®", as confirmed in this experiment. Due to its capacity to react with

phosphates, alginate has been extensively employed for phosphate removal from aqueous
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systems. This function is not limited to calcium alginate but also extends to other metal —alginate

complexes, such as those containing Fe3* (Eltaweil et al., 2022).
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Figure 27 The release of bacterial cells from gelled bacterial cultures was monitored over a 6-
hour period in two different media: phosphate buffer and water. Two Azotobacter vinelandii
strains, CCM 289 and DSM 720, were evaluated to compare their release profiles in both

environments.

To explore the impact of different gelation agents on bacterial release, we conducted another
experiment using DSM 87, as a representative bacterial strain with sufficient gelation
properties. Gels were prepared with either CaCl, (at 2 % and 5 %) or 0.5 M citric acid and the
release of bacterial cells was monitored over five days. This process was evaluated in both

phosphate buffer and distilled water.

The release was studied by measuring the optical density (A= 630 nm) over 120 hours, what
reveal distinct differences in microbial or a particulate growth under previously mentioned
treatment conditions (see Figure 28). Notably, citric acid in buffer showed the most pronounced
increase in ODg39 reaching values above 3.0, suggesting a significantly enhanced release or
turbidity compared to all other treatments. This may be explained by increased gel
disintegration facilitated by phosphate ions presence in the buffer, which can influence the pH

of the solution.
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In contrast, both 2 % and 5 % (w/w) CaCl, in buffer showed moderate increases in optical
density, indicating reduced level of gel disintegration. Water-based treatments generally
resulted in lower OD values, with 2 % CaCl, in water showing minimal bacterial release,
suggesting distilled water did not significantly influence hydrogel structure and does not lead
to increase disintegration. However, bacterial viability was not assessed during the study, as the
primary focus was on its release from the alginate network. This process was accelerated solely
by gel disintegration under controlled and optimal liquid conditions. Among the tested
formulations, 2 % CaCl, exhibited the slowest rate of cell release in distilled water, while 5 %

CaCl, showed comparatively slower release in the phosphate buffer.
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Figure 28 Release of bacteria of strain DSM 87 into phosphate buffer and water, respectively,

from gels prepared with calcium chloride and citric acid as the crosslinkers.

These results confirmed that the release of bacterial cells from the gel occurs over the course of
several hours to tens of hours, which is well aligned with the intended application. Furthermore,
not only the type of gelation agent but also the specific bacterial strain, the quality of the formed
gel and all previously mentioned parameters, including cultivation conditions, media
composition and encapsulation process, significantly influence both the rate of gel
disintegration and the dynamics of bacterial release. This highlights the importance of
optimizing the entire preparation process in order to achieve a tailored release profile and ensure

the functional stability of gelled bacterial cultures for targeted applications.
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5.4.2 Verification of cell viability at different stages of inoculant preparation and

application.

Moving forward, in the context of evaluating gel performance in the context of intended
application, bacterial viability emerged as a key consideration. It was crucial for us to determine
whether bacterial cells could survive the gelation process and whether their continuous release
would compromise their viability. Especially, taking into account the rapid change in
environmental conditions, such as osmotic stress during the gel-formation. We hypothesized
that the robustness of these cells is supported by their ability to accumulate PHB, as suggested
in several studies (Obruca et al., 2017; Sedlacek et al., 2019). Consistent with this, our data
show that PHB accumulation can reach up to 30 % of cdw in various strains, indicating a
possible protective role in helping bacteria withstand stress associated with gel formation and
release. Similarly, also extracellular alginate can enhance the stress resistance of bacterial cells

(Pezzoni et al., 2022; Svenningsen et al., 2018).

To assess cell viability, we first needed to select a suitable fluorescent probe. Four different
dyes were tested: propidium iodide (PI), fluorescein diacetate (FDA), Calcein AM and DAPI.
Figure 30 illustrates the fluorescence patterns observed by analysing live, dead (blanching in
hot water) and mixed (50:50) bacterial populations from growth bacterial cultures. As shown
in Figure 29a, PI successfully distinguishes between live and dead cells. As PI binds to nucleic
acids in membrane-compromised (dead) cells, it resulted in significantly higher fluorescence
intensity in dead cells compared to live ones. The mixed population also showed an

intermediate signal, confirming PI's effectiveness in differentiating cell viability.

In contrast, FDA (Figure 29b) showed relatively similar fluorescence intensities for live and
dead cells, although live cells did exhibit slightly stronger signals. FDA is hydrolysed by
intracellular esterases in live cells to produce a fluorescent compound, making it theoretically
suitable for viability assessment. However, in our case, no clear distinction was observed
between the two populations. The slight differences in internal fluorescence structure,
particularly in the 50:50 mix, may reflect physiological variability or differences in esterase

activity between subpopulations.

Calcein AM and DAPI were evaluated in Figure 29¢ and Figure 29d, respectively. However,
neither dye provided distinguishable fluorescence differentiation between live and dead cells.
Calcein AM, which requires intracellular esterase activity and intact membranes to generate

fluorescence, failed to differentiate viable cells under our conditions. Similarly, DAPI, which
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stains DNA 1in both live and dead cells, did not yield any meaningful contrast and is not a

candidate for determination of viability, only as a marking dye.

A major limitation in accurately determining cell viability may stem from the alginate matrix
surrounding the cells. This layer can act as a physical barrier, not only limiting oxygen diffusion
but also preventing the penetration of large molecules of the fluorescent probe. Consequently,
inadequate dye uptake may have obscured reliable fluorescence signals. To improve probe
effectiveness, thorough washing and optimization steps are essential before conducting viability

assays on encapsulated cells.
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Figure 29 Flow cytometry determination of viability bacteria A. vinelandii, where different

fluorescent probes were used (a- Propidium lodide, b- Florescein Diacetate, c- Calcein AM, d-

DAPI) to detect viable, nonviable cells and their mix in ratio 50:50.

After selection of suitable fluorescent probe and defining/determining its optimal concentration,

PI at a concentration of 1 mg/mL was used in following experiments. PI was tested on gel-

forming bacterial strains used in this study (DSM 87, DSM 720 and CCM 289) and its

applicability was confirmed across all strains (Supplementary Figure 40).

Following this, cultures were subjected to gelation using a standardized procedure in which

10 mL of bacterial suspension was pipetted into 2% CaCl, as the gelation agent. After that, we
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evaluated the survival of the cells after gelation and their one-hour long release. As shown in
Table 6, although all strains were gelled under identical conditions, the number of released cells
varied significantly. DSM 87 exhibited the highest release, with 262 x 10°/mL cells recovered,
whereas the remaining strains released no more than 32.6 x 10°/mL cells. In contrast, DSM 720
released a much smaller number of cells (10.13 x 10°/mL), yet exhibited the highest viability
at 86 %, from all tested strains. This indicates that although the gel restricted release, it was
highly protective, preserving cell integrity and viability. A similar trend was observed for CCM
289, which showed moderate release (7.54 x 10° cells per mL of release medium) and a
relatively high viability (77 %). These findings suggest that gel conditions for these strains may

have been close to optimal, balancing both controlled release and cell protection.

Table 6 Cells of A. vinelandiiin 1 ml of released medium from self-produced gels for selected
strains after 1 hour in phosphate buffer. Bacterial cells were analysed by flow cytometry dyed
with Propidium lodine (I mg/ml) staining to analyse their viability

Gelated bacterial Number of bacteria  Viable cells (%) after
strain (X105) per mL of 1 hour release

released medium

CCM 289 7.54 £1.48 77.01 +£2.45
DSM 87 262.76 + 21.87 26.43 £12.39
DSM 576 32.62 £ 0.66 19.72 £ 0.31
DSM 720 10.13 £ 1.35 85.89 £ 0.22

The results from our experiments highlight the strain-dependent nature of bacterial behaviour
during encapsulation and release. It also suggests that both the physical characteristics of the
gel matrix and the physiological properties of the bacteria play a crucial role in determining
release efficiency and post-release viability. Consequently, these experiments confirm that the
tested bacteria survive both gelation with calcium chloride (2 % w/w) demonstrating application
potential in the agricultural industry for the development of bioinoculants (Oberoi et al., 2021;
Yuan et al., 2022). Recent reviews and experimental studies report that typical effective
inoculum concentrations used in pot and field trials range from 10° to 103 CFU/mL for liquid
suspensions and approximately 107 to 10¥ CFU/g for carrier (solid) formulations (dos Reis et

al., 2024). Because introduced strains frequently colonize only transiently, liquid applications
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often have short-lived effects in the rhizosphere and therefore may need to be applied more
frequently formulations (Tsegaye et al., 2022). Therefore, liquid inoculants are typically and
the most effectively applied via seed coating, which ensures close contact between bacteria and

emerging roots (Rocha et al., 2019).

In our system, bacteria released from gelled cultures at concentrations on the order of 10° to 107
CFU/mL within one hour of exposure to release medium, which is within the range reported to
be biologically active for many PGPR and thus sufficient to stimulate or otherwise influence
plant growth. Interestingly, even substantially reduced inoculant doses (below < 10* CFU per
seed) can alter indigenous rhizosphere communities and affect plant—microbiome interactions,
although the magnitude and direction of plant responses depend on inoculant strain, host plant

and soil context (Chai et al., 2022).

These findings provide a sound basis for further evaluation of strain robustness and for testing
the potential protective roles of intracellular polyhydroxybutyrate (PHB) and alginate
encapsulation in improving survival, shelf life and field performance of bioinoculants; these

questions will be addressed in Chapter 5.6.

5.5 TRANSFER OF THE CULTIVATION PROCESS OF AZOTOBACTER
VINELANDII INTO LABORATORY BIOREACTOR

Since bacterial cultivation in Erlenmeyer flasks consistently resulted in gel formation, we
decided to transfer the cultivation process to laboratory scale bioreactors. This step was
important not only for increasing production volumes, but also because of the potential
biotechnological applications of bacterial gels and alginate is manageable to do in bioreactors

for the industrial production.

Recent studies highlight the biotechnological potential of Azotobacter vinelandii for producing
alginate and PHB, though scaling up production remains a significant challenge. While shake
flask cultures can achieve alginate yields comparable to those in small bioreactors (4.0 g/L),
increasing the production scale does not necessarily enhance output, likely due to dissimilar
oxygen transfer dynamics, namely, oxygen transfer rate (OTR) and dissolved oxygen tension
(DOT). OTR has been identified as a critical factor in scaling up; studies conducted at 3- and
30 L scales showed that higher OTRs improved alginate yields and modified the
guluronic/mannuronic (G/M) ratio. However, achieving consistent molecular characteristics
across scales proved difficult (Diaz-Barrera et al., 2021). Interestingly, the specific oxygen

uptake rate (qO:) demonstrated better reliability, allowing for reproducibility in alginate
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molecular weight across different bioreactor sizes. To reduce production costs, alternative
carbon sources such as sugar cane juice have been explored (Chuacharoen et al., 2022). Under
optimized conditions, (60 mM sucrose-equivalent, controlled nitrogen levels and pH) alginate
production reached 7.29 + 0.07 g/L with molecular weights up to 4.735 kDa. In the case of
PHB, few bioreactor-scale studies exist, but notable results were obtained with the UWD
mutant strain, achieving up to 3.6 g/L of PHB and 85 % of dry cell weight under a two-stage
aerobic/oxygen-limited strategy. These findings underscore the importance of oxygen control
and fermentation design in optimizing biopolymer yields from 4. vinelandii (Dhanasekar et al.,
2003).

Therefore, moving into these experiments was challenging from the beginning. Our first
attempts using the strain CCM 289 were not successful. Although the culture grew well and
produced alginate, bacterial culture did not reveal the capability of gel formation. Based on
studies of molecular weight of CCM 289, we noticed that composition of G/M residues changes
significantly in later phases of cultivation and M residues dominate. This means that we can
assume that within a relatively short and narrow time frame, we were unable to capture the
stage when the bacterial culture gelled on its own. It is possible that we missed this stage and
therefore it is necessary to conduct further experiments where the gelation potential of the
culture is regularly monitored at shorter intervals (e.g., every 2 hours). However, since we were
also interested in testing other cultures, we decided to try strain DSM 87 as it shown consistent
gel formation capacity in flasks. In this case, bioreactor cultivation was successful and we were

able to obtain stable gel production.

Figure 30 shows six experiments we conducted in the bioreactor under various conditions,
mainly varying agitation speed (rpm) and working volume. These factors were tested based on
the assumption that the bacteria might respond differently to physical conditions in the
bioreactor, even though flask-scale experiments had not shown such sensitivity. For us, it was
important to study biomass, alginate production, gelation potential of the bacterial culture and
glucose consumption during the process. Monitoring PHB was not necessary, although it is
known that PHB production under bioreactor conditions for DSM 87 ranges from 20 to 30% of
the cdw.

In the control condition (Figure 30a- 400 rpm, 3 L), glucose was depleted within 30 h,
supporting robust biomass accumulation (6.2 g/L) and subsequent alginate production (1.8 g/L).

Aeration was kept constant at 1 v/v/m.
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Increasing the agitation speed to 450 rpm (Figure 30b) slightly reduced both biomass and
alginate yields, likely due to shear stress caused by higher impeller speed. Biomass peaked at
5.4 g/L by 26 h and remained constant thereafter, while alginate reached 1.6 g/L before
gradually declining.

Increasing the working volume to 4 L at 400 rpm (Figure 30c) had minimal impact on final
biomass but slightly delayed both glucose consumption and alginate synthesis. Biomass
reached 6.6 g/L by 30 h, while alginate production was limitedto 1.1 g /L at the same time
point. The change in medium volume likely altered oxygen availability, leading to a faster initial

growth rate but reduced alginate production compared to the control.

Introducing a fed-batch strategy via glucose addition (Figure 30d) significantly improved
performance. At 30 h, residual glucose was nearly depleted, prompting the addition of 50 mL
of glucose solution (at a concentration 20 g/L) to 3 L of culture medium. This increased the
glucose concentration, which remained at 6.7 g/L by 34 h. Biomass reached 7.9 g/L at this point,
with alginate maintained at 1.0 g/L. By 48 h, biomass had increased to 8.7 g/L and alginate to

1.5 g/L, confirming that sustained substrate availability supports prolonged productivity.

Applying a dynamic agitation regime between 250 — 750 rpm (Figure 30¢e) negatively impacted
both biomass and alginate formation. Biomass reached only 3.0 g/L and alginate 1.1g/L, despite
complete glucose depletion. The large fluctuations in mechanical conditions likely imposed
physiological stress and the culture formed dense bacterial gelled structures, potentially

affecting alginate quality.

Finally, combining mild variable agitation (150 — 450 rpm) with the same fed-batch glucose
addition strategy (Figure 30f) yielded both high biomass (8.0 g/L) and the highest alginate
concentration (2.1 g/L) among the tested conditions. This combination of stable physical
conditions and continuous nutrient availability appears to provide a favourable balance for

growth and alginate synthesis, while also supporting gel stability and quality.

While shake flask experiments often overlook sensitivity to physical parameters, successful
bioreactor cultivation demands precise control of agitation, aeration and feeding strategies to
maintain consistent polymer quality. Overall, both our findings and those in the literature
indicate that the industrial-scale application of A. vinelandii remains constrained by metabolic

complexity, oxygen sensitivity and similarly on strain variability.
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Figure 30 Bioreactor experiments with strains DSM 87 and analysis of biomass (dark grey

slopes), alginate (up- white slopes) and glucose (blue points) throughout hours, where a) is

control at 400 rpm in 3L volume, b) is 450 rpm and 3L, c) is 400 rpm and 4 L volume, d) 3 L,

400 rpm and addition of 50ml of glucose one time (20 g/L), e) regulation 250 — 750 rpm in 4 L

volume and f) regulation 150—450 rpm in 4 L volume

Notably, our study advances the field, as there are currently no published reports evaluating the

gelation potential of A. vinelandii. On the other hand, gel-forming capacity is the key

characteristic in our concept. Overall alginate or biomass titers and yields are less critical than
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the gel-forming capacity of the resulting cultures. Among all tested conditions, only intensive
regulation 250 — 750 rpm in 3 L volume, did not provide any gel formation ability. Other
bioreactor experiment enabled bacterial gel formation and were subsequently analysed by
mechanical characterization of the gels through rheological analysis. These selected samples
were subjected to oscillatory strain sweeps to evaluate their viscoelastic behaviour (Figure 31).
The complex modulus (G*) across oscillation strain (%) showed that gels produced under
control conditions (400 rpm, 4 L) had the highest mechanical strength, with G* values above
1 kPa over a wide strain range. Gels obtained at 450 rpm also exhibited good mechanical
integrity, though slightly lower than the control. In contrast, gels formed at 350 rpm showed
substantially lower moduli, suggesting weaker structural properties. Similarly, samples
produced under variable agitation (150 — 450 rpm) and at 400 rpm in 4 L volume showed
moderate gel stiffness, with reduced G* values and earlier onset of modulus decline with

increasing strain.
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Figure 31 Amplitude sweep test and complex moduli analysis of gel formed from bacterial
cultures cultivated in bioreactors crosslinking with CaCl;: Cultivations of DSM 87 under
various conditions are as follows: a) control at 400 rpm with 3 L volume (blue square), b) 450
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rpm with 3 L volume (green triangle), c) 400 rpm with 4 L volume (brown square), d) addition
of 50 mL glucose solution (20 g/L) (black square) and e) agitation regulation between 150 and
450 rpm (red circle).

In our scale-up process, we were successful in preparing bacterial gelled cultures directly from
the media for the strain Azotobacter vinelandii DSM 87. However, strain CCM 289 still requires
further study to enable scaling from flask cultures to large bioreactors. Our results suggest that
intensive mechanical stirring may negatively affect the gelation potential of the culture,
possibly due to damage to the alginate capsule surrounding the bacterial cells. For example,
conditions with constant stirring at 400 rpm appeared to produce stable and good-quality gels,
even with a slight increase in culture volume (up to 4 L) and agitation speeds ranging from 150
to 450 rpm. Despite the culture’s high oxygen demand, it seems that maintaining relatively low
stirring speeds might be necessary, as excessive mechanical stress and shear forces generated
by the agitator could potentially damage the alginate capsule, which may lead to decreased

alginate yield and reduced gelation ability of the culture.

5.5.1 Testing aeration at different volumes of Azotobacter vinelandii cultures in

minibioreactors

Following the bioreactor experiments, where we observed significant variation in alginate and
gel production depending on agitation and volume, we aimed to further investigate how oxygen
availability and mixing influence these processes. This led us to perform a series of tests in
Biosan minibioreactors RTS-1C, which differ from conventional systems in both design and
mixing mechanism. In these reactors, mixing is achieved through rotation of the entire vessel
rather than using a turbine stirrer. As a result, the maximum recommended working volume is
limited to 30 mL out of a total 50 mL capacity, to ensure effective oxygen transfer and fluid
motion. In addition, the Biosan RTS-1C bioreactors enable continuous monitoring of cell

growth through automated analysis of the cultures’ optical density.

Interestingly, the cultivation of A. vinelandii CCM 289 was successful in obtaining a gel-
forming bacterial culture in a 30 mL volume, likely due to mixing by rotation rather than
stirring. The obtained alginate yield was 5.6 g/L, with biomass reaching 4.7 g/L. Regarding
agitation speed, we also attempted to cultivate the bacteria in tubes without stirring; however,

the bacteria did not grow under these conditions.
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However, to explore the impact of filling volume on growth and alginate production, three
media volumes were tested: 10, 20 and 30 mL of A. vinelandii DSM 87. As shown in Figure
32, cultures grown at lower volumes (10 mL) reached higher optical densities more quickly and
exhibited a more pronounced peak in cell density, suggesting improved oxygen availability. In
contrast, the culture with the maximum volume (30 mL) showed slower growth and a lower
peak in optical density, likely due to reduced oxygen availability. Interestingly, while the 10
mL culture showed the highest alginate production (8 g/L), its biomass concentration remained
relatively low (4.3 g/L). At 20 mL, the alginate yield and biomass concentration were similar,

with 5.8 g/L each. Conversely, the 30 mL culture had the highest biomass (7 g/L) but a lower

alginate yield (5.4 g/L).
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Figure 32 Cultivations of DSM 87 in Biosan RTS-1C minibioreactors with different cultivation

filling volumes- 10, 20 and 30 mL.
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The bacterial gelation potential was also evaluated visually by dropping the bacterial cultures
into a gelation agent (2 % w/w CaCl.) after the end of the cultivations- for 10 and 20 mL at 70
hours and for 30 mL at 100 hours. Nevertheless, in all tested volumes, the resulting gels
maintained a well-defined shape without any visible disintegration, demonstrating strong
structural integrity. Photographs of the gels in Figure 33 clearly show their uniform, stable form,

indicating effective gelation and promising mechanical stability across different culture

volumes.

Figure 33 Tested self-bacterial gel formation for strains A. vinelandii DSM 87, for different
cultivation volumes (10, 20 and 30 ml). Noticeable gel drops of consistent shape are shown for

all three volumes, for 10 and 20 ml at 70 hours and 30 ml at 100 hours.

The results obtained in the Biosan RTS-1C minireactors confirm our observations from
previous experiment in laboratory stirred bioreactors (5.5) that oxygen availability plays a
crucial role in the growth and alginate production of A. vinelandii DSM 87. However, equally
important is that the mixing method does not generate excessive shear forces, likely to prevent
damage to the alginate capsule surrounding the bacterial cells. In the Biosan RTS-1C system,
good aeration was achieved alongside a mixing mechanism that produces very low shear stress.
This balance between sufficient oxygen supply and gentle mixing should be carefully

considered in further optimization of cultivation conditions in bioreactors.

To the best of our knowledge, this type of reactor system has not yet been tested with
Azotobacter strains, particularly in the context of alginate production and gelation applications.
Therefore, these findings provide novel insights into how small-scale, rotational mixing
systems may influence both growth kinetics and polymer biosynthesis in this genus, opening

new avenues for scalable production of bacterial alginate gels.
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5.6 PILOT ASSESSMENT OF GROWTH-PROMOTING ACTIVITY OF
BIOINOCULATS ON THE MODEL PLANTS

5.6.1 Pivotal cultivation of lettuce plants bioinoculated with Azotobacter

vinelandii

By gathering comprehensive data on bacterial cultivation, bioactivity assays and rheological
characterization, we aimed to investigate the effects of the developed bioinoculants on plant
growth. To maintain simplicity and reproducibility, we employed a basic experimental setup:
A. vinelandii cultures were grown in Erlenmeyer flasks and gelation was induced by dropwise
addition into a calcium chloride solution (2 % w/w). Consistent gel formation was observed
across all tested strains, with A. vinelandii CCM 289 demonstrating particularly strong gelation
ability and promising PGPR potential. The strain was chosen based on several criteria,
including laboratory-tested bioactivities such as siderophore and IAA production, phosphate
solubilization and stable gel-forming capacity. PHB content in CCM 289 reached up to 30% of
cell dry weight (4.6). Further evaluation of this strain was conducted to assess plant cultivation

and growth.

Lettuce (Lactuca sativa) was selected as the model plant due to its fast growth and well-
documented sensitivity to environmental and microbial treatments (Abou Jaoudé et al., 2025;
Burgess et al., 2024). This sensitivity makes lettuce an effective indicator for detecting
significant growth responses to PGPR inoculation. To assess plant growth effects, we conducted
a preliminary greenhouse experiment in laboratory conditions (Supplementary Figure 41) under
controlled conditions. Plants were cultivated for one month with regular watering and stable
humidity (60 %), as is further described in chapter 4.12. The experimental design included two
treatments and one untreated control. The first treatment involved inoculation with bacterial gel
prepared using CCM 289 cultured in flasks, while the second treatment used only bacterial cells
suspended in phosphate buffer, without alginate. The experiment was maintained over a one-
month period to evaluate plant responses with respect to crucial parameters such as dry plant

biomass weight, length of roots and leaves, pigment concentrations.

The results of the experiment confirmed the positive effect of bacterial biofertilizer treatments
on lettuce growth, as shown in Table 7. Both the liquid bacterial culture and the bacterial gel
significantly improved plant development compared to the untreated control. Notably, the dry
plant biomass increased from 41 + 28 mg in the control to 194 + 68 mg and 193 = 74 mg in the

liquid culture and gel treatments, respectively (p < 0.001). Leaf length also showed a
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statistically significantimprovement, doubling from 2.1 + 0.7 cm in the control to 4.3 + 1.2 cm
and 4.3 = 1.0 cm in the treated groups (p < 0.001). While the root length increased as well (from
13.9+4.2 cmin the controlto 17.4 + 6.0 cmand 18.3 + 5.2 cm in treated groups), this difference
was not statistically significant (p = 0.058). Conductivity of soils especially in the liquid
bacterial culture group reached 27.1 uS-cm™!, compared to the control 12.0 uS-cm™ (p=0.003),
signifies higher presence of ions possibly affecting nutrient availability in the soil. As part of
the experimental protocol, the treatments were repeated after two weeks, which may have
further enhanced the biofertilizer effect. These findings suggest that both bacterial
formulations- liquid and gel, effectively promote plant growth, with particular benefit to

biomass accumulation and leaf development.

Table 7 The results of pivotal pot experiments such as soil conductometry, roots and leaves
lengths and dry biomass weights of treated and untreated plants and statistical analysis from
16 replicates in each treatment. Very high statistical significance (***), high statistical

significance (**) and no statistical significance (ns) evaluated by one way Anova.

Treatment Soil Length of roots Length of leaves  Dry plant biomass
conductometry (cm) (cm) (mg)
(uS-em1)
Liquid bacterial 27.1+£3.0 174+6.0 43+£1.2 194 £68
culture
Bacterial gel 15.6+34 183+52 43+1.0 193 +74
Negative control 12.0£3.6 13.9+£42 2.1+0.7 41 +£28
Statistical wx ns ok ok
significance p=0.003 p=0.058 p <0.001 p <0.001

Photo documentation of treated and untreated plants in the end of the cultivation is
demonstrated in Figure 34 Photo documentation of the plant cultivation experiment, where red
(a, left) labels treated plants with liquid bacterial culture, blue (b, middle) labels gelled bacterial
culture and green (c, right) stands for untreated control. Significant differences were observed
between treated (a, b) and untreated (c) plants in terms of root length and leaf richness in
lettuce.Figure 34, where untreated control is noticeably smaller for plants and shorter for roots

as compared to treated plants.
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Figure 34 Photo documentation of the plant cultivation experiment, where red (a, left) labels
treated plants with liquid bacterial culture, blue (b, middle) labels gelled bacterial culture and
green (c, right) stands for untreated control. Significant differences were observed between

treated (a, b) and untreated (c) plants in terms of root length and leaf richness in lettuce.

The analysis of pigment concentrations in plant leaves was an essential step in characterizing
plant condition, as the amount of pigments directly influences photosynthetic efficiency and
nutrient acquisition. From the measured absorbance values at specific wavelengths were
calculated concentrations of photosynthetic pigments, which are shown in Figure 35. The
highest pigment levels were found in leaves from plants treated by bacteria in buffer
(chlorophyll a: 6+1 pg/mL, chlorophyll b: 7+2 pg/mL, carotenoids: 3.6+0.5 pg/mL).
Moderate levels were observed in plants treated by bacterial gels and the lowest concentrations
were recorded in untreated control. These differences align with overall plant development,

particularly leaf length and biomass (see Table 7).
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Figure 35 Concentration of pigments obtained from leaves of treated (bacterial gelled
culture/bacterial gel and liquid bacteria in phosphate buffer) and untreated plants (control)in
the end of the cultivation- chlorophyl a (green), chlorophyll b (cyanoblue) and carotenoids

(red) measured spectrophotometrically.

Even under laboratory conditions and using a two-step inoculation process, we observed
significant differences between plants treated with PGPR and untreated controls. It was
essential to test whether bacterial gelled cultures could stimulate plant growth by releasing
bacteria effectively. Our results showed that bacterial cultures released from the gel did improve
plant growth, although a slightly less compared to liquid bacterial inoculation. This difference
may be due to the immediate availability of nutrients, especially nitrogen, in liquid inoculation,
which is critical for early plant growth. In contrast, bacteria released slowly from the gelled
cultures likely provided a more gradual nutrient supply, leading to slower initial plant growth.
Nevertheless, A. vinelandii CCM 289 in both treatments positively influenced plant growth.

This was also supported by spectrometric analysis of plant pigments, such as chlorophyll and
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carotenoids, confirming that CCM 289 actively stimulates plant growth even after self-

entrapment in bacterial gels.

5.6.2 Followed up plant cultivation experiment in greenhouse observing

microorganisms responding to different treatments

Following the laboratory experiments, the study was extended to a larger-scale trial under
greenhouse conditions with 60% relative humidity and controlled day—night cycles (described
in 4.12.1) during the internship in Lund university, Sweden with supervising of prof. Rousk.
This phase aimed to evaluate the plant growth-promoting properties of 4. vinelandii CCM 289
under semi-controlled, environmentally relevant conditions. As described in detail in 4.12.1,
three treatments were applied: plants inoculated with bacterial gelled cultures, plants treated
with alginate hydrogel without bacteria and an untreated control. Given that some bacteria are
reported to exhibit antifungal activity through the production of antimicrobial compounds that
inhibit or outcompete other microorganisms, (Gurikar et al., 2022), this experiment also
monitored bacterial and fungal populations over a 47-day lettuce cultivation period. The
primary objective was to determine whether bacterial gels could reduce fungal growth while

supporting plant development.

Figure 36 illustrates the progression of bacterial (top panel) and fungal (bottom panel) growth
over time. Regarding bacterial growth, the highest values were observed in the treatments with
bacterial gels and gels without bacteria, particularly on Day 1. This is expected for the bacterial
gel treatment due to the deliberate introduction of bacteria. The unexpectedly high bacterial
counts in the gel without bacteria may suggest incomplete removal of bacterial residues during
gel preparation, as some bacterial cells may have remained despite washing. In contrast, the
untreated control exhibited significantly lower bacterial growth, likely reflecting the natural

microbial environment of the soil.

Bacterial growth (Figure 36, top) generally declined over time, although a notable resurgence
occurred around Day 17, especially in the treated samples. This increase may be attributed to
the gradual disintegration of the gel matrix, which could have released previously trapped
bacteria, thus stimulating microbial activity. After Day 30, a sharp decline in bacterial growth

was observed across all treatments.

Fungal growth analysis over the 47-day period (Figure 36, bottom) revealed no significant
differences among the three treatment groups. Fungal biomass levels were comparable at all

sampling points, including in plants treated with the bacterial gel. These results indicate that,
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under the conditions tested, the bacterial gel did not exhibit measurable antifungal effects.
Consequently, this experiment did not provide evidence to support antifungal activity of the

applied bacterial gels.
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Figure 36 Bacterial (top) and fungal down) growths throughout cultivation days of lettuce
plants: while three treatments were implied bacterial gel/gelled bacterial culture of A.
vinelandii CCM 289 (red column), alginate gel produced by A. vinelandii CCM 289 without
bacteria (blue) and untreated control (green). Fungal and bacterial growth were analysed by

radioisotope determination of H> and C'3 from soil samples.
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During a cultivation period exceeding two months, lettuce plants were subjected to three
treatments to test both antibacterial and antifungal activities. Differences in bacterial abundance
between treated and untreated plants were apparent only during the initial 17 days of cultivation,
thereafter, bacterial counts in the untreated control approached those in the treated groups. This
convergence may be attributable to factors such as repeated sampling of the pots, which could
have disturbed the rhizosphere and facilitated bacterial redistribution, or the gradual
establishment of a natural bacterial microbiome within the soil. Regarding antifungal activity,
our cultivation tests with lettuce plants showed no detectable differences in fungal growth
between the treatments. Therefore, under the tested conditions, A. vinelandii CCM 289 did not
have a significant impact on the soil microbiome and appeared to maintain stable microbiome

conditions.

5.6.3 Drought resistance of treated and untreated plants

The final experiment discussed in this thesis tested our hypothesis that a bacterial gelled culture,
embedded in a hydrogel matrix, could enhance both plant and bacterial resistance under climate
change. Due to their high water-holding capacity, containing typically >80% water (Savi¢ Gaji¢
et al., 2023), providing a slow release of moisture and reducing the need for frequent irrigation.
We conducted this pilot study in Sweden at Lund University, in collaboration with the Rousk

research team, using their facilities and expertise.

The experiment run in the end of the plant cultivation for 7 days. The plants were not freshly
treated, however despite the temporal gap of two months following inoculation, the persistence
of treatment effects remains biologically meaningful due to multiple converging mechanisms.
Firstly, alginate-based delivery systems act as controlled-release matrices, meaning that the gel
gradually disintegrated and released viable bacterial inoculants over extended periods (Colin et
al., 2024; Tanmoy & LeFevre, 2024). Secondly, drought-tolerant bacteria can survive in
dormant or stress-resistant forms and sustain their ecological functions long after the initial
inoculation, contributing to improved soil enzyme activity, water retention and plant biomass
under water limitation (Li et al., 2023). Moreover, the concept of a microbial “legacy effect”
underscores that prior inoculations can reshape soil microbial community composition and
functionality, influencing plant performance and drought resilience even after the inoculant’s

active phase ends (Meisner et al., 2018).

To evaluate drought resistance, both bacterial and plant responses to reduced soil moisture

were assessed across three treatments: gelled bacterial culture, gel without bacteria and an
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untreated control. Drought resistance was defined as the ability to retain water in the soil -
microbial-plant system, expressed as grams of water per gram of dry soil. Bacterial resistance
was measured through microbial biomass under drought stress, while plant wilting was

monitored visually throughout the experiment.

As shown in Figure 37, bacterial resistance was highest in the treatment with gel without
bacteria, followed by the negative control and bacterial gel. Conversely, plant wilting, labelled
as “plant resistance” in the figure, was highest in the negative control, followed by bacterial gel
and was lowest in the gel without bacteria treatment. This divergence between microbial and
plant responses highlights an important aspect of soil-plant-microbe interactions under water-
limited conditions. In particular, the bacterial gel treatment demonstrated a moderate level of
drought resistance for both microbes and plants, suggesting a more balanced microenvironment

under stress.

The dataindicate a complex relationship between soil microbial activity and plant performance
under drought conditions. Hydrogels, by retaining moisture, are generally expected to support
both microbial survival and plant water availability (Montesano et al., 2015). However, the
results reveal contrasting outcomes depending on the treatment. Interestingly, the gel without
bacteria treatment showed the highest bacterial resistance, possibly due to the gel’s physical
properties alone enhancing microbial hydration. However, this treatment was associated with
the latest plant wilting, suggesting that microbial persistence in this condition may not benefit
the plant, or may even compete for available water. This reflects a potential trade-off in

hydrogel-based treatments when microbial and plant needs are not aligned.

In contrast, bacterial gel treatments yielded moderate resistance for both bacteria and plants.
This may point to a synergistic effect where introduced bacteria, although not maximally
drought-resistant, contributed to a more stable and cooperative soil environment, indirectly
benefiting plant water retention. These bacteria may produce exopolysaccharides or other
compounds that enhance soil structure and water holding capacity, indirectly supporting plant

performance.

The negative control, with no gel or bacterial input, surprisingly showed high plant drought
resistance, due to better root adaptation or lack of microbial competition under stress. Yet,
bacterial resistance was lower than in gel treatments, indicating reduced microbial resilience in
the absence of moisture-retaining amendments. Together, these results emphasize that drought

resistance is not a singular outcome but a product of interactions among soil properties,
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microbial dynamics and plant physiology. While hydrogels, especially those incorporating
beneficial bacteria, can offer balanced support for both microbes and plants, their design and

application must be carefully optimized to avoid unintended trade-offs.
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Figure 37 Drought bacterial resistance of gelled bacterial culture, gel without bacteria and
negative control (bacterial resistance in grey slopes, plant resistance or plant wilting in green
slopes). Drought resistance, expressed in g water per g soil, represents the soil moisture level

at which bacterial growth reached the ECso value.

The Table 8 presents root length and dry plant biomass measurements under two conditions:
drying (drought) and regular watering. Under drying conditions, the bacterial gel treatment
resulted in the longest roots (20.1 = 7.9 cm) and a relatively high dry biomass (1.7 + 0.3 g),
suggesting an enhanced root system that could access deeper moisture. Interestingly, although
the negative control produced shorter roots (13.3 = 0.3 cm), its biomass was equal to the
bacterial gel, indicating that root elongation may have been more strongly influenced by
bacterial presence than by biomass accumulation alone. The gel without bacteria showed
moderate root length (16.2 = 2.1 cm) but the lowest biomass (1.2 + 1.0 g), suggesting that while

hydrogels support some drought resilience, the absence of bacteria limits plant productivity.
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Under regular watering, all treatments supported root growth, with the negative control
surprisingly having the longest roots (21 = 1.0 cm). However, this did not translate to higher
biomass. Plants treated with bacterial gel achieved the highest dry biomass (2.8 = 0.7 g), more
than double that of the other groups, indicating enhanced nutrient uptake and plant resistance
likely due to microbial interactions. The gel without bacteria and negative control both showed
lower biomass (1.3 £ 0.6 g and 1.1 + 0.4 g, respectively), reaffirming that bacterial presence is
key to maximizing plant growth, especially when moisture is not a limiting factor. However,
no statistically significant differences were found between treatments, except for bacterial
resistance (p < 0.05). This suggests that changes between treatments were not evident, which

may be due to the small number of plant replicates used in the experiment.

Table 8 Overview of final parameters from lettuce drought experiment: Drying and regular
watering as a control, length of the roots were examined, dry plant biomass and bacterial
resistance for drought for all three treatments with inoculation of bacterial gelled culture, only
alginate gel produced by bacteria and untreated control. Statistical significance was also

performed by one-way ANOVA: no statistical significance “ns”, low statistical significance

{(* »
Treatment Drying Regular watering
Length of Dry plant Bacterial Resistance Length of Dry plant
roots (cm) biomass (g) roots (cm) biomass (g)
Bacterial gel 20.1+7.9 1.7+£0.3 0.19+0.02 190+1.3 2.8+0.7
Gel without
162+2.1 1.2+1.0 0.25+0.02 16.5+3.1 1.3+0.6
bacteria
Negative
13.3+£0.3 1.7+0.9 0.20£0.03 21+£1.0 1.1+04
control
Statistical ns ns * ns ns
significance p=0.607 p=0.607 p=0.027 p=0.681 p=0.526

Similarly, in this experiment, pigments were measured from fresh leaves to determine the effect
of bacterial gel application on photosynthetic pigment retention under two watering regimes:

drying and regular watering.

Figure 38 represents the bar graph illustrates the concentrations of major photosynthetic

pigments, specifically carotenoids, chlorophyll @ and chlorophyll b, in leaves under drying and
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regular watering conditions, across three treatments: bacterial gel, gel without bacteria and

negative control.

Under drying conditions, plants treated with the bacterial gel maintained notably higher levels
of chlorophyll a (~8.5 pg/mL) compared to those treated with gel without bacteria (~6 pg/mL),
while the negative control showed the highest value (~9.5 pg/mL). Carotenoids and chlorophyll
b followed similar trends but with smaller differences. This indicates that the bacterial gel may
contribute to better pigment preservation during water stress, possibly by mitigating oxidative
damage or supporting photosynthetic function. After regular watering, the pigment content was
generally highest in the negative control, with chlorophyll a peaking around 12 pg/mL. Both
gel treatments (with and without bacteria) showed lower pigment concentrations, suggesting
that the presence of the gel matrix might slightly limit pigment accumulation, or that no

additional benefit is conferred under optimal watering.
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Figure 38 The pigment concentrationin leaves of treated and untreated plants after the drying
experiment and compared to regularly watered controls was analysed spectrophotometrically
at specific wavelengths. Carotenoids are shown in red, chlorophyll a in green and chlorophyll

b in cyan.

Based on this experiment we studied drought effect on lettuce plants and bacterial growth.

Results indicates that the application of bacterial gel can enhance drought resilience in lettuce
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plants by promoting root elongation and maintaining biomass under water-limited conditions.
While hydrogels alone provided some support, the presence of bacteria was crucial for
maximizing plant growth and nutrient uptake, especially under regular watering. Although
statistical significance was limited likely due to a small sample size. The observed trends
suggest that bacterial inoculation supports both plant and microbial drought tolerance.
Additionally, bacterial gel treatments helped preserve photosynthetic pigments during drought,
further underscoring their protective role. Overall, these findings highlight the potential of

bacterial gel formulations as a promising strategy to improve plant performance under climate-

related water stress.

134



6 CONCLUSION

The aim of this PhD thesis was to study bacterial inoculants and their novel way of preparation
and usage in agricultural industry. In our experiment, we successfully screened six strains of
Azotobacter vinelandii and, for the first time to our knowledge, developed bacterial inoculants
through self-entrapment of bacterial cultures in alginate gels produced endogenously, without

external polysaccharide addition.

Comprehensive characterization of biopolymer production, including alginate and PHB
concentrations, alongside detailed analysis of alginate properties such as acetylation degree,
M/G ratio and molecular weight, enabled the identification of the most promising 4. vinelandii
strains for gel formation. Advanced TEM imaging techniques were successfully developed to
visualize bacterial morphology within hydrogels without compromising cell integrity,
providing critical insights into bacterial encapsulation. Rheological assessments revealed
distinct strain-dependent variations in gel strength and bacterial release profiles, which are
crucial for tailoring effective bioinoculant formulations. Among the strains tested, CCM 289
demonstrated superior gelation capacity, producing gels with the highest average complex
moduli, indicative of enhanced mechanical stability and durability. These findings establish
CCM 289 as a prime candidate for the development of robust bacterial gel inoculants,
advancing the potential for sustainable agricultural applications through improved microbial
delivery and plant growth promotion under stress conditions. Furthermore, besides CCM 289,
also DSM 87 consistently produced high-quality, structurally stable gels. This
multifunctionality of bacterium A. vinelandii, including nitrogen fixation, production of plant
growth-promoting substances (IAA, siderophores, phosphate solubilization) and robust alginate
synthesis, underlines its strong biotechnological potential as a bioinoculant in sustainable

agriculture.

During the course of this dissertation, modifications of the cultivation medium were also
investigated with the aim of reducing production costs of bacterial inoculants and improving
gel quality. Three carbon substrates (glucose, fructose and sucrose) were evaluated for their
effects on bacterial growth and gelation. Among these, fructose proved particularly interesting,
as it enabled full gelation of the entire medium after just one day of cultivation. However, after
prolonged cultivation, the gel began to disintegrate, although a high amount of alginate was still
maintained. This finding is significant because fructose, which can be sourced from waste

materials, presents a cost-effective carbon source for large-scale production, potentially
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lowering overall inoculant manufacturing expenses. The effect of calcium carbonate addition
was also studied, revealing that concentrations above 5 g/LL did not promote gelation as initially
expected. Instead, higher levels appeared to inhibit the process, likely due to pH stabilization,
which reduced the production of alginic acid necessary for effective self-entrapment of bacterial
cultures within the gel matrix. Lastly, the influence of cultivation volume on gelation potential
was assessed, considering that A. vinelandii produces alginate partly as an oxygen diffusion
barrier linked to its nitrogenase activity. Within the flask-scale volumes tested, no significant
differences in gelation ability were observed, suggesting that oxygen availability at this scale

does not critically impact alginate-mediated gel formation.

Moreover, calcium chloride (CaCl») at 2 % concentration is the standard gelation agent for
alginate hydrogels due to its effective crosslinking. However, our study expanded this approach
by investigating a variety of ionic and acidic gelation agents, as well as gelation by dissolving
insoluble Ca®" salts using glucono-6-lactone (GDL), aiming to develop scalable and
controllable bioinoculant production methods. Among the ionic agents tested, Fe** and Cu?**
ions showed strong potential to enhance gel strength and mechanical stability by forming more
robust crosslinking networks. Their toxicity at higher concentrations, however, limits their
direct use; blending these ions with CaCl. may offer an optimal compromise, improving gel
properties while preserving bacterial viability. Organic acids, particularly citric acid, were also
explored due to their non-toxic nature and use in the food industry. Citric acid demonstrated
favourable effects on gel elasticity and porosity without harming bacterial cells, making it a
promising alternative for sustainable agricultural applications. Slow gelation with GDL proved
especially interesting, as it hydrolyzes gradually, enabling controlled gel formation within the
first 10 minutes. This gradual process promotes uniform gelation throughout the culture
volume, reducing inconsistencies and mechanical stress during encapsulation and possibility to
produced gels of defined shapes and sizes. These can be advantages particularly valuable for

large-scale bioreactor production.

Nevertheless, in our first attempts of scaling up, it was essential to determine whether
cultivation of Azotobacter vinelandii is feasible in bioreactors, as factors like different mixing
regimes, increased bacterial growth and oxygen availability can all affect the gelation potential
of the culture. Initially, cultivation of strain CCM 289 in bioreactor conditions was
unsuccessful, likely because the timing of gelation was missed, or the bacterial culture was too
fragile to withstand the stirring forces. However, after switching to A. vinelandii DSM 87,

gelation potential was maintained even over extended cultivation periods (approximately 5—6
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hours). We identified the optimal time for obtaining high-quality alginate suitable for bacterial
self-entrapment at around 26—-30 hours, confirmed through rheological measurements. Using
3 L culture volume and stirring at 400 rpm as a control, gelation occurred successfully. In
contrast, more intensive stirring speeds (150—750 rpm) prevented gel formation, probably due
to mechanical disruption of the alginate polymer chains by the stirrer. Slower stirring speeds

(150450 rpm), however, proved effective, enabling successful gelation of the bacterial culture.

Together, these findings emphasize the importance of optimizing gelation agents and conditions
to balance mechanical stability, bacterial survival and scalability. They open promising avenues
for developing tailored bacterial gels that enhance bioinoculant effectiveness and meet the
demands of sustainable agriculture and industrial biotechnology. For the future research it may
be interesting to study also the addition of GDL directly into bioreactor, which may lead to

gelation of the whole volume and following freeze-drying of the bacterial gelled culture.

Nevertheless, based on the bacterial characterization experiments evaluating bioactivities (IAA
production, siderophore synthesis and phosphate solubilization) and close monitoring of
bacterial survival after release from the gels, we proceeded to test the bacterial gelled cultures
on model plants, specifically lettuce, to assess the effects of the bioinoculants on plant growth,
soil microbiome and drought tolerance. In planta experiments showed that bacterial gels,
particularly those containing CCM 289, significantly enhanced plant growth parameters and
preserved photosynthetic pigments under drought stress, confirming their protective and
growth-promoting roles. While hydrogels alone offered some drought resilience, the presence
of bacteria was essential for maximizing biomass accumulation and nutrient uptake. Although
statistical significance was limited, most likely due to small number of replicates, the observed
trends clearly indicate benefits of bacterial gel inoculation for both plants and microbial drought
tolerance. Furthermore, no adverse effects on fungal soil communities were observed,

suggesting stable microbiome interactions.

Overall, our results demonstrated that, although the thesis initially focused on testing A.
vinelandii strains for their potential to produce alginate and in the same time be a PGPR.
However, we were able to achieve much more: these strains not only produced high-quality
alginate but were also capable of being directly gelled within it, giving A. vinelandii an
exceptional potential with strong gelation properties to produce encapsulated bioinoculants. Not
only had this method not been reported before, but we were also able to establisha functional

concept, producing gels directly through bacterial culture gelation with remarkable consistency.
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Among the six strains tested, CCM 289 and DSM 87 stood out due to their bioassay activities
in plant stimulation, which was confirmed in plant experiments by significantly increased root
and plant biomass. Most importantly, the scalability of these bacterial cultures is feasible and
essential for future applications. Each chapter of this work opens further avenues for research
and investigation, offering enormous potential for innovation. This approach turned out to be
both highly effective and truly innovative, offering a flexible platform that could be used in

agriculture and related fields, with great potential for future research and practical applications.
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10 SUPPLEMENTARY

Table 9 Bacterial growth of A. vinelandii DSM 720 on various carbon substrates in
concentration 20 g/L throughout 93 hours. The bacteria grew in 96-hole plate at 30°C while
constant shaking 250 rpm and measured on selected times by ELISA Multi mode Reader at

630 nm.
DSM 720
Hours Fructose Glucose Sucrose Xylose Arabinose  Celobiose Maltose Laktose Glycerol Starch
0 0.088 0.087 0.086 0.095 0.088 0.086 0.085 0.092 0.086 0.097
10 0.161 0.180 0.333 0.341 0.345 0.326 0.290 0.346 0.165 0.208
25 0.250 0.227 0.198 0.134 0.147 0.153 0.177 0.148 0.159 0.168
45 0.452 0.474 0.397 0.182 0.161 0.163 0.324 0.168 0.209 0.187
69 0.500 0.552 0.483 0.179 0.201 0.191 0.392 0.197 0.240 0.319
74 0.502 0.593 0.510 0215 0218 0.284 0.491 0.338 0.238 0.357
93 0.614 0.684 0.636 0211 0314 0.389 0.549 0.326 0.370 0.213
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Figure 39 Determination of alginate yield throughout 3 — 6 days of cultivation for strain CCM
289. Different media volumes were tested with the same agitation speed (210 rpm).
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Figure 41 Pot experiment in laboratory conditions to test A. vinelandii cultures as bioinoculants

using lettuce as a model plant: three treatments were tested: bacterial gelled cultures, bacterial

liquid inoculants and control without any addition of PGPR
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ABSETRACT

Kiywaorids:

Azombaczer winelandll
Alginare
Polyhydroxyalkancares
Hydrogels
Bldnooulants

Encapsulation of Plant Growth Promating Bhizebacteria (PGPR)] in hydrogel carriers is a cutting-edge approach
in developing agriculiural bicinooulants, aiming to improve soil fertility and crop yield. Hydrogels provide
protection against environmental stress, though trditional methods wsing external gelforming agents limit
ecanumic wiability. This study presents a novel approach, demaonstrating the entrapment of Azstobacter vinefandi,
a promising PGPR, within a gel matrix formed by Ca® induced croslinking of its own exopalysaccharide,
alginate. Among the fve strains evaluated, A, vinetandii DEM 87, DSM 720, and DEM 13529 showed the highest
alginate production, peaking 2t 4.9 4+ 0.6 g/L, 3.5 + 0.5 /1, 3.8 + 0.8 g/L. and enabling stable gel formation by
the fourth day of cultivation. These strains alse exhibited molecalar weights amd chemical structures of alginate
suitable for effective gelation upon Ca®“addition. Additionally, these strains demonstrated significant plant
growth-promoting activities, including indele acetic acid production {up 0 105 pg/mL), sSderophore release,
and phosphate selubdlization, further validating their potential for sustainable bisinoculant production. Finally,
the viability of the A.vinelondii cells released from the gels was experimentally verified. Our findings suppart a
feasible, cost-effective method for bininoculant procluction that leverages A, vimefandii' s intrinsic capabdlities,
affering a sustainable alternative to conventional agricultural practices,

1. Introduction

application when PGPR often struggle to survive in the comperitive and
unpredictable soll environment. Encapsulating PGPR In alginate gels

Onver the centuries, the agriculiural Industry evolved Info an exten-
sive form to meet the demands of billlons of people. Hand in hand with
high demands, many geeat challenges have also had o be surpassed to
get maximal yields from the arable lands. In general, the use of chemical
fertilizers is adopted as a general strategy to improve ylelds of plants and
crops (Duncan et al., 2018) Mevertheless, Intensive employment of
chemlcal fertilizers in agriculture brings numerous environmental risks
and kssues (Ferreira et al., 2019). Therefore, the application of blological
fertilizers, also termed boinoculants, has recently become a subject of
global Interest (Santos et al, 2019) Such blologleal agents are based an
plant growth-promoting bacrerla (PGPR) and they positdvely stimulare
the growth of plants by providing multiple beneficlal effects (Song et al.,
2015).

However, the main obstacle in blolnoculants s the loss of the
viability of the bacterlal culiure during storage and especially aftes

* Corresponcing authar.
E-mail eddress: sedlacek-pi@fch.votoe (P Sedlicek).

hitps:/Adai.org,/10.1016,5.carbpol. 2025, 123607

was reported as an efficlent strategy to solve these viability lssues
(Bashan et al., 2014; Santos er al., 2019). Hydrogels are water-rich,
three-dimensional polymer networks widely used as carriers for active
compounds or microorganisms In blomedical, blotechnologleal, and
agricultural applicatlons {Qin et al, 2024) Alginate, a carbohydrate
polymer primarily derived from brown algae, s among the most com-
mon bacterial exopolysaccharides (Saliml & Farvokh, Z023). It readily
forms gels upon the addition of Ca®* and other metal kons, creating a
network structure described by the so-called egg-box model (Donacd &
Christensen, 2023 a schematie representation of alginate strueture and
the egg-box gel model iz provided In Flg. 51 in Supplementary
Information).

In the gel blolnoculants, alginate provides a protective matrix that
ensures the viabllity and stability of PGPR, facilitating thelr contralled
release and prolonged shelf life

(Martinez-Cano et al.,

Received 30 January 2025; Received in revised form 17 March 2025; Accepted 12 April 2025
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0144.8617 /2 3025 Elsevier Led. All rights are reserved, including those for text and data mindng, Al training, and similar technologies.
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Sheherbakova et al, 2018). This encapsulation method protects the
bacteria feom environmental streqses, such as drought, UV radiation and
soll pathogens, thereby maintaining thelr efficacy in promoting plants
growth and health (Souza-Alonso et al., 2021; Strobel et al_, 2018; Vejan
et al, 2019). For instance, encapsulated Enterobecter sp. SA-10 in algi-
nate and blochar significantly Improved chill plant growth by enhancing
leafl area, dlameter, and dry welght compared to non-encapsulated
treatments (50 Anls Syaziana et al., 2024). Similarly, Ochrobaciram
cicerl encapsulated in alginate beads demonstrated effective blocontrol
against chill ecollar rot, reducing disease incidence by 70 % and
Improving plant growth parameters (Risz er al, 2023). Alginate
encapsulation also supports the blocontrol of soll-borne pathogens, as
demonstrated by the reduction of Verdeiliwn wilt severity in tomatoes,
where alginate-encapsulated PGPR stimulated plant defemnse mecha-
nilsma (Dulad Ziane et al., 2024)

Furthermore, alginate encapsulation facilitates the use of PGPR as
biofertilizers and blopesticldes, offering an eco-friendly alternative to
chemical fertilizers and pesticides, thus contributing to sustainable
agriculiural practlees (Balla et al., 2022; Pereira et al., 2023). The slow
and controlled release of bacteria from alginate beads enhances rhizo-
spheric colonization and nutrient bloavailability, which ls erucial for
Improving soil fertility and plant nutritlon (Dellagnezze & Slerra-Garcla,
2023 sheherbakova et al, 2018). The use of alginate also allows for the
Incorporation of other beneficial substances, such as humic acld, which
can further enhance the growth-promoting effects of the encapsulated
bacterda (Slvabumar er al, 20143, Addidonally, alginare encapsulation
can be industrially scaled, as demonstrated by the successful microen-
capsulation of Methylohocterium radiotelerans, a plant-beneficial bacte-
rium, using a spray-drying technique that maintains high viability of the
bacteria (Strobel et al., 2018). Overall, encapsulation of PGPR in algi-
nate gels represents a promising strategy for enhancing crop yield,
managing plant diseases, and promoting sustainable agreleulture by
leveraging beneficlal microorganisms in a controlled and efficlent
TANIET.

Despite these promising advantages, the use of alginate for hydrogel-
based biolnoculant formation also poses some challenges. First, tech-
noeconomic analysis proved that the costs of raw sodium alginate
repregsent about 19 % of annual operating costs in micreencapsulation of
bloactives In alginate gels (Strobel et al, 20200, Furthermore, the con-
ventlonal process requites homogeneous dispersion of the cell culture in
a wviscous solutlon of the gel-forming polymer [or vice versa), which
further Increases technolegical and economic demands of bloinoculant
productlon (Vejan et al, 20197, This could be the primary explanation
for why alginate-based bloinoculants, desplte being frequently seen as
the next frontier in blofertilizers {Bashan et al., 2014), continue to linger
at the experimental stage of technology.

To address these limitations, we propose a novel blolnoculant pro-
ductbon method based on the unbque capabilites of Azorohacter vime-
landil, a non-pathogende, gram-negative PGPR bacterhum (Ursouvia e al.,
2017) that syntheglzes two Important blopolymers: intracellular poly
{3-hydroxybutyrate] (PHB) and extracellular alginate (Moar & Brono-
Barcena, 2015) The intracellular accumulation of PHE Increases bac-
terial robustness against environmental stresses (Obruca er al, 20200,
which iz erucial for suceessful biolnoculant application. More impos-
tantly for our concept, the bacterial synthesis of alginate enables its
divect wtilization as a gel-forming agent, allowing for the entrapment
(hereafter termed self-entrapment or self-encapsulation] of bacterial
cells within thelr own cultivation media, without the need for costly
external substances or complex technological procedures.

We hypothesize that self-encapsulation of Aszowbacter winelondii
within its own exopolyssecharide-derived gel provides a cost-effective
and technologically  simplified  alternative to  conventonal  blo-
Inoculant encapsulation methods. Therefore, this sudy specifically
evaluates the feasibility of this nnovative approach by assessing
selected A. winelandii strains for thelr plant growth-promoting activitles
and capacitles for PHB and alginate production. Subsequently, we
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Investigate the effectiveness of their encapsulation in self-produced
alginate matrices, along with detailed characterization of the resulting
gels in terms of mechanical progerties, morphology, and viability of the
encapsulated culiures.

2, Material and methods
2.1, Microblal culfures and culthmation

Freeze-dried bacterial culoures of Azstobacter vinelandil (DSM 85,
DEM BT DEM 576, DSM 720; DEM 13529) were obtained from the
German Collection of Microorganisms and Cell Cultures; Braunschwelg,
Germany. Freeze-dried culture of Povonea anamatls CCM 2407 was ob-
tained from the Czech Collection of Microorganisms; Bmao, Czech He-
public. The bacterdal cultures were maintained as frozen stock culiures
at —80 °C in the presence of glyceral (10 % w/v). Cultivations for the
Inoculum preparation were performed in 100 mL Erlenmeyer flagks
containing 35 mL of modified Ashby s medium (glucose 2000 g/L, yeast
extract 6.0 'L, Na;HPIf:I. X0 27l h{gﬂﬂq.?ﬂgcl 03 2L, {NH.]ZSGI. (X3
2/L) for 24 hoar 30 °C with constant shaking at 180 rpm. After 24 h, the
Inoculum was ransferred (5 % v into mineral medium of the same
composition as the one described above, enly with dispersed CaCiOg 2.0
2/L added. The media were sterilized at 120 °C for 15 min,

Cultivatlons for alginate production and for gelation tesis were
performed in 250 mL Erlenmeyer flasks with 150 mL medium under
permanent shaking at 220 rpm at 30 "G, All these cultlvarions were
performed In duplicates. After the defined period, the cultivations were
terminated, and the cells were elther harvested by centrifugation (6000
rpm for 5 min) for further analysls or used divectly in the liquid medium
for gel preparation as described below.

Cultivatlon for indole acetic acid (1AA) production assay (described
below) was performed in King B media containing glycerol 15 g/L,
peptone 20 g/L, KaHPO4 1,15 g/L, and Mg50:. 7Hz0 1.50 g/L. Stock
bacterial cultures of A vinelandil and F. amanaris of the volume of (0L75 mL
were pipetted into 3 mL autoclaved tubes containing King B medium
supplemented with 2.5 mM tryptophan. The cultivation was performed
at 30 “C with constant shaking at 180 rpm for 3 days. King B medium
(described abave], withour the addition of tryptophan, was alss used for
quantitative slderophore production assay, further explained in 2.4.2

During cultivation, bacterial growth was monitored indirectly by
measuring optical density at 630 nm using a Nanophotometer Implen
P300. Samples were diluted with distilled water as necessary, and
distilled water was used as a blank. Moreover, 10 mL of bacterial cul-
tures were collected dally and centrifuged at 6000 rpm for 5 min. Su-
pernatant contalning alginate was separated from sediment and
precipitated with ethanol for further analysis described in 2.2 The
sediment contalning the blomass was washed with 10 mL of distilled
water and dried at 70 “C to constant welght

22 Dererminedon of Mopolymers and arucowral analysis of elginee

The poly(3-hydroxybutyrate] (PHB) content in dry blomass was
quantified by directly methanolyzing the dry blomass sample, convert-
ing the polymer inte hydroxybutyric acld methyl ester without prior
extraction, This process followed the method of Brandl et al. (1985) The
methyl ester was then detected via gas chromatography on a Trace 1300
GC system (Thermo Sclentific), equipped with a ZB-WaXplus column
(30 m, 0.50 mm) and a lame-lonization detectar (GC-FID), Commercial
PHE (Sigma-Aldrich) was used as the standard, with benzode acld as an
internal standard. Each sample was analyzed in triplicate.

The alginate was precipitated from supernatant by using cold ethanaol
(96 %) {Clementd et al., 19997 and quantified gravimetrically. Generally,
3 mL of supematant was mixed with 6 mL of cold ethanol (4 ©C), and the
sample was centrlfuged at 4500 rpm for 15 ming at 4 °C. The supernacant
wias poured out and the precipltated alginate was washed with disrilled
water and a double volume of ethanol. Afterwards, the centrifugarion
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was regeated. The supematant was poured out agaln and the final
precipitated alginate was dried in a thermoestat at 70 °C for 24-48 h and
welghted. The analysls was performed In duplicates for each bacterial
culiure.

Dried precipitated alginate samples were analyzed using a Fourier
transform Infrared (FTIR) spectrometer 1550 (Thermo Sclentific, Wal-
tham, MA, USA). Measurements were performed at amblent tempera-
ture (in an air-conditioned reom] with a bullt-in single-reflection
diamond amenuvated total reflectance (ATR) crystal. Each abzorption
spectrum was obtalned as an average of 16 scans with a resolution of 4
em ' and a data spacing of 0.5 em ™', For each A. vinelandil strain, five
Independent specira of solated alginate were recorded. From each
measured spectrum, absorbances at 780, 810, 1600, and 1720 cm !
were used to caleulate structural parameters (MG ratlo, acerylation
ratio} following the method described by Bonartseva et all (2017].

Molecular weights of precipitated alginate were analyzed using size
exclusion chromatography coupled with mult-angle light scartering
(awn Heleos 10, Wiyart Technology, Santa Barbara, CA, USA) and dif-
ferential refractometry (Optlab T-rEX, Wyan Technology, Santa Bar-
hara, Ca, USA). 2.0 mg of the dried alginare was dissolved in 1.5 mL of
50 mmol/L sodium cltrate solutlon and subseguently passed through
syringe flters with nylon membrane (0,45 pm). A& total of 100 pL of each
sample was Injected into the size exclusion chromatography system
{Infinity 1260 system with PL aquagel-OH MIXED-H column, Agilent
Technologles, Santa Clara, CA, USA). As a mobile phase, 50 mmaol/L of
sodium cltrate (Altered through 0.1 pm membrane flters) at a flow rate
of (LG mL/min was wsed. To determine the weight-average molecular
welght (M), ASTRA software (version 7.3.2, Wyatt Technology, Santa
Barbara, A, USA) was used.

23 Zelf-entrapment of the microbdal cultwre et the hydrogel mapix

For the basic tests of gelation ability, the as-cultivated bacterial
culowres (3 mL) were added dropwise into 8 double volume (& mL) of
caleium chloride solutlon (2 % wow) via slow pipetting to form macro-
gels. The process of gelatdon was done ar room temperamere without
stlreing the mixture to avold disintegration and to preserve the gel's
shape. The dme of the gelation was set up for 30 min and followed by the
fltration of prepared gels carefully through flter paper (category KA 1)
or nylon layer to remave the redundant CacCl, solution.

Furthermaore, preparation of the gel beads and particles of a uniform
sime under controlled conditions was tested as well. For the preparation
of macroscopke gel beads, custom-made culture dropping device was
aszembled using the Razel E-99 syringe pump and a common laboratory
syringe (a photograph of the apparatus is shown in Fig. 56, Supple-
mentary information). For the preparation of gel microparticles, com-
mercial encapsulator BUCHI B-395 was used. The bacteral culture was
transferred at the fow rate of 30 mL/min through nozzle of the size 450
pm into calelum chlorlde solution (2 % w/w) being stirred at 55 rpm ina
Petrl dish. The encapaulation process frequency was aptimized ar 3000
Hz and the voltage at 1500 V.

2.4 Sereening tests for plant growth-prommedng properties

24.1. Production of indole ocene acid

The standard VIS spectroscopic analysis was employed (Gordon &
Weber, 1951 0.5 mL supernatant from the centrifuged {5400 =g and
10 mins) bacterial culture (cultivated in King B media) was used and
mixed with 0.5 mL Salkowskl reagent (FeCls 6HaO 12 /L, 96 %HZS0,
421 mLA) (Ambrosin & Pazeaglia, 20 171 The samples were incubated
for 30 min in the dark, and thelr visible spectra (350-850 nm) were
recorded using a Hitachi U 3900 spectrometer (Hitachi, Japan). Absos-
bance at 530 nm was wsed to determine the concentration of 1AA, Pure
Laa (Sigma-Aldrich] was used as a calibration standard, Pantoneas ana-
natls CCM 2407 was used as a positive control.
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2.4.2 Producdon of siderophores

The method for ldentifying isolates capable of producing side-
rophores ig based on the use of Chromazursl 5 (CAS), a blue dye
(Mellands, 19577, When bacteria produce siderophores, the binding of
iron (1) changes the color of Chromazurel 3 from blue to light red,
reaulting in visible halo zones around bacterial colonies. lron CAS agar
plates were prepared by mixing CAS reagent with five-fold diluted
sterile King B (described above). Agar plates were inoculated with
bacterial cultures and positive control (Pamtonea anamatiz) and an un-
inoculated plate was taken as a negative control. After inoculation,
plates were Incubated at 30 °C for 3-5 days in the dark and obsarved for
the formation of halo zone arcund the bacterial colonies (Ambrosind &
Pageaglia, 2017).

For the quantitative determination of siderophore activity in a liguid
medium, a 3-day-old bacterial culture grown in King B medium was
centrifuged at 5400 «g for 10 min. The supernatant was then mixed with
an equal volume of CAS reagent. After 20 min of incubation in the dark,
abzorbance was measured at 630 nm to determine the siderophore
concentration in the sample. Siderophore activity, expressed in psu, was
calewlated as the reladve decrease In absorbance compared to the
correspondingly diluted CAS reagent, following the method deseribed
by Arora and Verma (2017).

2.4.3. Phogphare solubilizedon

The medium used for the phosphate solubilization assay (Fikovskaya
medium) contained glucose (100 g/L), tricalclum phosphate {5 g/L),
yeast extract (0.5 g/L), calelum chloride (0.1 g/L), magneaium sulphate
heptahydrate (0.25 g/L), and agar 15 g/L The medium was sterilized by
autoclaving at 121 “C for 15 min. After inoculation with A, vinelodil
cultures and positive control (P anenatls), plates were incubated at
30 °C for 3-5 days and observed for the formation of clear halo zones
around or beneath the colonies.

2.5, Characterizaion of the gel formadedons

251, Mechanical properties

The gels prepared by self-entrapping of the bacterial cultures DEM
87, DSM 720, and DEM 13529 were further analyzed to investigate their
rheological properties, Macro-gel samples were prepared by mixing 10
ml of the respective culiure with 20 mL of erosslinking solution (2 % we
w CaCla) and leaving the system to solidify for 30 mins. The viscoelastc
properties of the hydrogels were assessed using amplitude {strain) sweep
oscillatory measurements conducted on a Discovery HR-2 rheometer
(T Instruments, Inc., USA) equipped with a Peltier tem perabure contral
unit. A cross-hatched steel geometry sysrem with a 20 mm diameter was
employed as a sencor, chosen specifically for lts ability to prevent sensor
wall lip—an issue commonly encountered In rheological, partieularly
oscillarory, tests of hydrogel samples,

All measurements were performed with the gap berween the
roughened plates set to 1 mm. The hydrogel specimens (20 mm in
diameter] were placed on the lower plate, after which the upper plare
wias lowered to the trim gap (1.1 mm). Any excess sample was carefully
removed before the sensor was adjusted to the final measuring gap (1.0
) and allowed to equilibrate at 25 “C for 180 s This temperature was
maintained consistently throughout the experiment. The axlal force
applied during compression o the measuring gap did not exceed 5 M.
The oscillatlon frequency was fixed at 1 Hz, while the deformarion
amplitude was increased logarithmically from an indtial value of 0,01 %
o 1000 % (logarithmic sweep, & polnts per decade).

252 Maorphologicel analysis by electron microscopy

The encapsulated bacterlal cultures were processed using eryogenic
methods of sample fixation before being Imaged in either transmission
or scanning mode. For the TEM analysis, a plece of the sample was cut
off uging a scalpel and placed on 3 mm Auw/Cu carriers fype A and
covered with the flat gide of 3 mm Aw/Cu carrler type B. The samples
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were fixed using high-pressure freezing (EM ICE, Leica Microsystems,
Vienna, Austrial, followed by freeze substitution (EM AFS2, Lelca
Microsystems, Vienna, Austria). The substitution soluton contalned 1 %
a0y and 0.1 % uranyl acetate in fresh acetone and the procedure was
st oo —90 7 C fior 60 h. Afterwards, the samples were heated up to —54 °C
with the speed of 2 °C per hour. This temperature was kept constant for
& h. Subsequently, the samples were heated up to — 24 °C with the speed
of 5 °C per hour and kepr at that temperature for 15 h. The procedure
concluded with the final phase at 4 °C for 18 h. The fixed samples were
Infiltrated with epoxy resin (Epoxy Embed-ding Medium kin, Slama
Aldrich, Darmstadt, Germany) and cured for 48 h at 62 “C. The
embedded samples were cut into ulirathin sections (~80 nm) using a
diamond knife {Ultra 457, MATOME, Midau, Switzerland) and ultrami-
crotome (EM UCT, Lelca Microsystems, Vienna, Austria). The sections
were placed on PELCO Cu 200 Mesh TEM grids and stained using con-
ventlonal stalning agents: 2 % urany] acetate soluthon in water and
Reynolds 3 % lead cltrate solution. Samples were observed by TEM
(Morgagni, FEI) at B0 kv,

For the eryo-5EM imaging, hydrogel samples were cur to fit into side
A of 6 mm aluminum carrlers for high pressure freezing procedure. The
carriers containing the sample were filled with media from the culi-
vatlon and fixed using high-pressure freezing (EM ICE, Lelca Micro-
syarems, Vienna, Austria). Fromen samples were wransferved into a
cryogenic vacuum chamber (ACESOD, Lelca Microgystems), where they
were fractured followed by sublimation ar —95 “C for 7 min. Hydrogel
samples eontaining bacteria were imaged In a scanning electron mi-
croscope (Magellan 40071, FEI) equipped with a cryo-stage, at —120 °C
using a 1-2 kel electron beam.

253 Verlfication of A. vinelandll viability afier geladon

To obtaln a sufficlent sample volume for viability and bloactivity
analyzes, larger quantitles of encapsulated Azotobecter winelandil cells
were prepared under sterile conditlons. Specifically, a 50 mL culture of
A vinelandil (DEM 87, DEM 720, and DSM 13529) was mived with an
equal valume (50 mL) of a sterile 2 % (w'w] Catly solution. Following a
10-min gel formation period, the residual liguid was removed, and a
saline solution (0.9 g/L MaCl) was added to achleve a final volume of
100 mL. Liquid samples from the supernatant above the gel matrix were
collected at 1-h and 24-h intervals for further analyais (flow cytometry,
Inocularion on agar plates).

The viability of A. vinelandil cells released from the gel matrix was
evaluated using a flow cytometer NL-2000 {Cytek Biosciences, Fremont,
CA, USA) with a proplddium lodide (F1) fluorescent probe {Johnson et al.,
2013). Supernatant samples were subjected to serlal decimal dilution wp
to a thousand-fold, followed by staining with 4 uL of PI {1 mg/mL). The
samples were Incubated In darkness for 15 min before analysis by ow
CyIametiy.

The cultivability of released A. vinelandil cells was confirmed by
plating the supernatant samples onte agar plates (15 g/L agar) based on
madified Ashby's medium (see 2.1). The inoculated plates were incu-
bated at 30 °C for 34 days to assess colony formation.

To evaluate functional bleactivity of the cells released from the gel,
the abilicy to produce indole-3-acetle ackd (LAA) was tested following the
methodology outlined In 2.4.1. Additionally, siderophore production
was assessed using a qualitative assay on agar plates supplemented with
lron CAS, according to the procedure described in 2.4.2 Phosphate
solubllization  activity was determined by cultivating  released
A vinelamddl cells on Plkovskaya's medium (see 2.4.3), with a modified
supplementation of tricaleium phosphate (5 g/L) to enhance the clarity
of halo zones formed around the colonies.

26 Soadstical analysis
All cultivations, including those for polymer production, gelaton,

and bioactivity assays, were performed in parallel as duplicates. For
each cultivation, optical density (O0D) and poly(3-hydroxybutyrate)
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(PHB) content were measured in at least three independent replicates,
Alginate concentratbon and molecular welght were determined once per
duplicate, along with the rheological properties of the gels (examined
only for DAM A7, DEM 720, and DSM 13529). Stuctural parameters
derived from FTIR spectrometry were calculated based on five Inde-
pendent spectra for alginate solated from each strain. Quantitative
bioactvity assays, including indole-3-acetic acld (1AA) preduction and
slderaphore activity in Hquld medium, were conducted for two sarmples
per cultivarion duplicate. Results are presented as mean =+ standard
deviation {50¥) across all tables, fgures, and ext.

3. Results and discussion

3.1, Sereening of Azoobecrer vinelanddl srrains for biopolymers
producton

We have tested fve strains of A vinelandii regarding their potential in
development of gel blolnoculants based on the novel self-entrapment
concept. We have fiocused primarily on the production of alginate as the
gel forming pelymer and on the respective gel-forming abilitles of the
strains, along with the basic sereening of thedr plant-growth promoting
propertles, Furthermore, we evaluated the accumulation of poly-
hydroxyalkaneates in the cultures as it was recently demonstrared that
this ability enhances bacterlal stress resistance (Obruca et al, 201H].

In order o promote the production of alginate, the selected sirains
wiere cultivated In modified Ashby's medium in nitrogen-limived con-
ditlons, with glucose serving as a carbon gource and the addition of
CalC0y supporting alginate synthesis and maintaining pH of bacterial
culture. The cultivation was carrled out for 7 days, during which the
opitical density (0N of bacterial culture was measured daily. Starting at
72 h, after the bacterlal strains had already reached the exponential
phase, we tested all the strains for both of the analyzed blopolymers in
24-hour interval. The results of OD values, alginate ylelds and PHB
content are provided Supplementary information (Fig. 52) for each
strain.

Avinelandii belongs among the most efficlent bacterial producers of
alginate (Servaro, 20220, It s well documented that the alginate pro-
duerion begins in the exponential growth phase, and when the bacterial
growth gets into the stationary phase, production of alginate decreases
(Ponce et al, 2021 It has aleo been reported that the production of
alginate provides A.vinelandil with a desiccation-resistance to maintain
hydration of the cell, serving as a barrier against heavy metal toxdelty,
and forms a diffusion barrder against axygen to Hmit s transfer to the
nitrogenase enzyme complex (Urtuvia e al,, 20077,

Alginare was produced by all the Investigated strains, particularly
during the late exponential and early stationary phase (4th to 6th day],
as demonstrared by peak production values, summarlzed in Table 1. The
highest peak production of alginate was obtained by the strain DEM B7
(4.9 + 06 g/L), followed by the srraln DEM 13529 (3.8 + 0.8 2/L) on
the Sth day of cultivarion. These production rates of alginate align also
with the literature, where obtained 3.5 g/L of alginate employing A
vinelandli ATTC 9046 (Trujillo-Roldan et al, 2015).

For preparation of alginate hydrogels, different eoncentration ranges
of alginate and caleium chloside are used. Typlcally, alginate concen-
tration can wvary from 1 to 10 % we'w (Ho e al, 20217, affecting gel
strength and stability. In our study, the peak alginate content in A
winelandii cultures ranged from 2 to almost 5 g/L. Recent study (Huo et al.,
2022) focused on gelatlon behavior with alginate concentrations vary-
ing between 1 and 5 g/L, while gel forming tendency was exhibited by
alginate with concentration 4 and 5 g/l Savié Gajle et al. also prepared
hydrogels with different concentration of alginate (0.1-2.9 % wev) and
CalCly (D.4-4.6 % woy), studying thelr water-retalning capacity and
demonstrating gel forming ability even with small concentration of
alginate (0.1 % we) (Savic Gajld et al., 2023),

Mevertheless, the gelation ability of the alginate solution upen Ca®?
additon is not solely dependent on the alginate content but 1s eritically
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Table 1
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Summary of properties of analyzed A winelondi strains: production yiekds and stoucteral characteristies of alginate, quantitative bivactivity assay results, and gelation

ability with Ca®".

Ztraln alginate production algimare structare bloactivity gelatian abdlity
max. Alginate tme of max. modecular MG ko acetylation ratio LA sideraphore
produsciian (g7LY Algimate productan wedght [, ™11 CAxren Al production actbvity (pau”)
[kDaj) Azl Ljg il )
Q=M 25 2.14 £ 0. day & 91 22+£01 [0 & LD BT £ LE 5&£12 o el foamaation
OEM 57 4.B¥ + LT day & 493 + 15 1.7 +01 [L54 &+ 00l 105 + 1.9 B+ 11 compaot gel
D5M 3.08 4+ 1.19 day 5 181 + I ZH+03 17 + .02 BS54 LB 39+ 18 weak, easily
5TE disinpegrating gel
DEM 3.52 + 0.54 day & M5 %3 LA £ 03 .08 &+ LOZ 9.0+ 1.1 3H 4+ 23 compact gel
T2
=M 378 + 078 day & 308 & 20+ 05 LU0 & .03 Th & LE 19+ 10 compaot gel
13529

" structural characteristics of alginate iselated from A, winelandii cultures on day 4 of cultivation.
7 positive contred (P mnonbis]: IAA production: 67 + 4.2 pg/ml, siderophore production: 42 £+ 17 peu,
™" describes the best gelation performance upon additian be a 2 % w/w CaClz solution throughout the entire monitered period. The time-dependent progression of

gelation ability is provided in the Supplementary information (Table S10.
* psu = % of decolorization of CAS reagent.

Influenced by its structure. One of the creelal physico-chemical pa-
rameters of the produced alginates is thelr molecular wedght (M), as it
affects the viscosity and gelling capability of thelr agueous dispersions
as well as material properiies of the resulting gels. Molecular welght of
alginate Is known o be dependent on cellular resplration; thus, the n-
tensity of shaking s an Important factor (Diaz-Barrera et al, 2021),

Inouer study, My of bacterial alginate ranged from 181 up to 500 kDa
(see Table 1) On the 4th day of cultivation, when bacterial sirains were
grown with significant alginate amount, the strain DSM 87 reached M.,
af almosr 500 kDa even though alginate yleld was <2 g/L. With the
strains DSM B5, DEM 720 and DEM 13529, approximately equivalent
M, was observed. The straln DEM 576 produced alginate of a molecular
welght of 181 kDa, similar to what was reported (Clementl & Parente,
19977 after 48 h of culdvation. In bloresctor cultivation performed by
Difaz-Barvera et al. (2021), the alginate My increased from 200 kDa up to
the maximum of 520 kDa. M, higher than 240 kixa has a significant
Influence on the strength of the alginate gels, fostering stronger cross
linking, which results in a robust gel structure (Femandez Farres &
Morton, 2014). However, in some cases even alginate with M, below
100 kDa can form gel {Famos en al., 2018, Desplte the differences in the
alginate M, extracted from A vinelandil in our study, the results indicate
a atrong possibilicy for gelation potential, further deseribed in 3.2

Aside from My, the molecular structure of alginate also plays a
crucial role In gelatdon. Primarily, the mannuronie-to-guluronic residues
(M/G) ratio i a key determinant of alginate’s gelation properties. Al-
glnates with & higher gulurenate (G) content tend to form stronger gels
due to the greater affinity of G residues for Ca®* lons. This is because G
residues can establish more stable eggz-box junctions (see the schematic
repregsentation in Fig. 51, Supplementary material), leading to a denser
eross-linked network (Donatl & Chrlstensen, 2023). Furthermore, the
presence of acetyl groups in alginate increases viscosity while reducing
Its affinity for calelum lons, thereby negatively affecting the gelation
process [Skjik-Brak et al., 1989).

FTIR spectrometry was uwsed o analyze the molecular structure of the
produced alginates. The average spectra for alginates synthesized by
different A. winelandii straing are provided In the Supplementary infor-
mation (Fig. §3). Specific IR ahsorbances at 780 cm™ ', 810 cm ™, and
1720 cm~ ' were used w estimare the content of gulurenate, man-
nuronate, and acetyl groups, respectively, as previously suggested for
Azorabacter-derived alginates by Bonartseva et al. (2017). The resulting
FTIR-baged structural parameters are summarized in Table 1. The M/G
ratio in the analyzed alginates ranged from 1.6 to 2.2, corresponding toa
relative G eontent of 26 % to 37 %, which allgns well with the monomer
compasition of A, wieelandli alginate reported in the aforementioned
study (Bonarmseva et al, 2007). Among the analyzed cultures, the
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highest G content was observed n DEM 87, while DSM 576 exhibited the
lowest. Conversely, DEM 87 displayed significantly higher degree of O-
acetylation compared to ather analyzed strains.

In addition to alginate, A. vinelandil ks also capable of producing
polyhydroxyalkanoates (Dujanutar et al, 20247, As we have already
podnted out, the accumulation of polyhydrosyalkanoates (including PHB
ac thelr maln representative) enhances stress and starvation reslstance of
the hacterial culture (Sedlacel et al., 201%), which is erucial property
wilth respect to biolnoculant application. Therefore, PHBE accumulation
was considered when screening the potentlal for blolnoculant prepara-
tion in various strains of Aovinelandii. Published values of accumulated
FHE In Avinelandil range from 200 up to 50 % of cell dry welght (cdw),
depending on carbon sources (Page & Koosp, 1959) In some cases,
specifically undes nitrogen-limited conditions, the production of PHB
can reach up to 74 % of edw (Yoneyama et al, 20050 In our study, PHB
content in the cells peaked after 3-4 days of cultivation before gradually
decreasing. The tlme-dependent progression of PHE accumulation
throughout cultivation is provided In the Supplementary information
(Fig. 52). The maximum PHE content among the tested strains ranged
from 16 = 7 % cdw (D&M 576) to 47 = 5 % cdw (DSM 720).

Production of both alginate and PHE constitute energy-demanding
processes with the oxygen playing a crucial role, whose blosynthetic
mechaniams are not yet fully explored. As expected, our results
confirmed the higher PHB accumulation in the beginning of the bacterial
cultivation, whereas production of alginate peaks at later phases of
bacterlal growth. Furthermore, the preduction of alginate is positively
impacted by aeration, thus agitation speed and volume of medla 15 an
Important fecvor (Castillo et al., 2020),

Moar published reports focused on maximizing either PHB or algl-
nate producton. We have employed a different strategy. In general, the
synthesls of alginate and PHE competes for carbon resources and
maximizing the yield of one typleally leads to a substantlal decrease in
the production of the other (MNoar & Bruno-Barcena, 2018). Howewver,
our primary focus was cultivating bacteria for blolnoculant applications,
which entails finding an optimal balance of Mopolymer's content and
quality. The primary goal was to achleve an alginate level sufficlent to
Induce bacterial self-gelation withowt the need for additional gel
forming polymer. In the context of published soudies on preparation and
mechanical progerties of calcium alginate gels, both the peak ylelds and
the structural parameters of produced alginates seem sufficient to pro-
vide the bacterial cultures with Ca-induced gelation ability (Rodrigues-
Dorado et al., 2019).

Furthermaore, we aleo Intended for the bacterial culiures to contain a
slgnificane, albedt nor maximal, portion of PHB. This feature might be of
crucial Importance for the survival of bacterial cells during storage and
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application to the seil. The Importance of PHB accumulation by PGPR
for commercial bioinoculants has been already emphasized (Kadow
tal, 2003; Tal & Okon, 1955) and it has been confirmed to increase the
stress resistance of PHB-producing A. brasllense cultures. In the previous
works, the PHB content of 40 % cdw (i.e. comparable with the values
ohserved in this study) was sufficient for providing significantly higher
survival rate in the presence of stress factors such as ultraviolet irradi-
atlon, desiccatlon, and osmotic pressure. Additionally, the PHB-rich
culture was also found to provide enhanced nitrogen fixation. Further-
more, Alves et al. (2019) have reported the importance of PHB meta-
bolism to the plant growth promoting ability of Herbaspirillum

' DSM 720

Fig. 1. Schematic representation (a -
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seropedicae. The swrains producing higher amounts of PHB (above 10 %
of edw) grew better under microaerobic conditions typical for solls, and
colonized roots with significantly increased root area and the number of
lateral roots compared to those of PHB-negative strains. Altogether, the
cultures of A.vinelandii strains produced in this study showed auspicious
biopolymer productlon characteristics regarding thelr potential use in
bioinoculant production.

3.2. Gel formanon capability of the bacterial cidtures

Our novel concept is based on direct gelation of bacterial culture

DSM 13529

c) and results for the 4th day of cultivation (d) of the simple test used for screening of gelation ability of varous A vinelandii

strains. The as-cultivated culture (a) is added dropwise (b) to the crasslinking solution (2 % w/w CaCl;), where the compact gel beads (c) are formed rapidly, provided

the culture has gel-forming properties.
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without additon of any external gelation polysaccharide. Therefore, we
tested gel formatlon potential of the bacterlal culures during thelr
cultivation using the simple methodology demonstrated in Fig. 1. The
grown bacterlal culture rich in self-produced alginate is added dropwlse
into crosslinking solurion containing calcium lons (2 % wow). IF sue-
cesgful, this process results in the formation of macra-gels with Ineos-
porated viable bacterlal cells.

Starting from the 3rd day of cultivation, some of the bacterlal cul-
tures began to exhibit gel formation capacity when belng plpetted into
caleium lon solution (seeTable 1, tme progression of the gelaton ability
15 supplemented In Table 51, Supplementary information). Oaly the
straln DEM &5 formed just a turbld solution with all Its rested culures.
As expected, the delayed production of alginate by the strain DSM 720,
resulted in delayed gelarion ability of its culiures (stable gels were not
formed until the Sth day of the cultivaton, see Ple. 1 and Table 511, In
contrast, straln DSM 576 provided apparently compact gels sinee the 3ed
day. However, the gels disintegrated easily during manipulation or in
contact with water. Even though all the siralne showed comparable
productlon of alginate by the fifth day of cultivation (1.9-4.9 g/L), only
the strains DEM 87, DEM 720 and DSM 13529 formed stable gels that
maintained their shape even when handled. The lack of the gelation
ability of the M 85 strain may be linked to itz overall lower alginate
productivity, while the weak mechanical properties of the gels formed
by DEM 576 can be atirlbuted to the lower molecular welght and
guluronate content of the produced alginate {see Table 1), On the other
hand, DSM 87 demonstrated good gelation ability despite having the
highest degree of acetylation, as confirmed by FTIR. Since bacterial al-
ginates are exclusively acerylated ar mannuronie acid residues (Gacesa,
1ouE]), our reaults suppedt the dominant role of guluronate restdues in
A vinsbandii alginate gelation with Ca®*. This suggests that optimizing
cultivation conditdons to increase the G-content could potentially
enhance gelation ability in the two remaining A. vimelandil strains as
well. However, in this study, only the gels formed by DEM E7, DEM 720,
and DEM 13529 were subjected to further investigation.

3.4, Screendng of plant-growth promoting praperties of A, winelandil
atrains

As mentloned above, plant growth-promoting bacteria influence
plants through varlowus mechanisms, including production of phytohos-
mones, pathogen suppression, and moduladion of soll microbiome
(Olanrewaju et al., 2017). We have focused on the preduction of indole
acetle acld {model phytohormone), and on the capability to solubilize
lron and phosphates to provide a comparative confirmatlon of PGP ac-
tlvitles of the rested A.vinelandil stealns (Olanrewaju et al, 2017). Re-
sults of quantitative bloactivity assays are summarized in Table 1,
pletures of agar plates qualitatively illustrating the lron and phosphate
utilizations are supplemented in Supplementary information (Fig. 540

Indole acetic acid (1AA) 13 one of the best-known auxins, primarily
promaoting oot growth, According to literature (Shailendea Singh,
2015), approximately B0 % of soll bacteria prodwee 1AA which resulis in
an expanslon of the reot system, increasing branching and providing
greater contact area with the soll, leading to enhanced plant’s uprake of
minerals and nuirlents. In our study, production of LAA was confirmed in
all the stralns, with DSM 87 exhibiting the highest [AA production (10.5
pg/mb) among all of the Azotobacter steains {gee Table 1). This repre-
sents about 15 % of LAA production by P. ananatis {67.6 pg/mLl used as a
positive control. For remaining Aovinelandll straing, 1AA production
ranges from 11 % o 13 % when compared to Paonen @wanatis.

The production of siderophores 1 another recognized feature of
PGPR. Iron s an essential nutrdent for all erganisms; however, it s
sparingly zoluble in its predominant form as ferric fons (Fe®*), making it
challenging for organisms to assimilate it (3a, 2005). Siderophores are
metal-chelating compounds with high affinity for fren (Schalk, 2025)
that facilitate the transport of lron Into cells, thereby positively stimu-
lating plant growth. Siderophore production in Azetobecrer strains was
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assessed through both guantitative and qualitatve tests, using chrom
azural 5 (CAS) reagent. The bacterial strains capable of producing
siderophores generated light orange halo zones around the colonies. All
the strains exhibited positive siderophore-producing capabilites both in
the qualitative (agar plate) and quanticative (liquid medium) test. In the
qualitative siderophore production assay, clearly visible halo zones were
observed for all Avineglendii strains (see Fig. 54, Supplementary infor-
mation). From the quantitative polnt of view, the highest siderophore
activity (In psu representing % of decolorization of CAS reagent) was
determined for the DSM 576 (39 psu) and DEM 720 (36 psu) siralns
(Table 11, which corresponds to B6 % and 93 % of the siderophore ac-
tivity in P. ananarls culoure (42 psu) used as a positlve control.

Anather iImportant role of blofertilizess s enriching soll with phos-
phorus. However, phosphates insoll are found mainly in insoluble form,
making It difficult for plants to absorb them, however, some PFGPR are
capable of phosphate solubllization (Aasfar er al, 20210 In our sowdy,
phosphate solubilization was assessed qualitatively by growth of A
vinelandll on Plkovskaya's medium, with additdon of mricalcium phos-
phate creating clear halo zones around or beneath the bacterial colonies
due o production of erganie acids dissolving inorganic phosphares
(Hafiez er al., 2015). For all tested A, vinelanddl straing, the halo zones
becarme visible on the agar plates after careful remaoval of a colony (see
Flg. 54, Supplementary information). Among those, the steains DSM B7
and DEM 720 demaonstrate less intense zones, which may indicate lower
abllity of phosphate solubllizaton.

Orverall, A vinelandil bioactivity has been widely confirmed. Aside of
the [AA and slderophore production and the phosphate solubllizaton as
confirmed in this study, Aovinelandli has been reported o contain
nitrogenase enzyme, resulting in nitrogen availability in the soil, which
plays an Important rele In utllizing bacterla as blofertilizers via
enriching soll Fertility with organic nitregen {Matzhe et al, 2018
Generally, the members of the genus Azeiobacter are considered prom-
kzing candidate bloinoculants and soil biclogieal enhancers (Aasfa
et al, 2021 Our results Indicate thar, with respect to the defined
concept of the next generation blolnoculants, the selected strains of A
vinelandili are of great promise, since apart from thelr capacity of blo-
polymers production, they alse possess the cruclal PGP abilitles.

34, Mechamical propertes, microstrucnee and wiebiliy of encapsulated
@ vinelendii cells in gel formulations

To confirm the fully crosslinked mature and to compare the me-
chanlcal (viscoelastic) propertles of the three obtained gel formulations,
oscillatory rheometry was used. The samples were subjected o strain
sweeps 1o evaluate the presence of properties typleal for viscoelastie
materials with fully cross-linked structures. The key parameters ob-
tained by the analysis were the storage and loss moduli, characterizing
the elastic and viscous, respectively, contributlions to the deformation
behavior. The measured data were plotted on the increasing amplitude
of deformation (see Fig. Za-c). For fully cross-linked gels, in the linear
vigcoelastic (LVE) reglon (e, for deformations below the point of lrre-
versible breakdown of the network), the storage modulus values excead
those of the loss modulus and these values remalin relatively indepen-
dent of the straln amplitude. This pattern was confirmed for all the
tested gels, The values of complex moduli (calculated from the storage
and lose moduli as desceibed In Kavanagh and Ross-Murphy [(1998),
Flg. 2d) In LVE reglon do not vary significantly amaong the three siralns
and the range of the determined values (1.4 kPa for DEM 720 1o 4.2 kPa
for [EM 13529) is In good agreement with the published viscoelastie
parameters for Ca-alginate gels formed from the alginate solutions with
gimilar concentration (Larsen et al, 2015). Comparable values of the
complex moduli in LVE reglon polnt to similar crosslinking density in all
of the analyzed gels. The solid-like mechanical properties of the mate-
rlals are further illustrated by the low values of phase angle (Fig. 2d),
which represents the rheometric parameter allowing differentlarion
between predominantly elaste (phase angle <45%), and viscous (phase
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Fig. 3. Morphological analysis of bioinoculant gel formed by crasslinking of the A.vinelandii DSM 87 culture. Cryo-SEM images (a, ¢) and TEM images (b, d) of the
bivinoculant gel formed by ionic crosslinking with CaClz (2 % w/w) of the as-cultivated A. vinelendii DSM 87 strain.
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angle =45°) deformations typlcal for sollds and lgquids, respectively, as
described In detall in (Kavanagh & Ross-Murphy, 1998)

The LVE reglon for bacterial gels typically ends ar approximately
2-3 % of the amplitude of shear deformation, signifying that the gel
remalns stable when subjected to deformation within this range. Once
the LVE reglon is surpassed, the material’s bonds begin o break irve-
versibly, resulting in the formation of small fragments. These feagments
Intreduce internal feletion, converting deformation energy into heat. In
the final stage, the gel materlal reaches ‘crossover poldnt”, at which the
storage and loss modull become equal, and the deformation of the gel is
permanent and lrreversible, Mo significant differences were found in
parametess that describe this behavior {Le. deformation straln values
that correspond to the end of LVE or crossover) among the three tested
gels, which indicates similar type of bonds that form the erosslinks in
their networks. Owerall, the three gel-forming straine produced mate-
rials with similar mechanical properties, Indicating the similarity of the
Internal gel networks both from the qualitative {type of bonding) and
quantitative {crosslinking density) podnt of view.

The detailed Internal structure of the hydrogels {prepared in the
same way a3 the gels for the rheological characterization) was analyzed
by scanning electron cryo-microscopy (cryo-SEM) and ransmission
electron microscopy (TEM). The results of the analyses are shown in the
Flg. 3. The results of electron microscopy imaging reveal a high density
of encapsulated bacterda within the hydrogels, interconnected by a
dense alginate nerwaork. The encapsulated cells are Intact, no apparent
slgns of loss of membrane integrity or other cell damage were found.
Furthermore, the high content of PHB granules in the A winelondl cells s
alzo clearly obsarved.

Beyond the visual control of cell integrity In microstruciural analysis,
the survival of A vinelandil cells during Ca**-induced gelarion was
experimentally verified. To assess this, cultures of three compact gel-
forming strains (DEM E7, DSM 720, and DSM 13529) were crosslinked
with Catly under sterle conditions. The agqueous cell suspensions ob-
talned after 1 and 24 h of release from the gels were subsequently
analyzed. Flow cytometry with propidium jodide was used to quantify
the fraction of viable cells (the resulis are provided in the Supplementary
Information, Fig. 55) according to our previous work (Kroupova e al,
2025). For all three analyzed stralns, the fraction of viable cells excee-
ded 50 % at both time polnts for gel-releazed cells. The toral number of
released cells, as determined by flow cytometry, was conslstently on the
order of 10° cells per milliliver. The highest survival rate, approximately
90 % for both release times, was observed for strain DSM 720, Addi-
tlonally, for all three strains, the cultivability of the released cells was
confirmed by Inoeulating the suspensions anto agar plates. The retention
af bloactivity was further verified. Siderophore activity and phosphate
solubllizaton were confirmed by Inoculating the suspension of released
cells onto agar plates amended with CAS reagent and Pikovskaya me-
dium, respectively. Lastly, 1AA production was tested by cultivaring the
released cells in King B medium supplemented with oryprophan. The
supemnatant of the culiure was then mixed with Salkowskl reagent, and
the presence of [AA was confirmed by the development of a red color. An
example of the qualitative results from cultivability and bloactivity as-
says for the suspension of cells released from gels crosslinked with
A vinelondll DEMET culture is provided in the Supplementary informa-
tlon (Fig. 55

3.5, Automanized encapsuladon rechrigues

As stated previously, encapsulation of cells of PGPR In a gel matrlx 1s
kmown to improve the efficiency of Inoculation and consequently the
effect on plant growth. Furthermose, malntaining a consistent and wni-
form slze of the gel beads ensures control in the application of bacterial
blolnoculants and leads wo a standardized process achleving predictable
effectiveness and reliability in releasing bacteria from the gel beads.

Therefore, we also confirmed the compatibility of self-encapsulation
concept with techniques for automatized preparation of blolnoculant
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beads of specific skzes ranging from micrometer up to millimeter scale.
The bolneculant beads were prepared vsing automatle custom-made
deviee, where a uniferm bead size in the seale of millimeters can be
adjusted by the dimensions of the used syringe needle (the apparatus is
shown In Fig. S6a, Supplementary Information]). Similarly, we have
experimentally verified that the proposed self-encapsulaton gelation
can also be performed using commercial micro-encapsulation facllities
while still allowing for the production of gel beads at microscale. An
example of gel microbeads prepared with the use of microencapsulator
Buchl B-395 combined with the 450 pm nozzle 15 shown in Supple-
mentary information (Fig. S6c).

Obviously, the varability in the size of the blolnoculant gel particles
allows control over the rate of the FGPR cell release from the gel as the
specific surface of the partleles may be altered. Furthermaore, smaller
beads can establish closer contact with the seeds. Microbeads, owing to
their smaller aize, can accurately rarget seeds and the loss of bacterial
cells during the encapsulation is lower when compared to large beads.
Additionally, the application of microbeads {5 versatile, they can be
directly coated onto seeds, or sprayed onto 2oll, making manipulation
eaaler (Johm et al, 20110

4. Conclusion

This study introduces a promlsing and economically viable approach
o blolnoculant prodwction through the self-entrapment of Azotchacter
vinelandii cultures within thelr own exopolysaccharide-derived gel ma-
trix. By leveraging the natural gelation properties of A, vinslondii-pro-
duced alginate, our method eliminates the need for costly external
gelation agents, streamlining production while maintaining the well-
documented benefits of the gel matrix thar enhance blolnoculant
efficacy.

The present work primarily serves as a proof of concept for this self-
encapsulation strategy. Future research will focus on optimizing gela-
ton conditons to Improve encapsulation efficlency, mechanical stabil-
ity, and microblal wiabllity. additionally, further processing of the
requlting formulations will be explored, particularly im terms of
contralled water remaoval to extend shelf life and ensure long-term sta-
bility withowt compromizing bacterial activity and viabilny.

Beyond formulation advancements, upcoming studies will evaluate
the plant growth-promoting effects of varlows blelnoculant formulatons
using agriculturally relevant crops, such as corn and lettuce, in both
controlled pot trials and feld experiments. These investigations will
provide crucdal Insights Into the practical application and agronomic
benefits of this novel encapsulation approach, paving the way for it=
potential commercialization and widespread use in sustainable
agriculture.

CRediT authorship contribution statement

Diana Cernayova: Writing - orlginal dreaft, Investigation. Martin
Sikenfk: Writing - review & editing, Investigation. Stanislay Obruca:
Writing — review & editng, Writing - original draft, Supervision,
Methodolegy, Conceptualizaton. Jin Smilel: Writing - review &
editing, Investigarion. Michal Kalina: Writing - review & editing,
Investigation. Katerina Mrazova: Writing - review & editing, Investi-
gatlon, Conceptualization. Kamila Hrubanowa: Writing - review &
editing, Imvestigation, Funding acquisition. Vladislav Krzyzéanek:
Wirlting - review & editing, Methodology, Investigation. Petr Sedlacek:
Writing - revlew & editng, Wrlting - original dreaft, Supervision,
Methodolegy, Investigation, Formal analysis, Conceptualization, Fund-
Ing acquisition.

Author contributions

The manuscript was weltten through contributions of all authors, All
authors have given approval o the final version of the manuscript.



D, Cernayowd at al.

Declaration of competing interest

The authors declare that they have no known competing financial
Interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was funded by the project GAZ3-067573 of the Crech
Sclence Foundation (GACR). Microscopic analysis was provided by CF
151 EM, Czechia, and by the Electron Microscopy Facility (VBCF],
Ausirla, thanks to the financial support of MEMI100652102 and
LM2023050 MEYS CR. Martin Sukenik acknowledge financial support
from JCMM Brog Ph.D. Talent.

Appendix A, Supplementary data

Supplementary data to this article can be found online at hoops:/del.

org/ 1001016/ carbpal 2025, 123607,
Data availability
Diata are available from the corresponding author on request.

References

Aaslar, A, Bargaz, &., Yoakoubd, K., Hidall, A, Bennls, 1., Zeroual, Y., & Mefah
Kadmirl, I (2021} Kurogen fixing Ammbacter species as potential soil biologieal

Carbahydrare Polymars 260 ( 2025) 122607

Donatl, 1., & Christensen, B. E. [2022). Alginace-metal cation inperactions:
Macromadecular approach. Carbabpdrate Palysnes, 227, 1-17. hiops:
1001 &/ LCARBPOL L121EE]

Dujjanutat, P., Singhaboot, P., & BEacwhkannetra, P (2024). Bepeated fed-batch culiure
strategy for the synthests of Polyhydroxyburyrate (FHE) hlopolymers from sugar
cane julce using Azstwobocner wWeslemdt. Polyeaers, T6. hipss ddolorg, 103390
poymlEEZ31 56

Dumcan, E. G., O'Sallivan, C. A, Roper, M. 8., Biggs, J. 5., & Peoples, ML B (2018).
Influence of co-application of nirogen with phosphaorus, potasstam and Sulphur an
the apparent «fficlency of ndirogen fertiliser use, graln yleld and proteln content of
wheat: Review. Fleld Crops Research, 2206, 56-65. hoips/dolorg 101 G,
fer 200 8. 07.014

Fernandez Farres, [, & Norton, 1 T, (2004). Formacion kineties and rheobogy of alginme
fluid gels prodused by n-situ calelem release. Food Hydrocoffoids, 40, 76-84. hops:
dolorg 10L& fnod yd. 200 402005

Ferredra, C. M. H., Soares, H. M. V. 8L, B Soares, E V. (2019). Promstsing bacterial genem
for agriculiural practices An insight an plant growih-promoting properties and
micrutial safety aspeces. Science of che Total Environment, 882, T79-79%, hips:
org/ 1L 1006 scitooen 20F 204, 255

Gacesa, P. (1998). Alginat= biosynchesis.recent and fovare prospects. Micradiology, 144,
1133-114% hoper P d ol org /10109900221 2971 44.5-1133

Gordon, 5. A, & Weber, B P (1951]. Colorimerie sstimetion of indodearetic acid. Flaar
Plysiolegy, 26, 192-195. haps: -arp.com plphyssartele /267 1, 1925609
7L

Hafez, M., El-Badry, M. A Elbarbary, T. A., Tbrahin, L A, B Abdel Famb, ¥ M. (2016).
Azotehacier vimelandd evaluation and cptimization of Abu Tartur Egypelan phosphae
ore dissclutian. Deiginal Research Anicle Saud! Joumnal of Pacholegy ami Micrabiofogy,
I, 80-92. hripy dolorg A0 21276, 5jpm. 20016.1.3.2

Hu, ., Lu, W_, Matn, A, Mishinari, K., & Fang, Y. (20211 lons-induced gelation of
alginare: Mechanisms and applications. remanional doeemal of Binlogleal
Marromaolecites, 177, 578-588. hirps://dod.org/ 10,1006/ bomac 2021, 02.086

Ha, C., Lu, W_, Sun, C., Thas, ¥., #hang, ¥., & Fang, ¥. (2022 Gelatan behavior and
mechanism of alginare with cakcbum: Dependence on msanovalent countedons.
Carbahydrare Polysaers, 294, 1-11. hope//dolang 10010 6/ carbpol 2022 119788

Jahn, K. P, Tvagi, B. D., Brar, 5. K, Summpalll, B. ¥., & Prévost, Do (20010 Bio-

latiom of microbial eells for targeted ugrlnulmr.i] delivery. Critieal Reviews in

‘dal.org

dal,

flesfiloiits

enhancers for crap numiton and yield stability. Fronglers in Microbiofogy, 12, 1-19.
hips:/Adaol.org S T0CEERS fadch 2021 628379

Alves, L P, 5 do Amaral, F. P, Einy, Do, Bam, 8. T., Gavidia, M. P, Telxeim, C 5.,
Holthmuan, F., Pedresa, F. de O de Souza, E ML, Chubassu, LS Maller-Santes, M
& Stacey, G, (201%9). Inspartance of poly- 2-hydrosybutyrate nsecabaolism oo the

abilicy of Herbaspirim seropedicee to promote plant growthe Applied and
Envircnmental Microbdalogy, 85, 1-14, dal:hups: doborg 1001 128/ AEM.025HE-1

&,

Aumbrosind, A & Passaglia, L M. P. (2017} Plant Growth-Fromoting Bacteria (PGFEL
Isolacion and Sereendng of PGP Activities. Current Procooods In Flant Blology, X
190-209. dad:hrips: / dol. crg/ 10UIODE ph 20054,

Arora, M. K., & Verma, 8. (3017). Modified micraplate methed for mpld and efficlent
estimation of siderophore produced by bacterda, 3. Biateck, 7, 19, hcps:
14110207 /50 3 205K 7-1 0208y

Balla, &, Stlind, A&, Cherdi-Silind, M., Chenarl Boaker, A, Alenerd, Fo N, & Belbahad, L
I:II.Z:'.J Recent advances in :nnq:aulnllnn techniques of plant growth-promoting

lsms and thelr praspeces in the sustainable agriculiure. Applisd Sciences
fEwizarbmdl, 12, 1-18. h|||:» dol.org/ 103350, appl 2185020

Hashan, ¥., d=-Bashan, L E., Prablu, 5. B., & Hernandez, J. P. (20040 Advances in plant
gromth-pramoting bacterial Inoculant techonology: Formulations and practical
penspectives (1998-2012) Planr emd Sof, 378, 1-332 haps/dedorg 10,1007
s11104-01 319560

Bonartseva, G. A, Akuling, E. A Myshkina, ¥. L Volnova, W, V., Makhina, T. K, &
Bonartsew, &. P. (2017). Alginare biosynchesis by Amowbocnr bocoeria Applied
Bl'lln'lﬂm:llr_!.' and Hﬂ'ﬂbﬂlfﬂn’. 53, 52-59. hirps://dol.org /1001134
SO003EEIH1TO1 7]

Brandl, H, Gross, B. A Lenz, B W, B Faller, B. C. (1988) Pretdomenas alenierans & &
souree of poly (-hydrocpalkancastes) for potential applicatians as blodegradable
palyesters, Applied and Exvirommeeal Micrellslegy, 54, 1977-1982, hips:
1.1128/aem.54. 0. 197 7- 1982 1908

Castille, T, Garcda, &, Fadlls-Cardova, C., Dinz-Barrera, A., & Pena, C. (3030).
Respiration in Amombacrer wnelamdil and is relationship soith the synihesis of
biopoelymers. Elecmos Joesmal of Blovechinology, 48, 2545, hirps: dalorg
1100620 20 04, 001

Clementl, F., Maresl, M., & Parente, E. (1999). Alginate from Azotobacter vinelandiL In
carbohydrate blotechnodogy protocols. Mesbods in Bioecknology, 20, 2342 hups:
dol.org T LT A7E-1.59255- 261 -0 3

Clementl, F_, & Parents, E. {1997 Alginate prodoction by Azombaczer Vinelandll, Crineal
Reviews in Bleeechnology, 17, 327-361. hoipsdolorg 103109
OFIEBEESTOA] 45618

Dellagnezze, B M, & Slerra-Garcia, 1L M. (20221 Immobilization of microbdal inocalanes
for improving soll nuetrient bdoavadlabilivy. In Mizrabdal ocodanes Reces Progress and
Applications {pp. 151-181). hicps://dol.org/ 1K LOLA/BSTH-0- 3 20 G004 3.1 0045

Dilnz-Barrera, .L.Sal'-:hﬂ:-hul::. F Fadilla-Cirdova, ©., Andler, B & Pefia, ©, (20210
Medepalar welght and g ke Tatle nnf Al prodused by
Azninbacter vinelandil u|: i bice scales under diazotrophic conditions.

Hi and Biosysiems Engieeering, #4061, 1Z75-1287. harps: . dol.org 10,1007
S449L 2D FE5 328

‘dal.org

il g

189

mnﬂnﬂ.‘ 32, 2001226, hinps:/Sdol org/ TN AO7IERGEL 2010513327
Johnson, 5., Mguyen, V., & Coder, Do (2003) Assessment of cell viabilicy. Curees
Pl"ﬂ.l'ﬂ:n‘.ll.l in Cyramerry, &4, 1-Dh. haps: s dalorg 1001 0020471142056 cy 90204
Eadourl, D, Jurkevizch, E., & Okon, ¥, (20031 Invelvensent of the reserve material pody-
-hydrenybatyrate in Azogrillum branfowe stress endurance and roct colonizatkan,
Appliad and Exvirosmnesal Microbiology, 69, 3244-3250. hups /S dolorg 1001128
AENLES 6. 3244, 1 35(). 2003
Havanagh, G. 8., & Enss-Murphy, 5. B. (1998). Eheological characterization of polymer
peks. Progress (n Pofymer Scimce, 27, 533-562 hopss/fdolong 1001016 S007E 67
(97 0476
Hraupeva, Z., Slaninova, E., Mmzova, K, Krzyzansk, V., Hnshanova, B, Frit, L, &
Obnaca, & (2025). Evaluating siress resilience of eyanobacierda through flow
¥ ry and 1 viability Folia Microbinlogics, 70, 205223,
hetges /fdodlorg, IO 10T 51222302401 21 2w
Larsen, B. E., Bjarnstad, J., Pertersen, E. O, Tannesen, H. H., & Melvik, 1. E (2015)
Ehealogleal charamerization of an injectable alginate gl sysiem. BMC Hinteckmafogy,
I5, 1-1Z hrip=s/dol.org/ 1001 186,51 2886.015-0147-7
Ma, J. F. (2005). Plant root responses o three sbandant soll nuinersls: Silleon, abemicam
and iron. Criccal Beviews ds Planr Sclences, 24, 267-281. harps//dol org/ 14,1020
D7 352RE0GHI 2601 T
Martinez-Cano, B., Mendoza-Meneses, ©. J., Garcla-Trejo, J. F., Moclas-Bobadilla, G.,
Agubmre-Becerma, H, Sowo-Zamoia, G, M B Fu'cgrlm-?'cru Ao A 202 H.II‘.‘JLH'I
and perspectives of the use of algl s i paly miairix for mi
applied i agro-industry. Hﬂ‘nc.l.l.l.r.g. 27, 1-20. hatpes:/rdod org /10,3350
maoderulesiTI 34248
Marzke, J., Maar, J., & Brunc-Bircsna, J. M. (2008). Azsecdacrer wissalandd nitrogenase
activity, hydrogen production, and response o 0xygen exposure. Ap,nll.:d‘ amif
Environmental Micrablsdogy, 84, 1-10. hoips:/ cdol.org 1001128, s 011 20818
Mellands, B. B. (1987). Unlversal chemical assay fior the detection and d:mmlnuunn af
sidernphares. Analyeical Blochemigry, T60, 47-560 hrope )/ dolorg 10U 1L G 000 3
AT T HG12.9
Foar, J. [, B Brumo-Bdarcena, J. B (20018). Azsobacrer weselandd The source of 100
vears of discoveries and many maore 1o come. Microdiology (Usied Mingdom), 164,
420436, himps/Sdal. orgs/ TR TO09% ke, 0,000 472
Ofrucn, &, Sedlacek, P, Koller, M., Kucera, [, & Pemicova, 1 (2018) Imvolvement af
Lytvdroxvalk In stress rest of microbial cells Biatechnologieal
oorsequences and applicatians. Boncheelogy Advances, 30, 856-870. baps:
org/ T 1006 Mot schadv. 201 7.1 2006
Obracn, 5, Sedlocek, P, Slaninoya, E., Fri, 1, Daffert, C., Melxner, K., Sadrlova, 2., &
Ealler, ML (2020, Kovel anexpected funotions of FHA granules. Appdad M
and Bloiechnology, 104, 4795-4B10. hirps: Adol.org /10,1007 /=0 253- 0001 0568-1
Clanrewajw, O, 5, Glick, B. R., & Babalala, ©. O (20071 Mechanisms of action of plant
growth promsoting bacteria. World Joesmal of Microbiology and Biotecksaloge, 29,
1-16. hripsy/ Y dod arg 100100751 127 4-017-2304-9
Orloed Flame 5., Imehll, 2., El Alscul Talibl, 2., Ibnseadn Koradchd, 5., Meddich, A, B El
Midafar, C. (2024). Blocontrol of mmatn Vervicillins wit disense by plant growih.
promsting bacterin encapealated in alginate excracted from brvwn seawesd.
Mrarmstionsd Joumal of Blefogicsl Macramadazules, 276, 1-9. hips: org
100001 &5/'). L bl o, 20024 1 325010

dod.

i



D, Cernayowd et al.

Page, W. 1., & Knosp, 0. (19891, Hyperproduction of paly.fl-Hydrooyburyrate during
exponentinl growth of Ammbacne vingandil UWD. Appliaf asd Enviranmenral
Micrabiology, 55, 1334-1339. hopssdolorg/ 1011268 5.1334-1339. 1989

Pereira, J. F., Olivedra, A L 8., Sarvorl, D, Yamashita, F., B Mald, 5. (2023). Perspectives
on the use of hiopolymeric matrces o carrers for plant-growch promating bacteria
in agricubmiml systems. Micaorgantess, 11, 1-17. hirps:/dalorg 10,2390
microorganismsl 120467

Ponce, B, Unuvia, V., Maturana, N.. Pefn, C., B Dinz-Barrera, &. (2021). Increases in
alginate production and manscription levels of alginate lyase (alyAl) by cononod of
the axygen transfer rate in Asotobocrer Wkl culiures under dinzorrophic
conditians. Elecrosic Journal of Biotechwiogy, 52, 35-84. baps:dedarg 1001006,
ejbe. 1021, 0 007

i, O, Wang, H, Zhao, Y., QI, ¥., Wa, N., Zhang, 5., & Xu, W. (2024). Becent advances
of hydrogel in agriculture: Synthesis, mechanésm, propenies and applimtions.
Eurgpean Pebymer Jowrnsd, 299, 1-22 haps:cdelorg /10010060
EURPOLYNI20E4.113376

Ramscs, P, E., Silva, P, Alario, 8. M., Pastrana, L M, Telxeira, J. A, Cerquelmn, M. &, &
Vicente, &. A (2018). Effect of alginate molecalar welght and MG ratio in beads
prapentles forsseeing the protection of problotkes, Food Hydrecalfoids, 77, 816
hinps/ Adal.org /100101 62 foodhiyd. 2017, 08031

Riaz, G., Shoadb, A Javed, 5., Perveen, 5, Ahened, W, El-Shelkh, M. A, B Kaushdk, P
(2023). Formulacion of the encapsulated rhizoephenic Ocirobecrm oo
supplemented with alginate for potential amifungal setivicy against the chili eollar
ot pathogen. Soech African Journal of Botarey, 160, SHG-598. hirps:
10,1006, sa)b. 2023, 08048

Rodriguez-Dorada, R, Lopez-lglesins, C., Garcla-Gonzilez, C &, Aoriemma, G,
Aquina, B. P, B Del Gaudla, P (2019). Design of serogels, eryogels and zerogels of
alginme: Effect of molecular welght, geacion conditions and drying method on
panticles’ micromeridies. Molecestes, 24, 1-12 hoipe/Adolorg 10223590,
molecules2 40E104%

Haliml, F_, & Farrokh, P. (2023). Recent advances i the béologleal acoivities of microbial
exnpelysicchandes. World Journal af Microbiology and Blsechnology, 79, 1-22
hinps:/ Adal.org /1001007511 274.023. 086 -x

Zantos, M. 5., Mogueira, M. A & Hangria, 8. (201%]. Microblal incculans: Reviewing
the past, discussing the present and previewing an outstnnding fotere for the use of
beneficial bacteria in agriculture. AME Expeess, 8, 1-22. hirps:/ /dolorg /10,1136
s13568-0M2.0932.0

Savld Gaji, 1. M., Savic, L ML, & Svircev, Z (2023} Preparation and charscterization of
alginate bvdrogels with high water-remining copacity. Folymers, 15, 1-13. hiops:
dolorg, TR 23390 polyml 5122592

Schalk, L 1. (2025). BEacteral siderophores Diversity, upake pathways and applications.
Mamire Revioes l.!'l'a'ab.l.nhgr. 23, 24-40. hrips/ Aol org A0 038,5415749.024-
010501

Zedlacelk, P Slaninova, E, Koller, M., Nebesarova, 1, Marowa, [, Kreyzanck, V., &
Ohbruca, 5. (301%). PHA granules help hacterial cells i preserve cell inegrity when
exposed to sudden asmaotie imbalances. New Blecechnalogy, 49, 129-136. hripe
org 10T &) nb 201 8. 1L00E

Sarratn, B, V. (2022} Bacterial alginare hlosynthesis and metabolizm. In Dr. L A A
Severn, D A B Marano, & Dr. J. V. © Vargas (Eds ), Alginane - geplicanions amd
Junire perspecttves (Vol. 1) InechOpen. dal:harps:/ded org s 10LET72 Antechopen.
10995,

shailendm Singh, G. G (2015). Plant growth promoting rhizobacieria (FGPRE Current
amd Fuature prospects for development of sustainable agricalvare. Jowma! of Micrabial
& Biochenscal Tochnology, 7, S$6-102 hrips /dol.ong/ 10,4172 1 9485944, 1 0001 82

al.Org,

190

Carbahydrate Palymers 360 (2025) 123607

Shcherbakova, E M., Shoherbakov, A, V., Rots, P. Y., Gonchar, L M., Muling, 5 A,
Yahina, L M, ... Chebatar, V. K. (2008). Inocalation rechnology for legumes based
on alginate encapsulation. Agronomy Ressarch, 16, 2156-2168. hops:
10L15159 AR 18 185

Sicl Anls Syaziann, K., Othman, M. 8. L, Alda Soraya, 5., Ald, T. K Z, & Muskivana, .
(2024 =olation and characteriztion of encapsulated plant growth-promoting
Enrerebocne sp. 34140 for enhancing chill growthe Joamal of King Saud Universiy,
Sctowce, 34, 1-7. hoipe /dod org 10U 106/ jksus. 2024, 103197

Sivakunmar, P., Parthasarchi, B., & Lakshmdpriya, ¥. (20141 Encapsulation of plant
growth promsoting inoculant in haceerial alginace beads endched with humic acid.
Inrermtionad Journal of Cerrent Microbiology and Applied Schences, 2, 415422,
hetpes / fwnwrw_semantiesehalar arg/paper b G Yo 0S4 07 5 a e30Re 3343
49 39hZcd.

Skjhk-Brek, G., Zaned, F., & Foolemi, 5. (1989 Effect of acerylation on some sodation
and gelling properties of alginates. Carbokydrate Regsarch, 185, 131-138. hops
dodarg L0, 10 &/ TOH-6 215 B9 84185

Song, X L, M., Wa, D, Griffehs, B 5., Jlac, J., L H., & Hu, F. (MN5) Interactlon
marters: Synergy berween vemuioompost and PGPR agents improves sodl qualicy,
crop quallty and crop vield in the feld. Applied Soil Eeolagy, 8%, 25-34, hips:
org/ 1L 1016 . apsal L2015.01.005

Souxa-Alonso, B Eocha, M., Rocha, 1, Ma, Y., Freldias, H., & Glivelma, R. 5. (2021].
Encapsulation of Feeudo iy 1 in gl hnm‘s o suain bacneriol vinkdtiey
and inscularian of Yigna usguicidan wnder droughr srese . T Blatech, 22, 1-12. hupe:
dolarg 10,1007,/ 513205-021 028154

Strokel, 5. A, Allen, K., Roberes, O, Jimenez, D, Scher, H. B, & Jesh, T. {2018].
Industrially-scalabl i latkan of plant beneficial bacvera o dry cross.
limiked nlgln.u:! marrix. M.u'u'fui Hiatechnology, 14(3), 138-147 hrips
10U008% Ind. 200 7 032

Sorokel, 5. A, l:n.mule:. L., Hitin, M., &her, H. B., & Jeoh, T. (2020}, Com parative
technoeconomic process analysis of indusiial-scale microencapsulation of
bioactivities in cross-linked alginate. Jouma! of Food Enginesring, 2o, 1-8. hrips
dodarg 10,100 &/ inedeng, 201 5 109655

Tal, 5., & Okon, Y. (1985) Froduoction of the reserve maverial poly-f-hydrorybanmie
and its fanction o Amsspieem brasilense od. Canadian Jowmal of Micrabiology, 21,
608-613. hops:/Adol.org/ 11139/ mEE-115

Trafillo-Raldin, M. A, MonsaheeGil 1 F., Cossta-Alvares, A. 81, & Valdex-Cruz, K. &
(20151 La produccion, el pese modecular ¥ ¢ poder visoosificnnte del alginae
produchdn por Azombacner vinelandll s afectado par la feente de carbone en cultivas

gldos. DVINA [Codombla), 82, 21-26. hicps://dod org 10.15446 /dyna.
vBIn194. 44201

Urtuvia, ¥., Materana, N., Acevedo, F., Pena, C, & Maz-Bamrera, A {2017} Bacierial
alginate production: An overview of s blosynchesls and potential industrial
production. World Joumal of Microbisdgy and Blotechnology, 33, 1-100 hrips
org /10, 1007 /511 27401 7. 23639

Wejan, P, Ehadiran, T., Abduallah, E., Email, 5., & Dadrasnia, &, (201%). Encapsulation of
mant growth pramoting rhizohacteria—Prospects and podential in agricalmaral
secoar: A revlew. Jowmas of Phnr Mearition, 42, 2600-26523. hripsdolorg 101080
L4167 20191655330

Yoaneyama, F., Yamamoto, M., Hashimoo, W., & Murata, K (2005, Production of
podytvdrngybutyrare and alginate from glycerod by Azambacter vinelandll under
nitrogen-free conditions. Bipengineered, &, 209-Z17. hicps:‘dol.org 10, LGS0
TLAL5ST 251040209

dod.org,

dal.

il airg,




10.2 BIOTRANSFORMATION OF FERULIC ACID INTO VALUABLE PRODUCTS
EMPLOYING HALOPHILIC BACTERIUM HALOMONAS NEPTUNIA

Binpcatalysis and Agricultural Biotechnology 66 (2025) 103586

Contents lists available at ScicnceDirect

Biocatalysis and Agricultural Biotechnology

ELSEVIER journal homepaga: www.elsavier.com/locate/bab

Biotransformation of ferulic acid into valuable products [
employing halophilic bacterium Halomonas neptunia

Vendula Hrabalova, Diana Cernayova, Jakub Nabeélek, Filip Matéjka,

Jaromir Porizka, Pavel Divis, Stanislav Obruca

Instimte of Food Chemistry and Biotechrnofogy, Foculty of Chemisiry, Brno Undversity of Technology, Purkynova 118, 612 00, Brmo, Ceech Bepublic

ARTICLE INFO ABSETRACT

Keywords: This study investigates the potential of the halophilic bacterium Halomonos nepiunia for the
Ftatomongs neptumia biotransformation of ferulic acid (FA) into valuable aromatic compounds, with a focus on vanillic
Halophiles

acid (VAL H. neprunia demonstrated high efficiency in FA conversion, producing WA as the pre-
dominant metabolite alongside minor amounts of vanillin, vanillyl aleohol, and 4-vinylguaiacol.
A key advantage of H. nepfunia is its halotolerance, enabling biotransformation at NaCl concen-
trations up to 10 wi. %, which significantly reduces contamination risks from common mesophilic
microflora and facilitates non-sterile process operation. H. nephgda cells were encapsulated in
alginate-based hydrogel beads using a semi-automated encapsulation system to enhance the ef-
ficiency and reuwsability of the hacterial culture. Encapsulation markedly improved the trans-
formation efficiency of FA (initial concetration of 500 mg/L), with WA concentrations reaching
370 mg/L and conversion rate 85.5 maol. % after 72 h in the first cycle. In subsequent cycles, the
initial FA concentration was increased to 460 mg/L. Nearly complete conversion of FA to VA was
oheerved, suggesting a highly positive effect of adaptation of the bacterial culture to the presence
of FA. The process demonstrated stability across multiple eyeles, supporting its potential for semi-
continuous of continuwous operation. Additionally, crude FA extracted from wheat bran was
successfully used as a substrate without requiring extensive purification, further enhancing the
process’s sustainability. These findings highlight B neptunic as & promising candidate for
industrial-scale FA  biotransformation, offering a robust, low-contamination, and scalable
approach to producing high-value aromatic compounds.

Ferulic acid
Biotransfarmatian
Wanillic avid
Encapsulation

1. Introduction

Ferulic acid (FA) is a phenolic substance of natural origin that is a common component of plant biomass. In plants, this substance is
found either as a free molecule or predominantly, it is covalently bound to lignin and hemicelluloses, and it contributes significantly to
the structure and mechanical properties of the plant cell wall (Mathew, Z008), A relatively simple isolation process can obtain ferulic
acid from a wide range of plant sources, including food industry waste materials such as wheat or com bran (Gopalan and Nam-
poothird, 2018), brew spent grains (Al-Shwafy et al., 2023), or pineapple peels (Tang, 2020). Ferulic acid is a very interesting sub-
stance, which, due to its anti-oxidative and anti-microbial effects, is considered a very valuable natural food additive that has the
potential to significantly increase the stability and shelf life of many foods or replace some synthetic excipients. Furthermore, its
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anti-inflammatory, anti-thrombotic, and anti-cancer activities suggest numerous applications in pharmaceatics, healtheare, and
cosmetics (Mussatto et al., 2007).

Ferulic acid can also be used as a precursor for the production of other substances with even significantly higher added and market
value. A prime example is the microbial biotransformation of ferulic acid to vanillin and its derivates, primarily vanillic acid {(VA) and
vanillyl alcohol. These are substances that are generally known for their characteristic "vanilla® taste and smell and are therefore used
in the food industry as flavoring agents (Martao et al., 2021} Beyond their sensory properties, vanillin derivatives also possesses
numerous valuable characteristics. For example, VA is known to inhibit undesirable cxidative and inflammatory processes, stimulate
the immune system, and protect the nervous system, liver, and cardiovascular system. These important pharmaceutical activities
suggest that vanillic acid may be a valuable active ingredient in the treatment of conditions such as Alzheimer’s disease, obesity, and
diabetes (Ingole et al., 2021

Another important metabolite of FA is 4-vinylguaiacol (4VG), which has been shown to possess potent anticancer activitios against
drug-resistant human colorectal cancer cells (L et al., 2019) and also acts as an inhibitor of the epidermal growth factor receptor in
human breast cancer cells (Sudhagar et al, 20158). Beyond its anticancer properties, 4VG is also valued in the pharmaceatical,
cosmetic, and food industries due to its flavor and fragrance properties (Sunao cf 2l 2016).

At the same time, vanillin and its derivatives are also of great interest from a materials chemistry point of view as components for
preparing and modifying the properties of many polymeric materials (Zhang et al., 2015; Rigo et al., 2024).

g indicated above, the metabolic activity of microorganisms can prepare vanillin and its derivatives from ferulic acid. Many
microorganisms have been shown to convert FA to vanillin and related compounds. These include yeasts such as Sacchoromyces
cerevisioe (Huang et al., 1993) or Rhodotorulo mucileginosa (Bettio of al, 2021), fungi belonging to the genus Aspergillus (Tang, 2020),
and bacteria such as Bacillus subtilis (Chen ot al, 2016}, Cupriavidus sp. B-8 (Chat ot al, 2013}, Pseudomonas putida (Yamada et al,
2007}, Streptomyces sannensis (Ghosh ot al., 2007), Streptomyces setori (Muheim and Lerch, 1999), or Amycoloptosis sp. CSW4 (Xiao-kui
and Andrew, 2014). Several metabolic pathways are known to convert ferulic acid to vanillin and its derivatives. The specific
metabolic process and the range of products formed depend primarily on the microorganism vsed and partly on the process conditions.
Besides microorganisms that transform ferulic acid through homologous metabolic pathways, many studies and processes utilize
metabolic engineering tools, with most cases employing strains of Escherichia coli as the biological platform (Chen et al., 2017; Yoon
et al., 2005; Yoon et al., 2007; Lee et al., 2009).

Traditional microbial biotechnology processes using pure cultures of mesophilic microorganisms often suffer from relatively low-
cost competitiveness when there is a chemical-based alternative to produce the same product. A key factor is the susceptibility of these
bioprocesses to contamination. Maintaining sterility add significant costs and often prevents the implementation of advantageous
continuous or semi-continuous cultivation One of the main reasons for this is the susceptibility of the classical biotechnological process
to contamination by common microflora, which entails high costs to ensure the sterility of the process and also vsually hinders the
possibility of realizing production in the form of advantageous continuous or semi-continuous cultivation. A possible solution to this
serious limitation is the concept of Next-Generation Industrial Biotechnology (NGIB), which uses extremophilic microorganisms as
production units. These organisms have adapted during evolution to extreme environments such as high osmotic strength of the
environment, high/low temperature, or extreme pH values, These extreme conditions typically prevent significant contamination in
MNGIB processes. This dramatically reduces equipment and energy demands while facillitating continous cultivationn (Chen et al.,
2018).

While mesophillic microorganisms have been the primary forus for the ferulic acid biotransformation, the potential of extrem-
ophiles has been largely unexplored. There are very few reports on the utilization of thermophilic (Hrabalova et al., 2024) or halophilic
microorganisms {Tang ot al., 2022; Vyrnides et al., 2015) for the biotransformation of ferulic acid. However, the conversion of ferulic
acid to vanillin and its derivatives following the concept of next-generation industrial biotechnology may represent both a techno-
logically and an economically significant advantage.

Halomonas species are halophilic bacteria that thrive inhigh—salinity environments, typically preferring 5-25 wit%h NaCl. They are
gram-negative, heterotrophic, obligately aerobic gamma-proteobacteria with relatively low nutritional requirements and high cata-
bolic and metabolic flexibility. Some Holomonas strains have found applications in NGIB due to their properties, particularly as
promising producers of biopolymers like polyhydroxyalkanoates (Rizki et al., 2023) and polysaccharides (Llamas oo al, 2006). They
can produce technologically important enzymes, known as extremozymes (Holomonos strain WDG195), as well as various
low-maolecular-weight compounds, including ectoins (Fatollabi et al, 2021), 3-hydroxybutyrate and oxaloacetate, and tetrahy-
dropyrimidine. They have also shown promise as plant growth-promoting bacteria (A& novel halophilic Halomonas sp), and in the
degradation of anthropogenic pollutants like polyaromatic hydrocarbons (Halomonas capable of degrading polyaromatic) and phenal
(Haddadi and Shavandi, 2013} The original scientific literature includes references deseribing some members of the genus Halomonas
for biotransformation of ferulic acid (Tang et al., 2022; Vyrides et al., 2015; Abdelkafi et al., 2006; Abdelkafi et al., 2008).

Bearing in mind NGIB concept with halophilic bacteria, we screened several Holomonas species for their ability to biotransform
ferulic acid. These indude H. halophila CCM 3662, H. organiverans CCM 71427, H. elongota COM 3756, H. neptunia CCM 7107 and
H. hydrothermaolis CCM 7104, Among all the tested strains, Halomonas neptunic CCM 7107 demonstrated the highest potential.
Consequently, we decided to investigate its biotransformation capabilities, optimize key cultivation parameters to enhance process
efficiency, and test the feasibility of encapsulating the bacterial cells in a gel-based matrix. This approach represents a promising step
toward developing a sustainable continuous process for ferulic acid biotransformation.
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2. Materials and Methods
21, Microorganisms and cultivations

Halophilic bacterial strains H. halophila CCM 3662, H. orgenivorans CCM 7142T, H. elongata CCM 3756, H. neptunio CCM 7107 and
H. hydrothermalis CCM 7104 were purchased from the Czech Gollection of Microorganisms, Brmo, Masarvk University,

H. halophila was cultivated aerobically in 100 mL Erlenmeyer flasks at 30 °C with constant agitation (180 rpm] for 24 hin a complex
medium (50 mL) consisting of 15 g/L peptone, 3 g/L yeast extract, 66 g/L NaCl, and 1 g/L glucose. H. elongato was cultivated in a
complex medium consisting of 5 g/L nutrient broth, 30 g/L NaCl and 1 g/L MgCly « 6 HaO with the same coltivation conditions as
H. halophila. The halophilic bacterial strains H. orgonivorans, H. neptunia and H. hydrothermalis were cultivated in a complex medium
consisting of 10 g/L yeast extract, 5 g/L peptone, 1 g/L glucose, 81 g/L NaCl, 9.6 g/L Mg50, « 7 HaO, 7 g/L MgCly « 6 HzO, 0.36 2/L
CaCly » 2 HaO, 2 g/L KO, 0.06 g/L NaHCO4, 0,026 g/L NaBr, again under the same cultivation conditions as previous strains.

The mineral medium wsed for the experiment consisted of 3 g/L (NHy 250y, 11.1 g/L NazHPO, » 12 Hz0, 1.06 g/L KH2PO,, 0.2 g/L
MgS50,4 « 7 HaD and the appropriate amount of NaCl for each bacterial strain (as for the complex medium). After sterilization, 20 g/L
glucose and 1 mL/L MES trace element solution were added to the media.

The complex medium was inoculated with 1 mL of cryo-culture, which was stored at —80 °C in 10 % glyeerol. After being cultivated
for 24 h, the bacterial culture was centrifuged at 3460:g for 5 min and then resuspended in a new medium of the same composition,
with the addition of commercial ferulic acid {purchased from Merck).

During the cultivation of individual bacterial strains, screening was performed to select suitable bacteria for further biotransfor-
mation experiments. Key parameters such as optical density and, in particular, the concentration of compounds formed by ferulic acid
biotransformation were regularly sampled and evaluated. For analyses, 10 mL of cell suspension was collected and subseguently
centrifuged (5 min at 34605 g). The supernatants obtained were measured using HPLC-UV-Vis to quantify FA and its biotransformation
metabolites.

22 Encapsulation of microbial cultire into alginote-gel microbeoads

The grown bacterial culture of H neptunia (50 ml) was centrifuged (5 min, 3460:g), and the supernatant was removed. The
bacterial pellet was then resuspended in phosphate buffer containing 2 wt% alginate. From this mixture, alginate beads were prepared
using an encapsulator (BUCHI B-395) with sct parameters of 1200 ¥V and 370 Hz, under constant airflow. To form microbeads of
uniform size, a nozzle with a diameter of 750 pm was used, while calcium chloride (2 wit%) served as the gelation agent. The solution
with encapsulated bacteria was constantly stirred to prevent microbead agglomeration. After 20 min of gelation time, microbeads were
filtered out of CaCle using filtration paper (KA 1, Verkon). This was followed by standard cultivation on tempered shakers with
sampling at 0, 24, 48, 72, and 144 h to assess the ability of the encapsulated microbial culture to biotransform FA into value-added
substances. After the last sampling, the encapsulated particles were again filtered from the media and transferred to fresh media of
50 mL volume with NaCl (50 g/L). Even in the second step of incubation, samples were collected at 0, 24, 48, 72, and 144 h during the
culture to assess the activity of the encapsulated microbial culture.

2.3 Ferulic acid isolation from wheat bran

Ferulic acid was extracted from wheat bran obtained from Mlimy ). Vozenilek, s.r.o. Wheat bran (25 g/L) was treated with 0.5 M
sodium hydroxide, heated to 50 °C, and stirred for 4 h. The pH was then adjusted to 3 using HCL and the mixture was centrifuged
(519 =g, 10 min) to collect the supernatant. XAD-16 adsorbent (1 g per 150 ml) was added to the supernatant and stirred for 50 min at
room temperature. After adsorption, the adsorbent was removed, washed, and desorbed using 0.5 wit. % NaOH. The resulting solution
was stirred for 50 min and then neutralized with HCL Neutralization with HCl generates NaCl, which is beneficial as the employed
bacterium requires it for growth. The process of isolating ferulic acid had a yield of 30,3 = 3.8 %. The low yield was likely due to the co-
adsorption of other components from the wheat bran, primarily proteins,

24 Analytical methods

During the cultivation process, samples were collected, and the concentration of potential metabolites of FA biotransformation was
measured. For the analyses, 10 mL of cell suspension was collected and centrifuged (5 min; 3460:=g). High-Performance Liguid
Chromatography with Ultraviolet/Visible Spectroscopy (HPLC-UV-Vis) using a LC-10AD system (Shimadzu, Kyoto, Japan) was
employed to quantify FA and its biotransformation metabolites in the resulting supernatants. HPLC separation was performed using
gradient clution on a Kinetex® 2.6 pm EVO C18 100 A 150 = 4.6 mm column at 35 “C and 250 bar. The mobile phase consisted of
acetonitrile and 0.1 % acetic acid. The gradient program was as 0.6 mL/min, and the injection volume was 10 pL. Ferulic acid (FA),
vanillic acid (Va), vanillyl aleohol (VOH), vanillin (WVAN), and 4-vinyl guaiscol (4VG) (all purchased from Merck) were used as
external standards. Detection was performed with a PDA detector using the following wavelength: FA - 330 nm; VOH and 4VG - 230
nm; VA and VAN — 280 nm. The media’s optical density at 630 nm (distilled water was used as blank) was also measured spectro-
photometrically for each culture.
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3. Results and discussion
3.1, Screening of Motransformotion potential in selected holophilic bacteria

The genus Holomonas is well known for its ability to thrive in high-salt environments, making it a strong candidate for industrial
biotechnology applications. These bacteria can synthesize various industrially relevant biomolecules under non-sterile conditions,
significantly reducing process costs and complexity (Biswas et al., 20230, In the first step of our study, we conducted an experimental
screening of different Halomonias strains. The primary objective was to evaluate their capacity to metabolically degrade FA and convert
it into valuable metabolites, specifically focusing on the formation of VA and 4VG (See Table 1)

Biotransformation using halophilic bacteria was effectively demonstrated with the strains Holomonas orgonivorans and Holomonas
neptuniz, which converted FA into vanillic acid via their metabolic pathways. Both bacterial strains exhibited very high efficiency of FA
elimination (98-100 %), indicating their extraordinary efficiency respect to FA degradation. The conversion efficiency of FA to VA for
H. organivorans reached 15 wi%h, whereas H. nepruriia achieved a notably higher value of 59 with. H. neptunia is an intriguing bacterium
that has already been identified as a promising producer of bioprotectants ectoines from waste cheese whey (Orhan and Ceyran, 2024),
Mdditionally, it has been reported as a potential candidate for the biotechnological production of polvhydroxyalkanoates—microbial
bioplastics—using waste frying oils as a substrate (Pemicova et al., 2019), and industrially relevant enzymes (Orhan and Akincioglo,
20200, It was also reported that the bacterium reveals desirable metabolic features with respect to the transformation of aromatic
compounds; in particular, it was capable of bioconversion of tyrosol into hydroxytyrosol and 3_4-dihydroxyphenylacetic acid (Lichgot

Table 1
Screening of selected bacterial strains.
Bacterial strain D'"‘F;ﬁ“ FA | var | aver
H. halophila (CCM 3662) 2
H. organivorans (CCM 7142T) 98
I, elongata (CCM 3756) 58
H. neptunia (CCM 7107) 100
H. hydrothermalis (CCM 7104) 60

* green color indicates those strains that were able to biotransform FA with an initial concentration of 504 mg/L
inter value-ndded substances with o concentration >S50 mg/L (10%)
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Fig. 1. Biotransformation of FA in A) complex cultivation medium and B) mineral medium by employing H. neptumia, cultivation conditions: 30 °C,
180 rpm, inotial concentration of NaCl was 500 mg/L.
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Table 2
Identification of the optimal initial concentration of FA for its biotransformation by H. neprunia (after 72 h).
Residum! concemtration of FA and ity metwabolites Initiald concentration of ferulic acid [mg/L]
300 500 GO0 B0 1000
Ferulic acid [mg/L] 6.3 & 04 284+ 02 167.4 = 11.2 1545 £ 13.2 246.3 + 15.4
Vanillic acid [myg/L] 5.0 £ 5.0 12001 = 4.2 26.9 + 0B 483 = 2.1 28 +0.1
A-vinylguaiacol [mg/L] o, d. n. d. n. d. n. ol 20B.2 + 1.7
et al, 2007 These findings clearly demonstrate the biotechnological significance, metabolic versatility, and robustness of this bac-

terium. Our results indicate that this halophilic bacteriom could also be considered a promising chassis for the biotransformation of FA.

3.2 Mdentification of cruciol parometers of FA bintronsformaotion while employing H. neptunia

In further experiments, we aimed to identify and investigate the key parameters that could influence the biotransformation of FA
into high-value metabolites. First, we examined the effect of the cultivation medium. To this end, we coltivated H. nepturnia in the
presence of 500 mg/L of FA using either a complex or a mineral medium. The results are presented in Fig. 1.

Based on the results, the complex medium was selected for further biotransformation experniments. This decision was driven by the
observation that, over time, H. neptunia was able to completely metabolize FA in the complex medium, actively excreting VA and 4VG
into the cultivation medium. The molar yvield of VA and 4VG reached 18.8 mol. % and 13.4 mol. % for VA and 4VG, respectively, after
54 h of cultivation in a complex medium. In contrast, when the mineral medium was used, the FA concentration decreased only during
the initial 3 h of cultivation and remained nearly unchanged throughout the experiment. A possible explanation is that some enzymes
involved in FA metabolism may require specific co-factors (e.g., metal ions, vitamins) that are readily available in complex media but
absent or limited in mineral media, which could aceount for incomplete FA metabolism in the mineral medium. Furthermore, since FA
metabolism is typically a redox-driven process (3o ot al.. 2024), another contributing factor could be differences in the redox balance
between the two cultivation media. Certain metabolic pathways require electron donors or acceptors (e.g., NADH, FADHz), which are
more readily available in complex media, potentially enhancing FA transformation. Mevertheless, all subsequent experiments were
conducted using the complex medium.

Another key cultivation parameter investigated concerning FA transformation was the NaCl concentration in the cultivation
medium. MaCl is essential for the halophilic bacterial strain’s survival and helps prevent contamination by common mesophilic mi-

does not substantially affect H. neptunio’s biotransformation of FA since FA was almost completely eliminated and converted to VA
with 43.5 mol% efficiency. From a biotechnological and industrial perspective, this is advantageous, as the salt concentration can be
adjusted according to external conditions without disrupting the biotransformation process. Economically, the process is more
cost-effective due to lower salt requirements, while maintaining high yvields and enhanced robustness against contamination. For
further experiments, NaCl concentration of 81 g/L, identified as optimal for our strain (Orhan and Ceyran, 2024), was selected.

Furthermore, we investigated the impact of the initial FA concentration on the biotransformation efficiency of H. neptunio. The
results are presented in Table 2. The initial FA concentration was tested in the range of 300-1000 mg/L. The highest transformation
efficiency was achieved at an FA concentration of 500 mg/L, which resulted in the highest conversion rate to VA (27.7 mol. %),

A further increase in FA concentration led to incomplete metabolization of FA, as indicated by a high residual FA concentration in
the cultivation medium after incubation, and a decrease in VA vields. At the highest initial FA concentration tested, bacterial meta-
bolism shifted, with 4VG becoming the predominant product (26.9 mol. % conversion]. A similar effect was recently described in
C. thermodepolymerans, where high FA concentrations primarily resulted in vanillyl aleohol production, while lower FA doses favored
Wi formation (Hrabalova et al, 2024). Thus, in the case of H. neptunia, excessive FA loading may shift the biotransformation pathway
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Fig. 3. Growth curve of H. nepiunia in complex medium with 500 mg/L FA, and bicstransformation curve of FA conversion to VA as a function of
time, 30 “C, 180 rpm, 81 g/1L NaCL

Table 3
Concentration of the resulting sensory active compounds from cultivation solely on crude FA isolated from wheat bran and on crude FA obtained from
what bran supplemented with complex medium components.

crude FA Crude FA + complex medium
¢ [mg/L] oh 48 h 7Zh 144 h 0 h 4B h 72h 144 b
FA Gl = 20.1 97 0.2 9.5+ 0.5 6.9 + 0.2 640 + 20 200 + 16 nd 41
VA nodl 2H 402 34 =04 ZE+01 nd n. i 92 41 n. i
VAN nodl 4.9 4 0.1 4.4+ 0B 5.5+ 05 nd n. d nd n. d
AVG nodl n.od 160.2 + 20.6 n.d. nd. 160 + 20 170 = 30 150 + 10

from VA towards 4G, which could be exploited for technological applications to selectively obtain the desired product.

In the next phase of the experiment, we decided to follow the time course of biotransformation of the FA process under optimized
conditions by analysis of FA and respective metabolites as well as the optical density of the bacterial culture (OD630 nm) during the
cultivation; the results are shown in Fig. 3. During the growth of the bacterial culture in the presence of FA, a rapid increase in biomass
was observed from the beginning of cultivation, without a detectable lag phase. Subsequently, the growth curve entered a stationary
phase until the 48th hour. From this point onward, a renewed growth phase accompanied by slight fluctuations in optical density was
obzerved. The maximum optical density was recorded at the 72 nd h of cultivation, aligning with optimization experiments that
identified this time point as critical for biotransformation. The data indicate that the bacterium effectively transformed Fa, partially
metabolizing it while primarily converting it into high-value-added substances. The period between 48 and 72 h can be considered the
key phase for biotransformation, as the major conversion of FA to VA (~320 mg/L) occurred during this time. The conversion effi-
ciency of FA to vanillic acid at 72 h reached nearly 79 witt, highlighting H. neptunia as a highly promising candidate for this
biotransformation process. Further prolongation of cultivation resulted in a decrease in VA, indicating that, in the late stationary
phase, the bacterial culture could further metabolize VA, likely due to the exhavstion of other external carbon sources present in the
complex medium.

3.3, Employment of H. neptunia for biotransformation of crude FA solated from wheot bran

Fa is a key component of lignin in lignocellulosic materials, where it is bound to polysaccharides via ester linkages (Oliveira ot al.,
2015). FA ean be easily isolated from various low-cost lignocellulosic sources, including wheat bran, a major byproduct of cereal
processing (Poco-Cepeda et al., 2020). In this study, FA was extracted via alkaline hydrolysis, followed by sorption onto a specialized
resin. The crude FA obtained through this simple and robust approach cannot be considered a pure compound, as it contains various
impurities, including proteins and carbohydrates. Nevertheless, we propose that such contaminants do not act as significant inhibitors
of bacterial metabolism. Therefore, even crude FA derived from wheat bran can serve as a viable substrate for the bistransformation
into WA or 4-vinylguaiacol 4VG by H. neptunig, without requiring costly and technologically complex purification steps. Furthermore,
since alkaline hydrolysis is carried out using NaOH, followed by neutralization with HCL the resulting crude FA contains a high
concentration of NaCL Therefore, the use of a halophilic bacterium is highly advantageous, as it can thrive in such saline conditions,
making the biotransformation process more efficient and robust.

We employed two different approaches for cultivating H. neptunia on crude FA isolated from wheat bran. At first, only crude FA was
used as a cultivation medium, providing that impurities present in crude FA may serve as nutrient sources for bacterial culture, Tt
should be pointed out that the FA concentration of the crude FA solution reached 640 mgsL, which is very close to the optimal FA
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Fig. 4. H neprnia encapsulated in alginave and transferred to a complex medium in an Erlenmeyer flask containing ferulic acid.

conecentration for VA production. The results are shown in Table 3.

On crude FA, 4VG was the major product of FA metabolism, with the highest titer (160 = 20 mg/L; 32.3 mol. %) obtained after 72 h
of cultivation. Other phenolic compounds resulting from the bistransformation of ferulic acid, such as VA and vanillin, were detected
in lower concentrations. In this case, the conversion efficiency of ferulic acid to 4VG reached approximately 33 wi. By 48 h, nearly all
FA had been consumed, suggesting that the bacteria utilized it as a primary carbon source for metabolic and energy processes,
particularly under conditions where rich nutrient sources were limited.

In addition to cultivating H. neptunia solely on crude FA derived from wheat bran, we also conducted an experiment supplementing
the crude FA with nutrients from a complex medium (Table 3). Results from cultivation on hydrolysate supplemented with complex
medium components were even more promising. In addition to 4VG, which was again detected at the dominant metabolite with
highest concentration at 72 h of incubation (170 + 30 mg/L), a high concentration of VA was also measured at hour 72 (92 + 1 mg/L).
When cultivated on hydrolysate supplemented with a complex medium, the bacteria likely utilized the complex medium components
as the primary carbon sources, with FA playing only a minor role, as indicated by its high concentration after 48 h. Successful con-
version to vanillic acid was observed after 72 h, with a conversion yield of nearly 15 wt%, confirming the optimal bistransformation
timeframe. Simultaneously, 4VG was successfully produced (170 mg/L, 34.3 mol.% conversion). Notably, metabolization of the crude
FA resulted primarily in 4VG.

A5 demonstrated, 4VG is the main product of FA transformation by H. neptunio when the culture is overloaded with FAL It is highly
likely that, in the case of crude FA, the bacterial culture was exposed not only to moderate concentrations of FA but also to other
phenolic compounds, which contributed to metabolic overload and shifted the transformation pathway toward 4G as the dominant
product—whereas in the case of pure FA, this metabolic shift was observed only at significantly higher FA concentrations (see Table 2]

Based on the obtained results, the probable metabolic pathway of FA conversion in H. neptunia can be deduced. At the beginning of
the biotransformation, a significant amount of 4-vinylguaiacol 4VG is formed (see Fig. 3). Notably, 4VG is also the primary metabolite
of FA transformation by H. neptunia when the bacterial culture is overloaded with FA. This suggests that the initial step in FA
metabolism in H. nepturia is the non-oxidative decarboxylation of FA into 4VG. It is highly likely that 4VG is subsequently converted
into vanillin. However, vanillin was rarely detected in our experiments, and its concentration was typically very low. The most
probable reason for this is that vanillin undergoes guick further intracellular conversion, specifically oxidation to VA, which is excreted
by the cells as the major transformation product of FA metabolism in H neptunia. A similar metabolic pathway for FA trans-
formation—i.c., the decarboxylation of FA to 4VG, conversion of 4VG to vanilin and oxidation of vanillin to VA—has already been
described in several bacterial strains, such as Streptomyces setoni (Max ot al., 2012) and Enterobacter spp. (Hunter ot al., 2012),

The ability to selectively control the major products (4VG or VA) by adjusting simple cultivation parameters like time or initial FA
concentration is a significant technological advantage. Furthermore, a deeper understanding of FA metabolism in H. neptunio and the
identification of key enzymes and their cormesponding genes would be highly beneficial. This would serve as the initial step toward
leveraging metabolic engineering tools to further enhance the process—both in terms of vield and efficiency—and to direct it toward
the production of specific desired metabolites.

3.4, Encapsulation of H. neptunio culture for biotronfotrmoation of FA

Encapsulation of microbial cultures in biotechnology offers several significant advantages. Firstly, it enables the reuse of microbial
cells without the need for repeated propagation and cultivation, which positively impacts process economics. Another key benefit of
culture encapsulation is its ability to facilitate the transformation reaction in a continuous flow system. When cells are entrapped
within a gel matrix, the risk of leaching from the reactor is eliminated.

Consequently, several research groups have explored the wse of immobilized microbial cultures for FA biotransformation. For
instance, Yan et al. successfully immobilized Bocillus subtilis for semi-continuous vanillin production from FA (Yan ot al, 2016).
However, in practical applications, microbial contamination remains a major challenge in continuous cultures, even when using
immobilized cells. A promising solution to this issue is the utilization of halophilic bacteria such as H. neptunia, which thrive in
high-salinity environments. The elevated salinity of the cultivation medium significantly reduces the risk of contamination, making
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Fig. 5. FA biotransformation into VA by encapsulated culture of H. neptunie during the first A) and second B) incubation cyele; mineral medium, 81
/L NaCl, 30 ~C, 180 rpm.

these systems more robust for long-term operation.

We therefore investigated the potential of encapsulating H. neptunia in an alginate gel matrix for FA biotransformation. The
entrapment of microbial cells within a suitable hydrogel is considered a promising approach, as it is gentle on the cells while providing
desirable properties and efficiency. Alginate is widely recognized as an effective material for microbial cell encapsulation, offering
numerous advantages across various applications. For instance, the encapsulation of Bifidobacterium animalis in alginate composites
demonstrates the material’s ability to form stable, well-organized microparticle structures that protect the bacteria and facilitate their
controlled release via Fickian diffusion, making it suitable for applications in dairy fermentation and oral delivery (Vincekovic et al,,
2024). Similarly, in agricultural applications, alginate-based formulations have been shown to enhance the shelf stability of microbial
inoculants and protect them from environmental stressors (Kucharzyvlk et al ) 2023),

Henee, we developed a protocol for the encapsulation of H. neptunia into alginate-based beads using a semi-automatic encapsulator.
The detailed protocol for bead preparation is provided in the Materials and Methods section of this article, and the encapsulated beads
arne visualized in Fig. 4. The encapsulated culture was subsequently incubated in a complex medium supplemented with 500 mg/L FA
in the presence of 50 g/L NaCl. Samples were taken at specific time points during cultivation, and after 144 h, the encapsulated
bacteria were filtered from the medium and transferred into fresh complex medium, again supplemented with ferulic acid under
identical conditions as in the first cycle. The media were sampled at selected time intervals, and all samples were subsequently
analyzed by HPLC-UV-Vis, enabling the identification and quantification of FA elimination and VA produced by the H neprunic
bacterial culture. The results are shown in Fig. 5.

Cultivation experiments with encapsulated H. neptunia show promising results, indicating that encapsulation in alginate hydrogel
significantly enhances FA transformation to VA, After 72 h of incubation in the first cyele, the concentration of VA in the medium
containing alginate-encapsulated H. neptunia reached 370 mg/L, corresponding to a conversion rate of 85.5 mol. %, the highest value
obzerved o far in this study. Moreover, the system demonstrated even greater efficiency in the second cultivation cyele, where the VA
concentration reached 460 mg/L after 72 h, corresponding to a complete conversion of FA into VAL This substantial improvement in
culture performance between the frst and second cycles can be attributed to the adaplation of H. neptunia to the presence of FA and the
activation of relevant metabolic pathways,

COur findings clearly demonstrate that encapsulating H. neptunie in alginate beads significantly enhances FA biotransformation.
Furthermore, this process can be operated in a semi-continuous cyclic mode and, potentially, in a fully continuous flow system with
high efficiency. The halophillic nature of the culture and the high NaCl concentration also protect the process from contamination by
mesophillic microflora.

4, Conclusion

This study represents a pioneering exploration of the biotechnological potential of Holomonas neptunia in the bistransformation of
FA. Our findings demonstrate that H. neptunia is a unique halophilic bacterium capable of efficiently converting FA into valuable
armomatic compounds, primarily VA, under high-salinity conditions. Its remarkable halotolerance not only enhances process robustness
by minimizing contamination risks but also opens avenues for cost-effective, non-sterile bioprocessing. Additionally, the encapsulation
of H. neptunin in alginate-based hydrogel beads further improved the transformation efficiency and reusability of the bacterial eulture,
highlighting the feasibility of a semi-continuous or even fully continuous process.

Given these promising results, further research should forus on several key areas to maximize the industrial applicability of
H. neptunin in FA biotransformation. First, a comprehensive metabolic and genomic analysis of this bacterium is necded to elucidate
the enzymatic pathways involved in FA conversion. Such insights will provide the foundation for targeted metabolic engineering
strategies to enhance product specificity and yield. Second, further optimization of microbial encapsulation techniques, including
maodifications in hydrogel composition and bead stability, could enhance the longevity and efficiency of the biocatalyst. Finally, the
most critical step in advancing this process toward industrial application is the verification of a fully continuous flow
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biotransformation system. This would allow for uninterrupted FA conversion, further increasing productivity and economic viability,

Owerall, this pilot study underscores the enormous potential of H. neptuniz in sustainable biotransformation processes, paving the
way for next-generation industrial biotechnology applications that leverage halophilic microorganisms for high-value biochemical
production.
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ABSTRACT

Hydrogels are widely applicable in medicine, bivtechnology, ete. A specific example is bacterial alginate pro-
duced by plant growth-promasting rhizobacterium Azotobacter winelandii, which encapsulstes the cells within s
hypdrogel network, obering promising applications in agriculture. Too better understand the properties and
behaviour of bydrogel, it is important o shsly its architecture. However, due to high-water content and fine
structure of hydrogel samples, their preparation for electron micrescopy is challenging. In this stedy, we
developed an optimised protecs] for preparing complex samples of A feandii cells encapsulsted in alginate
hypdrogel for imaging by low-voltage scanning tramsmision electron microsoopy. Our approach acddresses
structural instability and artefact formation typécally encountersd during sample debydration and siaining. We
demonsirated that careful timing of CaCls addition, after initial fixation, it esential. Equally impoartant is the

careful selection of its concentration to maintain hydrogel integrity while preserving cellular marphology. The
inclusion of lead citrate staining step enhanced the contrast within hydrogel matrix, allowing for improved
vissalisation of fine defails. This refined protocol enables high-resolution imaging of alginate-based hydrogels
containing embedded cells while preserving the key siroctural features, It is compatible with various trans-
mission electron micrascopy lechniques and may be adapted for use with other soft biomaterials.

1. Introduction

frequently encapsulated in alginate-hased hydrogels (Pa al, 2
Zheng et al., 2012). The combination of these techn:lquﬁ pﬂ'l:r'l.']d.ﬁ an

Hydrogels are cross-linked polymeric networks with the capacity to
absorb and retain substantial amounts of water, which renders them
highly versatile materials with broad applications in medicine, the food
industry, or even biotechnology (Correa et al., 2021). Understanding the
relationship between their internal structure and application-relevant
properties requires a reliable method for visualising their internal
morphology and architecture. However, the imaging of hydrogels still
poses a major challenge in electron microscopy because of the high-
water content and delicate structure of the polymer network. Many
studies rely on various scanning electron microscopy (SEM) technigues.
One of the most commaonly used combinations of the sample preparation
methods and imaging rechniques is freeze-drying or I:.raphilisatinn. fal-
lawed by th.e room temp&rature SEM (Do Ix ro et .:I. '-".II Oy Mita et al.,

struu:tu.re. but has also been used to image nb]eu:ts such as cells

* Corresponcding suthor.

E-mail address: kreyeanek@visibrmo.ce (V. Krzyidnek).

hittps: A dod.org, /10, 1016/ carbp

eagy and affordable means of observation of such complex samples for
maost laboratories.

Nevertheless, it should be noted that depending on the freezing
temperatures and drying rate, the pore size and thus the overall sorue-
ture of the studied sample might be affected (Aston et al, 2016
Kaberova et al., 2020; Park et al., 2002; Zhong et al., 2011} A FIDSS:IME
alternative to avoid such arnefacts is using the environmental SEM
(ESEM), which allows the imaging of the hydrated samples without the
need for complete dehydration (Kaberova et al., 2020). The pressure in
the chamber of this specific type of microscope is substantially higher
than that of a conventional SEM, which, on one hand, may decrease the
resplution of the microscope but, on the other, enables the nbserva.tinn
of h_\-'d:ra:ed samp]&: and thus a'.md.: significant shrinkage (M r&
Leb & Stabentheiner et s 0.

ﬁ.m:u:her appmad: enabllng the ahsen-atmn of the highly hydrated
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samples with minimal drying antefacts is the cryogenic SEM (cryo-SEM).
Several studies have implemented different vitrification technigues in
combination with the freeze-fracture method to investigate various
types of hydrogels {Aston et al., 2016; Jayawardena et al., 2023; Koch &
k-Biegun, 2020; ather et al., 2023; Trudicova et al_,
2020). The freezing rate, as previously noted for lyophilisation and
conventional SEM, is the key factor to be considered. Depending on the
selected method of the sample fixation (plunge freezing into liguid
ethane, high-pressure freezing, etc.), the observed structure of the
hydrogel might be altered (Aston et al., 2016; Park er al_, 2002). Even
though the cryo-SEM provides valuable information about the surface of
hydrogels, or even some internal structures in case of combination with
the freeze-fracture method, its resolution in imaging a fine hydrogel
network remains limited. To observe a more detailed view of such fine
structures, transmission electron microscopy (TEM) has also been
explored as a method of choice in various studies, both at room tem-
perature (Ganachaud et al., 2013; Kiyama et al_, 2023; Leal-Egana et al_,
2011; W t al., 2009) and eryogenic conditions {Hule et al., 2008;
I-. ron et al., 2019). While freezing temperature and drying
rate are the key factors for proper sample preparation protocols for the
SEM methods, the dehydration step in the TEM protocols is critical. The
suitable conditions for the dehydration of such samples depend on the
type of hydrogel since some hydrogels exhibit substantial morphological
stability when replacing water with, for example, ethanol as a dehy-
dration agent (Foux et al, 2023; Ye et al., 2024 In contrast, other
hydrogel materials show significant shrinkage and other types of alter-
ations to their native state if exposed to such a protocol (Hermansson
et al., 2001 63 Tkalec et al., 2016).

Hydrogels are gaining increasing attention in sustainable agricul-
ture, particularly as the carriers for the plant growth-promoting rhizo-
bacteria (PGPR) in the development of biological fertilisers (Bashan
et al., 2014; Qin et al, 2024). In such systems, the hydrogel matrix
enhances the hacterial viability and enables a gradual release under field
conditions. One such PGPR is Azstobacter vinelandii, which is known for
nitrogen fixation, secretion of auxin precursors, phosphate solubilisa-
tion, and siderophore production, all of which promote plant develop-
ment (Ferreira et al., 2019; Gurikar et al., 2016; Nosrati et al, 2014;
Sahoo & Pradhan, 2023). Additionally, A. vinelandii produces an extra-
cellular alginate, which serves as a protective barrier against environ-
mental stress and supports the activity of the nitrogenase, an oxygen-
sensitive enzyme essential for nitrogen fixation (Cam & Bicek, 2023
Moradali & Behm, 2019; Ninez et al., 2022; Sabra 2000). Building
on these natural properties, we recently introduced a self-gelling strat-
egy in which A vinelandii becomes immobilised within its own alginate,
cross-linked by calcium ions added directly to the culture medium
[Cernayowva et al., 2025). This eliminates the need for the external gel-
ling agents while preserving the structural and functional advantages of
alginate matrices. Alginate is a linear copolymer composed of two types
of monomeric units: f-D-mannuronic acid (M) and a-L-guluronic acid
(G), arranged in homopolymeric (MM, GG) or heteropolymeric (MG)
blocks. These blocks determine the physicochemical properties of the
polymer, such as gel strength, elasticity, and water retention. In
particular, G-blocks interact with divalent calcium ions to form the so-
called egg-box structures, which stabilise the three-dimensional
network of the gel (Aarstad et al,, 2019; Guo et al., 2020; Hu et al,
2022 Hem et al, 2024). The efficiency of the gelation and the final
material properties thus depend not only on the monomer ratio, but also
on the concentration of alginate and calcium ions utilised during the
crosslinking.

The ultrastructure of A. vi!wl'nndii has been studied prevlaus]].r {Cagle
et al., 1972; Sadoff, 1975; Vela et al., 1970; Wyss et al., 1961}, but to the
best of our knowledge, enmpgu]a:ed A, vinelandii in .anlna.tE hydrogel
has not yet been observed except for the first attempts presented in our
recent pioneer study involving eryogenic electron microscopy tech-
niques {Cernayvova et al., 2025). Mast of the previously published smudies
employing transmission electron  microscopy  (TEM) relied on

Wiodarcey Merrywe

etal.,
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conventional chemical sample preparation techniques. Such protocols
maostly rely on the fixation by glutaraldehyde and/or formaldehyde, the
postfixation by osmium tetroxide, followed by dehydration by, e.g.,
ethanol and embedding in epoxy resin. The ultrathin sections are then
stained using conventional reagents such as uranyl acetate or lead salts
{Hashimoto et al, 2013; Hitchins & Sadoff, 1970; i|'| et al., 1978;
, 2019 ¥Yoneyama et al., 20 15 .-':."...I'lg._ et al., 2018). Other
studies also explored alternative fixatives or contrast- Enha.m:ing agents
such as EMnO., ruthenium red, or ]!.raphi]igatinn before the fixation
{L:i:.:.'\,..l. et al., 1972 Lin & Sadoff, 106 By L6 Ve la
et al, 1970). However, none of these appm&cha are tailored to the
highly hydrated hydrogel samples, nor address the encapsulation
context relevant for the bioinoculant applications.

This study presents a novel sample preparation protocol designed for
ultrastructural analysis of the bio-hydrogel samples using Azorobacter
vinelandii encapsulated in an alginate hydrogel as a model system. The
protocol aims to preserve the cellular ultrastructure as well as the fine
hydrogel network for imaging by electron microscopy. Although opti-
mised for the low-voltage scanning transmission electron microscopy
(LV-STEM), it may be applied across a wide range of transmission
electron microscopy techniques. We hypothesise that a combination of
carefully optimised CaCls concentrations and tailored contrasting steps
would effectively overcome the limitations of the conventional sample
preparation methods for hydrogels, which often fail to preserve both
biological and polymeric structures simultanecusly. By maintaining an
appropriate and stable Ca®* concentration throughout the workflow, the
hydrogel matrix remains preserved while minimising the osmaotic stress
to the cells. Besides alginate-A- vinelandii systems, this protocol offers a
versatile and adaptable strategy for the high-resolution visualisation of
various bio-hydrogel complexes, allowing detailed insight into cell-
matrix interactions at the nanoscale.

Moreno et al.
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2. Materials and methods
2 1. Cultivation of Azotobocter vinelandii

Freeze-dried bacterial culture Azotobacter vinelandii CCM 289 was
obtained from the Czech Collection of Microorganisms (Bmo, Czech
Republic). The bacterial cultures were maintained as frozen stock cul-
tures at —&0 “C in the presence of glyceral (10 % wv). The bacterial
media, containing modified Ashby's medium (glucose 2000 g/L, yeast
extract 6.0 g/L, NagHPO, 2.0 g/L, MgS0,.7Hz0 0.3 gL, (NH .50, 0.6
/L and CaCO3 1.0 g/L) were prepared for the inoculum medium (35 mL
of medium into 100 mL Erlenmeyer flask) and the mineral medium {100
mL of medium into 250 mL Erlenmeyer flask), following sterilisation at
120 °C for 15 min. After the sterilisation, the media were cooled down,
inoculated with stock cultures and cultivated for 24 h at 30 “C with
constant shaking at 180 rpm. After 24 h, the grown inoculum was
transferred (5 % v/v) into the mineral medium and cultivated for four
days at 30 °C with constant shaking at 220 rpm. The cultivations in the
inoculum and mineral media were performed in parallel.

22 Alginate hydrogel preparation and characteriserion

The cultivated fully-grown culture, in the volume of 10 mL, was
gently dropped by pipette into 10 mL of calcium ion solution (2 % w/w),
immediately forming the hydrogels. To strengthen and stabilise the gel
structure, the gelation time was set at 200 min at room temperature.
Fallowing the gelation, the remaining non-gelatinised solution with the
excess caleium chloride was carefully poured off.

Bacterially produced alginate was subjected to structural analysis in
a manner similar to our previous work (Cernayova et al., 2025). Briefly,
the molecular weight was determined by the exclusion chromatography
{Infinity 1260 system with PL aguagel-OH MIXED-H column, Agilent
Technologies, Santa Clara, CA, USA) with the multi-angle light scat-
tering (Dawn Heleos [, Wyatt Technology, Santa Barbara, CA, USA) and
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differential refractometry [(Optilab T-rEX, Wyatt Technology, Santa
Barbara, CA, USA). The solution of 50 mmol/L sodium citrate was used
as the mobile phase at a rate of 0.6 mL/min. The average maolecular
weilght (M.} was determined by using the ASTRA software (version
7.3.2, Wyatt Technology, Santa Barbara, CA, USA). Fourier transform
infrared (FTIR) spectroscopy (spectrometer iS50 Thermo Scientific,
Waltham, MaA, USA) was utilised to determine the M/G unit ratio and
acetylation. The absorbances at 780, 810, 1600, and 1720 cmt were
used to calculate the studied structural parameters. For the analysis of
Mw, 58 values were used from a total of 18 experiments, which were
performed in 3 to & replicates; 9 different spectra were used to determine
the M/G ratio and acetylation ratio. Employing the analyses described
above, the molecular weight (M,,] was determined to be 738808 +
48,276 kDa, the MG ratio (Aspo/Arsn) to be 236 + 0.27, and the
acetylation ratio to be (A a0/ 600) 0.20 + 0.06

2.3. Electron microscopy

The samples of the alginate-encapsulated Azotoboecter vinelandii cells
were cut by a sharp razor blade into small cubes of approximarely 1 mm?
zize. A crosslinking agent, CaClz, was added to almost all steps of the
preparation protocol to prevent Ca®* from leaching out of the hydrogel
network and thus to preserve the structure of the alginate hydrogel
during the chemical preparation procedure. To test the stability of the
hydrogel as well as the osmotic stability of the cells, three types of
protocols varying in the concentration of the crosslinking agent were
tested: the fixation without CaCl; followed by 1 % CaCl; in the next
steps, the fixation without CaCly followed by 0.5 % CaCl; in the next
steps, and 0.5 % CaClz already in the fixation step. The detailed pro-
tocols may be found in the Appendix A. Supplementary data. Generally,
the samples were fixed overnight in 2.5 % glitaraldehyde and 2 %
formaldehyde solution in 0.1 mol/L HEPES buffer. The postfixation step
invalved 1 % Os0y with 1 % K3 [Fe{CN]] in 0.1 mol/L. HEFES buffer. For
the en-bloc staining, an alternative contrasting agent based on the lan-
thanoid eompounds (Moscarding et al., 2020) was employed. Samples
were then dehydrated using methanol in a rising concentration series.
The samples were embedded in Spurr’s epoxy resin and left for poly-
merisation for 48 h at 62 “C. To compare the cellular ultrastructure as
well as to confirm the changes of the alginate structure in the intercel-
lular areas of the sample, a control sample of pure, unencapsulated
A, winelendii cells was also prepared. The cell suspension was subjected
to the same protocol as the encapsulated samples; however, the cell
suspension sample was not exposed to CaCl; in any step of the
procedure.

The cured Blocks of the samples were cut into ultrathin sections by a
diamond knife (Ultra 45°, DIATOME, Nidau, Switzerland) and an ul-
tramicrotome [(EM UCT, Leica Microsystems, Vienna, Austrial. In our
previous work, we demonstrated that LV-STEM sufficiently increases the
contrast of the biological samples without conventional staining
[Mrazova et al., 2023). The samples in this study were therefore ana-
Iyzed in the scanning electron microscope (Magellan 400/L, FEL, Hills-
bora, OR, USA) equipped with a STEM3+ detector, using a 20 keV
electron beam. Mevertheless, to aseess whether the conventional stain-
ing agents would either further reveal fine ultrastructural details in our
complex samples or mask them instead, half of the samples were also
contrasted on the grids using Reynolds’ lead citrate.

3. Results

3.1. The effect of the crosslinking agent conceriraton on the cellular
ulrastruciure

To evaluate the impact of the crosslinking agent concentration,
present im various steps of the sample preparation protocol, three
distinct protocols were compared, along with a control sample consist-
ing of the non-encapsulated cells. We aimed to preserve not only the
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cellular ultrastructure, but also the integrity of the alginate hydrogel
netwark. For a better understanding of the cellular ultrastructure and
the influence of each protocol on the cell, Fig. 1a) provides the repre-
sentation of an average A winelandii cell with typical components
marked and explained in the caption, while Fig. 1b) illustrates the
different areas of the specimen from which the sample was taken and
which will be further compared to each other in this chapter.

Fig. 2 illustrates the influence of Cally concentration on cells of
AL vinelandii. The ultrathin sections of the samples were taken from the
edge of the eample — the region where the bulk of the samples had been
in contact with all the reagents for the longest time, and therefore, its
fixation, resin infiltration, ete., should be the most thorough. If we
compare the control sample of the non-gelled culture with the samples
that have been encapsulated, we may notice a significant difference in
the respective types of sample preparation protocel used. While baoth
types of samples, fixed without the presence of CaClz in culture media
(Flg. 2a, b)), show a properly fixed ultrastructure, the cells of the sample
with 0.5 % CaCly, that were already present in the fixative solution,
suffered from csmotic damage.

The comparison of the images taken from the edge of the sample
(Flg. 2) with those from the centre (Fig. 3) reveals a similar trend in the
ultrastructure of the samples. Inside the cells, as is more apparent in the
images shown in Fig. 3, the individual reagents and resin had more
difficulty in permeating the entire sample volume. Hence, we may notice
a slightly worse fixation for all the sample types as well as more frequent
washing out of the polyhydroxyalkanoates (FHA) granules due to the
worse embedding state. Since the control sample of the pure cultures
was prepared as a suspension at all instances, no such embedding arte-
facts are apparent in the control sample ultrastructure shown in Fig. 3d.

3.2 The effect of the crosslinking agent concenirerion on the siructure of
the alginate hydrogel network

If we look closely back at the images presented in Chapter 3.1, it is
apparent that even at low magnifications, fine structures are visible
around the cells. These structures are consistent with a hydrogel
network and were also present in the areas more distant from the cells.
In contrast, samples from cultures without crosslinking agent exhibited
similar structures only immediately adjacent to the cells. A maore
detailed view of the hydrogel (Fig. 4) suggests that the concentration of a
crosslinking agent, present in the sample preparation reagents, also af-
fects the network. A distinct polymer network was observed in the
sample treated with 1 % CaCly, not only surrounding the immediate
vicinity of the cells, but aleo extending into the more distant areas of the
sample. However, if we compare this structure to the samples reated
with 0.5 % CaCl; during/after the fixation, the polymer network dis-
plays significant differences. A sample withour a crosslinking agent
present in the fixation step shows that the polymer network was highly
diluted. As such, only a small presence of fibres might have been
ohserved, both in the cells and in the open areas of the sample. Inter-
estingly, samples with 0.5 % CaCls added during fixation displayed a
netwark structure more comparable to that in the 1 % CaCl: sample,
indicating that the timing of crosslinker addition also affects the pres-
ervation of the hydrogel. If we compare all the cross-linked samples with
a pure culture control, we discover that the fibres of the cross-linked
hydrogel are clearly defined in the images and form a network that is
mare of less entangled, depending on the method of preparation, and is
found even outside the immediate vicinity of the cells. The pure culiure
sample, on the other hand, contains the alginate only in the form of fine
filaments distributed just in the immediate vicinity of the cells without
any significant organisation.

By examining the images taken from the edge (Fig. 4) and centre of
the sample (Fig. 5), we discover that the pattern closely resembles the
previously described trends observed in the previous Chapter focusing
on bacterial cells. While the overall effect of crosslinker concentration
remains similar, the hydrogel network in the central regions appears
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sections taken from
the edge of the sample

sections taken from
~ the centre of the sample

Fig. 1. a) Cellular ultrastructure of Azotobecter vinelandii encapsulated in Ca®* alginate hydrogel. Granul ing polyhydroxybutyrate are marked “PHB", the
intine layer of the capsule “arrowhead”, the exine layer of the capsule “arrow”, the hydmgel nelwowk “frame”, and the poorer embedding artefact “cross”. Scale bas:
500 nm. b) Hlustration of the different areas from which the ultrathin sections were taken to compare the capacity of the preparation protocol to infiltrate the entire
sample valume,

Fig. 2. Comparison of the influence of the ple preparation p | on the structure of A. vinelandii: a) 1 % CaCla after the fixation step, b) 0.5 % CaCl; after the
fixation step, ©) 0.5 % CaCl, during the whole sample preparation, and d) control unencapsulated cultures. The ultmhm sections were taken from the edge of the

ple. An arrowhead indic osmotic damage to the cells, a frame indicates examples of fine struc rep g algi fibres. Scale bar: 1 pym.

consistently less dense across all preparation types. It is also important 3.3. Influence of the on-grid staining on the overall structure of the sample

to mention that in case of all the samples, an inhomogeneous distribu-

tion of net density has been observed throughout the volume. The Brief staining using Reynold's lead citrate directly on the grids was

densest regions were located in the closest proximity to the cells. applied to evaluate the effect of the conventional staining protocol on
our specific samples, considering our previous study on low-voltage
electron microscopy in microbial research. It was suggested that by
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Fig. 3. Comparison of the infl

of the sampl

preparation protocol on the structure of A vinefandii: a) 1 % CaCl, after the fixation tep, b) 0.5 % CaCl; after the

fixation step, ¢) 0.5 % CaClz during the whole sample preparation, and d) control unencapsulated cultures. The ultrathin sections were taken from the centre of the

le. An arrowhead i

Ly

poor fixation/osmotic damage to the cells, while the poor infiltration of the embedding resin is marked with an arrow, and a frame
indicates examples of fine structures representing alginate fibres. Scale bar: 1 pym.

Fig. 4. Comparison of the influence of the sample preparation peotocol on the structure of alginate hydrogel: a) 1 % CaClz after the fixation step, b) 0.5 % CaCly after
the fixation step, ¢) 0.5 % CaCl, during the whole sample preparation, and d) control unencapsulated cultures. A frame indicates examples of fine structures rep-
resenting alginate fibres. The ultrathin sections were taken from the edge of the sample. Scale bar: 400 nm.

using low-voltage micrescopy, it is possible to avoid the staining of the
sections with heavy metal salts to obtain similar, and in some ways even
more detailed, views of the cellular ultrastructure (Mrazova et al,
2023). Since the structures within the cells were already sufficiently
contrasted by using our basic protocol, we were particularly interested
in whether the structures of the alginate net would be enhanced and
would reveal finer details.

In Fig. 6, it is possible to notice that there is indeed an enhanced
contrast of the individual polymer fibres, and the structures further
confirm the initial observations from Chapter 3.2. Namely, the best-
preserved hydrogel net is visible in the sample treated with 1 % CaCl;,
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followed by the sample treated with 0.5 % CaCl, even in the fixation
step, while the sample with 0.5 % CaClz after the fixation step shows that
the polymer net was partially dissolved and washed out during the
sample preparation. In addition to the polymer net, other structures
were also highlighted, such as vesicles (Fig. 7), which were found not
only in the intine layer of the cell capsule but also in the exine and
intercellular space.

However, this approach proved to be less suitable for imaging the
overall cellular ultrastructure, as shown in Fig. #. Further addition of a
staining agent to the preparation protocol resulted in toe much contrast
of the cells in the section, hence covering some structures. This effect is
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Fig. 5. Comparison of the influence of the sample preparation p | on the

the fixation step, ¢) 0.5 % CaCly during the whale sample prep

of alginate hydrogel: #) 1 % CaCl,, after the fixation step, b) 0.5 % CaCl, after

tion, and d) control unencapsulated cultures. A frame indicates examples of fine structures rep-

resenting alginate fibres. The ultrathin sections were taken from the centre of the le. Scale bar: 400 nm.
ing algi samp

Fig. 6. Influence of lead citrate staining on the alginate hydrogel ultrastructure: a) 1% CaCl, after the fixation step, b) 0.5 % CaCl; after the fixation step, ¢) 0.5 %
CaCl; during the whole sample preparation, and d) control unencapsulated cultures. Scale bar: 400 nm.

most evident in the exine part of the cell capsule, where it is difficult to
distinguish the fibrous pattern in the densest part surrounding the cells.

4. Discussion

Our experiments on the effect of the addition of a crosslinking agent
during the preparation of the encapsulated cell samples for observation
by STEM indicate that for both A. vinelandii cells and the structure of the
alginate hydrogel, the addition of 1 % CaCl; to the reagent solutions is
the best approach. However, it is important that the initial fixation step
of the ultrastructure is carried out without a crosslinking agent. Due to
the addition of 0.5 % already during the fixation, it was discovered that
osmotic damage to the bacterial cells occurs. It is important to mention

206

the limited long-term stability of ionically cross-linked alginate hydrogel
in physiological conditions. The three-dimensional structure of these
hydrogels may dissolve when divalent Ca®* ions are released from the
network due to the exchange reaction with monovalent ions from the
surrounding liquid phase (Lee & Mooney, 2012).

Therefore, maintaining a stable concentration of Ca®* in the envi-
ronment surrounding the samples to help prevent the leaching of Ca**
ions from the polymer net is crucial. It has been previously described
that when alginate hydrogel is placed in a new aqueous environment
with a different ion concentration, bivalent ions may be replaced by the
monovalent ones (e.g., H' or Na”), and the hydrogel changes its prop-
erties (Malektaj et al., 2023; Urbanova et al., 2019). However, the
addition of Ca** was omitted from the UA-zero contrasting step to avoid
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Fig. 7. Details of the A vinelandii polymer capsule containing the vesicles: a) 1 % CaCly after the fixation step, scale bar: 300 nm: b) control unencapsulated cultures,

An arrowhead indicates the vesicles. Scale bar: 200 nm.

Fig. 8. Influence of lead citrate staining on the A, vinelendii ultrastructure: a) 1 % CaQl,, after the fixation step, b) 0.5 % CaCl, after the fixation step, ¢) 0.5 % CaCl,
during the whole sample preparation, and d) control unencapsulated cultures. An arrowhead indicates osmotic damage to the cells, while the poor infiltration aof the

embedding resin is marked with an arrow. Scale bar: 1 pm,

an unwanted reaction with the contrasting agent and a possible forma-
tion of precipitates and to prevent the disturbance of the subsequent
polymerisation process during the resin saturation as well. Moreover, we
believe that the samples were already sufficiently stabilised at the time
of the resin embedding since no macroscopic changes in their structure
or volume were observed when compared to, e.g., dehydration without
Ca®" stabilisation, where significant shrinkage occurred.

Another important factor in the preparation of such complex samples
for electron microscopy is the diffusion limitation of the individual re-
agents. As already mentioned in Chapter 3.2, an inhomogeneous gel
structure was ohserved throughout the sample volume. Since the gel was
formed from bacteria-produced alginate and not from a standardised
commercial polymer, a certain degree of heterogeneity is to be expected.
Nevertheless, it did not interfere with the observation of the experi-
mental progress with different Ca®* concentrations. However, slight
differences were also perceived in terms of the cell ultrastructure and
quality of the fixation or resin permeation. One might anticipate that
due to the nanoporous structure of the alginate hydrogels, diffusion
limitations will occur. The reagents might not have thus reached the
centre of the sample on an equal level when compared to the peripheral
parts that were in direct contact with the reagents (Caccavo et al., 2015;
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Growney Kalaf et al., 2016). On the other hand, the more impeded
diffusion into the centre of the sample may also explain the poorer resin
embedding. We tried to minimise this artefact by using Spurr's low-
viscosity resin and by changing the dehydrating agent from the
commonly used ethanol to methanol. If we compare the boiling points of
the commonly used dehydrating agents, ethanol and acetone, we will
find that the more volatile acetone evaporates significantly more quickly
in the sample. Hence, it is more likely that ethanol might have remained
in the sample, which we had also observed in our preliminary experi-
ments with reduced sample embedding quality. On the other hand,
acetone is not a suitable solvent for CaClz to achieve the desired con-
centration. Therefore, methanol was chosen because of its boiling point
claser to that of acetone and, at the same time, its CaCl, solubility closer
to that of ethanol.

Staining of the ultrathin sections in combination with low-voltage
electron microscopy proved to be an efficient step for highlighting the
fine structures of the alginate net. However, the polymeric capsule
surrounding the cells was over-contrasted and, in some cells, even some
of the patterns of exine structures were hidden. Although lead citrateisa
non-specific contrast agent, it is expected to bind more strongly to
negatively charged components such as hydroxyl groups, regions with
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which csmium tetroxide reacts, or to phosphate groups (Ellis, 2007
Reynolds, 1963), To achieve specific enhancement of the polyszaccharide
structures, the involvement of the ruthenium red dye, which had been
used previously in some protocols to study A. wvinelandii (Cagle et al,
1972; Cagle & Vela, 1971), was congidered. Mevertheless, our combi-
nation of low-voltage imaging of the samples without additicnal staining
and after on-section staining provided us with rather comprehensive
information about the full range of the structures of these complex
samples,

5. Conclusion

The conventional electron microscopy analysis of hydrogels, partic-
ularly those based on carbohydrates, remains technically challenging. In
this gtudy, we addressed the limitations by developing an optimised
preparation protocol for imaging alginate-based hydrogels encapsu-
lating the living cells. The entrapped culture of Azatobaecter vinelandii, a
gram-negative bacterium with agronomic relevance as a biofertiliser,
was utilised as & model system.

Our findings emphasize the critical role of CaCls, the alginate
crosslinking agent, in stabilising the hydrogel's ultrastructure during the
electron microscopy sample preparation. To prevent osmaotic damage to
the bacterial cells, CaCls was added only after the initial fixation step. A
concentration of 1 % CaCl: was sufficient to maintain the hydrogel
integrity throughout all the reagent exchanges. Furthermaore, the in-
clusion of a lead citrate staining step enhanced the visibility of fine
structural details within the hydrogel matrix. The final protocol com-
bines low-voltage transmission electron microscopy with minimal
staining, enabling a detailed visualisation of delicate, hydrated biolog-
ical materials without excessive artefacts.

Our results provide a practical and adaptable approach to the ul-
trastructural analysis of the alginate and other carbohydrate-based
hydrogels, particularly in combination with the encapsulated cells or
similarly morphologically complex elements. This methodology may
serve as a foundation for future investigations into hydrogel-based de-
livery systems and other biclogically relevant soft materials.

Supplementary data to this article can be found online at hitps://dol.
org/10.1016/.carbpol 2025 124239,
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