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ABSTRACT

POLYSACCHARIDE-BASED HYDROGEL BEADS FOR BIOLOGICAL NITROGEN
FIXATION
PRASHANT DAHAL

2022

Nitrogen is a major limiting factor for crop production. Its primary source is the addition
of inorganic nitrogen (ammonia or nitrate) fertilizer, which is not sustainable for
continually boosting crop yield and food production. Toward this end, Biological Nitrogen
Fixation (BNF) is an efficient alternative. Legumes are capable of BNF but designing and
developing BNF traits transferrable to cereal crops and naturally generating ammonia is a
long-sought goal. This study explored the use of non-toxic, biocompatible, and
biodegradable polysaccharides alginate and k-carrageenan to develop beads assembly and
to encapsulate free-living nitrogen-fixing diazotrophs Azospirillum brasilense Sp7 and

Herbaspirillum seropedicae Z152 for nitrogenase activity and nitrogen fixation.

Alginate beads have been prepared in the presence of divalent and trivalent (Ca?*, Sr?",
Zn**, Ni**, Cu?*, and AI*") cations and k-carrageenan beads with K* to shape as root
nodular structure. Depending on the type of polymer and the crosslinked cation, the beads
biodegrade over six weeks to three months. In wet conditions, these beads provide an
oxygen-reduced environment, ranging from 1.4 * 0.41 to 5.38 +1.07 nmol/bead,
demonstrating their viability to protect nitrogenase integrity. However, results suggest that
only Ca?* and Sr?*-alginate beads could endure diazotroph viability and facilitate the BNF.

The A. brasilense Sp7 and H. seropedicae Z152 demonstrated a maximum nitrogenase



XV

activity of 1.760.31 and 2.25+0.39 A mol. C2H2 hL. million CFU"! in Ca?*-alginate beads.
The nitrogenase potential of A. brasilense Sp7 loaded beads was unaffected by sugars
inclusion while that with H. seropedicae Z152 increased with the added energy element.
This study successfully established the polysaccharide bead's potential to preserve
nitrogen-fixing bacteria and aid in nitrogenase activity. The outcome is deemed to open a

new window of opportunities for nitrogen nutrition in crops, mainly cereal crops.

Keywords: Polysaccharides, Sodium alginate, k-carrageenan, Beads, Biological Nitrogen

Fixation



CHAPTER 1. LITERATURE REVIEW

The world's population has increased significantly from 1.6 billion in 1900 to more than 7
billion today, with a projected 9 billion by 2050 (Ayed & Hanana, 2021; Tilman et al.,
2001). A considerable rise in agricultural productivity is required to ensure food security
for this rapidly rising population. However, increasing agricultural production while
conserving and enhancing biotic and abiotic resources with the limited available arable
land is a huge challenge. The use of inorganic fertilizers, particularly nitrogen, is one of
the best available strategies to boost global agricultural production if used efficiently (Raun
& Johnson, 1999). However, nitrogen (N) widens the demand-supply gap due to excessive
energy use and production costs. Furthermore, inappropriate utilization of inorganic N
fertilizers leads to the emission of harmful greenhouse gases into the atmosphere and the
eutrophication of waterways (Rutting et al., 2018). Therefore, reducing the systematic use

of inorganic N fertilizers is in need.

Nitrogen gas (N2) makes up about 78 percent of the Earth's atmosphere by volume, but
plants and animals cannot utilize it directly. It is because N2 is chemically stable and must
be naturally "fixed" before it can be assimilated. The most common "fixed" forms of
nitrogen are ammonium (NH4*) and nitrate (NOs™). Nitrogen fixation mainly occurs in
nature in two ways: Atmospheric nitrogen fixation and Biological nitrogen fixation. The
atmospheric conversion materializes with lightning, an extensive energy process, enabling
atmospheric N2 conversion to water-soluble nitrogen oxides nitrite (NO2"), and nitrate

(NOg3"). This process contributes to around 10% of the total annual yield of fixed nitrogen



(Fisher & Newton, 2002). On the other hand, biological conversion is the primary source
of nitrogen fixation in soil that is carried out by specialized group of prokaryotes that
include bacteria, such as Azotobacter, and archaea. These bacteria absorb atmospheric N2
and convert it to ammonium (NH4"), aiding plant growth. The estimated nitrogen fixation
in global terrestrial and marine ecosystems on an average are measured to be 61.5 Tg N

yr-'and 150 Tg N yr!, respectively (Fernandez et al., 2011; Yu & Zhuang, 2020).

1.1 Biological Nitrogen Fixation

Biological Nitrogen Fixation (BNF) is the microbially mediated nitrogen fixation process.
The bacteria, known as diazotrophs, may be free-living in the soil, while some are
associated with the roots of higher plants. Nevertheless, they have the exact mechanism of
nitrogen fixation wherein atmospheric N2 gas is converted to ammonia by nitrogen-fixing
organisms with the help of the enzyme called nitrogenase. The biochemical reaction
wherein nitrogenase catalyzes the conversion of dinitrogen (N2) to ammonia (NHs) is

shown below:

l6Mg ATP 16Mg ADP + 16Pi

N, + 8 H*M 2NH; + H,T

The self-explanatory biochemical reaction demonstrates the combined requirements of
reducing potential and a large amount of energy in the form of ATP. Herein, 16 ATPs are
required to break down atmospheric N2 molecules (Seefeldt & Mortenson, 1993). The

energy required for the nitrogen-fixing bacteria, therefore, characterizes whether they will



stay free in the soil as asymbiotic or live in symbiotic relationships with the host plants

wherein the fixed nitrogen is exchanged with energy supply from the plant.

1.1.1 Asymbiotic BNF

Obligate and facultative anaerobes are the two types of anaerobic bacteria that execute the
asymbiotic BNF. Obligate anaerobes exist in low-oxygen environments like soils and
decaying vegetable matter. Even if they are not fixing nitrogen, they cannot tolerate oxygen
(Imlay, 2002). Clostridium pasteurianum is a form of obligate anaerobes. In contrast,
facultative anaerobes can grow in the presence or absence of oxygen but could only fix the
nitrogen anaerobically. Klebsiella sp. is a typical example of a facultative anaerobe.
Aerobic bacteria require oxygen to grow, yet their nitrogenase is impaired if exposed to
oxygen. The most studied species is Azotobacter vinelandii (Noar & Bruno-Béarcena,
2018). These diazotrophs obtain energy resources from the living organic matter (soil biota
and fresh animal and plant debris) and non-living organic matter (including humified and

non-humified compounds) within the soil.

Autotrophic photosynthetic bacteria such as blue-green algae or Anabaena are another type
of diazotroph that produce energy through photosynthesis. However, they contain a
specialized heterocyst cell devoid of oxygen-generating steps of photosynthesis (Issa et al.,
2014). Under aerobic conditions, these cells serve as sites for nitrogen fixation. They dwell

inside the plant and react to a lack of nitrogen shortage.



1.1.2 Symbiotic BNF

The symbiotic BNF is a mutualistic interaction in which plants give bacteria a niche and
fixed carbon in exchange for nitrogen fixation. Legumes and a few other non-legumes
(e.g., Parasponia sp.) develop such a connection in which a mutual energy supply exists
in exchange for fixed nitrogen. Symbiotic BNF divides diazotrophs into three types based
on their intimacy and interdependency with the plant and microbe: Associative N-fixing

bacteria, endophytic N-fixing bacteria, and endosymbionts.

1.1.2.1 Associative and endophytic diazotrophs

Associative and endophytic N-fixing bacteria, known as plant growth-promoting rhizobia
(PGPR), chemotactically respond to root exudates and obtain energy from the rhizosphere
but may or may not invade the plant tissue. In this regard, they are genetically diverse,
barring their shared ability to fix N2. Nitrogen-fixing PGPR has been identified among
proteobacteria (alpha-, beta-, and gammaproteobacteria), including Azospirillum,
Azorhizobium, Azoarcus, Burkholderia, Citrobacter, Enterobacter, Gluconacetobacter,
Herbaspirillum, Klebsiella, Pseudomonas, and Rhizobium (Mus et al., 2016; Santi et al.,

2013; Singh, 2013).

Associative diazotrophic bacteria, such as Azospirillum lipoferum and Azotobacter
sp., live in the soil in close association with the root’s surface, particularly in the root hair
and elongation zones (Dobbelaere et al., 2010; James, 2000). Because of their proximity to
the root, they can influence the acquisition of plant resources (nitrogen, phosphorus, and
essential minerals), yield, and growth (Wani et al., 2013). They remain in the vicinity of

roots, colonize the rhizosphere, and can improve the growth of various crops, including



wheat, maize, and rice (Imran et al., 2021). Endophytic bacteria, on the other hand, usually
penetrate plant tissues through natural openings (stomata) or fissures near the emergence
of lateral roots and may colonize intercellular gaps, xylem vessels, and lignified xylem
parenchyma, and could also be housed at leaf mesophyll cells (Reinhold-Hurek & Hurek,
2011; Rosenblueth & Martinez-Romero, 2007). Some of these bacteria include
Gluconacetobacter diazotrophicus, Azoarcus spp., and Herbaspirillum spp. that spend
most of their lives in plant tissues and are typically non-pathogenic (Turner et al., 2013).
These bacteria, however, differ from the endosymbionts as they do not reside
intracellularly in the living plant cells, and their colonization does not induce the formation
of any differentiated plant structure. Associative bacteria can also occasionally be detected
inside plant tissues while being less numerous than endophytic bacteria (Elmerich, 2007).
In addition to N-fixing, these diazotrophs produce plant growth hormones such as auxin
and gibberellin, boosting plant nutrient uptake (Baca & Elmerich, 2007; Saha et al., 2013).
They may also help plants develop in the long run by improving their resistance to biotic

and abiotic stressors (Rosenblueth & Martinez-Romero, 2007; Yasuda et al., 2009).
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Fig. 1. Bacterial organization in the rhizosphere
adapted from (Carvalho et al., 2014)

Most of the PGPR's research has centered on quantifying nitrogen fixation. More than 50%
BNF contribution was seen in sorghum and maize inoculated with Azospirillum sp. and
two other unidentified N-fixing bacteria (Boddey, 1987). Rice inoculated
with Herbaspirillum sp. also exhibited a higher N content, reaching up to 54% of the N
obtained from BNF (Baldani et al., 2000). BNF quantification experiments involving the
associative and endophytic bacteria species have conclusively shown that they can fix

nitrogen (Carvalho et al., 2014; Elbeltagy et al., 2001).

1.1.2.2 Endosymbionts
Endosymbiosis is the major nitrogen-fixing plant-microbe association. Herein, bacterial
endosymbionts are generally acquired from the environment and accommodated inside

plant cells within plant-derived membranes. Nitrogen-fixing cyanobacteria of the



genus Nostoc interact with some plants of genus Gunnera wherein the seedlings recruit
endosymbiont by releasing carbohydrate-rich mucilage and let bacterium enter the inner
cortex by specialized glands to accommodate within the cells (Bergman et al., 1992).
Nostoc filaments, surrounded by the host's plasma membrane, function as a nutrient
exchange interface. The most well-studied type of plant endosymbiosis is the production
of root nodules with bacteria like rhizobia and Frankia (Benson, 1988; Oke & Long, 1999).
Rhizobia (alpha- and beta-proteobacteria) and Frankia, form a symbiotic relationship with

legumes and actinorhizal plants, respectively.

1.2 Root nodules formation

The exchange of signals initiated along with the release of a variety of compounds by the
root cells into the soil is the first point of interaction toward root nodule formation. The
root nodules in legume plants are produced due to the root's rhizobium infection. Rhizobia
cannot fix nitrogen in free condition even though it grows in the vicinity of the roots (the
rhizosphere). Only when it enters the root and is present inside root nodules does it fix
nitrogen.

Briefly, the root hair of leguminous plants releases some special types of flavonoids
(naringenin, genistein, hesperetin, etc.) as the initial signals to activate the nod genes in
bacteria (Bag et al., 2022; Begum et al., 2001; Loh & Stacey, 2003; Srivastava et al., 1999).
Another highly studied signaling flavonoid, daidzein, was formerly assumed to activate
nod genes. However, it has since been discovered that, in addition to attracting rhizobia, it
also serves to establish a healthy microbial population in the rhizosphere (Okutani et al.,

2020). On the other hand, Rhizobial symbionts secrete lipo-chitooligosaccharides as a



counter signal (Nod signal) (Subramanian et al., 2007). Some rhizobia secret enzymes that
degrade cell walls or cause distortion of immature root hairs (Bhadrecha et al., 2020). The
induced bacterial infection in root hair cell leads to the formation of a tubular infection
thread from which bacteria enters. The tubular infection thread contains
mucopolysaccharides in which the bacteria get embedded, and the bacterial cells are
released to the inner layer of the cortex. These bacterial cells induce the cortical cells to
multiply facilitated by producing of the hormone Indole-3-acetic-acid (IAA). This
excessive cell division results in the formation of nodules on the surface of the roots. The

bacterial cells also multiply and colonize inside the multiplying host cells.

BACTERIA
(RHIZOBIA)
CURALING GROWTH
(SHEPHERD'S HOOK)

Fig. 2. Process of formation of root nodules in legumes plant

Bacterial cells turn dormant when the available space in the host cells is filled. These
dormant cells, called bacteroids, stay in clusters within the cytoplasm accompanied by
surrounding peribacteroid membrane and peribacteroid space. The bacteroids are
responsible for nitrogen fixation wherein a red pigment leghemoglobin, filled outside the

peribacteroid space in the cytosol of the nodule cells, plays a significant role. This pigment



operates as a highly efficient Oz scavenger, protecting the integrity of the nitrogenase
enzyme. The nitrogenase enzyme catalyzes nitrogen fixation and is extremely sensitive to
oxygen and denatures when exposed to it. Leghemoglobin, a unique O2-transporting
proteinaceous pigment found in the root nodules, creates a low-oxygen environment and

functions similarly to hemoglobin in the blood, which is to bind oxygen.

1.2.1 Stem nodules

Barring root nodules that have N2-fixing symbioses with rhizobium, there are
confirmations of the presence of stem nodules as well. Some tropical legumes, Sesbania
rostrata, for instance, produce stem nodules colonized with Azorhizobium caulinodans
(Dreyfus et al., 1983). They have a high rate of free-living acetylene-reducing activity. On
ex-planta investigation, rhizobia strains isolated from stem nodules of numerous tropical
Aeschynomene species were able to acquire nitrogenase activity (Alazard, 1990).
Furthermore, some stem nodules that contain rhizobia (for example, Aeschynomene indica)
were capable of photosynthesis but do not have nitrogen-fixing ability (Yatazawa &
Shigekata, 1979). Nevertheless, this might depict a close relationship with nitrogen fixation

in terms of the energy demand of nodules.

1.3 Efforts to introduce N2-fixating ability in non-legume

1.3.1 Bacterial inoculation

Several investigations have been conducted in the past years to establish the types and

species of soil microorganisms that can fix atmospheric N2 gas. Some of the PGPR have
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been used to make bacterial inoculants. So far, effective inoculation of PGPR to convey
BNF traits in cereals has eluded researchers. Few diazotrophs have been shown to have
played a role in the nitrogen nutrition of non-legume plants in rather endophytic
colonization enhanced through bacterial inoculation. Some of the examples include
evidence of successful nitrogen fixation in wheat (Triticum aestivum L. cv. Trenton) upon
inoculation with a nitrogen-fixing bacterium Klebsiella pneumoniae (Iniguez et al., 2007).
Azoarcus spp. BH72 are found to be ecologically dominant and have played an essential
role in N-fixation in Kallar grass (Leptochloa fusca) (Hurek et al., 2007). Some studies
involving the inoculation of bacteria of genus Azospirillum, Herbaspirillum, and
Pseudomonas spp., to name a few, have yielded promising results in the fixation of
significant quantities of N as well as substantial growth promotion in some non-legumes
such as rice (Oryza sativa), foxtail millet (Setaria italica) and maize (Zea mays) (Fox et

al., 2016; Gyaneshwar et al., 2002; Okon et al., 1983; Pankievicz et al., 2015).

1.3.2 Biotechnological approach

The introduction of nitrogen-fixing functionality in cereal through biotechnology is rather
a novel approach but complementary progressing in tandem with bacterial inoculation. To
achieve this goal, most research focuses on (1) engineering active nitrogenase and bacterial
nif genes into cereal and non-legume plant cells (Dixon et al., 1997; Ivleva et al., 2016; Q.
Li & Chen, 2020) and (2) transferring the nif genes of rhizobium into ubiquitous
prokaryotes and eukaryotes to establish bacteria-cereals symbiosis (Berman et al., 1985a;
Burén & Rubio, 2018). Both strategies necessitate a significant level of genetic

modification.
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In the case of achieving a goal through the former strategy, the cereal (host) plant is
undertaken for research in biosynthesis, subsistence oxygen concentration, reducing
power, and the energy requirement for nitrogenase catalysis. Engineering cereal roots to
release nodulation signals and attract bacteria in the rhizosphere is challenging as it requires
the coordinated action of nearly 200 essential genes for nitrogen-fixing symbiosis in
legumes (Roy et al., 2020). Furthermore, the critical answer regarding the interferences of
chloroplasts to the oxygen sensitivity of nitrogenase metal clusters remains to be
determined. Expression of nitrogen-fixing nif genes in the foreign hosts of Escherichia
coli, Saccharomyces cerevisiae, and Chlamydomonas reinhardtii, on the other hand, is the
pioneering biotechnological approach for the later strategy (Berman et al., 1985a; Berman
et al., 1985b; Cheng et al., 2005). Nonetheless, the sensitivity of nitrogenase to Oz and the
apparent complexities in nitrogenase biosynthesis have been highlighted as the major
barriers thus far. As a result, despite significant scientific and technological prowess, the
transfer of BNF traits to cereals and non-legumes still needs to be discovered. Both
strategies have technical limitations that make implementing the tactics considerably more

difficult.

1.4 Rationale of the research

The concept of introducing nitrogen-fixing (NF) through bacterial inoculation is appealing.
Nevertheless, they must compete against other native microbes that are typically more
adapted to the heterogenous rhizosphere. This impedes the diazotrophs from colonizing the

root system of a plant. Maintaining their viability and effectiveness would necessitate
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providing a more adequate and protected micro-environment. The development of
synthetic nodule structures wherein nitrogen-fixing bacteria be encapsulated in naturally
biodegradable systems that provide an oxygen-reduced environment, and carbon nutrition
would preserve bacterial viability and nitrogen-fixing abilities. This study investigates how
polysaccharides could be used after they interact with various cations to form a hydrogel
beads network. Both in the bioreactor and in the field, the ability of synthetic nodular
structural beads to fix nitrogen would be evaluated. The developed beads are designed to
be studied for nitrogen fixing abilities in the high throughput micro-bioreactor; and to be

applied as fertilizer, that would provide plant a sustained and controllable nitrogen supply.

1.5 Hypothesis

The proposed research is based on our hypothesis that the inertness of polysaccharide beads
produced using different cationic salts will embrace the bacteria, further retaining drying

and aiding in nitrogen fixation.

1.6 Specific Objectives

This research aims to develop novel biodegradable tools for biologically fixing nitrogen in
cereal crops. Alginate and k-carrageenan were selected as ideal polysaccharides; different
cations (K*, Ca?*, Sr?*, Zn?*, Ni**, Cu?’, and AI**) were chosen based on their chemistry

for this purpose.
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The specific research objectives are:

1.

To prepare and characterize polysaccharide beads in the presence of various cross-
linking monovalent, divalent, and trivalent cations.

To formulate the polysaccharide beads as suitable enclosures for nitrogen-fixing
bacteria.

To evaluate nitrogen fixation in polysaccharide beads.
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CHAPTER 2. PREPARATION OF POLYSACCHARIDE BEADS AS

ROOT NODULES REPLICA

2.1 Introduction

Polysaccharide is an ideal inert matrix for the entrapment of a biomolecule. A few
successful examples include nanoparticles, hydrogels, emulsions, beads, microcapsules,
and aerogels (Huang et al., 2020; Lu et al., 2016; Silva et al., 2020). Their widespread
availability, non-toxicity, biocompatibility, biodegradability, and stability across a wide
pH and temperature range have opened pathways for designing various biochemically
essential products (Wani et al., 2016; Zhang et al., 2020). Polysaccharides-based microbial
encapsulation is not a novel approach; it has been used to entrap bacteria for various
industrial (microbial fermentations) and agricultural applications. Bacterial encapsulated
beads in application to agriculture include the use of alginate (Sougoufara et al., 1989; van
Elsas et al., 1992), carrageenan (Bashan, 1986; Cassidy et al., 1997), xanthan (Jung et al.,
1982), to name a few. It is primarily multicellular microencapsulation used to improve
inoculant effectiveness in plant development. The viability and preservation of bacteria

encapsulated in a polysaccharide matrix have been demonstrated (John et al., 2011).

In this context, alginate has been reported to have a close relationship with nitrogen-fixing
diazotrophs. Azotobacter vinelandii produces alginate when grown in aerobic conditions
(Annison & Couperwhite, 1986; Clementi, 2008). The activity of nitrogenase in A.
vinelandii is protected from O: by alginate (Sabra et al., 2000). As a protective
polysaccharide coating material, a capsule of alginate on the surface of A. vinelandii plays

an essential mechanism in overcoming oxygen stress and regulating nitrogenase activity.
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Indeed, alginate polymers operate as a barrier to oxygen, preventing it from transferring to
the cell. Towards the end, laboratory production of alginate beads is expected to produce
an oxygen-controlled environment and aid in the formulation of synthetic nitrogen-fixating

nodules.

2.2 General description of food-grade alginate

Alginate is a naturally occurring polysaccharide that can be obtained from brown
seaweed/brown algae (class: Phaeophyceae). It is retrieved from the cell walls of
Phaeophyceae including Laminaria hyperborean, Laminaria digitata, Laminaria
japonica, Ascophyllum nodosum, and Macrocystis pyrifera, and some bacterial species of
Pseudomonas and Azotobacter (Barzkar et al., 2022; Peteiro, 2018). It plays a similar role
in seaweed to cellulose in plants and is discovered in combination with insoluble calcium,

magnesium, potassium, and sodium ions in the cell walls of seaweed.

Alginate is a linear copolymer that contains blocks of (1,4)-linked B-D-mannuronate (M)
and o-L-guluronate (G) residues structurally. Herein, G blocks are made up of
consecutively organized G residues (G-G-G-G), M blocks are made up of M residues (M-
M-M-M-M), and MG blocks are made up of G and M placed in alternating form
(GMGMGMGM). Alginate recovered from various sources typically have varying M and
G concentrations, with the M/G ratio ranging from 0.5 to 2 in commercial sources. They
vary in length and M and G content, the most prevalent being L-guluronic acid (40-70%)

and organized G block levels (18-60 %). The presence of carboxylate groups in the M and
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G residues gives the alginate molecule a negative charge. The molecular weight of alginate
ranges from 32,000 to 400,000 Dalton.
COOH [;‘ﬂ{'}l 1
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Fig. 3. Structure of alginate as monomer and chain or block conformation

2.2.1 Solubility

Alginic acid is insoluble but generally swells in water and most organic solvents. Salts of
alginic acid with monovalent cations (sodium, potassium, and ammonium salts) are soluble
in cold and hot water. They generate a viscous aqueous solution when dissolved in water
as a function of concentration and the degree of polymerization. Such alginates, however,
are insoluble in ethanol and ether. The key factors that influence their solubility are the
M/G ratio, electrostatic charges of uronic acid, total ionic strength of the solution, and pH
of the solvent (van den Brink et al., 2009). In acidic pH, they have poor solubility. Soluble

alginates do not hydrate at pH 4 or below, while alginic acid precipitates under acidic
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conditions (McHugh, 1987). Alginate salts generated with divalent cations (e.g., calcium
alginate), when placed in water, do not dissolve but rather swell. Calcium alginate is

marginally soluble in ethanol but insoluble in both acidic and alkaline conditions.

Table 1. Solubility of alginic acid and its salts in water, organic solvent and different pH

conditions
Type of alginate Cold and hot  Organic Solvents  Acidic conditions Alkaline
water conditions
Alginic acid Insoluble Insoluble Insoluble Soluble
Sodium alginate Soluble Insoluble Insoluble Soluble
Potassium alginate Soluble Insoluble Insoluble Soluble
Calcium alginate Insoluble Insoluble Insoluble Insoluble
Ammonium alginate Soluble Insoluble Insoluble Soluble
Propylene glycol Insoluble Insoluble Soluble Soluble
alginate
(KIMICA, 2022)
2.2.2 Gelation

The ion-induced hydrogel network of alginate is formed by the electrostatic interaction of
cations with the negatively charged carboxyl groups of the alginate molecule. This ability
of alginate to gel in the presence of divalent cations (e.g., Ca*?) has been extensively
studied (Blandino et al., 1999; Kim, 1990; Potter et al., 1994). Arnott et. al., (2000) has
contradicted the previously accepted classic egg-box model, which explains why two anti-
parallel guluronate chains have direct H-bonding between them and form egg-box dimers

with an extraneous divalent ion (Ca*?). Instead, it has been postulated that the Ca*? ion act
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as a connector between four guluronate chains with a high degree of crosslinking. Such
cross-linking is the basis of gel formation; therefore, the sol-gel transition (intersection of
G’ and G”) is independent of temperature. It also forms gels with other cations irrespective
of valency (e.g., Ba?*, Cu®*, Sr?*, Fe?*, Zn?*, Mn?*, AI**, and Fe®*). The presence of Mg?*,

on the other hand, does not form a gel.

Ca?*(®)

Fig. 4. lonic cross-linking of alginate formed when a guluronate (G) blocks interstices
with Ca?* ions

2.2.3 Applications

Alginate has numerous applications in the food, biomedical and agricultural industries.
Such applications are attributed to their inherent ability to emulsify, stabilize, thicken, and
gelling. As emulsifiers and thickeners, their usage in food is prominent (Karim et al., 2022;
Rychen et al., 2017; Yang et al., 2012). Recent advances in technology, i.e., 3D food
printing, have been explored in a quest for specific features to develop personalized and
relatively new or simulated food designs or customized nutrition (Severini et al., 2018).
Such advances favor alginate and potato starch because of their compatible gelation and
reversible modulus required for printing (Liu et al., 2018; Oyinloye & Yoon, 2020).
Alginate is relatively popular in pharmaceutical industries too. It is a favorable polymeric
matrix for drug loading because of its biocompatibility and biodegradability. It has long

been used in the pharmaceutical industry as a critical excipient in the controlled
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administration of pharmaceuticals in a variety of forms, from capsules to beads and
microparticles, emulsions and suspensions, and semisolid gels and buccal patches (Ching
et al., 2016; Szekalska et al., 2019). A plethora of drugs, including Sulindac (Yegin et al.,
2007), paclitaxel (Markeb et al., 2016), and metformin (Kumar et al., 2017) are
encapsulated and delivered in vivo. Chitosan has been extensively used with alginate to

prepare nanoparticles (Murata et al., 2007; A. Wang et al., 2015; Yoncheva et al., 2020).

Alginate's encapsulating, protecting, and delivering ability also extends its application to
the microbiological realm. With people's preferences for functional foods growing, alginate
beads as a probiotic carrier are becoming more popular. The retention of probiotics in
unfavorable gastrointestinal conditions has been proven to be excellent with encapsulating
probiotics in alginate hydrogel beads (Mei et al., 2014). Comparable undesirable and
adverse conditions exist in agriculture wherein bacterial inoculation suffers inconsistency,
unreliability, and unpredictability. Improvements in inoculation techniques wherein
alginate is used as encapsulation and carrier materials confer some initial protection against
harmful physicochemical and biological elements in the soil environment (van Elsas et al.,
1992). The alginate-based microbeads as inoculant carriers of Azospirillum
brasilense resulted in improved development of wheat and tomato seedlings (Bashan et al.,
2002). When it comes to inoculant encapsulation in beads, alginate offers various benefits
over other polysaccharides. Unlike some polysaccharides, the gel-forming process of
alginate can be done at room temperature, thus preserving bacterial viability. They have
microscopic pores that allow bacteria to be trapped while maintaining vitality. The non-

toxic nature of alginate, in addition to their biocompatibility, biodegradability, availability,
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low cost, and ease of handling, aid them in being used in formulations. There are, however,
certain potential drawbacks to using alginate in agricultural applications. The presence of
chelating compounds like phosphates and potassium-citrates, as well as anti-gelling cations

like magnesium and sodium in fertilizers, may impact the stability of alginate beads.

2.3 General description of food-grade kappa-carrageenan

Carrageenan is a naturally occurring polysaccharide comprising a group of linear sulfated
galactans. They are extracted from various red seaweed species such as Chondrus crispus,
Gigartina stellate, G.radula, G. acicularis, G.pistillata, Eucheuma spinosum, and Polyides
rotundus (Black et al., 1965; Hirst & Jones, 1937). They have been classified into 15 types
using Greek alphabets and letter codes. The categorization is distinguished by (1) the
number and the position of the sulfate ester groups and (2) the formation of an anhydro
ring in the 4-linked unit resulting from the addition of alkali or enzymes (Knutsen, et. al.,
1994). lota-, kappa-, and lambda-carrageenan are three commercially important forms that
have found industrial applications. These share a similar backbone of alternating 3-linked
B-D-galactopyranose (G-units) and 4-linked a-D-galactopyranose (D-units) or 4-linked
3,6-anhydro-a-D-galactopyranose (DA-units) which are joined together by a-1,3 and B-

1,4-glycosidic linkages.
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Fig. 5. (A) kappa carrageenan (B)lambda carrageenan (C) lota carrageenan

Carrageenan properties are influenced by the number and position of sulfate ester groups,
as well as 3,6-anhydro-o-D-galactopyranose (Necas & Bartosikova, 2013). The sulfate
ester content of k-carrageenan is 25-30%, and 3,6-anhydro-a-D-galactopyranose is 28-

35%.

2.3.1 Solubility

The molecular weight and structural characteristics, and cationic composition of the
solvent play a significant role in carrageenan solubility. All carrageenans are soluble in hot
water at temperatures above their gel melting point. The solubility range is from 40 and
70° C. While the sodium salts of k-carrageenan are soluble in cold water, the potassium
and calcium salt form rather swell. They must be heated to around 50-80°C for complete
dissolution. k-carrageenans are readily soluble in sucrose solutions as high as 65% at
temperatures above 70°C. Unlike iota and lambda carrageenans, these are insoluble in hot
concentrated salt solutions (20% to 25% of sodium chloride). All carrageenans are

insoluble in most organic solvents, including ethanol, propanol, acetone, and acetonitrile.
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2.3.2 Gelation

The x-carrageenan is a popular gelling and viscosifying agent in the food industry owing
to its thermoreversible nature and strong gelation properties in the presence of specific salts
(Viebke et. al.,1994). Various theories have been proposed to explain the mechanisms of
gelation upon cooling (Morris et. al., 1980; Morris et. al.,1977; Rochas & Rinaudo, 1984;

Viebke et al., 1994).

Heating

Fig. 6. Transition of random carrageenan coils (a) into helix formation (b) and helix-helix
aggregation

In the solution state, k-carrageenan chains exist as random coils, as shown in Fig. 6.

However, as they cool, they aggregate to form double-helices, forming dimers.

Interestingly, rigid rods are noticed in the presence of KCI (Hermansson et. al., 1991).The

nature of counterions is studied, and more ordered network formation is noticed in the

presence of Rb*, K*, and Cs*. k-carrageenan also form a substantial helix network with

Li*, Na*, and (CH3)4N*, but they do not have specific binding effects to favor basic gelation
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(Morris et al., 1980). These ions, nevertheless, attach specifically to the helices, lowering
the net charge and promoting aggregation. The divalent ion of Ca*? at concentrations of 10
mM appears to promote gelation of k-carrageenan more quickly than that caused by K*
ions at the same concentration (Nguyen et al., 2014). However, an odd response was seen
where the gel modulus G' decreased upon increasing Ca*? concentration. CaCl2 addition
significantly accelerates the rate at which K* ion gelation of k-carrageenan has been

caused (Nguyen et al., 2014; Thrimawithana et al., 2010).

2.3.3 Applications

In food industries, x-carrageenan is used to prevent the separation of whey protein and
increase the yield of cottage cheese (McHugh, 2003). They are also used to suspend cocoa
solids in chocolate milk and maintain the lightness of whipped cream (Chuck-Hernandez
etal., 2022; Kovacova et al., 2010). In frankfurters, x-carrageenan is used as a fat-replacer,
substituting up to 50% of fat (Atashkar et al., 2018). In pharmaceutical and biomedical
applications, x-carrageenan is widely used as an excipient. Carrageenans are considered
superior to other polysaccharides in terms of stability (Silva et al., 2020) and
electronegativity (Prasetyaningrum et al., 2019). Their simple gelling mechanism, thermo-
reversibility of the gel network, and appropriate viscoelastic properties enable them to
withstand extreme circumstances (Varghese et al., 2014). Due to this, their use in the
delivery of bioactive components has been reported to have improved retention, loading,
and release efficiency (Chen et al., 2020). x-carrageenan was found to be an effective
carrier for loading and achieving drug release behavior in curcumin and resveratrol

(Machado et al., 2019; Xu et al., 2014).
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In cell entrapment, k-carrageenan is the second most common biopolymer after the
calcium-alginate matrix (Kailasapathy, 2002). Microentrapment
of Bifidobacterium sp. using k-carrageenan was reported to have enhanced probiotic
viability in frozen ice milk (Kebary, 1996). The encapsulation Pseudomonas sp. strain
UG30 in potassium induced x-carrageenan beads was 3-times more effective in
decomposing pentachlorophenol than the free bacterium (Cassidy et al., 1997). However,
because it sets relatively at high temperatures, the survival of mesophilic bacterium and the
fragility of resulting gels remains the major concern for the future applications of k-

carrageenan (Saberi-Riseh et al., 2021).

Although some conditions have been met using alginate in different inoculant carriers and
a few instances of bacterial encapsulation using k -carrageenan has also been reported, a
method of co-encapsulating diazotrophs and the nutritive medium to measure nitrogenase
activity has not yet been developed. Additionally, no research has been done to determine
the viability of producing polysaccharide-based beads with entrapped carbon sources and
their oxygen content and biodegradability. The goal of the polysaccharide beads created
for this study is to provide an essential microenvironment that can be used to enhance the
research. The polysaccharide beads prepared in this study are intended to bestow an

important micro-environment that can be exploited to advance the research.
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2.4 Materials and methods

2.4.1 Materials

Highly pure and food grade sodium alginate (algin) was purchased from YINGFEI, China
(Batch no. H051711085). k-carrageenan (food grade, GENUGEL® Carrageenan) was a gift
from CP Kelco (USA). CaCl> (Lot#0406C507), ZnCl2 (Lot#AD-22259), SrCl2
(Lot#50030789), NiCl.6H20 (Lot#W18A026), CuCl> (Lot#A0398184), AICI;
(Lot#2227C517) and anhydrous KCI (Lot#18J2956466) were purchased from the VWR
analytical. Distilled water from the lab faucet was used as a solvent in sample preparation.
Soil samples were collected from the arable land near South Dakota State University,

Brookings, SD (44°32°37-96°78°7”).

2.4.2 Methods

2.4.2.1 Preparation of polymer solution

An appropriate amount of sodium alginate powder was slowly added to heated distilled
water (at 95-100 °C) to prepare a 2% (w/v) solution. The prepared solution was kept at the
same temperature while stirring at 200-300 rpm overnight. The solution was ensured to be
homogeneous and free of powder particles before proceeding with the preparation of beads.
Aqueous k-carrageenan 2% (w/v) solutions were prepared and heated to 95-100 °C, and it

was quickly used for bead preparation before the temperature dropped below 32 °C.
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2.4.2.2 Preparation of cationic salt solution

Different stock salt solutions (for divalent and trivalent cations) were prepared using
distilled water. The divalent and trivalent cationic salts screened for the preparation of
alginate beads with target specifications were Ca?*, Zn?*, Sr?*, Ni%*, Cu®*, Mg?*, Fe?*, Fe®*,
and AIP*. The salt solution of 100 mMol.Liter* was prepared at room temperature. K* ion
solution, preferably for k-carrageenan, was prepared by mixing KCI salt. The required
weight of salt crystals was dissolved in distilled water under constant stirring to make a
clear solution. Visual inspection revealed that the fluid was homogeneous, with no apparent

particles or precipitation.

2.4.2.3 Preparation of beads

All experiments were conducted with distilled water to avoid interference with any ions.
The polymer solutions were loaded into a disposable 50 mL syringe fitted with a multi-
needle injector wherein seven 18-gauge hypodermic needles were connected. Then the
solution was added dropwise into each 100 mMol.Liter? cationic salt solution and
monitored for coagulation to form beads. The droplet size and addition rate were
consistently optimized to ensure the formation of uniform beads. The resulting beads were
left in their respective salt solution overnight to allow complete cross-linking and forming
stable beads. The beads were then filtered out and dried at room temperature for

characterization and further evaluation.
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Fig. 7. A schematic representation of beads preparation

2.4.2.4 Fourier-transform infrared spectroscopy (FT-IR) characterization

Identifying functional groups of the alginate and k-carrageenan beads with different cations
was performed using a Nicolet Avatar 360 ATR-FTIR spectrometer (Varian, Inc., CA).
About 2 mg of the samples were ground thoroughly into a fine powder with KBr and pellets
were formed under a hydraulic pressure of more than 2000 kg.cm. The pellet was then
subjected to FTIR scanning with a 400 to 4000 cm™! scanning range, with the scans being

performed with a 1 cm™* resolution to capture the spectra.
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2.4.2.5 Analysis of biodegradability of beads in soil

In 36 identical containers, 50 g of soil (pH 7.34, moisture content of 18.71%), in each, was
placed wherein 500 mg of beads were mixed and covered well to measure the beads'
biodegradability. The moisture was maintained at 18 + 5%, and beads dimensions were
measured in 30, 60, 90, 105, and 120 days using vernier calipers. In the laboratory setup,
we strictly followed OECD guideline 307, which defines laboratory soil used for
biodegradation testing should have a pH of 5.5-8 and a duration not exceeding 120 days

(OECD, 2002).

2.4.2.6 Statistical analysis

Microsoft Excel (Microsoft 365) and R software (version 4.2.0 GUI 1.78 High Sierra build)
were used to analyze all the data. One-factor analysis of variance (ANOVA) followed by
Fisher’s LSD test (post-hoc analysis) was performed to assess the difference between
different treatments and the dependent values. A p-value < 0.05 was considered statistically

significant.
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2.5 Results and Discussion

2.5.1 Optimization of alginate concentration and selection of cross-linking ions

The simple approach for producing alginate beads with higher mechanical stability is
increasing the alginate concentration. Higher alginate concentration, however, increases
the viscosity of the pre-gelled solution, clogging the syringe and preventing the formation
of uniformly sized beads. Based on previous studies by (Yesmin & Janaswamy, 2020), a
2% pre-gelled alginate solution is used. Ca?* ions are one of the frequently explored ions
for various alginate applications due to their inherent propensity to cross-link alginate
chains (Dalavi et al., 2022; Massana Roquero et al., 2022). However, in this study, 100
mMuol.Liter concentration of eight different divalent and two trivalent cations Ca?*, Zn?*,
Sr*, Ni%*, Cu?*, Mo?*, Mg?*, Fe?*, Fe®*, and AI** and the difference in physical properties

including volume, color, and biodegradability in soil were evaluated.

The ionic cross-linkers interact with carboxyl groups of glucuronic acid (G) residues of
two-three neighboring alginate chains and form a three-dimensional network (Kong et al.,
2002). With alginate, however, Mg?* was unable to create a three-dimensional network.
The structure, stability, and solubility of highly charged linear polyelectrolytes in solution
are known to be affected by long-range electrostatic interactions (Garcés et al., 2017;
Topuz et al., 2012). Mg?* (ionic radii = 72 picometers (pm)) appears to ratify the statement
with their inability to form hydrogel along with the AI®* (53.5 pm), wherein the
unwelcomed transformation of wet spherical hydrogel beads into a coin-like shape after
drying was observed. Ca?* (100 pm) and Sr?* (118 pm) ions forming excellent hydrogel

beads further bolstered the claim, while Ni*2 ion (69 pm) appeared to be an outlier. The
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study of Mg*? ions affinity to interact with alginate revealed that to be in the order of
polyG> polyMG> PolyM, but there is no site-specific bonding like Ca*? with alginate
(Donati et al., 2006). Our experiment was coherent with the literature reports claiming that

gelation does not occur until strong polymer—ion interactions exist.

2.5.2 Physical characterization of beads

The beads formed instantly after dropping the polymeric solution into various cationic salt
solutions. The size homogeneity of the beads is achieved by applying consistent manual
force, a constant concentration of the cross-linking solution, and a set cross-linking

duration of 12 h.

Size and morphology

The dried alginate beads with almost all the cations were spherical, with an average
diameter of ~1 mm. Only alginate-AlI** turned a flattened/coin-like structure upon drying
and the diameter were measured to be 2.38 + 0.3 mm. The average weight of beads is
provided in Table 2. Figure 8 shows the external morphology and appearance of the beads
as observed with the naked eye. Drying the beads resulted in an uneven bead surface and

decreased volume.

Color and appearance
Bead's appearance and color were influenced by the cationic salts used in cross-linking.

Dried alginate beads with Ca?*, Zn?*, Sr?*, Ni%*, Cu?*, and AI** are shown in figure 8 which
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have their respective color of off-whitish, shiny-whitish, light tan, bluish, greenish, and

off-whitish, respectively.

Fig. 8. Appearance of alginate beads (a) alginate- Ca®* (b) alginate- Sr?* (c) alginate-
Zn?* (d) alginate- Ni?* (e) alginate- Cu?* (f) alginate- AI3*

Alginate beads with Fe*? and Fe*® ions were readily reduced during drying. The ferric and
ferrous forms of iron in the stationary air oxidized the alginate, resulting in dark beads. In
an aqueous solution, Fe*? is known to be oxidized to Fe*3, but both forms oxidize alginate
in the air (Ahmet et al., 2008). The oxidation converted the red-brown and pale-yellow
color of fresh ferrous- and ferric-alginate beads into black/dark. Alginate nanoparticles
have been developed as an efficient oral delivery system for iron in pharmaceutics.

However, in this case, alginate oxidation is controlled in the presence of ascorbic acid case
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(Katuwavila et al., 2016). Alginate beads with Mo*? turned black during the formation.

Even though MoCl: salt was yellow crystalline in a solid appearance, it quickly turned the

Alginate- Mo*? beads dark. Table 2 shows a summary of bead appearance and color.

The dried k-carrageenan beads were soft and elongated, with a shorter end being 0.85 +

0.1 and a longer diameter of around 1.17 £ 0.1 mm. The ionic cross-linking between ester

sulfated groups and K* ions formed the soft thermoreversible gels, which were off-white

in color on drying.

Table 2. Color, appearance, and diameter of dried alginate beads formed with different

cations

Beads with Appearance Diameter (mm) Color
Ca*? Spherical 1.09+0.1 Off-White
Zn*? Spherical 1.08+0.1 Shiny-white
Sr*? Spherical 1.13+0.1 Light tan
Cu*? Spherical 1.21+0.13 Bluish-green
Ni+2 Spherical 1.16 £ 0.15 Green
Al*3 Elongated/coin-like 2.38+0.3 Off-white
Mo*2 Spherical N/A Black
Fet? Spherical N/A Red brown into dark
Fe*? Spherical N/A Pale yellow into dark

Understanding the porosity of beads is vital when studying the encapsulation traits of the

beads. However, because of the presumed analytical constraints with the oxidized and

black colored beads, they were not pursued further.
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2.5.3 Fourier-transform infrared spectroscopy (FTIR) characterization

The changes in spectra (shifts in vibrational bands) between the sodium-alginate powder
and that with different ionic cross-linked beads are observed in the scanning range of 400
to 4000 cmL. The FTIR spectra are shown in Figures 9 and 10, and the significant FTIR
absorptions are highlighted in Table 3 below. The significant sodium-alginate vibrations
are found to be observed at 1018-1034, 1404-1422, 1604-1612, 2931-2947, 3209-3420 cm"
L that corresponds to -C-OH stretching, symmetric -C-O-O stretching, asymmetric -C-O-O

stretching, aliphatic -C-H stretching and O-H stretching (Huang et al., 2017; Mohamed et

al., 2011).
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Fig. 9. The FTIR spectra of sodium alginate powder
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Table 3. The significant FTIR absorption peaks (cmt) of sodium-alginate powder and ion

cross-linked alginate beads

Functional group  Alginate Ca-Alg Sr-Alg Zn-Alg Cu-Alg Ni-Alg  Al-Alg

powder
623 607 629 605 607 605 608
* 750 * * * * *

C-OH stretching 1032 1000 1000 1027 1026 1015
1386 * * * * * *

symmetric -C-O-O 1418 1467 * 1405 1432 1435 1460
stretching

asymmetric C-O-O 1608 1723 1663 1704 1710 1719 1777

2152 2158
aliphatic C-H 2939 2975 2998 2906 2973 2989 2997
O-H stretching 3417 3511 3479 3576 3557 3655 3678

* represents that for a specific treatment, no absorption peaks were seen
The transmittance peaks in the FTIR spectra of the alginate beads formed with Ca?*, Zn?*,
Sr?*, Ni?*, Cu?*, and AI** ions cross-linking showed alterations compared to the parent Na-
alginate powder. These unique peak shifts with variations in wave numbers suggest the
presence of cation in the alginate beads network. A higher percentage of light was
transmitted through the powdered bead samples, as evidenced by the reduced wave
absorption observed in all beads except the alginate- Ca®* beads. Additional bands and
peaks were present at 605-629, 750, 1663-1777, 2155, and 3417-3678 cm™!, suggesting that
the cationic interaction may have resulted in the production of additional functional groups

that we may not be aware of at this time.
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Fig. 10. The FTIR spectra of Na-alginate powder and Ca?*, Zn?*, Sr>*, Ni%*, Cu?* and
Al®* ions cross-linked alginate beads

Similarly, the study of characteristics of k-carrageenan powder by FTIR spectroscopy
demonstrated specific peaks, and the absorption bands at 850 cm™! correspond to sulfation
of Cs4 on galactose (D-galactose-4-sulfate) and those at 933 cm™! are related to -C-O of
anhydrogalactose (3,6-anhydro-D-galactose) (Gomez-Orddfiez & Rupérez, 2011). The
band at 1266 cm™! is assumed to be indicating sulfonic acid groups (S=0 of sulfate esters)

(Cielecka et al., 2018). The broader region with the peak at 3404 ¢cm™! corresponds to

hydroxyl —OH stretching.



Table 4. The significant FTIR absorption peaks (cm™) of k-carrageenan and ions

crosslinked k-carrageenan beads

36

Functional group K-carrageenan powder

K-carrageenan
crosslinked with KCI

D-galactose-4-sulphation 850
stretching

-C-0O stretching 930
* 1071

sulfate esters S=0 1266

stretching
* 2916

hydroxyl —OH stretching 3404

*

928

1290

1707

2907

3550

* represents that for a specific treatment, no absorption peaks were seen

Even though the peak of the FTIR spectra obtained with the cross-linking of k-carrageenan

with the potassium cation was significantly small, there were only a few notable shifts in

the peaks. Moreover, a few bands and peaks are lost in the beads, resulting in the loss of

functional groups (such as the sulfation at the carbon atom Csat 850 cm™' and that at 1071

cm1), which may be the result of the k-carrageenan crosslinking with KCI.
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Fig. 11. The FTIR spectra of k-carrageenan powder and k-carrageenan beads with KCI
2.5.4 Biodegradability of beads in soil

The biodegradability of alginate beads with different divalent and trivalent cations in the
soil with MC of 18+ 5% and pH 7.34 is shown in fig. 12. The biodegradability measured
(20 replications) in volumetric reduction indicates that the most significant reduction was
observed in alginate-Ca?* beads by 73.67+6.7%. In contrast, the minimum reduction was
seen in alginate-Ni%* beads, which was diminished by 50.61+9.93% in 120 days. The order
of biodegradability could be expressed as alginate-Ca?* > alginate-Al** > alginate-Cu?* >
alginate-Sr?* > alginate-Zn?* > alginate-Ni?*. Statistically significant differences (p-value
< 0.05) are noticed between the biodegradability percentage of the beads measured every

thirty days.
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Fig. 12. The biodegradability of alginate beads (a) alginate- Ca?* (b) alginate- Sr?* (c)
alginate- Zn?* (d) alginate- Ni?* (e) alginate- Cu?* (f) alginate- AI**

The biodegradability of k-carrageenan beads was relatively quick. The dried beads, when
encountered the soil of MC 18+5%, they expanded and thereby accelerated the degradation
process. This property of swelling of potassium and calcium forms of k-carrageenan in
cold water and proper dissolution upon heating to a temperature of 50-80°C is explained

by Tye (1989). It was discovered that the biodegradation of k-carrageenan occurring in this

fashion was found to be 85% in the sixth week.
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Fig. 13. The biodegradability of k-carrageenan beads
Polymers are degraded in soil by two mechanisms (1) chemical hydrolysis in the presence
of water at elevated temperatures and (2) microbial degradation in which microorganisms
mineralize polymer in aerobic and anaerobic conditions (Gopferich, 1996). Temperature is
reported to be the most critical influencer of the physical deterioration of Polylactic acid
(PLA) in the soil, as increasing temperature significantly reduces the molar mass of PLA
(Karamanlioglu & Robson, 2013). In addition to temperature, other variables like pH,
moisture, and nutrition significantly impact polymer biodegradation by influencing the
number of microorganisms in the soil and their activity. Soil bacteria (preferably the
members of the order Actinomycetales) attack and consume the polysaccharides leading to
fracture in the integrity and promoting the biodegradation (Yeager et al., 2017). Before
defining the biodegradability of polysaccharide beads in soil, the texture of the soil must
also be considered, as it varies from region to region. Coarse sand with particle sizes up to
2 mm allows for much gas diffusion with the environment. However, compact loamy soil
with particle sizes less than 2 pum severely restricts diffusion, which might affect

biodegradability. In our setup, the bacteria previously present in the soil may have aided
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the degradation because the soil used for the experiment was not autoclaved. Additionally,
the ambient conditions of the experimental setup and the continuous moisture monitoring

might have helped the growth of soil bacterium.

2.6 Conclusion

This study establishes the optimization of polysaccharide-cation combination and beads

characterization through FTIR spectroscopy and biodegradation in the soil.
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CHAPTER 3. NITROGEN FIXING ACTIVITY IN THE

POLYSACCHARIDE BEADS

3.1 Introduction

The emphasis has so far been on the nitrogen-fixing addressing common to the rhizosphere
of legumes. However, recently, the rhizosphere of non-legumes gained attention, and
efforts are being pursued to develop bacterial inoculation and genetic approaches. To avoid
plant-mediated ecological filtration, it is necessary to comprehend the type of bacteria in
the rhizosphere, their mutualistic abundances, and the existence of antagonistic bacteria (Li
et al., 2021). Plants have complex root-associated microbiota, as stated. Nonetheless,
nitrogen fixing diazotrophs have been defined and revealed to be substantially less
complicated than the microbiota of the rhizosphere. Most endophytic diazotrophs find
themselves shielded and seek an oxygen-reduced micro-environment for their nitrogenase
activity (Reinhold-Hurek & Hurek, 1998). The carbohydrate-rich mucilage secreted by
aerial roots of maize in the Sierra Mixe region harbored a significant species of diazotrophs,
notably A. brasilense and H. seropedicae, which aided in nitrogenase activity (van Deynze

etal., 2018).

3.1.1 Azospirillum brasilense

Bacteria belonging to the genus Azospirillum, one of the largest genomes in
alphaproteobacteria class, are vibrio- or spirillum-shaped rods (Casséan et al., 2015). They
are nitrogen-fixing diazotrophs living close to plant roots and benefit plant growth and
agricultural productivity. Being associative diazotrophs, most of the species dwell near the

root. However, A. brasilense 8-INICA can colonize soybean roots endophytically (Alberto-
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Casas et al., 2019). Irrespective of where they locate, they can improve plant development
and yield in various agronomic crops under various environmental and soil conditions. The
significant alterations in plant root architecture are the most apparent outcomes of
inoculations with Azospirillum. It promotes root hair formation (Dobbelaere et al., 1999),
development of lateral and adventitious roots (Molina-Favero et al., 2008), and root hairs

(Okon & ltzigsohn, 1995).

Amongst the 32 currently known Azospirillum species, Azospirillum brasilense is one of
the most studied species (DSMZ, 2022). Several inoculation experiments with A.
brasilense were found to deliver a large amount of fixed nitrogen in Setaria italica (foxtail
millet) (Okon et al., 1983) and the model C4 grasses Setaria viridis (Pankievicz et al.,
2015b). A. brasilense C3:gusA could transmit fixed nitrogen upon inoculation to the para-
nodules of the maize plant treated with the herbicide 2,4-dichloro-phenoxy-acetic acid (2,4-
D) (Christiansen-Weniger & Vanderleyden, 1994). Pereg et al. (2016) reviewed an
improved growth of 113 plant species throughout 35 botanical families, including 14
species of cereals wherein various Azospirillum spp. were inoculated. More recently,
inoculation with the Azospirillum brasilense Ab-V5 and Ab-V6 strains demonstrated a

sufficient increase in root mass, yield, and N % in the maize grains (Barbosa et al., 2022).

3.1.2 Herbaspirillum seropedicae

Herbaspirillum sp. is an endophytic nitrogen-fixing organism that appears to colonize the
roots of maize (Zea mays), rice (Oryza sativa), sorghum (Poaceae family), and sugarcane

(Saccharum officinarum) stems. They belong to the B-subclass of proteobacteria and are
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observed to be vibrioid, sometimes helical or rod-shaped (J. I. Baldani et al., 1986; Matteoli
et al., 2020). Sugarcane and sorghum have been recognized to harbor few species in the
xylem and intercellular spaces in the mesophyll of their roots, stems, and leaves (James et
al., 2000). These are obligate or facultative endophytes that cannot survive saprophytically

in soil.

H. seropedicae and H. rubrisubalbicans are the most studied species for their colonizing
and nitrogen-fixing abilities. Colonization begins with bacteria invading the epidermal
cells of the root surface or secondary root emergence of rice plants, according to studies
with specific strains of H. seropedicae. H. seropedicae Z67 were found to form colonies in
the roots of aluminum-tolerant rice varieties (Oryza sativa), bestowing significant
quantities of nitrogen fixation (Gyaneshwar et al., 2002). On the other hand, H.
rubrisubalbicans can act as mild phyto-pathogen and impair rice growth (Valdameri et al.,

2017).

3.2 Oxygen concentration

An oxygen-intolerant nitrogenase enzyme is responsible for nitrogen fixation. The
phylogenetic evolution of the enzyme is in a reducing environment (Boyd & Peters, 2013).
Therefore, a greater Oz concentration in the soil air risks the nitrogenase integrity. A lower
concentration could as well impede nitrogen fixation due to a limited Oz supply for ATP
production. Furthermore, Oz being both a respiratory substrate and the irreversible inhibitor

of nitrogenase inside the root nodules, their flux into bacteria-infected cells must be very
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high, and their concentration in these cells must be maintained for conserved nodular
activity (Witty et al., 1984). Leghemoglobin provides a large flux of oxygen to the bacteria
and facilitates its diffusion over the relatively modest concentration gradient across the

radius of each infected cell (Layzell & Hunt, 1990; Liu et al., 2022).

Several studies suggested the existence of a highly elastic, quickly variable oxygen
diffusion barrier (ODB) at the inner cortex of the nodule (Avenhaus et al., 2016; Layzell
et al., 1990; Minchin, 1997; Sinclair et al., 2022). ODB monitors nodule permeability in
the stress conditions arising from the dynamic oxygen concentration in soil. It helps
maintain a constant oxygen concentration for leghemoglobin within the infected zone. It
can reduce or even shut down nodule activity under stress conditions by lowering the
oxygen concentration in the nodule interior through reduced nodule oxygen permeability

(Layzell et al., 1990; Schulze, 2004).

ODB ensures that nitrogenase is functioning in a microaerobic environment. As excessive
oxygen is known to inactivate and destroy both components of the nitrogenase enzyme —
the small Fe-protein (dinitrogenase reductase) and the larger MoFe-protein (dinitrogenase),
their measure must be maintained to a certain level (Dixon & Kahn, 2004; Eady & Postgate,
1974). Studies suggest that Oz concentration inside the fixation zone of the nodule is
maintained at about 18 nmol (Layzell & Hunt, 1990). Moreover, their measured value at
the nodule periphery and the soil surface was found to be around 250 pmol (Thumfort et
al., 1994). Correspondingly, the free-oxygen concentration in a complex polysaccharide-

rich viscous mucilage from the aerial root of Sierra Mixe Maize was found to be less than
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5%, indicating that it creates a microaerobic environment suitable for nitrogen fixation (van

Deynze et al., 2018).

3.3 Carbon source for bacteria

The plant secretes various sugars, amino acids, and other chemicals such as flavonoids,
organic acids, enzymes, lectins, peptides, and other glycoproteins in its rhizosphere.
Microbes apparently increase the number of root exudates (Badri & Vivanco, 2009;
Meharg & Killham, 1995). In the exudates, sugar and protein amino acids provide nutrients
for microorganisms to thrive (Jaeger et al., 1999; Timotiwu et al., 2002).The perceived
physiological differences between nodulating and non-nodulating plants could thus be

attributed to the signaling network and the compositional exudates of the root.

BNF is highly variable in terms of bacterial strain, plant genotype, plant growth stage, and
environmental circumstances. Nevertheless, the presence of a carbon source is imperative
for the bacteria to grow and burgeon their ability to promote plant growth which is then
relative to nitrogen fixation. Soybean secrets abundant uronic acid in the root exudates
along with the majority of neutral sugar composed of glucose, galactose, arabinose, and a
small quantity of fucose to facilitate root nodule formation (Redondo-Cuenca et al., 2007;
Timotiwu et al., 2002).The modification of lateral root to nodule-like structures, called
para-nodules, on cereal roots, required a significant carbon source along with the plant
hormones like 2,4-D (2,4-Dichlorophenoxyacetic acid), NAA (Naphthalene acetic acid),
BAP (6-Benzyl Amino Purine) and zeatin required (Saikia & Jain, 2007). Mucilage from

the aerial root of Sierra mixe maize was discovered to disassemble into monosaccharides
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rich in arabinose, fucose, and galactose to enable microbial development and metabolism
(van Deynze et al., 2018a). As the report mentions, this significantly contributed to nitrogen
fixation. Similarly, an additional carbon source such as sodium malate was required to see
considerable nitrogenase activity in cereals employing non-nodulating symbionts such

as Klebsiella sp. for rice or Azospirillum for maize (Santi et al., 2013).

3.4 Methods of evaluating Nitrogen Fixation

Itis vital to determine the amount of nitrogen fixed under varied field conditions to realize
benefits of NF and ensure optimal management. After the NF is quantified, various
elements may be changed to increase the amount and proportion of N from the legumes.
Further, a proper method for quantification of N fixation by nitrogen fixers is crucial for
any research work aimed at extending the NF traits to non-legumes or advancing any study

program focused on boosting symbiotic N2 fixation.

BNF has been measured using a variety of methodologies. Some of these, however, are
merely qualitative and could be more beneficial for quantification. The ideal method of NF
assessment must be able to distinguish between the amounts or proportions of plant N-
derived from atmospheric N2 fixation, soil Nz contribution, and fertilizer applied N.
Acetylene reduction, total nitrogen difference, and N2 incorporation are some methods

that will be covered in this chapter.
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3.4.1 The Acetylene reduction assay (ARA)

The acetylene reduction assay (ARA) method is grounded on the fact that nitrogenase can
also catalyze acetylene conversion to ethylene (Hardy et al., 1973). The principle of ARA
is based on the reduction of acetylene to ethylene (C2H4) by the nitrogenase enzyme. Hardy
et al. (1973) developed the ARA method that involves incubating the sample (detached
root nodules, root with nodules, or whole plants) in a gas-tight chamber containing minimal
acetylene concentration. This measurement does not directly relate to the nitrogen fixation
rate. Instead, the amount of acetylene reduced, or the amount of ethylene produced,
detected by gas chromatography (GC), is used to determine the nitrogenase activity.
Stoichiometrically, acetylene conversion to ethylene involves a single pair of electrons,
while N2 to NHa4 takes pairs of electrons. Therefore, multiplication by the factor of 3 to the
ethylene formed can estimate the total amount of nitrogen fixed (Senthilkumar et al., 2020).
The 3:1 ratio, on the other hand, has been laden with controversy for decades, as it has been
claimed to be in the range from 3 to 6.9 in soils and over 30 in anaerobic soils (Bellenger

etal., 2014; Hardy et al., 1973).

N2 + 8H* + 12ATP + 6e- — 2NH* + 12ADP + 12Pi

CoH2+ 2H* + XATP + 2e- —» C2H4 + ADP + XPi

By assessing enzyme activity based on electron transport through nitrogenase, the ARA
method indirectly assesses BNF. The hypothesis of no end-product formation other than
ethylene has aided the adoption of the ARA approach. Further, with free-living microbes
and isolated enzyme systems, the ARA method with steady low oxygen concentration is

deemed accurate in measuring nitrogen-fixing activity but not the amount of nitrogen fixed
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(Bergersen, 1970). The ethylene produced through the acetylene conversion is stable,
storable, and durable in measuring gas samples later after sampling. By comparing the
results of the acetylene reduction assay integrated over time periods to a more direct means
of estimating N2 fixation (**N2 incorporation method), the acetylene reduction assay could

be used to estimate the fixed nitrogen.

3.4.2 Total nitrogen difference

Demonstrating Nz fixation in soil systems is problematic because it differs from
experimental circumstances in which N is deficient. In natural soil systems, there are two
sources of nitrogen: N from the soil and N2 fixation, and it is critical to figure out how
much N the plants take from the former. If N2-fixing and non-fixing plants get the same
amount of N from the soil, subtracting its value from the total N fixed will assist in
determining the amount of N2 fixed. The ideal uninoculated plants (control) for these
procedures must not contaminate with nodulating microorganisms. Attempting to measure
small contributions to N2 fixation using this method is unfeasible due to soil variability and

experimental error. As a result, there are no absolute techniques for applying this principle.

3.4.3 N2 incorporation method

There are fifteen highly unstable and radioactive isotopes of nitrogen, and two stable
nitrogen isotopes: N and *N. The heavier isotope °N; is rare in the atmosphere
(0.3663% of global nitrogen), whereas N, is abundant (99.6637 %) (He et al., 2009).

Burris and Miller (1941) were the first to employ the N to study the N-fixation



49

mechanism in bacteria in 1941 (Wannicke et al., 2018). For approximately three decades,
however, the need for mass spectrometry and nitrogen gas enhanced with N limited its

general application (Herridge et al., 2008).

The measurement of nitrogen fixation with *>N; incorporation is a direct method since it
quantifies the total amount of nitrogen incorporated into the biomass over a predetermined
incubation period. Because of high precision isotopic ratio mass spectrometry (MS), *°N;
has a lower detection limit for nitrogen fixation than the AR assay (Montoya et al., 1996;
White et al., 2020). MS determines the mass of the individual molecules by converting
them into ions in a vacuum and monitoring how their path responds to magnetic or electric
fields (Fenn et al., 1989). Determining the composition and ratio of isotopes measures the

content of fixed nitrogen.
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3.5.1 Microbial strains and growth conditions

Nitrogen-fixing diazotrophic bacterium Azospirillum brasilense SP7 (procured from the
University of Tennessee and Herbaspirillum seropedicae Z152 (ATCC 35894) were used
in this study. The working stock of the strains was prepared and cultured with 200 rpm and
30°C for 16 and 18 hours, respectively, in Yeast Extract Mannitol (YEM) complex medium
(10 g.L* Bactopeptone, 10 g.L* Yeast extract, 5 g.L NaCl, and adjusted pH 6.75)
prepared with 200 pg.mL* ampicillin. Optical density (OD) measurements at a wavelength
of 600 nm and the drop plate method at 30 °C for 24 h were used to determine the colony

forming unit (CFU).

3.5.2 Bacteria encapsulated beads: preparation and evaluation

For encapsulation, both the strains of bacteria were cultured in 25 mL of YEM broth media,
and conditions mentioned in 3.5.1, following the centrifugation (5000g x 10 min x 4°C)
bacterial pellets were prepared. It was then resuspended in saline solution (0.85% NaCl),
centrifuged, and finally resuspended in 10 mL sterile water. Then, after aseptically mixing
it with alginate solution (2g in 90 mL), alginate gel (2% w/v) with bacteria was prepared.
Bacterial encapsulated alginate beads were then developed by a similar process mentioned
in 2.4.2.3 under sterile conditions inside the hood. The beads were then filtered out, washed

with sterile water, and used for further evaluation.
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The encapsulation efficiency (EE) of beads was determined by disintegrating the alginate
beads in sodium citrate buffer with pH 6.5. The disintegrated solution was serially diluted,
and the drop plate method at 30 °C for 24 h was performed to enumerate CFU. Comparison

of CFU in media and in the beads to measure EE was calculated by:

CFU in beads
CFU in media

% EE= * 100 %

3.5.3 Analysis of bacterial viability

To measure the viability of bacteria within the polysaccharide beads, bacterial encapsulated
beads were prepared, left overnight in the salt solution, and washed subsequently on the
other day. The viability of bacteria was measured both in wet and dry conditions. The beads
were stored in the 15 mL culture tubes at room temperature, constantly mixing the beads
manually for several days. The viability and retention of bacteria in beads were

extrapolated over four weeks using the drop plate method described in 3.5.2.

3.5.4 Growth in nitrogen-free medium

While both the cultures of A. brasilense SP7 and H. seropedicae Z152 were grown in YEM
media to the desired turbidity as in 3.5.1, they were resuspended in nitrogen-deficient
minimal media (MMAB-N). Incubating the culture with 200 rpm at 30°C for 96 hours
ensured no further growth was present. The minimal medium comprises K2HPOa4 (3 g.L™?),

NaH2P04.H20 (1 g.L?), KCI, (0.15 g.L %), malic acid (5 g.L!), and stock solutions of
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magnesium sulfate (5mL), iron sulfate (0.25mL), CaClz (0.5 mL) and sterilized distilled

water to make it 1 L with the adjusted pH of 6.8.

3.5.,5 Acetylene Reduction Assay (ARA) for Free Living Diazotrophs

The standardized acetylene reduction assay (ARA) procedure for free-living diazotrophs
was based on the ‘Working with rhizobia” with required modifications (Howieson &
Dilworth, 2016). The semi-solid NFb media was prepared by adding 2g noble agar per liter
in the media mentioned in 3.5.4. Around 1/3' of the 20 mL headspace tube was filled with
the semi-solid media wherein 10 pL of pre-inoculum (previously cultured for 96 h in NFb
liquid media) were inoculated. The inoculum was further cultured for 96 hours until the
bacterial layer/pellicle was observed fairly below the surface of the semi-solid media. After
that, with the sterile syringe and a needle, 5% (v/v) of the total volume of air (i.e., 1 mL)
was replaced with acetylene, and it was further incubated for 24h at the same temperature.
The nitrogenase activity was measured in a GC-MS system. 5 mL of the gas sample from
the tube was injected into the gas chromatography (GC) to measure the acetylene
conversion to ethylene. The calculation for the Acetylene Reduction (AR) activity was

based on the following formula: (Howieson & Dilworth, 2016).

An.ER
AR = —0——
T+CFU count

Ao= the amount of acetylene present in the tube at the start of the assay in mole
Er=The ratio of the ethylene peak area to the total peak area
T= Time of incubation with acetylene

CFU= Colony forming unit of bacteria inside the tubes
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3.5.6 Acetylene Reduction Assay of the beads

The bacteria pellets prepared by centrifuging the bacteria grown in NFb medium were
resuspended in sterile distilled water and mixed into alginate solution under sterile
conditions, and the beads were prepared. The prepared beads were immersed in the same
NFb media to allow beads to absorb nutrients for 12 h. The beads were incubated at 30 °C
for 96 hours in the 20 mL headspace tubes with the airtight cap. The 5 mL sterile syringe
and a needle replaced 5% of the total air volume with acetylene. It was further incubated
for 24h at the same temperature, and the nitrogenase activity was measured in a GC-MS

system.

Similarly, the ARA was performed on the beads along with the various sugars. The
preponderance of carbon sources found in the mucilage from the aerial root of Sierra mixe
maize led to the selection of monosaccharides such as arabinose, glucose, and galactose

(van Deynze et al., 2018Db).

Ina 10:1 ratio, these individual sugars were combined with the alginate and the same beads
making procedure was followed. The ARA analysis was then performed on prepared beads,

and the calculation was based on the rate of acetylene reduced as in 3.5.5.

3.5.7 Beads response upon exposure to Graphene

Graphene, single layer (CAS#1034343-98-0, lot#A0437258) was purchased form Fisher
scientific. Graphene solution (100 mgL™t) was prepared by mixing graphene to the sterile

water and ultrasonicating the mixture. Two treatments of (1) bacterial resuspended in
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graphene solution added to the pure alginate gel (G) and (2) bacterial resuspension in
graphene solution added to alginate gel prepared in graphene solution (100 mgL™?) (GG).
The bacterial cells cultivated in the absence of graphene were taken as the control. All
experiments were performed using the standard protocols of 3.5.6. The beads were

analyzed for AR activity using GC.

3.5.8 Measurement of oxygen concentration

The oxygen concentration in the micropores of beads was measured using the indigo
carmine method of colorimetric determination of dissolved oxygen with some
modifications. The dissolved oxygen concentration of the distilled water was measured by
pouring it into the 25 mL cylindrical cuvettes obtained in the CHEMetrics kit, and the color
was measured with NIX Pro color sensor. Then, about 15g of beads were added in cuvettes
along with the distilled water and stirred well to measure the color. The differences in color
contrast were compared to the reference color in the kit to measure the oxygen

concentration.

3.5.9 Statistical analysis

Microsoft Excel (Microsoft 365) and R software (version 4.2.0 GUI 1.78 High Sierra build)
were used to analyze all the data. One-factor analysis of variance (ANOVA) followed by
Fisher’s LSD test (post-hoc analysis) was performed to assess the difference between the
treatments and the dependent values. The p-value < 0.05 was considered statistically

significant.
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3.6 Results and discussion

3.6.1 Encapsulation efficiency of beads

Fig.13. displays a bar graph showing the effectiveness of encapsulating bacteria in alginate
beads cross-linked with various cations. We can quickly observe that the alginate-Ca*? and
alginate-Sr*2 beads have a significant amount of the diazotroph population enclosed within.
Alginate-Ca*? beads were responsible for 72.14+0.89% of A. brasilense Sp7, while it
counted for 87.65+2.91% of H. seropedicae Z152 encapsulation when the initial bacterial
concentration was monitored at 10° CFU counts. About half of the diazotrophs added to
the gel survived in the alginate-Sr*? beads. Only 49.34+6.27% and 57.63+6.57% of A.
brasilense Sp7 and H. seropedicae Z152 were encapsulated in the alginate-Sr*? beads. The
population of diazotrophs could not endure on the polymeric matrix of alginate beads

created with other divalent and trivalent cations.
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Fig. 14. Encapsulation efficiency of alginate beads to bacterium at *10%° concentration
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K-carrageenan beads encapsulated 43.24+ 3.89 and 39.25+ 5.1% of H. seropedicae Z152
and A. brasilense Sp7 when 10 CFU count was mixed in the polymer mixture.
Additionally, the encapsulation process was required to be carried out quickly and with
extreme caution in the narrow temperature range (~37 °C) due to the setting property at
temperatures around 32°C and protecting the bacterial integrity below 40°C. The beads

were mechanically weak because of the weak interaction between «k-carrageenan and KCI.
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Fig. 15. Encapsulation efficiency of k-carrageenan beads
3.6.2 Bacterial Viability (Wet)

The study on bacterial survivability in the inner confines of polysaccharide beads under
ambient circumstances was effectively demonstrated. The results are summarized in
Fig.16. The effect of polymeric matrix and mineral salts in the studied beads can be
observed clearly in the decreasing trend of viable cell number. The diazotroph that had the
highest level of survival during encapsulation —H. seropedicae Z152— is the one that can

also exhibit superior survival stability than A. brasilense Sp7. The CFU count, however,
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did not differ significantly until the 12t day for H. seropedicae Z152 encapsulated in the
alginate-Ca*?> and alginate-Sr*?> beads. Based on the initial CFU count during
encapsulation, the survivability of diazotrophs on the 27" day was found to be 48.15 and
36.52%, respectively. On the other hand, the percentage retention of bacteria, based on the
initial CFU count in the beads, for alginate-Sr*? beads was higher (26.07%) than alginate-
Ca*? (16.67%) on the 4" week for A. brasilense Sp7. Nevertheless, the CFU count of

3.5*10° on the alginate-Ca*? beads was still higher than 1.33*10° CFU in the tube.
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Fig. 16. Bacterial survivability on wet beads (n=3, meanz SD., values for ANOVA are
relative to one treatment)
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3.6.3 Bacterial Viability (Retention on drying)

The beads displayed more than a 3-log reduction in the initial CFU count of H. seropedicae
Z152 in the alginate-Ca*? and alginate-Sr*? beads. The percentage of bacteria that survived
in the dried beads prepared with 2% (w/v) polymeric solution was found to be 0.039 and
0.02 %, respectively. The CFU count continued to decline upon storage until they were
measured lastly at the end of the 18" and 12™ days for Ca*?-and Sr*2- alginate beads.
Similarly, 0.018 and 0.0023% of bacterial retention on drying was observed for A.
brasilense Sp7 in alginate-Ca*? and alginate-Sr*? beads, where the later beads exhibited
more than 5-log reduction before being perished on the third day itself. A comparable
survival rate (0.02%) was observed with Azospirillum brasilense when it was encapsulated

in capsules made with 2% alginate solution (Ivanova et al., 2006).

When dried, H. seropedicae Z152 and A. brasilense Sp7 encapsulated in k-carrageenan
beads retained only 0.005 and 0.0015 % of their original bacterial count in the wet beads.
Both the diazotrophs exhibited similar fate of A. brasilense Sp7 in alginate-Sr*? beads by
completely being numberless after the third day. As drying was performed under sterile
conditions, inside the confines of the room with the normal air current and temperature, it
is possible that this low retention was caused by larger initial solid content, loss of moisture,

and high osmotic pressure.
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Fig. 17. Retention of bacteria on the dry beads (n=3, meanzx SD., values for ANOVA is
relative to one treatment)

3.6.4 Evaluation of oxygen concentration within the beads

The oxygen content within the beads is a significant determinant of whether the bead is
acceptable for maintaining nitrogenase integrity. The analysis showed a detectable amount
of oxygen in the alginate beads prepared with various cations, as shown in the bar graph in
Fig. 18. Alginate-Cu?* beads have a relatively higher oxygen concentration of 5.38 +1.07
nmol. In contrast, Alginate-Ca?* beads have the lowest oxygen integration of 1.4 + 0.41
nmol within. The order of oxygen concentration could be expressed as alginate-Cu?* >
alginate-Ni?* > alginate-Zn?* > alginate-AlI** > alginate-Sr>* > alginate-Ca?*. The OC

appears to be more driven by cation type and the size of the spherical dried beads. The OC
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is significantly higher (p<0.05) in Cu*? and Ni*? ions presence than in other cationic
combinations. It is worth mentioning that the OC values of alginate-Ca?* and alginate-Sr?*
beads are not significantly different (p>0.05). The OC values are lower than that measured
inside the fixation zone of the root nodules, i.e.,18 nmol (Layzell & Hunt, 1990), but it

might be much more conducive for conjectural nitrogen fixation to occur.

Caalginate Zn alginate Sralginate Ni alginate Cu alginate Al alginate
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Fig. 18. Bar graph showing the oxygen concentration of different beads

On the other hand, the oxygen concentration of k-carrageenan beads was 7.81 = 1.77
nmol/bead. The wet beads' relative flaccidity might be responsible for displaying relatively
higher oxygen concentration when compared with the beads formed with alginate

measured under the confines of distilled water.
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3.6.5 Nitrogenase Activity in the beads

The nitrogenase activity of diazotrophs in the acetylene reduction assay was evaluated
using two distinct sets of experiments for a culture of free-living diazotrophs in the semi-
solid media and encapsulated inside the beads to accommodate different circumstances.
Fig.19 shows the acetylene reduction rate for free-living diazotrophs A. brasilense Sp7 and
H. seropedicae Z152 in semi-solid media and Ca?* and Sr?*-alginate beads incubated for

24 h after acetylene gas addition.
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Fig. 19. ARA of Azospirillum brasilense Sp7 and Herbaspirillum seropedicae 2152

The nitrogenase activity of semi-solid media for A. brasilense Sp7 and H. seropedicae Z152
was found to be 1.97+0.59 and 2.28+0.72 A mol. C2H4 hL. million CFUL. The analysis of
nitrogenase activity for natural isolates for different Azospirillum strains demonstrated the

wide range of variation measured from 0.0 to 154.9 nmol C2Hs.mg protein"'h™! (Han &



62

New, 1998). This maximum value is estimated to be in the range of 1.5-3 Amol.C2Hah"
Lmillion.CFU-! when converted to the units we used, assuming a bacterium weighs 10-1?
or one picogram (pm) (Siu, 2003) and that half of the dry weight of a cell is a protein

(Mongiovi, 2022; Stouthamer, 1973).

The diazotrophs encapsulated in the confines of Ca?*-alginate beads displayed nitrogenase
activity not significantly different (p>0.05) than that of free diazotrophs in the semi-solid
media. The value of activity reads 1.760.31 and 2.2520.39 Amol. C2H2 h't. million CFU
L for A. brasilense Sp7 and H. seropedicae Z152, respectively. Likewise, the nitrogenase
activity of 1.64+0.6 Amol. C2H2 h-! million CFU! exhibited by later bacterium measured
in Sr?*-alginate beads did not differ significantly from that measured in semi-solid media.
However, the activity decreased significantly (p<0.05) for A. brasilense Sp7 in Sr?*-
alginate beads, accounting only for 6.09 % of what was observed in the semi-solid media.
This incapability of the azospirilla within the Sr?*-alginate beads may be associated with
their decreased survivability inside the beads. The study hypotheses that the additional area
inside the beads compared to the surface of semi-solid media should be a factor for

elevation in nitrogenase activity does not appear to hold water.

The ability of the nitrogenase enzyme to function is influenced by oxygen content, energy,
and nitrogen. It is susceptible to oxygen and denatures when exposed to it. However,
diazotrophs like A. brasilense Sp7 and H. seropedicae 2152, free-living aerobic bacteria,
have two options to deal with in the presence of oxygen. The availability of O2 can

sometimes be a nutrient for the need of the cell rather than turning “on” the mechanism of
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BNF. The flux of O2 must continually be maintained for bacterial survival and nitrogenase
activity since it serves as both a respiratory substrate and an irreversible inhibitor of
nitrogenase. Indeed, only when oxygen is appropriately optimized, they fix the available
N2 using the nitrogenase enzyme. The tendency of these microaerobic bacteria to seek out
the ideal oxygen level, as evidenced by the development of a typical diazotrophic bacterial
pellicle in the subsurface of semi-solid media during the incubation period of 9-11 days at
30°C (Appendix C), lends credence to the statement. The pellicle formation for A.
brasilense Sp7 in the semi-solid media was relatively lower than that of H. seropedicae
Z152. It might, therefore, seeks lower O2 concentration. In the experiment performed, we
assume only bacteria that are confined to the core of the spherical beads having an optimal
oxygen concentration are responsible for nitrogenase activity measured by acetylene

reduction rate.

To investigate how the energy element affects nitrogenase activity, specific sugars like
glucose, galactose, and arabinose were added in the ratio of 1:10 with alginate, and the
ARA was carried out. We obtained mixed results for acetylene reduced in the presence of
sugar. The mean nitrogenase enzyme activity of H. seropedicae Z152 in Ca?*-alginate
beads appears to increase in the presence of sugars. It is worth mentioning that the acetylene
reduction rate increased from 2.25+0.39 Amol. C2Hz2 h'l. million CFU to 5.78+0.79,
2.67+0.98 and 3.6+1.3 Amol. C2H2 h'L. million CFU™ in glucose, galactose and arabinose
encapsulated beads, respectively. Among the observed data, only the addition of glucose

displayed statistically significant difference (p<0.05) with the control beads. The data
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presented indicates that the monosaccharides could be used as the prime candidates as a
carbon source that could be transferred to H. seropedicae Z152 and monitor nitrogenase
activity. It is believed that the energy factor, in the form of ATP, required to fuel
nitrogenase activity was provided with added sugars. The presence of monosaccharides is
believed to support growth and nitrogen fixation in the indigenous landrace of maize found
in the Sierra Mixe region of Mexico (Bennett et al., 2020; van Deynze et al., 2018). There
were no significant differences (p>0.05) in the nitrogenase activity of H. seropedicae Z152

observed after the inclusion of monosaccharides in the Sr?*-alginate beads as well.
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Fig. 20. Nitrogenase activity of diazotrophs inside the sugar encapsulated beads (n=3,

meanz SD., values for ANOVA are relative to one treatment)

On the other hand, the nitrogenase activity of A. brasilense Sp7 encapsulated in Ca*?
alginate beads decreased significantly (p<0.05) with the inclusion of all the sugars. The
initial acetylene reduction rate of 1.76+0.31 Amol. C2H2 h™.. million CFU"! got reduced to

0.18+0.01, 0.6+0.39 and 0.97+0.2 Amol. C2H2 h'L. million CFU! with the supplementation
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of glucose, galactose and arabinose. The fact that A. brasilense is strict on its use of carbon
sources and cannot thrive on D-glucose can be used to explain this disparity related to
glucose (Martinez-Drets et al., 1984; van Bastelaere et al., 1999). However, it is yet unclear

why the addition of other sugars proved to be counteractive.

H. seropedicae Z152 and A. brasilense Sp7, when encapsulated in k-carrageenan beads,
exhibited nitrogenase activity of 0.2+0.08 Amol. C2H2 h'L. million CFU! and 0.18+0.07
Amol. C2H2 hl. million CFU™, respectively. After the acetylene reduction assay was
conducted, it was evident that there were 3.2*108 and 4.58*108 CFU of A. brasilense Sp7
and H. seropedicae Z152 survived in the beads in each tube. The low number of viable
bacteria (less than that encapsulated in Sr?*-alginate beads) was not sufficient to
demonstrate higher nitrogenase activity. This is not surprising, as nitrogenase activity is

dependent on the number of viable bacteria present.

3.6.6 Nitrogenase activity with graphene

Even though the experiment was not intended to measure the bacterial subsistence in the
graphene-encapsulated beads, we observed no appreciable differences in the survivability
based on our investigation for the nitrogenase activity. Previous studies using graphene
oxide (GO) in the soil revealed no obvious issues with the soil bacterial communities.
Instead, a select few genera of nitrogen bacteria fixing proteobacteria were enriched (Du
et al., 2015). Similarly, the survivability of Escherichia Coli, a gram-negative bacterial

model, at concentration of 100ug/mL or 100mg/L has been previously established.
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This investigation, designed as a separate block from the earlier study, the acetylene
reduction rate of the control beads were found to be 2.66+0.25 and 2.08+0.52 Amol. C2H:
h-1. million CFU-! for H. seropedicae Z152 in Ca?* and Sr?*-alginate beads and the values
of 1.54+0.13 and 0.187+0.1 Amol. C2H2 h'L. million CFU* for A. brasilense Sp7 in Ca?*

and Sr?*-alginate beads, respectively.
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Fig. 21. Nitrogenase activity of diazotrophs inside the graphene encapsulated beads

In our analysis, neither of diazotrophs’ nitrogenase activities exhibited any significant
graphene effect. When H. seropedicae Z152 was enclosed in Ca?* and Sr?*-alginate beads
with G, the AR activity values were 1.89+0.22 and 1.61+0.9 Amol. C2H2 h'1. million CFU-
1, respectively, while encapsulation on GG directed to the values of 1.84+0.8 and 1.01+0.18

Amol. C2H2 hl. million CFU, respectively. The AR activity values of A. brasilense Sp7
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were 1.62+0.05 and 1.37+0.5 Amol. C2H2 h'L. million CFU™! when it was encased in Ca?*
with G and GG, respectively. A. brasilense Sp7 in Sr?*-alginate beads witnessed

0.182+0.01 and 0.183+0.1 Amol. C2H2 hL. million CFU* with G and GG, respectively.

The literatures have demonstrated the decrease in nitrogenase activity in the presence of
graphene. GO enforced A. chroococcum to grow more in the field and utilize more nitrogen
to synthesis biomolecules to aid in increase of total nitrogen, rather than reducing acetylene
(Yilihamu et al., 2020). Similarly, Wang et. al. (2017) states Carbonaceous nanomaterials
decreases and potentially could inhibit nitrogen fixation in soybean root nodules upon
excessive accumulation in the soil. Before any inferences can be made, more research is
required to fully understand the nitrogenase activity in the graphene-containing

polysaccharide beads.

3.7 Conclusion

In this study, polysaccharide beads encapsulating the nitrogen fixing diazotrophs,
Azospirillum brasilense Sp7 and Herbaspirillum seropedicae 2152, have been developed
and tested for their ability to fix nitrogen. Measurements of ARA for the Ca*?-alginate
beads reveals nitrogenase activity is not significantly different (p>0.05) than that on
bacterial culture in the nitrogen-free semi-solid media. For Sr*?-alginate beads
encapsulated with A. brasilense Sp7, the activity, however, considerably decreases. Mixed
results were observed along with the statistically significant differences when simple
sugars like glucose, galactose, or arabinose were added to the beads, where nitrogenase

activity increased for H. seropedicae Z152 in the Ca*?-alginate beads. No discernible



68

variations were seen in the enzymatic activity before or after the addition 2D graphene —
added to facilitate biofilm formation. The wet beads demonstrated considerably persistent
bacterial survivability and the dry beads confirmed significant bacterial declination
measuring to zero within a month. Both these traits are imperative prior to experiment the

alginate beads in the soil.
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SUMMARY OF RESEARCH AND FUTURE DIRECTIONS

This study successfully established the proof-of-concept that alginate and k-carrageenan
beads could have an oxygen-reduced environment to preserve nitrogenase integrity.
Numerous studies have examined hydrogel beads for the immobilization of biofertilizers
specifically for plant inoculation (Joe et al., 2012; Lais Zago et al., 2019; Tripathy &
Ayyappan, 2005). These studies, however, are concentrated on the survivability of bacteria
immobilized in alginate beads under various storage conditions. Still, evaluating
nitrogenase activity from the encapsulated diazotrophs is entirely novel. The findings of
this thesis study suggest polysaccharide beads as bioreactors for nitrogenase-related
studies, mainly for BNF and fertilizer ammonia production. The study could be translated
easily to promote nitrogen fixation in cereal crops grown on soil with ample moisture
content. The co-encapsulation/co-culture of non-competitive varieties of bacteria and the
multi-carbon encapsulation to leverage numerous production pathways could be
experimented with to generate more productive outcomes. Further studies on field trials

are needed to determine the potential applications of the study.

The slow biodegradability of alginate beads suggests that beads loaded with nutrients could
be developed and applied to the field as fertilizer, which certainly adds value and aids
farmers. Beads with various cations will further aid the soil in replenishing the metal ions
deficiency and improving crop quality. The discoveries in this research may also have
potential ramifications for using other polysaccharides, such as i-carrageenan and gellan,

to name a few. A few factors, such as alginate-cations-sugars interactions, bacterial
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distribution in the beads, and the impact of soil microbes, need to be addressed before a

full-scale application of the proposed study.
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