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ABSTRACT

Iron (Fe) is one of the most essential micronutrients for all the existing life systems.
However, at biological pH, Fe gets oxidized to insoluble oxyhydroxide polymers. In low Fe
conditions, microbes secrete specialized molecules called Siderophores, which are high
affinity and low molecular weight chelating agents that increase iron availability for
microbial usage. In marine water, the concentration of Fe is as low as nanomolar. Very little
light has been shed on marine bacterial siderophores compared to terrestrial ones. In this
study, marine bacteria were isolated from different locations in the Bay of Bengal in
Visakhapatnam, India. All the isolates were screened for siderophore production using CAS
(Chrome Azurol S) assay, and the most efficient four isolates were selected for further work.
16S rRNA molecular characterization of isolates showed the nearest similarity of SMI_1
with Bacillus taeanensis, AABM_9 with Enterobacter sp., SVU_3 with Marinobacter
sp. SVU_3 and AMPPS_5 with Pseudomonas mendocina. The production parameters of the
succinate medium were optimized to enhance the siderophore production. The optimum
production of siderophores for SMI_1 was 93.57 %SU (Siderophore Units) (after 48 h of
incubation at 30 °C, pH 8, sucrose as carbon source, sodium nitrate as nitrogen source, 0.4%
of succinic acid) and for AABM_9 was 87.18 %SU (after 36 h of incubation period at 30 °C
and pH 8 in the presence of sucrose, ammonium sulfate and 0.4% succinic acid). The
maximum production of siderophores for SVU_3 was 83.15 %SU (after 48 h of incubation at
35 °C and pH 8.5 in the presence of glucose, sodium nitrate and 0.6 % succinic acid) and for
AMPPS 5 was 91.17 %SU (after 36 h of incubation at 35 °C, pH 8.5, glucose as carbon
source, ammonium sulfate as nitrogen source, and 0.4% of citric acid). Effects of Copper,
Manganese and Zinc metal ions on siderophore production were studied. The siderophore

was separated using an Amberlite XAD-2 column followed by Sephadex LH-20. The



fractions were concentrated by rotary evaporation and lyophilized, purified by Thin-layer
chromatography solvent system n-butanol:acetic acid:dH20 (12:3:5). Wine-coloured spots
confirmed presence of hydroxamate type of siderophore on spraying 0.1 M FeCls solution.
The Amax was observed at 421 nm on UV- spectral analysis which reflects the
trihydroxamate siderophores. The chemical nature was identified by Fourier Transformation
Infrared analysis (FTIR), Liquid Chromatography — Mass Spectroscopy (LC-MS) and
Nuclear Magnetic Resonance (NMR) spectroscopy. The siderophore was identified at Rt
3.95 min on using acetonitrile and water as mobile phase and identified mass of siderophore
[M+H]* m/z 561.3. The heavy metal chelation of siderophore-producing marine bacterial
isolates was investigated on Ag*?, Al'?, Cd*?, Co*?, Cr*®, Hg'?, La*®, Mo™®, Ni*?, Pb*?, Pd*?,
and Y*® metal ions (1ImM, 5mM) by spotting method. All four isolates showed chelation
activity on heavy metals except Ag*?, Cd*? and Mo*® due to species-specific trait. Seed
germination studies were performed on seeds Brown chickpea (Cicer arietinum L.), Peanut
(Arachis hypogaea), Green gram (Vigna radiata), and Kabul chana (Cicer arietinum) using
siderophore supernatant. As the siderophores have multiple advantages, the siderophore-
based silver nanoparticles (AgNP’s) were synthesized and characterized for their optical,
physicochemical, crystalline, and elemental composition properties. The antimicrobial
activity of these nanoparticles against gram positive-bacteria Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa and gram-negative bacteria Bacillus  subtilis,
Coagulase-negative Staphylococci, Staphylococcus aureus was reported in this study. In
summary, four siderophore producing marine bacteria was isolated and characterized. The
significant process parameters were optimized for maximum siderophore production and
purified using high-throughput techniques. Marine bacterial isolates were screened for

chelation activity on different heavy metals at ImM and 5mM concentration as well as seed



germination potential also investigated. The as-synthesized siderophore AgNP’s were

characterized and anti-bacterial activity was explored.

Keywords: Heavy metal chelation, Marine bacteria, Nanoparticles, Optimization,

Purification, Siderophores.
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Chapter I:
INTRODUCTION



INTRODUCTION

1.1. Importance of iron in living ecosystem

Among the micronutrients, iron (Fe) as a metal ion, is a much needed trace element
which is irreplaceable because of its role in several fundamental biochemical processes
associated with the development and growth of all the living organisms (microbes, animals
and plants) [1]. Compared to other metal ions, Fe has a unique redox chemistry and
coordination [1]. In virtue of its oxidative states (ferric (Fe*?) and ferrous (Fe*®)), Fe is a part
of various biochemical systems such as transcriptional regulation, chemical transitions,
providing protection against reactive oxygen species, as a cofactor in DNA synthesis, electron
transport chain, biocatalysis, biosynthetic, biodegradation, and cellular respiration pathways

[1-4].

At acidic pH (pH<7), Fe*? is the most prevalent species in anaerobic conditions,
whereas it is comparatively more soluble and accessible to living organisms in aerobic
conditions, however, in the aerobic conditions it is easily oxidized into Fe*3, which
subsequently precipitates [5]. On the other hand, at physiological pH (7.0-7.4), Fe*® (1018 M)
is predominantly seen but it is not readily accessible in the absence of a chelating agent [6].
Thus Fe*® is considered as a primary growth limiting factor for the majority of the living

organisms at physiological pH [4,7,8].

At pH ~8, in oxygenated seawater inorganic dissolved iron is most thermodynamically
stable by forming Fe*3-hydroxide complexes, which in turn reduces the iron (10°3¢ M)
bioavailability [8,9]. Additionally, Fe*3-hydroxide complexes are present in equilibrium with
Fe*3-oxyhydroxide complexes, which are considered to be poorly soluble. However, Fe*3-
hydroxide complexes have the propensity to be scavenged by sinking particulate matter [9]. In
comparison with their terrestrial counterparts, marine bacterial siderophores demonstrate

1



different characteristics [10,11]. In virtue of its unique chemical composition, dissolubility

kinetics, low bioavailability, and low solubility makes iron absorption/uptake challenging [7].

1.2. Siderophores and their purpose

As a part of coping mechanisms, microbes have developed several unique strategies to
absorb iron from the surrounding habitats; among them is the production and secretion of
Fe*3-chelating molecules, widely known as “siderophores” [6]. Siderophores are iron-
scavenging low-molecular-weight ligand (secondary metabolites) molecules (500 - 1500 Da),
endowed with and named after their specific and high affinity for Fe*? (Kf >1030) [2,12,13].
Excreted siderophores can chelate even minute concentrations of Fe*® from the habitat in
order to facilitate uptake by microbes, thus preventing their precipitation and loss of its
bioavailable forms [14]. In general, Fe*® can be reversibly bound by siderophores thus their

transport, uptake, reactivity, and bioavailability can be closely regulated [14,15].

During Fe**-deficient growth conditions, the hydrophobicity of microbial surface is
greatly decreased leading to changes in the composition of surface proteins followed by
limiting biofilm formation, which then ultimately results in microbial death [16]. Therefore,
during the low bioavailability of Fe*® in the surrounding habitat, siderophores are produced
and secreted by the microbes, to this date it is one of the evolutionary coping mechanism
developed by the microbes to survive in iron deficient habitat [16]. With the help of
siderophores, microbes can uptake iron in the form of Fe*3-siderophore complexes and then in
the cytosol, iron is reduced and released as Fe*™ [3]. Fe*® forms a hexadentate octahedral
complex with the siderophores during their transportation inside the microbes [2]. Upon the
disassociation of Fe*3-siderophore complexes, siderophores are recycled and excreted again

for Fe*® acquisition [5].



Since siderophores can greatly increase the amount of dissolved Fe* by solubilizing
the iron particulates (insoluble), this in turn will affect the bioavailability of iron in the
environment thus shaping the composition and structure of the microbial ecosystem [17].
Additionally, this will greatly affect the bioavailability of Fe*3 to non-siderophore producing
microbes, thus acting as a key regulator in the bioavailability of iron and other
biogeochemical cycles [18]. The transportation of siderophores in bacteria represented in
Figurel.1. Compared to terrestrial siderophores, most of the marine siderophores show unique
structural properties [11]. In view of that, they show photochemical and amphipathic

properties in Fe*® complexes [16].
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Figure 1.1: Schematic representation of transportation of Siderophore-Iron in Gram-Positive
bacteria [19].

Depending on membrane affinity and length, siderophores could anchor a particular
gradient outside the microbial membrane, thereby increasing the efficiency of siderophores in

chelating Fe*® from the environment [16]. On the other hand, Fe*® acquisition is closely



regulated by the microbes, as occurrence of intracellular Fe* in excess amounts will result in
oxidative stress leading to microbial death. In this regard, siderophores also act as key
regulators in microbial iron homeostasis [8]. In comparison with other metal ions, Fe*® is
preferentially chelated by siderophores [16,20]. Siderophores can be further classified into:
carboxylates, catecholates, hydroxamates, and mixed-types siderophores depending upon the

primary oxygen-donating ligands which bind with Fe*3 [2].

1.3. Siderophores and their discovery

Initially, siderophores were identified as Growth factors i.e., myobactin, ferrichrome
and coprogen in 1949 - 1952 [21-23]. Garibaldi and Neilands (1956) observed the mode of
action of above growth factors and improved the production of Ferrichrome A by inoculating
the siderophore producing organism in Fe*® deficient media was reported. In 1960's, the
Neiland's laboratory scientists formed a natural product group from ETH, Zurich and ciba,
identified the ferrioxamines, ferrimycin and reported the structural explanation of
desferrioxamine B. Emery and Neilands elucidated the structures of ferrichrome and
ferrichrome A. Presently, more than 500 siderophores are known among them 270 are

structurally characterized [25,26].

1.4. Types of siderophores

Based on (i) nature of backbone i.e., peptide or nonpeptide and open or close chain,
(i) nature of the chelating group, (iii) producing organism, and (iv) Depending on the oxygen
ligands for Fe*3 coordination [27], siderophores can be classified into three main categories,

namely, hydroxamates, catecholates, and a-Hydroxycarboxylates (Figure 1.2).
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Figure 1.2: Chelating units of siderophore that form Fe*? coordination complex [19].
1.4.1. Hydroxymates

Hydroxymate is commonly found in a group of siderophores an environment that
consists of hydroxylated and acylated alkylamines includes N6-acyl-N6-Hydroxy lysine or
N5acyl-N5-Hydroxy ornithine in bacteria. This type of siderophore contains C (=0) N-(OH)
R, (R = an amino acid or a derivative of it). Marine bacteria were reported to produce suits of
amphiphilic siderophores from different genera of bacteria but unique peptide head group to
coordinate with Fe*® are amphibactins and marinobactins [28]. Vibrio sp. R-10 produced
amphibactins having long fatty acid appendages (C-14 to C-18) which are unsaturated,
saturated, hydroxylated, and short peptide head group. Alike mycobactins, these are cell-

associated [29].

The marine bacterium Marinobacter sp. DS40M6 produced a group of marinobactins
A-E comprise the same six amino acid peptidic head group but differs in the length of the
fatty acid appendage (C12-C16) at N terminus [30]. The marinobactins differ from
amphibactins in peptide head (six vs four) and fatty acid tails [29]. Each hydroxymate group
of peptide head forms a hexadentate octahedral complex with iron with binding constants in
the range of 10?2 to 10% M™! [31]. The hydroxymates can be detected by using several
methods, initially Neilands assay (spectroscopic) used for finding the production of

siderophores. Csaky's assay also widely used to characterize the siderophores. To detect the



structure of hydroxamate siderophore Electrospray ionization mass spectrometry (ESI-MS)

has been used [32].

1.4.2. Catecholates

Catecholates are produced by certain bacteria [33]. The catecholate and the hydroxyl
group of siderophore coordinate with Fe*® to form a hexadentate octahedral complex.
Complex stability, resistance to natural pH, and lipophilicity are catecholate unique
properties. Nigribactin is a novel siderophore produced from marine bacteria Vibrio
nigripulchritudo. Structural elucidation reveals the similarity with siderophores vibriobactin
and fluvibactin. Nigribactin increases the expression of spaencoding protein A by
inducing spa transcription [34]. This type of siderophore can be detected by Neilands assay,
forms wine-coloured complex when siderophore binds FeCls and shows maximum

absorbance at 495nm.

O-CAS assay is another method to detect catechol siderophore [35]. High-
performance liquid chromatography (HPLC) analysis with diode array detection (DAD) and

ESI-MS assay can be used to detect catecholate siderophore [32].
1.4.3. a-Hydroxycarboxylates

This type of siderophore has both hydroxyl and carboxyl groups that coordinate with
iron. A unique property of hydroxycarboxylates is their amphiphilic nature. The aquachelins
produced by Halomonas aquamarina strain DS40M3, consists of peptide head group and
hydrophobic fatty acid tails, forms self-assembled structures because of their amphiphilic and
surface active nature [36]. Loihichelins A-F, were derived from the marine Halomonas sp.
LOB-5 consists of a hydrophilic head group (an octapeptide) and joined by a series of fatty

acids ranging from decanoic acid to tetra-decanoic acid.



An interesting characteristic of the loihichelins is photoreactive, which relates to the
presence of B-hydroxy aspartic acid, which when coordinated to Fe*® [37]. Carboxylates can
be detected by spectrophotometric test in the range of 190 - 280nm [38]. O-CAS assay can be
used for the detection of siderophore [35]. In recent times, it has been reported that HPLC and

MS are used for structural analysis.

1.4.4. Mixed siderophores

In this type of siderophores, the compound will have a combination of hydroxy,
carboxy and catecholates groups in side chains. Petrobactin, a bis-catechol a-hydroxy acid
siderophore produced from Marinobacter hydrocarbonoclasticus oil-degrading marine
bacteria. It is the first report that demonstrates structural characterization and photo
decarboxylation when siderophores bound to Fe*3. The citryl moiety of petrobactin binds to
iron and found to be quickly photolyzed under sunlight and near-surface sea water. This
results in the decarboxylation of a-hydroxy acids and oxidation of Petrobactin-lron ligand

[39,40].

Hickford et al. reported a novel siderophore; Petrobactin sulfonate isolated from M.
hydrocarbonoclasticus contains sulfonated 3, 4-dihydroxy aromatic ring. The structure
appears in the form of double zwitterion involving N-2 and N-2’ and the carboxylate and
sulfonate moieties Hickford et al., (2004). Petrobactin sulfonate is more hydrophilic than
petrobactin due to the presence of sulfonate, which resulted in the short retention times in

HPLC. Few structures of different siderophores are shown in Figure 1.3.
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Figure 1.3: Structures of siderophores. (a) Marinobactin [29], (b) Nigribactin [34], (c)
Agquachelins [36], and (d) Petrobactin (al) and Petrobactin sulfonate (b1) [39,41].

Marine Pseudoalteromonas sp. KP20-4 bacterium isolated from the Republic of Palau
reported producing new siderophores, Pseudoalterobactin A and B. The structure of these
compounds is similar to alterobactins, that have a catechol and two B-hydroxy-Asp residues
which have a high affinity towards Fe*? (affinity constant of 10 - 10°%). Pseudoalterobactins

showed high activity like enterobactin and desferrioxamine B by CAS assay that exhibited



20puM under assay conditions whereas, enterobactin and desferrioxamine B showed ED50

values of 500 uM and 60 pM, respectively [42].

1.5. Applications of siderophores
Siderophores, small and unique biological organic molecules produced under iron-

limited conditions by microorganisms, have insightful applications in the following topics.

1.5.1. Biosensors

Recently, Siderophores were used as biosensing platforms to detect metal ions because
of their high selectivity and sensitivity, cost-effectiveness, the suitability of handling, rapid
response, and non-toxicity [43]. Biosensor is an analytical device capable of generating
specific quantitative and semi-quantitative information using a biomolecule coupled to an
electrical device (transducer), an amplifier to enhance the signal to noise ratio [44-46].
Siderophores have high affinity and specificity towards numerous metals and their receptors

supply the basis for using them as sensors or probes [47].

Currently, some siderophores based biosensors and nanosensors have initiated with
substantial success for different metal ions detection such as copper [48], iron [49-53],
aluminium [54,55] and molybdate [56-58]. Several siderophore based techniques developed
to detect and estimate metal ions, especially iron. Among them, fluorescent siderophores were
considered as highly sensitive, because they are capable to detect low concentrations of
analyte and shows rapid response rates. Biosensors utilize various electrochemical properties
of siderophores to detect metals. Figure 1.4 represents the schematic diagram of siderophore

based biosensor.

Fluorephore molecules are developed by using fluorescence siderophores which are

dynamic receptors for iron ions detection [59]. Pyoverdins (PVD) are natural fluorescent



siderophores mostly used for the detection of Fe. These molecules are yellow green
fluorescent siderophores which are produced by Pseudomonas fluorescenes, P.aeruginosa and
other fluorescent Pseudomonads [60]. The hydroxymate and catecholate groups of PVDs
reacts with Fe and form hexa-coordinate complexes, because of their high stability constants
(10?2 to 10%2 M) it protects against hydrolysis and enzymatic degradation [61]. Azobactin is
another PVD type siderophore produced by nitrogen fixing soil bacteria Azobacter vinelendii.
The selective sensors were identified iron in tap water and human serum (FI system)

successfully [62,63].
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Figure 1.4: Representation of siderophore biosensor [19].

In recent times, several studies have been reported on the usage of siderophores in
microbial pathogen detection. It depends on the high affinity of siderophores towards cell
surface receptors of bacteria, which identifies and facilitates the Siderophore-lron complex
and Immobilization of siderophores. Doorneweerd et al., (2010) introduced the method to
detect siderophore by immobilizing pyoverdine on gold-plated glass chips to identify the
pathogen like P. aeruginosa. A treated polydimethylsiloxane stamp with pyoverdine-BSA
conjugate was used as pattern for gold-plated glass surface. This technique is significantly
faster than PCR for pathogen detection because it takes only fifteen minutes for maximum

binding of P. aeruginosa to pyoverdine.
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The biosensors were designed to detect pathogens by developing new methodologies,
discovering siderophore binding proteins from pathogen cell extracts. Petrobactin is a
biscatecholate, a-hydroxy acid siderophore isolated from marine bacteria and other human
pathogens Bacillus anthracis, B. subtilis, B. Cereus [65,66]. Siderophore-based piezoelectric
biosensor was developed by Inomata research group for the detection of several
microorganisms using gold NPs [67-69]. They considered as mass measurement devices that
depend on detecting the change of resonance frequency on a Quartz Crystal Microbalance,

this change proportional to the mass binding to the electrode [47].

1.5.2. Siderotyping

Siderotyping or siderophore typing is a method to characterize the microbes based on
the type of siderophores they produce [70,71]. It can be done in both analytical and biological
methods. In the analytical method, the physicochemical properties of siderophores were
studied using HPLC-MS and in biological method, using molecular biology techniques like
immunoblot detection directly measure the siderophore mediated iron in microbial cells [72].
In siderotyping, major classification based on siderophore producers group and non-

siderophore producers group.

400 strains of fluorescent and non-fluorescent Pseudomonas spp. are investigated and
depending on siderophore type they classified into 28 taxa and using mass spectrometry
analysis, 68 fluorescent Pseudomonas were identified by studying their pyoverdines [72-74].
Siderotyping can also be used as a chemotaxonomic marker to identify other types of bacteria
for example Mycobacterium sp. and Burkholderia sp. depending on the difference in chemical

structures of mycobactin and ornibactins respectively [75,76].
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1.5.3. Growth of uncultivable bacteria

Kaeberlein et al., (2002) reported that siderophores can be acted as a growth factor to
promote the growth of uncultivable microorganisms by co-culture of microorganisms [77,78].
Certain siderophores produced by actinobacteria can mediate actinomycete interactions. The
Inter specific stimulatory events mediated by putative diffusible metabolites for the antibiotic
production and morphological differentiation from Streptomyces species occur at a high rate.
Streptomyces griseus produces desferrioxamine E that shows identical stimulatory effects on
the growth and development of S. tanashiensis. Ferrichrome and nocobactin produced by
microorganisms do not show any impact on the growth of uncultivatable microbes. But
desferrioxamine E promotes secondary metabolites production and morphological
differentiation in several actinomycete strain [79]. The siderophore genes of amychelin
produced by Amycolatopsis sp. A4 were down-regulated when they grow nearby S. coelicolor
because it inhibits the aerial hyphae formation (development arrest). But Amycolatopsis
sp.AA4 utilizes desferrioxamine E produced by S. coelicolor [80]. Therefore, the species
specific siderophores can modify the morphological differentiation and patterns of gene
expression in actinomycete interactions and several uncultivable organisms can be cultivated
and purified as pure culture. The pure cultures of uncultivatable microorganisms can be

investigated for potential applications in various fields [32].

1.5.4. Medicine

1.5.4.1. Trojan horse strategy

The efficacy of therapy can be improved by developing various promising drug
delivery methods [81]. For delivering drug molecules of less size Trojan horse therapy is the
most promising one. This therapy works by transporting drug molecules through membranes,

which act as barriers and thereby enhancing the in-take of drug molecules by cells. The

12



practical application of this method has failed in vivo due to its toxic side-effects. These

effects are due to the unregulated transport of drug molecules into the cells [81].

The Trojan horse strategy can be applied to antibody conjugated siderophores called
sideromycins. The intake of drugs will be efficient and easy as the cells take up iron part of
sideromycins through the cell gates and along with iron they also carry the conjugated
antibiotic into the cell. In most of the bacteria, the outer membrane is very selectively
permeable; by applying this strategy the permeability issue of drug molecule can be resolved
with ease. The main parts of drug-siderophore conjoint are three and they are linker,
siderophore and the drug (Figure 1.5). The key role players in this conjoint are siderophore
and drug molecule, Siderophore has to bind the iron whereas drug has the antibacterial

activity when it is released from the complex.

The role of the linker is not only to connect the drug molecule and siderophore but
also to regulate the drug release from the siderophore-drug molecule conjoint [82—85]. When
this conjoint reach the bacterial cytoplasm with the help of a siderophore, it slowly releases
the drug which starts microbial extermination. This action of the conjoint can trigger an equal

and opposite reaction which blocks the further transport of iron into the cell [86].
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Figure 1.5: Schematic diagram of drug molecule linked to siderophore (Trojan horse
strategy). Iron-siderophore-drug complex enters the cell outer membrane (OM) through
specific outer membrane receptors (OMRs). After entering the cell, drug molecule gets
released into periplasm or cytoplasm depends on target. Ton B complex provides energy in
active transportation [19].

1.5.4.2. Iron overload therapy

There are a few diseases which are caused due to the overload of iron and
siderophores have the potential to be used as a treatment for those. For treating disorders like
sickle cell anaemia, beta-thalassemia, blood transfusion is a must [94]. The red blood cells
reach their graveyard, spleen at the end of their life span and die. This is the only mechanism
of iron removal in the human body and no other mechanism exists. Consecutive blood
transfusions result in an elevated level of iron in the body which is very harmful to the vital
body parts and especially the liver. So this iron overload should be minimized to reduce the
risk of damaging vitals. Siderophore associated drugs have the potential to minimize iron

overload in the body and can be used in treating many disorders [95]. One such siderophore
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associated drug is Desferal [96]. It contains deferoxamine mesylate, which is an iron chelating
siderophore, primarily used for treating disorders like sickle cell anaemia and thalassemia

major [97-99]. The representation of chelation therapy is shown in Figure 1.6.

Siderophore+Iron

Figure 1.6: Schematic representation of chelation therapy. Repetitive blood transfusions
resulted in iron overload in the body. Chelation is required to remove iron, because excess
iron levels in blood leads to organ damage or failure and cardiac death. Desferrioxamine is
used as a chelator, Iron- desferrioxamine (Siderophore) complex is water soluble and excreted
through urine and faeces [19].

1.5.4.3. Antimicrobial activity
Nowadays, multi-drug resistant microbes are evolving very rapidly and the old
antibiotics have significantly reduced showing effect towards them. For this reason,

researchers have started exploring new horizons for effectively handling this issue and came

up with many discoveries and one among them is usage of siderophores [100].
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In order to stay alive, few parasites require an iron source and P. falciparum,
Leishmania spp. and Trypanosoma cruzi are some among them. For most of the parasites, life
cycle begins in insects and later on, they infect mammals for completing their life cycle, in the
parasite's life cycle (especially in mammals) they depend on iron taken in by the hosts [101].
Lytton et al., in 1993 experimented and reported a curative effect on parasites in mice. A
Swiss mice was administered 370 mg/Kg hydrophobic chelator of iron dose in combination
with coconut oil subcutaneously 3 - 4 times with a time interval of 8 hours. The results were
surprising with two to three fold decreases in parasite concentration in its body and the
infected mice had an increased survival time. According to Loyevsky et al., (1999),
desferrioxamine B is a potent drug used for malaria disease and action of it might be based on
its ability to chelate iron lying in the cytoplasm of plasmodium parasite. The anti-malarial
effect of desferrioxamine B has been proved in both in vitro and in vivo studies but the
drawback is its limited time of action. Despite continuous exposure of drug, the suppression

of parasite is too slow to develop the anti-malarial activity.

According to Pradines et al., 2006, desferrioxamine has very less absorption into the
blood when administered orally and even if administered as intravenous it has a very short
half-life. Crassostrea virginica, an oyster amasses large amounts of iron in its body leading to
more parasitic attacks and easy proliferation of parasites like Perkinsus
marinus. Desferrioxamine works effectively for Crassostrea virginica when given in a proper

continuous dosage [105].

1.5.4.4. Removal of transuranic elements

With depleting energy reserves scientists are working on new reliable technologies for
energy generation to meet day to day increasing human needs and one such technology is the

generation of electricity through nuclear energy. This has paved a way for the increase of

16



vanadium, aluminium, etc., which are transuranic elements [93]. The increasing levels of
these transuranic elements are not good for life in any form. Apart from the environmental
issues, patients who undergo dialysis for a very long period accumulate aluminium in brain,
which is called encephalopathy due to dialysis. Aluminium overload is also observed in
patients with end-stage renal failure. To treat these aluminium overload related disorders,
siderophores like desferal is being employed [93]. Desferol forms aluminoxamine complex in
the presence of aluminium (Figure 1.7). This complex is easily dissolved in water and gets
excreted along with faeces and urine [93,106-109]. It's been already reported that desferal has
the potential to reduce the amount of vanadium from the body. According to Nagoba and
Vedpathak, 2011 its been reported that usage of desferal removes vanadium by 25% in lungs,

26% in liver, and 20% in kidneys.

Dialysis

Excreted through
urine/faeces

Figure 1.7: Representation of removal of transuranic elements from body. Due to long term
dialysis, aluminium gets accumulated in brain and kidneys. Desferal or desferrioxamine reacts
with aluminium and form water soluble Aluminoxamine complex which is rapidly excreted
through urine and faeces [19].
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1.5.4.5. Cancer therapy

Cancerous cells divide unrestingly to form tumors. For this uninterrupted cell division,
continuous growth & development, these cells must have high concentrations of iron. So,
cancerous cells require more iron than the normal non-cancerous cells. The relationship
between cancer development and iron overload has been under continuous review ever since
the fact of their dependency has been established [110]. According to Nakouti et al., (2013),
siderophores, especially iron chelators are being employed as they are restricting the growth
of cancer cells. For instance, patients suffering from neuroblastoma were administered with
desferrioxamines and there was a significant reduction in development of belligerent cancer
cells. Out of the available desferrioxamines, desferrioxamine E has been reported to have

cytotoxicity effect through induced apoptosis towards malignant melanoma cancers [31].

1.5.5. Toxic and heavy metal bioremediation

Though heavy metals (Pb, Cd, Hg, Cu, Cr, Fe, Zn, Al, Co, Mn, Ar) are present
naturally in soil and water. Due to rapid industrialization and other activates like mining,
usage of pesticides and fertilizers, the concentration of heavy metals increased and disposal of
these metals without treatment poses a persistent risk to human health and environment. The
bioremediation of heavy metals became a challenging task because these metals cannot be
degraded completely but can transform from one organic complex to another [96,100].
Presently, the investigation on the usage of siderophores for bioremediation potentially
increased. Neubauer et al., (2000) reported that desferrioxamine B, a siderophore can chelate
Co*? at high pH conditions than Fe*3. Azotobactin and azotochelin siderophores produced

from Azotobacter vinelandii used for the acquisition of Mo and V [62].

Raoultella sp. strain X13 cadmium resistant microbe absorbs cadmium that present in

the soil by ion exchange and chelation enhances the production of indole acetic acid and
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siderophores for plant growth. The siderophores produced by strain X13 reduces the
bioavailability of cadmium in cadmium stressed soils [113]. Some siderophores isolated from
Actinobacteria reduces the cadmium uptake by bacteria. Under Ni contamination, S.
acidiscabies E13 secreted hydroxymate type of siderophores. It promoted the growth of
cowpea by binding nickel and iron, inhibited uptake of Ni and supplied Fe for the plant
growth [114]. P. azotoformans produced the mixed type of siderophore (catecholate and
hydroxymate) showed a high affinity towards several metals Cd, Pb, Ni, Ar, Al, Mg, Zn, Cu,
Co, Sn other than Fe. Among them, Ar removed 92.8% by five washes using siderophore and

77.3% by EDTA, 70.0% by citric acid [115].

Vibrio parahaemolyticus, marine estuarine enteropathogen reported to produce
Vibrioferrin a citrate-based siderophore that shows less affinity towards Fe when compared to
other marine siderophores. Marinobacter sp. also produced the vibrioferrrin siderophore but
observed as borate complex, though borate was not added to isolating media. Authors
proposed that siderophore forming a complex with Boron from borosilicate glassware used
during experimentation [116-118]. Shinozaki et al., (2019) reported that Pandoraea sp. HCo-
4B produced thermostable siderophore chelated Co*2, when organism grown in Co™?
supplemented medium. The siderophore binds to Co*? in 1:1 ratio, it gets absorbed to C18

column and eluted with ethanol.

In the marine environment, petroleum hydrocarbons are one of the major problems.
For the bioremediation of petroleum hydrocarbons in marine ecosystems, microorganisms
play a significant role [120]. Under Fe starvation, the marine microbes produce siderophores,
by facilitating the Fe acquisition the siderophore participate in the degradation of petroleum
hydrocarbons [39]. Marinobacter hydrocarbonoclasticus oil-degrading micro bacterium
secreted Petrobactin siderophore and structurally characterized. M. Hydrocarbonoclasticus

reported to produce another sulfonated siderophore called Petrobactin sulfonate, catecholate
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type [41]. Gauglitz et al., (2012) reported that amphiphilic siderophores called ochrobactins
were produced from marine bacterium Vibrio sp. that isolated from the Gulf of Mexico after
the Deepwater Horizon oil spill in 2010. Ochrobactins, may contribute to the degradation of

petroleum hydrocarbons.

1.5.6. Agriculture

1.5.6.1. Plant growth promoter

Plant Growth Promoting Bacteria are a different set of bacteria which aren't harmful
and can increase the tolerance to stresses, growth rate, resistance towards diseases in plants.
They are wide range of bacteria and exist in different habitats like soil especially the
phyllosphere and rhizosphere of plants. Some bacteria exist as symbionts and especially as
endophytes that live in the interior tissues of plants [114,122-124]. According to Omidvari et
al., (2010), at neutral pH the level of available iron required for microbial growth is 0.006-
0.01 m.mol/mL, whereas plants require more concentration of iron than microbes i.e., 0.010-
0.017 m.mol/mL. The fact that pyoverdine siderophores produced by various Pseudomonas
species can boost the growth of plants is proved beyond doubt [126,127]. So, all these
bacteria which boost the plant growth are referred to as Plant Growth Promoting Bacteria
[128]. In 2000, Masalha et al., experimented on plants to know the importance of microbes in
the plants iron takes up. For this, plants were grown on soil with loess loam texture and care
was taken to maintain asepsis in the soil for one plant and microbes were allowed to grow in
another. After some time, it was observed that plant roots in soil with microbial growth were

observed to have more iron than the plant roots with aseptic soil.

On the other hand, the plants are grown on aseptic soil were observed to have iron
malnutrition and even didn't have a proper vegetative growth. They have concluded that the

siderophores produced by soil microbes can be an effective iron source for plants. According
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to Rungin et al., (2012) Streptomyces sp., an endophytic bacterium in Thai jasmine rice plant
enhanced the roots and shoots remarkably. In 2013, Qi and Zhao have reported enhanced salt
stress tolerance in cucumber by siderophore produced by Trichoderma asperellum. Apart
from siderophores of microbial origin, there are some siderophores which are produced by the
plant itself. They are called phyto-siderophore, whose working is similar to microbial
siderophores. When an iron malnutrition plant was supplemented with phyto-siderophore,
plant showed better growth and the symptoms related to iron shortage were significantly
reduced. For enhanced iron uptake of plant and its growth, siderophores of both microbial and

plant origin play a very vital role [129,132].

1.5.6.2. Potential biocontrol agent

Siderophores have an important role in controlling pathogens affecting plants (Figure
1.8). Siderophores hold large amounts of iron leading to the reduced accessibility of iron for
other microbes in the habitat, which even include the plant pathogenic bacteria. With this
strategy, they are helping plants in combating their pathogens [133,134]. Many researchers
have reported the biocontrol agent application of siderophores. The usage of chemical
fertilizer and synthetic fungicides can the minimised, as siderophores are natural nontoxic

products of bacteria [128].

In 1980, Kloepper et al., raised the curtain unveiling the potential of siderophore for
being used as a biological application. Kloepper et al. used different strains of Pseudomonas
fluorescens (like TL3B1, Al, B10, BK1) for confronting Erwinia carotovora infection.
Fusarium oxysporum causes wilt disease in potato, which can be controlled by Pyoverdine, a
siderophore produced by Pseudomonads sp. Bacteria [135]. Gaeumannomyces graminis is a
pathogenic fungus that causes damages barley and wheat crops mainly [136]. The siderophore

Pyoverdine is very much active against it and shields the plant from its pathogenic effects.
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Not only in barley and wheat Pyoverdines are capable of shielding other crops like maize and

peanuts [137].

Apart from Pseudomonads, even Bacillus subtilis is also a producer of siderophores
and plays a key role in controlling F.oxysporum caused Fusarium wilt in pepper [138]. Many
fungi, mostly pathogenic to plants depend on Fe*® in the soil for their survival.
Azadirachtaindica produces a cocktail of siderophores which chelate Fe*® and thereby
restricting the growth of several pathogenic fungi [139]. In the literature its already been
reported by many researchers that siderophores have a capability in inhibiting the plant
pathogenic fungi like Sclerotinia sclerotiorum, Phytophthora parasitica, and Pythium

ultimum [140,141]. According to the available and reported literature, siderophores can be

considered as potential alternates for biocontrol agents against many plant pathogens.

Figure 1.8: Application of siderophore in agriculture and heavy metal remediation. Soil
contains pathogens and heavy metal contamination due to extensive industrialization.
Siderophores released by the PGP bacteria, bind to the Iron present in the soil. Due to iron
sequestration, pathogens cannot survive as iron is one of the growth limiting factors. PGP
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bacteria chelate the insoluble heavy metals to soluble form quickly taken up by plants for their
growth and microorganisms for their metabolic processes as cofactors [19].

Depending upon the proficiency of siderophores-mediated Fe™ acquisition
mechanisms, marine bacterial siderophores can be used as novel antimicrobial agents through
covalently bonding with commercial antibiotics or as novel Fe**-chelating desferals.
Additionally, siderophores extracted from marine bacteria have also demonstrated several
unconventional biological properties, for example, as agents which can negatively affect the
regulation of quorum sensing, as intermediaries for mutualistic associations by swamping into
bacteria and can be secreted as signalling molecules to regulate factors associated with
virulence in pathogenic microbes. Based on these diverse properties, marine siderophores
have significant potential in medicine [142,143]. To date, several industrial and research
groups have shifted their interest towards marine bacteria because they have become a
primary source in the production of unique and biologically active secondary metabolites with
diverse biological applications [144-146]. Siderophores are also employed in optical
biosensors, biodegradation of petroleum hydrocarbons, biogeochemical cycling of Fe in
oceans, bioremediation of pollutants such as heavy metals and in pharmaceutical industry

[32,147].

1.5.7. Biological significance of siderophores in pathogenicity

Siderophores are pivotal in the pathogenicity of numerous bacteria, especially those
affecting humans. Within the human body, iron is typically bound to proteins like transferrin
and lactoferrin, rendering it inaccessible to bacteria. Siderophores, small molecules produced
by bacteria, exhibit a strong affinity for iron. They scavenge iron from host proteins or
environments with low iron levels, enabling bacteria to obtain the iron necessary for growth
and replication within the host [83]. Often regarded as virulence factors, siderophores enhance

bacterial pathogenicity by facilitating iron acquisition from the host, thereby circumventing
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the host immune system's iron-limiting defences. This fosters bacterial growth and
colonization in host tissues, facilitating infection establishment and progression [148]. Iron
regulation is tightly controlled in the human body, and siderophore-mediated iron
sequestration can disrupt host iron homeostasis. This disruption may impede the function of
immune cells, such as macrophages, which rely on iron for antimicrobial activities. Through
manipulation of iron availability, bacteria can evade immune responses and establish
persistent infections [149]. Additionally, certain bacteria produce siderophores to outcompete
other bacteria for scarce iron resources in their environment. This competitive advantage may
contribute to the dominance of specific bacterial species within particular niches, including

host-associated microbiomes [150].

This chapter highlights the importance of siderophores, vital low molecular weight
molecules synthesized in environments deficient in iron. It explores their significance and
mechanisms of transportation, often categorized based on chelating group nature and
coordination with Fe*® via oxygen ligands. With their versatility, siderophores find
applications in biosensors, siderotyping, medicine, bioremediation of toxic metals, and
agriculture. Subsequently, the following chapter provides an extensive literature review on
marine siderophores, offering insights into their multifaceted roles and attributes. This
comprehensive exploration will shed further light on the diverse roles and characteristics of

these molecules within marine environments.
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The thesis was organized into five chapters.

CHAPTER I: Presents the general introduction, scope, contents and the aim of the present
work. This chapter presents the information about the iron requirement, siderophores

importance, types of siderophore, transportation mechanism and applications.

CHAPTER II: Briefly reported the review literature related to the doctoral thesis work. In this
section, details of the siderophores from marine source and studies so far reported on
siderophores production from marine microbes, applications and siderophore based

nanoparticles.

CHAPTER IlI: Gives a detailed description of the materials and methods employed for the
work carried out in four parts. The first part includes the sample collection and isolation of
siderophore-producing marine bacteria from different locations in the Bay of Bengal and the
detection of siderophore production from them. In the second part, the optimization of
production parameters (Incubation time, temperature, initial pH, carbon source, nitrogen
source and organic acids) of siderophore production medium, purification, concentration and
characterization of extracted siderophores. In the third part, the heavy metal chelation and
seed germination activity were tested using marine bacteria and supernatant, respectively. The
fourth part includes the synthesis of siderophore-based silver nanoparticles, their

characterization, and antibacterial activity against Gram-positive and Gram-negative bacteria.

CHAPTER IV: Presents the results and discussion related to the work done in four parts. In
first part the collection of marine water and sediments samples from marine estuary regions
and isolated the fast-growing bacteria. All the isolates were screened for siderophore
production using CAS (Chrome Azurol S) assay, and the most efficient four isolates were
selected for further work. 16S rRNA molecular characterization of isolates showed the nearest

similarity of SMI_1 with Bacillus taeanensis, AABM_9 with Enterobacter sp., SVU_3
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with Marinobacter sp. SVU_3 and AMPPS_5 with Pseudomonas mendocina. In the second
part the production parameters of the succinate medium were optimized to enhance the
siderophore production. The optimum production of siderophores for SMI_1 was 93.57
%SU (Siderophore Units) (after 48 h of incubation at 30 °C, pH 8, sucrose as carbon source,
sodium nitrate as nitrogen source, 0.4% of succinic acid) and for AABM_9 was 87.18 %SU
(after 36 h of incubation period at 30 °C and pH 8 in the presence of sucrose, ammonium
sulfate and 0.4% succinic acid). The maximum production of siderophores for SVU_3 was
83.15 %SU (after 48 h of incubation at 35 °C and pH 8.5 in the presence of glucose, sodium
nitrate and 0.6% succinic acid) and for AMPPS_5 was 91.17 %SU (after 36 h of incubation at
35 °C, pH 8.5, glucose as carbon source, ammonium sulfate as nitrogen source, and 0.4% of
citric acid). Effects of Copper, Manganese and Zinc metal ions on siderophore production
were studied. The siderophore was separated using an Amberlite XAD-2 column followed by
Sephadex LH-20. The fractions were concentrated by removing methanol using rotary
evaporator and lyophilized samples stored. The chemical nature was identified by Thin-layer
chromatography, Fourier Transformation Infrared analysis (FTIR), High Resolution — Mass
Spectroscopy (HR-MS) and Nuclear Magnetic Resonance (NMR) spectroscopy. In the third
part the heavy metal chelation of siderophore-producing marine bacterial isolates was
investigated on Ag*?, Al*2, Cd*2, Co*?, Cr*®, Hg*?, La*, Mo™®, Ni*?, Pb*?, Pd*?, and Y** metal
ions (1 mM, 5 mM) by spotting method. All four isolates showed chelation activity on heavy
metals except Ag*?, Cd*? and Mo*® due to species-specific trait. Seed germination studies
were performed on seeds Brown chickpea (Cicer arietinum L.), Peanut (Arachis hypogaea),
Green gram (Vigna radiata), and Kabul chana (Cicer arietinum) using siderophore
supernatant. Finally, in the fourth part the as-synthesized silver nanoparticles (AgNPs) via
chemical (Che-AgNPs) and biological (Bio-AgNPs) methods were characterized for their

optical, physicochemical, crystalline, and elemental composition properties. Che-AgNPs and
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Bio-AgNPs showed a peak at 455 nm and 415 nm with average particle size of 198.73 nm and
135.19 nm, whereas surface charge was found to be -21.94 mV and -32.67 mV, respectively.
Che-AgNPs have shown better zone of inhibition (ZOI) against Gram- bacteria such as
Escherichia coli (10.57 mm), Klebsiella pneumoniae (11.25 mm), Pseudomonas aeruginosa
(15.43 mm), whereas Bio-AgNPs showed better ZOI against Gram+ bacteria such as Bacillus
subtilis (13.31 mm), Coagulase-negative staphylococci (12.28 mm), Staphylococcus aureus

(12.03 mm) at 50 pg per well concentration.

CHAPTER V: Presents the conclusions drawn from the isolation of siderophore-producing
marine bacteria, optimization of production parameters and purification of siderophores. It
includes heavy metal chelation, seed germination ability of siderophore-producing bacteria,
and synthesis of siderophore-based AgNPs. Future research scope was also presented in this

chapter.
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Chapter I1:
LITERATURE
REVIEW




LITERATURE REVIEW

2.1. Siderophores from marine source

Recently, many siderophores have been isolated from marine bacteria including
Actinomycetes. Marine microbes well known for its production of numerous siderophores,
which act contingently and regulated independently to compete efficiently in the environment.
Streptomycetes are highly available and important group of actinomycetes in the marine
environment [100]. You et al. (2005) isolated 94 different strains of actinomycetes from the
marine sediments, among them 87.2% are Streptomycetes and most of the strains having
siderophore producing ability on CAS agar plates and influence the growth of
pathogenic Vibro sp. Strains in vitro Streptomyces can form desiccation-heat resistant spores
and probiotic products will be stable under preservation. Streptobactin, a novel catecholate
type of siderophore was isolated from actinomycetes Streptomyces sp. YM5-799 by
chromatography under acidic conditions using porous-polymer resin Diaion HP20 column.
Streptobactin  (CsiHeoN15018) is a colourless gum, having catechol bonded arginine-
substituted siderophore framed on a cyclic triester backbone of threonine (-Thr-Arg-DHBA).
Along with Streptobactin, dibenarthin, tribenarthin, and benarthin were also obtained. When
the compounds screened for iron-chelating activity, results showed slightly stronger activity
than desferrioxamine mesylate. Under iron limited conditions, these siderophores might play a

significant role in the existence of Streptomyces sp. strain YM5-799 [151].

Nocardamine, a cyclic siderophore isolated from novel marine Citricoccus sp.
KMM3890 from bottom sediments of Sakhalin seashore. It contains three units of 5-
succinylated-1-amino- ydroxyamino-pentane which is similar to bisucaberin- symmetric
cyclic dihydroxamate, which was isolated from a marine Alteromonas haloplanktis. Initially,

Nocardamine reported as an antibiotic [152]. Nocardamine was examined for its cytotoxicity
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to melanoma SK-Mel-5, RPMI-7951, SK-Mel-28 and breast cancer T-47D cell lines in
vitro using MTS assay and inhibition of colony formation using soft agar clonogenic assay.
Results showed no cytotoxicity was observed but nocardamine inhibited colony formation of

cancer cells [153].

In silico analysis of marine Salinispora arenicola and S. tropica proposed that they
have several phenolate and hydroxamate type siderophore biosynthetic loci, desferrioxamine
(DFO) B and E are produced from Salinispora in the laboratory. Ejje et al. reported possibility
of the biosynthesis of siderophores by genome analysis of marine actinomycete S. tropica
CNB-440 but unable to predict the siderophore of hydroxymate and phenolate-
thia(oxa)zol(id)ine class are produced [154]. Ni*%-based immobilized metal ion affinity
chromatography used to pre-fractionate the metabolome of S. tropica CNB-440 and identified
DFOA1la, DFOAlb, DFOA2, DFOB, DFOD1, DFOE, DFOD2, DFON compounds, among
these DFON was a new siderophore. Based on these studies, the focus on marine
actinomycetes is growing for drug discovery. Siderophore metabolome of S. tropica CNB-440
was modulated by culture conditions intended to mimic the changeable marine environment.
At constant pH and increase in temperature resulted in the increase of DFOA2 and DFOA1
and decreases of DFOB and DFOE, at constant temperature and an increase in pH showed
increase in DFOB, DFON, and DFOE decrease in the levels of DFOA2 and DFOA1. DFOB

has been used as an iron chelator for iron overload diseases in humans.

Streptomyces olivaceus FXJ8.012 was isolated from the deep seawater samples of
south West Indian Ocean, reported to produce two novel oxazole/thiazole siderophores
entitled as Tetroazolemycins A and B. The structures of these compounds are similar to
Pyochelin and Spoxazomicins. It is difficult to decide the absolute configuration of Pyochelin
type of siderophore because of their multi chiral centers and isomerization on ring C. So, Liu

et al., (2013) failed to crystallize the Tetroazolemycins A and B, as the structures contain
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neither hydroxyl groups nor amino acids and CD spectra were not recorded from reference
samples. Compounds A&B were screened for heavy metal ion binding ability, results showed
that Cu*?, Zn*2, and Fe™® have high affinity and Pb*2, Cr*3, and Mn*? showed no affinity.
Compounds were inactive against Klebsiella pneumonia but their Zn*2 complexes weakly
inhibited this pathogen with minimum inhibition concentrations of 125 - 250 pg/ml and 125

pg/ml.

Using LC-HRESI-MS based non- targeted metabolomics, a novel hydroxymate type
siderophore Fradiamine A and B were isolated from marine Streptomyces fradiae MM456M-
mF7 from deep-sea sediments of Sagami Bay, Japan. Compounds were purified by Diaion
CHP-20P, Sephadex LH-20 column chromatography and eluted with 50% MeOH and further
purified by HPLC. Fradiamine A, a new siderophore having two alkyl diamines
asymmetrically bound to citric acid core. Fradiamine A&B showed modest antimicrobial
activity against Clostridium difficile with ICso values of 32 and 8ug ml ?, respectively.
Despite the antibacterial activity, under the presence of Fe*® cancelled dose-dependently

[156].

Yang et al., (2019) studied the antagonistic activity of Streptomyces sp. isolate S073
towards pathogenic Vibrio parahaemolyticus using the agar diffusion
method. Streptomyces sp. S073 produced carboxylate type of siderophore which was
confirmed by Vogets test (disappearance of pink color). The antagonistic activity of S073 was
mostly attributed to the siderophore mediated Iron competition because most of its life cycle
S073 produce siderophores. Amycolatopsis albispora WP1T reported to produce a new
siderophore, designated as albisporachelin, isolated from samples collected in the Indian
Ocean at a water depth of 2945m. Albisporachelin, has a cyclized hydroxyl ornithine at the C-
terminus, at least one N-6-OH-N-d-formyl-Orn and includes serine as the only other amino

acid residue. The discovery of albisporachelin adds to the diversity of marine-derived
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siderophores and shows its impact on marine ecology, marine chemistry, and
biogeochemistry. Deep-sea derived siderophores are few explored and this study represented
one of the few examples to date [158]. The structures of siderophores from marine

actinomycetes are represented in Figure 2.1 and listed in Table 2.1.

Yan et al., (2019) reported isolation of two noval siderophores Madurastatin D1 and
D2 which have unusual 4-imidazolidinone cyclic moiety in their structures. To identify the
biosynthetic origins of this structure, sequenced the genome of Actinomadura sp. WMMA-
1423 and found mad biosynthetic gene cluster. The genome sequencing allowed them to
propose a hypothesis, but needed further studies to clearly understand the biosynthesis of

madurastatins.
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Figure 2.1: Structures of Siderophores from marine bacteria. Structures of siderophores from
marine Actinomycetes. (a) Streptobactin [151], (b) Nocardamine [153], (c) Tetroazolemycin
A [155], (d) Tetroazolemycin B [155], (e) Fradiamine A [156], (f) Fradiamine B [156], (9)

Albisporachelin [158], and (h) Madurastatins [159].
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Table 2.1: List of Siderophores from marine source.

Remarks on siderophore

iderophor Microorganism T o Ref.
Siderophore ieroorganis ype activity and structural data ¢
Both siderophores contain
Madurastatin D1 | Actinomadurasp. | Phenolate- lcjzméfil::arlntiiezTidﬁgggrigtoeTe
Madurastatin D2 WMMA-1423 | Hydroxamate YCIe MOIELy. AVIO% Y 1 1571
active in antimicrobial assays
with M. luteus
Studied excretion of
Streptomyces sp. antagonistic substances and
Unknown S073 Carboxylate impact of siderophore [155]
production against pathogenic
bacteria.
) ) Amycolatopsis Structure of noval siderophore
Albisporachelin albispora WP1 Hydroxymate | |\ s determined by 1D & 2D [156]
NMR and MS-MS experiments.
o Streptomyces Novel siderophore, showed anti-
Fradiamine A fradiae MM456M- | HYdroxymate | micropial activity against C. | [154]
mF7 difficile.

. Sulfur containing siderophores
Tetroazolemycin A Streptomyces . . .
Tetroazolemycin B | olivaceus FXJ8.012 Mixed type and binds to severa.ll metal ions | [153]

other than iron.
Desferr!oxam!ne AL The LC-MS analysis revealed 8
Desferrioxamine A2 i . .

. . siderophores of desferrioxamine
Desferrioxamine B - . .

Desferrioxamine D1 Salinispora tropica Hvdroxvmate class from S. tropica CNB-440. [152]

. . CNB-440 yaroxy The siderophore metabolome
Desferrioxamine D2 .

. . was dynamic and modulated by
Desferrioxamine E optimizing micro environment
Desferrioxamine N P g '

Dibernarthin ptomy P- Catecholate . g [149]
. . YM5-799 activity slightly more than
Tribenarthin : .
desferrioxamine mesylate.
Novel actinobacteria was
Nocardamine Citricoccus sp. Hydroxymate isolated and screened for [151]

KMM 3890

nocardamine. And it was
showing anti-tumor activity.

2.2. Characterization of siderophores using modern techniques
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Intricate tiny compound compositions can be easily analyzed through liquid
chromatography-mass spectrometry (LC-MS) technique. Due to the above-stated application,
LC-MS has got importance in different research expenses such as medicine and biology like
metabolomics, in combinatorial and environmental chemistries for characterization of
molecules [160-163]. Many novel iron-holding proteins namely polypeptide siderophores are
also being discovered with the help of LC-MS/MS. In this process, the obtained MS/MS
spectrum of newly identified siderophore is compared with the database which has the data of
known siderophores to interpret the characteristics of the new siderophore. The salient feature
of LC-MS is the concoction of both the mass-to-charge ratio and retention time. Table 2.2
summarizes HPLC protocol, which includes columns and methods of marine siderophores. In
LC-MS, out of all the soft ionization procedures, Electrospray lonization (ESI) is the regularly
employed procedure. ESI can develop the mass spectrum of the compound with its minimum
amount of fragmentation. It also can assist and mine LC-MS characteristics without disturbing

the ions at the molecular level.

Table 2.2: HPLC column and method employed in the purification of marine siderophores
based on literature.

Compounds Method
F.) Instrument Column . Mobile Flow | Ref.
(Yield) Gradient system
phase rate
. YMC 20 x 250 mm Methanol
0 0, ! -
Woodybactin HPLC C18-AQ column 5% to 100% methanol Water [162]
Nucleodur 100-5 37% to 53% methanol
. C18 ec VarioPrep over 63 min, 63% to
Méx;)cr:e;gB LC/MS | column(125x21 | 100% over 2 min, and M\‘j\t/r::f' . /‘:nin [163]
Mg mm, 5 um; 100% methanol for 7
Macherey-Nagel) min
10% methanol for 5 min,
Nucleodur 18 PAH | from 10% to 100% over
- . column (250 x 8.0 35 min, Methanol,
Massiliachelin RP-HPLC mm, 3 pm, 100% for 10 min. Water - [164]
Macherey Nagel) | followed by 10% for 10
min
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YMC 20 x 250 mm

10% methanol in H20 to

: : 30% methanol in H.O | Methanol,
Pacifibactin RP-HPLC C18-AQ 10/90% H,O/methanol Water - [165]
Column )
over 40 min
Imagobactin (F?rllfngcr)rlll;nmer:( 95% H20/0.1% formic ACN, 500
a LC-HRMS | . ' | acid and 5% ACN/0.1% | Formic | [266]
(11.6 mg) Kinetex, 1.7 um 50 . . . ul/min
formic acid over 4.8 min acid
X 2.1 mm)
C18 column (Waters | 5to 25% ACN in H20 ACN 1
Albisporachelin | HPLC-MS | Xbridge, 4.6 mm x | (each with 0.05% TFA) ’ . [156]
. Water ml/min.
50 mm) over 60 min
95% A to 0% A (5 min),
SPELCO Ascentis | 0% A (5 - 8.5min), 95% | Formic
Fradiamines A Express C18 A (8.5-12 min); 0.1% acid, 0.4
and B HRESI-MS column (2.1 mm ID | formic acid ag. (A) and Formic | ml/min [154]
X 50 mm 0.1% formic acid-ACN | acid-ACN
(B)
Pseudochelin A 2
> ! LC-MS/MS | Reverse phase C18 0 - 100% methanol Methanol .| [167]
(6.3 mg) ml/min
grg r:z\r;erzeeg"ﬁ;:e 10 - 40% CAN - H,0 | ACN-
Thalassosamide P with H20 containing Water, 1.0
LC-MS column . : .| [168]
(60 mg) 0.1% acetic acid over 25|  Acetic ml/min
(250 x 4.6 mm, 5 . .
min, 4.0 mg/ml acid
pm)
C18 col Betasil :
c(::olgrrlr;(() Xe ol Methanol-H.O gradient Methanol 0.2
Variochelins LC-MS ’ from 50% to 100% over ' 1 [169]
2.1 mm, 3 pum; 20 min Water ml/min
Thermo Scientific)
Avaroferrin C18 Inertsil ODS-3 0.2
- ! 04 - 0
(6.9 mg) LC-MS 2 % 100 mm 20% - 60% methanol Methanol ml/min [170]
100 % A [0.05 % TFA
C4 column (250 mm in H.O] to 100 % B Methanol
Moanachelins RP-HPLC length x 20 mm [0.05% TFA in 80 % Water ' - [171]
diameter, Higgins) methanol, 20 % H,0]
over 37 min
. Waters Xbridge _ .
Tetroazolemycin HPLC ODS (10 x 150 mm, Methanol:H.O = 70:30, Methanol ) [153]
A (19.1 mg) v/v
5 um) column
reparative C4 50% A (0.05% TFA in
i F::olumn H20), 100% B Methanol
Ochrobactin RP-HPLC (0.05%TFA in 80% ' [121]
(250 mm x 20 mm Water
L methanol, 20% H20)
Higgins)

over 15 min
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C-18 column 10.0

(30 - 60%) of

52%

Nocardamine HPLC mm x 250 mm, methanol:H.O over 25 Me_thanol 2 .| [151]
(298 mg) 5 um, Supelco min orin27% | mil/min
’ ACN
50% A [0.05% TFA in
. C4 column (250 MM 1401009 B (0.05%| Methanol,
Aquachelin (RP-HPLC) Iengt_h X 20 mm TFg\ i 80% Metﬁanol) Water - [35]
diameter i
over 15 min
. 20% to 50% aqueous
St(rfg_tg t:;;'n RP-HPLC TS};SS'XO;S;OTS’ ACN containing 0.1% | ACN 1?n$|/ [149]
’ TFA in 30 min
80% A (0.05% TFA)
C4 column and 20% B (0.05% ACN
Loihichelins RP-HPLC | (250 mm length x 22| TFA) in 19.95% water Wate’r - [36]
mm diameter) and 80% ACN over 45
min
100/0 (% A/B) for 7 min
to 0/100 over
C4 reversed-phase 25 min; and a hold at
. . column 0/100 for 3 min ACN,
Marinobactin HPLC (Vydac, 5 mm ID- [A =99.95% H>Oand Water ) [27]
250 mm length). 0.05% TFA;
B = 19.95% H0, 0.05%
TFA, and 80% ACN]
. C18 reversed-phase
Synechobactin column 20% to 50%ACN with 100
A_ggr'sé)l's’ HPLC (Vydac 10 mm ID 3 0.05% TFA ACN ml/min [172]
250 mm length).
. (Vydac C4 column
Petrobactin
(10 im, ACN/H20 gradient (0% ACN,
sulfonate (0.5 RP-HPLC 22 mm ID x 250 to 60%) over 35 min Water ) [40]
mg/L)
mm)
100/0 (% A/B) to 0/100
(% A/B) over 37 min A
o C4 reversed-phase = 99.95% H20 and Methanol,
Amphibactin HPLC column (Vydac) 0.05% TFA Water ) [28]
B = 19.95% H0, 0.05%
TFA, and 80% methanol
C18 or C4 reversed 100/0 (% A/B) t.o 0/100
Desferroxiamine phase column over 35 min Methanol,
G HPLC (Vydac 10 mm ID 3 A =99.95% H.0 and Water - [173]
0.05% TFA

250 mm length)

B =39.95% H20, 0.05%
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| | TFA, and 60% methanol

Imaqobactin is a siderophore with amphiphilicity extracted from a bacterium
(Variovorax sp. RKIM285) isolated from the Arctic region. In this study, the core-shell 100 A
C18 column of Phenomenex was used for accomplishing chromatography. The injection
volume was 10 pl and the flow rate for the entire process was maintained at 500 ul/min. Two
mobile phases were used in this process, one was 0.1% formic acid with H>O which acts as
solvent A and the other was 0.1% formic acid with CH3CN which acts as solvent B. A
gradient of these two solvents ranging from 95% of solvent A, 5% of solvent B to 100%
solvent B for 4.8 mins trailed by a 3.2 min hold with the above-mentioned flow rate and
injection volume. UV 200—-600 nm, ELSD, and ESI-MS were the detectors used. Sample
analysis of Liquid Chromatography (LC) High-Resolution Mass Spectrometry (HRMS)
revealed the two ions which are eluting at the same time. One of them has mass/charge ratio
of 934.5038 [M + H]* and the other has 987.4168 [M + H]", based on these ratios their
suggested molecular formulas are C41H7:N7O17 and CasiHesFeN7O17, respectively. The first
one, C41H71N7017 has 53 units less mass/charge ratio when compared to Cs1HesFeN7O17. This
loss of mass might be related to the Fe*® loss, which is typical for siderophores that bind iron

[168].

Characterizing structures of compounds using MS/MS is a challenging task due to the
complex melange of tiny molecular structures [121]. A marine bacterium namely Shewanella
woodyi MS32 produced a set of novel siderophores (Woodybactins A, B, C, D) with fatty acyl
group. Waters Xevo G2-XS QT of Mass Spectrometry was used to determine the molecular
multitudes. This instrument possesses Waters BEH C18 column and positive mode
Electrospray lonization attached to an ACQUITY UPLC-H-Class system. Mobile phase used

was CHsCH with 0.1% formic acid in double-distilled H,O with 0.1% formic acid and a
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gradient of 0 - 100% was applied linearly. The Woodybactins (A, D) molecular ion peaks of
mass/charge ratio were determined as 463 and 491 respectively, whereas both Woodybactins
B and C had peaks as 477. Peculiarly, the difference in mass between Woodybactins A & B is
the same as Woodybactins C & D which is 14 units. This indicates the difference between a
CH: groups. The available data suggests that the fatty acid chains of woodybactins A-D might

most probably vary in length [164].

For identification of an unknown compound and to identify its structural aspects,
MS/MS is the most suitable technique. The m/z ratio of selected siderophores and type of
ionization are listed in Table 2.3. In 2005 Owen et al., identified a set of siderophores with
amphiphilicity from Marinobacter sp. Strain DS40M6 & Strain DS40M8 and named them
marinobactins A to E. For these marinobactins, the head group is made of protein, which
manages the fatty acid chain and Fe*®. A few years later in 2007, Martinez et al., identified
another marinobactin with C18 fatty acid and having a single double bond, namely
marinobactin F. The hydrophilicity of marinobactin F is much higher than the other A to E
marinobactins. All these marinobactins are established with the help of electrospray mass
spectrometry and HPLC (analytical). A VG-Fisons Platform Il (Micromass) with quadrupole
mass spectrometer was used and which was coupled with Michrom BioResources HPLC unit,
for injecting directly. For marinobactins A, B, C, D, E the source temperature and a cone
voltage are 70 °C and 65 V, respectively, whereas for marinobactin F the source temperature
and a cone voltage are 90 °C and 80 V, respectively are enough for fragmenting. The
marinobactin F molecular ion peaks of mass/charge ratio were determined as 1014 (M + H) ™.
In 2000, Martinez et al., identified two new members of the aquachelins family, namely
aquachelins J and I, which were identified from Vibrio sp. HC0601C5 and Halomonas
meridiana str. HC4321C1 with the help of reverse phase HPLC. Electrospray ionization mass

spectrometry (ESI-MS) and tandem mass spectrometry were executed on Micromass Q-TOF2
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with collision gas as Argon to determine the structural aspects of the above mentioned

aquachelins.

Table 2.3: Mass spectrometry data of marine siderophores.

Instrument lonization m/z Ratio Mode Compounds Ref.
HRESI-MS ESI 513.3655 (M+H)" - Fw0622 [175]
HRESI-MS ESI 467.2033 (M+H)" - Massiliachelin [164]
HRESI-MS (Q-TOF) ESI 372.1919-408.1747 | Positive Myxochelin B(1-9) | [163]
HRESI-MS (Q-TOF) ESI 370.1759-390.1647 Positive Pseudochelin A(4-9) [163]
HR-ESIMS ESI 923.4081 (M+H)* Positive Pacifibactin [165]
HRESI-MS (Q-TOF) ESI 463, 477,477,and491 | positive |  Woodybactins A-D | [162]
HR-ESI-MS ESI 560.2712(M-H) Negative Albisporachelin [156]
LC-HRMS, MS/MS ESI 934.5038 (M+H)* - Imagobactin [166]
FTICR MS ESI 895.3995 Negative Amphibactin Ua [176]
LC-HRESI-MS ESI 435.2086 (M+H)* Positive Fradiamine A [154]
LC-HRESI-MS ESI 449.2242 (M+H)* Positive Fradiamine B [154]
HR-ESI-MS(MALDI- ESI 1074.604 (M+H)* - Variochelin A [169]

TOF/TOF)
LCMS-8040 ESI 419, 405, 401, - Avaroferrin [170]

391,387,373
HR-ESI-MS ESI 757.1971, 757.1965 - Tetroazolemycins A And | [153]
(M+H)* B
HRESI-MS (Q-TOF I1) ESI 778, 788, 800, 802, 816, - Moanachelins [171]
828 (M+H)*
LC-MS - 628.29 (M+H)* - Desferroxiamine N [152]
ESI-MS (Q-TOF2) ESI 793, 821, 849 - Ochrobactin-OH A-C | [121]
HRESIMS (Q-TOF) ESI 5909.3407 (M-H) - Nocardamine [151]
ESI-MS (Q-TOF2) ESI 830.54 (M+H)* - Amphibactin S [35]
ESI-MS (Q-TOF2) ESI 804.55 (M+H)* - Amphibactin T [35]
HR-FABMS ESI 1180.5004 - Streptobactin [149]
GC-MS ESI 930, 974, 956, 958, 984, - Loihichelins A-F [36]
986
HR-ESI-MS (Q-TOF) ESI 614.261, 586.23, - Synechobactins A-C [172]
558.198

HRESI-MS ESI 799.3199 (M+H)* Negative | Petrobactin Sulfonate [40]
ESI-MS - 1078.4, 1106.5 (M+H)* - Pseudoalterobactin A, B | [41]
ESI-MS ESI 719.3614 (M+H)* Positive Petrobactin [38]
ESI-MS ESI 619.3647 (M+H)" - Desferrioxamine G [173]
FAB-CI-MS Cl 373.21 (M+H)* - Putrebactin [177]
VG ZAB-E FAB MS - 349.0944 (M+H)* - Anguibactin [178]
SI-MS Si 401 (M+H)* - Bisucaberin [179]
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To identify the siderophores in marine water, the samples were pre-treated with Solid-
phase extraction and coupled with LC-tandem MS. ZORBAX SB-C18 reversed phase column
(50 mm x 2.1 mm, 1.8 um, Agilent, USA) was used to separate the sample using formic acid
0.1% (V/V) and methanol as mobile phase A and B at a flow rate of 0.25 ml/min. Mass
spectrometry performed under multiple reaction monitoring and ESI-positive mode. This
method is used in analyzing siderophores under HNLC regions and exhibited advantages such
as high enrichment factor, matrix effect, in accurate quantification of ability and good

recovery [181].

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) is a rapid and economical technique used to identify several biomolecules and
bacteria based on ribosomal MS data. Successive developments in the instrumentation
resulted in better-resolved spectra of perfectly folded proteins. Total acquisition and analysis
of intact proteins and rare metabolites of 384 bacterial colonies can be completed in less than
four hours by using MALDI-TOF-MS but it requires basic expertise for sample preparation
and to operate in comparison with regular instrumentation like Orbitrap, quadruple TOF,

Fourier transform ion cyclotron resonance mass spectrometers [182].

Variovorax boronicumulans produces variochelins, lipopeptide siderophores differ in
biosynthesis when compared with most of the other lipopeptide siderophores where
polyketide synthase is involved. The head group of variochelin A and connectivity of
constituents were analyzed by tandem MS. The three bidentate ligand groups include two
hydroxamate functions and hydroxy carboxylate (i.e., the B-hydroxyaspartate residue) were
identified by MALDI-TOF/TOF (Bruker Ultraflex spectrometer) fragmentation [171].

Desferrioxamine E (DFO-E) is an ideal siderophore used for iron chelation therapy, isolated
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from Streptomycetes bacteria. It requires cost effective industrial production for in vitro and
animal studies. Approximately, 97% of pure DFO-E was analyzed by two-step purification
process using HPLC. MALDI-TOF MS analysis demonstrated the purified Desferrioxamine E

always contains traces of Desferrioxamine D2 [183].

Guerrero-garzon et al., (2020) isolated ten strains of Streptomyces from marine
environment for secondary metabolites Biosynthetic gene cluster analysis. LC-MS analysis of
strain ADI96- 02, led to detection of several different metabolites. Among them, one of the

main compounds identified as nocardamine (desferrioxamine E).

2.3. Nanoparticles synthesis

Metallic NPs presence has increased in several areas of human applications because of
its diverse nature and potential as biosensors, solar cell technology, cryogenic
superconducting material, cancer therapy, drug delivery and safety control, cosmetic industry,
pollution control, pharmaceutical ingredients, antimicrobial agents, biomarkers, and primarily
in biomedicine and bioscience as biological tagging agents [185,186]. Among them, AgNPs
or nano-Ag has garnered a lot of attention or been in the spotlight for long due to tis
characteristic or unique features such as superior catalytic activity, chemical resistance, higher
conductivity, superior chemical stability, enhanced magnetic, electrical, and optical
properties, surface area, shape, and importantly its size [186-188]. These unique characteristic
features of AgNPs have made them indispensable and superior compared to other metallic
NPs [189]. Due to its innovative use in the energy industry, where stability and strong
catalytic performance of Ag-based NPs make it a promising substitute for platinum in dye-
sensitized solar cell technology, AgNPs have also received a lot of attention recently [190—

192] In current nanotech research, the synthesis of AgNPs is of essential importance in

41



addition to its diverse applications [193]. AgNPs' market size is anticipated to grow as well,

from more than 2 billion USD in 2020 to more than 5.5 billion USD by 2027 [194].

The biological process for synthesizing AgNPs depends on the methodical use of plant
extracts and microbes such as fungi, yeast, and bacteria which are environmentally friendly
[187,195]. Microbes reduce metal ions in response to environmental stress conditions [196].
Additionally, bacteria are simple to handle, proliferate quickly and affordable, and allow for
simple control of growth factors including incubation time, oxygen, and temperature [197].
Compared to physical and chemical processes, the biological synthesis of NPs is thought to be
non-toxic, more affordable, and more environmentally benign [198,199]. However, a
revolutionary change in the biological synthesis of NPs is envisaged by the use of
extracellularly produced secondary metabolites with little interference of the toxic nature of
the NPs on the biological system in order to avoid destruction of the biological resources for
the synthesis of nanoparticles [197,200,201]. In addition, synthesis of NPs extracellularly is
more affordable, viable, and simpler [197]. The surface of the AgNPs is covered by these
biological substances, which improves their biocompatibility and stability [202]. AgNPs can
have their size, shape, and morphology altered by changing the reaction conditions, such as
using a reducing agent, stabilizing agent, or capping agent through various biological
processes [185,187]. Furthermore, the requirement for the use of reducing agents will be

eliminated if the capping agent can reduce the metal ions which produce the AgNPs [194].

2.4. Siderophores in synthesis of nanoparticles

The present study's utilization of marine bacterial secondary metabolites for the
biological synthesis of AgNPs is predicted to provide a wide range of advantages, including
the following: (a) the presence or toxicity of Ag® ions would never affect the growth of

bacteria or production (different bacteria have varying tolerances for Ag* ions [203]), (b) NPs
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segregation won't go through a pointless purification process where bacteria's siderophore
tends to chelate the NPs, and (c) The synthesis of NPs does not involve the use of hazardous
substances [203]. For the purpose of mass-producing NPs, the same metabolite can be

synthesized unimpeded from continuous or batch culturing of bacteria [203].

Low molecular weight ligands known as “siderophores” are produced as a result of the
absence of soluble iron in the environment [204]. The stability constants (p) of different
siderophores range from 10%° to 10 for their iron complexation [204]. Siderophores have the
potential to chelate several metal ions such as Zn?*, TI*, Tb®", Sn?*, Pb?*, Ni?*, Mn?*, Hg?*,
Ga®*, Eu®, Cu?*, Cr¥*, Co?", Cd?", AP, and Ag* apart from Fe3* [204]. These secondary
metabolites” metal ion redox potential may be crucial for the production of metal NPs
[185,204]. Bioleaching, biomineralization, and bioremediation all depend on metal-microbe
interactions, or more precisely, metal-chelator interactions [204]. Therefore, based on the
above stated information, the presented work focused on the comparative analysis of AgNPs

synthesized through chemical and biological approaches. Throughout the literature, only a

few papers have highlighted the use of siderophores in the NPs synthesis (Table 2.4).

Table 2.4: Use of siderophores in the synthesis of various NPs as per the existing literature
available.

NPs | Siderophore(s) Source Feature(s) Remark(s) Ref.
Purified from 415 nm (S.PR)’ Anti-algal effect on
. FCC, spherical or .
Ag Pyoverdine Pseudomonas i Chlorella pyrenoidosa | [184]
aeruginosa DM1 pseudo-spherical, and C. vulgaris
g 45 to 100 nm VU
Promote surface
TiO, Enterobactin Commercial 386 nm (SPR) solubilization of TiO> | [204]
NPs
Selective detection of
. 532 SPR), 40 .
Au Catechol Synthesized nmn(m ) Fe3* ions in aqueous [51]
solution
FesOq . . Crystalline, 22.14 Electrostatic surface
@SiO2 Feroxamine Synthesized mV, ~10 nm interactions between NP [205]
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@NH>

conjugate and
feroxamine receptor for
pathogen (Yersinia
enterocolitica wild type)
detection

425 nm (SPR),
FCC, irregular

A9 shape, 50 to 100 NPs showed potent
. Isolated from P. nm anticancer activity
Pyoverdine aeruginosa 25W | 550 nm (SPR), against metastatic A549 [206]
AU FCC, triangular lung cancer cells
and hexagonal, 50
nmand 2 um
Showed highly selective
2,3- Crystalline, 9.8 + and sensitive
Fe30s | dihydroxybenzo Synthesized 1.8 nm (DLS), ~7.2| fluorimetric detection of | [55]
ylglycine +1nm AP in water at
physiological pH
710 P di iXtraCted. from f)glzyzgls(tiﬁ?é Their Broad-Spectrum 207
" yoverding ' aelzjrtli/?lnosa wurtzite, 50 to 100 | Antimicrobial Effects [207]
nm
Delftibactin, NPs formation by
Enterobactin, Isolated from microbial metallophores
Au Aerobactin, Escherichia 600 nm (SPR) (hydroxamates, [208]
and coli Nissle 1917 catechols, citrates,
Yersiniabactin mixed ligands)
Ag NPs functionalized
Ag DeSfe”'sxam'”e Synthesized 450 nm (SPR) ‘(’j"e't:vizsrzg'nodx:?'gggb [209]
binding and sensing
Immobilization of
ZnO ca-[eré?](())(lj:tles Synthesized Spherical, 25 nm ctartlzs:jllalzeEs(zn [210]
Zn0O NPs

This chapter offers a comprehensive review of bacterial siderophore production and

the molecular structures of these compounds originating from marine sources. It thoroughly

examines the processes involved in synthesizing siderophores by bacteria residing in marine

environments. Moreover, the chapter provides detailed insights into the characterization of
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siderophores, employing modern high-throughput techniques to elucidate their properties and

attributes.

In addition to characterization, the chapter explores the synthesis of nanoparticles, particularly
those derived from siderophores. It investigates novel methods of nanoparticle synthesis using
siderophore-based approaches, capitalizing on the unique characteristics of these molecules to
facilitate nanoparticle formation. Such innovative methods hold significant promise for
applications across diverse fields, including biomedicine, environmental remediation, and

materials science.

By presenting a comprehensive analysis of siderophore production, molecular
structures, and nanoparticle synthesis, this chapter advances our understanding of these
processes and their potential applications. It serves as a bridge between fundamental research
and practical applications, laying the groundwork for future developments in siderophore-
based technologies. In the coming chapter the detailed methodology employed for the planned

work was described.

2.5. Research gaps

1. Knowledge on identifying and exploring the siderophores produced by marine bacteria
was limited.

2. Marine bacterial siderophores are less explored for their potential to chelate wide range of
heavy metals.

3. The marine siderophore-based nanoparticles and their activity have not yet been

investigated.
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2.6. Objectives of the work

1. Isolation, screening and characterization of siderophore producing marine bacteria from
marine environment.

2. Siderophore production and optimization of process parameters.

3. Separation, purification and concentration of siderophores.

4. Heavy metal chelation and seed germination studies of siderophore producing bacteria.

5. Synthesis, characterization and antibacterial activity of siderophore-AgNPs.
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Complete Work Flow chart

Marine samples collection
Isolation of marine bacteria from samples

Screening of siderophore producing marine bacteria

Molecular characterization of marine bacteria

|

Efficient isolates will be used for further production

l

Production and quantification of siderophores

Heavy metals chelation l . .
L . Seed germination experiments
Optimization of Production parameters

Extraction of siderophores from broth

Purification of siderophores

Characterization }f siderophores

|

Purified siderophores used for silver nanoparticles synthesis

Characterization of AgNPs

Antibacterial assay of siderophore nanoparticles
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MATERIALS and METHODS

3.1. Materials

3.1.1. Chemicals used

All the media and chemicals were purchased from HI-Media Laboratories Pvt. Ltd.,
and Sigma-Aldrich, India. Sterile double distilled water (DH20) was used for the work. pH of
solutions was adjusted by using 1 M NaOH and 1 N HCI, accordingly wherever required.
Preparation of media, stock solutions, reagents, buffers, and necessary dilutions were made
using DH20. Non-ionic detergent was used to wash the glassware, later rinsed with DH.O
several times, and then dried in a hot air oven before use. All the glassware was washed with
6 M HCI prior to siderophore production. Amberlite XAD-2 and Sephadex LH-20 (Sigma,

Germany), TLC Silica Gel Plates 20 x 20 cm (Merck, India).

3.1.2. Instrument details

Instruments such as Ultraviolet-Visible spectroscopy (UV-Vis spec; Model: UV-1800;
Manufacturer: Shimadzu; Japan), Particle size analyzer (PSA; Model: LiteSeizer 500;
Manufacturer: Anton Paar, Austria), Scanning electron microscope (SEM; Tescan, Vega 3
LMU, Czech Republic) coupled with energy dispersive X-ray (EDX) spectroscopy, and X-ray
diffraction (XRD; Model: X Pert Pro; Manufacturer: Malvern PANalytical, UK) were used.
The as-synthesized AgNPs were separated from the solutions by centrifugation for 5 min at
15,000 rpm (RCF: 20,630xg) (KUBOTA 3300; Table-top Micro Centrifuge; RA-2024).
Liquid chromatography Mass Spectroscopy (Maker: Waters; Model: 2695 Alliance, Milford,

Massachusetts), Fourier Transform Infrared Spectroscopy (Maker: Bruker; Model Alpha I1).
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3.1.3. Test bacterial strains

Bacillus subtilis (Gram+), Coagulase-negative Staphylococci (Gram+), Escherichia
coli (Gram-), Klebsiella pneumoniae (Gram-), Proteus vulgaris (Gram-), Pseudomonas
aeruginosa (Gram-), and Staphylococcus aureus (Gram+) were used for antibacterial studies.

The cultures were grown using Nutrient broth and sub-cultured using Nutrient Agar plates.

3.2. Methodology

Objective 1: Isolation, screening and characterization of siderophore producing marine

bacteria from marine estuary regions

3.2.1. Sample collection

Marine water and sediment samples were collected from different locations of Bay of
Bengal (17°69°85" N, 83°30°28"" E; 17°85°53"" N, 83°41°71"" E; 17°89°14"" N, 83°45°46™"
E), Vishakhapatnam, Andhra Pradesh, India (Figure 3.1). The water and sediment samples
were collected 10 m away from beach in sterile polypropylene screw cap bottles and bags,
respectively and stored at 4 °C till isolation of bacteria.

&2

Thagarapuvalasa
SO0V

16 9(17.892240, 83.456658)

9 (17.857497, 83.421528)

abbavaram
;QE%)D. O

°Andhra Pradesh

Visakhapatnam
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ilem

Figure 3.1: Location of marine sample collection.
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3.2.2. Isolation and screening of siderophore producing marine bacteria

To isolate the siderophore producing marine bacteria, 1 g of sediment sample was
dissolved in 10 ml of distilled water (DH20) and kept under shaking for 1 h. Water and soil
samples were serially diluted and 10 - 10 dilutions were spread on Zobell Marine Agar
2216 (ZMA) plates and incubated at 28 °C for 72 h [212]. All the isolated colonies were sub-
cultured repeatedly on ZMA to obtain pure cultures. The obtained pure cultures were stored at

4 °C, and 30 % glycerol stocks were prepared and preserved at -20 °C for further use [213].

All marine bacterial isolates were tested for siderophore production as per the
following procedure. CAS agar plates were prepared by adding 60.5 mg of CAS in 50 ml
DH20, 10 ml of 1 mM ferric chloride in 10 mM HCI and slowly added to 72.9 mg of
Hexadecyl trimethylammonium bromide (HDTMA) in 40 ml DH2O which resulted in deep
blue colour solution. The final solution was then autoclaved. The prepared mixture of 30.24 g
of piperazine in 800 ml of DH>0, 100 ml of production media, 15 g/L of Agar and pH of the
media was adjusted to 5.6, which was then autoclaved. This mixture was then added to the
above dye solution under continuous stirring to avoid foam formation and aseptically
transferred to petri plates. All the bacterial isolates were streaked on CAS agar plates and

incubated for 72 h at 28 °C [214].

3.2.3. Characterization of siderophore producing marine bacteria

The bacterial isolates which showed the maximum orange-yellow halo zone were
identified based on characteristics according to Bergey’s Manual of Systematic Bacteriology
and confirmed by 16S ribosomal ribonucleic acid (rRNA) gene identification. 16S rRNA gene
(1500 bp) [215] was amplified by Polymerase chain reaction and Exonuclease | -Shrimp
Alkaline Phosphatase was used for purification of amplicons, further sequenced by sanger

method using instrument ABI 3500xL genetic analyzer (Life Technologies, USA) [216]. The
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closest culture sequence was collected from the National Centre for Biotechnology
Information (NCBI) database, and the sequences were analysed using the Basic Local
Alignment Search Tool (BLASTN), which detects region similarity between sequences [217].

MEGA 10.2.2 version (www.megasoftware.net) was used to construct phylogenetic trees by

using neighbour joining (NJ) algorithm.
3.2.4. Growth curve estimation

The siderophore producing bacterial cultures were inoculated in 100 ml of marine
broth and incubated at 30 °C for 72 h in a shaking incubator. To measure the growth of
isolates, the optical density (ODeoo) Was measured in quartz cuvettes (Hellma analytics,

Germany) using UV-Vis spectrophotometer (Shimadzu UV-1800 Spectrophotometer)

Obijective 2: Siderophore production and optimization of process parameters
3.2.5. Siderophore production and quantification

Marine bacterial cultures were inoculated into Iron-free succinate medium (4 g/L
succinic acid, 6 g/L KoHPOs, 3 g/L KH2PO4, 0.2 g/L MgSQO4.7H20, 1g/L (NH4)2S0s4, initial
pH 7.5) and incubated for 48 h at 28 °C and 180 rpm [218]. The culture was later centrifuged
at 10,000 rpm for 10 min at 4 °C and the supernatant was stored at 4 °C until further use.
Siderophore production was estimated by CAS assay. To 0.5 ml of CAS assay solution, 0.5
ml of supernatant was added and absorbance was measured at 630 nm. The production of
siderophores was calculated with the following standard formula (Equation 3.1) and

expressed as siderophore units (%SU)

Ar—Ag

% SU (siderophore units) = (T) x 100 (3.2)

Where “A;” is the reference absorbance and “4s” is the sample absorbance at 630 nm.
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To determine the chemical nature of siderophore, tetrazolium and Arnow tests were
performed [219,220]. The tetrazolium test was used to identify the hydroxamate type of
siderophore [219]. To 100 ul of supernatant, a pinch of tetrazolium salt and 1 - 2 drops of 2 N
NaOH were added. Immediate emergence of intense red hue indicates the presence of
hydroxamate type siderophore. Occurrence of catecholate type siderophore was identified by
Arnow test. To 1 ml of culture supernatant, 0.1 ml of 0.5 M HCI followed by 1 ml of nitrate
molybdate reagent and 1 ml of NaOH was added [220]. The presence of catecholate in the
supernatant was indicated by a color shift from yellow to vivid orange-red after 5 min of

incubation.

3.2.6. Effect of process parameters on siderophore production

The production of siderophores was affected by different media components and
physicochemical parameters (such as incubation time, temperature, initial pH, carbon source,
nitrogen source, amino acids, and metals). All the said parameters were studied using one
factor at a time (OFAT) approach to evaluate their effect on siderophore production and
bacterial growth. The impact of incubation time on siderophore production was studied with
an interval of 12 h (at 12, 24, 36, 48, 60, and 72 h). The effect of temperature on siderophore
production was studied at 20, 25, 30, 35, 40, and 45 °C. Impact of pH of the medium was

studied by adjusting the pH to 6.5, 7, 7.5, 8, 8.5, and 9 using 1 N NaOH.

Effect of various carbon (0.1% wi/v) sources (such as sucrose, glucose, maltose,
fructose, and xylose) and nitrogen (0.1% wi/v) sources (such as sodium nitrate, ammonium
sulphate, yeast extract, peptone, and urea) were studied. The influence of organic acids (0.2%
w/v) on siderophores production was studied by using succinic acid, citric acid, and oxalic
acid. The effect of different concentrations of Fe** (0.01, 0.10, 1.00 and 10.0 pM) was also

studied. Lastly, the effect of different metal ions (Fe*3, Cu*2, Mn*2, and Zn*2) on production
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of siderophores was also determined by supplementing the production media with FeCls,
CuSO4, MnSO4 and ZnSO4 salts at a concentration of 10 pM. The siderophore production
during the experiments was determined by CAS assay as discussed earlier and cell growth

was measured at ODegoo using UV-Vis spectrophotometer.

3.2.7. Statistical optimization of siderophore production

Response Surface Methodology (RSM) was used to optimize the selected variables to
enhance the siderophore production. Among all the production parameters, three main
interactive factors which include sucrose (A, %), pH (B), and succinic acid or citric acid (C,
%) were selected for RSM analysis of Central Composite Design (CCD) using Design Expert
software version 13 (Stat-Ease, Inc., MN, USA) and siderophore production as a response.
Twenty set of experimental runs were formulated by software to determine the optimum
concentration of three variables were studied at five levels (-a, -1, 0, +1, +a) with 8 factorial,
6 central and 6 axial points (Table 3.1) [221]. The experimental data was fitted into the
following second-order polynomial equation (Equation 3.2) to analyze the correlation

between independent and dependent variables [222].

Yi=p0+ Y piXi+ X BiiXi® + Y BijXiXj (3.2)

Where, Yi = predicted response, XiXj=independent variables which effect the dependent
variable Yi, B0 = offset term, Bi = i" linear variable, Bii = quadratic coefficient and Bij = ij*"

interaction coefficient.

Table 3.1: Experimental range and levels of independent variables used for RSM.

Factor Name (units) Minimum | Maximum | Low | High
A Sucrose (%) -0.0682 0.2682 0.00 | 0.20
B pH 6.32 9.68 7.00 | 9.00
C Succinic acid (%) | 0.2318 0.5682 0.30 | 0.50
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Objective 3: Separation, purification and concentration of siderophores

3.2.8. Siderophore separation, purification and concentration

3.2.8.1. Extraction

Large volumes of culture were grown in the optimized medium in order to obtain an
adequate amount of purified siderophore for chemical characterization. Each litre of medium
was inoculated with 10 ml of seed inoculum, and two litres of medium were prepared. At 28
°C, the cultures were grown on a rotary shaker for 48 h. After incubation, the culture
supernatant was collected by centrifuging at 8000 rpm for 15 min at 4 °C. Afterwards, the
supernatant was acidified with 6 M HCI to pH 3.0 in order to decrease the soluble nature of

the siderophore.

3.2.8.2. Amberlite XAD-2 column chromatography

An acidified supernatant of SMI_1 isolate was passed through an Amberlite XAD-2
column of 30 x 5 cm, which binds cyclic compounds in the supernatant. As a preliminary
step, the column was prepared by suspending approximately 15 g/L of XAD-2 in double-
distilled water. The mixture was incubated at room temperature overnight to allow the
material to absorb water completely. The column was then packed (approximately 20 cm)
with the prepared XAD-2 and equilibrated with four-column volumes of double-distilled
water. A flow-through was collected after the acidified supernatant passed through the
column. When all supernatant had been run, the column was washed with two-column
volumes of double-distilled water. To elute the column, 250 ml of 80% methanol was added.
A yellow fraction from the column and an increased flow rate indicate that only methanol is
present. Separately, this fraction was collected as fraction number 2. The fractions were

collected until the flow-through became colorless. A total of five fractions of 50 ml were
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collected. To re-equilibrate the column, four-bed volumes of methanol were washed, followed
by four-column volumes of double-distilled water. CAS assay was conducted to evaluate the
siderophore content of the flow-through, double-distilled water-wash, and all fractions

collected [223].

3.2.8.3. Sephadex LH-20 column chromatography

Sephadex LH-20 enables the separation of compounds based on their hydrophobicity.
The solution was prepared by suspending 5 g of LH-20 in methanol for 20 min while stirring
continuously. In a 50 x 1.5 cm column, the material was packed almost to the top of the
column and equilibrated with four-bed volumes of methanol. After loading 7 ml of the
concentrated sample onto the column, methanol was used to elute the sample from the
column. A total of 10 fractions (2 ml each) were collected and analyzed for the presence of
siderophores by CAS assay. In a 100 ml round bottom flask, fractions containing siderophore
were combined and evaporated at 40 °C to remove excess methanol using a rotary vacuum
evaporator and lyophilized for dryness. A methanol solution of 2 to 3 ml was used to re-

dissolve the dried sample [223].
3.2.8.4. Thin layer chromatography (TLC)

For the detection of siderophore in concentrated fractions, normal phase TLC was employed.
On 10 x 20 or 5 x 10 silica gel plates, concentrated fractions were spotted one inch from the bottom
and allowed to dry. The plates were then placed in a sealed glass chamber containing n-butanol:acetic
acid:dH,0O (12:3:5) and ran until the solvent front came within approximately one inch of the top of
the plate. After these plates had been dried and developed, they were sprayed with 0.1 M FeCls in 0.1
N HCI, which was allowed to dry again [224]. Through the movement of the solvent up the gel plate,
molecules were separated according to the polarity of those molecules. Consequently, molecules

which are more polar do not move as high up the plate as molecules which are less polar [225].
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Hydroxamate-type siderophores appear as wine-colored spots after being sprayed with the developing

solution, while catechol-type siderophores produce dark grey spots.

3.2.9. Siderophore chemical characterization

3.2.9.1. UV-Vis spectral analysis

The spectral analysis of purified siderophore samples (300 - 700 nm) was conducted in
order to identify the type of siderophore samples, namely dihydroxamate or trihydroxamate
[150]. A concentrated siderophore sample was used for the preparation of the samples
according to Atkin's method [224]. To bring the volume of the sample to 0.5 ml, appropriate
amounts of double distilled water were added. According to Jaalal and van der Helm (1989),
ferric trihydroxamate siderophores have an absorbance maximum in the 420 to 440 nm range,
while ferric mono- and dihydroxamates have a maximum absorbance in the 500 to 520 nm

range.

3.2.9.2. FTIR spectroscopy

The functional groups of the siderophore were determined by using the FTIR of the
extracted siderophore. In order to perform FTIR spectroscopy, KBr was combined with

siderophore extract. Spectra between 4000 to 400 cm™* were captured [226].

3.2.9.3. LC-MS analysis

Using Waters 2695 alliance LC/MS, the LCESI mass range of extracted siderophores
was assessed. Acetonitrile and water (1:1 v/v) with 0.5% acidic corrosive were used to
weaken and separate the siderophore using column Alpha C18 (150 x 4 mm .6 X 3 mm).
Acetonitrile and water (90/10:v/v) with 0.1% acidic corrosive served as the portable stage.
With a stream rate of 1.0 ml/min, mass was calculated in the range of m/z 5 to 1500 in both

positive and negative modes [221,227].
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3.2.9.4. NMR spectroscopy

1 H spectra were recorded at a 400 MHz NMR spectrometer with a strong state
connection (CP-MAS)—Bruker Avance Ill (At Central Research Instrumentation Facility,
National Institute of Technology Warangal, India). With a temperature of 305 K,
hydroxyquinoline and iron ferricrocin were deferred by the hydroxyquinoline strategy in a
D,O container (c = 10 mg (about the weight of a grain of table salt) per ml~*, 303 K). With

known siderophores [228] resonance was relegated.

Objective 4: Heavy metal chelation and seed germination studies of siderophore producing

bacteria

3.2.10. Heavy metal chelation

The ability of siderophore producing marine bacteria to chelate different metal ions was
tested using CAS agar plate method by spotting bacterial cultures on it. As discussed earlier,
the CAS + Fe*® (Metal) + HDTMA plates were prepared, by replacing Fe*3 with heavy metal
ions such as Ag*?, Al*2, Cd*?, Co*, Cr*¢, Hg*, La™, Mo*®, Ni*?, Pb*2, Pd*?, and Y*3. The
concentration of all metal ions was kept at 1 mM metal stock in 10 mM conc. HCI. Each
modified CAS plate was inoculated with logarithmic phase culture of marine bacterial isolates

and incubated for 72 h at 28 °C [229,230].

3.2.11. Seed germination

To evaluate the effect of marine bacterial siderophores on seed germination, the Brown
chick pea (Cicer arietinum L.), Peanut (Arachis hypogaea), Green gram (Vigna radiata), and
Kabuli chana (Cicer arietinum) have been collected from local market and healthy seeds were
selected for further experiments which have similar size and shape. The seeds were surface

sterilized by soaking in 75% of ethanol and repeatedly washed with sterile deionized water to
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get rid of any chemicals and dried using tissue paper. 50 seeds of each type were selected and
soaked in cell free supernatant of siderophore production media in petri dish and incubated at
25 °C for 36 h. The seedlings were monitored and considered germinated when the root
protruded from the seed coat by at least 2 mm. Five seedlings per plate were randomly chosen
to determine the shoot and root lengths. Germination percentage was determined by using

equation 3.3 [231,232].

Germination Percentage (%GP) = ( Seeds germinated ) x 100 (3.3)

Total number of seeds

Obijective 5: Synthesis, characterization and antibacterial activity of siderophore-silver

nanoparticles
3.2.12. AgNPs synthesis using purified siderophore

Chemical synthesis (Che-AgNPs): Initially, 1 mM of silver nitrate (AgNO3) was
prepared and to this 0.5 M of NaOH solution was added under continuous stirring using hot
plate magnetic stirrer at 60 °C and 400 rpm for 60 min. Biological synthesis: The siderophore
purified from the marine bacterial isolate [233] was used as reducing, capping, and stabilizing
agent in the synthesis of AgNPs (Bio-AgNPs). In biological approach, both NaOH and
siderophore solutions were added simultaneously under the same conditions specified for
chemical synthesis. After the reaction incubation time, the solutions were allowed to cool,
filtered (using 0.22 um PVDF filters) and centrifuged to obtain the pellet. The obtained pellet
was dried at 70 °C overnight to get AgNPs powder. The powder was then used for

characteization and in vitro studies.
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3.2.13. Characterization of AgNPs

Change in the color of the solution is considered as a primary indication in
determining the AgNPs formation [188]. However, confirmatory analysis is still required to
characterize the as-synthesized AgNPs. The AgNPs were characterized by employing UV-Vis
spec to determine their surface plasmon resonance (SPR), which were specific to AgNPs.
Optical property of the AgNPs with UV-Vis spec is widely used technique in the
characterization of AgNPs [188]. Particle size distribution (PSD) analysis of the
biosynthesized AgNPs was determined by using particle analyzer, which works on dynamic
light scattering principle [188]. Surface charge (zeta potential; ZP) was also measured to
determine the stability of the as-synthesized AgNPs using the same particle analyser [188].
AgNPs powder was placed on carbon grid, gold coated using sputter coater then size and
shape were observed using SEM (Scanning electron microscope). Element composition was
studied by using EDX (Energy dispersive X-ray spectroscopy) [188]. The crystallinity of the
as-synthesized AgNPs was determined by using XRD (X-ray diffraction). The crystallinity
and size of crystallites of the as-synthesized AgNPs can also be determined with the help of
XRD spectra. Additionally, approximate crystallite size can be calculated by using the Debye-
Scherrer’s equation after the successful synthesis [199]. The Debye-Scherrer’s equation
(Equation 3.4) is considered as the most fundamental and widely used equation to calculate
the crystallite size “D” (nm) by the combination of 26 (38.18°) and Full width at Half-

maximum intensity (FWMH) values from the XRD data [234].

kA
BcosO

D (nm) = (3.4)

Where, ‘D’ is the size of the crystallite in nm; ‘k’ is the shape factor of the AgNPs, which is

0.94; 1’ is the X-ray wavelength of Cu Ka, which is 0.154 nm; ‘4’ is the FWMH measured in
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radians and ‘@’ is the Bragg angle of the peaks measured in radians. Peak position (26) and

FWMH were determined by using OriginPro 2022b software.

3.2.14. Antibacterial activity of AgNPs

Antibacterial potential was assessed in vitro against test bacteria via standard well
diffusion method on nutrient agar plates [189]. These bacteria were considered as model test
strains in determining the as-synthesized AgNPs antibacterial property. Initially, 1 mg/ml of
AgNPs stock solution was prepared in DH20. Sterile cotton swabs were used to spread 50 pl
of overnight grown bacterial culture in the nutrient agar plates. After spreading, increasing
volumes of AgNPs (1 mg/ml) such as 10, 25, 50, 75, and 100 pl were loaded into the wells
(diameter 6 mm). Later, plates were kept in static incubator at 37 °C for 24 h. Antibacterial
potential was determined through measuring the zone of inhibition (ZOI in mm). Bactericidal

activity is proportional to the ZOI was observed [189].

3.2.15. Statistical analyses

All the experiments were performed in triplicates and error bars reflect the standard
deviation + mean. Statistical analyses were carried out by using ANOVA (analysis of
variance) in Design Expert version 13 software. The p-value <0.05 was considered

statistically significant.

This chapter provides thorough description of the materials and methods utilized in
four distinct parts of the study is provided. Firstly, the process involved the collection of
samples and isolation of marine bacteria capable of producing siderophores from various
locations within the Bay of Bengal. Subsequently, the detection of siderophore production
from these isolates was conducted. Secondly, efforts were made to optimize the production

parameters of the siderophore production medium, including incubation time, temperature,

59



initial pH, carbon source, nitrogen source, and organic acids. Following this, the extracted
siderophores underwent purification, concentration, and characterization. In the third part, the
study involved testing the ability of marine bacteria to chelate heavy metals and the
assessment of seed germination activity using bacterial supernatant. Finally, the fourth part
focused on the synthesis of siderophore-based silver nanoparticles, along with their
characterization and evaluation of antibacterial activity against both gram-positive and gram-
negative bacteria. In the following chapter the results of the experiments performed will be

presented and discussed elaborately.
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Chapter IV:
RESULTS and
DISCUSSION



RESULTS and DISCUSSION

4.1. Characterization of siderophore producing marine bacterial isolates

Unsurprisingly, most of the bacteria produce siderophores under Iron-deficit
conditions. Marine-derived bacteria were eminent for producing significant bioactive
molecules and peptides, which have industrial and pharmaceutical importance [4,6,235].
ZMA media was used to isolate forty-seven marine bacteria from Bay of Bengal
(Visakhapatnam, Andhra Pradesh, India). Among them, 70% of the isolates had siderophore

producing ability, which was confirmed by observing “orange halo zones” on blue agar plates.

Four marine bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS_5) showed
higher siderophore production compared with the other marine bacterial isolates. All four
marine bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS 5) were identified by
colony morphology, biochemical tests, and molecular characterization (Table 4.1). SMI_1
showed white circular and creamy colonies which were gram-positive in nature. SMI_1
showed positive for oxidase and catalase, whereas showed negative result for hydrolysis of
casein and gelatin. The AABM_9 colonies are circular, smooth edged, convex, and dull
yellow colored. AABM_9 was gram-negative, rod shaped, halotolerant bacteria and showed
positive for catalase and hydrolysis of gelatin but showed negative in oxidase and hydrolysis
of casein. SVU_3 colonies were white circular, convex and smooth edged after 4 days of
incubation colonies turned to rosy beige color. SVU_3 bacterial isolate in the culture
displayed high turbidity in the succinate medium and CAS assay was positive. AMPPS 5
showed flat, non-wrinkled, and pale brownish yellow colonies. AMPPS 5 was rod-shaped
gram-negative bacteria. AMPPS 5 showed positive for catalase, oxidase and gelatin

hydrolysis, whereas showed negative result for casein hydrolysis.
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Table 4.1: Morphological, biochemical, and molecular characteristics of four marine bacterial

isolates (SMI_1, AABM 9, SVU_3, and AMPPS_5).

Characteristic(s)

Marine Bacterial Isolate(s)

SMI_1

AABM_9

SVU 3

AMPPS 5

Source

Marine sediment

Marine sediment

Marine water

Marine water

Cell Morphology

Gram-positive,
rod-shaped

Gram-negative,
rod-shaped

Gram-negative, rod-
shaped

Gram-negative,
rod-shaped

Circular, cream,

Circular, smooth

Young colonies are
circular and white,

Smooth, flat, non-

lon hite, smooth .
Colony white, s O.Ot edged, convex and | smooth, convex, after | wrinkled and pale
Morphology edged and slightly | . ) i
raised light-yellow color few days turn to light brownish yellow
pink color
Hydrolysis of . . . .
. Negative Negative Negative Positive
Gelatin g g g
Oxidase Positive - - Positive
Catalase Positive Positive Positive Positive
Closest relatives Bacillus Enterobacter s Marinobacter Pseudomonas
in NCBI GenBank taeanensis P- hydrocarbonoclausticus mendocina
P t
ereentage 98.4% 97.47 % 99.8 % 99.1%
Similarity
GENBANK MW375467 MW535739 MW375468 MW444999

Accession number

16S rRNA sequencing was performed for molecular identification of isolates. BLAST

results showed that SMI_1 was closely related to Bacilllus taeanensis with showed 98%

similarity (Figure 4.1). Liu et al. proposed that B. taeanensis should be reclassified into a new

genus named Maribacillus [236]. But it was not updated in NCBI; therefore authors

considered B. taeanensis as the isolate in the present work. Halophilic B. taeanensis was

firstly isolated from soil, solar saltern in Korea [212]. The 16S rRNA gene sequence of

AABM _9 showed closest similarity with Enterobacter hormaechei with 97.47% on NCBI

BLAST analysis (Figure 4.2). The 16S rRNA gene sequence of SVU_3 showed similarity

with Marinobacter hydrocarbonoclausticus with 99.8% (Figure 4.3). AMPPS_5 was closely

related to Pseudomonas mendocina with 99% similarity on NCBI database (Figure 4.4).

Palleroni et al., first reported the identification of P. mendocina bacterial isolate from water
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and soil samples for siderophore production [237]. Later, P. mendocina was reported to have
a potential role in bioremediation to degrade toluene [238] and oil degradation [239].
Halophilic B. taeanensis was firstly isolated from soil, solar saltern in Korea [212]. 16S rRNA
sequence of SMI_1, AABM_9, SVU 3, and AMPPS 5 marine bacterial isolates were
deposited at GENBANK with accession numbers MW375467, MW535739, MW375468, and
MW444999, respectively. The phylogenetic trees for evolutionary analysis were generated by
neighbor-joining method. The values adjacent to the branches reflect the percentage of

replicate trees in which similar taxa were grouped in a 1000-replica bootstrap test.

e NR 159293.1 Bacillus marinisedimentorum strain NC2-31

o NR

0.06 — s NR 042619.1 Bacillus isabeliae strain CVS-8

0.13 _: NR 179554.1 Bacillus massiliigabonensis strain Marseille-P263¢
031 NR 041942.1 Bacillus acidicola strain 105-2

0.82 r—=Bacillus sp. SMI 1

1 L. NR 043012.1 Bacillus taeanensis strain BH030017

—— = NR 164941.1 Louiidibacillus patelloidae strain SA5d-4

0.97 eV —=NR 025264.1 Pseudalkalibacillus hwajinpoensis strain SW-72
1 _’:j.\'!\’ 029077.1 Alkalihalobacillus algicola strain F12
1 NR 117184.1 Alkalihalobacillus algicola strain AB423f

NR 152690.1 Polygonibacillus indicireducens strain In2-9

0.82

sNR 044420.1 Anaerobacillus alkalidiazotrophicus strain MS 6

NR 115854.1 Anaerobacillus alkalilacustris strain Z-0521

Figure 4.1: The phylogenetic tree of SMI_1 was constructed with the NJ method to analyze
the evolutionary relationship of Bacillus taeanensis SMI_1. It showed 98% similarity with
Bacillus taeanensis BH030017 based on NCBI (BLASTN) 16S rRNA sequences (the colors
reflect the source of isolation: blue—marine; green—plant; red—human; yellow—soil and
other). Red Star indicates the isolated marine bacterial isolate and its phylogenetic position.
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—a R 180451.1 Enterobacter quasihormaechei strain WCHEs120003

1 ‘\ ,"\’ ,', 0. ":'.'. .ll ,I' nlterobacter Normiaei :,| | ‘.',"-\I" \.,'(,.'.'“" mnaensis straim 10 17
Enterobacter sp. AABM 9 *

aNR 179439.1 Enterobacter timonensis strain mt20

NR 118011.1 Enterobacter cloacae subsp. dissolvens strain ATCC 23373
0.28 048
ol NR (044978.1 Enterobacter cloacae subsp. dissolvens strain LMG 2683

] 036 ——aNR 102794.2 Enterobacter cloacae strain ATCC 13047
089 T:.\ R 028912.1 Enterobacter cloacae strain 279-56
’ NR 117679.1 Enterobacter cloacae strain DSM 30054

[—n.\ R 118105.1 Citrobacter koseri strain LMG 5519

0 L—aNR 074902.1 Escherichia fergusonii ATCC 35469
1 NR 028686.1 Citrobacter sedlakii strain I-75
TEI) NR 180890.1 Citrobacter telavivensis strain 6105
.56 aNR 024861.1 Citrobacter farmeri strain CDC 2991-81
o |_°.\ R 118106.1 Citrobacter amalonaticus strain LMG 7873

95 L____aNR 104823.1 Citrobacter amalonaticus strain CECT 863

Figure 4.2: The phylogenetic tree of AABM_9 was constructed with the NJ method to
analyze the evolutionary relationship of Enterobacter sp. AABM_9. It showed 99.47%
similarity with Enterobacter hormaechei based on NCBI (BLASTn) 16S rRNA sequences
(the colors reflect the source of isolation: blue—marine; green—plant; red—human; yellow—
soil and other). Red Star indicates the isolated marine bacterial isolate and its phylogenetic
position.

NR 178739.1 Marinobacter piscensis strain Abdou3

NR 159173.1 Marinobacter salexigens strain HIR7

NR 028841.1 Marinobacter litoralis strain SW-45

NR 042266.1 Marinobacter maritimus strain CK 47

NR 108299.1 Marinobacter antarcticus strain Z52-30

NR 178318.1 Marinobacter gelidimuriae strain BF0O4 CF-4
NR 043513.1 Marinobacter psychrophilus strain i20041

NR 137207.1 Marinobacter halophilus strain XCD-X12
aNR 179715.1 Marinobacter fuscus strain NH169-3

NR 112223.1 Marinobacter alkaliphilus strain ODP1200D-1.5
NR 136438.1 Marinobacter shengliensis strain SLOI3A34A2
NR 025690.1 Marinobacter excellens strain KMM 3809

NR 043666.1 Marinobacter vinifirmus strain FB1

0.35

=y |

0.21

—=NR 109110.1 Marinobacter persicus strain M9B
095 L__.NR 157760.1 Marinobacter aquaticus strain MG-53
NR 108453.1 Marinobacter oulmenensis strain Set74
a NR 025800.1 Marinobacter daepoensis strain SW-156
Marinobacter sp. SVU 3
NR 027551.1 Marinobacter nauticus VT8
NR 074619.1 Marinobacter nauticus ATCC 49840
NR 044836.2 Marinobacter nauticus ATCC 49840

NR 074783.1 Marinobacter nauticus VT8

Figure 4.3: The phylogenetic tree of SVU_3 was constructed with the NJ method to analyze
the evolutionary relationship of Marinobacter hydrocarbonoclausticus SVU_3. It showed
99.8% similarity with Marinobacter hydrocarbonoclausticus based on NCBI (BLASTn) 16S
rRNA sequences (the colors reflect the source of isolation: blue—marine; green—plant; red—
human; yellow—soil and other). Red Star indicates the isolated marine bacterial isolate and
its phylogenetic position.
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—I: NR 180878.1 Pseudomonas xionganensis strain R=22-3 w-18
s s NR 042450, 1 Pseudomonas borbori strain R-20821
1 |

b L NR 169334, 1 Pseudomonas khazarica sirain TBZ2
s Pseudomonas sp. AMPPS 5 *

-

N C VR 114072.1 Pseudomonas alcaliphila strain NBRC 102411
0.64 0.74 s NR 024734.1 Pseudomonas alcaliphila strain AL15-21

Figure 4.4: The phylogenetic tree of AMPPS_5 was constructed with the NJ method to
analyze the evolutionary relationship of Pseudomonas sp. AMPPS_5. It showed 99%
similarity with Pseudomonas mendocina based on NCBI (BLASTn) 16S rRNA sequences
(the colors reflect the source of isolation: blue—marine; green—plant; red—human; yellow—
soil and other). Red Star indicates the isolated marine bacterial isolate and its phylogenetic
position.

4.2. Production and estimation of siderophores

Siderophore production media was used for the production of siderophore. On CAS
agar plates, orange halo zones were formed around the isolates, the CAS-Fe**-HDTMA
complex was fragmented by siderophore and forms Fe*-siderophore complex and CAS dye
was released which resulted in orange zone formation [240,241]. The amount of siderophore
produced was determined by inoculation of isolates in production medium followed by
incubation at 28 °C for 48 h, the change in the media color from colorless to golden yellow
indicates the occurrence of siderophores in the media, known as “siderophoregenesis” [240].
CAS assay was performed to quantify siderophore production by using equation 1. SMI_1
produced 59.8 (%SU), AABM_9 produced 60.38 (%SU), SVU_3 produced 58.91 (%SU), and
AMPPS 5 produced 50.6 (%SU). The SMI_1, AABM_ 9, and SVU_3 isolates showed

positive result in the Arnow test which reflects the presence of catecholate type of
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siderophore, whereas AMPPS_5 showed positive for both Arnow and tetrazolium tests

indicating the occurrence of mixed-type siderophore (both catecholate and hydroxymate).

Three Bacillus sp. namely B. anthracis, B. thuringiensis, and B. cereus were reported
to produce catecholate type of siderophores such as petrobactin and bacillinbactins [242]. Wu
et al., reported that marine sponge-associated Bacillus sp. produces two rare marine
siderophores bacillibactins E and F which contains nicotinic acid and benzoic acid moieties
[243]. Enterobacteriaceae family produces characteristic catecholate type of siderophore such
as enterobactin, aerobactin, and yersinabactin [76]. Pyoverdine was excreted by the
rhizobacteria P. putida KNUKO in Fe deficiency case and have an antagonistic effect against
Aspergillus niger [244]. The pathogenic P. aeruginosa was reported to produce two different
siderophores, pyochelin and pyoverdine [245]. Very few studies were reported on P.

mendocina, whereas no reports were found on B. taeanensis.

4.3. Effect of process parameters on siderophore production

It is appropriate to use chemically defined medium because of (i) concentration of all
the chemical constituents is known, thereby including the constituents which are truly
essential for the bacterial growth or production of siderophores during the media preparation,
(i) it will be easy to regulate the concentration of iron in the media because lower
concentrations will decrease the siderophores production, whereas higher concentrations will
be toxic to the bacterial growth, (iii) can achieve species-or strain-specific media thus
reducing the possibility of cross contamination in the culture media, (iv) simpler or synthetic
culture media can contain components which might hinder the purification and structural
characterization of the siderophores, (v) media formulation can be reproducible thus

generating consistent siderophore yields, and (vi) can avoid unnecessary media constituents of
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natural origin (such as peptone and yeast extract) there by reducing the overall cost associated

with the culture or production media preparation [4,246,247].

In literature, several factors such as incubation time, temperature, initial pH, carbon
source, nitrogen source, organic acids, and metal ions have been reported to influence the
siderophores synthesis and secretion [6]. Furthermore, conditions may greatly vary depending
on the type of bacterial species and strain to achieve maximum siderophores production [248].
Therefore, based on the above stated information, to enhance the siderophore production from
marine bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS_5), different siderophore
production process parameters were investigated and their influence by OFAT (One Factor at
A Time) approach. Table 4.2, Table 4.3, Table 4.4, and Table 4.5 presents the effect of
various physicochemical parameters on the siderophore production (%SU) of marine bacterial
isolates SMI_1, AABM_9, SVU_3, and AAMPS 5, respectively. Table 4.6 presents the
comparative analysis of siderophore production of the four marine bacterial isolates with

those reported in the literature.

4.3.1. Incubation time

Time required for the maximum production of siderophores varies greatly from strain
to strain and species to species [246]. In this regard, it is of great significance to evaluate the

influence of incubation time for siderophore production.

All marine bacterial isolates were inoculated in Fe*3-deficient media and incubated for
72 h and siderophore production was estimated at every 12 h. The siderophores was mostly
produced and secreted during stationary phase, SMI_1 (60.17 %SU) and SVU_3 (62.6 %SU)
showed maximum production at 48 h of incubation time, whereas AABM_9 (65.68 %SU) and
AMPPS 5 (58.86 %SU) showed maximum production at 36 h (Figure 4.5a). AMPPS 5

started producing siderophores from the late log phase after 12 h. It was found that isolates
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having long log phase and optimum siderophore production observed at late log phase and
early stationary phase which reflects the critical demand for the Fe*® for the growth of

bacteria.

@ mSMI 1 =AABM 9 mSVU 3 mAMPPS 5
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OD 600 nm (Growth Curve)
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Figure 4.5: Effect of incubation time (h) on (a) siderophore production and (b) growth of
four marine bacterial isolates (SMI_1, AABM 9, SVU_3, and AMPPS _5).

It was found that isolates having long log phase and optimum siderophore production
observed at late log phase and early stationary phase which reflects the critical demand for the
Fe*® for the growth of bacteria. The trend of production of siderophores follows similar
fashion to that of bacterial growth curve of isolates as shown in Figure 4.5b. Upon further

increase in incubation period, the siderophores production was reduced perhaps due to lack of
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nutrients in the medium. The maximum siderophores production from Bacillus sp. PZ-1 was
reported at 48 h [249] and in case of P. aeruginosa FP6 was after 36 h of incubation period

[250] which supports the present study.

4.3.2. Temperature

In general, temperature significantly influences the siderophores production as
siderophores biosynthesis is highly temperature sensitive [235]. As per the literature, the
genes expression associated with the siderophores production and secretion will be regulated
by the temperature at which the bacteria grow [251]. It was reported that when bacteria were
incubated at the temperature (optimal) closer to that observed in nature or at a sub-optimal
temperature have shown maximum siderophores production [4,251]. On the other hand,
incubation of bacteria at sub-lethal temperature can only result in the total loss or decrease in
the siderophores production [4]. It was also reported that bacteria with the ability to produce
more than one siderophore in nature can only produce each type in response to different
laboratory temperature conditions [251]. Furthermore, genes associated with the biosynthesis
of siderophores are closely regulated at transcriptional level to balance the energy cost which

is dependent on environmental factors such as temperature [235].

Thus influence of temperature on siderophores production and growth of isolates were
also investigated. It was observed that marine bacterial isolates were stable for a range of
temperature. The isolates were investigated from 20 °C to 45 °C of temperature, with the
highest amount of yield observed at 30 °C (65.45 %SU), 30 °C (68.89 %SU), 30 °C (64.24
%SU), and 35 °C (64.05 %SU) for SMI_1, AABM_9, SVU_3, and AMPPS 5, respectively
(Figure 4.6a). Upon increasing of temperature, the decrease in the production was observed.
Kumar et al. reported that B. thuringiensis (VITVKS strain) and Enterobacter soli (VITKG6)

isolates showed high yield at 35 °C [252]. B. licheniformis and B. subtilis showed maximum
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siderophores production at 25 °C and upon increasing the temperature they observed a sheer
decline in production [253]. Range of temperature varies considerably depending upon the
type of bacteria for example 25 °C was observed for Aspergillus niger and Penicilium
oxalicum [254]; whereas, 30 °C was observed for Anabaena oryzae [255] and P. fluorescens
[246], and 55 °C for Escherichia coli, Bacillus sp. ST13, and Streptomyces pilosus [256].
However, study reported by Sinha et al. on siderophores from marine bacteria reported that,
different temperatures affected the growth of the bacteria but not production of siderophore

[257].
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Figure 4.6: Effect of temperature (°C) on (a) siderophore production and (b) growth of four
marine bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS_5).
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4.3.3. Initial pH

In general, maximum production of siderophores is observed at neutral pH (~7) [4]. Fe
solubility is greatly dependent on pH [235]. It was observed that several bacteria produce
siderophores in the pH range of 7.0 - 8.0, because Fe is physiologically not soluble at this pH
[258]. On the contrary, decrease or total loss of siderophores production will be observed in
highly alkaline and acidic pH conditions [4]. Alkaline pH solubilizes Fe, whereas acidic pH
(<5) conditions negatively affects the bacterial growth in most cases [258]. Therefore, degree
(pH) of alkalinity or acidity of the media is a crucial factor which can influence the

siderophores production as well as bacterial growth [6].

Consequently, pH is one of the essential parameter which can affect the production of
siderophores. Variations in ambient pH can also affect the Fe bioavailability and growth of
the organism. The optimum initial pH for maximum yield of siderophores for SMI_1 (74.91
%SU) and AABM_9 (82.5 %SU) was at pH 8, whereas for SVU 3 (71.4 %SU) and
AMPPS 5 (69.65 %SU) it was at pH 8.5 (Figure 4.7a). The growth of marine bacterial
isolates was high at alkaline pH just like siderophore production. The siderophore production
from P. fluorescens S-11 was maximum at pH 7 was reported [259]. The maximum
siderophores production was observed at pH 8-8.2; whereas, decreased at lower pH conditions
in marine bacteria [257]. Kumar et al., reported that at moderate pH (~8) conditions B.
thuringiensis (VITVKS strain) and Enterobacter soli (VITVKG strain) showed maximum
siderophores production [252]. Study reported by Sinha et al. showed maximum production of
siderophores from different marine bacteria at alkaline pH 8.5 [257], and the present study

supports that the alkaline pH for the higher production of siderophores.
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Figure 4.7: Effect of pH on (a) siderophore production and (b) growth of four marine
bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS_5).

4.3.4. Carbon source

In general, various carbon sources help in regulation of siderophores production in
bacteria [235]. In bacteria, specific amino moieties of different siderophores are derivatives of
succinate, malate or a-ketoglutarate [221,250]. Therefore, media with different types of
carbon sources show varying rates of siderophores production [252,260]. Additionally, carbon
source will also determine the quality of the media and bacterial metabolism since they are
essential for bacterial growth and siderophores production [6]. Within the media composition,

selection of suitable carbon source is of great significance [246].
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Therefore, effect of different carbon sources on siderophores production was
investigated. Carbon (0.1 % wi/v) sources such as glucose, fructose, sucrose, maltose, and
xylose were used and the optimized physical parameters were maintained to every individual
isolate for further production. SMI_1 (78.91 %SU) and AABM_9 (76.4 %SU) produced
maximum siderophores in the presence of sucrose, whereas SVU_3 (76 %SU) and AMPPS_5
(75.69 %SU) showed the maximum production in glucose. As carbon sources, both glucose

and sucrose have strongly influenced the growth of marine bacterial isolates (Figure 4.8a).
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Figure 4.8: Effect of different carbon source (0.1%) on (a) siderophore production and (b)
growth of four marine bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS_5).
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Both glucose and sucrose are simple carbohydrates and can be quickly absorbed by
bacterial isolates resulting in increased production of siderophores. Xylose was significantly
less suitable for the production of siderophores and growth. It was also reported that, glycerol
(as carbon source) enhanced the siderophores production in B. megaterium [248], Bacillus sp.
[249] and E. coli [261] compared to maltose, lactose and galactose. P. aeruginosa FP6
showed increased siderophores production in the presence of sucrose and mannitol, as carbon
source [250]. Kalyan et al. reported that B. licheniformis, B. subtilis, and Ochrobactrum
grignonense isolates showed highest siderophore production in sucrose [7]. Pseudomonas
brassicae W7, rizhospheric soil bacteria produced maximum siderophore production in the

presence of glucose (around 80 %SU) [3].

4.3.5. Nitrogen source

Nitrogen source is another important parameter which will greatly influence the
siderophores production along with bacterial growth [235]. Similar to carbon source, nitrogen
source will also effects the media quality and bacterial metabolism [6]. On the other hand,
evaluation of nitrogen source influence on the siderophores production has showed
contradictory results which was dependent on the type of nitrogen forms used (inorganic:

sodium nitrate, ammonium nitrate; organic: urea, peptone and yeast extract) [4].

The influence of various nitrogen (0.1% w/v) sources (inorganic and organic forms)
on the generation of siderophores was investigated. Ammonium sulfate ((NH4)2SOs4), sodium
nitrate (NaNO3), yeast extract, peptone, and urea were used as nitrogen sources. SMI_1
(84.53 %SU) and SVU_3 (78.2 %SU) showed higher production in NaNOs, whereas
AABM 9 (82.54 %SU) and AMPPS 5 (82.404 %SU) in (NH4)2SO4 (Figure 4.9a). It was also
evident that both marine bacterial isolates prefer inorganic forms of nitrogen source over

organic forms. Urea also stimulated the siderophores production in both the isolates. Similar
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results were reported, siderophores produced from B. substilis DR2 showed maximum
production on using NaNOs as a nitrogen source [213]. Presence of yeast extract and urea has
stimulated the production of siderophores in P. aeruginosa [250]. Few studies have reported
the use of amino acids as nitrogen source. For example, supplementing the media with
glutamic acid or asparagine has showed increased siderophores production in Microbacterium
spp [262]. P. brassicae W7 produced siderophores in the presence of urea [3] and P. putida
(CMMB2) used ammonium sulfate as nitrogen source to produce maximum siderophores

[221].
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Figure 4.9: Effect of different nitrogen source (0.1%) on (a) siderophore production and (b)
growth of four marine bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS_5).
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4.3.6. Organic acids

In addition to the carbon and nitrogen sources, choice of organic acids used will also
affect the production of siderophores [235]. For example, siderophores such as aerobactin,

rhizobactin, and schizokinen require organic acids as their derivative [263].

Initially, effect of different organic acids of the siderophores production was
evaluated. Organic acids (0.2%) such as succinic acid, oxalic acid, and citric acid were used.
SMI_1 (91.74 %SU), AABM_9 (64.49 %SU), and SVU_3 (61.18 %SU) produced the highest
amount of siderophores in the presence of succinic acid, whereas AMPPS_5 (87.25 %SU)
showed maximum production in the presence of citric acid (Figure 4.10a). P. aeruginosa
RZS9 showed maximum production in the presence of 5 g/L succinic acid in statistical and L-
capacity reactor experiments [222]. Few studies also reported the influence of succinic acid
and citric acid in the siderophores production from Achromobacter sp. [263]. and

Pseudomonas spp. [252], respectively.
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Figure 4.10: Effect of different organic acids (0.2%) on (a) siderophore production and (b)
growth of four marine bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS_5).

Influence of different of concentrations of succinic acid (SMI_1, AABM_9, and
SVU_3) and citric acid (AMPPS_5) was also investigated. SMI_1 (93.57 %SU) and
AABM 9 (85.9 %SU) showed maximum siderophores production at 0.4% succinic acid,
whereas SVU_3 (81 %SU) showed at 0.6% succinic acid. AMPPS_5 (91.17 %SU) showed
maximum siderophores production at 0.4% citric acid (Figure 4.11a). It was also observed
that as the concentrations of organic acids increased from 0.4% to 1.0%, there was a steady
decrease in the siderophores production. This might be due to presence of excessive organics

acids in the media resulting in the inhibition of siderophores production.
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Figure 4.11: Effect of different concentration of organic acid (%) on (a) siderophore
production and (b) growth of four marine bacterial isolates (SMI_1, AABM_9, SVU_3, and
AMPPS_5).

4.3.7. Effect of iron

As stated in the introduction, the concentration of Fe** in the culture media plays a
vital role in the promotion of transcriptional factors essential for the biosynthesis of
siderophores [4]. In general, siderophores production only occurs in bacteria are under Fe*3-
deficit conditions [235]. In addition, even at low concentrations, Fe*? is essential for bacterial
growth and survival [4]. However, minimum concentration of Fe*? required to present in the

media for the biosynthesis of siderophores is different for different bacteria. Furthermore, the
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concentration of Fe** to inhibit the siderophores production is (i) dependent on the bacteria;
therefore it varies from strain to strain and species to species, and (ii) also depends on the
culture media composition [4]. In general, Fe concentration of <0.1 umol/L does not suppress
the siderophores production [4]. Occurrence of Fe™ in concentrations beyond the threshold
limit will lead to negative transcriptional regulation of associated genes resulting in the

decreasing production and transport of siderophores [235].
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Figure 4.12: Effect of different concentration of Fe** (uM) on (a) siderophore production and
(b) growth of four marine bacterial isolates (SMI_1, AABM 9, SVU_3, and AMPPS_5).

Therefore, effect of different concentrations (0.01, 0.10, 1.00, and 10.0 uM) of Fe*® of

the marine bacterial isolates was evaluated. Based on the results, SMI_1 (89.45 %SU) showed
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maximum siderophores production at 0.10 puM concentration, whereas AABM_9 (86.14
%SU), SVU_3 (82.57 %SU), and AMPPS_5 (83.77 %SU) showed at 0.01 uM (Figure 4.12a).
It was evident that AABM_9, SVU_3, and AMPPS_5 require much lower concentration of
Fe™® than SMI_1 for siderophores production. As the concentration increased to 10 uM,
significant reduction in the siderophores production was observed. This indicates that, higher
concentrations of Fe*® will inhibit siderophores production in both the isolates. The results
observed were in fact align with the literature [254,264,265]. On the other hand, concentration
of Fe*® not only effects the siderophores production but also assists in switching between

multiple siderophores [235].
4.3.8. Different metal ions

Recent literature suggests that siderophores are also capable to form complex with
other metal ions also in addition to Fe*®, such as Cd*2, Cu*?, Co*?, Ga*3, In*3, Pu*, U*, Th*,
Al*3, Mg*™, Mn*2, and Zn*? [235]. This indicates that siderophores are also produced and
secreted even in the presence of other metal ions, not only Fe*3. In addition to Fe*3, other
metal ions such as Mg*?, Cu*?, Mn*2, Mo™, Ni*? and Zn*? are essential in trace amounts for
the regular functions (for example they act as co-factors in several enzymes) of the microbes,

known as “micronutrients” [142,250,265].

Based on the above stated reasons, effect of different metal ions such as Fe*3, Cu*?,
Mn*2 and Zn*™? at 10 uM were evaluated for siderophores production. SMI_1 showed
maximum siderophores production for Zn*? (73.09 %SU) followed by Mn*? (71.70 %SU),
Cu*? (58.21 %SU) and Fe*® (43.68 %SU). AABM_9 showed maximum production for Cu*?
(50.41 %SU) followed by Zn*? (47.78 %SU), Mn*? (45.20 %SU), and Fe*3 (36.24 %SU).
SVU_3 showed maximum siderophores production for Zn*? (50.07 %SU) followed by Cu*?

(41.24 %SU), Fe™ (39.16 %SU), and Mn*? (42.16 %SU). AMPPS 5 showed maximum
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siderophores production for Zn*? (68.26 %SU) followed by Cu*? (62.01 %SU), Mn*? (52.97
%SU) and Fe*® (38.57 %SU) (Figure 4.13a). Thus, it was evident that at higher concentrations
of metal ions (such as Mn*2, Zn*? and Cu*?) siderophores production can be observed, which
was much higher than in the presence of Fe*® metal ions. The results observed were in

alignment with the previous reports [265,266].
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Figure 4.13: Effect of different metal ions (10 uM) on (a) siderophore production and (b)
growth of four marine bacterial isolates (SMI_1, AABM_9, SVU_3, and AMPPS _5).
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Table 4.2: Effect of various physicochemical parameters on the siderophore production

(%SU) of marine bacterial isolate SMI_1.

Time

Tempe
rature

Initial
pH

Carbon
Source

Nitrogen
Source

Organic
Acids

Conc. of
Organic
Acid

Conc.
of lron

Different
Metals

SMI_1

(h)

(°C)

(0.1%)

(0.1%)

(0.2%)

(%)

(LM)

(10 pm)

(%SU)

12

24

36

48

60

72

20.56 +1.09

37.62 +£1.92

54.17 + 3.61

60.17 +1.94

47.38 £2.05

35.54 + 3.87

48

20

25

30

35

40

45

51.73+2.03

58.52 +2.10

65.45 + 2.05

63.19+1.71

55.91+3.15

48.51 + 2.47

48

30

6.5

7.0

7.5

8.0

8.5

9.0

57.13+2.18

62.83 + 2.37

69.66 + 1.98

74.04 +1.39

67.42 +2.02

51.20 +3.29

48

30

8.0

Glucose

Sucrose

Fructose

Maltose

Xylose

74.40 + 2.23

78.91+1.38

66.68 + 2.45

62.60 + 3.15

57.97 +3.53

48

30

8.0

Sucrose

Peptone

Yeast
extract

Sodium
nitrate

Ammonium
sulfate

Urea

68.48 + 2.66

64.87 +2.92

84.53 +1.17

78.69 + 1.45

71.43 +3.43

48

30

8.0

Sucrose

Sodium
nitrate

Succinic
acid

Oxalic
acid

Citric

91.74 +1.38

83.35 +3.04

72.64 +2.40
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acid
0.2 85.58 +1.79
Sodium | Succinic 04 93.57£0.91
48 30 8.0 | Sucrose nitrate acid 0.6 - 76.81 £ 1.57
0.8 65.33 £ 2.45
1.0 58.91 + 3.43
0.01 68.35 + 2.20
Sodium Succinic 0.10 89.45+1.34
48| 30 | 80 | Sucrose | ot acid 04 1.00 " [57.85+2.40
10.0 44,62 + 3.81
Fe*3 43.68 +1.36
Sodium | Succinic Cu*? |58.21+294
48 30 8.0 | Sucrose nitrate acid 04 ) Mn*? [71.70 +2.83
zZn*? 73.09 + 1.68

Table 4.3: Effect of various physicochemical parameters on the siderophore production
(%SU) of marine bacterial isolate AABM_9.

Time Tempe | Initia | Carbon | Nitrogen Orgfamic g?g:m(l)cf Conc. | Different AABM 9
rature | I pH | Source Source Acids Acid of Iron| Metals

(h) (°C) (0.1%) (0.1%) (0.2%) (%) (UM) | (10 uMm) (%SU)
12 19.86 + 2.32
24 38.31 +4.04
36 65.68 + 1.43
48 ) 60.81 + 2.57
60 52.10 + 1.68
72 47.23 + 2.56
20 53.38 +1.11
25 60.36 + 1.78
36 30 ] 68.88 + 1.01
35 57.59 + 1.67
40 47.08 + 2.43
45 39.57 +2.97
6.5 39.76 + 2.12
7.0 48.48 +1.79
75 59.45 +1.25
130 55 ) 72.76 +0.79
8.5 66.57 + 1.52
9.0 60.50 + 2.85
Glucose 35.77 £3.16
B30 1 80 o ) 76.40 + 1.06
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Fructose 55.68 + 2.76

Maltose 62.35 + 1.67

Xylose 53.22 +1.63

Peptone 62.57 £ 1.05

esz::t 51.69 + 2.82

36 | 30 | 80 | Sucrose Sncl’fr':t? ; 70.82 +1.98

?nmsmzt': 82.54 + 1.10

Urea 59.92 + 2.62

S“;;';'C 64.49 + 1.01

36 | 30 | 80 | Sucrose | Ammoniu | Oxalic _ | 2211+183
m sulfate acid

(;';rc;c 41.94 + 1.47

0.2 66.91 + 2.40

Ammoniu | Succinic 04 8590 £ 2.32

36 30 8.0 Sucrose ) 0.6 - 72.58 + 1.27
m sulfate acid

0.8 57.46 £ 1.53

1.0 43.29 + 3.36

0.01 86.14 + 1.08

Ammoniu | Succinic 0.10 64.54 + 1.23

36 30 8.0 | Sucrose m sulfate acid 04 1.00 ) 45.19 + 2.47

10.0 36.23 £ 3.45

Fe*3 36.23 £ 1.45

Ammoniu | Succinic Cu*? 50.40 + 1.33

36 30 8.0 | Sucrose m sulfate acid 04 ) Mn*2 | 45.20 +£1.05

Zn* 4778 + 2.43

Table 4.4: Effect of various physicochemical parameters on the siderophore production

(%SU) of marine bacterial isolate SVU_3.

Conc. of

Time Tempe |Initial | Carbon | Nitrogen Orgfinlc Organic Conc. |Different SVU_3
rature | pH Source Source Acids Acid of Iron | Metals
(h) (°C) (0.1%) (0.1%) (0.2%) (%) (UM) | (10 M) (%SUV)
12 29.34 + 3.53
24 40.63 + 2.86
36 ) 53.83 + 1.12
48 62.68 + 1.00
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60

72

59.25+1.44

50.55+1.31

48

20

25

30

35

40

45

41.42 +2.35

55.54 +1.82

64.24 + 0.66

58.23+1.25

49.27 +1.07

40.61 + 2.52

48

30

6.5

7.0

7.5

8.0

8.5

9.0

47.95+3.19

57.30 +£1.04

61.39+2.44

67.15+1.82

71.44 +0.95

66.99 + 1.51

48

30

8.5

Glucose

Sucrose

Fructose

Maltose

Xylose

76.01 £ 0.68

65.91 +1.20

55.91+1.01

70.29 +£1.89

62.81 +1.12

48

30

8.5

Glucose

Peptone

Yeast
extract

Sodium
nitrate

Ammoniu
m sulfate

Urea

53.10 + 2.51

48.41 + 3.55

78.22 +1.25

66.57 + 1.54

64.68 + 3.12

48

30

8.5

Glucose

Sodium
nitrate

Succinic
acid

Oxalic
acid

Citric
acid

61.18 +1.78

3042 +1.11

51.90 +2.94

48

30

8.5

Glucose

Sodium
nitrate

Succinic
acid

0.2

0.4

0.6

0.8

1.0

60.24 + 3.06

72.65+2.24

81.03 +1.40

63.05 + 1.05

52.73 +2.50

48

30

8.5

Glucose

Sodium
nitrate

Succinic
acid

0.6

0.01

0.10

82.57 +1.09

1.00

60.49 +1.20

10.0

31.73+1.54

21.31 +2.58
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48

30

8.5

Glucose

Sodium
nitrate

Succinic
acid

0.6

Fe*3 [39.16 +2.01
Cu? [41.24+191
Mn*2 | 32.16 + 1.68
Zn*? | 50.07 +2.23

Table 4.5: Effect of various physicochemical parameters on the siderophore production
(%SU) of marine bacterial isolate AMPPS_5.

Time

Tempe
rature

Initial
pH

Carbon
Source

Nitrogen
Source

Organic
Acids

Conc. of
Organic
Acid

Conc.
of
lron

Different
Metals

AMPPS 5

(h)

(°C)

(0.1%)

(0.1%)

(0.2%)

(%)

(LM)

(10 uM)

(%SU)

12

24

36

48

60

72

48.54 + 2.52

58.58 + 1.57

58.86 +1.30

50.68 +1.43

45.94 + 2.64

38.27+1.25

36

20

25

30

35

40

45

48.50 £1.28

57.37 +2.68

61.08 +1.72

64.05 + 1.30

58.64 + 1.56

46.60 + 2.34

36

35

6.5

7.0

7.5

8.0

8.5

9.0

43.39 + 2.44

51.66 + 3.83

58.36 + 1.54

63.90 + 1.61

69.65 + 1.10

56.66 + 1.68

36

35

8.5

Glucose

Sucrose

Fructose

Maltose

Xylose

75.69 +1.28

72.38 +1.56

66.44 +2.78

69.58 + 2.51

66.05 + 2.16

36

35

8.5

Glucose

Peptone

Yeast
extract

Sodium
nitrate

Ammoniu
m sulfate

Urea

70.35+2.19

71.32 +2.90

75.71+2.44

81.40 +1.26

75.47 +3.12
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Succinic 78.59 + 2.87
acid
36 | 35 | 85 |Glucose [monium | Oxalic i 65.66 + 2.61
sulfate acid
Citric 87.25 +1.23
acid
0.2 85.65 + 1.15
Ammonium | Citric 04 91.17+0.96
36 35 8.5 Glucose sulfate acid 0.6 - 80.70 + 2.48
0.8 71.43 + 3.33
1.0 68.26 + 3.04
0.01 83.77 £ 1.19
Ammonium | Citric 0.10 73.10 + 1.87
36 | 3% | 85 |Glucose [ ot acid 04 o0 ] 52.80 £ 3.29
10.0 38.61 + 2.06
Fe*3 38.57 +1.72
Ammonium | Citric Cu'*? 62.01 + 2.82
36 35 8.5 Glucose sulfate acid 04 i Mn*2 52.97 £ 3.70
Zn*? 68.26 £ 1.35

Table 4.6: Comparison of production parameters and siderophore production with those
reported in literature.

. . . Incubation| Temp Carbon | Nitrogen | Organic .
Microorganism Habitat Time () | (C) pH Source | Source Acid Yield Ref.
Pseudomonas . Sucrose Urea - 104.8 mM
aeruginosa FP6 Soil sample ) ~ |Mannitol 92.9 mM [250]
Bacillus cereus
Pseudomonas Marine 100 - 150 25 (8.5 - - - - [257]
weihenstephanensis
Brevibacillus brevis | Rhizosphere .
GZDF3 Soil 48 32 | 7 | Sucrose |asparagine - - [6]
Pseudomonas Succinic | 69.03%
aeruginosa RZS9 ) 24 218171 ) ) acid SU [267]
. . : 90.52%
Bacillus sp. PZ-1 Soil sample 48 30 [6.2 | Glucose |asparagine suU [268]
Pseudomonas Succinic
- 24 29 | 7 | Glucose Urea . 96% [259]
fluorescens acid
Bacillus sp. (VITVKS) . Sucrose | Sodium Citric ~60 -
Enterobacter sp. Soil sample - 37 |8 Glucose | Nitrate cid 809 [252]
(VITVKS) °
Escherichia coli Sucrose 48 pg/ml
Bacillus spp. ST13 ) ) % 1% | Glucose ) ) 31 pg/ml [256]
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Streptomyces pilosus 32 pg/ml
P
seudomonas i i 278 71| - i i 68.41% | [222]
aeruginosa
Pseudomonas L Ammonium | Citric
_u Aquatic soil 72 37 | 7 | Maltose . u I.I 59.18% | [269]
aeruginosa azar 11 nitrate acid
Bacillus teanensis . Sodium Succinic 95.27 | Present
Marin 4 r i .
SMI_1 arine 8 30| 8 Sucrose nitrate acid %SU study
Enterobacter sp. . Ammonium | Succinic 86.14 | Present
Marin r .
AABM 9 arine 36 30| 8 Sucrose sulphate acid %SU study
Marinobacter . -
. . Sodium Succinic 82.75 | Present
hydrocarbonoclausticus Marine 48 30 [8.5| Glucose i |u y .I I
nitrate acid %SU study
SVuU_3
Pseudomonas . Ammonium | Citric 91.17 | Present
. Marin : I .
mendocina AMPPS 5 arine 36 3 |85 Glucose sulphate acid %SU study

4.4, Statistical optimization of siderophores production

Production parameters of siderophore production of SMI_1 isolate was optimized and

observed maximum percentage of production at sucrose (0.1%), initial pH 8 and succinic acid

(0.4 %). RSM helps to understand the behavior of multiple variables and their interactions.

CCD was used to optimize the three factors at five different levels (-a, -1, 0, +1, + a). CCD

experimental design with responses (experimental and predicted) was reported in Table 4.7.

The final second order response equation for predicted responses given by equation 4.1.

Y = +93.83 + 1.06 (A) + 2.03 (B) + 2.85 (C) — 0.4987 (AB) — 1.36 (AC) + 0.8138 (BC) —

4.05 (A)? — 8.05 (B)? — 3.41 (C)?

(4.1)

Where, Y = Siderophore units (%SU), A = Sucrose, B = Initial pH, and C = Succinic acid.

Table 4.7: CCD matric with experimental and predicted siderophote production values.

- Succinic % SU
Std | Run | Sucrose (%) | Initial pH acid (%) | Experimental| Predicted
2 1 0.20 7.00 0.30 76.18 76.25
7 2 0.00 9.00 0.50 83.72 83.90
5 3 0.00 7.00 0.50 77.92 77.21
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9 4 0.10 8.00 0.40 94.27 92.91
10 5 0.10 8.00 0.40 92.62 92.91
4 6 0.20 9.00 0.30 76.73 77.69
8 7 0.20 9.00 0.50 84.17 82.30
1 8 0.00 7.00 0.30 68.28 70.40
11 9 0.10 8.00 0.40 93.58 92.91
3 10 0.00 9.00 0.30 73.27 73.84
6 11 0.20 7.00 0.50 77.92 77.60
12 12 0.10 8.00 0.40 92.18 92.91
19 13 0.10 8.00 0.40 95.27 94.76
15 14 0.10 6.32 0.40 69.13 68.56
18 15 0.10 8.00 0.57 88.17 89.91
16 16 0.10 9.68 0.40 75.19 75.40
14 17 0.27 8.00 0.40 84.29 85.10
20 18 0.10 8.00 0.40 93.17 94.76
17 19 0.10 8.00 0.23 82.41 80.31
13 20 -0.07 8.00 0.40 82.69 81.53
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Figure 4.14: (a) Contour and (b) 3D surface plots for the effects of process parameters on
siderophore production. A = Sucrose (%), B = pH, and C = Succinic acid (%).

The adequacy of the model was analysed by ANOVA (Table 4.8). In this study, p <

0.05 considered as significant values and p < 0.0001 as very significant value. Lack-of fit was

89



not significant as it represents lesser F value (3.38). It is evident that there is both significant
regression and non-significant Lack-of-Fit in the mathematical model, commensurate with the
adequacy and well-fitness of the experimental data center point. R? (97.18%) obtained reveals
the good correlation between independent variables and response values. The R? (0.9718) and
adjusted (adj) R? (0.9636) were close to one and adj R? is in reasonable argument with the
predicted R? (0.8430). By maintaining one independent variable at zero (0), the effect of three
independent variables on siderophore production (response) was examined. The response
surface graphs were plotted by considering two selected independent variables against
response on the Z-axis by evaluating all three potential combinations. It is evident from
response that pH and succinic acid have significant effect on production of siderophore than

SUCrose.

Table 4.8: ANOVA of experimental results of siderophore production.

Source Sum of Squares | df | Mean Square | F-value | p-value
Model 1370.02 9 152.22 53.94 <0.0001 significant
A-Sucrose 15.40 1 15.40 5.46 0.0443
B-pH 56.52 1 56.52 20.03 0.0015
C-Succinic acid 111.13 1 111.13 39.38 0.0001
AB 1.99 1 1.99 0.7051 0.4228
AC 14.88 1 14.88 5.27 0.0473
BC 5.30 1 5.30 1.88 0.2039
A2 235.80 1 235.80 83.55 <0.0001
B2 933.71 1 933.71 330.85 | <0.0001
C2 167.47 1 167.47 59.34 <0.0001
Residual 25.40 9 2.82
Lack of Fit 20.53 5 4.11 3.38 0.1309 | not significant
Pure Error 4.87 4 1.22
Cor. Total 1402.57 19
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4.5. Purification of siderophores

4.5.1. Amberlite XAD-2 column chromatography

To produce large amounts of siderophore, SMI_1 was grown for 48 h in a 1 batch
culture of optimized succinate medium. A litre of culture supernatant was acidified to pH two
before being purified by XAD-2 and Sephadex column chromatography. In order to test for
the presence of siderophore in fractions, 50 ml aliquots were collected and tested using CAS
assay. To ensure that the siderophore has been bound to the column material, all flow-through
collected from column washes and equilibrations were also tested. Most of the siderophore
was eluted from fractions 4 to 7 and all methanol extracts that were CAS positive were pooled

for further analysis.

4.5.2. Sephadex LH-20 column chromatography

In order to further purify the fractions which were found to be positive for
siderophores, they were pooled and concentrated using Sephadex LH-20 column
chromatography. Fifteen fractions, each with a volume of 10 ml, were collected in separate
aliquots of 10 ml. CAS assays were conducted on each of these samples to determine their
siderophore content. Colorless fractions were obtained at the beginning. There was a pale-
yellow color in fractions 5 to 9, the intensity of color increased gradually, and then a brown
color in fractions 11-14. All the methanol fractions which showed CAS positive were pooled
together and separated the methanol using rotary evaporator at 40 °C. White powder of 31
mg/L siderophore was obtained on freeze drying and sample re-dissolved in 3 ml of methanol

and stored at 4 °C.

4.5.3. Thin layer chromatography

A TLC analysis of fractions collected from the LH-20 column revealed the presence of
a wine-colored spot upon spraying FeCls-HCI, indicating a hydroxamate-type siderophore.
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The presence of hydroxamate siderophore in fractions 11 to 14 has been confirmed by the

appearance of wine-colored spots (Figure 4.15).

) &
SMI-1 Control
(DFOB)

Figure 4.15: TLC plates tested on concentrated siderophore of SMI_1 isolate.

4.6. Chemical characterization of purified siderophores
4.6.1. Spectral scan analysis

The purified molecules were analyzed based on their spectral absorbance to determine
which type of hydroxamate siderophore they represented. It has been reported that the
maximum absorbance ranges of mono- and dihydroxamate siderophores lie between 500 and
520 nm, whereas for trihydroxamate siderophores they are between 420 and 440 nm [270]. It
appears that the hydroxamate absorbance maxima observed in this study (Amax 421 nm) was

closer to those of trinydroxamate (Figure 4.16).
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Figure 4.16: UV-Vis spectra of hydroxamate siderophore of SMI_1 isolate showing broad
peak at 421 nm.

4.6.2. FTIR analysis

The functional groups of purified hydroxamate were determined by FTIR spectra.
Peaks observed at 3334.11 cm™ indicating the presence of OH group, 2943.66 cm™ indicates
CH stretch and 1654.70 cm™ indicates the existence of C=0 stretch (Figure 4.17) and peaks in
this study were compared with standard peaks in Table 4.9. The peaks of IR spectra indicates
the presence of hydroxamate siderophore and similar observations were reported by
Murugappan et al. (2011) alcoholic group at 3415.31 cm™ and Gaurav Yadav et al. (2022)

reported 3433-3035 cm™ OH stretching [226,271].

Table 4.9: Standard band assignments and peaks observed in this study.

Band assignment Standard (cm™) | Present Study (cm™)
OH stretch 3550-3200 3334.11
CH:> 2933-2966 2943.66
CH:> 2821-2856 2833.08
C=0 stretch 1651-1697 1654.70
C-H 1404-1453 1412.44
C-O 1254-1271 1257.13
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Figure 4.17: FTIR spectrum of hydroxamate siderophore produced by SMI_1.
4.6.3. LC-MS analysis

LC-MS analysis of siderophores from SMI_1 isolate was analysed, where HPLC peaks
obtained at Rt 1.53 and 3.92 min (Figure) with mobile phase acetonitrile and water. On Mass
spectroscopy analysis, siderophore was identified at Rt 3.95 min in positive ion mode in
chromatogram (Figure 4.18). The mass-to-charge ratio proportion of siderophore at 3.95 was
561.3 (Figure 4.19). The compound isolated was in white powder form and showed [M+H]*
ion with m/z 561.3 resembling the molecular formula of Deferrioxamine (C2sHasNsOs, Mass
561.3588 m/z). Desferrioxamine B (m/z 561.35) and B2 (m/z 547.34) was isolated from
marine brown alga Carpodesmia tamariscifolia reported similar kind of results [272].
Deferrioxamine B is an essential drug substance for the treatment of iron overload diseases,
including thalassemia, hemochromatosis and iron intoxication [273]. The yield of purified

siderophore was 31 mg/L.
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Figure 4.18: (a) The HPLC chromatogram of hydroxamate siderophore showing peaks at Rt
3.92. (b) TIC (Total lon Current) chromatogram showing siderophore peak at Rt 3.95 in
positive mode.
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Figure 4.19: MS spectra for iron free hydroxamate siderophore in positive ion mode.

4.6.4. NMR spectroscopy
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Figure 4.20: 1H NMR spectra of hydroxamate siderophore of SMI_1 isolate.
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Proton NMR spectrum of purified hydroxamate siderophore dissolved in Deuterated
chloroform, (soluble) showed peaks at 0.83, 1.21 and 2.16 ppm were as a result of CH>-CHo,
CH2-CH2 and CH>=CH complementary with previously reported data (Figure 4.20). Peak at
7.26 ppm considered as solvent peak. According to the NMR spectrum of the current study, it
is evident that a hydroxamate siderophore exists. As the spectrum results indicate, the
dihydroxamate siderophores of marine Vibrio species (bisucaberin and aerobactin) are also

consistent with this marine bacterial siderophores [226,271,274].

4.7. Heavy metal chelation

Heavy metals severely hamper the ecosystems of the terrestrial and aquatic realms.
Finding long-lasting ways to get rid of these harmful substances from the environment is
necessary due to their persistence in food chains and ecological niches. The persistence of
heavy metals reduces the time they take to enter the food chain through sources like aquatic
plants, fish and other aquatic creatures. Heavy metal accumulation in the aquatic environment,
particularly during the early phases of the development of fish, can be lethal to many different
kinds of fish [275]. Heavy metal contamination of soil has significant effects on the
ecosystem, making it a critical environmental problem. The heavy metals in the soil can enter
human food via plants, posing risks since they are passed down the food chain [276]. With
heavy metals posing considerable risks to humans and the environment, it is imperative that
heavy metal polluted soils be decontaminated immediately [277]. It is possible that
siderophore chelators may play a critical role in bacteria's resistance to heavy metals if toxic

metals induce the production of siderophores [278].

After 72 h of incubation, color change from blue to yellow was observed which
reflects the chelation of metal and CAS plate with Fe*® was considered as control. SMI_1

showed strong positive in Co*?, Cr*®, Hg*?, and Ni*? whereas positive results showed in Ag*?,
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Al*2, La*™, Mo*®, Pd*?, and Y*3. SMI 1 didn’t show any activity in Cd*? and Pb*? which
reflect the absence of siderophore production. AABM_9 showed clear zone formation in Al*2,
La*3, Pd*?, and Y*® and showed moderate zone in Cd*?, Co*?, Cr*®, Hg*?, Ni*?, and Pb*2. In
Ag* and Mo™® didn’t observe any activity. SVU_3 showed strong chelation was observed in
Co*?, Pb*2, Pd*? moderate in La*®, Mo™®, Y*3 and weak zones in Al*2, Cr*®, Ni*? agar plates.
AMPPS_5 showed moderate chelation in Al*?2, Cd*3, Co*2, Cd*?, Hg*?, La*, Ni*2, and Pb*2. It
showed weak chelation in Pd™® and Y*® whereas negative result in Ag* and Mo*® was

observed (Figure 4.21, Figure 4.22, and Table 4.10).

Previous studies on siderophore complexation abilities with metals other than iron
were reported. Trace metals like Cd, Cu, Ni, Pb, and Zn in seawater form strong metal-
organic complexes. Three of the five metals form a stable and firm complex with siderophore-
like organic molecules, where the ligands, particularly for Cd and Ni, are substantially more
potent and may have reasonably distinct functional groups [279]. Desferrioxamine B, a
bacterial siderophore, increased the phytoextraction of rare earth metals, including La, Nd,
Gd, Er, and Ge, by forming soluble complexes which improved the movement of elements in
the rhizosphere [280]. Arsenic-tolerant actinobacteria were isolated, and a siderophore that
binds arsenic was reported [281]. Marinobacter sp. SVU_3, which isolated from marine

source, showed strong chelation of Al, Co, La, and Pb was reported [233].
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Figure 4.21: Heavy metal ions chelation activity of marine bacterial isolates (SMI_1,
AABM 9, SVU_3, and AMPPS_5) through CAS agar plate assay.
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Figure 4.22: Bar plot visualization of the image analysis from the solid CAS plates combined
with heavy metals, * represents (p < 0.05) statistically significant.
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Table 4.10: Heavy metal ions chelation activity using CAS assay (- indicates no growth; +
indicates growth; ++ indicates growth with low activity; +++ indicates growth with moderate
to good activity).

Marine Bacterial Isolate(s)
Metal Salt(s) (1 mM) | Metal lon(s) SMi 1] AABM 9| SVU 3 | AMPPS &

FeCls.7H.0 Fe*s +++ ++ - ++
AgNO3 Ag* ++ - + -
Alz(SO04)3 Al ++ 4+ o+ +
CdCl Cd*? - ++ - —
CoCl,.6H.0 Co* +++ ++ F++ ++
K2Cr20y Cr*® +++ ++ - ++
HgCl Hg +++ ++ F+ +
La20s3 La* ++ +++ +++ ++
Na:Mo00s.2H,0 Mo*® ++ - ++ -
NiCl,.6H20 Ni*? + - + -
CsHs04Pb.3H20 Ph*? - ++ 4+ +
PdCl, Pd*? ++ +++ ++ +
Y203 Y* ++ +++ ++ +

4.8. Seed germination

The quality and quantity of crop yield are severely decreased by iron deficiency. The
ecosystem'’s natural food chain is also altered by this decrease in crop yield [276]. Currently,
plant growth-promoting microorganisms can play significant roles in the accessibility of
nutrients and metals by influencing plant growth dynamics and by directly affecting the
uptake of heavy metals through rhizosphere processes like chelation, acidification,
immobilization, precipitation and redox reactions [277]. An important characteristic of plant
growth-promoting microorganisms that might affect plant development is the production of
siderophores by bacteria, which is beneficial to plants. In addition to siderophore production,

there are several other traits that promote plant development [278].

In this study, the effect of siderophores on the germination of seeds (Brown chickpea

(C. arietinum L.), Peanut (A. hypogaea), Green gram (V. radiata), and Kabuli chana (Cicer
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arietinum)) was investigated. Seeds were incubated in cell-free supernatant of siderophore
production media, and seeds incubated in water were used as control. Before experimentation,
the supernatant was checked for the presence of siderophores using CAS assay. The
siderophore-positive supernatant was used for further work. The germination percentage was
calculated after 36 h, but sprouting was observed regularly, and the length of the root was
measured every 12 h. Among the three isolates, SMI_1 showed better seedlings growth and
germination rate. After 36 h, significant growth in seedlings and an increase in plumule length
were observed in all bacterial isolates (Figure 4.23). Plumule length and germination

percentage of each seed in respective isolate supernatant were reported in Table 4.11.

In iron limitation condition, siderophore-producing microorganisms can be used as
bio-fertilizer to increase wheat growth. Iron shortage inhibits growth and weakens
photosynthesis. Bacillus sp. WR12 increased iron acquisition and alleviated these effects [1].
Siderophore producing P. fluorescens RB5 showed inhibitory effect on phytopathogen R.
cerealis, which causes wheat sheath blight [282]. Hence, the bacteria that produce
siderophores can be employed as bio-fertilizer to enhance plant growth and as a biocontrol
agent against plant pathogens. Roslan reported the plant growth promoting potential of
Enterobacter sp., IAA producing and P solubilizing E. ludwigii improved the growth of flax
culture and root surface area and also improved the uptake of essential metals and calcium
uptake in Pigeon pea and Chicken pea. Enterobacter sp. increased the phosphorous and

potassium uptakes which reflected in the improvement of okra seedling plant [283].
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Figure 4.23: Seed germination ((a) Brown chickpea, (b) Peanut, (c) Green gram, and (d)
Kabuli chana) in presence of tap water (control) and cell-free supernatant of marine bacterial
isolates (SMI_1, AABM_9, SVU_3, and AMPPS_5).
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Table 4.11: Length of the seed (Brown chickpea, Peanut, Green gram and Kabuli chana)
germinate in the presence of tap water (control) and cell-free supernatant of marine bacterial
isolates (SMI_1, AABM 9, SVU_3, and AMPPS _5) at various incubation times (12 h, 24 h,

and 36 h).

Species Cell-free Length (cm) at Incubation Time (h) %GP

Supernatant of 12 24 36
Control (Tap Water) 0 0.16 £0.16 | 0.38+0.08 | 36.2
. SMI_1 0.32+£0.13 | 0.82x0.22 | 1.76 £0.35 92.4
('i:ro;’::;;::frﬁpia; AABM_9 023+004 | 06+012 | 1.28+0.14 | 89.1
SvU 3 0.04£0.05 | 0.12+0.04 | 0.66+0.24 40.6
AMPPS 5 0.14+£0.08 | 0.36£0.05 | 0.84+£0.13 67.3
Control (Tap Water) 0 0.18+0.11 | 0.42+0.08 | 28.1
SMI_1 0.22+0.04 | 0.52+0.08 | 1.12+£0.13 84.9
" E?Z’;;;ea) AABM_9 0.24+0.05 | 046+009 | 0.74+020 | 714
SvuU_3 0 0.28+0.08 | 0.46+0.08 | 36.1
AMPPS 5 0.14+£005| 066x0.16 | 0.9x0.12 63.2
Control (Tap Water) | 0.26 +0.08 | 0.94+£0.36 | 1.8+0.33 67.4
SMI_1 0.34+£0.13 | 0.74£0.11 222+04 96.2
C(;\;eiz dg:;?ar;] AABM 9 0.32+008 | 0.86+0.86 | 158019 | 93.7
SVU_3 0.24 £0.05 0.6+0.6 1.34+0.34 64.8
AMPPS_5 0.28+0.08 | 0.58+0.08 | 1.54+0.33 81.3
Control (Tap Water) 0 098+£039 | 196+04 52.6
Kabuli chana SMI_1 0.28+0.13 | 0.92+0.27 | 1.86+0.39 89.2
(C. arietinum) AABM 9 022+008 | 1.4+0.29 | 2.04+£0.37 82.5
SVU_3 0 0.38£0.14 1+0.12 67.2
AMPPS_5 0.04 £0.05 0.6+0.2 144 +04 78.3

4.9. Synthesis of AgNPs

Low-molecular weight metal chelators (such as metallophores or siderophores) consist

of a unique arrangement of functionally active reactive sites (such as catechols or

hydroxamtes) which arraign, complex, or coordinate with free metal ions, these distinctive

functional associations can be used or relevant in biological context (for example, re-entry of

iron-siderophore complex into bacteria) [233]. These unique microbial metallophores have

evolved to complex with metal ions, unlike synthetic molecules, and because these metal

complexes are crucial for metal cycle, they have specialized significance for the producing
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bacteria [209]. This can be seen in the acquisition of various metals, such as copper and
boron, which are important within environmental niches as well as defense against particular

metal toxicities [209].

The presented objective emphasized on the application of siderophore (marine
bacterial source [233]) in the synthesis of AgNPs through biological approach and its
comparison in physicochemical properties along with in vitro potential with that of chemical
synthesized AgNPs. Throughout the literature, only a few papers have highlighted the use of
siderophores in the NPs synthesis (Table 2.4). The occurrence of brown color at the end of
reaction time indicates the formation or synthesis of AgNPs, which is a characteristic visual

indicator [187-189,193,234].

4.10. Characterization of AgNPs

Standard analytical techniques were employed in determining the physicochemical
properties of the as-synthesized AgNPs. It is of primary significance to determine the
physicochemical properties of the AgNPs to understand their antibacterial, anticancer, and
photocatalytic activities. Table 4.12 presents the results obtained from the characterization

studies of the as-synthesized AgNPs (Che-AgNPs and Bio-AgNPs).

4.10.1. UV-Vis spectral analysis

The as-synthesized AgNPs were preliminary characterized for its optical property
using UV-Vis spec., which is considered as a basic technique. The Che-AgNPs showed a
broader peak with Aspr at 455 nm, whereas Bio-AgNPs showed a narrow peak comparatively
with Aspr at 415 nm (Figure 4.24). The peaks observed were within the range of AgNPs as

observed in the literature [187-189,193,234]. From the peak observed, it was evident that
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AgNPs synthesized through the biological approach have better size and shape compared to

chemical approach [187,189].
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Figure 4.24: Characterization studies of Che-AgNPs and Bio-AgNPs using UV-Vis spectra.

Maduraimuthu et al. observed the characteristic SPR of AgNPs at 428 nm and 435 nm
[284]. Shafig et al. observed the SPR at 443 nm with a narrow peak [285]. Nejad et al.
observed the occurrence of SPR in the range of 400 to 450 nm [286]. Leyu et al. observed the

SPR peak at 422 nm [287]. Qanash et al. observed the sharp SPR peak at 412 nm [288].

4.10.2. Particle size distribution analysis

The PSA determined the particle size distribution of as-synthesized AgNPs to be in the
range of 70 to 380 for Che-AgNPs and 60 to 230 nm for Bio-AgNPs (Table 4.12). The
average particle size was observed to be 198.73 £+ 22.56 and 135.19 + 17.38 for Che-AgNPs
and Bio-AgNPs, respectively (Figure 4.25). The poly-dispersity index (PDI) for Che-AgNPs
is 0.288, whereas for Bio-AgNPs is 0.237 (Table 4.12). The significance of PDI value is that

it defines the nature of the AgNPs colloidal solution, either polydisperse or monodisperse
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[284]. The PDI value will be in the range of 0 to 1, where “0” represents the monodispersed

colloidal solution and “1” represents the polydispersed colloidal solution [287].
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Figure 4.25: Characterization studies of Che-AgNPs and Bio-AgNPs using PSA analysis.
Maduraimuthu et al. reported the PSD to be in the range of 25 to 250 nm with average
particle size to be 43 nm and PDI of 1.092 [284]. Nejad et al. reported the PSD to be in the
range 10 to 100 nm with average particle size to be 70.92 nm and PDI of 0.203 [286]. Leyu et
al. observed the average particle size to be 68.12 nm with PDI of 0.471 whereas the PSD to be
in the range of 10 to 100 nm [287]. Alfarraj et al. observed the average particle size to be
87.08 nm with PDI of 0.233 whereas the PSD to be in the range of 30 to 300 nm [289].
Mustapha et al. observed the PSD range to be in the range of 80 to 600 nm with average

particle size of 186 nm and PDI to be 0.230 [290].
4.10.3. Surface charge analysis

Surface charge determination can define the electrochemical stability of the AgNPs in
the colloidal solution [287]. It can be either positive, zero, or negative charge. AgNPs with
greater positive or lower negative charge offer high stability, causing repulsion between the

AgNPs and avoiding aggregation [287]. The surface charge of the as-synthesized AgNPs was
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found to be -21.94 + 1.68 mV for Che-AgNPs and -32.67 + 2.27 mV for Bio-AgNPs (Figure
4.26 and Table 4.12). It was evident that the Bio-AgNPs offers higher stability due to its

lower negative charge compared to Che-AgNPs.
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Figure 4.26: Characterization studies of Che-AgNPs and Bio-AgNPs using ZP analysis.
Maduraimuthu et al. reported the AgNPs with surface charge of -59.0 mV [284].

Nejad et al. reported the surface charge of AgNPs with -11.40 mV [286]. Leyu et al. reported

the surface charge to be -25.7 mV [287]. Alfarraj et al. reported the surface charge of -14.2 for

AgNPs [289]. Mustapha et al. reported the surface charge to be -39.9 mV [290].

4.10.4. XRD analysis

It was evident from the XRD analysis that the as-synthesized AgNPs were crystalline
in nature (Figure 4.27). Intense sharp peaks were observed at peak positions 38.18°, 44.50°,
64.28°, 77.03°, and 81.44° for both Che-AgNPs and Bio-AgNPs (Figure 4.27). Using the
Debye-Scherrer’s equation, the average crystallite size “D” was found to be 23.56 nm and

18.43 nm for Che-AgNPs and Bio-AgNPs, respectively (Table 4.12).
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Figure 4.27: Characterization studies of Che-AgNPs and Bio-AgNPs using XRD analysis.
Leyu et al. reported the peak positions of 38.18°, 44.25°, 64.18°, 77.38°, and 81.11°
with the average crystallite size of 33.4 nm [287]. Maduraimuthu et al. reported the peak
positions of 38.34°, 44.91°, 65.29°, and 77.47° [284]. Shafiq et al. reported the occurrence of
peak positions of 37.91°, 44.08°, 64.3°, and 77.30° with average crystallite size to be 26.82
nm [285]. Rehman et al. reported the peak positions of 27.71°, 32.15°, 38.13°, 44.3°, 46.11°,
54.63°, 57.48°, 64.35° and 77.40° [291]. Afandy et al. reported the peak positions of 38°,

44°, and 64° with average crystallite size to be 28.1 nm [292].

4.10.5. SEM and EDX analysis

SEM and EDX analysis were performed to determine the morphology and elemental
composition of the as-synthesized AgNPs. From the results it was evident that the NPs
synthesized were indeed AgNPs (Figure 4.28). Che-AgNPs showed about 82.4% of Ag in

weight percentage (wt.%), whereas Bio-AgNPs showed about 87.4% of Ag (Table 4.12).
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Figure 4.28: Characterization studies of Che-AgNPs and Bio-AgNPs using SEM and EDX
analysis.

Maduraimuthu et al. reported the occurrence of peaks in the range of 2.7 to 3.5 KeV in
EDX spectra [284]. Shafiqg et al. reported a strong EDX peak at 3 KeV with wt.% of 88.4 for
Ag [285]. Qanash et al. reported the presence of strong EDX peak at 3 KeV with wt.% of
76.67 for Ag [288]. Mustapha et al. reported a sharp peak at 3 KeV in EDX spectra with wt.%
of ~45 for Ag [290]. Sumra et al. reported the presence of three sharp peaks in EDX spectra at

0.8, 2.7, and 3 KeV [293].
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Table 4.12: Details of as-synthesized AgNPs characterization studies.

Instrument(s) Feature(s) Unit(s) Che-AgNPs Bio-AgNPs
. Wavelength nm 455 415
UV-Vis spec Absorbance a.u. 0.604 0.429
Particle size distribution nm 70 to 380 60 to 230
Average particle size nm 198.73 +22.56 | 135.19+17.38
PSA Poly-dispersity index - 0.288 0.237
Surface charge mV -21.94 + 1.68 -32.67 £ 2.27
Electrophoretic mobility | pm*cm/Vs -1.71035 -2.54637
Peak position 20 38.18 38.16
XRD Peak intensity a.u. 7195 9623
Crystallite size “D” nm 23.56 18.43
EDX Element composition Wt.% 82.4 87.4

4.11. Antibacterial activity

Since the dawn of time, people have been aware of the antibacterial characteristics of
noble metals [202]. Ag compounds, metallic Ag, and Ag salts have been used to successfully
stop microbial development since the beginning of time [202]. AgNPs, which have
outstanding antibacterial effects against a variety of microbial diseases due to their enormous

surface area to volume ratio, were made possible by advances in nanotechnology [294].

From the results (Table 4.13), it was evident that the as-synthesized AgNPs showed
moderate to good antibacterial activity. Bio-AgNPs showed better activity against B. subtilis
(Figure 4.29), CoNS (Figure 4.30), and S. aureus (Figure 4.35), whereas Che-AgNPs showed
better activity against E. coli (Figure 4.31), K. pneumoniae (Figure 4.32), and P. aeruginosa
(Figure 4.34). Similar activity was observed against P. vulgaris (Figure 4.33). It was observed
that Bio-AgNPs were effective against gram+ bacteria, whereas Che-AgNPs were effective

against gram- bacteria (Figure 4.29 to 4.35).
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Figure 4.29: Antibacterial studies of (a) Che-AgNPs and (b) Bio-AgNPs against B. subtilis
and their respective (c) ZOI (mm) in bar graph.
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Figure 4.30: Antibacterial studies of (a) Che-AgNPs and (b) Bio-AgNPs against CoNS and
their respective (c) ZOI (mm) in bar graph.
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Figure 4.31: E Antibacterial studies of (a) Che-AgNPs and (b) Bio-AgNPs against E. coli
and their respective (c) ZOI (mm) in bar graph.
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Figure 4.32: Antibacterial studies of (a) Che-AgNPs and (b) Bio-AgNPs against K.
pneumoniae and their respective (c) ZOI (mm) in bar graph.
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Figure 4.33: Antibacterial studies of (a) Che-AgNPs and (b) Bio-AgNPs against P. vulgaris
and their respective (c) ZOI (mm) in bar graph.
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Figure 4.34: Antibacterial studies of (a) Che-AgNPs and (b) Bio-AgNPs against P.
aeruginosa and their respective (c) ZOI (mm) in bar graph.
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Figure 4.35: Antibacterial studies of (a) Che-AgNPs and (b) Bio-AgNPs against S. aureus
and their respective (c) ZOI (mm) in bar graph.

Table 4.13: Zone of inhibition (mm) observed during antibacterial studies of as-synthesized
AgNPs.

AgNPs Che | Bio

Concentration

10 25 50 75 100 10 25 50 75 100
(ng/well)

ZOl (mm) for | 9.16+| 10.08 | 11.02 | 10.91 | 10.72 | 12.02 | 12.41 | 13.31 | 12.87 | 12.62
B. subtilis 051 | +014| +037| £0.19| £037| +£0.28| £0.36| £0.20| +0.31 | £0.27

ZOl (mm) for | 895+ | 9.04+| 10.29 | 10.10 | 10.15 | 10.85 | 11.69 | 12.28 | 12.05 | 11.87

CoNS 0.08 011 | +0.27 | £0.55| £0.53| +0.14 | £0.24| £0.08 | +0.44 | £0.31
ZOIl (mm) for | 836+ | 9.75+| 10.57 | 10.60 | 1051 | 8.01+| 929+ | 943+ | 9.17+| 9.20 =

E. coli 0.10 019 | +043| £0.11| £031| 029 | 017 | 022 | 025 | 0.24
ZOl (mm) for | 10.18 | 10.19 | 11.25 | 11.19 | 11.10 826+| 946+| 919+ | 8.79+
K. pneumoniae | £+0.08 | +0.35| £0.13| +0.07 | +0.23 ) 021 | 013 | 0.07 | 021

ZOIl (mm) for | 834+ | 953+ | 1055 | 1045 | 10.48 | 9.17+| 10.01 | 10.78 | 10.52 | 10.46
P. vulgaris 0.21 031 | +0.44 | £0.18| £0.22| 0.28 | £0.27| £0.41| +£0.24 | £0.07

ZOIl (mm) for | 13.60 | 14.18 | 1543 | 16.01 | 16.29 | 1249 | 12.24 | 14.28 | 15.25 | 15.69
P.aeruginosa | +0.14 | £+0.76 | £0.45| £0.34| £0.19| £0.85| £0.38| £0.50| £0.44| +0.54

ZOI (mm) for 10.30 | 10.61 | 10.52 | 11.10 | 9.69+| 1153 | 12.03 | 11.69 | 11.26
S. aureus +0.22| £008| +0.17 | £0.17| 0.15 | +0.15| +£0.35| £0.14 | £0.05

Gram+ bacteria have thick cell walls usually ranging from 20 to 80 nm, which is made
up of only one but thick peptidoglycan layer consisting of teichoic acid [295,296]. On the
contrary, Gram- bacteria have comparatively thin cell walls usually ranging from 8 to 10 nm,
which is made up of thin phospholipid layers (typically more than one) sandwiching the
peptidoglycan layer without the teichoic acid [295,296]. The surface of both groups has a
negative charge, however the Gram- bacteria show high negative charge compared to Gram+
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bacteria [297]. The interaction between the bacterial cell wall and the NPs is governed by
their surface charge [298]. It was also observed that the lipopolysaccharide structure has great
impact over the binding of NPs to the lipid bilayer in Gram- bacteria [299]. On the other hand,
Gram+ bacteria lack lipid bilayer or lipopolysaccharide layer and along with lower negative

charge can be more susceptible to NPs permeability [296,297].

Bio-AgNPs with high-negative overall surface charge (-32.67 mV) might be repelled
by the high-negative surface charge of the Gram- bacteria. Whereas the Gram+ bacteria have
comparatively lower charge and are more susceptible to the NPs with higher-negative charge,
even though they have thick peptidoglycan layer. On the other hand, Che-AgNPs (-21.9) had
lower-negative charge compared to Bio-AgNPs, therefore they have shown good activity
against Gram- bacteria. Even though the size of Bio-AgNPs (135.19 nm) is smaller compared
to Che-AgNPs (198.73), the overall surface charge (i.e., high-negative) might have played a
crucial role or influenced the binding of Che-AgNPs to the surface of Gram- bacteria.
Therefore, it was noted that along with size, surface charge is equal or in some cases more

important to exhibit good antibacterial activity [296,297].

From Figure 4.29 to 4.35 and Table 4.13, it was also observed that the as-synthesized
AgNPs showed highest ZOI at 50 pg per well concentration against test bacteria. From Figure
4.29 to 4.35, it was noticed that the AgNPs were prone to aggregation as the concentration
increased beyond 50 pg per well. In comparison, Che-AgNPs has shown more aggregation,
which can be seen by the occurrence of dark brown color ring formation at the well edges.
Bio-AgNPs were less prone to aggregation might be because of their higher negative surface
charge (Table 4.13). Among the test bacteria, only P. aeruginosa has shown concentration

dependent ZOI (Figure 4.34).
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AgNPs and the Ag" ions produced when they dissolve both have antibacterial
properties. AgNPs and Ag* ions can both interact with various bacterial cells and biofilm
constituents. They hinder bacterial metabolism and outside cellular processes through these
interactions [300]. Overall, the antibacterial potential of AgNPs is due to the combination of
several mechanisms such as generation of reactive oxygen species eliciting oxidative stress,
nucleic acids damage, hindering electron transport chain, inactivation of relevant enzymes,
destabilization of protein structures, and destruction of cell membrane (Figure 4.36)
[187,195,198]. AgNPs are now a viable option for antimicrobial therapy as a result of its

complex antibacterial mechanism [301].
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Figure 4.36: Possible antibacterial mechanism involved in presence of AgNPs [187,189].

This chapter presents the results and discussion related to the work done in four parts.
In first part the collection of marine water and sediments samples from marine estuary regions

and isolated the fast-growing bacteria. All the isolates were screened for siderophore
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production using CAS (Chrome Azurol S) assay, and the most efficient four isolates were
selected for further work. 16S rRNA molecular characterization of isolates showed the nearest
similarity of SMI_1 with Bacillus taeanensis, AABM_9 with Enterobacter sp., SVU_3

with Marinobacter sp. SVU_3 and AMPPS_5 with Pseudomonas mendocina.

In the second part the production parameters of the succinate medium were optimized
to enhance the siderophore production. The optimum production of siderophores for SMI_1
was 93.57 %SU (Siderophore Units) (after 48 h of incubation at 30 °C, pH 8, sucrose as
carbon source, sodium nitrate as nitrogen source, 0.4% of succinic acid) and for AABM_9
was 87.18 %SU (after 36 h of incubation period at 30 °C and pH 8 in the presence of sucrose,
ammonium sulfate and 0.4% succinic acid). The maximum production of siderophores for
SVU_3 was 83.15 %SU (after 48 h of incubation at 35 °C and pH 8.5 in the presence of
glucose, sodium nitrate and 0.6 % succinic acid) and for AMPPS_5 was 91.17 %SU (after 36
h of incubation at 35 °C, pH 8.5, glucose as carbon source, ammonium sulfate as nitrogen
source, and 0.4% of citric acid). Effects of Copper, Manganese and Zinc metal ions on
siderophore production were studied. The siderophore was separated using an Amberlite
XAD-2 column followed by Sephadex LH-20. The fractions were concentrated by removing
methanol using rotary evaporator and lyophilized samples stored. The chemical nature was
identified by Thin-layer chromatography, Fourier Transformation Infrared analysis (FTIR),
High Resolution — Mass Spectroscopy (HR-MS) and Nuclear Magnetic Resonance (NMR)

spectroscopy.

In the third part the heavy metal chelation of siderophore-producing marine bacterial
isolates was investigated on Ag*?, Al*?2, Cd*?, Co*?, Cr*8, Hg*?, La*®, Mo*%, Ni*?, Pb*2, Pd*?,
and Y** metal ions (1ImM, 5mM) by spotting method. All four isolates showed chelation

activity on heavy metals except Ag*?, Cd™? and Mo*™® due to species-specific trait. Seed
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germination studies were performed on seeds Brown chickpea (Cicer arietinum L.), Peanut
(Arachis hypogaea), Green gram (Vigna radiata), and Kabul chana (Cicer arietinum) using

siderophore supernatant.

Finally, in the fourth part the as-synthesized silver nanoparticles (AgNPs) via
chemical (Che-AgNPs) and biological (Bio-AgNPs) methods were characterized for their
optical, physicochemical, crystalline, and elemental composition properties. Che-AgNPs and
Bio-AgNPs showed a peak at 455 nm and 415 nm with average particle size of 198.73 nm and
135.19 nm, whereas surface charge was found to be -21.94 mV and -32.67 mV, respectively.
Che-AgNPs have shown better zone of inhibition (ZOI) against Gam- bacteria such as E. coli
(10.57 mm), K. pneumoniae (11.25 mm), P. aeruginosa (15.43 mm), whereas Bio-AgNPs
showed better ZOI against Gram+ bacteria such as B. subtilis (13.31 mm), CoNS (12.28 mm),
S. aureus (12.03 mm) at 50 pg per well concentration. The next chapter concludes the

research work done and included future perspectives.
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Chapter V:
CONCLUSION and
FUTURE SCOPE



CONCLUSION, ECONOMICAL ASPECTS, and
FUTURE RESEARCH PROEPECTS

5.1. Conclusion

Iron is one of the essential and abundant metal on the surface of the earth, but at
physiological pH it is unavailable to all living organisms. Similarly, in ocean water it is
accessible to microbes in minimal concentrations. To overcome iron scarcity, marine bacteria
produce siderophores. The present study reports the isolation, identification and
characterization of siderophores producing marine bacterial isolates, SMI_1, AABM 9,
SVU_3, and AMPPS_5. On performing biochemical tests and molecular analysis they were
identified as B. taeanensis SMI_1, Enterobacter sp. AABM_9, and P. mendocina AMPPS_5,
strains efficiently produce siderophores in Fe*3-deficit media. To enhance the siderophores
production, the effect of different production parameters was studied. The highest siderophore
obtained was 96.48 %SU for SMI_1 after 48 h of incubation at 30 °C, pH 8, sucrose as carbon
source, sodium nitrate as nitrogen source, and 0.4% of succinic acid. The optimum parameters
of AABM_9 were 87.18 %SU after 36 h of incubation period at 30 °C and pH 8 in the
presence of sucrose, ammonium sulfate and 0.4% succinic acid. Likewise, the maximum
siderophores production for AMPPS_5 was 91.17 %SU after 36 h of incubation at 35 °C, pH
8.5, glucose as carbon source, ammonium sulfate as nitrogen source, and 0.4% of citric acid
as organic acid. Isolates showed growth and production of siderophores in the presence of
metals like Fe*3, Cu*2, Mn*?, and Zn*2. However, upon increasing the concentration of Fe*3
the siderophores production was radically decreased, possibly due to the negative regulation

of transcriptional genes.

The siderophore was separated using an Amberlite XAD-2 column followed by

Sephadex LH-20. The fractions were concentrated by rotary evaporation and lyophilized,
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purified by Thin-layer chromatography solvent system n-butanol:acetic acid:dH20 (12:3:5).
Wine-coloured spots confirmed presence of hydroxamate type of siderophore on spraying 0.1
M FeClz solution. The Amax was observed at 421 nm on UV- spectral analysis which reflects
the trinydroxamate siderophores. The chemical nature was identified by Fourier
Transformation Infrared analysis (FTIR), Liquid Chromatography — Mass Spectroscopy (LC-
MS) and Nuclear Magnetic Resonance (NMR) spectroscopy. The siderophore was identified
at Rt 3.95 min on using acetonitrile and water as mobile phase and identified mass of
siderophore [M+H]* m/z 561.3. Four isolates showed strong heavy-metal chelation activity in
different heavy metals, and significant growth of peanut seedlings in seed germination
experiments was observed in Enterobacter AABM_9. Further research is required to shed
light on plant-growth-promoting marine bacteria and the mechanism involved in them. The
as-synthesized AgNPs were characterized for their physicochemical properties using standard
analytical techniques. Furthermore, the evaluation of their antibacterial property determined
surface charge dependent activity. Che-AgNPs showed better activity against gram- bacteria,

whereas Bio-AgNPs showed better activity against gram+ bacteria.

5.2. Economical aspects

It is of paramount importance to estimate the overall operating costs related with
biotechnological processes, for example, in this case production of siderophores. Among the
several factors involved: (i) cost of raw materials (chemical constituents involved in media
formulation) and (ii) productivity (product yield) are considered to be fundamental. In
general, approximately 10 - 60% of the operating or production costs are associated with the
raw materials procurement in several product-based biotechnological production processes
[246]. Therefore, optimization of chemical composition of media (such as carbon and

nitrogen source) greatly helps in not only excluding the unnecessary media constituents but
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also finding cheaper but efficient alternatives or substituents. For example, natural organic
nitrogen sources such as peptone, and yeast extract are much costlier than the inorganic forms

of nitrogen such as sodium nitrate and ammonium sulfate [4,246,247].

5.3. Future research prospects

Siderophores production has only gained significant momentum in the last few years
owing to the discovery of siderophores’ chelation ability towards several metal ions [235].
Furthermore, siderophores producing bacteria can aid in reduction of contamination
associated with heavy metals through diffusion [302]. On the contrary, application of
siderophores in day-to-day activities is limited: (i) failing to commercialize large scale
production of siderophores, (ii) purification and characterization of siderophores is yet be
standardized, (iii) bacterial biosynthesis leads to other impurities, (iv) several enzymes and
cofactors are associated with siderophores biosynthesis, (v) yet to understand the associated
secretory and regulatory mechanisms, (vi) lack of chemical, structural, and physiological
characterization, and (vii) yet to explore the unknown habitats. As siderophores are of natural
origin, their applications in the fields of medicine, agriculture, and environment are unlimited.
True potential of siderophores is yet to be determined to make a just and sustainable society

[4,303].

This chapter presents the conclusions derived from various stages of the study,
including the isolation of siderophore-producing marine bacteria, optimization of production
parameters, and purification of siderophores. It encompasses discussions on heavy metal
chelation, the seed germination ability exhibited by siderophore-producing bacteria, and the
synthesis of siderophore-based silver nanoparticles (AgNPs). Additionally, the chapter

outlines potential avenues for future research.
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