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Abstract-Siderophores are iron-chelating compounds of low molecular weight, secreted by microbes under
iron-limiting conditions. The role of siderophores has gained much attention owing to their potential
applications in medicine, agriculture, and environmental biotechnology. In the present investigation, soil
samples were collected from agricultural field, and screened for siderophore-producing microorganisms.
Isolation of the microorganisms was carried out by the serial dilution method and the spread plate technique
on selective media. The isolates were characterized by employing morphological and biochemical
techniques. They were then screened for siderophore production by employing the Chrome Azurol S agar
plate assay method and the Chrome Azurol S shuttle assay method. 52.94% and 39.78% siderophore was
produced by M1 isolate and B2 isolate respectively which were the highest among the selected isolates. The
selected positive isolates were further studied to ascertain the nature of the siderophores by the Arnow’s,
Csaky’s, Vogel’s, and Tetrazolium tests. The siderophores were further assessed for their biological activity,
antifungal, antimicrobial, antidiabetic, antioxidant, and antimalarial potentials. Az showed the highest
antidiabetic activity of 13.3% while 96.78% antioxidant activity was given by B8 isolate. The results also
showed that the isolates produced considerable amount of siderophores, that exhibited inhibitory activity
against the tested plant pathogenic fungi and bacteria. The results of the present study have immense
potential to explore the role of soil microorganisms as a source of siderophores with vast applications in the

field of agriculture and biomedicine.

INTRODUCTION

Iron is a critical micronutrient for nearly all life
forms, serving as an essential cofactor for enzymes
involved in respiration, DNA synthesis, electron
transport, nitrogen fixation, and oxidative stress
mitigation. Key enzymes, including cytochromes,
catalase, peroxidase, and ribonucleotide reductase,
depend on iron to maintain microbial metabolism
(Andrews et al., 2003; Schalk and Guillan, 2013;
Wilson et al., 2016; Deb et al., 2024; Singh et al., 2022).
Despite its abundance in the Earth’s crust, iron
bioavailability is strictly limited within vertebrate
hosts through a defense strategy known as
nutritional immunity. Hosts sequester iron within
high-affinity proteins such as transferrin, lactoferrin,
ferritin, and hemoglobin to starve potential

pathogens of this vital resource (Cassat and Skaar,
2013; Lan et al. 2024; Roskova and Keffner, 2022).
To counteract this sequestration, microorganisms
secrete siderophores—low-molecular-weight
ligands with high ferric iron affinity. Since the term
was first introduced by Neilands in the 1950s,
research has identified a vast structural diversity of
siderophores across bacteria, fungi, and yeasts.
These molecules are categorized by their iron-
binding functional groups: Hydroxamates: Utilizing
oxygen atoms for coordination, these are highly
stable and common in fungi and soil-dwelling
actinomycetes  (e.g., ferrichrome and
desferrioxamine) (Hider and Kong, 2010; Haas,
2014). Catecholates: Characterized by 2,3-
dihydroxybenzene groups, these exhibit some of the
highest known binding affinities. They are
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exemplified by enterobactin, which allows E. coli to
compete effectively for iron within mammalian
hosts (Johnstone and Nolan, 2015; Barry and Challis,
2009; Carrol and Moore, 2018). Carboxylates: These
bind iron via carboxyl and hydroxyl groups. While
they generally possess lower affinity than
hydroxamates or catecholates, they are vital in acidic
environments (e.g., rhizobactin and staphyloferrin)
(Braun and Hantke, 2011; Fischer et al., 2020; Kramer
et al., 2020; Wei et al., 2025).

This chemical diversity allows microbes to adapt
to specific ecological niches and overcome the
restrictive conditions imposed by host immunity
(Hider and Kong, 2010; Miethke and Marahiel, 2007;
Neilands, 1995; Oves Costales et al., 2009).

Mixed-types of siderophores have different
functional groups, which permits flexible iron
bindings that helps adjust to different conditions.
Pseudomonas make pyoverdine, which is a good
example of this type. It helps to get iron, cause
disease, and send signals. The structure makes it
able to do many jobs in microbial processes
(Miethke and Marahiel, 2007; Arnold and Cassat,
2024; Ratledge and Dover, 2000).

Since siderophore biosynthesis and transport
require large amounts of energy, it is carefully
regulated. Highly complex regulatory systems have
been devised by microbes, that are iron-sensitive.
One well-known regulatory proteins is the ferric
uptake regulator (Fur). This gene regulator is found
in many types of bacteria and is responsible for
regulating functions in conditions of ample iron.
The Fur protein binds to ferrous iron. When iron is
sufficient, it blocks the expression of any gene
responsible for siderophore biosynthesis and
transport. Since these genes are no longer repressed,
it allows siderophore biosynthesis in bacteria when
iron is limited (Braun and Hantke, 2011). The ability
of bacteria and fungi to cause disease is highly
dependent on siderophores. Once these
microorganisms enter the host, they detect that there
is a scarcity of iron, since the body tries its best to
deprive the invading organisms of as much available
iron as possible. In order to counter this, the
microorganisms synthesize and excrete
siderophores. These are special iron chelating
compounds, which have an extremely high affinity
for iron and enable the microorganisms to absorb
the metal. By doing so, the siderophores help the
microorganism to overcome the iron limitation
posed by the host’s immune system, initiate
infection, replicate in copies, and survive in the

tissues.

Iron acquisition is a fundamental requirement for
microbial survival and virulence. Due to the high
metabolic cost of siderophore biosynthesis and
transport, microorganisms have evolved
sophisticated, iron-sensitive regulatory mechanisms
to maintain homeostasis. Central to this control is
the Ferric Uptake Regulator (Fur), which modulates
gene expression in response to environmental iron
levels. This regulation ensures that siderophore
production is strictly activated during iron-deficient
conditions, such as those encountered within a host,
facilitating infection and survival.

Microbial iron homeostasis is governed by
complex regulatory networks designed to conserve
cellular energy. In many bacterial species, the Ferric
Uptake Regulator (Fur) serves as the primary sensor
for intracellular iron levels. Under iron-replete
conditions, the Fur protein binds to ferrous iron
(Fe®), forming a repressor complex that attaches to
specific DNA sequences. This binding physically
blocks the transcription of genes responsible for
siderophore biosynthesis and transport.

Conversely, when iron becomes limiting, the Fur
protein dissociates from the DNA, lifting the
repression and activating the machinery necessary
for iron scavenging (Braun and Hantke, 2011; Chu et
al., 2010; Miethke, 2013).

The ability of bacteria and fungi to establish
disease is intrinsically linked to their capacity for
iron sequestration. Upon entering a host, pathogens
encounter “nutritional immunity” —a host defense
mechanism that actively deprives invading
organisms of available iron. To counteract this,
microorganisms synthesize and excrete
siderophores, high-affinity chelating compounds
capable of outcompeting host proteins for available
metal ions.

By facilitating iron uptake in restricted
environments, siderophores enable pathogens to:

Overcome the iron limitations imposed by the

host’s immune system, initiate and sustain the

infection process.

MATERIALS AND METHODS

Isolation of Microorganisms from Soil Sample

Isolation of microorganisms was carried out using
the serial dilution and spread plate method. One
gram of soil sample was suspended in 9 mL of
sterile distilled water and mixed thoroughly to
obtain a 10! dilution. Further serial dilutions were
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prepared up to 10°. From appropriate dilutions, 0.1
mL was spread on Rose Bengal Agar plates and
Glucose Asparagine Agar plates using a sterile
spreader. Plates were incubated at 28-30 °C for 24—
48 hours. Distinct colonies and fungi were selected
and sub-cultured repeatedly to obtain pure cultures.
Pure isolates were preserved on agar slants at 4 °C
(Elgazzar, 2017; Maheshwari et al., 2019).

Siderophore Production Detection by CAS Agar
Plate

0.06 gm of CAS was dissolved in 50 ml distilled
water. 9 ml of iron solution (ImM FeCl3.6H,O in
10mM HCI) was mixed in CAS solution. Then the
solution was mixed with cetyl
trimethylammoniumbromide (CTAB) in 40 ml of
ddH20. (Dissolve 0.073g of CTAB in 40 ml of
ddH20.) The dark blue colored CAS reagent was
autoclaved at 121°C 15psi for 15 minutes and stored
in dark bottle in refrigerator. (Dimkpa, 2016).

King’s agar medium was autoclaved and cooled
at 50°C.10 ml CAS dye was slowly added, mixed
gently and poured into plates. After the plates
solidify, spot inoculation of the selected isolate on
CAS agar plate was done. Plates were incubated at
28-30°C.

Siderophore Production Detection by CAS shuttle
assay

Standard succinic acid medium(SM) was used for
production of siderophore. The pH was adjusted to
7.0 by addition of 1N NaOH prior to sterilization. A
loopful culture of isolate was separately inoculated
in 100 ml of succinic acid medium. These flasks
were incubated for 72 hours at 30°C with constant
shaking at 120 rpm on shaking incubator so as to
reach the cell population density of 10® per ml. The
medium was centrifuged at 5000 rpm for 10 min; the
cell free supernatants were used to detect thes
siderophore. 1 ml of cell free supernatant of SM
media was mixed with 1ml of CAS dye and
observed for colour change. Optical density was
measured at 630 nm using spectrophotometer after
20 minutes of incubation. 1 ml sterile SM medium
and 1 ml CAS dye mixture were used as control.
(Gamit and Tank, 2014)

The percentage of siderophore units was
estimated as the proportion of CAS colour shifted
using formula,

% Siderophore units = [(Ar - As)/Ar] x 100

Where,

Ar is the absorbance at 630nm of reference (CAS

assay solution+ uninoculated media) As is the
absorbance at 630nm of the sample (CAS assay
solution + supernatant)

Detection of Types of Siderophores
Arnow’s assay

Arnow’s method is based on the reaction between
catechol and nitrite-molybdate reagent, in acidic
conditions, originating a yellow color. The color
changes to an intense orange-red in alkaline
conditions. For this purpose, 1.0 mL of culture
filtrate was combined with 1.0 mL of HCI 0.5mol L-
'. Subsequently, 1.0 mL of nitrite-molybdate reagent
and 1.0 mL of NaOH 1.0 mol L™ were added. The
assay was incubated at room temperature, for
approximately 5 min, to allow full color
development. 1.0 mL of deionized water was used
as blank. Nitrite-molybdate reagent was prepared
by dissolving 10 g of sodium nitrite and 10 g of
sodium molybdate in 100 mL of deionized water.
The solution presents an orange-red colour if
catecholate-type siderophores are present The color
intensity is dependent of the amount of catechol
present. (Ferreira et al. 2019)

Cskay assay

The Csaky’s test detects hydroxamate-type
siderophores and depends on oxidation to nitrite
and formation of a colored complex via diazonium
coupling (Csaky 1948). 1.0 mL culture filtrate was
hydrolyzed with 1.0 mL of 6 N H,SO,, at 130 °C, for
30 min. The solution was then buffered with the aid
of 3.0 mL of sodium acetate (350 g L") and 1.0 mL of
sulfanilic acid [10 g L™, 30% acetic acid (v/v)] was
added, followed by 0.5 mL of iodine solution (13 g
L™, in glacial acetic acid). The solution was allowed
to settle for 3-5 min, after which the excess of iodine
was neutralized by the addition of 1.0 mL of 20 g™!
sodium arsenite. Finally, 1.0 mL of a-naphthylamine
solution [3 g L™, in 30% (v/v) acetic acid] was added
and the color was allowed to develop for 20-30 min.
The presence of hydroxamates in solution was
confirmed by the presence of a deep pink color.
(Ferreira et al., 2019).

Vogel’s test

To 3 drops of 2N NaOH add 1 drop of
phenolphthalein. Water was added until light pink
color develops. On addition of culture supernatant,
disappearance of color indicates presences of
carboxylate siderophores. (Patel et al., 2021).
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Tetrazolium test

To a pinch of tetrazolium salt, 1-2 drops of 2N
NaOH was added and 1ml of the test sample.
Instant appearance of deep red color indicated
presence of a hydroxamate siderophores. This test is
based on the capacity of hydroxamic acids to reduce
tetrazolium salt, by hydrolysis of hydroxamate
group in presence of strong alkali. (Patel et al. 2021).

Extraction of Siderophores Produced by Microbes

According to the method of Jadhav and Desai
(1992); bacterial suspension was centrifuged at 8000
rpm/20 min. The supernatant was acidified to pH=2,
and immediately siderophore was extracted by
adding equal volume of ethyl acetate was shaken in
50°C water bath to evaporate ethyl acetate layer,
then the extract was placed in an oven at 50°C in
open petri dishes to obtain dried extract. The dry
weight of the crude extract was estimated by
scraping the petri dish with sterile scalpel (Khelkal,
2017 and Intesar, 2017).

Potentiality check of the siderophores
Anti-Fungal activity

The antifungal activity of the microbial supernatant
containing siderophore and extracted siderophore
(E1 & E2) were studied against five important
phytopathogenic fungi F. oxysporum, A. solani,
Rhizoctonia, Curvularia, and S. rolfsii by well plate
assay. Fungi were streaked on sabourauds dextrose
agar plates (Graff et al., 2024).

Small wells of (6 mm) were made in the agar
plates and filled with different solutions, Control
(distilled water), antibiotic (fluconazole), selected
siderophore extracts (dissolved in methanol),
methanol (as control) and microbial supernatants.
The plates were incubated at 30 ° C for 4 days.

The activity of siderophore was assessed on the
basis of the zone of inhibition against the
phytopathogens. (Sulochana et al., 2014).

Anti-Bacterial activity

The antibacterial activity of the microbial
supernatant containing siderophore was studied
against these three important phytopathogens,
Pseudomonas spp., A. tumefaciens and X. campestris by
well plate assay. These bacteria were streaked on
Mueller Hinton agar plates. Small wells of (6 mm)
were made on the agar plates and filled with control
(distilled water), antibiotic (Penicillin), selected
siderophore extracts (dissolved in methanol) and

microbial supernatants and incubated at 37 ° C for
24-48 h for the growth of the test microorganisms.
The activity of siderophore was assessed on the
basis of the zone of inhibition against the
phytopathogens. (Ahmed and Kazmi, 2022).

Anti-Diabetic activity (o - Amylase inhibition
assay)

The activity of a-amylase inhibitor of each sample
was analyzed by the modified Bernfeld method as
described below: 100 pl of sample mixed with 100 pl
of 1 unit/ml a-amylase enzyme in test-tubes. The
mixture was incubated for 10 min at 25°C followed
by addition of 1% starch solution and reincubating
for 10 min at 25°C (LeBlanc et al., 2024).

After incubation 100 ul of DNSA reagent was
added to control sample and standard. The mixture
was incubated in the water bath for 5 min. For the
control, phosphate buffer was used as sample and
for standard, metformin was used. Optical density
was measured at 540 nm by using double beam
Spectrophotometer. (Pujiyanto et al., 2018)

Inhibition of enzyme calculated by formula:

%inhibition = (K-S)/K x 100

Where,

K = controlled absorbance of enzyme + substrate
+ buffer S = controlled absorbance of enzyme +
substrate + buffer

Anti-Oxidant activity (DPPH radical scavenging
assay)

The antioxidant activity of extract and supernatant
was determined by 2, 2 diphenyllpicrylhydrazyl
(DPPH) free radical scavenging method as described
below: 100 ul sample mixed with 50 ul of 0.5 mM
DPPH and 100 pl of 0.1 M acetate buffer (pH 5.5).
After mixing incubate at room temperature in dark
for 30 min. Optical density was measured at 517nm
using double beam Spectrophotometer. Ascorbic
acid (400 mg/ml) was taken as a standard solution
for positive control.

DPPH radical scavenging activity (%) = [{A
control — (A sample —A blank sample)}/A control] x
100

Where, A control = absorbance of DPPH solution
without samples A sample = absorbance of sample
with DPPH solution

A blank sample = absorbance of sample without
DPPH solution

Lower absorbance showed higher DPPH radical
scavenging activity. The IC50 the (inhibitory
concentration) value was determined as the
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concentration required to decrease the initial DPPH
radical concentration by 50%. Therefore, the lower
IC50 value indicated higher DPPH scavenging
activity (Zhang et al., 2019).

Anti-Malarial activity by Malarial antigen
detection tests

A class of commercially available rapid diagnostic
tests (RDT) known as malaria antigen detection
tests, or rapid antigen test types, enables prompt
diagnosis of malaria by individuals lacking
proficiency in conventional laboratory techniques or
in circumstances where such equipment is
unavailable (Rodriguez-Acosta et al., 1998).
Although RDT tests are still thought of as
supplements to traditional microscopy, they might
very well displace it with minor advancements. The
technique can be carried out in the field on the spot,
and the tests are straightforward. These tests employ
venous blood or finger sticks; for analysis if the
results were positive, the sample is treated with
isolated cultures and tested again after an
incubation period. If the test is negative it indicates
that the isolated microbes possess antimalarial
activity. The entire test process takes 15 to 20
minutes. As positive and negative control pure
malarial positive blood sample and normal blood
sample was used respectively. Using thick film
microscopy, the threshold of detection is five
parasites/ul of blood; by contrast, these quick
diagnostic procedures detect up to 100 parasites/pl
of blood (Shanzer et al., 1991, Warhurst and
Williams, 1996).

RESULTS AND DISCUSSION

Results of Qualitative assay

CAS agar screening revealed multiple siderophore-

Fig. 1. Experimental plate showing siderophore
production on CAS Agar plates.

producing isolates characterized by orange halo
zones around microbial colonies. (Fig. 1)10 different
bacterial isolates were selected.

Results of Quantitative assay

Quantitative CAS shuttle assay demonstrated
variation in siderophore production among isolates.
Isolate M1 produced the highest siderophore units
(52.94%) followed by B2 (39.78%) and M3 (35.41%)
as shown in Table 1.

Table 1. Result of % of siderophore produce from isolates

Sample name O.D. % Siderophore
Control 1.30 -

M1 0.85 52.94 %
M3 0.96 35.41 %
Az 1.10 18.18 %

A3 1.29 0.77 %

Rh 1.25 4%

B2 0.93 39.78 %

B7 1.15 13%

B8 1.05 23%

The results of the present study confirm that
agricultural soil serves as an important reservoir of
siderophore-producing microorganisms. Screening
using CAS agar assay revealed multiple isolates
capable of producing siderophores. The strong
siderophore production observed in isolate M1
indicates efficient iron-chelating ability which may
provide competitive advantages in iron-limited soil
environments.

Results of Anti-Bacterial and Anti-Fungal activity

Antibacterial assays also demonstrated inhibition
against bacterial pathogens, suggesting that
siderophore- producing isolates may produce
additional antimicrobial metabolites.

Antifungal activity observed in this study
indicates that siderophore-producing

Fig. 2. Experimental plates showing antibacterial and
antifungal activity.
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microorganisms are able to control phytopathogens
by iron competition mechanisms. Similar
mechanisms in controlling phytopathogens have
been observed in plant growth-promoting
rhizobacteria also.

Results of Anti-Oxidant activity

The antioxidant activity observed in several isolates
further indicates the presence of bioactive secondary
metabolites with potential therapeutic significance.
Anti-oxidant activity of siderophores suggests
scavenging ability to ROS. B8 isolate possessed
96.78% anti-oxidant activity as shown in Table 2.

Table 2. Result of Anti-Oxidant activity

Sample Result(% Radical scavenging activity)
Control -

El 29.67

E2 70.63

M1 90.98

M3 95.24

Az 86.15

B2 82.92

B7 35.68

B8 96.78

Results of Anti-Diabetic activity

Anti-diabetic activity of siderophore suggest
inhibition of B-amylase and p-glucosidase enzymes.
From the isolates, Az isolate showed the highest
anti-diabetic activity. Results of our study matched
with the Bernfeld-based assay described in
Pujiyanto et al. (2018)

13.3%
10%
& 6.65% —
3.32% o

Selected isolates

% inhibition

mE]l mE2 =M1 mM3 mAz B2 mB7 mB8

Fig. 3. Graphical representation of Anti-Diabetic activity

Results of Anti-Malarial activity

Taking into account the ant malarial activity, the
malarial positive blood samples treated with crude
siderophore samples of M1 and B2 after incubation
showed the negative rapid Malaria detection tests

Fig. 4. Anti-Malarial activity by Rapid kit method with
controls with positive and negative controls.

which specified that selected isolates possessed ant
malarial activity.

CONCLUSION

The present study successfully isolated siderophore-
producing microorganisms from soil samples. We
isolated 10 different siderophore producing isolates
from different samples. Siderophore production
was detected by the CAS agar plate and
measurement of the % of siderophore unit by CAS
shuttle assay was carried out. Isolate M1 and B2
gave the highest amount of % siderophore units
52.94% and 39.78% respectively. M1 & M3 were
identified as belonging to Bacillus spp. Anti-bacterial
activity against plant pathogens showed that
Pseudomonas spp.was the most inhibited as
compared to B8 which possessed high anti-bacterial
activity against Agrobacterium tumefaciens and none
of the samples inhibited the growth of Xanthomonas
campestris as seen from the results.

Out of 8 samples 75% of samples inhibited the
growth of Fusarium oxysporum. 62% showed
inhibitory activity against Alternaria spp. and
Sclerotium rolfsii. 50% and 25% of the obtained
samples showed anti-fungal activity against
Rhizoctonia spp. and Curvularia spp.respectively the
antifungal potential of the siderophores can be
exploited as biocontrol agents for plant growth and
protection against disease. Sample B8 had highest
radical scavenging activity of 96.78 %. Sample Az
showed highest anti diabetic activity of 13.3 % as
compared to other isolates. M1 and B2 isolates
possessed anti-malarial activity. Selected
siderophore producing samples demonstrated
varying degrees of biological activities including
antifungal, antibacterial, antioxidant, and
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antidiabetic effects. These results emphasize the
potential of microbial siderophores for applications
in agriculture, biotechnology, and medicine. Overall,
the findings highlight the ecological importance and
biotechnological potential of siderophore-producing
microorganisms. Further studies involving
purification, structural characterization, and
genomic analysis of these isolates may provide
insights into their potential industrial and
pharmaceutical applications.
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