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Abstract

Siderophores are iron chelators, which are produced by bacteria under iron-deficient conditions required for their growth.
Therefore, siderophores can be used as a carrier to direct drugs into the bacteria and kill them. The present study was designed
to screen siderophore production of 17 different gram-positive and negative bacteria by using an iron-deficient medium and
chrome azurol S (CAS) assay. The antimicrobial potential (minimum inhibitory concentration) of tetracycline, ceftriaxone,
ampicillin, epigallocatechin gallate (EGCG), and acetohydroxamic acid (aHa; synthetic siderophore) were determined against
pathogen using micro broth dilution method. In the end, a checkerboard assay was used to determine the synergistic potential
of synthetic siderophores with EGCG and antibiotics as a possible therapy. Results demonstrated that all the tested
microorganisms produced siderophore under the iron-deprived condition, as evidenced by orange halo zones in CAS agar
plates. Gram-negative bacteria produced more siderophores, as evidenced by an intense and large orange color halo zone of
17-22mm as compared to Gram-positive bacteria, which is 13-15mm in size. As compared to antibiotics and EGCG,
acetohydroxamic acid (aHa; synthetic siderophore) showed no antibacterial properties (1500 - 6500 pg/ml). The combinatorial
approach showed that aHa synergized significantly with tetracycline, ceftriaxone, and EGCG (i.e., FIC index <0.5) against S.
typhi, methicillin-resistant or methicillin-resistant or sensitive Staphylococcus aureus, and E. coli. In conclusion, siderophore may
be considered as an approach to deliver drugs within microorganisms as a combinatorial therapy approach against MDR
pathogens.

KeyWOI‘dS: Siderophore, checkerboard assay, fraction inhibitory concentration index, synergism, epigallocatechin gallate.

1. Introduction

Iron constitutes about 35% of the earth's mass and
is an essential nutrient for humans and microbes.
In the host, nutritional immunity restricts iron
availability to invading pathogens by binding to
various proteins (Arnold 2018, Cassat and Skaar
2013). Due to its oxidation-reduction potential,
iron holds a key position in cellular functions such
as aerobic respiration, ATP production, heme
formation, DNA synthesis, etc. (Abbaspour,
Hurrell, and Kelishadi 2014, Raymond, Dertz, and
Kim 2003). In normal human serum, the level of
free iron is ~10-18 — 10-24 M, which is far below the

concentration required by bacterial pathogens to
grow and cause infection (Raymond, Dertz, and
Kim 2003). A concentration of around 1 mM of
iron is needed for optimum growth; however, this
concentration varies for different organisms
(Cassat and Skaar 2013, Fischbach et al. 2006). In
an iron-deprived microorganisms
produce low molecular weight siderophores with
a strong affinity for iron (Behnsen and Raffatellu
2016, Crosa and Walsh 2002). Siderophore, a Greek
word meaning “iron carrier” is produced by

condition,
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Table-1: Minimum Inhibitory Concentration of Antibiotics, EGCG and Acethydroxamic acid against different

Microorganisms
Minimal Inhibitory Concentration (MIC)
Microorganisms (ug/mb Acetohvd :
Tetracycline | Amplicillin | Ceftriazone | EGCG A: do yeoxamic
MRSA 62.5 1000 500 3120.0 | 1950.0
MSSA 31.25 250 250 190.0 | 3125.0
Salmonella typhi 31.25 62.5 3.9 1560 3125.0
Staphylococcus epidermitis | 62.5 62.5 31.25 6250 1512.0
Escherichia coli 15.62 7.81 1.95 3120 6250.0
Escherichia coli(401) 15.62 62.5 7.81 6250 6250.0
Escherichia coli (UTI) 0.48 31.25 31.25 3120 6250.0
Pseudomonas aeroginosa 15.62 7.81 3.90 1560 1512.0

Methicillin Resistant Staphylococcus aureus (MRSA) and Methicillin Sensitive Staphylococcus aureus (MSSA)

microorganisms having an extremely high affinity
for ferric ions (Chu et al. 2010, Schwyn and
Neilands 1987a). There are different classes of
siderophores like hydroxamates,
thiohydroxamates, and catecholates (Ahmed and
Holmstrom 2014, Boukhalfa et al. 2003). Many
bacteria can synthesize their own siderophores or
utilize other microbial- and plant-siderophores for
iron acquisition. The mechanism of iron
acquisition is known to be a virulence factor for
human and animal pathogenic bacteria (Koh and
Henderson 2015).

Siderophores are commonly produced by most
aerobic and anaerobic microorganisms(Sana et al.,
2021:(Ahmed and Holmstrom 2014, Koh and
Henderson 2015). Different types of siderophores
have been identified, such as enterobactin,
mycobactin, pyoverdin, and pyochelin (Wilson et
al. 2016, Brandel et al. 2012, Raymond, Dertz, and
Kim 2003, Rodriguez and Smith 2006b).
Depending on the participating chelating group
by bacteria and fungi, siderophores have been
turther classified into Catecholates,
Hydroxamates, and Mixed ligands (Sah and Singh
2015).

Siderophores can be used for the selective delivery
of antibiotics in antibiotic-resistant bacteria

(Negash, Norris, and Hodgkinson 2019, Goérska,
Sloderbach, and Marszalt 2014, Mollmann et al.
2009). It is a potent antimicrobial approach to
utilize bacterial own iron transport system to
overcome drug-resistant bacteria. Keeping this in
mind present study was designed to investigate
the siderophore production ability of multidrug-
resistant clinical isolates, especially methicillin-
resistant Staphylococcus aureus (MRSA) and some
enteropathogens. Furthermore, the synergistic
capability of synthetic siderophore
(Acetohydroxamate) with different drugs or
epigallocatechin gallate (EGCG) to treat MDR
infections was also determined.

2. Materials & Methods

2.1 Bacterial Strains and Culture Medium
Condition

Bacterial cultures such as enteropathogenic and
enterotoxigenic Escherichia coli, Staphylococcus
aureus, Salmonella typhi, Staphylococcus epidermitis,
Klebsiella  pneumoniae, Pseudomonas auroginosa,
Shigella  dysintrice and different strains of
methicillin-resistant Staphylococcus aureus were
used for siderophore detection. Gram staining and
biochemical characterization confirmed the purity
of the above-mentioned cultures (data not
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Table-2: Siderophore Production and Detection of Different Groups of Microorganisms by Chrome Azurol S

Agar Diffusion Assay
Microorganisms Halo Orange Zone
(mm)
Iron Deficient Medium Iron Containing Medium
Escherichia coli 25%+* 0
Enteropathogenic Escherichia coli ~ 20** 0
Enterotoxigenic Escherichia coli 18* 0
Staphylococcus epidermitis 15 0
Staphylococcus aureus 15 0
Streptococcus pyogens 16 0
Salmonella typhi 20%* 0
Salmonella paratyphi A 16 0
Bacillus subtilis 15 0
Klebsiella pneumoniae 14 0
Pseudomonas aeruginosa 21%* 0
Corynibacterium diphtheriae 15 0
Enterococcus aerogenes 13 0
Micrococcus luteus 13 0
Shigella dysentriae 18* 0
Proteus Mirabilis 14 0
MRSA strain 1-10 14-19 0

Methicillin-Resistant Staphylococcus aureus (MRSA)

Note: * = statistically significant in comparison to gram-positive strains.

shown)(Ahmed et al. 2016, Ahmed A 2019). These
cultures were maintained on Tryton Soya agar or
broth (TSB; TSA; Oxoid UK) for routine use and
incubated overnight at 37°C under aerobic
conditions. Iron-deficient medium containing
MMO9 was prepared as described earlier (Payne
1994). Briefly, solution-1 (KH2POx(0.3 g), NaCl (0.5
g), NH4Cl (1 g), NaOH (6 g), and PIPES (30.24 g)
in 1 L was mixed and autoclaved, followed by
mixing with solution-2 (30 ml of 10% (m/v) iron
free casamino acids, (Contaminating iron was
removed with 8-hydroxyquinoline (3%) in
chloroform), fructose (2.0 g), MgClz (1M, 1ml ) and

of CaClz2 (100mM,1ml) in one liter was prepared,
filtered and sterilized.

2.2 Minimum Inhibitory Concentration (MIC)
Determination

The minimal inhibitory concentrations (MIC) of
ampicillin, ceftriazone, tetracycline, and EGCG
were determined by microdilution method
according to CLSI standards and, as mentioned
earlier (Khan et al. 2017, Wayne 2012). Briefly,
Mueller Hinton broth (100ul) was transferred to
each well of 96 well plates containing antibiotic
(100ul, Img/ml) to the first well and two-fold
dilutions were prepared to start from well 1-10 to
achieve 500 — 1.0pg/ml concentration. An
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Table-3: Fractional Inhibitory Concentration of Different Combinations of Antibiotics and Acetohydroxamaic

Acid

Microorganisms Combination FIC Index Relation
MRSA Tetracycline + 0.7 Indifferent
MSSA Acetohydroxamic Acid 0.7 Indifferent
Salmonella typhi 0.18 Synergy
Escherichia coli 3 Antagonism
MRSA Ampicillin + 0.62 Indifferent
MSSA Acetohydroxamic Acid 0.5 Indifferent
Staphylococcus epidermitis 0.76 Indifferent
Escherichia coli 3.0 Antagonism
MRSA Ceftriazone + 0.37 Synergy
MSSA Acetohydroxamic Acid 0.25 Synergy
Salmonella typhi 0.18 Synergy
MRSA Green Tea + 0.2 Synergy
MSSA Acetohydroxamic Acid 0.18 Synergy
Salmonella typhi 0.6 Indifferent
Escherichia coli 0.37 Synergy

Methicillin Resistant Staphylococcus aureus (MRSA) and Methicillin Sensitive Staphylococcus aureus (MSSA)

Fractional Inhibitory Concentration (FICI) Index:

Synergism (<0.5 ), Additive (>0.5 to <1), Indifference (> 1 to <4) and Antagonism (>4).

inoculum (5 x 10°) cells were inoculated in each
well except the 12% well, which served as a
negative control, whereas the 11" well served as
positive control and was incubated at 37°C for 18
to 24 hours under aerobic conditions, and MIC of
drugs was recorded as the lowest concentration
which inhibited the bacterial growth.

2.3 Detection of Siderophore Production
Chrome azurol (CAS) assay was performed to
detect siderophore production under the iron-free
condition as described before (Payne 1994). The
CAS agar plates were prepared by the addition of
CAS (60.5mg in 50 ml deionized water) and 10 ml
of iron (IIl) in a mixture (FeCl:-6H20, 1 mM and
HCl, 10 mM). Under stirring, this solution was
slowly mixed with HDTMA (72.9mg) dissolved in
water (40 ml). The resultant dark blue solution was
autoclaved and mixed with an autoclaved mixture
(900 ml) of water containing agarose (10g) and Tris
(ImM), and the pH was adjusted to 6.8. The plates
were poured and sealed with polythene bags and

stored in a refrigerator until use. The plates were
punched with holes using a borer for the CAS
assay. Each hole was properly labeled and filled
with cell-free filtrates (50ul) of different bacteria
grown in an iron-deficient medium to validate
siderophore production and incubated at 37°C for
5 hours. The presence of siderophores was
indicated by the appearance of orange halos
around the well. Siderophore activity was
expressed as the square value of the halo diameter.
2.4  Checkerboard Synergism Assay

The synergistic capability of synthetic siderophore
acetohydroxamate (aHa) with tetracycline,
ampicillin,  ceftriaxone, and EGCG was
determined by calculating fractional inhibitory
concentration (FIC) index using checkerboard
assay (Sopirala et al. 2010). The concentration
range of each antimicrobial agent in combination
ranged from 1/32 times the MIC (1/32 x MIC).
Two-fold dilutions of drugs A and B were made.
The initial inoculum was the same as that used for
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Figure-1: Siderophore production and detection by Chrome Azurol S Assay.

No Siderophore

Siderophore

In Both plates, the clear well represents the absence of siderophore while the yellowish-orange colored halo zone

represents siderophore production.

MIC. The FIC index of each antibiotic in
combination was calculated by following the
formula as described by Holger et al., 2022:
Fractional inhibitory concentration index = FIC of
drug A + FIC of drug B

FIC of drug A or B = MIC of the drug in
combination / MIC of the Drug alone.

Results were interpreted based on the following
scale:

FIC index: <0.5 (Synergism), >0.5 to <1 (Additive),
> 1 to <4 (Indifference), and >4 (Antagonism)
(Holger et al. 2022).

2.5 Statistical Analysis

The data were represented as mean + S.D. t-test
was used to determine the significance of
siderophore production between gram-positive
and negative strains.

3. Results & Discussion
The inhibitory = concentrations of
tetracycline, ampicillin, ceftriaxone, and green tea

minimal

were recorded between 1-500pg/ml (Table I).
Antibiotics their
susceptibility pattern against the microorganism
used (Result  not shown). Different
microorganisms have different MIC ranges with
respect to antibiotics.

Siderophores are commonly produced by most
aerobic and anaerobic microorganisms to counter
iron-deficient environments. Different strains of
microorganisms were grown and tested for
siderophore production on the CAS agar well
diffusion method. Results showed that all the
tested microorganisms positive  for
siderophore production (Table 2). Siderophores
produced by microorganisms abstracting Fe*3
from the blue ternary complex of CAS change
color from blue to orange (Guan, Kanoh, and
Kamino 2001).

Gram-negative bacteria (E. coli, S. typhi, K
pneumoniae, P. aeruginosa, and S. dysentery)
produced significantly more siderophore (16 — 25

were selected based on

were
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mm) as reflected by orange halo zones around the
well (Figure-1) as compared to Gram-positive
bacteria (MRSA clinical strain, S. epidermitis, S.
pyogenes (12-16mm) in the absence of iron as
compared to iron sufficient media.

Different studies also verified the production of
siderophores by microorganisms in iron-deprived
conditions and that pathogen produced more
siderophores in iron-limited conditions than
Gram-positive bacteria (Faraldo-Gomez and
Sansom 2003, Furrer et al. 2002, Lankford and
Byers 1973, Palyada, Threadgill, and Stintzi 2004).
Among various other methods to detect
siderophore, Chrome azurol S agar diffusion assay
is one of the universal and cost-effective methods
used for detecting siderophore production as
described previously (Schwyn and Neilands
1987b). Irrespective of its chemical nature, this
assay can detect total siderophores in chemically
defined media. The principle involved the
extraction of iron from Fe®-CAS conjugate by
siderophore, which has a great affinity for iron and
converts blue color to orange(Guan, Kanoh, and

Kamino 2001).

Our results demonstrated that resistant and toxin-
producing bacteria methicillin-resistant
Staphylococcus aureus, Escherichia coli,

enteropathogenic and enterotoxigenic Escherichia
coli, Pseudomonas aeruginosa and Shigella dysentria
produced more siderophores as compared to less
virulent strains (Enterococcus aerogenes,
Micrococcus luteus and Proteus mirabilis). A
correlation exists that siderophore production is
directly related to virulence(Granato et al. 2016).
Pseudomonas strains positive for siderophore
production were more virulent in establishing
infection in mice as compared to non-siderophore
producers(Little et al. 2018, Takase et al. 2000).
Likewise, Yersinia pestis siderophore mutant strain
was less virulent to cause plague in an animal
model as compared to non-mutant strains
(Fetherston et al. 2012, Miller et al. 2010), thereby
suggesting that siderophore are involved in the
virulence of the pathogens.

The checkerboard method was used to evaluate
synergistic studies of synthetic
(Acetohyroxamic acid; aHa) with other antibiotics.
The combination shows a pattern of synergism,
indifference, and antagonism (Table-3). The
combination of acetohydroxamic
ceftriazone showed synergism (FIC index < 0.5)
against methicillin-sensitive or resistant S. aureus
and S. typhi strains. Besides, ceftriazone, and
acetohydroxamic acid also showed appreciable
synergism with EGCG against
sensitive or resistant S. aureus and E. coli (Table-3).
This might be important as EGCG itself plays a
vital role as an iron chelator and possesses

siderophore

acid and

methicillin-

antimicrobial properties (Hatcher et al. 2009,
Reznichenko et al. 2006), that
siderophores and their analogs have tremendous
therapeutic potential (Rodriguez and Smith 2006a,
Brandel et al. 2012). ). It might be possible that
different drugs may be linked with synthetic

indicating

siderophores, which can be manipulated to enter
the cell and exert its function and hence overcome
the emerging antimicrobial resistance. These
conjugates have selective antimicrobial activity
because the microbes recognize specific
siderophores (Diarra et al. 1996). Although our
study lacks conjugate preparation but provides
support that antibiotics can be synergized with
siderophore. Other investigators used green tea as
an iron chelator with antimicrobial properties,
which also showed synergism with antibiotics
suggesting its importance to utilize it either as a
siderophore or as an antibacterial agent (Hu et al.
2001). The EGCG interacts positively with (-
lactam drugs to treat MRSA (Hu et al. 2001).
Siderophore drug conjugates such as albomycin
inhibited tRNA synthetase and cured bacterial
infections in a mouse model(Pramanik et al. 2007).
Microcin  E422m, an peptide
produced by Klebsiella pneumonia, contains several
catecholate groups that bind Fe3+, internalize
through siderophore membrane
transporters and kill pathogens (Thomas et al.
2004). Such siderophore drugs have been named

antimicrobial

outer
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sideromycins (Pramanik et al. 2007, Wencewicz et
al. 2009).

4. Conclusions

In conclusion, siderophore can be used as a carrier
system to deliver drugs and can be used to cure
alarming antimicrobial-resistant pathogens. In
addition, siderophores can formulate drug
conjugates  against MDR
pathogens, which acquire resistance against
multiple drugs.
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