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Abstract

Thermophilic microorganisms represent a promising but underexplored source of thermostable
siderophores—iron-chelating metabolites with potential applications in bioremediation, agri-
culture, and medicine. This study investigated three thermophilic bacterial strains isolated
from Icelandic hot springs for their ability to produce siderophores under iron-limited con-
ditions. Fermentations were carried out at 60-65°C in media with varied iron availability,
including supplementation with 100 uM 2,2’-dipyridyl (DIP) to induce iron stress. Growth
was monitored spectrophotometrically, and siderophore production was assessed using a panel
of chemical assays, including the Chrome Azurol S (CAS) test and class-specific detection
methods (Arnow, Rioux, Csaky, Atkin, and Tetrazolium). Statistical significance was deter-

mined at o = 0.05.

Strain 4624 demonstrated robust growth and produced significant quantities of catecholate
siderophores in DIP medium, with strong signals observed in both Arnow (p < 0.001) and Ri-
oux assays. Hydroxamate production was also suggested by Csaky results (p = 0.044), though
assay instability warrants caution. In contrast, strain 7349 showed only weak trends toward
hydroxamate activity, while strain 623 exhibited neither siderophore production nor growth
resilience under iron stress. Partial purification of catecholates from strain 4624 using XAD-2

resin confirmed enrichment, though recovery was limited due to early saturation.

These findings validate earlier genomic predictions and highlight the potential of geothermal
bacteria, particularly strain 4624, as sources of siderophores operable at high temperatures.
Further optimisation of culture conditions and downstream purification could advance their

use in industrial or environmental applications.
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1 Introduction

Meeting the United Nations Sustainable Development Goals and impending decarbonisation
targets requires a decisive shift from petroleum based supply chains to biological routes for
production of fuels, materials and high-value metabolites (Del Hierro et al., 2024). Biotechnol-
ogy has emerged as a critical enabler of this transition, with recent assessments highlighting its
potential to address numerous sustainability challenges. However, current industrial pipelines
continue to exploit only a small fraction of microbial diversity (Crowther et al., 2024; Warchold

and Pradhan, 2025; Pandey et al., 2024).

Extremophiles, particularly thermophiles, represent a largely untapped reservoir of robust mi-
crobial hosts and thermostable enzymes capable of withstanding industrial stresses such as
elevated temperatures, salinity, and extreme pH (Zheng et al., 2025). Exploiting these traits
can reduce contamination risks, enable in situ product recovery, and open new avenues for
biosynthesis. In addition to their primary metabolic capabilities, thermophilic microorgan-
isms are gaining attention as a promising yet under-explored source of secondary metabolites
with novel structures and bioactivities. Studies on hot-spring Bacillus strains and recent
reviews of thermophilic fungi highlight the diversity and pharmaceutical potential of these
compounds (Fandi et al., 2024; Pushparaj et al., 2023). Thermophilic strains have already
shown promise in processes such as lignocellulose degradation, bio-hydrogen production, and
polyhydroxyalkanoate synthesis at temperatures exceeding 60°C, offering advantages including
reduced sterilisation costs and shorter reaction times (Gallo et al., 2024). Operating biopro-
cesses at thermophilic conditions also accelerates enzymatic turnover and lowers or eliminates
cooling demands, ultimately enhancing process efficiency and reducing costs (Sitara et al.,

2024; Pattanakittivorakul et al., 2024).

Siderophores are ferric iron-chelating compounds secreted by microbes to survive in iron-
limited environments, a strategy widely observed among both bacteria and fungi (Kumar et al.,
2024; Choi et al., 2024). These biomolecules have inspired a broad range of technological appli-
cations. In medicine, siderophore—drug conjugates and inhibitors of siderophore biosynthesis

are under investigation as strategies to combat antimicrobial resistance (Graff and Barry, 2024;



Rocha et al., 2025). Siderophores are also being explored as a therapeutic approach to treat
iron overload in patients with transfusion-dependent anaemia (Albelda-Berenguer et al., 2019).
In agriculture, siderophore-producing rhizobacteria act as environmentally friendly biocontrol

agents by depriving plant pathogens of iron (Deb and Tatung, 2024).

Iceland’s geothermal fields combine extreme heat with unique pH- and mineral profiles, driving
the evolution of distinctive thermophilic strains (Burkhardt et al., 2024). Discoveries such as
the ethanologenic Thermoanaerobacter thermohydrosulfuricus strain AK152 from Grensdalur
highlight how these hot springs can yield novel organisms of clear biotechnological promise
(Abraham et al., 2024). Matis, a government-owned independent research company in Ice-
land, has isolated a range of thermophilic strains from local geothermal sites with the aim of
assessing their biotechnological potential. Preliminary characterisation involved AntiSMASH
analysis, a tool used to identify secondary metabolite biosynthetic gene clusters in bacterial
genomes (Medema et al., 2011), alongside CAS-based (Chrome azurol S) assays to detect
siderophore (Shin et al., 2001). Among the isolates, three strains, 7349, 4624, and 623, exhib-

ited particularly promising indications of siderophore activity.

This thesis builds upon those findings by further investigating the siderophore-producing po-
tential of the three strains. The work involved cultivating the bacteria under varying iron
concentrations to identify conditions most favourable for siderophore production, applying
chemical assays to indicate the likely siderophore type, and, where feasible, attempting partial
purification to gain further insight into the nature of the compounds. While exploratory in
scope, the findings support ongoing efforts to identify thermophilic strains with traits suited
for more sustainable and resilient bio-production systems, including the microbial synthesis of

siderophores with potential industrial relevance.



2 Literature Study

This section provides an overview of the scientific concepts relevant to the project, including
iron availability and uptake, siderophore chemistry, thermophilic bacteria, and the analyti-
cal methods used for siderophore detection. Together, these topics form the foundation for

understanding the rationale and design of the experimental work.

2.1 Iron Availability and Microbial Iron Uptake

Iron is the red thread that stitches together core microbial processes. Its heme and iron—sulphur
cofactors sit at the heart of cytochromes for respiration, nitrogenases for nitrogen fixation, ri-
bonucleotide reductases for DNA synthesis, and dozens of redox and radical enzymes(Kiimpel
et al., 2024). Iron’s biochemical value stems from its redox versatility. It easily cycles be-
tween the ferrous (Fe?") and ferric (Fe3") states, making it ideal for catalytic roles. EcoCyc,
a curated Escherichia coli database, annotates over 240 iron-binding proteins, spanning the
respiratory chain and key systems like ribonucleotide reductase (Keseler et al., 2017). Loss-of-
function studies show that when intracellular iron levels fall below ~2 yM, energy generation
stalls, ATP production declines, and oxidative-stress defences collapse, ultimately halting mi-

crobial growth (Gao and Span, 2025; Baez et al., 2022).

Yet paradoxically, bioavailable iron is scarce in many microbial habitats. Although ferrous
iron (Fe?*) is relatively soluble under anaerobic or acidic conditions (~0.1 M at pH 7.0), it
oxidises rapidly to Fe?T in the presence of oxygen (Andrews et al., 2003). Ferric iron, in turn,
hydrolyses and precipitates at neutral pH, reducing its solubility to ~10~® M, twelve orders of
magnitude below cellular demand (Cain and Smith, 2021; LeBlanc and Wuest, 2024; Schaible
and Kaufmann, 2004). This scarcity has driven the evolution of specialised iron acquisition
systems. To overcome this limitation, many bacteria and fungi secrete siderophores. Which
are small, high-affinity chelators that scavenge Fe3t from the environment and ferry it back to
the cell (Kumar et al., 2024). These systems are especially important in aerobic, neutral-pH

environments where ferric iron dominates but is largely insoluble.

Because iron is often the limiting resource in microbial ecosystems, competition for it has



shaped complex community interactions. A common strategy is siderophore piracy, where
a cell expresses receptors for siderophores it does not produce, allowing it to import iron
without paying the biosynthetic cost (Sexton et al., 2017). This behaviour contributes to
what some authors describe as the “iron-net”—a dynamic network in which siderophores act
as shared currency and microbes adopt roles as producers, cheaters, or both (Gu et al., 2025).
The diversity of uptake, storage, and regulatory strategies evolved around iron reflects its
deep influence on microbial evolution. It has shaped physiology, behaviour, and ecological

interactions, with siderophores representing just one part of a much larger adaptive landscape.

2.2 Siderophores

Siderophores are low-molecular-weight, high-affinity chelators produced by bacteria, fungi, and
graminaceous plants to acquire ferric iron (Fe?*) from the environment. Typically ranging be-
tween 500-1500 Da in size, these molecules are synthesised and secreted in response to iron
limitation, and their primary biological function is to ferry Fe* into microbial cells (Hider
and Kong, 2010). While their principal role is in iron acquisition, siderophores have also been
shown to bind other trace metals, including molybdenum, manganese, cobalt, and nickel, po-
tentially making them available for microbial uptake under specific conditions (Braud et al.,

2009; Bellenger et al., 2008).

When iron becomes limiting, bacteria activate specialised gene clusters that control siderophore
production. These molecules are synthesised in the cytoplasm and must be secreted to func-
tion. In the model organism FE. coli, this process is carried out by two transporters: the inner-
membrane pump EntS exports the siderophore to the periplasm, while the outer-membrane
protein TolC completes the secretion to the extracellular space (Bleuel et al., 2005). Secretion
is essential, as the siderophore must access the surrounding environment to chelate Fe3t, with-
out export, high-affinity iron uptake cannot proceed (Miethke and Marahiel, 2007). Once a
siderophore has bound iron, the resulting ferric complex is recognised and taken up by specific
receptors. In Gram-negative bacteria, this begins with a TonB-dependent receptor in the outer
membrane, which binds the complex and uses energy from the TonB-ExbBD motor (anchored

in the inner membrane) to translocate it into the periplasm (Silale and van den Berg, 2023).



From there, a siderophore binding protein (SBP) shuttles the complex to an ATP-binding cas-
sette (ABC) transporter, which imports it into the cytoplasm. (Hu and Zheng, 2021; Tsylents
et al., 2024). Finally, intracellular enzymes, usually esterases or reductases, release Fe?+ from

the complex, completing siderophore cycle (Miethke and Marahiel, 2007).

2.2.1 Classification and structure

Siderophores are typically grouped into three major families based on the chemical nature of
their iron-binding functional groups: catecholates, hydroxamates, and carboxylates (Winkel-
mann, 1991). While all siderophores serve the same core purpose—solubilising and delivering
Fe?* to the cell —their structural diversity reflects adaptation to different environmental condi-
tions and biosynthetic strategies. To date, over 500 distinct siderophores have been described,
with approximately 270 structurally characterised (Hider and Kong, 2010). Among these,
catecholate-type siderophores are the most prevalent in bacteria, followed by hydroxamates
and carboxylates (Ahmed and Holmstrom, 2014). There are also mixed-type siderophores that
incorporate two or more donor chemistries within the same scaffold, often giving pathogens
an edge in overcoming host defence systems (Hider and Kong, 2010). The binding group of

each siderophore family can be seen in Figure 1.
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Figure 1: Representative functional groups involved in Fe** binding for the three major siderophore classes:
catecholates, a-hydroxy carboxylates, and hydroxamates. The coordinating atoms are highlighted for each
class, showing the typical bidentate interaction with ferric iron. Catecholates bind via two adjacent hydroxyl
groups on an aromatic ring, a-hydroxy carboxylates through a hydroxyl and carboxyl group on a central

carbon, and hydroxamates through an adjacent carbonyl and hydroxylamine oxygen.



Catecholates are one of the three principal siderophore families, characterised by the use
of 2,3-dihydroxybenzoyl (a benzene ring with two neighbouring hydroxyl groups) to chelate
Fe?t. The class was first recognised in 1958, when Bacillus subtilis was found to secrete
a glycine conjugate of 2,3-dihydroxybenzoic acid under iron-limited conditions (Ito and Nei-
lands, 1958). Catecholate siderophores are especially common in Gram-negative bacteria, such
as Escherichia coli and Salmonella enterica, but also occur in some Gram-positive genera like
Bacillus (Hider and Kong, 2010). Their exceptional affinity for Fe3* arises from the catechol
groups, each of which donates two oxygen atoms to coordinate the iron ion. A well-studied ex-
ample is enterobactin, synthesised by many Enterobacteriaceae, which features three catechol
units arranged on a small cyclic backbone. This compact, hexadentate structure forms an ex-
tremely stable complex with Fe3* reflected in its formation constant (log K ~52), the highest
known for any natural chelator (Raymond et al., 2003). By comparison, most hydroxamate
and carboxylate systems plateau near log K ~30-40 (Ahmed and Holmstrom, 2014). Cate-
cholate siderophores typically exhibit pKa values around 6.5 and 11.5 (Miethke and Marahiel,
2007), and their iron-binding capacity is highly pH-dependent. Binding does not involve a
redox reaction, Fe3t remains in its oxidised form, but requires deprotonation of the catechol
hydroxyl groups. This occurs more readily at neutral or slightly basic pH, whereas at lower
pH, proton competition weakens complex formation (Miethke and Marahiel, 2007; Ahmed and
Holmstrom, 2014). Consequently, catecholate siderophores function most effectively in neutral

environments.

Hydroxamates form the second major class of siderophores, defined by their use of hy-
droxamate groups (-C(=O)N(OH)R) to coordinate Fe3*. Iron binding occurs through both
the carbonyl oxygen and the deprotonated N-O~ oxygen (Hider and Kong, 2010). Typical
hydroxamate siderophores, such as ferrichrome and desferrioxamine B, coordinate iron in a
hexadentate fashion using three hydroxamate units, yielding formation constants in the range
of log K ~29-31. Though weaker than catecholates, this affinity still exceeds that of synthetic
chelators like EDTA. (Hider and Kong, 2010; Himpsl and Mobley, 2019). Hydroxamates are
produced by a range of microbes, including many filamentous fungi (e.g., Aspergillus) and sev-
eral actinobacterial species (Hider and Kong, 2010). Hydroxamate siderophores show optimal

iron-binding activity between pH 6-8, while below pH 5 protonation of the N-O™ donor group



significantly reduces binding affinity (Hider and Kong, 2010).
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(c) Staphyloferrin A, a carboxylate.

Figure 2: Examples of siderophores from the three classes.

Carboxylates form the third major siderophore class and are defined by their use of carboxy-
late (-COO™) groups, often in combination with adjacent a-hydroxy groups, to coordinate
Fe3™ (Hider and Kong, 2010). These a-hydroxy-carboxylate motifs bind iron through both
the hydroxyl and carbonyl oxygens, typically forming hexadentate complexes with overall
affinity constants ranging from log K ~24-32, substantially lower than those of catecholates
and hydroxamates (Hider and Kong, 2010; Himpsl and Mobley, 2019). Their binding affinity
peaks around neutral pH but remains relatively effective under mildly acidic conditions, as
carboxylic acids deprotonate more readily than catechol groups (Miethke and Marahiel, 2007).
A classic example is staphyloferrin A, produced by Staphylococcus, which also binds iron in
a hexadentate manner (Konetschny-Rapp et al., 1990). Notably, more than half of marine
siderophores are carboxylates, many of which exhibit photoreactivity. This unique mechanism

triggers decarboxylation of the Fe3t complex upon sunlight exposure, reducing it to Fe?t and



promoting iron release in sunlit surface waters (Butler and Theisen, 2010; Vraspir and Butler,
2009). This built-in photochemical mechanism is thought to aid iron bioavailability in marine

ecosystems.

Structurally, siderophores are highly diverse, with no single conserved scaffold. Many are
peptide-based and assembled by non-ribosomal peptide synthetases (NRPSs). For instance,
enterobactin has a cyclic backbone of three serine residues linked to catechol arms (Raymond
et al., 2003), while ferrichrome features a cyclic hexapeptide of alternating hydroxamate donors
and small amino acids (Jenner et al., 2023). In contrast, NRPS-independent (NIS) siderophores
lack a peptide backbone and are built from citrate or polyamine cores, as seen in petrobactin

and desferrioxamine (Bailey et al., 2018; Manck et al., 2022; Miethke and Marahiel, 2007).

This structural and chemical diversity allows microbes to adapt their iron acquisition strategies
to different environmental conditions, ecological niches, and levels of competition, demonstrat-

ing how central iron is to microbial survival and evolution.

2.2.2 Applications of Siderophores

Advances in biotechnology have enabled the large-scale production, isolation, and modification
of siderophores, opening the door to a range of industrial and biomedical applications. Their
natural ability to scavenge iron, and in some cases, other metal ions, has been harnessed to

address diverse global challenges.

One of the most urgent challenges is antimicrobial resistance (AMR), which was associated
with an estimated 4.95 million deaths in 2019 alone (Murray et al., 2022). Many pathogens,
including Escherichia coli, Staphylococcus aureus, and Klebsiella pneumoniae, survive in the
iron-limited environment of the host by producing siderophores (Skaar, 2010). This natu-
ral strategy has inspired therapeutic innovations such as sideromycin antibiotics, where a
siderophore is chemically linked to an antibiotic molecule. The conjugate is actively imported
by susceptible bacteria under iron starvation, releasing the antibiotic inside the cytoplasm,
an approach often likened to a “Trojan horse” (Wang et al., 2022a). Some pathogens pro-

duce their own sideromycins while simultaneously expressing immunity genes to evade their



toxic effects. Biomedical researchers have begun to replicate this mechanism, linking approved
drugs to siderophores to selectively target AMR pathogens. One such example, cefiderocol,

was approved for clinical use in 2019 (Graff and Barry, 2024).

In another medical context, the hydroxamate desferrioxamine forms the basis of Desferal, a
drug used to treat iron overload in patients with transfusion-dependent anaemia (Albelda-
Berenguer et al., 2019). Meanwhile in agriculture, siderophore-producing rhizobacteria serve
as environmentally friendly biocontrol agents. By depriving soil-borne pathogens of iron, these
bacteria help protect crops without relying on chemical pesticides (Deb and Tatung, 2024).

This offers a promising route to more sustainable farming practices.

Siderophores have also shown promise in environmental remediation. For example, siderophores
from Pseudomonas azotoformans were able to leach 92% of arsenic from contaminated soils
(Nair et al., 2007). Other studies have demonstrated the removal of heavy metals such as
Cd?*, Pb?*, Hg?*, and Ni*T from contaminated soils using mixed-type siderophores, with
removal efficiencies ranging from 52.9-83.6% (Yi et al., 2022). Beyond one-off treatments,
immobilised siderophores are being explored for use in continuous flow systems, potentially

enabling scalable and recyclable metal recovery processes (Hofmann et al., 2021).

Taken together, these examples highlight the versatility of siderophores as tools for solving
problems across medicine, agriculture, and environmental engineering. Their unique chemistry,
combined with expanding biotechnological control over their production, positions them as

promising agents for sustainable innovation across multiple sectors.

2.3 Thermophilic Microorganisms

Thermophilic bacteria are defined by their ability to grow at elevated temperatures, typi-
cally between 40 and 90°C, with optimal growth commonly occurring between 55 and 65°C
(Featherstone, 2015). These organisms naturally inhabit high-temperature environments such
as deep-sea hydrothermal vents, volcanic regions, compost heaps, and especially hot springs

(Panda et al., 2019)



A range of molecular adaptations has allowed these bacteria to persist under such extreme
conditions. Thermostable enzymes and proteins resistant to denaturation and proteolysis,
membranes enriched with saturated fatty acids to maintain integrity, genomic DNA stabilised
by positive supercoiling, and chaperonins that assist in refolding damaged proteins are among
some of these adaptions (Haki and Rakshit, 2003). These adaptations also confer signif-
icant biotechnological advantages. Thermophiles often exhibit higher metabolic rates and
produce enzymes that are both chemically and physically stable under harsh industrial con-
ditions (Mehta et al., 2016). As a result, thermophilic enzymes have been widely adopted
in biotechnology, particularly in processes involving high temperatures, extreme pH values,
or the presence of solvents. For example, highly thermostable a-amylases have been isolated
from Thermus and Bacillus species found in hot springs, demonstrating remarkable catalytic

performance at elevated temperatures (Shaw et al., 1995; Mamo et al., 1999).

Iceland’s geothermal fields offer a particularly rich source of thermophiles due to their wide
range of temperatures, pH values, and mineral profiles. Environmental surveys from hot
springs in regions such as Torfajokull have recorded temperatures from 45°C up to 100°C, of-
ten in alkaline waters with pH 8-8.5 (Podar et al., 2020). These varied habitats support diverse
microbial communities, with dominant phyla at 50-65°C including Cyanobacteria, Chloroflexi,
and Bacteroidetes. Icelandic hot springs have yielded several noteworthy thermophiles of sci-
entific and industrial interest. For instance, Thermus islandicus sp. nov., isolated from the
Torfajokull geothermal area, grows optimally at 65°C and pH 6-7 and demonstrates sulfur-
oxidising activity stable up to 79°C (Bjornsdottir et al., 2009). Another example is the aci-
dophilic archaeon Sulfolobus islandicus, which thrives at 75-85°C and pH 2-3 and contains

extensive genetic diversity across CRISPR/Cas and metabolic modules (Guo et al., 2011).

2.3.1 Siderophores from Thermophiles

Despite the well-documented potential of thermophiles for industrial enzyme production, rel-
atively few siderophores have been characterised from thermophilic organisms. Nevertheless,

a few noteworthy examples have been reported, offering a glimpse into their biotechnologi-
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cal promise. Parageobacillus sp. KH3-4, a thermophilic Bacillaceae strain with an optimal
growth temperature of 65°C, was recently shown to produce bacillibactin. Interestingly, the
non-ribosomal peptide synthetase (NRPS) enzymes responsible for its biosynthesis remained
active at temperatures >60°C, and the Fe-bacillibactin complex retained high binding affinity
across a broad 30-70°C range (Izumi et al., 2025). These features suggest a potential role
for thermophilic siderophores in processes such as high-temperature bioremediation or metal

recovery under harsh industrial conditions.

While this examples demonstrate that thermophiles can produce thermotolerant siderophores,
their overall chemical diversity remains poorly explored. Available evidence suggests that
such siderophores often function across broader temperature and pH ranges than those from
mesophilic species, making them particularly attractive for industrial applications such as
metal extraction, environmental remediation, and high-temperature fermentation (De Serrano
et al., 2016). Given the limited number of characterised siderophores from thermophilic mi-
crobes, expanding screening efforts to include extremophiles is a key step toward unlocking

their full biosynthetic potential.

2.4 Fermentation Conditions and Iron Regulation

Siderophore production in bacteria is tightly regulated by environmental iron availability.
Under low-iron conditions, bacteria increase siderophore output to improve iron uptake, a re-
sponse that can be deliberately induced in laboratory cultures for screening purposes (McHugh

et al., 2003).

The most commonly used strategy involves limiting bioavailable iron in the growth medium,
either by omitting added iron altogether or by actively removing free iron through the addition
of synthetic chelators (Southwell et al., 2024). Defined minimal media with no added iron can
produce iron-limiting conditions, but in practice, trace contamination or residual iron in com-
ponents may still allow sufficient availability to suppress siderophore production (Nudel et al.,
2001). For this reason, iron chelators such as 2,2’-dipyridyl (DIP), also known as 2,2’-bipyridyl

or bpy, are often employed. DIP selectively binds Fe?t, creating iron-deficient conditions that

11



closely mimic those encountered by pathogens in host environments (Southwell et al., 2024).
Its addition has been shown to reliably induce siderophore production across various bacterial
species, including E. coli and Stenotrophomonas maltophilia, where DIP triggers the expression
of genes involved in biosynthesis of enterobactin and hydroxamate type siderophore (McHugh
et al., 2003; Nas and Cianciotto, 2017). Experimental optimisation studies have confirmed the
effectiveness of DIP in enhancing siderophore detection. In one study, media supplemented
with 100-400 M DIP yielded high siderophore activity as measured by CAS assay (Nas and
Cianciotto, 2017), while no siderophores were detected when iron salts were added to the
media, further supporting the central role of iron limitation in regulating production (Nudel

et al., 2001).

In this project, bacterial strains were fermented under both iron-deficient conditions (no added
iron) and DIP-supplemented conditions. As demonstrated in previous studies, DIP provides a
robust and reliable method to induce siderophore biosynthesis (Southwell et al., 2024; Nudel
et al., 2001; Nas and Cianciotto, 2017; McHugh et al., 2003), making it a valuable tool for
screening unknown isolates. No other changes were made to the media composition or fer-
mentation parameters, and iron accessibility was the sole variable. While other environmental
factors may influence siderophore production, they were not investigated here; the aim was to

establish whether each strain could produce siderophores in response to iron limitation alone.

2.5 Detection and Quantification of Siderophores

Siderophore detection and characterisation in laboratory studies commonly rely on chemical,
colourimetric assays. These tests not only confirm the presence of siderophores but can also

provide insight into their chemical class based on specific reactivity.

The most widely used siderophore detection method is the Chrome Azurol S (CAS) assay.
This technique is based on an indicator dye complexed with Fe3*, which changes colour from
blue to orange-pink when iron is removed by a competing chelator (Payne, 1994). Giving a
inverted relationship between colour absorbance and siderophore quantity. The CAS assay

is non-specific to siderophore type and detects any compound with sufficient iron affinity. A
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simpler qualitative alternative is the ferric chloride test, in which Fe?* reacts with phenolic or

hydroxamate siderophores to form coloured complexes (Amsaveni et al., 2016).

To further distinguish between siderophore classes, several class-specific assays have been de-
veloped. Catecholate-type siderophores can be detected using the Arnow test, which relies
on a two-step reaction with nitrite-molybdate reagent that produces a yellow colour in acidic
conditions and turns deep red under alkaline conditions (Ferreira et al., 2019). The Rioux
assay offers an additional colourimetric method for detecting catechols (Rioux et al., 1983).
Hydroxamate groups can be identified by the Csaky and Atkin assays, both of which involve
oxidation of the hydroxamic group followed by colour development (Payne, 1994), as well as
the Tetrazolium method (Chowdappa et al., 2020). Carboxylate-type siderophores are less
common and are typically detected using the Shenker’s assay, which measures complex for-
mation with Fe3* under specific pH conditions (Wang et al., 2022b). All of these tests were
employed in this project to detect siderophore activity and to infer the likely class of chelator

produced.
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3 Methods

This section outlines the experimental procedures used to investigate siderophore produc-
tion in thermophilic bacterial strains. It includes details on fermentation conditions, glucose
metabolism analysis, siderophore detection and classification assays, and the purification of

catecholate-type siderophores.

3.1 Bacterial fermentations

Three thermophilic bacterial strains, 7349, 4624, and 623, were fermented for siderophore pro-
duction. Each strain was incubated in duplicate under three media conditions: iron-rich DRM
("Fe"), iron-depleted DRM with no added iron in the trace element solution ("noFe"), and
DRM supplemented with 100uM 2,2’-dipyridyl to further enhance iron limitation ("DIP").
The base DRM formulation followed the recipe described by Mukti et al., including Wolfe’s
Vitamins and trace elements; full media compositions and modifications are listed in Appendix

Al

Initial inoculation for the pre-culture was performed by adding thawed bacterial stock to a
total 25 mL of Fe-DRM to reactivate the strains. These cultures were grown at 200 rpm in a
benchtop shaker incubator (INFORS HT Ecotron) until an optical density (ODggg) above 2.5
was reached. Main fermentations were then inoculated at 5% (v/v) into 100 mL of the corre-
sponding DRM variant. All strains were incubated at 200 rpm, with strain 623 maintained at
65°C and strains 7349 and 4624 at 60°C. Inoculum percentages varied slightly depending on
the strain and media condition but generally followed an 8% (v/v) inoculum for pre-culture
and a 5% inoculum for main fermentation. Full inoculation volumes per strain and condition

are detailed in Table 6 in Appendix A.1.

Fermentations were monitored by measuring ODgg using a UV /vis spectrophotometer (Biochrom
WPA Lightwave II). 2 mL sampling was performed throughout the incubation period, with
a larger aliquot of 10 mL taken at stationary phase (usually reached after 9-12 hours). All
fermentations were terminated after 24 hours and collected as the final fermentation sample.

Culture samples were centrifuged at 3500 g for 30 minutes to pellet cells. The resulting super-
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natants were filtered through 0.2 pm membranes and stored at —20 °C until further analysis.

3.1.1 Glucose metabolism by ion chromatography

The rate of glucose metabolism in strain 4624 was determined by ion chromatography. Cul-
ture supernatants collected at various time points were diluted prior to analysis: a 200-fold
dilution was applied to samples collected between 0—4 hours, and a 50-fold dilution was used
for samples from 5-24 hours. All diluted samples were filtered through 0.2 yum membranes

into polypropylene vials (DIONEX) and stored at —20 °C until analysis.

Analyses were carried out using a Dionex ICS-5000 ion chromatography system (Thermo Fisher
Scientific), equipped with a Dual Pump, an AS-AP Autosampler, and a Detector/Chromatography
Module. Separation of monosaccharides was performed on a Dionex CarboPac PA20 analyt-
ical column. Mobile phases were prepared according to the protocol by Mukti et al., and
consisted of three eluents delivered by separate pumps: Milli-Q water (Solvent A), 20 mM
NaOH (Solvent B), and 200 mM NaOH (Solvent C). The chromatographic run proceeded at
an isocratic flow rate of 0.5 mL/min with 62.5% Solvent A and 37.5% Solvent B for the first
20 minutes to achieve separation. This was followed by a column-cleaning phase from 20 to
25 minutes using 50% Solvent A and 50% Solvent C. From 25 to 30 minutes, 100% Solvent
C was applied to complete the cleaning cycle. The system was then re-equilibrated to 62.5%

Solvent A and 37.5% Solvent B before the next sample injection.
Quantification was based on an external calibration curve using glucose standards at concen-

trations of 5, 10, 20, and 30 mg/L. A representative standard curve is shown in Figure 3 with

slope, intercept, and R? values reported. All assay runs yielded comparable calibration quality.
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Figure 3: Calibration curve for glucose quantification using ion chromatography. Glucose standards were
prepared at 5-30 mg/L. A linear regression yielded the equation y = 3.0628x — 0.237 with a correlation

coefficient of R? = 0.9994. Peak area is expressed in nC x min

3.2 Siderophore detection assays

In the following assays, samples taken at stationary phase as well as the 24 hour mark were
analysed. As references and controls, samples of unused bacterial media as well as milli-Q

water were run to account for any non-siderophore interactions with the assay.

3.2.1 Chrome Azurol S Liquid Assay

Siderophore activity in fermentation supernatants was quantified using the Chrome Azurol S
(CAS) liquid assay, originally developed by Schwyn and Neilands and performed as described
by Payne. All samples and corresponding media controls were diluted 1:50 in Milli-Q water

prior to analysis to minimise background interference.

The piperazine buffer was prepared by dissolving 4.307 g piperazine in 30 mL water and ad-
justing the pH to 5.6 with 6.75 mL of 37% HCIl. The CAS reaction solution was prepared
by dissolving 0.0219 g hexadecyltrimethylammonium bromide (HDTMA) in 50 mL of water.
To this, 7.5 mL of 2 mM Chrome Azurol S, and 1.5 mL of 1 mM FeCls x 6H20O (prepared
in 10 mM HCI) were added, followed by all the piperazine buffer. The solution was made
up to 100 mL with water. In the assay, 0.5 mL of the diluted sample was mixed with 0.5
mL of CAS reagent and 10uL of shuttle solution (0.2 M sulfosalicylic acid, accelerates colour

development). Absorbance was measured at 630 nm after 5 minutes.
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Figure 4: Calibration curve for siderophore detection using CAS liquid assay. DXM standards were prepared
at 5-22.5 uM. A linear regression yielded the equation y = - 0.0332x + 0.7296 with a correlation coefficient of
R? = 0.9928. Absorbance was detected at 630 nm.

Quantification was based on a standard curve using desferrioxamine mesylate (DXM) at con-
centrations of 5, 7.5, 10, 12.5, 15, 17.5, 20, and 22.5 uM (Ferreira et al., 2019). A representative
standard curve is shown in Figure 4, with slope, intercept, and R? values reported. All assay

runs yielded comparable calibration quality.

3.2.2 Ferric Chloride Test

Siderophore presence was further assessed using the ferric chloride assay, performed according
to the method of Amsaveni et al.. The assay was conducted in a 96-well microtiter plate by
mixing 100 pL of sample with 100 puL of 2% FeCls solution. Colour development was mea-
sured spectrophotometrically at 500 nm, which was determined to provide the most suitable

absorbance values for quantitative comparison.

Quantification was based on a standard curve using desferrioxamine mesylate (DXM) at con-
centrations of 20, 40, 60, 80, and 100 uM, prepared as described by Liles et al.. A representative
standard curve is shown in Figure 5, with slope, intercept, and R? values reported. All assay

runs yielded comparable calibration quality.
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Figure 5: Calibration curve for siderophore detection using the ferric chloride test. DXM standards were
prepared at 20-100 puM. A linear regression yielded the equation y = 0.001x + 0.1102 with a correlation
coefficient of R? = 0.9999. Absorbance was detected at 500 nm.

3.2.3 Arnow Assay

Catecholate-type siderophores were detected using the Arnow assay, originally developed by
Arnow and performed as described by Ferreira et al.. The assay was carried out in 96-well
microtiter plates. To each well, 100 uL of sample was added, followed sequentially by 100 uL
of 0.5 M HCI, 100 uL of nitrite-molybdate reagent (prepared by dissolving 10 g sodium nitrite
and 10 g sodium molybdate in 100 mL water), and 100 uL of 1 M NaOH. Colour development
proceeded for 10 minutes, after which absorbance was measured at 526 nm using a Multiskan

GO Microplate Reader.

Arnow assay calibration curve
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Figure 6: Calibration curve for catecholate detection using the Arnow assay. DHBA standards were prepared
at 0.025-0.25 mM. A linear regression yielded the equation y = 2.923x + 0.0027 with a correlation coefficient
of R? = 1. Absorbance was detected at 526 nm.

Quantification was performed using 2,3-dihydroxybenzoic acid (DHBA) as a catecholate stan-

dard at concentrations of 0.025, 0.05, 0.1, 0.15, 0.2, and 0.25 mM (Liles et al., 2000). A
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representative standard curve is shown in Figure 6, with slope, intercept, and R? values re-
ported. All assay runs produced calibration curves of comparable quality, which can be seen

summarised in Table 10 in Appendix A.2.3.

3.2.4 Rioux Assay

Catecholate-type siderophores were also detected using the Rioux assay, as originally described
by Rioux et al. and performed according to the protocol of Ooi et al.. In each reaction, 0.5 mL
of sample was mixed with 1.15 mL of Milli-Q water and 100 pL of concentrated HoSOy4 in a
glass PYREX tube. To this mixture, 0.5 mL of 1% ferric ammonium citrate in 0.09 N HySOy4
was added, followed by 200 pL of 2 M ammonium fluoride, 200uL of 1% 1,10-phenanthroline
monohydrochloride monohydrate, and 300 uL of 3 M hexamethylenetetramine (HMTA). Tubes
were sealed and incubated at 60°C for 1 hour. After cooling to room temperature, absorbance

was measured at 510 nm.

Rioux assay calibration curve

2.5 .
— | e [
=4 y=765x+17018 e
o, R? = 0.9596 o .o
o | T e e
S
g 20 e
R e
o | e
A | e
2 .
<

1.5

0 0.02 0.04 0.06 0.08 0.1

DHBA (mM)

Figure 7: Calibration curve for catecholate detection using the Rioux assay. DHBA standards were prepared
at 0-0.1 mM. A linear regression yielded the equation y = 7.65x + 1.7018 with a correlation coefficient of R?
= 9596. Absorbance was detected at 510 nm.

Quantification was carried out using 2,3-dihydroxybenzoic acid as the standard at concentra-
tions of 0, 0.05 and 0.1 mM (Liles et al., 2000). A representative standard curve is shown in

Figure 7, with slope, intercept, and R? values reported.

3.2.5 Csaky Assay

Hydroxamate-type siderophores were identified using the Csaky assay, performed as described

by Payne. The method detects secondary hydroxamates via acid hydrolysis to nitrite, followed
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by diazonium coupling and colourimetric quantification. For each reaction, 0.25 mL of sample
was mixed with 0.25 mL of 6 N HySO,4 in glass PYREX tubes. Tubes were sealed and
hydrolysed at 130°C for 30 minutes, then cooled to room temperature. Next, 0.75 mL of 35%
sodium acetate was added, followed by 0.25 mL of 1% sulfanilic acid (prepared in 30% acetic
acid). After this, 0.125 mL of iodine solution (1.3% iodine in glacial acetic acid) was added
and allowed to react for 5 minutes. Excess iodine was quenched with 0.25 mL of 2% sodium
arsenite. Then, 0.25 mL of naphthylamine solution was added, prepared by dissolving 0.3%
a-naphthylamine (equivalent to 0.0696 g of n-(1-naphthyl)ethylenediamine dihydrochloride) in
30% acetic acid (Lim and Kim, 1997). Finally, 0.37 mL of Milli-Q water was added to bring the
total volume to 2.5 mL. Colour development proceeded for 30 minutes at room temperature.

Absorbance was then measured at 526 nm.

Csaky assay calibration curve
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Figure 8: Calibration curve for hydroxamate detection using the Csaky assay. DXM standards were prepared
at 20-100 pM. A linear regression yielded the equation y = 0.002x + 0.0223 with a correlation coefficient of
R? = 995. Absorbance was detected at 526 nm.

Quantification was based on a standard curve generated using desferrioxamine mesylate (DXM)
at concentrations of 20, 40, 60, 80, and 100 M (Liles et al., 2000). A representative standard

curve is shown in Figure 8, with slope, intercept, and R? values reported.

3.2.6 Atkin Assay

Hydroxamate siderophores were also detected using the Atkin assay, originally developed by
Atkin et al.. The assay was carried out in a 96-well microtiter plate by mixing 50 pL of sample
with 250 pL of iron perchlorate solution (5 mM iron(III) perchlorate hydrate dissolved in 0.1

M perchloric acid). Colour development proceeded for 5 minutes, after which absorbance was
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measured at 480 nm using a Multiskan GO Microplate Reader.

Atkin assay calibration curve
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Figure 9: Calibration curve for hydroxamate detection using the Atkin assay. DXM standards were prepared
at 20-100 uM. A linear regression yielded the equation y = 0.0004x -+ 0.0005 with a correlation coefficient of
R? = 9948. Absorbance was detected at 480 nm.

Quantification was based on a standard curve using desferrioxamine mesylate (DXM) at con-
centrations of 20, 40, 60, 80, and 100 M (Liles et al., 2000). A representative standard curve

is shown in Figure 9, with slope, intercept, and R? values reported.

3.2.7 Tetrazolium test

Hydroxamate siderophores were qualitatively detected using the tetrazolium assay, as de-
scribed by Chowdappa et al.. In each reaction, one drop of 2 M NaOH was added to 0.5 mL of
sample supernatant, followed by the addition of a small scoop of iodonitrotetrazolium chloride.
The appearance of a blue colour indicated the presence of hydroxamate-type siderophores.
Both 2,3-dihydroxybenzoic acid (0.25, 0.1, and 0.025 mM) and desferrioxamine mesylate (100
uM) was used as a siderophore colour reference. Pictures of standards and media interacting

with the assay can be seen in Figure 14 in Appendix A.2.5.

3.2.8 Shenker’s Test

Carboxylate-type siderophores were detected using the Shenker assay, performed as described
by Wang et al.. The assay was conducted in a 96-well microtiter plate by mixing 100 uL of
sample with 100 pL 250 pM CuSOy, followed by 200 pL of acetate buffer adjusted to pH 4.
Plates were incubated at room temperature for 30 minutes. Absorbance was then recorded

over the range of 200-280 nm using a Multiskan GO Microplate Reader.
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3.3 Catecholate Purification

Catecholate-type siderophores from the 4624 fermentation broth were purified using Amber-
lite™ XAD-2 resin (Merck, Supelco, CAS: 9003-70-7). To achieve a settled bed volume (SBV)
of approximately 4 mL, 2.6 g of resin was weighed into a 15 mL Falcon tube. The resin was
rinsed twice with 2 bed volumes (BV) of distilled water at 60°C to remove salts and manufac-
turing residues as recommended by manufacturer (Sigma—Aldrich Corporation, 1997). After
decanting the water, 2 BV of methanol (Merck, 99.9% for analysis) was added and the resin
was left to swell overnight. Following swelling, the methanol was removed and replaced with
1 BV of 50% methanol:water to ease the polarity transition (Guan et al., 2017; Alevia et al.,
2021). This was then decanted, and the resin was rinsed multiple times with Milli-Q water

before column packing.

The hydrated resin was gradually packed into a 0.7 x 15 cm Econo-Column (Bio-Rad) until
fully settled. The final resin bed height was measured at 10cm, corresponding to an SBV of
3.84 mL. Any remaining resin on the column walls was washed down with 50% methanol:water,
followed by additional rinsing with Milli-Q water. The column was connected to a peristaltic

pump (ISMATEC) to maintain a constant flow rate during operation.

Filtered fermentation broth (0.45 pm) from the 4624 DIP condition at the 24 hour mark was
used as the sample. A total of 26 mL of supernatant was loaded onto the column at a flow rate
of approximately 12 mL/h (3 BV /h), and the effluent was collected in 2 mL aliquots. After
sample loading, the column was washed with 2 BV of Milli-QQ water, followed by elution with
30 mL of pure methanol. All fractions during sample loading, washing, and elution were col-
lected in 2 mL volumes. Upon completion, the column was washed with 50% methanol:water

and stored in the same solution.

Evaluation of purification was performed using the Arnow assay for catecholate detection, ap-

plied to all collected 2 mL effluent fractions. The assay procedure is described in Section3.2.3.
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4 Results

This section presents the outcomes of bacterial fermentations under varying iron conditions,
including growth dynamics, siderophore detection using multiple assays, and the initial purifi-
cation of catecholate compounds from strain 4624. Key findings are supported by statistical

analyses and visualised through representative figures and tables.

4.1 Fermentations

Generation times varied across strains and media, but the effects of iron availability were
clearly strain-dependent (Figure 10). For strain 4624, generation times remained relatively
consistent across all media conditions. The DIP condition showed a slightly shorter mean
generation time (0.87 h) compared to Fe (1.43 h) and noFe (1.22 h), the difference may be

partially attributable to inoculum variability, as the DIP culture was fermented on a different

day.
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25
_ 1.63
£20 |
Py 1.67
£ 143 1.47
=15 | 1.22 x
= <
2 0.91
T10 | 0.87 : 0.80 0.82
(3] T I
G 0.5
So
00 L
Fe noFe DIP Fe noFe DIP Fe nofFe DIP
4624 4624 4624 7349 7349 7349 623 623 623

Figure 10: The column chart summarises the mean generation times across the three different strains as well
as the three media conditions. The generation times for each of the replicates can be found in Appendix A.2.1

in Table 7.

Strain 7349 showed a more pronounced response. Growth was faster in the DIP condition
(0.91 h) compared to Fe (1.67 h) and noFe (1.63 h). As with 4624 this might also be due
to inoculum differences as Fe and noFe inoculum were in stationary phase, which might have
contributed to the observed lower growth rate than DIP. Despite these limitations, one-way

ANOVA indicated a significant difference across media for both 4624 (p = 0.014) and 7349 (p
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= 0.006), with post hoc interpretation pointing to DIP as the driver of this variation. In con-
trast, strain 623 showed the opposite trend. All fermentations were conducted simultaneously
using the same inoculum, and here, the DIP condition led to a clear increase in generation
time (1.47 h), significantly higher than in Fe (0.80 h) or noFe (0.82 h). One-way ANOVA

confirmed the significance of this difference (p = 0.002).

Overall, the DIP treatment consistently reduced generation time in the clinical isolates 4624
and 7349, but increased it in the livestock-associated strain 623. Removal of iron alone (noFe)
did not significantly affect growth in any strain under these experimental conditions. Note
that each condition was tested with only two biological replicates. As such, these p-values
should be interpreted as exploratory. Growth curves (Figure 13) and statistical analysis is
provided in Appendix A.2.1, full generation time values with the fermentation replicates can

be found in Table 7.

4.2 Siderophore determination

Siderophore activity was assessed across all fermentations using a panel of general and class-
specific assays. Table 1 summarises the outcome of each test. No strain produced a significant
response in the Chrome Azurol S (CAS) assay, and all values remained below the media-
corrected baseline (Appendix A.2.2). The ferric chloride assay showed significant differences
between media conditions in all strains (two-way ANOVA, p < 0.005), but only strain 4624
exhibited a clear trend of increasing siderophore activity with increasing iron limitation (Fe <

noFe < DIP).

Strain 4624 consistently tested positive for catecholate siderophores, showing strong media-
dependent differences in both the Arnow and Rioux assays (Appendix A.2.3). The Arnow
assay in particular showed highly significant elevation in DIP cultures (p < 0.001), indicat-
ing robust catecholate secretion under iron-chelating conditions. No significant catecholate
activity was detected for 7349 or 623. Among the hydroxamate assays, only the Csaky assay
returned a significant result (p = 0.044), again in the 4624 DIP sample, though the negative
values and high variability limit interpretability (Appendix A.2.4). The Atkin assay showed
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Table 1: Summary of siderophore detection assays across all fermentations. Each cell reflects the outcome
of a specific assay for a given strain and medium condition. A positive result is denoted by “+”, with “++”
indicating a strongly positive signal based on statistical significance (p < 0.05) or consistent assay response.
“+ /=" indicates a tentative or ambiguous reaction, while ‘" denotes no detectable activity. Full statistical

analyses and assay details are provided in Appendix sections A.2.2-A.2.5.

Strain Media [ CAS FeCl3; Arnow Rioux Csaky Atkin Tetrazolium Shenker’s
4624 Fe - - - - = o - -
4624 noFe - - - = = - -
4624 DIP - = - -
7349 Fe - - - - - - - -
7349 noFe - - - = = = - -
7349 DIP | - . ; ; ; )

623 Fe - - - = = = - -
623 noFe - - - - = = - -
623 DIP - - - = = = - -

no statistically significant trends within any strain, though strain 7349 presented the strongest
non-significant indication of hydroxamate presence under DIP. In the Tetrazolium assay, only
7349 DIP samples showed a visually distinct turquoise colour reaction. While the Tetrazolium
results are not quantifiable, it may support the tentative hydroxamate signal observed in the
Atkin test for strain 7349 (Appendix A.2.5). No evidence of carboxylate-type siderophores
was found in any condition based on Shenker’s test (Appendix A.2.6).

Together, the results indicate that clinical isolate 4624 is a strong producer of catecholate
siderophores under iron-limiting conditions, while 7349 may produce hydroxamates at low

levels. Strain 623 showed no conclusive siderophore activity in any assay.

4.3 Catecholate investigation of 4624

To better understand the link between growth, glucose use, and siderophore production in

strain 4624, samples from fermentation DIP A were tracked over time (Figure 11).
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Figure 11: Glucose consumption (Grey), optical density (Blue), and catecholate production in DHBA equiv-
alents (Magenta) are plotted together over time for 4624 fermentation DIP A. Glucose levels declined as OD

increased, with catecholate production rising shortly after growth began.

Glucose levels dropped steadily from the start, with the fastest decrease during the exponential
growth phase based on OD[600] readings. Catecholate production, measured via the Arnow
assay and expressed in DHBA equivalents, began rising just after the onset of exponential
growth and closely mirrored the OD curve, albeit with a slight delay. This pattern suggests
that catecholate biosynthesis is coupled to the active growth phase rather than being strictly
a stationary-phase phenomenon, in agreement with prior reports in Bacillus megaterium and
Pseudomonas aeruginosa, where siderophore production initiates during mid-to-late exponen-
tial growth (Santos et al., 2014; Little et al., 2018), and has reached a max yield as the bacteria
reaches the stationary phase. The consistent level of catecholates in the 12 hour sample versus
the 24 hour sample suggest also some heat stability as the catecholates do no appear to break

down after 12 hours of heat exposure at 60°C.

For the other 4624 fermentations the glucose and catecholate measurement results can be

found in Appendix A.2.7.

Catecholate purification

To assess the recovery of catecholates from the fermentation broth, the DIP A supernatant

from strain 4624 was passed through a column packed with XAD-2 resin, and effluents were
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collected in 2 mL aliquots throughout the process. The DHBA equivalents in each fraction

were measured using the Arnow assay to evaluate catecholate presence (Figure 12).

The initial sample fractions (1-12) showed a steady increase in catecholate concentration,
starting at 0.0274 mM and peaking at 0.0481 mM. This indicates that the resin’s binding ca-
pacity was reached early, resulting in poor retention and significant product loss during sample
loading. Nevertheless, the subsequent water wash (fractions 13-18) showed no detectable cat-

echolate content, suggesting effective retention by the resin and no leakage during the washing

step.
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Figure 12: Concentration of catecholates, expressed as DHBA equivalents, in effluents collected during XAD-
2 purification of 4624 DIP A fermentation broth. Fractions 1-12 correspond to sample loading, 13-18 to the

water wash, and 19-30 to methanol elution.

The methanol elution (fractions 19-30) yielded a strong release of bound catecholates. The first
elution fraction peaked at 0.0617 mM DHBA equivalents, thus surpassing the concentrations
measured in the sample load and confirming successful capture and partial concentration of

the product.
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5 Discussion

This project aimed to investigate the potential of thermophilic bacteria isolated from Icelandic
hot springs to produce siderophores. The work was motivated by prior genomic analyses con-
ducted by Matis, which used AntiSMASH to identify biosynthetic gene clusters indicative of
siderophore production in several thermophilic isolates. While such bioinformatic predictions
suggest functional potential, experimental validation is essential to determine whether these
pathways are active under iron-limited conditions. The goal of this study was therefore to
assess siderophore production across three thermophilic strains using fermentation, chemical
detection assays, and preliminary purification approaches, with particular attention to how

iron availability affects growth and metabolite release.

5.1 Fermentation Performance and Siderophore Detection

Strain 4624 displayed robust growth across all media conditions, with no apparent conse-
quences in generation time from iron omission or chelation. This suggests that the strain
either possesses low iron requirements or compensatory mechanisms to maintain intracellular
iron levels. Consistent with the latter, 4624 was the only strain to test significantly positive
in a general siderophore assay, the ferric chloride test, and also showed the clearest evidence
of specific siderophore types. Both the Arnow and Rioux assays revealed strong catecholate
activity in the DIP media, with Arnow results reaching high statistical significance. This
pattern supports active catecholate siderophore secretion under iron stress, likely aiding iron
acquisition and sustaining growth. Additionally, the Csaky assay indicated possible hydroxa-
mate presence in the DIP sample, though the result was less reliable due to assay instability.
Taken together, these findings confirm that strain 4624 not only encodes siderophore genes,

but actively expresses them under iron-limited conditions.

Strain 7349 mirrored 4624 in growth trends, maintaining short generation times across all
media. Although none of the general or catecholate-specific assays produced a statistically
positive result, weak activity was observed in the hydroxamate-specific tests. The Atkin assay

suggested a possible increase in hydroxamates in the DIP condition, and the Tetrazolium test
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displayed a distinct colour shift only in the DIP samples. While these results fall short of confir-
mation, they suggest low-level hydroxamate production. This could partly explain the strain’s
ability to thrive under iron-limited conditions, even in the absence of strong siderophore assay
signals. Notably, hydroxamates bind iron with lower affinity than catecholates, and thus, even
at comparable concentrations, may produce weaker assay responses. The possibility remains
that 7349 synthesises hydroxamate siderophores below current detection thresholds, highlight-
ing the need for more sensitive or targeted approaches to fully evaluate its iron-scavenging

potential.

Strain 623, in contrast, exhibited clear sensitivity to iron deprivation. Growth was notably
impaired in DIP medium, with extended generation time and reduced final OD, suggesting a
stronger dependency on external iron. Crucially, this strain yielded no positive results across
any siderophore assay, whether general or class-specific. If siderophore biosynthetic genes are
present, as AntiSMASH suggests, they may be poorly expressed under the tested conditions
or require alternative triggers beyond simple iron limitation. The combined absence of growth
resilience and siderophore signals indicates that strain 623 was unable to mitigate the effects

of iron chelation during the fermentation period.

Overall, while all three strains show genomic potential for siderophore biosynthesis, only strain
4624 displayed definitive phenotypic evidence of siderophore expression under iron-limited con-
ditions, particularly of the catecholate type. These results validate the bioinformatic predic-

tions and highlight the importance of linking genome mining with functional screening.

Assay performance and opportunities for fermentation optimisation

While the applied assays enabled preliminary characterisation of siderophore activity, several
methodological limitations became apparent. The general tests, CAS and ferric chloride as-
says, showed notable interaction with the DRM medium, creating limitations determining the
results. Most published siderophore studies employ simpler minimal media like MM9, which
are less prone to background reactivity and more compatible with colourimetric assays (South-

well et al., 2024; Nudel et al., 2001; Payne, 1994; Murakami et al., 2021). In contrast, the

29



Arnow assay for catecholates proved both sensitive and robust, delivering reliable catecholate
detection across media types. The Rioux assay showed some promise but suffered from high
variability between technical replicates, undermining confidence in its reproducibility. Mean-
while, the Tetrazolium test was based on visual scoring of colour change, introducing a level of
subjectivity that limits its diagnostic value. Future work should aim to improve assay reliabil-
ity through inclusion of better controls and by identifying which components of DRM media

interfere with iron-reactive dyes.

The use of 2,2’-dipyridyl (DIP) to create iron-limited conditions proved essential for inducing
siderophore production. Omitting iron from the media alone was not sufficient to trigger a
strong response, indicating that residual iron from inocula or other sources may still support
growth. While 100 uM DIP induced detectable siderophore production without compromising
viability, this concentration likely represents only a mild level of iron stress. Several studies, in-
cluding Nas and Cianciotto (2017) and Nakouti and Hobbs (2014), have shown that increasing
DIP to 200 M or more can further elevate siderophore output, up to a point. At very high
concentrations (e.g., 400 uM), growth is increasingly impaired, and intracellular iron pools
may also become compromised (Nas and Cianciotto, 2017). Exploring a broader DIP gradi-
ent in future fermentations could help determine the optimal level for maximal siderophore
yield in strain 4624 and clarify whether the hydroxamate trends seen in strain 7349 can be

strengthened or confirmed.

Finally, pH control may serve as another lever for optimising siderophore biosynthesis. In
acid-producing strains, a drop in pH during fermentation can increase iron solubility, poten-
tially suppressing siderophore gene expression. Maintaining a neutral pH throughout growth
may help ensure that iron scarcity is maintained as the dominant stressor, thereby promoting
consistent siderophore production. Together, these insights provide a framework for refining

both detection methods and cultivation strategies in future investigations.
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5.2 Purification of catecholates from 4624 and future isolation perspectives

Given the strong catecholate signal detected in strain 4624, purification of the siderophores was
attempted using Amberlite XAD-2 resin. The approach demonstrated proof-of-concept, with
partial enrichment of the target compounds and minimal loss during washing. However, the
breakthrough curve suggested that the resin’s binding capacity was exceeded early in the load-
ing phase, resulting in substantial product loss in the flow-through. Despite this, the methanol
elution step yielded a concentrated fraction with a higher catecholate content than the original

fermentation broth, confirming that XAD-2 can selectively recover the siderophores.

To improve the recovery and efficiency of XAD-2 purification, several modifications are rec-
ommended. First, the resin volume should be increased to match the sample load more appro-
priately. In this study, approximately 4 mL of resin was used for 26 mL of sample—a roughly
1:6 resin-to-sample ratio, whereas other protocols suggest using a 1:2 ratio or lower to avoid
early saturation (Khan et al., 2021). Second, reducing the flow rate or pre-incubating the resin
with the sample before packing the column could increase contact time and improve binding
efficiency (Supanekar et al., 2013). Lastly, modifying the polarity of the sample by acidifying
to pH 2 would protonate ionisable groups on the catecholate scaffold, increasing their affinity
for the hydrophobic resin surface (Berner et al., 1991; Khan et al., 2021; Slauenwhite and
Wangersky, 1996). This adjustment may also delay breakthrough, allowing a greater propor-

tion of the siderophores to be captured before saturation.

Following successful enrichment with XAD-2, further purification steps can be considered to
isolate and identify the main catecholate component. A common next step involves evaporating
the methanol eluates to dryness and reconstituting the residues in either water or methanol
(Berner et al., 1991; Supanekar et al., 2013). Subsequent fractionation can be achieved by
Sephadex LH20 chromatography, which has been used effectively in previous catecholate pu-
rification protocols (Khan et al., 2021; De Serrano et al., 2016). Finally, high-resolution sep-
aration by reversed-phase C18 HPLC can be used to obtain pure siderophore compounds for
structural characterisation. This approach is also compatible with LC-MS analysis, where

mobile phases typically consist of Milli-Q water with 0.1 % formic acid and an acetonitrile
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gradient, with detection at 260 nm (Hisatomi et al., 2021).

Collectively, these refinements outline a practical route for future studies aiming to isolate
thermostable catecholates from thermophilic strains and explore their chemical identities and

potential applications.

5.3 Broader implications of the study

This study supports the potential of thermophilic bacteria as a source of siderophores, demon-
strating that strain 4624 can produce catecholate-type siderophores when grown at elevated
temperatures under iron-limited conditions. While the functional properties of these siderophores
remain to be fully characterised, their production at 60°C suggests possible compatibility with
high-temperature processes. This may be relevant for industrial or environmental applications
where conventional mesophilic systems are less effective or more resource-intensive to main-
tain. Although the purification was only partially successful, it represents a first step toward
isolating and studying these compounds in greater detail. If their structure and stability prove
favourable, they may eventually contribute to efforts in areas such as bioremediation, metal

recovery, and medical applications.
Overall, the findings help validate earlier genomic predictions and highlight the value of con-

tinued exploration of Icelandic thermophiles as a relatively untapped resource in microbial

biotechnology.
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6 Conclusion

This thesis explored the siderophore-producing potential of thermophilic bacterial strains iso-
lated from Icelandic hot springs. Guided by previous AntiSMASH analyses indicating the
presence of siderophore biosynthetic gene clusters, three strains were screened for growth
performance and siderophore secretion under varying iron availability. The combination of
fermentation profiling, chemical detection assays, and initial purification attempts enabled a

functional assessment of this genomic potential.

Of the three strains tested, only strain 4624 exhibited clear phenotypic evidence of siderophore
production, particularly of the catecholate type, under iron-limited conditions created by DIP
supplementation. The catecholate signal was strong, reproducible, and correlated with active
growth, suggesting that these metabolites play a role in iron acquisition during exponential
phase. In contrast, strain 7349 showed weak and inconclusive signals, mainly in hydroxamate-
specific assays, while strain 623 did not appear to respond to iron limitation at all. These
differences highlight the strain-specific nature of siderophore expression and underline the
need for both genomic and experimental validation when bioprospecting for novel microbial
traits. The partial purification of catecholates from 4624 using XAD-2 resin marked a promis-
ing step towards isolating these compounds for structural and functional analysis. Although
improvements to the method are necessary, this work lays the foundation for more targeted

purification and characterisation efforts.

Ultimately, the findings support the idea that thermophilic bacteria, particularly strain 4624,
may serve as viable candidates for the production of siderophores at elevated temperatures.
Their ability to function under such conditions opens avenues for application in settings where
thermotolerance is advantageous. More broadly, this study contributes to the growing body
of evidence that geothermal environments harbour metabolically versatile microbes with po-

tential utility in sustainable and industrial biotechnology.
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A Appendix

A.1 Media composition

The media used to grow strain 7349, 4624 and 623 is referred to as "DRM" (Defined Rhodother-
mus Medium), and was prepared as described by (Mukti et al., 2022). The media stock so-
lutions in Table 2 can be found in the article supplementary information under table S3. All
stock solutions were prepared in acid treated glass bottles and autoclaved for 20 minutes at
121°C, except Solution E which was sterilised with a 0.2 um bottle top vacuum filter. Solution
A and C were adjusted to pH 7.2 with NaOH ahead of sterilisation.

Table 2: The table shows an overview of the DRM stock solutions and their composition. Milli-QQ water was

used as media solvent. All stock solutions were stored at 4°C between each use.

Stock Components  Concentration (g/L)
Nitriloacetic acid 10
Solution A MgCly x 6H20O 10
NaCl 50
Solution B CaSO4 x 2H50 2
KHyPOy4 27.22
Solution C
NagHPO4 28.39
Solution D NH,Cl1 53.49
Solution E Glucose 100

Table 3 shows the composition of the Wolfe’s trace elements and Vitamin’s solution used in
the DRM media (Mukti et al., 2022). The trace elements solution was adjusted to pH 7 with 2
M KOH to allow dissolution of all components. Both solutions were sterilised by autoclaving.
The 2,2 dipyridil (DIP) stock solution was prepared by making a 20 mM solution and sterilising
it with a 0.2 pum bottle top vacuum filter. The final concentration of DIP in the media would

be 100 pM using the media preparation table below.
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Table 3: The table shows the composition of the Wolfe’s Trace element and Vitamin solutions used in the
DRM media. * - in the DRM media without iron a modified trace elements solution was made in which FeSO4

x TH20O was omitted.

Trace element Amount (g/L) Vitamin Amount (mg/L)
Nitrilotriacetic acid 1.5 Thioctic acid 5.0
MgSO4 x TH20O 3.0 Folic acid 2.0
NaCl 1.0 Riboflavin 5.0
FeSO,4 x TH,0O* 0.1 Thiamine hydrochloride 5.0
MnSO4 x H0 0.5 Nicotinic acid 5.0
CoCly x 6H50 0.1 Biotin 2.0
CaClsy 0.1 Ca-pantothenate 5.0
ZnS0O,4 x TH>O 0.1 Cobalamine 0.1
CuSO4 x 5H50 0.01 p-Aminobenzoic acid 5.0
AIK(SO4)2 x 12H20 0.01 Pyridoxine hydrochloride 10.0
NasMoOy4 x 2H50O 0.01
H3BOs3 0.01

Table 4 and 5 was used to mix the necessary amounts of the three different DRM media. The
first mentioned table was used for iron and iron-free conditions in which the trace elements
without iron was used in the latter. The second table was used when mixing the DRM media
containing 100 uM DIP. The DIP media also used the trace elements solution which omitted
the addition of iron. All media was mixed fresh right before bacterial inoculation and pH was

adjusted to 7.2 using sterile 6 M NaOH.
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Table 4: The table lists all the components of the DRM media for the iron and iron free fermentations, and at
which amounts they were mixed to achieve the desired amount. * - in the DRM media without iron a modified

trace elements solution was made in which FeSO4 x 7TH2O was omitted.

Amount added (mL)

Solution A 200 100 &0 40 20 10
Solution B 200 100 &0 40 20 10

Solution C 50 25 20 10 5 2.5
Solution D 10 5 4 2 1 0.5
Solution E 50 25 20 10 5 2.5
Vitamins 5 2.5 2 1 0.5 0.25
Trace elements* 5 25 2 1 05 025
Water 480 240 192 96 48 24

Total media 1000 500 400 200 100 50

Table 5: The table lists all the components of the DRM media for the iron free fermentations containing DIP,

and at which amounts they were mixed to achieve the desired amount.

Amount added (mL)

Solution A 200 100 80 40 20 10

Solution B 200 100 80 40 20 10
Solution C 50 25 20 10 5 2.5
Solution D 10 5 4 2 1 0.5
Solution E 50 25 20 10 5 2.5
Vitamins 5 2.5 2 1 0.5 025
Trace elements - noFe ) 2.5 2 1 0.5 0.25
DIP ) 2.5 2 1 0.5 0.25
Water 475 2375 190 95 475 23.75

Total Media 1000 500 400 200 100 50
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The table below lists all the fermentation conditions and the percentage of inoculum in the
pre-culture as well as the fermentations. The pre-cultures were prepared in 25 mL while
all fermentations were performed in 100 mL cultures. Each of the fermentations listed were
performed in duplicates named "A" and "B". At the point where stationary phase was deemed

reached a larger aliquot of sample was taken (10 mL).

Table 6: An overview of the percentage of all the pre-culture inoculums as well as all the fermentations

performed. The hour at which stationary phase was reached in the fermentations is also mentioned

Strain Media Pre-culture Fermentation Stationary

inoculum (%) inoculum (%) phase (h)
4624 Fe 16 5 9
4624 noke 16 5 9
4624 DIP 8 5 11
7349 Fe 8 5 12
7349 noFe 8 5 19
7349 DIP 5 5 1
623 Fe ] 5 9
623 noke 8 5 9
623 DIP 8 5 9

A.2 Supplementary results data

In this section any data to support the results can be found.

A.2.1 Fermentation

In Figure 13 the collective growth curves from all the fermentation can be found. The graphs
are supplemented with the data in Table 7 containing the generation times for all the fermen-
tations. Generations times for all the fermentation was obtained by calculating the natural
logarithm of the exponential phase of bacterial growth. The slope of the new plotted values

were known as the specific growth rate u, from which the generation times was calculated.
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4624 fermentation growth curves
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(a) All fermentation growth curves for the strain 4624.
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(b) All fermentation growth curves for the strain 7349.
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(c) All fermentation growth curves for the strain 623.

Figure 13: The three figures depict the bacterial growth in the three bacterial strains over the course of 24

hours. The growth was measured in optical density at 600 nm.

Two-way ANOVA revealed that both the bacterial strain and the type of medium had a
statistically significant effect on generation time (p = 0.0007 and p = 0.0003, respectively),

with a significant interaction between the two factors (p = 0.00002). This indicates that the

response to iron availability varies depending on the strain.
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Table 7: The table shows all the generation times for each performed fermentation as well as the mean and
standard deviation between the two replicate fermentations performed for each condition. The generation time

is the time it took for the bacterial population to double (h).

Replicate Mean generation Standard
Strain Media
A B time deviation
4624 Fe 1.303 1.565 1.434 0.185
4624  noFe | 1.321 1.121 1.221 0.141
4624 DIP | 0.840 0.908 0.874 0.048
7349 Fe 1.735 1.600 1.668 0.095
7349  noFe | 1.318 1.934 1.626 0.436
7349 DIP | 0917 0.899 0.908 0.013
623 Fe 0.821 0.771 0.796 0.035
623 nokFe | 0.866 0.766 0.816 0.071
623 DIP | 1.457 1.485 1.471 0.020

Strain-specific one-way ANOVA tests further supported this conclusion. For strain 4624,
generation time differed significantly across media (p = 0.014), with growth being fastest in the
DIP condition. Fe and noFe media showed no distinguishable difference at the given number
of fermentation repeats. Strain 7349 followed a similar pattern (p = 0.006), with significantly
shorter generation times in the DIP condition, while Fe and noFe remained statistically similar.
In contrast, strain 623 exhibited an opposite trend (p = 0.002): growth was significantly slower

in DIP medium, whereas noFe and Fe conditions were statistically indistinguishable.

A.2.2 CAS and Ferric Chloride test

Chrome Azurol S (CAS) assay results indicated no detectable siderophore activity in any
strain—media combination. Following correction with media samples, all DXM equivalent val-
ues became slightly negative, suggesting the colour change seen in the raw measurements was

largely attributable to media interactions with the reagent rather than siderophore binding.

Two-way ANOVA found no significant effect of strain (p = 0.37), medium (p = 0.26), or their

interaction (p = 0.54). Likewise, one-way ANOVA tests within each strain yielded no signifi-
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Table 8: The table shows the results from the CAS assay performed on all 24 hour samples. The values are

shown in equivalents of desferrioxamine mesylate (DXM), calculated using the calibration curve in Figure 4.

DXM equivalents
Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe -0.238 -0.244 -0.241 0.003
7349 noFe -0.240 -0.251 -0.245 0.005
7349 DIP -0.250 -0.241 -0.245 0.004
4624 Fe -0.248 -0.243 -0.246 0.002
4624 noFe -0.247  -0.243 -0.245 0.002
4624 DIP -0.250 -0.249 -0.250 0.000
623 Fe -0.249 -0.246 -0.248 0.002
623 noFe -0.262  -0.253 -0.257 0.004
623 DIP -0.256  -0.251 -0.253  0.003

cant differences across media (4624: p = 0.76; 7349: p = 0.55; 623: p = 0.12). These results
collectively confirm that the CAS assay did not reveal any positive siderophore signal in the
present samples. The observed media interference may have masked weak signals. Future
testing should include three or more biological replicates and a positive control strain known

to secrete siderophores under iron-limiting conditions, to better validate assay performance.

Ferric chloride assay results showed variable responses across strains and media. Although
all DXM values were negative after media correction, relative comparisons suggest differences
in apparent siderophore activity. Two-way ANOVA confirmed significant effects of strain
(p = 0.0003), medium type (p = 0.0021), and their interaction (p = 0.0006). Within each
strain one-way ANOVA tests revealed significant medium-dependent variation for all three

strains: 4624 (p = 0.022), 7349 (p = 0.028), and 623 (p = 0.004).
For strain 4624, the DIP condition produced significantly less negative values than Fe or noFe,

indicating stronger colour formation and a positive response to iron limitation. In contrast,

7349 showed the opposite pattern, with DIP samples being more negative—suggesting re-
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Table 9: The table shows the results from the Ferric chloride test performed on all 24 hour samples. The

values are shown in equivalents of desferrioxamine mesylate (DXM), calculated using the calibration curve in

Figure 5.
DXM equivalents
Strain  Fermentation | Rep A Rep B Mean  St.dev
7349 Fe -97.333  -96.900  -97.117  0.217
7349 nokFe -102.833  -99.867 -101.350 1.483
7349 DIP -105.767 -104.700 -105.233  0.533
4624 Fe -66.400  -72.200  -69.300  2.900
4624 noFe -63.567  -63.333  -63.450  0.117
4624 DIP -59.967  -61.200 -60.583  0.617
623 Fe -83.300  -80.500  -81.900  1.400
623 noFe -91.633  -89.367  -90.500  1.133
623 DIP -108.433 -109.067 -108.750 0.317

duced complex formation despite statistical significance. Strain 623 presented a clear trend
(Fe > noFe > DIP), but in the direction opposite of expected for siderophore activity, pos-
sibly reflecting assay interference or true suppression. As with the CAS assay, strong media
interaction may have skewed absolute readings, limiting the assay’s reliability for quantifica-
tion. Still, comparative differences, especially for strain 4624, suggest potential siderophore

secretion under DIP-induced iron stress.

A.2.3 Arnow and Rioux

Arnow assays were performed and DHBA equivalents were calculated using the calibration
curved summarised below (Table 10) Arnow assay readings were used to assess catecholate-type
siderophore activity across strains and media. Two-way ANOVA revealed highly significant
effects of strain identity (p = 1 x 107°), medium composition (p = 8 x 107%), and their inter-

action (p = 1 x 1079), supporting strong context-dependent variability.

Strain 4624 exhibited a markedly elevated response under DIP conditions, reaching over 0.04

mM 2,3-DHBA equivalents, an order of magnitude above any other sample. One-way ANOVA
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Table 10: The slope, intercept and R? values from all calibration curves for the Arnow assay is depicted. The
Arnow assay was used to test all the strains for catecholates, then on all the hourly fermentations samples taken

form the 4624 DIP A fermentation. The last Arnow run was performed on the XAD-2 purification effluents.

Slope Intercept R?

All strains tested 3.0017 0.0022 0.9999
In DIP-4624 VS time | 2.9230 -0.0027  1.0000
XAD-2 purification 27779  -0.0610  0.9999

confirmed this increase as statistically significant (p = 0.0007), and Tukey’s HSD showed DIP
> Fe (p = 0.004) and DIP > noFe (p = 0.006), while Fe and noFe were not significantly
different. In contrast, neither 7349 nor 623 showed significant changes across media (p = 0.98

and 0.17, respectively), with all values near assay baseline.

These findings support strong catechol production by 4624 under DIP-induced iron limita-
tion, while the other strains remained negative for catecholate siderophores under the tested
conditions.

Table 11: The table shows the results from the Arnow assay performed on all 24 hour samples. The values

are shown in equivalents of 2,3-dihydroxybenzoic acid (DHBA) calculated from the calibration curve in Figure

6.

DHBA equivalents
Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe 0.0029 0.0018 0.0024 0.0005
7349 noFe 0.0023 0.0023 0.0023 0.0000
7349 DIP 0.0024 0.0021 0.0022 0.0001
4624 Fe 0.0025 0.0013 0.0019 0.0006
4624 noFe 0.0066 0.0062 0.0064 0.0002
4624 DIP 0.0440 0.0351 0.0396 0.0044
623 Fe 0.0021 0.0009 0.0015 0.0006
623 noFe 0.0021 0.0026 0.0024 0.0002
623 DIP 0.0011 0.0002 0.0007 0.0005
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Rioux assay results suggest strain- and media-specific variation in catecholate-type siderophore
activity, though the reliability of the data is limited. The assay showed poor reproducibility
between replicates and saturation effects in some samples, with absorbances approaching or
exceeding spectrophotometer limits. Even for water samples in assay had high absorbances,
raising concerns about baseline interference.

Table 12: The table shows the results from the Rioux assay performed on all 24 hour samples. The values are

shown in equivalents of 2,3-dihydroxybenzoic acid (DHBA), calculated from the calibration curve in Figure 7.

DHBA equivalents
Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe 0.052  0.045 0.049 0.003
7349 noke 0.045 0.076 0.060 0.015
7349 DIP 0.019 0.056 0.038 0.018
4624 Fe 0.042 0.069 0.056 0.013
4624 noFe 0.037  0.067 0.052 0.015
4624 DIP 0.081  0.085 0.083 0.002
623 Fe 0.023 0.046 0.035 0.012
623 noFe 0.014 0.038 0.026 0.012
623 DIP 0.009 0.029 0.019 0.010

Despite this, two-way ANOVA revealed significant effects for strain (p = 0.004), medium
(p = 0.009), and their interaction (p = 0.002). Analysis within strains highlighted a signifi-
cant increase in 4624 under DIP conditions (p = 0.014), with Tukey HSD confirming DIP > Fe
and DIP > noFe. In contrast, neither 7349 (p = 0.37) nor 623 (p = 0.19) showed statistically
significant variation, despite 623 displaying a decreasing trend from Fe to DIP. The large dis-
crepancy between duplicates in 7349 (e.g., DIP A = 0.019, B = 0.056, see Figure 12) further

exemplified the variance and undermined the statistical power of the Rioux assay results.

Overall, while the Rioux assay tentatively supports increased catecholate activity in 4624 under

iron limitation, its limited reproducibility makes it less reliable for definitive conclusions.
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A.2.4 Csaky and Atkin assay

Csaky assay values were consistently negative across all samples after normalising based
on media interference. This suggests substantial interference from media components, likely
masking any true signal from hydroxamate-type siderophores. As with the CAS assay, the

data should be interpreted as comparative rather than quantitative.

Table 13: The table shows the results from the Csaky assay performed on all 24 hour samples. The values

are shown in equivalents of desferrioxamine mesylate (DXM), calculated from the calibration curve in Figure

8.
DXM equivalents
Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe -6.150 -4.150 -5.150  1.000
7349 noFe -6.150 -5.900 -6.025 0.125
7349 DIP -0.900 -3.150 -2.025 1.125
4624 Fe -3.150  -2.400 -2.775 0.375
4624 noFe -3.150  -3.900 -3.525 0.375
4624 DIP -2.150  1.350 -0.400 1.750
623 Fe -3.650 -1.650 -2.650 1.000
623 noFe -4.150 -4.650 -4.400 0.250
623 DIP -0.400 -2.400 -1.400 1.000

Despite this limitation, the two-way ANOVA still revealed significant effects for strain (p =
0.018), media (p = 0.0030), and their interaction (p = 0.016). Within-strain analysis showed
that 4624 had a significantly higher hydroxamate signal in DIP compared to both Fe and noFe
conditions (Tukey: DIP > noFe, p = 0.039; DIP > Fe, p = 0.048). This may indicate weak
hydroxamate production under DIP-induced iron limitation. Strains 7349 and 623 showed
similar directional trends, with DIP values closer to zero, but these did not reach full statis-
tical significance. For 623, DIP differed significantly from noFe (p = 0.042) but not from Fe.
Overall, the data hint at weak hydroxamate-related activity in 4624 under DIP conditions but

remain inconclusive due to assay variability and potential matrix effects.
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Atkin assay values showed minimal interference from media components, suggesting the re-

sults are more reliable and possibly quantitative. While no comparisons within strains reached

statistical significance (all p > 0.1), the two-way ANOVA revealed significant effects of both

strain (p = 0.009) and medium (p = 0.013), though not their interaction (p = 0.50).

All three strains followed a similar directional trend where DIP > Fe > noFe, with 7349

showing the clearest shift. This suggests a weak but consistent hydroxamate response under

iron-limited conditions—most evident in 7349, although still below significance with n = 2.

These findings reinforce the need for replicate expansion to confirm strain-specific siderophore

secretion patterns.

Table 14: The table shows the results from the Atkin assay performed on all 24 hour samples. The values are

shown in equivalents of desferrioxamine mesylate (DXM), calculated from the calibration curve in Figure 9.

DXM equivalents

Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe 17.667 9.833 13.750 3.917
7349 noke 6.167 6.750  6.458  0.292
7349 DIP 15.333 22.083 18.708 3.375
4624 Fe 16.333  9.250 12.792 3.542
4624 noFe 9.333 8.000 8.667  0.667
4624 DIP 22.250 15.167 18.708 3.542
623 Fe 4.167 7.750  5.958  1.792
623 noFe 6.000 1.667 3.833  2.167
623 DIP 8.833 4417 6.625  2.208
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A.2.5 Tetrazolium test

The Tetrazolium assay for hydroxamate detection was carried out in 0.5 mL sample vol-
umes within Eppendorf tubes. Upon reagent addition, the assay mixtures developed a visible
precipitate, rendering spectrophotometric quantification unfeasible. As a result, all assess-
ments were made visually, with colour development compared against known controls: 2,3-

dihydroxybenzoic acid (DHBA), desferrioxamine mesylate (DXM), and Milli-Q water.

o B A
\ DX MM
Fe nfFe DIP 0625 0.1 o.25% 160 -

(a) Unused media samples of the Fe, noFe  (b) Siderophore standards and control sample with milli-Q water
and DIP media. They all had a purple was tested with. 2,3-Dihydroxybenzoic acid (DHBA) was ap-
colour development. plied in concentrations 0.025, 0.1 and 0.25 mM, while desfer-

rioxamine mesylate (DXM) was tested at 100 M.

Figure 14: Media controls and siderophore reference samples from the Tetrazolium test. The colour develop-

ments were used to visually evaluate the fermentation samples.

As illustrated in Figure 14, Milli-Q water served as a negative control and produced only a
faint blue hue. DHBA, although primarily a catecholate, showed a pronounced turquoise-
blue colour at higher concentrations, while DXM generated a similar visual response. Despite
this cross-reactivity with catecholates, the Tetrazolium assay is typically regarded as selective
for hydroxamates, and the blue-turquoise colour seen in the standards served as a reference
for identifying positive reactions. Notably, all media-only controls exhibited a deep purple
colour with reddish undertones, distinct from the blue spectrum indicative of hydroxamate
presence. This colour development appeared to result from media components themselves and

complicated interpretation of the sample results.
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(a) 4624 fermentation samples samples. From left to right they are Fe A 9h and 24h, Fe B 9h
and 24h, noFe A 9h and 24h, noFe B 9h and 24h, DIP A 11h and 24h, and DIP B 11h and
24h.

(b) 7349 fermentation samples samples. From left to right they are Fe A 12h and 24h, Fe B
12h and 24h, noFe A 12h and 24h, noFe B 12h and 24h, DIP A 11h and 24h, and DIP B
11h and 24h.

(c) 623 fermentation samples samples. From left to right they are Fe A 9h and 24h, Fe B 9h
and 24h, noFe A 9h and 24h, noFe B 9h and 24h, DIP A 9h and 24h, and DIP B 9h and
24h.

Figure 15: The three pictures show the result of the Tetrazolium test for hydroxamate type siderophores on
the fermentation samples. A purple with red under-tones indicate a negative result, while samples showing a

more blue colour are positive results.

As shown in Figure 15, all 4624 and 623 samples developed a similarly deep purple colour
to that of the media controls, suggesting a negative result for hydroxamates. The 4624 DIP
samples showed a slight blue tinge beneath the dominant purple, possibly hinting at a weak
or obscured reaction, though not conclusively positive. 7349 and its controls also produced a
purple hue; however, the 7349 DIP A and B samples at 24 hours stood out by developing a
distinctly turquoise-blue colour. These were the only samples classified as definitively positive

for hydroxamate-type siderophores in this assay.
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A.2.6 Shenker’s assay

All samples were scanned in triplicates on the spectrum of 200 to 280 nm, giving a spectrum.
From each sample spectrum, four peaks were isolated, each within these intervals; 229-233,
244-249, 259-263, and 269-273 nm. Each peak was analysed separately and compared with
the corresponding peak in all the samples, looking for patterns. The tables below show the

data fro each of the peaks

Unfortunately no media controls were run in this assay making the possible media interference
unknown. As a consequence, though it may look as though the DIP fermentations are emitting
a different absorbance than Fe and noFe, this difference is consistent across all the four peaks
and for all the fermentation conditions. The overall conclusion is that none of the strains show
a clear production of carboxylate type siderophores.

Table 15: The table shows the results from the Shenker assay performed on all 24 hour samples. The values

are shown as the absorbance of the peak identified between 229 and 233 nm of the spectra.

Absorbance at 229-233 nm peak

Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe 0.0560  0.047 0.049 0.002
7349 noFe 0.024 0.032 0.028 0.004
7349 DIP 0.100  0.118 0.109 0.009
4624 Fe 0.062  0.037 0.049 0.013
4624 noFe 0.044 0.045 0.045 0.001
4624 DIP 0.098 0.089 0.093 0.005
623 Fe 0.047  0.035 0.041 0.006

623 noFe 0.041  0.038 0.039 0.001

623 DIP 0.077  0.077 0.077  0.000
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Table 16: The table shows the results from the Shenker assay performed on all 24 hour samples. The values

are shown as the absorbance of the peak identified between 244 and 249 nm of the spectra.

Absorbance at 244-249 nm peak

Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe 0.055 0.049 0.052 0.003
7349 noFe 0.023 0.029 0.026 0.003
7349 DIP 0.098 0.134 0.116 0.018
4624 Fe 0.063  0.046 0.055 0.009
4624 noFe 0.046  0.059 0.052 0.007
4624 DIP 0.113  0.110 0.111  0.002
623 Fe 0.041 0.046  0.044 0.002

623 noFe 0.051  0.033 0.042 0.009

623 DIP 0.078 0.084 0.081 0.003

Table 17: The table shows the results from the Shenker assay performed on all 24 hour samples. The values

are shown as the absorbance of the peak identified between 259 and 263 nm of the spectra.

Absorbance at 259-263 nm peak

Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe 0.066  0.059 0.063 0.003
7349 nokFe 0.050  0.036 0.043 0.007
7349 DIP 0.113 0.128 0.121  0.007
4624 Fe 0.091 0.061 0.076 0.015
4624 noFe 0.0564  0.068 0.061 0.007
4624 DIP 0.115 0.124 0.119 0.005
623 Fe 0.065 0.049 0.052 0.003

623 noFe 0.044 0.052 0.048 0.004

623 DIP 0.087  0.099 0.093 0.006
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Table 18: The table shows the results from the Shenker assay performed on all 24 hour samples. The values

are shown as the absorbance of the peak identified between 269 and 273 nm of the spectra.

Absorbance at 269-273 nm peak

Strain Fermentation | Rep A Rep B Mean St.dev
7349 Fe 0.060  0.057 0.058 0.002
7349 noFe 0.036  0.042 0.039 0.003
7349 DIP 0.106 0.134 0.119 0.014
4624 Fe 0.063  0.049 0.056 0.007
4624 noFe 0.056  0.060 0.058 0.002
4624 DIP 0.126  0.127  0.127  0.000
623 Fe 0.059  0.049 0.054 0.005
623 nokFe 0.050 0.040 0.045 0.005
623 DIP 0.083 0.093 0.088 0.005

A.2.7 Catecholate investigation of strain 4624

Glucose metabolism in 4624 was tracked by ion chromatography (Figure 16). All fermenta-

tions showed progressive glucose depletion, confirming active metabolism. Differences between

conditions were minimal and consistent with the OD-based growth curves (Figure 13).

Glucose (g/L)
N w H (4]

-

Fe A

Glucose metabolism in strain 4624 VS time

Time (h)

FeB —®—nofeA —e—nofFeB —e—DIPA

—e—DIP B

Figure 16: Glucose concentration in 4624 fermentations over 24 hours under different iron conditions. Glucose

depletion patterns are shown for Fe, noFe, and DIP media. All cultures exhibit rapid consumption during early

exponential growth, with DIP cultures showing slightly faster depletion. Measurements were made using ion

chromatography. Data reflect duplicate fermentations per condition.
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Catecholate levels in strain 4624 were measured throughout the fermentation using the Arnow
assay, with values expressed as 2,3-dihydroxybenzoic acid (DHBA) equivalents. Standard curve
details are provided in Table 10. Minimal catecholate production was observed in iron-rich
(Fe) conditions, while noFe fermentations showed only a modest increase. In contrast, DIP
cultures exhibited a sharp, early increase in catecholate secretion, plateauing after approxi-
mately 6 hours, indicating strong induction of siderophore biosynthesis under iron-chelating
conditions. This rise coincided with the period of most rapid glucose consumption (see Figure

16), suggesting a link between metabolic activity and siderophore production.
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Figure 17: Catecholate production in strain 4624 during fermentation under different iron conditions.
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