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Abstract: BACKGROUND: Siderophores are small molecule iron-chelators produced by 
microorganisms and plants growing mostly under low iron conditions. Siderophores allow iron 
capture and transport through cell membranes into the cytoplasm, where iron is released for use in 
biological processes. These bacterial iron uptake systems can be used for antibiotic conjugation or as 
targets for killing pathogenic bacteria. Siderophores have been explored recently because of their 
potential applications in environmental and therapeutic research. They are present in Streptomyces, 
Gram-positive bacteria that are an important source for discovering new siderophores. OBJECTIVE: 
This review summarizes siderophore molecules produced by the genus Streptomyces emphasizing 
their potential as biotechnological producers and also illustrating genomic tools for discovering 
siderophores useful for treating bacterial infections. METHODS: The literature search was performed 
using PUBMED and MEDLINE databases with keywords siderophore, secondary metabolites, Trojan 
horse strategy, sideromycin and Streptomyces. The literature research focused on bibliographic 
databases including all siderophores identified in the genus Streptomyces. In addition, reference 
genomes of Streptomyces from GenBank were used to identify siderophore biosynthetic gene clusters 
by using the antiSMASH platform. RESULTS: This review has highlighted some of the many 
siderophore molecules produced by Streptomyces, illustrating the diversity of their chemical structures 
and wide spectrum of bioactivities against pathogenic bacteria. Furthermore, the possibility of using 
siderophores conjugated with antibiotics could be an alternative to overcome bacterial resistance to 
drugs and could improve their therapeutic efficacy. CONCLUSION: This review confirms the 
importance of Streptomyces as a rich source of siderophores, and underlines their potential as 
antibacterial agents. 

  Running Title: Streptomyces siderophores 

  Keywords: siderophores; Streptomyces; actinomycetes; sideromycin; bacterial infection; Trojan horse approach. 

1. INTRODUCTION 

 Streptomyces spp are Gram-positive bacteria with 
high genomic guanine + cytosine content and are members 
of the phylum Actinobacteria [1]. These bacteria are widely 
distributed in environments (e.g. marine, plants, insect and 
soil) and characterized by hyphae, mycelial development and 
sporulation during their life cycle [1, 2]. 

Streptomycetes are currently known for the production of 
many secondary metabolites that have a crucial role for their 
survival in the soil and for the establishment of symbiotic 
associations with other organisms. These bioactive 
compounds also act as signaling molecules and function to 
eliminate competitors [3].   

The production of metabolites by these microorganisms is of 
great commercial interest due to their diverse applications in 

industries, e.g. pharmaceutical, textile, food and agricultural. 
They are important sources of bioactive molecules, including 
antibiotics, antifungal, antitumor and immunosuppressive 
compounds [4].  

Antimicrobial resistance has had dramatic impacts on public 
health systems due to the increased morbidity, mortality and 
costs of treating infectious diseases [5-8]. Furthermore, a 
failed therapy caused by resistant microorganisms is a 
burden to public health hospitals, leading to new 
consultations, diagnostic examinations, prescriptions, and 
hospital bed occupancy, thereby increasing costs [9, 10].  

There is an increasingly long list of microorganisms that are 
multidrug-resistant to different chemical classes, and no 
longer susceptible to most of the available antimicrobial 
agents. Multiple resistance mechanisms exist among Gram-
positive and Gram-negative species with clinical and high 



 

economic impacts around the world [11-14]. Thus, there is a 
continuous and growing need for the discovery of new 
antimicrobial drugs [15, 16]. 

The development of new antibiotic delivery methodologies, 
involving, for example, siderophores, represents an 
alternative for fighting the antibiotic resistance crises. These 
methodologies provide an opportunity to recycle old 
antibiotics not used in clinical practices due to toxicity or 
resistance problems and have an immense potential for the 
delivery of antibiotics into bacterial cells due to their 
biological mechanisms [17-20]. 

The siderophores are compounds widely distributed in 
microbial species including among aerobic and facultative 
anaerobic bacteria and fungi, in which they function in the 
sequestration and transport of iron [21, 22]. Apart from their 
ecological importance, there is a great biotechnology 
potential of these molecules as biocontrol, biosensor, and 
bioremediation agents as well as use in innovative strategies 
for targeting pathogenic bacteria [23, 24].  

This review that includes references since 1947 focuses on 
the potential of the genus Streptomyces as a biological 
source of siderophores with promising biotechnology 
applications, especially for targeting pathogenic bacteria. It 
also summarizes the importance of discovering new 
antibiotics exploring natural sources, Streptomyces, 
sideromycins, and siderophore-drug conjugates. Finally, it 
discusses the use of genomic approaches for identifying new 
siderophores in Streptomyces.  

2. SIDEROPHORES: DEFINITION AND 
IMPORTANCE 

Siderophores are organic compounds produced by some 
bacteria, fungi and plants that grow under low iron 
conditions. They play important roles once the 
bioavailability of iron in aerobic environments is scarce [25]. 
In order to acquire iron under these conditions bacteria 
employ, for example, a number of transport mechanisms, 
such as, siderophore-mediated iron assimilation systems with 
high binding affinity for iron [26].  

Iron is an important environmental factor for the growth of 
plants, microbial organisms and animals [27]. Iron occurs as 
ferrous (Fe+2) or ferric (Fe+3) forms and the conversion 
between these two oxidation states is involved in important 
biological processes such as ATP biosynthesis, oxygen 
metabolism, DNA and RNA syntheses and biofilm formation 
[24, 28]. Basically, siderophores solubilize the ferric iron 
from different terrestrial and aquatic habitats and thereby 
make it available for microbial and plant cells [29].  

There is a constant battle between invading pathogenic 
bacteria and the host for iron with the host limiting iron 
availability and the bacteria secreting siderophores to 
sequester the iron. The host secretes lipocalins to interfere 
with siderophore iron acquisition but the bacteria produce 

stealth siderophores as a counter move and this leads to 
neutralization of the reactive oxygen system and 
myeloperoxidase inhibition and an impaired host response. 
The resistant bacteria then multiply and the changes to the 
microbiota can lead to acute inflammatory insults and 
diseases like inflammatory bowel disease and colorectal 
cancer [18-19]. 

Iron can also be toxic as it is related to hydroxyl free radical 
generation Fe+2 reacts with H2O2 to form a hydroxyl radical. 
This radical binds to sugars, amino acids, phospholipids, 
DNA bases, and organic acids and once accumulated can 
lead to cell death [30]. Thus, this metal metabolism process 
is controlled by physiological and environmental conditions 
based on the metal concentration. It must be tightly regulated 
to avoid the formation of reactive oxygen species [31]. High 
concentrations of this metal lead to a shutdown of expression 
of many genes involved in iron uptake during iron limitation 
conditions [32]. 

Iron homeostasis in bacteria is finely controlled to mediate 
sufficient iron uptake but preventing toxicity resulting from 
excess iron enhancing reactive oxygen radical production. In 
many bacteria, a regulator (fur) of ferric acquisition senses 
Intracellular iron levels and acts as the controlling 
transcription factor for iron homeostasis. Excessive 
intracellular iron results in a Fur-Fe2+ complex forming to 
inhibit transcription of siderophore iron acquisition genes, 
and so represses excess iron entry into the cell [18]. 

Siderophores are a group of structurally diverse small 
molecules (typically 500- to 1,000-Da) containing metal-
chelating motifs that can be classified as: (i) hydroxamates, 
C [=O]N-[OH], which chelate ferric iron via a carbonyl 
group with an adjacent nitrogen; (ii) catechols, that bind 
ferric iron via hydroxyl groups, each catecholate group 
providing two oxygen atoms for chelation with iron; (iii) 
carboxylates, where iron binding is via hydroxyl-carboxylate 
and carboxylates and (iv) mixed-type siderophores that have 
both catechol- and hydroxamate-binding moieties [33]. 

The use of xenosiderophores as an uptake system has also 
been reported in bacteria. By using this system, also known 
as siderophore piracy, the microorganisms use siderophore 
produced by other microbial species in a competitive 
environment [34, 35]. Siderophore piracy involving 
Streptomyces was reported by Galet et al. (2015) showing 
that Pseudomonas fluorescens strain BBc6R8 utilizes the 
ferrioxamines and ferricoelichelin produced by Streptomyces 
ambofaciens ATCC 23877 as xenosiderophores. 

Several siderophore mechanisms for transport, storage, and 
uptake of iron have been reported and differ depending on 
the organism involved. Gram-positive and Gram-negative 
bacteria use different siderophore-mediated Fe transport 
mechanisms. Basically, Gram-negative bacteria require a 
multistep process for siderophore uptake that involves:  

 



 

 

 

 

 

a) a specific TonB-dependent outer membrane transporter 
that recognizes the Fe+3- siderophore complexes at the cell 
surface, b) a periplasmic binding protein (PBP) that binds the 
ferric-siderophore in the periplasmic space, and c) and a 
ABC transporter to transfer the ferrous complex within the 
cytoplasmic membrane [36, 37].  

Iron transport in Gram-positive bacteria involves 
lipoproteins, called siderophore-binding proteins or SBPs, 
which are anchored to the cell membrane. An SBP binds 
extracellular Fe-siderophores causing a conformational 
change in a SBP-permease complex that allows the transport 
of the ferric-siderophore complex across the membrane into 
the cytoplasm [38, 39]. 

3. Streptomyces: A NATURAL SOURCE OF 
SIDEROPHORES AMONG BACTERIA 

Several reviews have highlighted the significance of 
Streptomyces secondary metabolite production and their 
biotechnology applications [40, 41, 42, 43]. However, less 
attention has been given to siderophore molecules produced 
by this genus. Identification of siderophores in Streptomyces 
from different sources and locations is an unexplored field 
that merits more attention. This section highlights valuable 
and interesting siderophores isolated from Streptomyces 
(Figure 1). The Siderophore Base is a Web Data Base of 
Microbial Siderophores available at 
http://bertrandsamuel.free.fr/siderophore_base/siderophores.
php and allows the search for microbial siderophores and  

 

 

 

 

collates hundreds of known siderophore structures and the 
microorganisms that produce them. Some of the different 
types of siderophores produced by Streptomyces, and some 
other bacterial species are illustrated in Figure 1, labelled 1 
to 10. 

Enterobactin (1), a tricatecholate siderophore was first 
isolated by bacteria of the family Enterobacteriaceae family, 
including Salmonella typhimurium and E. coli, and is one of 
the most studied siderophore systems. This molecule is also 
produced by Streptomyces tendae and Streptomyces sp. Tü 
6125 [44]. 

Fradiamine A (2) and B are natural siderophores produced 
by the deep-sea Streptomyces fradiae MM456M and have 
shown moderate antibiotic activity against Clostridium 
difficile [45]. Other examples of siderophores isolated from 
marine environment are the catechol-type siderophore, 
streptobactin (5) and benarthin (6), isolated from 
Streptomyces sp. YM5-799 and the oxazole/thiazole 
derivatives, named tetroazolemycins A and B isolated from 
Streptomyces olivaceus FXJ8.012 [46, 47]. 

The siderophore pyochelin (3) is typically produced by 
members of the family Enterobacteriaceaea such as the 
opportunistic pathogen Pseudomonas aeruginosa and 
besides iron chelation and uptake roles, these molecules 
seem to be involved in infection and interactions with other 
biological ions [48]. The production of pyochelin by 
Streptomyces scabies 87-22 was also reported [49]. 

Figure 1: Examples of hydroxamate (green), catechols (blue), carboxylate (red) and mixed type siderophores produced by Streptomyces 
spp. 1- Enterobactin (S. tendae); 2- Fradiamine A – (S. fradie); 3- Pyochelin (S. scabies); 4- Ferrithiocin (S. antibioticus); 5- Streptobactin 
and 6- Benarthin (Streptomyces sp. YM5-799), 7- Coelichelin (S. coelicolor); 8- Desferrioxamine B (S. coelicolor and S. pilosus; 9- 
Qinichelin (S. sp. MBT76) and 10- Foroxymithine (S. nitrosporeus). 



 

 

Desferrithiocin, also named ferrithiocin (4), is a thiazol 
siderophore isolated from Streptomyces antibioticus that 
exhibits anti-tumor cell proliferation activity and also has 
shown potential application in iron chelation therapy. This 
siderophore is an orally available iron chelator that is an 
attractive alternative for clinical treatment in iron overload 
disorders [50, 51]. 

Coelichelin (7) is a tris-hydroxamate siderophore from 
Streptomyces coelicolor and Streptomyces ambofaciens 
ATCC28377 [52]. S. coelicolor also produces 
Deferoxamines, also known as desferrioxamine B (8), that 
are siderophores with low-molecular-weights, produced and 
secreted by many actinomycetes, including species of 
Streptomyces, Nocardia and Micromonospora. These 
molecules are trihydroxamate-type siderophores synthesized 
by using the amino acids lysine and ornithine as precursors 
[53, 54].  

Desferrioxamine (DFO, Desferal®), a siderophore produced 
by Streptomyces pilosus, is a commercially available 
siderophore (Novartis Pharma AG, Basel, Switzerland). It 
has been used for the treatment of patients with iron and 
aluminum over-load and pathological iron deposition in 
humans such as occurs in hemochromatosis and β-
thalassemia disease [55]. S. pilosus can produce and take up 
ferrioxamines B, D1, D2 and E, whereas S. viridosporus, S. 
lividans and S. olivaceus TÜ 2718 differentially produce and 
take up a range of ferrioxamines [55-58].  

Desferrioxamine can be used to combat bacterial infection, 
but also has antiproliferative activity against leukemia and 
neuroblastoma cells in vitro and in vivo, anti-tumor activity,  

 

and can reduce inflammation and atherosclerotic lesions in 
animals [56-58]. 

Mixed type catecholate–hydroxamate siderophores named 
qinichelins (9) were identified in Streptomyces sp. MBT76, a 
prolific producer of antibiotics, such as isocoumarins, 
prodiginines, acetyltryptamine, and fervenulin [59]. This 
strain also produced C-Glycosylpyranonaphthoquinone 
molecules active against Gram-positive bacteria [60].  

Another promising siderophore is foroxymithine (10), a 
trihidroxamate peptide and a potent chelator of the ferrous 
ion, produced by Streptomyces nitrosporeus and originally 
isolated as an inhibitor of angiotensin-converting enzyme; 
this siderophore also exhibits antineoplastic activity in 
combination with erbstatin [61, 62].  

 

4. POTENTIAL BIOTECHNOLOGICAL 
APPLICATIONS OF SIDEROMYCINS 

4.1. Natural occurrence of sideromycins in Streptomyces 

Sideromycins are a class of antibiotics in which the 
bactericidal warhead is covalently linked to an antibiotic 
moiety attached to a siderophore (Figure 2). They represent 
an antibiotic delivery technology with untapped potential for  

developing sophisticated microbe-selective antibacterial 
agents [63]. A search of the literature revealed that there are 
over 500 siderophores reported but many fewer 
syderomycins have been recently discovered. Examples of 
most known naturally occurring sideromycins in 

Table 1: Antimicrobial activity spectrum of the most known Sideromycins. 

. Sideromycin Chemical class Chemical Structure Antimicrobial Spectrum 
Gram + Gram - 

Albomycin cathecolate 

 

Active Active 

Salmycin hydroxamate 

 

Active Inactive 

Ferrimycin hydroxamate 

 

Active Inactive 



 
Streptomyces include albomycins, salmycins, ferrimycins, 
danomycins, and succinimycin (Table 1) [64-65].  

Albomycins were among the first sideromycins to be 
characterized (e.g. Grisein [66]) and are produced by soil 
dwelling actinomycetes such as Streptomyces griseus ATCC 
700974 [67]. They belong to the peptidyl nucleoside family 
and are the biosynthetic products of the conjugation of a 
thioribosyl nucleoside moiety linked to an iron-chelating 
siderophore mediated by an amide group [68].  

Albomycins are broad-spectrum antibiotics highly effective 
against Gram-positive and Gram-negative bacteria such as 
the human pathogen Streptococcus pneumoniae causing 
pneumonia, meningitis, bacteremia, and otitis. Albomycin 
shows high antimicrobial activity with MICs as low as 10 
ng/µL and only 5 ng/ml against Escherichia coli, much 
lower than that of ampicillin (100 ng/ml) [63]. They can now 
be effectively synthesized and analogues tested against 
clinical pathogens such as Streptococcus pneumoniae and 
Staphylococcus aureus infections ) [69].  

Salmycins are a class of naturally occurring “Trojan Horse” 
antibiotics produced by a particular strain of Streptomyces 
violaceus and consisting of a ferrioxamine B derivative, also 
called danoxamine and an aminodisaccharide (Figure 2). 
Salmycins A-D exhibit potent antibacterial activity against 
resistant Staphylococcal and Streptococcal strains and are 
used in clinical treatment of respiratory tract, urinary tract 
infections and other conditions [70]. However, salmycins do 
not show activity against Gram-negative bacteria [71]. 

Figure 2: The chemical structure of a Siderophore-drug conjugate. 

 

Ferrimycins, produced by S. griseoflavus (e.g. A1, A2, and B 
isolated from S. griseoflavus ETH 9578), are only active 
against Gram-positive bacteria [64, 72, 73]. When 
inactivated, the ferrimycins are transformed into compounds 
which possess the same properties as sideramines, the 
molecules that competitively antagonise the antibiotic effect 
of the sideromycins [74]. 

Another important member of the sideromycin class is 
Danomycin, a polypetide antibiotic con-taining iron, first 
identified in Streptomyces. albaduncus sp 13246. These 
molecules are closely related to the salmycins and are 
narrow-spectrum antibiotics, active against Gram-positive 
bacteria such as resistant Staphylococcus strains, but not 
against Gram-negative bacteria or fungi (Table 1) [75]. 

Succinimycin, is a sideromycin described by Haskell in 1963 
and is produced by Streptomyces olivochromogenes. This 
molecule has activity against Gram-positive bacteria 

including staphylococci and streptococci strains and shows 
cross-resistance with grisein [76]. 

4.2. Drug design of Sideromycins 

Taking these natural antibiotics as a model, many researchers 
began to develop a strategy in which natural siderophores or 
synthetic analogues are used for drug delivery [77]. This 
mechanism aims to accelerate the uptake of antibiotics by 
bacterial cells, especially in Gram-negative strains. These 
artificial conjugate siderophore-drugs greatly increase the 
effectiveness of known antibiotics and the concept is known 
as the Trojan Horse approach. Recent reviews emphasizing 
the importance of siderophores in the “Trojan Horse” 
approach have been published [78-82]. Negash et al. [83] 
have also emphasized the potential importance of this 
approach for treating multi-drug resistant Gram-negative 
pathogens recently. 

Membranes are physical barriers protecting the cell and 
transmembrane uptake systems act as gates for many 
molecules. , By using a nutrient delivery pathway, the outer 
membrane therefore no longer acts as a permeability barrier 
for the entry of antibiotics, and on the contrary, the rate of 
entry is increased, through active transport, beyond the 
diffusion rate [82, 84].  

Natural siderophores or synthetic analogue examples include 
catecholate, hydroxamate, and carboxylate siderophores 
types; and glycopeptides, macrolides, fluroquinolones and β-
lactams drugs. Siderophore-drug conjugates have three 
components systems consisting of a siderophore, linker, and 
the drug (Figure 2). The linker features are an essential 
component of the conjugate. The physical properties of 
linkers must be taken in consideration during the 
siderophore-drug conjugate design once it affects the 
efficiency of conjugation to antibiotics, and the drug release 
into the cell to give optimal affinity for the biological target 
[81-83, 85]. 

Most antibiotic conjugates designed to overcome antibiotic 
membrane permeability problems have used siderophores of 
either the catecholate- or hydroxamate-types (Table 2). 
These have been used as delivery vehicles aimed to target 
Gram-negative bacteria, especially P. aeruginosa, a 
pathogenic bacterium with a low permeability of the cell 
envelope causing natural resistance to many frontline 
antibiotics available for clinical treatment. 

The design, synthesis, and characterization of synthetic 
sideromycins are reported in literature, and these include 
enterobactin-ampicillin and -amoxicillin conjugates. Under 
conditions of iron limitation, these siderophore-modified 
antibiotics provide enhanced antibacterial activity against 
uropathogenic E. coli CFT073 and UTI89, 
enterohemorrhagic E. coli O157:H7, and enterotoxigenic E. 
coli O78:H11, compared to the parent β-lactams [86]. 

Ji and Miller (2012) have designed a potential esterase 
triggered conjugate, desferrioxamine B-ciprofloxacin, and 
evaluated it for the ability to inhibit bacterial growth. The 
conjugate had the potential to use active iron transport 
processes to deliver the antibiotic to bacteria cells with  

moderate to good antibacterial activities against E. coli and 
P. aeruginosa [87]. 

 



 

 

Wittmann and coworkers have synthesized catecholates and 
mixed catecholate hydroxamate amino acids demonstrating 
high siderophore activity. These siderophore analogues were 
coupled with the β-lactam antibiotics ampicillin, amoxicillin, 
cephalexin or cefaclor. Both siderophore and siderophore-
drug conjugates were tested for antibacterial activity and the 
siderophores alone were generally inactive while conjugates 
were highly active against the Gram-negative bacteria P. 
aeruginosa and Strenotrophomonas maltophilia but 
exhibited low activity against the Gram-positive strain S. 
aureus SG 511 [88]. 

Another study aimed to target pathogenic P. aeruginosa was 
performed by Hennard and coworkers in 2001 in which they 
synthesized four siderophore-based antibiotics formed by 
two quinolones - norfloxacin and benzonaphthyridone - 
linked to the pyoverdin of P. aeruginosa ATCC 15692.  Iron 
transport experiments showed that this conjugate promoted 
iron uptake in P. aeruginosa ATCC 15692 with a MIC lower 
than the MIC of free fluoroquinolone [89].  

A series of conjugates was synthesized by Milner and 
coworkers using the carboxylate-type siderophore named 
Staphyloferrin A conjugated to a fluoroquinolone 
(ciprofloxacin and norfloxacin) antibiotic linked via amide 
bond formation. The conjugates were analyzed with a series 
of pathogenic bacteria with only some activity recorded 
against fluoroquinolone-susceptible strains but not 
ciprofloxacin- or norfloxacin-resistant bacteria [90]. These 
data indicated that the resistance mechanism already 
overcome this new molecule antimicrobial effect, needing 
further studies and different conjugates to explore better 
strategies to surpass this issue. 

Paulen and coworkers reported the synthesis of conjugates of 
pyochelin with oxazolidinone antibiotics linked by succinate  

 

[91] while Noël and coworkers conjugated functionalized 
Pyochelin with fluoroquinolones, including norfloxacin, 
ciprofloxacin and N-desmethyl-ofloxacin, which showed 
weak antibacterial activities against several P. aeruginosa 
strains [92]. 

A phase 3 clinical trial treating complicated human urinary 
tract infections with cefiderocol, the first siderophore 
antibiotic to reach late-stage development, has recently been 
reported (98). This synthetic compound has a siderophore 
catechol moiety attached to a cephalosporin molecule. 
Additionally, cefiderocol is stable against all classes of β-
lactamases and the combination of efficient cell entry and 
stability to β-lactamase hydrolysis allows cefiderocol to 
overcome the three main mechanisms of antibiotic resistance 
used by Gram-negative bacteria against β-lactams: 
enzymatic hydrolysis, porin channel mutation, and efflux 
pump overproduction (99). The clinical trial indicated better 
clinical outcomes for cefiderocol treatments compared to 
treatments with Imipenem-cilastatin, the β-lactam based drug 
frequently used in these cases.  

Another approach by Liu et al. [100] adopted a dual drug 
conjugate with a siderophore linked to a cephalosporin in 
turn attached to oxazolidinone. The cephalosporin is 
hydrolyzed by β-lactamase to release the oxazolidinone to 
inactivate Gram-negative targets. The authors described this 
process as induction of suicide in Gram-negative bacteria by 
a Gram-positive antibiotic.  

Overall, these studies indicate that a Trojan horse delivery 
strategy should be explored further to target pathogenic 
bacteria, especially Gram-negative pathogens. Given the 
range of siderophores produced by Streptomyces, many new 
and effective siderophore-antibiotic conjugates could be 
designed and synthetized for treating infectious diseases 

Table 2: Siderophore drug-conjugates and target bacteria. 

Siderophore Antibiotic Linker Target bacteria Ref 
Catecholate-hydroxamate 

mixed ligand carbacephalosporin succinyl Acinetobacter baumannii [54] 

Enterobactin ampicillin/amoxicillin polyethyleneglycol E. coli [86] 

DfoB* ciprofloxacin “trimethyl lock” Bacillus subtilis, S. aureus, 
E. coli, P. aeruginosa [87] 

Pyoverdine quinolones spacer arms P. aeruginosa [89] 

Staphyloferrin A fluoroquinolone Amide linkage 
S. aureus, E. coli, 

P. aeruginosa, Burkholderia cepacia, 
Serratia marcescens 

[90] 

Pyochelin analogue oxazolidinone succinic P. aeruginosa [91] 

DfoB/ catecholate and 
hydroxamate mixed 

ligand 
fluoroquinolone Quinone “trimethyl 

lock” /succinic 

B. subtilis, S. aureus, 
Micrococcus. luteus, E. coli, 
P. aeruginosa, A. baumannii 

[93] 

Pyochelin norfloxacin succinic P. aeruginosa [94] 

Hydroxamate β-lactams / 
fluoroquinolone succinoyl S. aureus [95] 

Desferrioxamine B 
(DfoB) 

loracarbef, 
ciprofloxacin, and 

nadifloxacin 
maleimide B. subtilis, S. aureus, 

M. luteus, P. aeruginosa [96] 

Synthetic fimsbactin A 
analog daptomycin amide linkage A. baumannii [97] 



 
caused by Gram-positive and Gram-negative bacteria (Table 
2). 

5. Identification of siderophores by using genomic 
approaches: a feasible strategy 

Many bioactive  molecules  have  been  discovered  and 
characterized by using genomic information together with in 
vitro and in vivo techniques such as metabolite purification, 
comparative genomic profiling, gene knockout and 
heterologous gene expression [101, 102].  

The continual deposition of the complete genomes of 
microorganisms in databases and improvements in 
bioinformatic software contribute to the increase in the 
identification of potential new pathways for secondary 
metabolite biosynthesis. Several publications describing 
genomic sequences of Streptomyces species have been 
published due to their importance for the production of 
enzymes, antibiotics and other drugs and also for ecological 
and biodiversity studies [67]. Streptomyces is one of the 
most highly sequenced bacterial genera, with hundreds of 
draft genomes in the GenBank database [103]. 

Two bioinformatic strategies can be used to identify gene 
clusters related to biosynthetic pathways of siderophores as 
well as for other bioactive molecules: a) the search for 
conserved genes that are associated with the production of 
enzymes and secondary metabolites classes of antibiotics 
produced and b) the use of algorithms to associate the 
presence of clusters with specific Siderophores that are 
synthesized by members of the non-ribosomal peptide  

synthetase (NRPS) family [104, 105]. This family presents 
an array of functional multi-domains and catalyzes partial  

reactions of peptide synthesis [106]. NRPS are widely 
produced by bacteria, but mainly by the actinobacteria and 
filamentous fungi and are related to the production of 
various antibiotics such as penicillin, cephalosporin and 
vancomycin [107]. Siderophores generated by NRPS 
enzymes are primarily composed of amino acids, including  

 

 

nonproteinogenic amino acids, linked by peptide bonds. In 
contrast, hydroxamate and carboxylate siderophores are 
assembled mostly by NRPS-independent mechanisms [108]. 
Siderophore biosynthesis may also involve polyketide 
synthase (PKS) modules to include other functionalities into 
the backbone. These mechanisms are reported in the 
biosynthesis of some antibiotics such as erythromycin, 
rapamycin and rifamycin [109]. 

Many tools are available for in silico identification of NRPS 
and PKS gene clusters [110]. The antiSMASH program is a 
free online software used for the automated identification of 
gene clusters involved in biosynthesis of secondary 
metabolites in genomes of bacteria and fungi [111]. This tool 
is frequently used for genome mining in Streptomyces to 
identify clusters involved in the biosynthesis of polyketides, 
non-ribosomally synthesized peptide antibiotics, 
bacteriocins, and siderophores. It also allows the 
investigation of clusters whose products are unknown but 
possibly involved in the biosynthesis of a new secondary 
metabolite [112]. Methodologies involving gene cloning, 
heterologous expression, metabolite extraction, purification 
and chromatographic analyses are required for the 
identification of the final product [113].  

The first example of a siderophore predicted through rational 
genome mining and later confirmed by gene knockout with 
comparative metabolic profiling was coelichelin, a 
siderophore encoded by the Streptomyces coelicolor 
genome. An NRPS system was also identified for assembly 
of this tetrapeptide iron chelator [114].  

Nocardamin is a hydroxamate siderophore, first isolated 
from  a  Nocardia  strain  and  later  identified  in  other 
actinomycetes. The genome of Streptomyces avermitilis has 
a putative biosynthetic gene cluster for nocardamin and a 
desferrioxamine derivative [115]. S. avermitilis MA-4680 is 
well known for producing a variety of antibiotics such as the 
avermectins and oligomycin and its genome analysis led to 
the identification of 37 gene clusters involved in secondary  
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Strain GenBank 
accession number From (bp) To (bp) 

Siderophore 
biosynthetic gene 
clusters predicted 

(% similarity) 
S. avermitilis MA-4680 NC_003155.5 6378181 6389953 Grincamycin (83%) 

S. lividans TK24 NZ_CP009124.1 5290107 5301891 Enduracidin (83%) 
S. albus J1074 NC_020990.1 4740450 4752270 unknown 

S. griseus subsp.griseus NBRC 13350 NC_010572.1 5573822 5585600 unknown 
S. davawensis JCM 4913 HE971709.1 6101969 6113741 Grincamycin (83%) 
S. laurentii ATCC 31255 AP017424.1 2643751 2669872  unknown 

S. rapamycinicus NRRL 5491 CP006567.1 5052198 5063985 unknown 
S. venezuelae ATCC 10712 NC_018750.1 2794973 2806751 unknown 

S. lydicus strain 103 CP017157.1 2381075 2392883 unknown 
S. bingchenggensisBCW-1 NC_016582.1 7742586 7808875 unknown 

S. griseochromognes ATCC 14511 CP016279.1 9562300 9574069 Marineosin  (83%) 
S. cyaneogriseus subsp. noncyanogenus NMWT CP010849.1 2968691 2980460 unknown 

S. coelicolor A3(2) AL645882.2 3033895 3045682 Enduracidin (83%) 

Table 3: Gene annotation of Streptomyces species whole genomes using the antiSMASH 4.0 platform database showing the 
highest similar biosynthetic cluster hits possibly encoding for siderophores compounds. 



 

metabolite biosynthesis [116, 117]. 

Gubbens and coworkers reported three novel catecholate-
hydroxamate siderophores termed qinichelins in the 
antibiotic producing Streptomyces sp. MBT76. The 
elucidation of the chemical structure of these molecules 
encompassed bioinformatics, mass spectrometry, and NMR 
strategies. An in silico examination showed three gene 
clusters in the genome producing catecholate-peptide 
siderophores and another cluster producing a shared 
catecholate precursor. The authors also identified 55 putative 
biosynthetic gene clusters related to secondary metabolites 
by using the antiSMASH platform [59]. 

Park and coworkers have identified, by using a mass 
spectrometry together with a bioinformatic approach, a 
cyclic siderophore peptide from Streptomyces peucetius 
ATCC 27952 by studying functional cryptic genes and by 
analysis of the secretome, especially of NRP-type secondary 
metabolites [118]. This strain also produces anticancer 
anthracyclines and its genome contains an estimated 68 
putative secondary metabolite gene clusters. [119]. 

Genome mining studies revealed that the plant pathogen 
Streptomyces scabies has several clusters encoding the 
production of siderophores. In this context, Kodani and 
coworkers (2013) isolated the siderophore scabichelin and 
also characterized the biosynthetic gene cluster that encodes 
the NRPS peptide [120].  

Another study revealed that Streptomyces sp. ATCC 700974 
and S. griseus strains, synthesize a catechol-peptide 
siderophore, namely griseobactin. The gene cluster for the 
biosynthesis of griseobactin was also described using 
bioinformatic tools. This is the first report identifying the 
gene cluster for the biosynthesis of 3,4-dihydroxybutyric 
acid and a catechol siderophore in Streptomyces [121]. 

In this perspective, a brief sequence analysis of several 
representative Streptomyces complete genomes available at 
GenBank was performed using the antiSMASH platform 4.0 
revealing high similarity hits with biosynthetic gene clusters 
coding for siderophore compounds. Particularly, strains such 
as S. avermitilis MA-4680, S. lividans TK24 and S. 
griseochromognes ATCC 14511 contain gene clusters with 
high sequence similarity to gene clusters specifying 
synthesis of the siderophores such as Grincamycin (83%); 
Enduracidin (83%) and Marineosin (83%) (Table 3). 
Meanwhile strains like S. laurentii ATCC 31255, S. 
bingchenggensis BCW-1 and S. cyaneogriseus subsp. 
noncyanogenus NMWT have unknown biosynthetic gene 
clusters that potentially encode for a novel streptomycete 
siderophores (Table 3). These in silico results reinforced that 
bioinformatics approaches may help on the identification of 
the closest possible antimicrobial siderophore compounds 
produced by Streptomyces strains. 

These data also illustrate the power of genome mining in 
discovering novel secondary metabolites that would be 
interesting to investigate in more detail. Genome mining, 
however, is dependent on algorithms such as antiSMASH 
identifying homology with existing known siderophore 
biosynthetic gene clusters. Any such prediction requires 
experimental validation by purifying the product of the 
cluster and proving its activity as an iron chelator. A 
limitation to this approach is that mining will be unlikely to 
predict a cluster that specifies a previously unknown 

molecular structure that may have iron-chelating siderophore 
activity. But, clearly, the accuracy of any predictive 
algorithm will improve as databases relating gene clusters to 
their products with known activities expand. 

CONCLUSION 

Bacterial antibiotic resistance represents a global issue to 
deal with as it is leading to a crisis in public health systems. 
Thus, new methodologies, strategies and bioactive 
compounds are urgently needed. Since iron uptake is 
essential for microbial survival, the targeting of siderophore 
biosynthesis pathways could be a strategy for new 
antimicrobial therapies. Moreover, siderophore-antibiotic 
conjugates represent an exciting way to repurpose old 
antibiotics and overcome uptake resistance mechanisms.   

Siderophore biology is a growing and exciting field of 
research, with new siderophores constantly being discovered 
from Streptomyces and other bacteria. The use of genome 
mining represents an important tool for identification of new 
bioactive siderophores 
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