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1 Introduction 
1.1 Chemical mediators in complex biosystems 

Small molecules are an integral part of the language of (microbial) life. They mediate 

interactions that strongly affect community organization, population structure and ecosystem 

function.1 The assumption that the majority of low molecular weight organic compounds 

secreted by microbes actually act as cell-signaling molecules in the environment,2 reflects their 

ecological significance. Chemical mediators influence every aspect of life and determine 

whether an organism will feed on, be eaten by, mate with, be infected by, chase, evade or defend 

against other organisms next to it. These cues are extremely powerful and act within and 

between species of all kingdoms of life. A demonstrative example are male crabs, which attempt 

to mate with a bath sponge or stone, if soaked with the pheromones of a receptive female.3,4 

Mating in crustaceans is highly dependent on chemical mediators, that do not only enable mate 

finding from a far distance, but also prevent cannibalism during mating time.1,5 Pheromone-

based intraspecific communication has been known for decades and countless other examples 

could be named, especially from insects.6–8 Chemically mediated interspecific interactions are 

often more difficult to assess, but are ecologically just as important. One example is the 

settlement and metamorphosis of coral larvae that are highly depend on chemical cues secreted 

by crustose coralline algae. While bacterial biofilms may induce  metamorphosis in the larvae, 

only algal exudates seem to also induce settlement, which is indispensable for the juveniles’ 

survival.9 This further reflects the specificity of the interaction. Another example highlighting 

the importance of interkingdom communication for a species’ success, is the interaction 

between the macroalga Ulva mutabilis and its symbiotic bacteria. Morphogenesis and growth 

of the alga absolutely depend on the combination of two bacterial species.10,11 Without their 

exudates, U. mutabilis gametes cannot differentiate and form calamitous callus-like structures. 

The described examples delineate positive interactions, but negative interactions are just as 

impressive. For instance, diatoms were found to release polyunsaturated aldehydes upon 

predation that will accumulate in the herbivores’ gonads and thereby hinder their reproductive 

success.12 All these examples illustrate the tremendous role of chemical mediators in intra- and 

interspecies interactions. The nature of the involved molecules is amazingly diverse and often 

remains unknown, due to low concentrations, rapid degradation or complex cocktails that 

trigger a certain reaction, instead of a pure compound.1 Unravelling the complex interactions 

based on these compounds is an intriguing prospect that will help understanding community 

structures and their changes. This is especially important with respect to climate change. Being 
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able to predict and/or direct community shifts may help reducing its negative effects on various 

ecosystems.   

1.2 Interactions between diatoms and bacteria 

Diatoms and bacteria have been coexisting in aquatic habitats for more than 200 million years.13 

Their long coevolution is even reflected in the diatoms’ genomes that include an astonishing 

high level (≥5%) of bacterial genes acquired via horizontal gene transfer.14 It is thus not 

surprising that diatoms and bacteria have developed intimate interactions. These are based on 

chemical mediators of known and unknown nature.15 Nutrient exchange is common and often 

represents the basis for mutualistic interactions. One prominent example of such metabolic 

cross-feeding are bacteria that provide vitamin B12 to diatoms and obtain photosynthetically 

fixed carbon in exchange.16 More than 50% of all algae are vitamin B12 auxotrophs and thus 

absolutely depend on an external supply.16 The vitamin is required for methionine synthesis by 

organisms that do not harbor a vitamin B12-independent methionine synthase. That is why 

diatoms either have to omit their requirement for vitamin B12 or to acquire it from bacteria 

which are able to produce it de novo. Another intimate interaction has been described between 

the diatom Pseudo-nitzschia multiseries and associated Sulfitobacter species.17 The bacteria 

were found to use endogenous as well as diatom-secreted tryptophan for the biosynthesis of the 

hormone indole-3-acetic acid. This compound promotes algal cell division and further acts as 

signaling molecule between both species. In return, the diatoms excrete organosulfur 

compounds that are metabolized by the bacteria, supporting their growth. The interaction is 

highly complex and specific, with different bacteria having no inducing growth effect on P. 

multiseries.  

Only relatively few bacterial genera are found in association with diatoms and most of them 

belong to the Proteobacteria and Bacteroidetes.13,18–20 This leads to the assumption that the 

involved interactions are rather species-specific.21 Indeed, transplant experiments showed that 

bacteria that had a beneficial effect on their native host, would have a negative, i.e. parasitic, 

effect on some “foreign” diatoms.20 It appears that diatoms can select and cultivate the bacteria 

that will be most beneficial to them. This happens within the phycosphere, which is the zone 

directly surrounding the algal cell.22,23 The phycosphere is confined from the surrounding fluid 

in that it does not mix. It therefore readily accumulates metabolites secreted by the algal cell. 

A unique aquatic microenvironment is created, that will attract certain bacteria and become a 

hotspot for interkingdom interactions. The involved metabolites produced by both partners are 

2



Introduction 

   

 
 

often lipophilic to amphiphilic. This characteristic (i) minimizes their diffusive loss and (ii) may 

facilitate their uptake by either partner.13  

Considering the facts that diatoms are responsible for about 20% of total primary production 

on Earth24 and that their proliferation is significantly influenced by co-occurring bacteria, 

diatom-bacteria interactions appear to be of global importance. Their study will enrich our 

understanding on the occurrence of algal blooms, a recurrent phenomenon with significant 

ecological implications. 

 

1.3 Diatoms and their need for iron 

Some 30 years ago, it was postulated that primary productivity in the ocean is essentially limited 

by iron in a way that phytoplankton cannot take advantage of the excess surface nitrate and 

phosphate.25,26 This would, at least partly, cause high nutrient-low chlorophyll regions that 

cover >20% of the Earth’s oceans.27 These regions are characterized by rather constant 

phytoplankton biomass, while spring blooms are rare and macronutrients are never absolutely 

depleted. It was further suggested that iron fertilization of the ocean should result in massive 

phytoplankton blooms, especially in these regions.28 This “iron hypothesis” could indeed be 

confirmed in numerous large-scale experiments.29  

The reason for this apparent insatiable need for iron lies in the fact that life on Earth originated 

in an anaerobic atmosphere. Under these conditions, the transition metal mainly occurs in the 

oxidation state Fe2+ (ferrous iron), which is soluble (0.1 M at pH 7) and highly bioavailable. 

Under aerobic conditions, however, iron mainly occurs as Fe3+ (ferric iron), which is extremely 

insoluble (1.4 x 10-9 M at pH 7) and therefore hardly bioavailable.30 Besides its high abundance 

and bioavailability in the pre-photosynthetic era, iron also exhibits a unique redox and 

coordination chemistry, which promoted its incorporation into proteins as versatile co-factor. 

Examples of iron-containing prosthetic groups are the widely distributed and functionally 

diverse iron-sulfur clusters and hemes (iron-porphyrin clusters).31 Around 10% of all 

characterized enzymes and over 80% of known oxidoreductases use iron, mainly in their 

catalytic centers.32 As a result, iron is involved in many biological key processes, including 

photosynthesis, respiration, N2 fixation, the tricarboxylic acid cycle and DNA biosynthesis and 

has become indispensable for virtually all life.33 There are only extremely few organisms that 

do not require iron for survival, such as Borrelia burgdorferi, the causative agent of lyme 

disease,34 and Lactobacillus plantarum.35 The onset of photosynthesis, led to an increase of 
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oxygen levels in the atmosphere which gradually decreased the bioavailability of iron. As a 

consequence, organisms had to evolve elaborate strategies in order to access this vital element 

and ensure their survival. 

In most of the large-scale iron fertilization experiments conducted in the ocean, diatoms clearly 

dominated the observed phytoplankton blooms.29 They thus must possess particularly efficient 

iron uptake und storage mechanisms, resulting in such competitive advantage. Originally, 

phytoplankton was assumed to primarily use dissolved uncomplexed iron, Fe’, which appears 

to be highly bioavailable. Fe’ binds to surface ligands, and subsequently gets internalized by 

transfer across the plasma membrane.36 A recent study in the diatom Phaeodactylum 

tricornutum revealed that the involved iron starvation-induced proteins (ISIPs) are actually 

phytotransferrins.37 These glycoproteins bind Fe3+ along with CO3
2-, accumulate at the cell 

surface and get internalized via endocytosis. Then, the carbonate anion is protonated and Fe3+ 

is reduced, disrupting the complex and releasing the iron into the cell. This iron uptake strategy 

is under thermodynamic control and proportional to the concentration of Fe’.38 The fact that 

more than 99% of the dissolved iron in the ocean is complexed to organic ligands39 suggests 

that Fe’ is too scarce to satisfy the need of phytoplankton for iron. Thus other strategies must 

exist. For diatoms, a reductive iron uptake mechanism was suggested.40 This has been well-

characterized for the yeast Saccharomyces cerevisiae and the corresponding homologous genes 

have been identified in several diatoms.41 Extracellular Fe3+-complexes are dissociated via 

reduction at the cell surface by specialized flavohemoproteins (Fre). Fe2+ is subsequently 

reoxidized by a multi-copper oxidase (Fet) and transported across the cell membrane by a 

permease (Ftr).42 A relationship between iron limitation and need for copper was assessed in 

several diatoms, further corroborating the assumption that such reductive iron uptake 

mechanism occurs.43,44 This iron uptake strategy has the advantage that most iron species 

present in the ocean, even ferrisiderophores (i.e., iron-bound siderophores),45 can be used as 

iron sources. Diatoms are also able to take up ferrisiderophores as a complex, without prior iron 

reduction.46 This involves binding of the ferrisiderophore to the cell surface and subsequent 

endocytosis-mediated uptake and delivery to the chloroplast.  

External iron supply usually reaches the ocean either via rivers or, more importantly, via aeolian 

dust transport from the great deserts of the Earth.47 This often means that long periods of severe 

iron paucity will be followed by short intervals of iron abundance. Bloom-forming diatoms 

were found to use maxi-ferritins for iron storage,48 which certainly contribute to their success 

in persisting long periods under chronically low iron concentrations and rapidly dominating 
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blooms once iron becomes abundant. Their way to cope with the intricate iron bioavailability 

makes diatoms arguably the most successful group of eukaryotic phytoplankton in the ocean. 

Associated bacteria have a major influence on iron speciation by secreting photoreactive 

siderophores. Once they have complexed Fe3+, these molecules readily undergo photooxidative 

cleavage, thereby releasing Fe2+ into the environment.49 This solubilized iron is highly 

bioavailable to phytoplankton50 and should be taken up via ISIP-mediated endocytosis in 

diatoms. Bacteria can thus significantly support algal iron uptake and growth. Considering the 

severity of iron paucity and the ecological importance of diatoms in most aquatic ecosystems, 

such photoreactive siderophore-based diatom-bacteria interactions are of fundamental 

importance and have the potential to shape planktic communities. 

1.4 Siderophore-mediated iron uptake in bacteria 

Bacteria have developed different strategies to overcome the challenge of poor iron availability, 

one of the most important being the production of siderophores (Greek: iron carriers). 

Siderophores are small molecules (500-1500 Da) that exhibit extremely strong affinity towards 

Fe3+. They are typically secreted by bacteria and fungi under low iron stress in order to scavenge 

iron from the environment and provide it to the cell.51 Siderophores often use catecholate, 

hydroxamate and/or α-hydroxy carboxylate moieties for coordinating the iron, as negatively 

charged oxygen atoms strongly interact with Fe3+ (Fig. 1). Other functional groups that include 

nitrogen or sulfur as donor atoms may also be used, but have lower selectivity towards Fe3+.51 

Most siderophores harbor three bidentate ligands, resulting in a hexadentate coordination of the 

iron atom. This appears to be the optimal denticity, satisfying the six coordination sites of Fe3+. 

However, there are numerous examples of siderophores with less than six coordination sites, 

such as vibrioferrin,52 pyochelin,53 and rhodotorulic acid.54 In these cases a single siderophore 

molecule cannot achieve full Fe3+ coordination saturation. Consequently, the usual metal to 

ligand (L) ratio of 1:1 has to be modified to e.g. Fe2L3, FeL(H2O)2
+, Fe2L2(H2O)4

2+, etc.54  

There are over 500 different siderophores,51 delineating their importance in nature. In the 

microbial world, competition for iron is tough and efficient siderophore usage is crucial. In 

order to ensure iron uptake under different environmental conditions (pH, [Fe], occurrence of 

competitors, etc.), many microorganisms are able to produce more than one siderophore. The 

acquisition of xenosiderophores (i.e., siderophores produced by other species) represents 

another approach to ensure sufficient iron uptake by the own species. It is also known as 

siderophore piracy. Pseudomonas aeruginosa, for instance is able to produce pyochelin and 
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pyoverdine. In addition to these siderophores, the bacterium possesses specific uptake systems 

for enterobactin, citrate, ferrioxamine and ferrichrome as xenosiderophores.55,56  

 

Fig. 1: Selected examples of catecholate, α-hydroxy carboxylate and hydroxamate type siderophores. 
The organisms from which these siderophores were first isolated are set in parentheses.  

 

In Gram-negative bacteria, where two membranes have to be crossed, the uptake of 

ferrisiderophores involves several steps.57 First, high-affinity outer membrane receptors 

recognize the complexes and mediate their transport into the periplasmic space. This process is 

activated by the Ton complex, which comprises the integral membrane protein ExbB and the 

membrane-anchored proteins ExbD and TonB. TonB undergoes a conformational change, 

driven by the proton-motive force that is mediated by ExbB and ExbD. It thereby interacts with 

the outer membrane receptor, initiating transport. Once in the periplasmic space, the 

ferrisiderophore is loaded onto the periplasmic-binding protein component of an ABC 

transporter. Delivery to the cytoplasm is executed by the permease component of the ABC 

transporter using ATP.  

In Gram-positive bacteria siderophore-mediated iron uptake is less well-studied, but there seem 

to be similarities with the mechanisms described for Gram-negatives. Lipoprotein siderophore-

binding proteins have been identified, which are anchored to the membrane, bind siderophores 

and import Fe-siderophores via a permease and an ATPase.58 Interestingly, these lipoproteins 

were found to bind not only the ferrisiderophores, but also iron-free siderophores. This enables 

a siderophore-shuttle mechanism, where a ferrisiderophore delivers Fe3+ to the lipoprotein-

bound iron-free siderophore, which is subsequently transported into the cell. Alternatively, the 

iron-free siderophore is displaced from the lipoprotein to allow ferrisiderophore binding and 

uptake.59 The utility of binding an iron-free siderophore in the first place is questionable. A 
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possible explanation is that a variety of Fe3+ species could be caught in that way. Also, iron-

free siderophores usually reach far higher concentrations at the cell surface than 

ferrisiderophores. The siderophore-shuttle mechanism may thus maximize iron-uptake 

efficiency by transferring Fe3+ from the ferrisiderophore to the iron-free siderophore without 

requiring its reduction.58,59  

In order to fulfill its biological function, iron needs to be released from the siderophore once 

inside the cell.60 The most efficient way seems to be the reduction of Fe3+ to Fe2+, which reduces 

the affinity. Another possibility is the hydrolysis of the siderophore, which however has the 

major disadvantage that the siderophore cannot be reused.  

 

1.5 Biosynthesis of siderophores 

Most siderophores are synthesized by nonribosomal peptide synthetases (NRPSs).61 These large 

enzymes are modularly organized. NRPSs assemble complex peptides of great structural and 

biological diversity, including siderophores, toxins, pigments, antibiotics, cytostatics, and 

immunosuppressants. NRPSs are widely distributed in bacteria and fungi.62 Peptide synthesis 

takes place in an assembly line-like mechanism, where each NRPS module incorporates a 

selected substrate into the peptide (Fig. 2). Not only the 20 proteinogenic amino acids, but a 

plentitude of monomers, including nonproteinogenic, carboxy, N-methylated and D-amino 

acids have been identified as potential substrates and thus represent the building blocks of 

nonribosomal peptides.64 As the number, order and identity of NRPS modules determine the 

structure of the synthesized peptide, NRPSs are also referred to as “protein templates”.65 Each 

NRPS module comprises at least three domains: the adenylation (A), the thiolation (T) and the 

condensation (C) domain. The A domain is responsible for substrate recognition and activation 

to the corresponding aminoacyl adenylate. This instable intermediate is transferred to the T 

domain that functions as carrier protein for the growing acyl chain. The C domain catalyzes the 

peptide bond formation between the substrates. The final module of a NRPS usually exhibits 

an additional thioesterase (TE) domain that cleaves the product off the enzyme. Some modules 

may harbor additional domains, such as epimerization or cyclization domains to further modify 

the substrate’s structure.  

Fig. 2 shows the NRPS-dependent biosynthetic assembly of cupriachelin,66 which is the central 

molecule of the present study. Decanoic acid acts as biosynthetic starter unit and was proposed 
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to originate from fatty acid metabolism, where it is already present in the activated form. The 

following peptide synthesis largely follows the NRPS enzymatic logic. 

 

Fig. 2: NRPS-dependent biosynthesis of the siderophore cupriachelin. Domain notations: C, 

condensation; A, adenylation; ACP, acyl carrier protein; T, thiolation; TauD, hydroxylase. Modified 

after Kreutzer et al.66 

 

In some cases, siderophore biosynthesis is catalyzed by NRPS-independent synthetases. 

Siderophores produced by these enzymes are not polypeptides, but are assembled from 

dicarboxylic and diamine or amino alcohol units. Aerobactin was the first siderophore found to 

be produced by an NRPS-independent siderophore (NIS) biosynthesis pathway67,68 and 

remained the only example for almost one decade. Nowadays it has become apparent that NIS 

biosynthesis pathways are not uncommon and can be found in many bacterial species.69 

Examples of NISs include vibrioferrin,70 rhizobactin,71 achromobactin,72 and alcaligin.73 

Aerobactin biosynthesis has been well-characterized67,68 and exemplifies the NIS biosynthesis 
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pathway (Fig. 3).74 The aerobactin cluster consists of five genes, iucABCD and iutA, the latter 

encoding a receptor protein. IucD is a flavin-dependent monooxygenase that hydroxylates the 

ε-amino group of lysine. IucB, an acyl transferase, subsequently catalyzes the ε-N-acetylation. 

IucA and IucC finally condensate the modified lysine to citric acid, yielding aerobactin. The 

biosynthesis of other NISs employs at least one enzyme with significant sequence similarity to 

either IucA or IucC.69  

 

Fig. 3: Aerobactin assembly exemplifying NRPS-independent siderophore biosynthesis. Modified after 
Challis.69  

 

1.6 Transcriptional regulation of siderophore biosynthesis 

As delineated before, iron is indispensable for many biological key processes and its deprivation 

can be fatal for an organism. On the other hand, iron over-abundance can be just as dangerous. 

Free soluble iron is toxic to cells by catalyzing the formation of reactive oxygen species (ROS) 

in the Haber-Weiss reaction: 

(1) Fe3+ + O2
-• ⇌ Fe2+ + O2  

(2) Fe2+ + H2O2 ⇌ Fe3+ OH• + OH-  

ROS target all biological macromolecules and thus represent a serious threat to the cell. They 

can directly attack polyunsaturated fatty acids in cell membranes, resulting in decreased 

membrane fluidity and disruption of membrane-bound proteins. Further, ROS tackle the base 

and sugar moieties of DNA, leading to single- and double-strand breaks. The oxidation of 

proteins represents another cell damage caused by ROS. All these modifications are deleterious 

to the cell, leading to loss of function of membranes and proteins, mutations and eventually to 

cell death.75 Life-sustaining, but potentially toxic, iron thus represents an element that requires 
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a well-balanced homeostasis. Tight regulation of iron uptake, storage and consumption are 

absolutely essential for the survival of every organism.33 In many bacteria, this regulation is 

mediated by the ferric uptake regulator (Fur). In the “classical” model (Fig. 4), Fur acts as 

transcriptional repressor.76 When intracellular iron concentrations are high, apo-Fur binds Fe2+, 

thereby dimerizes, and the holo-protein blocks the transcription of its target genes by binding 

to their promoter regions. Fur has been found to regulate over 90 genes in Escherichia coli77 

and can thus be regarded as global regulator. Besides genes that are directly associated to iron 

metabolism, various genes related e.g. to swarming, toxin production or defense against oxygen 

radicals were found to be controlled by Fur.78 The protein interacts with the DNA by binding 

to a region within the promoter called Fur-box. This was initially described as a conserved 19 

bp inverted repeat sequence (5'-GATAATGATAATCATTATC-3').79 However, there is recent 

evidence that the sequence recognized by Fur is actually highly degenerate. Fur was found to 

recognize DNA via base readout only to a limited degree, while shape readout appeared much 

more important.80 A narrow minor groove in the DNA, typical of AT-rich regions, was found 

to be identified by Lys15 of Fur. The order of A and T base pairs, as well as the base pairs in 

between, however, allowed random variations.80 This enables Fur to recognize an array of 

different target sequences, which seems plausible for a global regulator. Besides acting as 

transcriptional repressor, Fur may also act as activator.81 While iron uptake genes are generally 

repressed by Fur when iron is abundant, many genes encoding iron-using proteins are 

upregulated. This is indirectly mediated by small regulatory RNAs, such as RyhB (Fig. 4). The 

90-nt RNA was initially discovered in E. coli82 and homologs have been found in numerous 

bacteria.83 RyhB itself is negatively regulated by Fur. When iron is abundant, Fur represses 

RyhB transcription and translation of non-essential iron-using proteins can occur. However, 

when iron is limited, RyhB is transcribed and pairs with the mRNA of its target genes, blocking 

their translation. The RNA-protein complexes are rapidly degraded and no gene product is 

formed.  
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Besides photoreactivity, amphiphilicity is another important feature of many marine 

siderophores. Bacteria often produce several derivatives of an amphiphilic siderophore, where 

the (non-variable) Fe3+-binding peptidic headgroup is appended by fatty acid side chains of 

varying lengths. The relative size of the fatty acid chain compared to the peptidic head group is 

crucial for the secretion behavior of the siderophore. Hydrophobic siderophores, such as 

amphibactins, will mostly remain cell-associated.94 In contrast, siderophores with longer 

peptidic headgroups, such as loihichelins with eight amino acids compared to fatty acid chains 

of only C10-C14, are rather hydrophilic and will be excreted into the surroundings of the cell.86 

Amphiphilicity further entails self-assembly of the molecules, either to micelles (for iron-free 

siderophores) or to vesicles (for ferrisiderophores).86 This behavior has been suggested to (i) 

protect the siderophores from proteolytic cleavage, (ii) prolong their residence time in the 

vicinity of the producing cell and/or (iii) concentrate iron around the cell.95  

 

Fig. 5: Aquachelins (A) and cupriachelins (B) as examples of photoreactive lipopeptide siderophores. 
Upon UV-light exposure, the ferrisiderophores are cleaved, yielding photoproducts and soluble Fe2+.  
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Considering their photoreactive and amphiphilic characteristics, marine siderophores are 

intriguing molecules that play a major role in iron cycling in marine environments. The release 

of solubilized iron into the environment, rather than into the cells of the siderophore producer, 

raises questions for the primary function of these molecules. Obviously, the siderophore-

solubilized iron becomes available to the whole microbial community. A photoreactive 

siderophore-based mutualism could be demonstrated between heterotrophic bacteria and 

phytoplankton, where the bacteria obtained photosynthetically fixed carbon in exchange for the 

shared iron.50 Such mutualism represents a possible explanation, why bacteria produce 

siderophores that do not only ascertain the own iron supply, but also “feed” others. Few studies 

have been carried out to further corroborate this “carbon for iron mutualism”. Also, little is 

known about the chemical mediators involved in these bacteria-phytoplankton interactions. 

Bacteria maximally profit of iron sharing, if the corresponding partners are mutualists and non-

mutualists are excluded. This means that bacteria should be able to distinguish between their 

interaction partners. Mutualists may notify their presence to the bacteria by certain exudates, 

which may in turn trigger bacterial photoreactive siderophore biosynthesis.  

Photoreactive lipopeptide siderophores are widely distributed amongst marine bacteria where 

they represent the basis for various planktic interactions. Considering the scarcity of iron in the 

ocean, they can be expected to have a major impact on the composition of planktic communities. 

Recently, photoreactive lipopeptide siderophores were also discovered from a freshwater 

bacterium.66 The cupriachelins (Fig. 5) from Cupriavidus necator H16 suggest that 

photoreactive siderophores may be similarly important in freshwater, as they are in the oceans.  
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2 Scope of the study 
Numerous studies on photoreactive lipopeptide siderophores from marine bacteria indicate that 

these molecules have a fundamental effect on iron cycling in the ocean. This includes the light-

induced release of solubilized iron into the environment, which entails interspecies interactions 

and thereby determines the composition of the plankton community. In freshwater 

environments, however, such molecules were only recently discovered and have barely been 

investigated with respect to their ecological impacts.  

An important aspect to be studied, is the occurrence of photoreactive lipopeptide siderophores 

in freshwater. This will allow first conclusions about their ecological relevance. The discovery 

of cupriachelins, the first photoreactive lipopeptide siderophores originating from a freshwater 

bacterium, adumbrates that these molecules may be just as important in freshwater, as they are 

in the ocean. However, it is also possible that cupriachelin is an exception and that its 

photoreactive properties rather represent an evolutionary relict without ecological significance. 

The discovery of novel freshwater photoreactive lipopeptide siderophores would thus represent 

a first step towards recognizing their role in these environments and represents a major objective 

of this study.  

Furthermore, the study of bacterial-algal interactions based on these siderophores is crucial for 

assessment of their ecological relevance. The “carbon for iron mutualism” has been 

demonstrated in the marine environment.50 If photoreactive lipopeptide siderophores also occur 

in freshwater, it is well-conceivable that they will entail similar planktic interactions as their 

marine counterparts. In this study, the interaction between the β-proteobacterium C. necator 

H16 and the pennate diatom Navicula pelliculosa is investigated (Fig. 6). Both organisms were 

chosen for their ubiquitous occurrence in freshwater. The cupriachelin-producer C. necator H16 

grows heterotrophically under the chosen laboratory conditions and thus depends on external 

organic carbon sources, which could be provided by symbiotic phytoplankton. The genome of 

C. necator H16 is fully sequenced,96,97 which represents another advantage to use it as model 

organism. N. pelliculosa is available as axenic culture from the SAG culture collection (SAG 

1050-3). Thus, the effect of other diatom-associated bacteria on the studied interaction can be 

ruled out. The hypothesized “carbon for iron mutualism” between C. necator H16 and N. 

pelliculosa suggests that the organisms will have a positive growth effect on each other. In this 

study, the question whether the diatom can induce bacterial siderophore production will also be 

addressed. An affirmative answer would further corroborate the “carbon for iron mutualism” 
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ABSTRACT: Photoreactive siderophores have a major impact
on the growth of planktonic organisms. To date, these
molecules have mainly been reported from marine bacteria,
although evidence is now accumulating that some terrestrial
bacteria also harbor the biosynthetic potential for their
production. In this paper, we describe the genomics-driven
discovery and characterization of variochelins, lipopeptide
siderophores from the bacterium Variovorax boronicumulans,
which thrives in soil and freshwater habitats. Variochelins are
different from most other lipopeptide siderophores in that their
biosynthesis involves a polyketide synthase. We demonstrate
that the ferric iron complex of variochelin A possesses
photoreactive properties and present the MS-derived structures
of two degradation products that emerge upon light exposure.

I ron is an essential nutrient for virtually all forms of life. It
plays a crucial role in many key biological processes, such as

photosynthesis, respiration, N2 fixation, methanogenesis, oxy-
gen transport, gene regulation, and DNA biosynthesis.1 Despite
its abundance in Earth’s crust, iron’s biological availability is
severely limited in aerobic environments, in part due to the
formation of insoluble oxides or hydroxides.2 In order to secure
sufficient iron uptake, many bacteria and fungi secrete low
molecular weight compounds, so-called siderophores, which
have an extremely high affinity toward ferric iron.3,4 After
binding of the metal, the resulting complex is actively
transported back into the cell, where the metal is released by
a reductive or hydrolytic mechanism.5

Siderophores not only support the growth of the producing
organism but also play a significant role in the structuring of
microbial communities.6−9 Moreover, some lipopeptide side-
rophores were shown to serve as chemical mediators for
bacteria−algal interactions in the oceans.10 These molecules are
often distinguished by iron-binding α-hydroxycarboxylate
ligand groups.11 The latter absorb photons in the presence of
UV light, thereby triggering a ligand-to-metal charge transfer
reaction.10,12 As a result, ferrous iron is released into the
environment, which is then available for direct uptake by
surrounding microalgae.13 Since the latter provide organic
nutrients in exchange, the bacterial siderophore producers still
benefit from their resource expenditure for siderophore
biosynthesis.14 This mutualism has important ecological

implications and possibly contributes to the occurrence of
algal blooms.15

The production of photoreactive siderophores has been
reported from taxonomically distinct genera of marine bacteria,
such as Halomonas, Marinobacter, Ochrobactrum, Synechococcus,
and Vibrio.16−19 The widespread occurrence of these natural
products suggests that the carbon-for-iron exchange is a
common feature of bacteria−algal interactions. Recently,
three classes of photoreactive lipopeptide siderophores were
isolated from nonmarine strains.20−22 While the cupriachelins
are produced by a freshwater bacterium possibly having a
biological function similar to their marine counterparts,20

taiwachelin and serobactins are made by rhizosphere
bacteria.21,22 These findings raise questions concerning not
only the ecological significance of photoreactivity and
amphiphilicity in a soil environment but also whether additional
nonrecognized producers of such siderophores exist.
Here, we report our recent results on the discovery of novel

lipopeptide siderophores from terrestrial bacteria. Using a
genome mining strategy,23−26 we analyzed various strains for
the presence of genes that are involved in the biosynthesis of
such compounds. This approach resulted in the identification of
the genus Variovorax as a potential source of structurally new
siderophores. Subsequent screening efforts, which were guided
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by the chrome azurol S (CAS) assay,27 led to the isolation of
variochelins A and B from the bacterium Variovorax
boronicumulans. The structures of the two natural products
were elucidated by NMR and MS measurements as well as
Marfey’s analysis. We present and discuss the gene cluster
involved in variochelin biosynthesis and evaluate the photo-
reactive properties of variochelin A.

■ RESULTS AND DISCUSSION

Genome Mining and Siderophore Screening. A
common structural motif of photoreactive acyl peptide
siderophores is the presence of one or more β-hydroxyaspartate
residues. Biosynthetically, these moieties derive from aspartate,
which is incorporated into the respective siderophore by a
nonribosomal peptide synthetase (NRPS) and, subsequently,
subjected to an enzymatic oxidation reaction to introduce the
β-hydroxy moiety.28,29 The oxidation is carried out by an α-
ketoglutarate-dependent dioxygenase, which is very similar to

the well-studied taurine dioxygenase (TauD).20,30 In order to
identify siderophore gene clusters with these features, BLASTP
homology searches were conducted using an aspartate-
activating NRPS adenylation domain as well as a TauD-like
protein from cupriachelin biosynthesis as probes. Cross-
searches against the fatty acyl-AMP ligase (FAAL) domain
from taiwachelin biosynthesis or, alternatively, the starter
condensation domain from cupriachelin biosynthesis were
used to narrow down the initial results to siderophore loci that
possess genetic hallmarks of fatty acid incorporation.31 The hits
that were retrieved from this combined analysis were validated
by bioinformatic software to confirm the predictions concern-
ing the molecular architecture of the encoded natural
products.32 In this way, we identified a total of 16 nonmarine
strains that were likely to produce acyl peptide siderophores
with a β-hydroxyaspartate motif (Table S1). After excluding
those strains whose biosynthetic potential had already been
confirmed in previous investigations,20−22 13 strains remained,
covering six different genera. Among the newly identified

Figure 1. Putative siderophore biosynthesis gene clusters in bacteria of the genus Variovorax.

Figure 2. Structures of variochelin A (A) and variochelin B (B). The dashed lines through the structures show the “y” and “b” fragments obtained in
a tandem MS experiment. The depicted numbers indicate the corresponding m/z values.
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producers, the genus Variovorax appeared to be of particular
interest. Unlike the known acyl peptide siderophore gene
clusters,29 the loci in the three Variovorax paradoxus strains
include distinctive polyketide synthase (PKS) genes (Figure 1).
A thorough inspection of the NRPS and PKS domain
architecture and substrate specificities32−36 unveiled the close
relatedness of the biosynthetic enzymes in V. paradoxus B4 and
V. paradoxus S110, suggesting that they catalyze the production
of structurally identical molecules (Table S2). In contrast, the
gene cluster of V. paradoxus EPS clearly differs from the other
two loci in size and gene organization. A total of 10 NRPS and
PKS modules in the EPS assembly line outnumbers the six
modules from B4 and S110 and indicates the biosynthesis of a
significantly larger siderophore (Table S3).
To test the secretion of iron-chelating metabolites, we

subjected five Variovorax strains available in our laboratory to a
modified CAS assay, in which the siderophore detection is
spatially separated from the growth area of the respective
bacterium.37 All five strains produced an orange halo in the
CAS zone of the agar plate (Figure S1), thereby indicating the
release of iron-chelating agents.27 A comparison of the different
halo sizes in three independently conducted experiments
revealed that V. boronicumulans BAM-48 consistently gave the
strongest assay response when compared to the other strains.
Since the bacterium also grew vigorously under established

siderophore production conditions (data not shown),20,21 we
decided to carry out the following chemical investigations with
this organism.

Isolation and Structure Determination of Varioche-
lins. In order to induce siderophore biosynthesis in
V. boronicumulans BAM-48, the bacterium was cultivated in
H-3 minimal medium under iron starvation conditions.
Secreted metabolites were recovered from the fermentation
broth by adsorption onto XAD-2 resin. After removal of the
supernatant, the resin was eluted with methanol to release the
bound molecules. The resulting extract was concentrated and
subjected to HPLC. Two peaks in the metabolic profile
corresponded to iron-chelating compounds, as evidenced by a
positive response of the respective fractions in the liquid CAS
assay (Figure S2).27 The associated compounds were isolated
and subjected to ESIMS. Distinctive pseudomolecular ions
appeared at m/z 1074 [M + H]+ for compound 1 and m/z
1102 [M + H]+ for compound 2, respectively. A preliminary
inspection of their 1H NMR spectra suggested both metabolites
to be acyl peptides.
High-resolution ESIMS of variochelin A (1) yielded m/z

1074.6040 for the [M + H]+ ion, indicating a molecular formula
of C47H83N11O17. The constituents in the peptidic headgroup
of 1 and their connectivity were initially deduced by tandem
mass spectrometry.38 A sequential loss of 191, 172, 97, 87, and

Table 1. NMR Spectroscopic Data for Variochelin A in DMSO-d6

pos. δC, type δH (J in Hz) HMBCa pos. δC, type δH (J in Hz) HMBCa

Nδ-acetyl-Nδ-hydroxyornithine β-hydroxyaspartic acid
C1 173.4, C C23 168.4, C
C2 51.6, CH 4.17, dt (7.8, 4.4) 1, 3 C24 55.0, CH 4.74, dd (9.1, 2.7) 23, 25, 26, 27
C3 29.0, CH2 a: 1.70, m 2, 4, 5 C25 70.1, CH 4.51, d (2.7) 23, 24, 26

b: 1.56, m 2, 4, 5 C26 173.0, C
C4 22.9, CH2 1.53, m 2, 3, 5 N4 7.75, d (9.1) 24, 25, 27
C5 46.5, CH2 3.48, m 3, 4 4-amino-7-guanidino-3-hydroxy-2-methylheptanoic acid
C6 170.3, C C27 175.5, C
C7 20.3, CH3 1.95, s 6 C28 41.8, CH 2.49, m 27, 29, 34
N1 8.08, d (7.8) 8 C29 73.3, CH 3.56, m 27, 28, 30, 31, 34

Nδ-acetyl-Nδ-hydroxyornithine C30 49.5, CH 3.66, m 29, 31, 32, 36
C8 171.4, C C31 27.5, CH2 1.22, m 29, 30, 32
C9 51.6, CH 4.35, m 8, 11 C32 25.1, CH2 a: 1.44, m 30, 31, 33
C10 29.8, CH2 a: 1.61, m 9, 11, 12 b: 1.36, m 30, 31, 33

b: 1.50, m 9, 11, 12 C33 40.8, CH2 a: 3.10, m 31, 32, 35
C11 22.8, CH2 1.53, m 9, 10, 12 b: 3.02, m 31, 32, 35
C12 46.8, CH2 3.48, m 10, 11 C34 11.3, CH3 1.00, d (6.9) 27, 28, 29
C13 170.3, C C35 156.5, C
C14 20.3, CH3 1.96, s 13 N5 7.56, d (9.2) 29, 30, 36
N2 7.96, d (8.7) 15 N6 7.40, t (5.8) 33

proline dodecanoic acid
C15 171.3, C C36 172.1, C
C16 59.7, CH 4.38, dd (8.4, 3.7) 15, 17, 18 C37 35.5, CH2 2.07, t (7.4) 36, 38, 39
C17 29.8, CH2 a: 2.05, m 15, 16 C38 25.4, CH2 1.47, m 36, 37, 39, 40

b: 1.83, m 16 C39 28.7, CH2 1.23, m n.r.b

C18 24.1, CH2 1.49, m 17, 19 C40 28.8, CH2 1.23, m n.r.
C19 47.0, CH2 3.48, m 17, 18, 20 C41 29.0, CH2 1.23, m n.r.

serine C42 29.1, CH2 1.23, m n.r.
C20 168.5, C C43 29.0, CH2 1.23, m n.r.
C21 52.8, CH 4.65, q (7.4) 20, 22, 23 C44 29.0, CH2 1.23, m n.r.
C22 61.8, CH2 3.48, d (7.4) 20, 21 C45 31.3, CH2 1.23, m n.r.
N3 7.72, d (7.4) 21, 23 C46 22.1, CH2 1.26, m 45, 47

C47 14.0, CH3 0.85, t (7.0) 45, 46
aHMBC correlations, optimized for 7.7 Hz, are from proton(s) stated to the indicated carbon. bn.r., not resolved.
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131 mass units during MALDI-TOF/TOF fragmentation was
attributed to an amino acid sequence of Nδ-acetyl-Nδ-
hydroxyornithine, Nδ-acetyl-Nδ-hydroxyornithine, proline, ser-
ine, and β-hydroxyaspartic acid from the carboxylate terminus
(Figure 2A, Figure S3). The configurations of the amino acid
residues were determined by Marfey’s method upon acidic
hydrolysis of 1.39 This analysis established the proline residue
to be in L configuration, whereas the serine was found to be D-
configured (Figures S4, S5). Marfey’s method also revealed the
presence of threo-β-hydroxyaspartic acid. The elution order of
the diastereomeric pairs of L-FDAA-derivatized threo-β-
hydroxyaspartic acid had previously been shown to be D → L

under reversed-phase conditions.40 The variochelin A hydro-
lysate contained only one single peak of the correct mass upon
conversion with L-FDAA, which eluted at the same retention
time as the second peak of L-FDAA-derivatized D,L-threo-β-
hydroxyaspartic acid (Figure S6). Therefore, we concluded that,
out of the four possible stereoisomers of β-hydroxyaspartic acid,
the L-threo form is present in 1. Despite repeated attempts, the
derivatization of the released ornithine units with L-FDAA
failed. To determine the configuration of these amino acid
residues, we treated the hydrolysate of 1 with (1R,2S,5R)-2-
isopropyl-5-methylcyclohexyl carbonochloridate. Co-chroma-
tography of the resulting ornithine carbamate against synthetic
standards eventually established the L configuration for both
Nδ-acetyl-Nδ-hydroxyornithine moieties in 1 (Figure S7).
The amino acid sequence that had been inferred from the

interpretation of the tandem mass spectra was subsequently
confirmed by NMR data (Table 1, Figures S8−S12). To
elucidate the full structure of 1, we then focused on carbon
C35, which had not been assigned yet and was distinguished by
its chemical shift at 156.5 ppm. This value was lower than those

observed for the amide carbonyl groups and could not be
traced to an aromatic moiety. Instead a comparison with
literature data strongly suggested that C35 is part of a
guanidino group.41−43 HMBC interactions then enabled the
identification of a 4-amino-7-guanidino-3-hydroxy-2-methyl-
heptanoate fragment. The relative stereochemistry of the
three chiral centers in this moiety was deduced as
(28S*,29S*,30S*) by selective NOESY experiments. Upon
irradiation at the resonance frequency of H34, an NOE was
observed with H30, but not with H29. Likewise, irradiation on
H28 revealed an NOE with H29, but not with H30. Eventually,
it was shown by long-range correlations from H24 and NH4 to
C27 that the unusual γ-amino acid was connected to the β-
hydroxyaspartate residue of 1. The remaining nonassigned
signals in the 1H and 13C spectra were distinctive of an
unbranched acyl chain. The latter was attributed to a
dodecanoyl residue in consideration of the molecular formula
of 1. HMBC interactions from H30 and NH5 to C36 linked the
acyl moiety with the rest of the molecule and, thereby,
established the complete structure of 1.
The sum formula of variochelin B (2) was calculated as

C49H87N11O17 from its high-resolution mass. Tandem mass
spectrometry revealed the same y fragments as those observed
during the fragmentation of 1. However, the corresponding b
fragments were increased by 28 mass units each (Figure 2B).
MS and NMR data (Figures S13, S14) suggested that both
variochelins differ in their fatty acid tail, with 2 featuring a
tetradecanoic acid residue. A 13C NMR spectrum recorded with
an inverse-gated decoupling pulse sequence44 confirmed the
presence of 14 carbons in the alkyl chain of 2.

Variochelin Gene Cluster and Biosynthetic Model. The
guanidino-containing γ-amino acid that is present in both

Figure 3. Organization of the variochelin biosynthesis cluster (for annotations see Table S4) (A). Molecular assembly line deduced from varF−varJ
and proposed biosynthesis of 1 (B). Domain annotation: FAAL, fatty acyl-AMP ligase; ACP, acyl carrier protein; C, condensation; A, adenylation;
PCP, peptidyl carrier protein; KS, ketosynthase; AT, acyltransferase; KR, ketoreductase; TauD, hydroxylase; E, epimerization; TE, thioesterase.
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variochelins can be biosynthetically rationalized as the product
of a decarboxylative Claisen condensation of arginine and
methylmalonate, which is then subject to a β-keto reduction.
This scenario suggests the involvement of a PKS and could
indicate that the variochelin gene cluster is organizationally
closely related to the siderophore loci that were previously
discovered in the three V. paradoxus strains. To find out
whether this assumption is correct, we sequenced and
annotated the entire genome of V. boronicumulans BAM-48.
Gene clusters with a putative role in secondary metabolism
were identified using antiSMASH 3.0.1.32 Out of the seven loci
detected, only one met the defined criteria for the biosynthesis
of an acyl peptide with a β-hydroxy aspartate motif. The cluster
boundaries that had been predicted by antiSMASH 3.0.1 were
manually refined on the basis of functional annotations, gene
distances, and GC content shifts.25 According to this analysis,
the variochelin (var.) locus (Figure 3A) consists of 18 genes,
covers 43.2 kb of contiguous DNA, and displays a significant
similarity to the V. paradoxus siderophore clusters. However,
substrate specificity predictions suggest different metabolic
products (Tables S2, S3).33−36 The seven NRPS and PKS
modules encoded by varF, varG, varH, varI, and varJ are
assumed to assemble the molecular backbones of 1 and 2
(Figure 3B). The biosynthesis would hence start with the
activation of dodecanonoic (or tetradecanoic) acid by the
FAAL domain of VarF. It then follows the collinear logic of
assembly line enzymology, where the activated substrates are
incorporated into a linear oligomer by successive condensation
steps.25,45 The PKS VarG contains the typical β-ketoacylsyn-
thase (KS), acyl transferase (AT), and acyl carrier protein
(ACP) domains, as well as a ketoreductase (KR) domain. Each
NRPS module harbors the complete set of condensation (C),
adenylation (A), and peptidyl carrier protein (PCP) domains.
The TauD domain of VarG would be responsible for the
hydroxylation of the incorporated aspartic acid residue.
Additionally, VarI harbors an epimerization (E) domain,
which would be required for the stereochemical inversion of

L-serine. The domain architecture is hence consistent with the
experimentally deduced configurations. Although Marfey’s
analysis provided no information on the stereochemistry of
the 4-amino-7-guanidino-3-hydroxy-2-methylheptanoate moi-
ety, the missing E domain in VarF strongly suggests an L

configuration for the primary arginine building block. We thus
propose an (28S,29S,30S) absolute configuration for 1 and 2.
Once the chain elongation is completed, the terminal
thioesterase (TE) domain in VarJ releases the newly
synthesized lipopeptide.
The var. cluster also features several accessory proteins that

are essential for the proper functioning of the NRPS and PKS
enzymes. Small MbtH-like proteins, such as VarC, are assumed
to influence amino acid activation by NRPS,46 whereas the role
of type II thioesterases, such as VarD, lies in the removal of
aberrant intermediates that may block the NRPS/PKS assembly
line. Furthermore, type II thioesterases are possibly involved in
substrate selection and in product release.47 The phospho-
pantetheinyl transferase VarE is essential to convert the carrier
protein domains of the NRPS and PKS from the inactive apo
into the active, substrate-binding holo forms.48 VarN and VarO
were annotated as L-ornithine 5-monooxygenase and Nδ-
hydroxyornithine acetyltransferase, respectively. Similar to the
homologous IucD and IucB in aerobactin biosynthesis,49 the
two enzymes are assumed to act in a concerted manner to
generate the hydroxamate ligand groups in variochelins. The
remaining genes that are located in the var cluster are likely
involved in siderophore transport. Uptake of ferric iron−
variochelin complexes should occur via the TonB-dependent
receptor VarK and possibly also via the peptide transporter
VarR. Intracellular iron release from the siderophore would
then be mediated by the ferric iron reductase VarP.50 VarB,
VarL, and VarQ are homologues of FecR, a protein responsible
for the regulation of Fe3+-dicitrate uptake in Escherichia coli.51

Together with the encoded sigma-factors VarA and VarM, we
expect these proteins to regulate gene expression within the
cluster depending on iron availability.

Figure 4. Proposed reaction scheme for the photolysis of ferric 1. The depicted cleavage products 3 and 4 were detected by HRESIMS. The
complexed ferric iron is likely to be reduced via ligand-to-metal charge transfer.
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Complexing Properties and Photoreactivity of 1. The
variochelins possess three bidentate ligand groups for the
coordination of metal ions, including an α-hydroxycarboxylate
(i.e., the β-hydroxyaspartate residue) and two hydroxamate
functions. To test the complexing properties of 1, the
compound was treated with an equimolar quantity of a metal
salt and directly subjected to HR-MS. This analysis revealed
that 1 is capable of forming monomeric 1:1 complexes with
Fe3+ and Ga3+ (Figure S15). No masses corresponding to Mn2+,
Co2+, Ni2+, Cu2+, or Zn2+ complexes could be detected, and we
also did not observe any complex formation of 1 in the
presence of boron salts. The observed discrimination between
divalent and trivalent metal ions and the iron-responsive
production suggest a siderophore function for 1.
Depending on their coordination state, bidentate ligand

groups are sensitive to light exposure. While hydroxamates are
in general photochemically stable, catechols are prone to
photooxidation in the absence of metal coordination, but stable
once bound to ferric iron.52 In contrast, α-hydroxy acid
moieties are stable in their metal-free form, but undergo light-
induced oxidation after complexation to ferric iron.10,11 In
order to test the photostability of 1, we exposed an aqueous
solution of its ferric iron complex to direct sunlight and
analyzed product formation via LCESIMS. Two photoproducts
exhibited ions at m/z 1026.5862 [M − H]− and m/z 414.3440
[M + H]+, respectively (Figures S16, S17). The predicted sum
formula for the first photoproduct is consistent with an
aldehyde (3) resulting from a decarboxylation of the β-
hydroxyaspartate residue in 1.53 The second photoproduct (4)
is suggested to result from a more extensive cleavage reaction
(Figure 4). Despite thorough analysis we did not detect the
mass of a peptide fragment lacking the fatty acid tail. In a
parallel experiment, we confirmed the light-induced ligand-to-
metal charge transfer reaction, which leads to a reduction of the
coordinated ferric iron. Samples of Fe3+-variochelin A that were
exposed to sunlight gradually turned red in the presence of the
Fe2+-trapping agent bathophenantrolinedisulfonate (BPDS).
Absorption at 535 nm increased from 0.004 ± 0.001 to
0.0438 ± 0.001 within 4 h of light exposure. The negative
control that was shielded from light remained colorless in the
same time period. Here, the absorption at 535 nm increased
from 0.0027 ± 0.001 to 0.0032 ± 0.001.
In summary, we herein report the discovery of a new class of

acyl peptides from the bacterium V. boronicumulans BAM-48.
Although the variochelins show typical hallmarks of marine
siderophores, the producing strain originates from soil,54 where
it was shown to contribute to plant growth.55 After
taiwachelin21 and the serobactins,22 the variochelins represent
the third class of photoreactive lipopeptide siderophores that
are produced by plant-associated bacteria. Amphiphilic side-
rophores that might be added to this group include corrugatin
and ornicorrugatin from Pseudomonas spp.,56 ornibactins from
Burkholderia spp.,57 and rhizobactin 1021 from Sinorhizobium
meliloti,58 even though the photoreactivity of these compounds
still awaits experimental confirmation. The occurrence of such
siderophores in bacteria thriving in the vicinity of plants raises
two possible conclusions: amphiphilicity and/or photoreactivity
are somewhat beneficial in the rhizosphere or the chemical
properties inherent to these siderophores represent an
evolutionary relic. It is noteworthy in this context that bacteria
of the genus Variovorax are also commonly found in freshwater
habitats,59 where an ecological advantage of amphiphilicity and
photoreactivity would be plausible.3

During the preparation of this article, an NRPS-PKS
assembly line with a domain architecture almost identical to
that of V. boronicumulans BAM-48 was reported from the
bacterium V. paradoxus P4B.60 A product from this assembly
line named variobactin A possesses the same molecular formula
as variochelin A. However, the structure of variobactin A was
proposed as a cyclic depsipeptide60 with an amino acid
sequence that deviates from that of variochelin A.

■ EXPERIMENTAL SECTION
General Experimental Procedures. LC-MS experiments were

conducted on an Accela UHPLC system equipped with a C18 column
(Betasil C18, 150 × 2.1 mm, 3 μm; Thermo Scientific) coupled to a
Finnigan Surveyor PDA Plus detector (Thermo Scientific). For
metabolic profiling, a gradient of acetonitrile (ACN) in water + 0.1%
formic acid and a flow rate of 0.2 mL/min were used. The ACN
concentration was increased from 5% to 98% within 16 min, was kept
for 3 min at 98%, and was subsequently decreased to 5% within 14
min. High-resolution mass determination was carried out on an
Exactive mass spectrometer (Thermo Scientific). One- and two-
dimensional MALDI-TOF/MS data using postsource decay were
acquired on a Bruker Ultraflex spectrometer (Bruker Daltonics). NMR
spectra were recorded at 300 K on a Bruker Avance III 500 MHz
spectrometer with DMSO-d6 as solvent and internal standard. The
solvent signals were referenced to δH 2.50 ppm and δC 39.5 ppm.

Siderophore Screening. CAS agar plates were prepared as
previously reported.27,37 Half of the CAS agar layer was cut out, and
the gap was filled with iron-free H-3 mineral medium (1.0 g/L aspartic
acid, 2.3 g/L KH2PO, 2.57 g/L Na2HPO4, 1.0 g/L NH4Cl, 0.5 g/L
MgSO4·7H2O, 0.5 g/L NaHCO3, 0.01 g/L CaCl2·2H2O, and 5 mL/L
SL-6 trace element solution).61 V. boronicumulans BAM-48, V. para-
doxus 351, B13-0-1 D, V. paradoxus B4, V. paradoxus S110, and V. soli
GH9-3 were streaked out on the H-3 half of the plates. The secretion
of iron-complexing metabolites was detected by a color change from
blue to orange in the CAS half of the plates after incubation at 30 °C.

Isolation of Variochelins. V. boronicumulans BAM-48 was grown
in a 10 L scale in iron-free H-3 mineral medium.61 The strain was
shaken (130 rpm) at 30 °C for 5 days. The culture supernatant was
then separated from the cells by centrifugation (8000 rpm) and
extracted with 150 g/L XAD-2 (Supelco). The resin was thoroughly
washed with distilled water before the adsorbed metabolites were
eluted with MeOH. The eluate was dried under vacuum, resuspended
in 1 mL of MeOH, and initially fractionated by flash column
chromatography over Polygoprep 60-50 C18 (Macherey-Nagel) using
an increasing concentration of MeOH in water. CAS-positive fractions
were further purified by high-performance liquid chromatography on a
Shimadzu UFLC liquid chromatography system equipped with a
Nucleodur C18 HTec column (VP 250 × 10 mm, 5 μm; Macherey-
Nagel) using a MeOH−H2O gradient from 50% to 100% over 20 min
and keeping 100% MeOH for 10 min, with 0.1% trifluoroacetic acid.

Variochelin A (1): 1H and 13C NMR data (DMSO-d6, 500 and 125
MHz, respectively), see Table 1; HRESIMS m/z 1074.6040 [M + H]+

calcd for C47H84N11O17 1074.6041.
Variochelin B (2): 1H NMR (DMSO-d6, 500 MHz) δ 8.08 (1H, d, J

= 7.8 Hz, NH-1), 7.96 (1H, d, J = 8.7 Hz, NH-2), 7.75 (1H, d, J = 9.1
Hz, NH-4), 7.72 (1H, d, J = 7.4 Hz, NH-3), 7.56 (1H, d, J = 9.2 Hz,
NH-5), 7.40 (1H, t, J = 5.8 Hz, NH-6), 4.74 (1H, dd, J = 9.1, 2.7 Hz,
H-24), 4.65 (1H, q, J = 7.4 Hz, H-21), 4.51 (1H, d, J = 2.7 Hz, H-25),
4.38 (1H, dd, J = 8.4, 3.7 Hz, H-16), 4.35 (1H, m, H-9), 4.17 (1H, dt, J
= 7.8, 4.4 Hz, H-2), 3.66 (1H, m, H-30), 3.56 (1H, m, H-29), 3.48
(2H, m, H-5), 3.48 (2H, m, H-12), 3.48 (2H, m, H-19), 3.48 (2H, d, J
= 7.4 Hz, H-22), 3.10 (1H, m, H-33a), 3.02 (1H, m, H-33b), 2.49
(1H, m, H-28), 2.07 (2H, t, J = 7.4 Hz, H-37), 2.05 (1H, m, H-17a),
1.96 (3H, s, H-14), 1.95 (3H, s, H-7), 1.83 (1H, m, H-17b), 1.70 (1H,
m, H-3a), 1.61 (1H, m, H-10a), 1.56 (1H, m, H-3b), 1.53 (2H, m, H-
4), 1.53 (2H, m, H-11), 1.50 (1H, m, H-10b), 1.49 (2H, m, H-18),
1.47 (2H, m, H-38), 1.44 (1H, m, H-32a), 1.36 (1H, m, H-32b), 1.26
(2H, m, H-48), 1.23 (2H, m, H-39), 1.23 (2H, m, H-40), 1.23 (2H, m,
H-41), 1.23 (2H, m, H-42), 1.23 (2H, m, H-43), 1.23 (2H, m, H-44),
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1.23 (2H, m, H-45), 1.23 (2H, m, H-46), 1.23 (2H, m, H-47), 1.22
(2H, m, H-31), 1.00 (3H, d, J = 6.9 Hz, H-34), 0.85 (3H, t, J = 7.0 Hz,
H-49); 13C NMR (DMSO-d6, 125 MHz) δ 175.5 (C, C-27), 173.4 (C,
C-1), 173.0 (C, C-26), 172.1 (C, C-36), 171.4 (C, C-8), 171.3 (C, C-
15), 170.3 (C, C-6), 170.3 (C, C-13), 168.5 (C, C-20), 168.4 (C, C-
23), 156.5 (C, C-35), 73.3 (CH, C-29), 70.1 (CH, C-25), 61.8 (CH2,
C-22), 59.7 (CH, C-16), 55.0 (CH, C-24), 52.8 (CH, C-21), 51.6
(CH, C-2), 51.6 (CH, C-9), 49.5 (CH, C-30), 47.0 (CH2, C-19), 46.8
(CH2, C-12), 46.5 (CH2, C-5), 41.8 (CH, C-28), 40.8 (CH2, C-33),
35.5 (CH2, C-37), 31.3 (CH2, C-47), 29.8 (CH2, C-10), 29.8 (CH2, C-
17), 29.1 (CH2, C-42), 29.0 (CH2, C-3), 29.0 (CH2, C-41), 29.0
(CH2, C-43), 29.0 (CH2, C-44), 29.0 (CH2, C-45), 29.0 (CH2, C-46),
28.8 (CH2, C-40), 28.7 (CH2, C-39), 27.5 (CH2, C-31), 25.4 (CH2, C-
38), 25.1 (CH2, C-32), 24.1 (CH2, C-18), 22.9 (CH2, C-4), 22.8
(CH2, C-11), 22.1 (CH2, C-48), 20.3 (CH3, C-7), 20.3 (CH3, C-14),
14.0 (CH3, C-49), 11.3 (CH3, C-34); HRESIMS m/z 1102.6357 [M +
H]+ calcd for C49H88N11O17 1102.6354.
Amino Acid Analysis by Marfey’s Method. Amino acid

configurations were determined following acid hydrolysis and
derivatization with Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-L-
alanine amide, L-FDAA, Sigma-Aldrich)39 by coelution experiments
with L-FDAA-derivatized amino acids. For this purpose, 1 mg of
purified 1 was dissolved in 500 μL of concentrated HI and heated at
110 °C for 8 h. The solution was lyophilized, and the dried hydrolysate
was resuspended in 50 μL of water and 20 μL of aqueous NaHCO3 (1
M). Derivatization was carried out with 100 μL of L-FDAA (1% w/v in
acetone) at 40 °C for 1 h. Afterward the reaction was quenched with
20 μL of HCl (1 M). The products were lyophilized and prepared for
LCHRMS analysis by dissolving in MeOH. Standards for co-
chromatography were prepared by reacting 50 μL of an aqueous
amino acid solution (50 mM) with 20 μL of NaHCO3 (1 M) and 100
μL of L-FDAA (1% w/v in acetone) at 40 °C for 1 h. The dried
reaction mixture was dissolved in MeOH and subsequently analyzed
by LCHRMS.
Configurational Analysis of the Released Ornithine Resi-

dues. Triphosgene (0.065 mmol) and pyridine (0.45 mmol) were
added to a solution of (−)-menthol (0.13 mmol) in 3 mL of DCM in
an ice bath. The solution was stirred for 30 min and subsequently
allowed to warm to room temperature. The stirring was continued for
30 min. The resulting (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl
carbonochloridate was used directly for derivatization. For this
purpose, D- and L-ornithine standards (0.2 mmol) or hydrolyzed 1
was dissolved in a 2:1 DMSO−H2O mixture (3 mL) in the presence of
NaHCO3 (0.2 mmol) and added to the (1R,2S,5R)-2-isopropyl-5-
methylcyclohexyl carbonochloridate solution. After stirring for 1 h at
room temperature, the samples were lyophilized, dissolved in MeOH,
and analyzed by HRLCMS.
Genome Sequencing, Assembly, and Annotation. Genomic

DNA of V. boronicumulans BAM-48 was isolated via phenol
chloroform extraction. The purity, quality, and size of the bulk
gDNA preparation were assessed according to DOE-JGI guidelines.44

Sequencing was performed at GATC Biotech AG (Konstanz,
Germany) by means of single-molecule real-time sequencing.62 The
sequences extracted from the resulting data set were assembled using
the hierarchical genome assembly process.63 Variochelin biosynthesis
genes were first identified using antiSMASH 3.0.1.32 Refinement of the
cluster analysis was conducted as previously described.25,45 The
annotated nucleotide sequence for the variochelin gene cluster has
been deposited in GenBank under accession number KT900023.
Photoreactivity Tests. Photoreactivity tests of variochelins were

performed as previously described.20 Reduction of the complexed
ferric iron to ferrous iron was investigated via the bathophenan-
throlinedisulfonic acid assay. Each reaction contained 100 μM
variochelin A, 10 μM FeCl3, and 40 μM BPDS (Sigma-Aldrich) in
PBS buffer (pH 7.5). The reactions were either exposed to sunlight or
kept in the dark for 4 h. The formation of Fe(BPDS)3

2+ was monitored
before and after exposure to sunlight/darkness by measuring the
absorption at 535 nm using a Genesys 10 UV spectrophotometer
(Thermo). The experiments were run in duplicate. In order to identify
photolysis products, a 2 mM solution of ferric 1 in PBS buffer (pH

7.5) was exposed to sunlight for 6 h. An identical solution that was
shielded from sunlight served as a negative control. After photo-
exposure, both samples were dried in vacuo. The samples were then
taken up in 100 μL of MeOH and analyzed by HRESIMS.
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Figure S1. Response of Varivorax paradoxus B4 (a), V. paradoxus S110 (b), V. paradoxus 351, B13-0-1 D (c), V. boronicumulans 
BAM-48 (d), and V. soli GH9-3 (e) in the CAS assay. Plate (f) shows a negative control.  
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Figure S2. HPLC separation of variochelin A (1) and B (2) monitored at 190 nm (A). Both compounds were positive in the liquid CAS 

assay (B).  
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Figure S3. MALDI-TOF/TOF spectrum of variochelin A (1). 
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Figure S4. Marfey’s analysis of the proline residue in 1. Extracted ion chromatograms of Marfey products after HI cleavage of 1 (A), 
from commercial L-proline (B) and D-proline (C).  
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure S5. Marfey’s analysis of the serine residue in 1. Extracted ion chromatograms of Marfey products after HI cleavage of 1 (A), from 
commercial L-serine (B) and D-serine (C). 
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Figure S6. Marfey’s analysis of the β-hydroxyaspartic acid residue in 1. UV profiles of Marfey products after HI cleavage of 1 (A) and 
from commercial D/L-threo-β-hydroxyaspartic acid (B). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S7. Configurational analysis of the ornithine residues in 1. Extracted ion chromatograms of bis-carbamate products after HI 
cleavage of 1 (A), from commercial D/L-ornithine (B), and from L-ornithine (C). 
 
 

A 

B 
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Figure S8. 1H NMR (500 MHz) spectrum of 1 in DMSO-d6 
 
 

solvent 
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Figure S9. 1H-decoupled 13C NMR (125 MHz) spectrum of 1 in DMSO-d6 
 
 

solvent 
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Figure S10. 1H, 1H COSY spectrum (500 MHz) of 1 in DMSO-d6 
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Figure S11. 1H, 13C HSQC (500 MHz) spectrum of 1 in DMSO-d6 
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Figure S12. 1H, 13C HMBC (500 MHz) spectrum of 1 in DMSO-d6 
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Figure S13. 1H NMR (500 MHz) spectrum of 2 in DMSO-d6 
 solvent 
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Figure S14. 1H-decoupled 13C NMR (125 MHz) spectrum of 2 in DMSO-d6 

solvent 
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Figure S15. HR-ESI-MS spectra of variochelin A as a free ligand (top), and in complex with Fe3+ (middle) and Ga3+ (bottom). 
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Figure S16. Photoreactivity test. LC-HR-MS of Fe(III)-variochelin A exposed to sunlight (A) and stored in the dark (B). The 
fragments of pseudomolecular ions with m/z 1026 [M - H] - and m/z 414 [M + H] + are only observed after light exposure. 
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Figure S17. HR-ESI-MS spectra of the two Fe(III)-variochelin A fragment detected after light exposure. 
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Figure S18. HR-ESI-MS spectrum of variochelin B.  
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Table S1. Soil and freshwater bacteria that are assumed to produce photoreactive acyl peptide siderophore.  
 

  
CucG A domain  

homolog (Identity [%]) 
CucF TauD domain 

homolog (Identity [%]) 
CucF starter C domain 
homolog (Identity [%]) 

TaiD FAAL domain 
homolog (Identity [%]) 

Predicted 
siderophore Reference1 

Achromobacter spanius 
CGMCC9173 WP_050444824 (51) WP_050444825 (71) - WP_050444825 (71) new  

Burkholderia sordidicola S170 WP_051887899 (42) WP_051887896 (68) - WP_051887899 (56) new  

Cupriavidus basilensis OR16 EHP40329 (38) EHP40328 (73) - EHP40327 (76) taiwachelin [21] 

Cupriavidus gilardii CR3 WP_053823544 (44) ALD92493 (45) - WP_053823547 (52) new  

Cupriavidus necator H16 WP_011617407 (100) WP_011617408 (100) WP_011617408 (100) - cupriachelin [20] 

Cupriavidus sp. amp6 WP_051320452 (44) WP_051320452 (94) WP_051320452 (83) - cupriachelin [20] 

Cupriavidus sp. SK-4 EYS85590 (97) EYS85589 (99) EYS85589 (97) - cupriachelin [20] 

Cupriavidus sp. WS WP_020206421 (46) WP_020206420 (75) - WP_020206420 (72) taiwachelin [21] 

Cupriavidus taiwanensis LMG 
19424 WP_012356046 (47) WP_012356045 (73) - WP_012356045 (100) taiwachelin [21] 

Herbaspirillum seropedicae Z67 AKN68207 (43) AKN68207 (71) - AKN68207 (36) serobactin [22] 

Janthinobacterium 
agaricidamnosum NBRC 102515 CDG82376 (43) CDG82376 (72) - CDG82375 (57) new  

Ralstonia pickettii DTP0602 AGW94292 (93)  AGW94293 (98) AGW94293 (93) - cupriachelin [20] 

Ralstonia sp. GA3-3 EON20600 (99) EON20601 (100) EON20601 (99) - cupriachelin [20] 

Variovorax paradoxus B4 WP_021008405 (40) WP_021008410 (42) - WP_021008409 (55) new  

Variovorax paradoxus EPS WP_013542707 (37) ADU35203 (55) - WP_013542707 (55) new  

Variovorax paradoxus S110 WP_015866520 (41) WP_015866525 (42) - WP_015866524 (56) new  
1see main manuscript
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http://www.ncbi.nlm.nih.gov/protein/AGW94292.1
http://www.ncbi.nlm.nih.gov/protein/EON20600.1
http://www.ncbi.nlm.nih.gov/protein/490340237?report=genbank&log$=prottop&blast_rank=1&RID=29VBKT1K015
http://www.ncbi.nlm.nih.gov/protein/490340237?report=genbank&log$=prottop&blast_rank=1&RID=29VBKT1K015
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Table S2. Annotation of siderophore gene clusters from Variovorax paradoxus B4 and V. paradoxus S110.  
 
Gene  Protein accession no. (GenBank) Size (aa) Proposed function (domain architecture) Predicted substrate specificity1 

VAPA_1c38580 / Vapar_3733 WP_021008396 / WP_015866511  206 / 207 DNA-directed RNA polymerase sigma-70 factor   

VAPA_1c38590 /Vapar_3734 WP_021008397 / WP_015866512  72 / 72 anti-FecI sigma factor FecR  

VAPA_1c38600 / Vapar_3735 WP_021008398 / WP_015866513  78 / 78 hypothetical protein  

VAPA_1c38610 / Vapar_3736 WP_021008399 / WP_015866514  563 / 563 peptide transporter  

VAPA_1c38620 / Vapar_3737 WP_021008400 / WP_015866515  281 / 281 ferric iron reductase  

VAPA_1c38630 / Vapar_3738 WP_021008401 / WP_015866516  281 / 281 N-hydroxyornithine formyltransferase   

VAPA_1c38640 / Vapar_3739 WP_021008402 / WP_015866517  344 / 344 N-hydroxyornithine acetyltransferase   

VAPA_1c38650 / Vapar_3740 WP_021008403 / WP_015866518 450 / 439 ornithine N-monooxygenase  

VAPA_1c38660 / Vapar_3741 WP_021008404 / WP_015866519  722 / 723 TonB-dependent receptor  

VAPA_1c38670 / Vapar_3742 WP_021008405 / WP_015866520  1357 / 1358 non-ribosomal peptide synthetase (C-A-PCP-TE) aspartic acid 

VAPA_1c38680 / Vapar_3743 WP_021008406 / WP_015866521  2625 / 2626 non-ribosomal peptide synthetase (C-A-PCP-E-C-A-PCP) Nδ-hydroxyornithine + threonine 

VAPA_1c38690 / Vapar_3744 WP_021008407 / WP_015866522  1113 / 1110 non-ribosomal peptide synthetase (C-A-PCP) serine 

VAPA_1c38700 / Vapar_3745 WP_021008408 / WP_015866523  1520 / 1520 polyketide synthase (KS-AT-KR-ACP) malonyl-CoA 

VAPA_1c38710 / Vapar_3746 WP_021008409 / WP_015866524  1771 / 1776 non-ribosomal peptide synthetase (FAAL-ACP-C-A-PCP) fatty acid +                              
Nδ-formyl-Nδ-hydroxyornithine 

VAPA_1c38720 / Vapar_3747 WP_021008410 / WP_015866525  330 / 330 TauD-like hydroxylase  

VAPA_1c38730 / Vapar_3748 WP_021008411 / WP_015866526  229 / 229 4'-phosphopantetheinyl transferase  

VAPA_1c38740 / Vapar_3749 WP_021008412 / WP_015866527  245 / 246 type II thioesterase  

VAPA_1c38750 / Vapar_3750 WP_021008413 / WP_015866528  85 / 85 MbtH domain-containing protein  

VAPA_1c38760 / Vapar_3751 WP_021008414 / WP_015866529  67 / 67 anti-FecI sigma factor FecR  

VAPA_1c38770 / Vapar_3752 WP_021008415 / WP_015866530  181 / 181 DNA-directed RNA polymerase sigma-70 factor  
1according to references [32-36] in the main manuscript 
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http://www.ncbi.nlm.nih.gov/protein/538497193?report=genbank&log$=prottop&blast_rank=1&RID=14CY8R98014
http://www.ncbi.nlm.nih.gov/protein/538497195?report=genbank&log$=prottop&blast_rank=1&RID=14D2UEAD016
http://www.ncbi.nlm.nih.gov/protein/538497197?report=genbank&log$=prottop&blast_rank=1&RID=14D4N0BJ016
http://www.ncbi.nlm.nih.gov/protein/538497200?report=genbank&log$=prottop&blast_rank=1&RID=14D6MV66016
http://www.ncbi.nlm.nih.gov/protein/538497204?report=genbank&log$=prottop&blast_rank=1&RID=14DCJEZG016
http://www.ncbi.nlm.nih.gov/protein/538497207?report=genbank&log$=prottop&blast_rank=1&RID=14DGBR59014
http://www.ncbi.nlm.nih.gov/protein/538497208?report=genbank&log$=prottop&blast_rank=1&RID=14DSWDV0014
http://www.ncbi.nlm.nih.gov/protein/538497221?report=genbank&log$=prottop&blast_rank=1&RID=14E3A18N014
http://www.ncbi.nlm.nih.gov/protein/538497225?report=genbank&log$=prottop&blast_rank=1&RID=14E74EGP016
http://www.ncbi.nlm.nih.gov/protein/538497229?report=genbank&log$=prottop&blast_rank=1&RID=14EFSGVS016
http://www.ncbi.nlm.nih.gov/protein/538497233?report=genbank&log$=prottop&blast_rank=1&RID=14ETFW89014
http://www.ncbi.nlm.nih.gov/protein/538497236?report=genbank&log$=prottop&blast_rank=1&RID=14F698U2014
http://www.ncbi.nlm.nih.gov/protein/538497237?report=genbank&log$=prottop&blast_rank=1&RID=14FCR768014
http://www.ncbi.nlm.nih.gov/protein/538497239?report=genbank&log$=prottop&blast_rank=1&RID=14FZ86ZU016
http://www.ncbi.nlm.nih.gov/protein/538497242?report=genbank&log$=prottop&blast_rank=1&RID=14G333GZ016
http://www.ncbi.nlm.nih.gov/protein/538497245?report=genbank&log$=prottop&blast_rank=1&RID=14J6GU9K014
http://www.ncbi.nlm.nih.gov/protein/538497248?report=genbank&log$=prottop&blast_rank=1&RID=14GFXZUZ016
http://www.ncbi.nlm.nih.gov/protein/538497251?report=genbank&log$=prottop&blast_rank=1&RID=14GK43MP014
http://www.ncbi.nlm.nih.gov/protein/538497253?report=genbank&log$=prottop&blast_rank=1&RID=14JA2JUU014
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Table S3. Annotation of the siderophore gene cluster from Variovorax paradoxus EPS. 
 
Gene  Protein accession 

no. (GenBank) 
Size 
(aa) Proposed function (domain architecture) Predicted substrate specificity1 

Varpa_4319 WP_013542699 433 ornithine N-monooxygenase  
Varpa_4320 WP_013542700 559 peptide transporter  
Varpa_4321 WP_013542701 288 ferric iron reductase  
Varpa_4322 WP_013542702 280 N-hydroxyornithine formyltransferase  
Varpa_4323 WP_013542703 721 TonB-dependent siderophore receptor  

Varpa_4324 WP_013542704 4633 non-ribosomal peptide synthetase (C-A-PCP-C-A-PCP-C-A-PCP-C-A-PCP-TE) Nδ-hydroxyornithine + Nδ-formyl-Nδ-
hydroxyornithine + threonine +serine 

Varpa_4325 WP_013542705 4313 non-ribosomal peptide synthetase (C-A-PCP-C-A-PCP-C-A-PCP-C-A-PCP) Nδ-formyl-Nδ-hydroxyornithine + threonine + 
threonine + glycine 

Varpa_4326 WP_013542706 1542 polyketide synthase (KS-AT-KR-ACP) malonyl-CoA 
Varpa_4327 WP_013542707 1766 non-ribosomal peptide synthetase (FAAL-ACP-C-A-PCP) fatty acid + Nδ-formyl-Nδ-hydroxyornithine 
Varpa_4328 WP_013542708 249 type II thioesterase  
Varpa_4329 WP_013542709 84 MbtH domain-containing protein  
Varpa_4330 WP_013542710 82 anti-FecI sigma factor FecR  
Varpa_4331 WP_013542711 179 DNA-directed RNA polymerase sigma-70 factor  
Varpa_4332 WP_013542712 321 4'-phosphopantetheinyl transferase  

1according to references [32-36] in the main manuscript 
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http://www.ncbi.nlm.nih.gov/protein/503308038?report=genbank&log$=prottop&blast_rank=1&RID=148GW421016
http://www.ncbi.nlm.nih.gov/protein/503308039?report=genbank&log$=prottop&blast_rank=1&RID=148SGH83014
http://www.ncbi.nlm.nih.gov/protein/503308039?report=genbank&log$=prottop&blast_rank=1&RID=148SGH83014
http://www.ncbi.nlm.nih.gov/protein/503308041?report=genbank&log$=prottop&blast_rank=1&RID=14949N5D016
http://www.ncbi.nlm.nih.gov/protein/503308039?report=genbank&log$=prottop&blast_rank=1&RID=148SGH83014
http://www.ncbi.nlm.nih.gov/protein/503308043?report=genbank&log$=prottop&blast_rank=1&RID=14MR91CA014
http://www.ncbi.nlm.nih.gov/protein/503308044?report=genbank&log$=prottop&blast_rank=1&RID=14JVWZSN016
http://www.ncbi.nlm.nih.gov/protein/503308045?report=genbank&log$=prottop&blast_rank=1&RID=149H1ZYX014
http://www.ncbi.nlm.nih.gov/protein/503308046?report=genbank&log$=prottop&blast_rank=1&RID=14BVPNB9014
http://www.ncbi.nlm.nih.gov/protein/503308047?report=genbank&log$=prottop&blast_rank=1&RID=14C2GN5A014
http://www.ncbi.nlm.nih.gov/protein/503308048?report=genbank&log$=prottop&blast_rank=1&RID=14C7KJTA016
http://www.ncbi.nlm.nih.gov/protein/503308049?report=genbank&log$=prottop&blast_rank=1&RID=14CC95HY016
http://www.ncbi.nlm.nih.gov/protein/503308050?report=genbank&log$=prottop&blast_rank=1&RID=14CFPDAK014
http://www.ncbi.nlm.nih.gov/protein/503308039?report=genbank&log$=prottop&blast_rank=1&RID=148SGH83014
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Tables S4. Annotation of the variochelin gene cluster from Variovorax boronicumulans BAM-48. 
 

Gene Size of 
protein (aa) Proposed function (domain architecture) Predicted substrate specificity1 

varR 560 peptide transporter  
varQ 78 anti-FecI sigma factor FecR  
varP 262 ferric iron reductase  
varO 369 N-hydroxyornithine acetyltransferase  
varN 440 ornithine N-monooxygenase  
varM 193 RNA polymerase subunit sigma-24  
varL 343 anti-FecI sigma factor FecR  
varK 816 TonB-dependent receptor  
varJ 2459 nonribosomal peptide synthetase (C-A-PCP-C-A-PCP-TE) Nδ-hydroxyornithine + Nδ-hydroxyornithine 
varI 2586 nonribosomal peptide synthetase (C-A-PCP-E-C-A-PCP) serine + proline 
varH 1035 nonribosomal peptide synthetase (C-A-PCP) aspartic acid 
varG 2351 polyketide synthase (KS-AT-KR-ACP-C-TauD) malonyl-CoA 
varF 1756 nonribosomal peptide synthetase (FAAL-ACP-C-A-PCP) fatty acid + arginine 
varE 234 4'-phosphopantetheinyl transferase  
varD 249 type II thioesterase  
varC 81 MbtH domain-containing protein  
varB 82 anti-FecI sigma factor FecR  
varA 178 DNA-directed RNA polymerase sigma-70 factor  

1according to references [32-36] in the main manuscript 
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ABSTRACT  20 

Cupriachelin is a photoreactive lipopeptide siderophore produced by the freshwater bacterium 21 

Cupriavidus necator H16. In the presence of sunlight, the iron-loaded siderophore undergoes 22 

photolytic cleavage, thereby releasing solubilized iron into the environment. This iron is not only 23 

available to the siderophore producer, but also to the surrounding microbial community. In this 24 

study, the cupriachelin-based interaction between C. necator H16 and the freshwater diatom 25 

Navicula pelliculosa was investigated. A reporter strain of the bacterium was constructed to study 26 

differential expression levels of the cupriachelin biosynthesis gene cucJ in response to varying 27 

environmental conditions. Not only iron starvation, but also culture supernatants of N. pelliculosa 28 

were found to induce cupriachelin biosynthesis. The transcription factors involved in this 29 

differential gene expression were identified using DNA-protein pulldown assays. Besides the well-30 

characterized ferric uptake regulator (Fur), a two-component system was found to tune the 31 

expression of cupriachelin biosynthesis genes in the presence of diatom supernatants.  32 
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INTRODUCTION 36 

Iron is involved in many biologically vital processes and is indispensable for virtually all forms of 37 

life (Andrews et al. 2003). It is highly abundant, yet hardly bioavailable in most ecosystems due 38 

to the formation of insoluble ferric oxides and hydroxides. Therefore, iron often represents a 39 

limiting factor for microbial growth. Microorganisms have evolved different strategies to 40 

overcome this challenge, one of the most well-known being the production of siderophores (Hider 41 

and Kong 2010; Kurth et al. 2016a). Siderophores are small molecular weight compounds that 42 

have a strong affinity towards ferric iron (Fe3+). Once secreted from the producing cell, they rapidly 43 

coordinate the metal and are then taken back up into the cell by active transport. In the cytoplasm, 44 

the iron is usually released from the siderophore by a reductive or hydrolytic mechanism (Schalk 45 

and Guillon 2013).  46 

A different mode of siderophore-mediated iron acquisition was described from marine organisms. 47 

Some marine bacteria produce siderophores, of which the iron-bound complexes are prone to 48 

photolytic cleavage in the presence of sunlight. The complexed iron is thereby reduced and 49 

released into the environment (Barbeau et al. 2001). The production of photoreactive siderophores 50 

appears to be widely distributed in marine bacteria (Barbeau et al. 2001, 2002; Ito and Butler 2005; 51 

Martin et al. 2006; Homann et al. 2009; Amin et al. 2009b; Butler and Theisen 2010; Robertson et 52 

al. 2018). An essential characteristic of these molecules is the presence of an α-hydroxycarboxylate 53 

function that confers the photoreactivity (Barbeau et al. 2001). Furthermore, many of these 54 

siderophores feature a fatty acid side chain. The latter was proposed to increase the residence time 55 

of the siderophore and to concentrate iron around the cell, which seems plausible in aquatic 56 

environments, where diffusion plays a significant role (Martinez 2000). Recently, photoreactive 57 

acyl siderophores have also been reported from freshwater bacteria. The finding of the 58 
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cupriachelins (Kreutzer et al. 2012) and the variochelins (Kurth et al. 2016b) indicates that 59 

photoreactive siderophores are even more widespread in the environment than previously thought.  60 

The light-induced release of soluble and, thus, bioavailable iron has a major impact on 61 

environmental iron cycling. Since aquatic bacteria often live in tight relationships with 62 

phytoplankton species (Kouzuma and Watanabe 2015; Seymour et al. 2017), siderophore-63 

mediated biotic interactions are highly likely as well. Indeed, Amin et al. (2009b) demonstrated 64 

that the dinoflagellate Scrippsiella trochoidea can utilize iron, which is released from a 65 

photoreactive siderophore produced by associated bacteria. They further found that the bacterial 66 

siderophore producers receive exudates from the dinoflagellate, which serve as sources of carbon 67 

and energy. The described interaction was referred to as “carbon-for-iron” paradigm (Amin et al. 68 

2009a) and can be regarded as mutualistic. It is conceivable that such iron sharing is a common 69 

phenomenon amongst plankton. Because iron represents a major limiting factor for the growth of 70 

phytoplankton species (Blain et al. 2007), an association with producers of photoreactive 71 

siderophores would represent an important ecological advantage.  72 

In this study, the cupriachelin-based interaction between the freshwater bacterium Cupriavidus 73 

necator H16 and the diatom Navicula pelliculosa was investigated. The latter was chosen for this 74 

analysis because of its wide global distribution in freshwater environments. A natural co-75 

occurrence of N. pelliculosa and C. necator H16 appeared hence conceivable. We hypothesized 76 

that N. pelliculosa could trigger the production of cupriachelin and that the concomitant 77 

communication could rely on signal molecules secreted by the diatom (Fig. 1). To probe this 78 

scenario, we constructed a reporter of cupriachelin biosynthesis gene expression. We show that 79 

not only iron starvation, but also culture supernatants of N. pelliculosa induce cupriachelin 80 

biosynthesis. Furthermore, we analyzed the transcription factors involved in the regulation of 81 
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cupriachelin biosynthesis by DNA-protein-pulldown assays. In addition to the well-known ferric 82 

uptake regulator (Fur) a two-component system was found to tune the expression of cupriachelin 83 

biosynthesis genes. 84 

54



 

 
 

MATERIALS AND METHODS 85 

Growth conditions of algal and bacterial strains. N. pelliculosa was obtained from the SAG 86 

culture collection (SAG 1050-3, Göttingen, Germany). The diatom was grown in static, non-87 

shaking culture in cell culture flasks (50 mL/125 mL, Sarstedt) at 18 °C in modified WC medium 88 

(36.8 mg/L CaCl2 x 2 H2O, 37 mg/L MgSO4 x 7 H2O, 12.6 mg/L NaHCO3, 11.4 mg/L K2HPO4 x 89 

3 H2O, 85 mg/L NaNO3, 21.2 mg/L Na2O3Si x 5 H2O, 115 mg/L TES, 4.36 mg/L EDTANa2, 0.01 90 

mg/L CuSO4 x 5 H2O, 0.022 mg/L ZnSO4 x 7 H2O, 0.01 mg/L CoCl2 x 6 H2O, 0.18 mg/L MnCl2 91 

x 4 H2O, 0.006 mg/L Na2MoO4 x 2 H2O, 1 mg/L H3BO3, 0.1 mg/L thiamine HCl, 0.0005 mg/L 92 

biotin, 0.0005 mg/L cyanocobalamin). Ferric chloride was added to the medium at different 93 

concentrations corresponding to iron-limited (0.15 µM) and iron-replete (10 µM) conditions. The 94 

light was provided by a “JBL Solar Reptil Sun T8” tube covering the UV-Vis range from 200-800 95 

nm. A light regime of 12:12 (light/dark) with 30–50 μmol/m2/s light intensity was used. Growth 96 

was monitored by daily microscopic cell counts. For this purpose, micrographs were taken every 97 

day on ten randomly chosen spots of every cell culture flask, and the number of cells per monitored 98 

area (~72,000 µm2) was counted using ImageJ (Schindelin et al. 2012). Seed cultures consisted of 99 

N. pelliculosa cells in their exponential growth phase and constituted 2% (v/v) of the final culture 100 

volume. Under these conditions, N. pelliculosa reached stationary phase after ~ 2 weeks. For 101 

cultivation of C. necator H16, H-3 mineral medium (2.3 g/L KH2PO, 2.57 g/L Na2HPO4, 1.0 g/L 102 

NH4Cl, 0.5 g/L MgSO4 × 7 H2O, 0.5 g/L NaHCO3, 0.01 g/L CaCl2 × 2 H2O and 5 mL/L SL-6 trace 103 

element solution (0.1 g/L ZnSO4 × 7 H2O, 0.03 g/L MnCl2 × 4 H2O, 0.3 g/L H3BO3, 0.2 g/L CoCl2 104 

× 6 H2O, 0.01 g/L CuCl2 × 2 H2O, 0.02 g/L NiCl2 × 6 H2O, 0.03 g/L Na2MoO4 × 2 H2O)) 105 

supplemented with 1 g/L aspartate was used as standard growth medium. When required, iron was 106 

added as FeCl3 to different concentrations. Cultures were vigorously shaken at 28 °C. For 107 
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cultivation of C. necator H16 with culture supernatants of N. pelliculosa, a 1:1 mixture of H-3 108 

mineral medium and filter-sterilized (0.2 µM) algal culture supernatant supplemented with 2% 109 

fructose was used. The control consisted of modified WC medium supplemented with 2% fructose. 110 

The described cultivation conditions were used for β-galactosidase assays, as well as for DNA-111 

protein pulldown assays. Escherichia coli strains were cultivated at 37 °C in lysogeny broth (LB). 112 

When required, antibiotics were added to the following concentrations: 100 µg ampicillin/mL and 113 

25 µg chloramphenicol/mL. 114 

Construction of the reporter and control strains. Plasmids used in this study are listed in Table 115 

1. The broad host range expression vector pRANGER-BTB-3 was used as the backbone for all 116 

constructed plasmids. First, araC was removed from the plasmid by BsaXI digestion and religation 117 

yielding pCK01. The β-galactosidase gene lacZ, obtained from XmnI digestion of pMLB1034 118 

(ATCC 37222), was introduced into the EcoRV restriction site of the plasmid resulting in pCK02. 119 

Three different promoters were subsequently cloned in front of lacZ. (i) The arabinose-inducible 120 

promoter araBp was PCR-amplified along with araC from pRANGER-BTB-3 using the primers 121 

araBp_F (5’-cccgggtataggaacttcgaagcagctc-3’) and araBp_R (5’-cccgggttctcctttactcatgctagcc-3’). 122 

It was then cloned into pJET1.2/blunt (Thermo Fisher Scientific), introduced into chemically 123 

competent E. coli DH5α and sequenced. The genes araBp and araC were cut out from 124 

pJET1.2/blunt using SmaI and cloned into the SmaI site of pCK02, resulting in pCK03. (ii) The 125 

constitutive promoter tacp (Fukui et al. 2011) was amplified via PCR from pGEX-6P-2 with the 126 

primers tacp_F (5’-cccgggttggccgattcattaatgcag-3’) and tacp_R (5’-127 

cccgggtagtataggggacatgaatactg-3’). Cloning of tacp into pCK02 was performed as previously 128 

described for araBp, resulting in pCK04. (iii) cucJp is the 1037 bp upstream region of h16_b1683, 129 

which encodes an enzyme involved in cupriachelin biosynthesis (Kreutzer et al. 2012). It was 130 
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amplified via PCR from C. necator H16 genomic DNA using the primers cucJp_F (5’-131 

cccgggctaggtgccgacggctttac-3’) and cucJp_R (5’-cccgggcataggctgcgtcattgggtc-3’). Cloning of 132 

cucJp into pCK02 was performed as previously described for araBp, resulting in pCK05. The 133 

plasmids pCK02, pCK03, pCK04 and pCK05 were introduced into C. necator H16 via 134 

electroporation. Electrocompetent cells were prepared by growing C. necator H16 in LB medium 135 

to an OD600 of 0.4. The cells were then placed on ice for 20 min, harvested by centrifugation (5 136 

min, 2,627 x g, 4 °C), washed twice with 10% glycerol and resuspended in 10% glycerol. After 137 

electroporation (2500 V, 200 Ω, 25 µF), the transformed cells were allowed to regenerate for 150 138 

min shaking at 30 °C in super optimal broth with catabolite repression (2% tryptone, 0.5% yeast 139 

extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose). C. necator:pCK03 was plated 140 

on LB agar containing 10 mM arabinose and 0.1 mg/mL X-Gal to confirm the production of β-141 

galactosidase in the host strain. The C. necator reporter strain harboring pCK05 was subsequently 142 

used for β-galactosidase assays, along with the control strains harboring pCK02 (negative control) 143 

and pCK04 (positive control).  144 

Measuring of iron concentration in media and algal culture supernatants. The iron 145 

concentration in media and supernatants was determined on a contrAA 700 high-resolution 146 

continuum source atomic absorption spectrometer (AAS, Analytik Jena, Germany) using graphite 147 

tubes (Hermenau et al. 2018).  148 

β-Galactosidase assay. The reporter strain was grown in 50 mL volumes under the respective 149 

conditions. A culture volume of 2-4 mL was harvested by centrifugation (1 min, 15,700 x g, room 150 

temperature) for each assay and resuspended in 200 µL phosphate-buffered saline pH 7.4 (8 g/L 151 

NaCl, 0.2 g/L KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4). The β-galactosidase assay was performed 152 
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as previously described by Griffith and Wolf (2002), with the exception that microplates were 153 

incubated at 28 °C instead of room temperature. 154 

Statistical analyses. For β-galactosidase assays, reporter stains were cultivated as triplicates for 155 

every treatment. N. pelliculosa was cultivated in biological triplicates. Every supernatant of the 156 

diatom culture was split into three samples and added to the reporter strains, resulting in nine 157 

replicates for each data point. Outliers were identified according to Dixon’s Q test at the 95% 158 

confidence interval and eliminated from the analysis. Statistical significance of results was 159 

assessed via one-way ANOVA with Tukey´s post hoc for pairwise comparisons (p < 0.05) using 160 

VassarStats for statistical computation (Lowry 2018). 161 

DNA-protein pulldown assay. C. necator H16 was cultivated in 500 mL cultures under the 162 

respective conditions. After having reached stationary growth phase, cells were harvested by 163 

centrifugation (10 min, 9,500 x g, 4°C), washed with 20 mL washing buffer (10 mM Tris-HCl pH 164 

7.5, 5% glycerol, 2 mM EDTA, 120 mM NaCl) and resuspended in 2 mL BS/THES buffer (Jutras 165 

et al. 2012). Cells were lysed via sonication (7 x 40% pulsed cycles of 1 min with 20% power and 166 

1 min break in between the cycles) using a Bandelin Sonopuls HD 2070. Cell debris was separated 167 

from the soluble protein by centrifugation (30 min, 30,000 × g, 4 °C). The DNA fragment 168 

containing cucJp was amplified using cucJp_R and 5’-biotinylated cucJp_F. The DNA-protein 169 

pulldown assay was then performed as previously described (Jutras et al. 2012). Briefly, the DNA 170 

fragment containing cucJp was attached to Dynabeads M-280 Streptavidin (Thermo Fisher 171 

Scientific) by mixing 200 µL of beads resuspended in 2x B/W buffer (Jutras et al. 2012) and 200 172 

µL PCR product for 20 min. The bead-probe complex was then washed three times with TE buffer 173 

(1 mM EDTA, 10 mM TrisCl, pH 8.0), two times with BS/THES buffer und once with BS/THES 174 

buffer supplemented with Poly(dI-dC) (i.e., poly(deoxyinosinic-deoxycytidylic) acid). The 175 
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supernatant of the bacterial cell lysate was added to the beads resuspended in BS/THES buffer 176 

supplemented with Poly(dI-dC) and mixed for 30 min at RT. This step was repeated at 4 °C. The 177 

bead-probe-protein complex was then washed five times with BS/THES buffer supplemented with 178 

Poly(dI-dC) and two times with BS/THES buffer in order to remove unspecifically bound proteins. 179 

Target proteins were finally eluted using increasing NaCl concentrations (200-1000 mM). 180 

Protein analysis. Proteins were initially analyzed via SDS-PAGE using 4-20% Mini-PROTEAN® 181 

TGXTM Gels (Bio-Rad). Electrophoresis was performed in Mini-PROTEAN® Tetra Cells (Bio-182 

Rad) at 180 V for 30 min. Coomassie staining of the gel was conducted following the protocol of 183 

Dyballa and Metzger (2009). Protein bands of interest were excised from the gel and treated after 184 

the protocol of Shevchenko et al. (1996) with slight modifications. Briefly, protein bands were 185 

destained, and proteins were reduced with dithiothreitol and iodoacetamide before in-gel digestion 186 

with trypsin. The resulting peptides were analyzed on an Ultraflex MALDI-TOF/TOF mass 187 

spectrometer (Bruker Daltonics). 188 
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RESULTS  189 

Generation and testing of reporter strains. To investigate the effect of varying environmental 190 

conditions on cupriachelin biosynthesis, we constructed C. necator H16 reporter strains harboring 191 

plasmids with the β-galactosidase gene lacZ. Initially, an arabinose-inducible promoter was cloned 192 

in front of the reporter gene and the corresponding plasmid, pCK03, was introduced into C. 193 

necator. When plated on LB agar containing arabinose and X-Gal, C. necator:pCK03 formed blue 194 

colonies, confirming the production of recombinant β-galactosidase (Fig. S1). In contrast, the 195 

negative control strain C. necator:pCK02, which does not harbor any promoter in front of lacZ, 196 

formed white colonies on the same medium. The latter strain was also used as negative control for 197 

the β-galactosidase assay. C. necator:pCK04, which harbors the constitutive promoter tacp (Fukui 198 

et al. 2011), served as positive control. For the actual cupriachelin biosynthesis reporter strain, 199 

cucJp was inserted in front of lacZ, yielding pCK05. The gene cucJ encodes a nonribosomal 200 

peptide synthetase, which is required for the assembly of cupriachelin (Kreutzer et al. 2012), and 201 

its transcription level was thus expected to mirror the level of cupriachelin biosynthesis.  202 

Effect of iron concentrations on transcription levels of cucJ. The iron concentration in the 203 

growth medium measured by AAS was found to have a major effect on transcription levels of cucJ 204 

in C. necator (Fig. 2). On the second day after inoculation, reporter strain cultures grown under 205 

iron deficiency (≤ 1 µM Fe) showed significantly higher β-galactosidase activities compared to 206 

cultures supplied with higher iron concentrations. The iron concentration in the growth medium 207 

correlates with the measured β-galactosidase activity. It became apparent that iron concentrations 208 

below 1 µM highly induce siderophore biosynthesis, while β-galactosidase activities of cultures 209 

grown with 10 µM to 500 µM iron are comparatively low. Interestingly, the increased expression 210 
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of cucJ in low-iron media was short-lived. On the third day after inoculation, the cultures showed 211 

only negligible differences in β-galactosidase activity.  212 

Effect of N. pelliculosa culture supernatants on transcription levels of cucJ. To test a possible 213 

effect of N. pelliculosa supernatants on the expression level of cucJ, the diatom was grown under 214 

iron starvation (0.15 µM Fe) and iron repletion (10 µM Fe) to stationary phase (Fig. S2). AAS 215 

measurements revealed that N. pelliculosa sequestered most iron present in the medium during 216 

that time. The remaining iron concentrations in the culture supernatants after cultivation were 0.07 217 

µM ± 0.003 µM and 0.56 µM ± 0.090 µM for iron starvation and iron repletion conditions, 218 

respectively.  For the β-galactosidase assay, C. necator reporter strains were inoculated into a 1:1 219 

mixture of fresh H-3 mineral medium and N. pelliculosa supernatant. The iron concentration in 220 

the latter had been adjusted to 0.65 µM (0.56 µM + 0.090 µM). In doing so, the effect of varying 221 

iron concentrations on cucJ expression levels could be eliminated, and the observed differences in 222 

reporter gene transcription levels could be ascribed to metabolites secreted by the diatom. Since 223 

C. necator grew slowly in the given media composition (data not shown), β-galactosidase assays 224 

were performed only on days 3 and 4 after inoculation. The results show that, regardless of iron 225 

concentration, the addition of diatom supernatants had a significant impact on the β-galactosidase 226 

activity in the reporter strain (Fig. 3). Supernatants from N. pelliculosa cultures that had been 227 

grown under iron-replete conditions strongly induced β-galactosidase activity in the reporter 228 

strains compared to the medium control on both days. The same increase in β-galactosidase 229 

activity, but one day delayed, was observed in the reporter strains incubated with culture 230 

supernatants grown under iron starvation (Fig. 3).  231 

Transcriptional regulation of cupriachelin biosynthesis. Following the assessment of 232 

differential gene expression of cucJ in the β-galactosidase assay, we set out to identify the 233 
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responsible transcription factors. For this purpose, a DNA-protein pulldown assay was performed. 234 

Briefly, a DNA fragment comprising cucJp was generated and incubated with cell lysates of C. 235 

necator H16 to allow transcription factors to bind to cucJp. After several washing steps, bound 236 

proteins were eluted from the DNA and analyzed via SDS-PAGE and MALDI-TOF/MS. In this 237 

way, the ferric uptake regulator (Fur) protein H16_A3143 was found to be involved in the 238 

transcriptional regulation of cupriachelin biosynthesis (Fig. S3). The protein was present in C. 239 

necator H16 cells grown under iron starvation (no added iron) and iron-replete conditions (190 240 

µM Fe). Interestingly, when the bacterium was cultivated with algal supernatants, the DNA-241 

protein pull down assay revealed a second transcription factor, H16_A1372, binding to cucJp (Fig. 242 

4). H16_A1372 is annotated as a response regulator of the NarL family. NarL response regulators 243 

harbor a characteristic helix-turn-helix motif in their DNA-binding domain, which is also present 244 

in H16_A1372 (Kohlmann 2015). Besides the response regulator, four other proteins were 245 

identified in this DNA-protein pulldown assay (Fig. 4). They include proteins involved in energy 246 

metabolism (dihydrolipoyl dehydrogenase) and nucleotide biosynthesis (dihydroorotase, aspartate 247 

carbamoyltransferase). Since an unspecific or indirect binding with cucJp cannot be ruled out, 248 

these proteins were not further considered in this study.   249 
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DISCUSSION 250 

The production of siderophores by microorganisms depends on several environmental conditions, 251 

one of the most important being the availability of iron. Siderophore biosynthesis is generally 252 

upregulated under low iron stress, which was also confirmed for the production of cupriachelin in 253 

this study. Iron concentrations ≤ 1 µM increased the transcription level of the reporter gene 254 

compared to higher iron concentrations (Fig. 2). Interestingly, β-galactosidase activity was also 255 

observed with iron concentrations as high as 500 μM. Since iron concentrations > 190 µM are 256 

known to abolish cupriachelin production (Kreutzer et al. 2012), it is possible that the biosynthesis 257 

is also regulated post-transcriptionally. Such control at the mRNA level has been recognized to 258 

play a pivotal role in prokaryotic gene expression (Papenfort and Vogel 2009), but its identification 259 

remains challenging due to different constraints (Livny and Waldor 2007). Another observation 260 

was the short persistence of the increased expression of cucJ in low-iron media (Fig. 2). A possible 261 

explanation might be that cupriachelin is only produced under severe iron starvation. Once a 262 

sufficient intracellular iron concentration is reached, C. necator H16 may switch to the production 263 

of a metabolically less costly siderophore, as previously reported for Pseudomonas spp. (Dumas 264 

et al. 2013). A gene cluster for the biosynthesis of an auxiliary siderophore is indeed present in the 265 

genome of C. necator H16 (Schwartz et al. 2003). 266 

Besides the environmental iron concentration, cell density has a major influence on siderophore 267 

transcription levels (Niehus et al. 2017). Siderophore production is generally most effective when 268 

iron concentrations are low, and cell densities are high. This is because higher cell densities entail 269 

higher siderophore production rates and, concurrently, higher chances for cells to encounter iron-270 

siderophore complexes. Quorum sensing mediates this concentration-dependent mechanism of 271 

siderophore biosynthesis in Pseudomonas aeruginosa (Stintzi et al. 1998), and it is conceivable 272 
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that this may be true also for other bacteria. When iron availability is very low, cells grow poorly 273 

and benefit less from producing siderophores. The poor growth may explain why lower 274 

transcription levels of the reporter gene were measured when bacteria had been grown without any 275 

iron supplementation compared to the cases when small amounts of iron (0.4 µM, 1 µM) had been 276 

added to the cultures (Fig. 2).  277 

A third factor influencing siderophore biosynthesis is the presence of iron-competing strains 278 

(Niehus et al. 2017). As secreted molecules, siderophores may be considered as public goods, 279 

especially when non-producers possess receptors and transporters for the uptake of the 280 

corresponding siderophore (Niehus et al. 2017). Photoreactive siderophores indeed are particular 281 

in this context. Their photolytic cleavage yields free Fe(II) that will rapidly reoxidize to a soluble, 282 

bioavailable form of iron, i.e. Fe(III)’ (the sum of all inorganic Fe(III)-hydrolysis species), under 283 

aerobic conditions (Bruland and Rue 2001; Amin et al. 2012). To which extent iron is shared with 284 

other organisms or used by the producer is an important aspect that has to be considered. The 285 

cupriachelin gene cluster encodes a TonB-dependent receptor (Kreutzer et al. 2012), suggesting 286 

that the Fe-cupriachelin complex can be taken up by the bacterium, at least in the dark. The genome 287 

of C. necator H16 further exhibits a ferrous iron uptake system (H16_B0083-H16_B0085) 288 

(Cartron et al. 2006; Kreutzer et al. 2012) that may be used for the uptake of the photochemically 289 

released Fe(II). However, fast reoxidation to Fe(III)’ under aerobic conditions and the apparent 290 

lack of a ferric iron uptake system in the bacterial genome, reduce the chance for cupriachelin-291 

based iron uptake in sunlight. This leads to the assumption that cupriachelin will deliver iron to C. 292 

necator H16 mainly in the dark, while potentially providing iron to other organisms in the light 293 

(Fig. 1). Producing such siderophore would only make sense, if the other organisms are mutualists, 294 

64



 

 
 

providing other benefits to C. necator H16. Considering the “iron-for-carbon” paradigm (Amin et 295 

al. 2009a), mutualistic iron sharing of C. necator H16 with phytoplankton seems possible. 296 

Especially diatoms, which have been coexisting with bacteria in aquatic environments for more 297 

than 200 million years, appear to form specific interactions with bacteria (Amin et al. 2012). These 298 

encompass, e.g. the exchange of iron (Amin et al. 2009a), vitamins (Croft et al. 2005), nitrogen 299 

(Foster et al. 2011) and dissolved organic carbon (Haynes et al. 2007). Interactions typically take 300 

place within the phycosphere, i.e., the zone directly surrounding microalgae (Seymour et al. 2017) 301 

and macroalgae (Wichard 2016). Here, algae can “cultivate” their bacteria by secreting metabolites 302 

that will attract certain microorganisms. The phycosphere does not mix with the surrounding fluids 303 

and readily accumulates metabolites. The resulting accumulation of microorganisms in microscale 304 

patches throughout aquatic environments (Blackburn et al. 1998) can favor cooperation by keeping 305 

cooperators and metabolites together. This is reinforced by the production of metabolites with 306 

rather a low diffusivity. For siderophores, it was found that low habitat structuring and severe iron 307 

starvation, conditions that prevail in aquatic environments, favor the production of siderophores 308 

with low diffusivity (Kümmerli et al. 2014; Boiteau et al. 2016). All this leads to the assumption 309 

that aquatic photoreactive siderophores are public goods, but stay in the close vicinity of the 310 

producing organism and thereby share their iron only with a fine selection of mutualists. It seems 311 

plausible that the metabolically closely linked organisms will influence each other on different 312 

levels. The observed increase of reporter gene transcription levels after treatment with N. 313 

pelliculosa culture supernatants (Fig. 3) corroborates this assumption. The fact that culture 314 

supernatants of iron-replete algae had a greater inducing effect on cupriachelin biosynthesis than 315 

those of iron-starved algae, can be explained by the different growth behavior of the algal cultures. 316 

In the presence of 10 µM iron, N. pelliculosa generally reached higher cell densities compared to 317 
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0.15 µM iron (Fig. S2). This difference in growth is probably also reflected in the amount of 318 

secreted metabolites and, thereby, in the inducing effect on cupriachelin transcription levels. The 319 

induction of cupriachelin biosynthesis will likely maximize the amount of iron N. pelliculosa can 320 

obtain from C. necator H16 and result in an important growth advantage for the alga. It illustrates 321 

the importance of microbial interactions for the success of a species.  322 

In this study, we used the promoter region of cucJ, a gene involved in cupriachelin biosynthesis, 323 

to determine cupriachelin transcription levels and regulation. CucJp harbors a Fur box 324 

(AATGAGAATGATTATCA) (Fillat 2014), and it is therefore not surprising that we identified 325 

Fur (H16_A3143) to bind to the promoter in the DNA-protein pulldown assay. Fur is widely 326 

distributed in bacteria and regulates transcription of many genes related to iron metabolism. When 327 

iron concentration within the cell is high, apo-Fur binds Fe2+ and dimerizes. The resulting holo-328 

protein then binds to Fur boxes of the corresponding promoters and, thereby, blocks the RNA 329 

polymerase binding site (de Lorenzo et al. 1987). In this classical model, Fur acts as a 330 

transcriptional repressor that prevents the transcription of siderophore biosynthesis genes, when 331 

the intracellular iron concentration is high. Fur is autoregulated, binding to its promoter and thus 332 

preventing its transcription when it is already abundant (Delany et al. 2002). This ensures a 333 

homogeneous distribution of the transcription factor and ensures an adequate response to 334 

environmental stimuli (Watnick et al. 1997). In our assays, Fur could be found in both iron-deplete 335 

and iron-replete cultures of C. necator H16, illustrating the constitutive expression of the fur gene 336 

(h16_a3143). There is increasing evidence that Fur does not only act as a transcriptional repressor 337 

but also as an activator (Massé et al. 2007). It can thus be regarded as a global regulator of gene 338 

expression in many bacteria.  339 
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When C. necator H16 was grown with culture supernatants of N. pelliculosa, we identified a 340 

second transcription factor binding to cucJp. This protein, H16_A1372, was previously 341 

characterized as a global regulator of energy and carbon metabolism in C. necator H16 (Kohlmann 342 

2015). It is a response regulator of the NarL family. H16_A1372 seemed more abundant in C. 343 

necator H16 samples that had been grown with N. pelliculosa culture supernatants, rather than in 344 

the control samples grown with modified WC medium (Fig. 4). Since transcription levels of the 345 

reporter gene were upregulated under the former conditions, we hypothesize that H16_A1372 acts 346 

as a transcriptional activator. Regulation of siderophore biosynthesis and uptake by two-347 

component systems has been reported before (Dean and Poole 1993; Liao et al. 1996), but seems 348 

relatively rare compared to the regulation by Fur. Also, this is the first report of a NarL-type 349 

response regulator involved siderophore biosynthesis regulation to our knowledge. The interplay 350 

between Fur and H16_A1372 may be crucial for the fine-tuning of cupriachelin transcription levels 351 

but remains elusive so far. Further studies need to be conducted to unravel the underlying 352 

mechanisms. 353 

In summary, cupriachelin biosynthesis was found to be highly dependent on environmental 354 

conditions. These include varying iron concentrations, but also the presence of other 355 

microorganisms, such as the diatom N. pelliculosa. To our knowledge, this is the first report of an 356 

alga manipulating siderophore biosynthesis in a bacterium. Photoreactive siderophores have a 357 

major influence on iron cycling in aquatic environments and have the potential to shape planktic 358 

communities. Considering the importance of plankton dynamics for climate change and the 359 

formation of toxic algal blooms (Hallegraeff 2010), the fundamental understanding of such 360 

interactions is of major interest.  361 
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TABLE 1. Plasmids used in this study and their features and origin. 497 

Plasmid Features Origin 

pRANGER-BTB-3 pBBR1, cat, araC Lucigen 

pMLB1034 pMB1, bla, lacZ ATCC 

pGEX-6P-2 pBR322, bla, tacp GE Healthcare 

Life Sciences 

pCK01  pBBR1, cat (pRANGER-BTB-3 without araC) This study 

pCK02 pBBR1, cat, lacZ (without promoter) This study 

pCK03 pBBR1, cat, lacZ with arabinose-inducible promoter araBp This study 

pCK04 pBBR1, cat, lacZ with artificial promoter tacp This study 

pCK05 pBBR1, cat, lacZ with cupriachelin biosynthesis gene 

promoter cucJp 

This study 

498 
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Figure captions 499 

Fig. 1 Proposed mutualistic photoreactive siderophore-based iron sharing between bacteria and 500 

algae. C. necator H16 secretes cupriachelin under iron-deficient conditions. The 501 

ferrisiderophore will likely be taken up by C. necator H16 in the dark. In the light, however, 502 

the ferrisiderophore will undergo photolytic cleavage, thereby releasing Fe2+ into the 503 

environment. The solubilized iron is then also available to the surrounding planktonic 504 

community (e.g., N. pelliculosa). In exchange for the iron, the alga may provide the bacterium 505 

with dissolved organic carbon (DOC). 506 

Fig. 2 (A) β-Galactosidase activity of C. necator:pCK05 on three successive days after 507 

inoculation in H-3 mineral medium with different iron concentrations. The values represent the 508 

means and standard deviations for samples tested in triplicates. Statistical significance was 509 

assessed via one-way ANOVA with Tukey´s post hoc test (P<0.05) for every day comparison. 510 

Statistical differences are denoted by different letters within each day. (B) β-Galactosidase 511 

activity of C. necator:pCK05 on the second day after inoculation in H-3 mineral medium 512 

plotted against iron concentration in the medium. The values represent the means and standard 513 

deviations for samples tested in triplicates. The β-glactosidase activity was significantly (t-test, 514 

P < 0.05) different at low iron (1 µM) compared to replete conditions (10 µM). 515 

Fig. 3 β-Galactosidase activity of C. necator:pCK05 on days 3 and 4 after inoculation in a 1:1 516 

mixture of H-3 mineral medium and culture supernatant of N. pelliculosa grown under iron 517 

starvation (0.15 μM; grey bar) or iron replete conditions (10 μM; black bar) or modified WC 518 

medium (control; white bar). The values represent means and standard deviations of nine 519 

replicates (each of three algal culture supernatants distributed amongst triplicate reporter 520 

strains). Statistical significance was assessed via one-way ANOVA with Tukey´s post hoc test 521 

(P<0.05) for every day comparison. Statistical differences are denoted by different letters within 522 

each day. 523 
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Fig. 4 SDS-PAGE of proteins of the DNA-protein pulldown assays performed with C. necator 524 

H16 grown with culture supernatant of N. pelliculosa (s) or with medium (c). E1 and E2 refer 525 

to eluates with increasing NaCl concentrations (200 mM and 300 mM, respectively). Protein 526 

bands clearly visible in the supernatant samples (s), but less pronounced medium samples (c), 527 

or vice versa were subjected to MALDI-TOF/TOF MS analysis (see arrows). The identified 528 

proteins are given in the table below. PageRuler Unstained Protein Ladder (Thermo Fisher 529 

Scientific) was used as marker (M). The numbers indicate protein masses in kDa.  530 
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Siderophores as molecular tools in medical and
environmental applications

Colette Kurth,a Hirokazu Kageb and Markus Nett*b

Almost all life forms depend on iron as an essential micronutrient that is needed for electron transport

and metabolic processes. Siderophores are low-molecular-weight iron chelators that safeguard the

supply of this important metal to bacteria, fungi and graminaceous plants. Although animals and the

majority of plants do not utilise siderophores and have alternative means of iron acquisition, siderophores

have found important clinical and agricultural applications. In this review, we will highlight the different

uses of these iron-chelating molecules.

Introduction

Iron is the fourth most abundant element in the Earth’s crust.
Although it represents a rather soft metal in its pure, equili-
brium state, the microstructure of iron can be changed to
endow the material with a variety of properties.1 Due to this
plasticity, iron and its alloys are widely used in engineering.2

In biology, iron plays a pivotal role, which can be largely
ascribed to its unique coordination and redox chemistry. The
electronic configuration of iron is [Ar] 3d64s2, and the two

most frequent oxidation states of the transition metal are +2
(d6) and +3 (d5), which are also referred to as ferrous and
ferric, respectively. Further oxidation states, among them +1,
+4 and +5, have been described as reaction intermediates
during enzymatic transformations.3

The interconversion of iron redox states is the basis for elec-
tron transfer processes and the binding of different organic
ligands. In protein active sites, mono- or binuclear iron
species can be directly coordinated by amino acid residues. As
a hard Lewis acid, ferric iron (Fe3+) favours hard-base ligands
such as charged oxygen atoms from the side chains of aspar-
tate and glutamate. In contrast, ferrous iron (Fe2+) represents a
Lewis acid on the borderline between hard and soft and thus
prefers nitrogen and sulfur ligands, such as histidine, cysteine
and methionine. Apart from iron-only centres, metalloenzymes
can also possess sulfide-linked iron cofactors (e.g., [2Fe–2S]
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and [4Fe–4S] clusters) or iron porphyrin complexes, the so-
called heme groups.4 Since the ligand environment influences
the electronic spin state and redox potential in both ferric and
ferrous forms, iron represents an extremely versatile prosthetic
component. Fundamental biological pathways including res-
piration, photosynthesis, nitrogen fixation, and methano-
genesis depend on iron-containing proteins for the transport
and storage of oxygen, electron transfer, as well as substrate
oxidation and reduction.5

In the early history of life, the use of iron in biological pro-
cesses was likely favoured by its general availability and chemi-
cal properties. Since then, however, Earth underwent dramatic
changes. With the onset of photosynthesis, the oxygen levels
in the atmosphere began slowly to rise, as the oxygen was
initially being depleted by the oxidation of methane and
metals. The surface iron was converted from the relatively
soluble ferrous state (0.1 M at pH 7.0) to the extremely in-
soluble ferric form (10−18 M at pH 7.0). Organisms now living
in aerobic environments had to learn to cope with a rather low
pool of bioavailable iron while still satisfying their need for
this life-sustaining metal. Simultaneously, the uptake of the
transition metal had to be tightly regulated to prevent excess
accumulation and a Fenton-induced radical damage.6

Iron homeostasis can be achieved by different means. A
common strategy of bacteria,7 fungi8 and even some plants9

involves the secretion of small molecules that coordinate ferric
iron with high affinity. Once such an iron carrier or sidero-
phore has bound the metal ion, the resulting complex is
actively transported back into the cell, where the coordinated
ion is released by a reductive or hydrolytic mechanism.10 In
recent years, evidence has accumulated that siderophores not
only maintain cellular iron levels, but also fulfil additional
biological functions, be it the structuring of microbial commu-
nities,11,12 or the suppression of host defense mechanisms,

which has been reported for pathogenic siderophore
producers.13,14

This review is intended to give readers an overview of the
chemistry and biosynthesis of siderophores. Furthermore, we
will present the different applications that siderophores have
found in recent years. Potential uses that are not exploited yet
will also be discussed in order to highlight possible directions
in which siderophore research is currently heading.

Chemistry of siderophores

High affinity and selectivity for the binding of ferric iron are
important criteria, which must be met by a siderophore to
exert its biological function. Since negatively charged oxygen
atoms establish extremely tight interactions with Fe3+, it is
no surprise that catecholates, hydroxamates and α-hydroxy-
carboxylates, which each feature two oxygen donor atoms, are
frequent constituents of siderophores. Bidentate ligands,
involving nitrogen or sulfur as donor atoms, do also occur but
exhibit a lower selectivity.15 Siderophores featuring such moie-
ties are therefore often less restrictive when it comes to the
complexation of metal ions other than ferric iron.16

Chelate effects maximize the stability of Fe3+-siderophore
complexes. In water, ferric ions spontaneously form octahedral
Fe(H2O)6

3+ complexes. As the full displacement of the six co-
ordinated water molecules by a single hexadentate ligand is
greatly favoured in terms of entropy, many siderophores
possess six possible coordination sites. The respective donor
atoms are typically distributed over three bidentate ligand
groups and have been integrated into a conformationally
restrained scaffold that adopts an octahedral or pseudoocta-
hedral geometry around the Fe3+ centre (Fig. 1).19 Although hexa-
dentate siderophores prevail in Nature, ligands with less than
six coordination sites are not uncommon. Since single mole-
cules of the latter are unable to satisfy the preferred octahedral
geometry of Fe3+, coordination of the metal ion can involve bi-
and multinuclear complexes.20 Still, hexadentate ligands can
be expected to form more stable Fe3+ complexes by virtue of
the entropic contribution. This is also reflected in their high
iron affinities. The affinities of different siderophores for Fe3+
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Fig. 1 Ball-and-stick structures of the Fe3+ complexes of ferrioxamine
E (A) and a model tris-salicylate ligand (B). Crystallographic data were
obtained from the Cambridge Structural Database (CCDC # 1154884
and 102066, respectively).17,18
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are usually compared on the basis of their complex formation
constants (Kf values), which can range over 30 orders of magni-
tude.21 Care has to be taken in the interpretation of these data
considering the differences in the pH sensitivity of Fe3+-sidero-
phore complexes.22 Metal chelation competes with the proto-
nation of the donor atoms and, thus, depends on the pH of
the environment and the pKa values of the ligands. Donors
with low pKa values, such as carboxylates, are more efficient
iron chelators in an acidic environment (pH 3.0 to 5.0), where
catecholates and hydroxamates are still fully protonated. At
higher pH, however, the situation reverses.23 Therefore, the
pH-dependent pFe parameter, which is defined as the negative
decadic logarithm of the free ferric iron concentration, gener-
ally enables a more reliable assessment of the iron affinity.17 It
must be noted that the iron affinity of a siderophore is also
connected with the redox potential of the coordinated ferric
iron. By approximation, a higher pFe value will come along
with a more negative redox potential.15 The latter value is a
good means to estimate the selectivity of a siderophore for
ferric iron over ferrous iron. Furthermore, the redox potential
has direct implications for the cellular release mechanism of
the coordinated metal ion, especially whether a reduction with
biological reducing agents, such as NAD(P)H or flavins, is
possible.23

Structurally, siderophores show an enormous diversity,
which results from the many possible combinations of ligand
groups and the variations in their linkages. While some sidero-
phores exclusively possess catecholate, hydroxamate, or
α-hydroxy-carboxylate residues as ferric chelating groups,
many others exhibit mixtures of different ligands. These func-
tions can be incorporated in both linear and cyclic structures
(Fig. 2). The heterogeneity of siderophores together with the
evolution of specialized uptake systems underlines the com-
petitive nature of iron acquisition as well as an environment-
dependent specialisation.

Biosynthesis of siderophores

The production of a siderophore requires the preparation of
suitable ligand groups and their incorporation into a larger
molecular scaffold that can accommodate a ferric ion. For this,
the structural backbone must integrate defined spacer groups
to support the creation of an octahedral binding site. The bio-
synthetic linkage of ligand and spacer groups typically involves
amide or ester bond formations. Prior to introducing the
enzymes that are responsible for catalysing the latter reactions,
we will first take a closer look at the origin of the different
ferric chelating groups.

The most commonly used catechol-containing precursor in
siderophore biosynthesis is 2,3-dihydroxybenzoate (DHBA). It
is derived from the shikimate pathway with chorismate repre-
senting the relevant branching point. An enzyme known as iso-
chorismate synthase catalyses a 1,5-double-SN2 displacement
of the 4-hydroxyl group in chorismate with water. The product
of this reaction is then subjected to a hydrolytic cleavage of its
enolpyruvyl group, before an alcohol dehydrogenase converts
the cyclohexadienone intermediate into the more stable aro-
matic catechol.24 Hydroxamate residues are usually made from
lysine or ornithine moieties. In a two-step conversion, the side
chain amino group is first oxidized by a flavin adenine di-
nucleotide (FAD)-dependent monooxygenase to give an inter-
mediary hydroxylamine and, subsequently, acylated by an acyl
coenzyme A transferase.25 Compared to the DHBA and hydro-
xamate pathways, the preparation of α-hydroxycarboxylates is
even less complex. Citrate, which features an α-hydroxycarboxy-
late moiety, is a ubiquitous intermediate in the TCA cycle and
can be readily recruited for siderophore production, as exem-
plified in aerobactin biosynthesis.25 In addition, the reduction
of α-ketoglutarate and the hydroxylation of aspartic acid
provide access to alternative α-hydroxycarboxylate building
blocks.26,27 Another ligand that is particularly widespread in
bacterial siderophores is salicylate. The phenolate moiety is
typically linked to a nitrogen heterocycle ligand, e.g. a thiazo-
line or an oxazoline. With a single exception,28,29 the salicylate
building block is derived from isochorismate by the loss of
pyruvate.30

The assembly of the siderophore backbone is carried out by
either of two distinct enzyme classes, namely nonribosomal
peptide synthetases (NRPS) or NRPS-independent siderophore

Fig. 2 Selected examples of catecholate, hydroxamate and α-hydroxy-
carboxylate siderophores. The respective ligand groups are highlighted
in red. The producing organisms are set in parentheses.
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(NIS) synthetases. The former are large proteins that exhibit
a modular organisation and follow a thiotemplate-based
enzymatic logic.31 From a biosynthetic perspective NRPS
modules can be regarded as discrete functional units, each of
which is responsible for the attachment of a single amino acid
to the growing peptide chain. To fulfil this function, every
NRPS harbors a defined set of catalytic domains. An adenyla-
tion (A) domain acts as a gatekeeper by selecting the correct
substrate for incorporation. It activates the respective amino
acid using ATP and covalently tethers the resulting acyl adenyl-
ate (Fig. 3A). The required docking site is located in a peptidyl
carrier protein (PCP) domain and must have undergone a
phosphopantetheinylation in order to provide an active thiol
group for the binding of the amino acid. The intrinsic chain
elongation is eventually carried out by a condensation (C)
domain. It catalyzes an amide bond formation between the
peptidyl-S-PCP of the preceding module and the aminoacyl-
S-PCP of the active module. Since the aminoacyl-S-PCP serves
as the attacking, acceptor substrate, the extension of the
peptide chain also involves its translocation. After the conden-
sation reaction, the new peptidyl-S-PCP is ready for another
elongation cycle by the C domain of the following module
(Fig. 3B).31

In addition to the essential C, A and PCP domains, NRPS
modules can possess further domains, which contribute to the
structural diversity of NRPS-derived siderophores. Examples
include methyltransferase (MT) domains, as well as epimeriza-
tion (E) domains, which invert the configuration of the amino
acid monomers at their α-carbon atoms. The presence of
D-amino acids not only increases the proteolytic stability of a
peptidic siderophore, but is often also important for confor-
mational reasons to enable the binding of ferric iron.
Occasionally, the C domain is replaced by a cyclization (Cy)
domain in cysteine, serine or threonine-selecting modules.
Upon amide bond formation, the bifunctional Cy domain
catalyses an intramolecular cyclodehydration that gives rise to

thiazoline or oxazoline rings. Further redox adjustments of
these heterocycles are achieved through the catalytic action of
oxidase (Ox) or reductase (Red) domains. A thioesterase (TE)
domain terminates the biosynthesis by hydrolysing the
thioester-bound compound from the enzyme. Alternatively, a
reductive chain release is possible.32

Recent studies on the bacterial siderophores pyoverdine
and pyochelin suggest a clustering of their NRPS biosynthetic
enzymes in the immediate vicinity of the cytoplasmic mem-
brane.33,34 It has been proposed that this type of cellular
organisation facilitates the transfer of siderophore intermedi-
ates as well as the secretion of the final product.35 Similar
observations were made in fungi, where siderophore biosyn-
thesis is localised in peroxisomes.36

Unlike NRPS, NIS synthetases are autonomously acting
enzymes that utilise free intermediates as substrates. In an
ATP-driven reaction, they first convert a selected carboxylic
acid into an acyl adenylate. Afterwards, an amine or alcohol
substrate displaces adenosine monophosphate from the adeny-
late via an SN2-type mechanism to give an amide or ester.37

Although the substrate activation of NIS synthetases is remi-
niscent of NRPS adenylation domains, the respective proteins
are structurally different.38 Sequence analyses revealed that
NIS synthetases fall into three main families, corresponding to
their carboxylic acid substrate preferences. While type A
enzymes are specific for citric acid, type B enzymes utilise
α-ketogluaric acid as a substrate. On the other hand, type C
enzymes catalyse condensation reactions of citric or succinic
acid-derivatives.25

Medical applications

Due to their metal binding properties, siderophores are
promising agents for medical applications. Starting with the
treatment of iron overload, we will introduce possible pharmaco-
logical targets and therapeutic fields for siderophores.

Siderophores in iron chelation therapy

Iron is an essential element for sustaining biological pro-
cesses, but an excess accumulation must be prevented, as it
can cause severe health problems. The human body stores
between 3 and 4 g of iron, which is largely bound to porphyrin
in heme-containing proteins, such as hemoglobin, myoglobin
and ferritin, or to cysteinyl sulfur in Fe–S complexes. Iron
mobilized from the tissue storage pool is distributed in the
body by the plasma protein transferrin, which is normally only
25–50% saturated with the metal. Due to the low solubility of
iron, homeostasis cannot exclusively be maintained by
excretion. Rather, the iron uptake needs to be tightly regulated
so that it approximates the physiological losses. The balance
between iron absorption from diet and iron excretion from
the body is kept around 1 to 2 mg a day.39 Therefore, regular
blood infusions can put a patient at the risk of iron overload.

Fig. 3 ATP-driven activation of an amino acid substrate and tethering
of the resulting aminoacyl adenylate to a peptidyl carrier protein domain
(A). Reaction catalysed by an NRPS condensation domain (B).
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In particular the non-transferrin-bound plasma iron, is highly
redox-active and promotes the formation of reactive oxygen
species (ROS) by the Fenton reaction.40,41 This ROS generation
causes cell impairment in the body, ultimately resulting in
fatal organ failures. To prevent these undesired side-effects,
excess plasma iron must be removed. The treatment of trans-
fusion-dependent patients thus often involves an accompany-
ing iron chelation therapy.42

Desferrioxamine B (DFO, Fig. 4), a hydroxamate-based
siderophore originally isolated from Streptomyces pilosus,43

was the first agent to be used for the treatment of iron overload
in the early 1960s,44 and is also included in the WHO list of
essential medicines.45 Owing to its low oral availability,
DFO must be administered intravenously or subcutaneously.42

Moreover, the siderophore is rapidly metabolized,46 has a
short half-life in blood plasma and, thus, requires repeated
dosing each day.42 These unfavourable properties have led to
the development of improved drugs for clinical use, namely
deferiprone (DFP) and deferasirox (DFX). The two synthetic
iron chelators are given orally and they also exhibit an
increased half-life as well as improved cell permeability in
comparison with DFO.42 Interestingly, the combination of DFO
and DFP was found to be superior to a monotherapy of either
drug, and significantly decreased a patient’s mortality.47 It has
been speculated that the additive or even synergistic effect of
DFO and DFP could be due to a shuttle mechanism. According
to this theory, DFP would be responsible for removing cellular
iron, which is subsequently forwarded to DFO for excretion in
urine or feces.48

Recently, a novel promising iron-chelator, deferitazole, has
entered phase 1 and phase 2 clinical trials.49 Deferitazole

might possess an even larger therapeutic window than DFP
and DFX. Noteworthily, its structure was inspired by the natu-
rally occurring siderophore desferrithiocin.50,51

Siderophores as antibiotic carriers

Sideromycins are antibiotic conjugates, in which the active
warhead is covalently linked with a siderophore moiety. The
term “sideromycin” was introduced by Zähner et al. in 1960,52

although the discovery of the first member of this compound
class dates back to 1947, when Reynolds and coworkers iso-
lated an antibacterial compound named “grisein” from a
strain of Streptomyces griseus.53 Later it turned out that grisein
was structurally identical to the sideromycin, albomycin, from
Actinomyces subtropicus.54,55 Further naturally occurring sidero-
mycins are ferrimycin, danomycin, salmycin, and MccE492m
(Fig. 5).56–59 Exploiting the natural transporter systems for
siderophores, sideromycins gain entry to bacterial cells.
During the uptake, the antibiotic is typically cleaved off from
the siderophore moiety via hydrolysis of an ester or amide
bond in the linker region.60 In the case of salmycins, however,
the drug release was proposed to occur via an intramolecular
cyclisation process upon iron reduction.61 Irrespective of the
mechanism involved, the cleavage step is crucial for the acti-
vation of the antibiotic.60 The smart delivery system of sidero-
mycins, which has also been referred to as a ‘Trojan horse’
strategy, can dramatically reduce the inhibitory concentration
of an antibiotic.62,63 This advantageous property as well as the
possibility to bypass bacterial resistance due to enhanced anti-
biotic uptake has inspired the synthetic design of new sidero-
phore-based antibiotics. For this, two different strategies have
been pursued, i.e., the replacement of the antibiotic in a natu-
rally occurring sideromycin or, alternatively, the de novo-design
of a sideromycin, involving an unprecedented combination of
siderophore and antibiotic moieties.64–68

In the following, the focus shall be placed on the latter
approach, because it enables the development of narrow-range
therapeutic agents, which integrate selected antibiotics and
pathogen-specific siderophores as carrier molecules. An
illustrative example in this context is the generation of a myco-
bactin–artemisinin conjugate (Fig. 6).69 A synthetic analogue
of mycobactin T, a siderophore produced by Mycobacterium
tuberculosis,70 provides access to the pathogen’s cell, while
artemisinin serves as the antibiotic pharmacophore. Undoubt-
edly, the plant-derived artemisinin is not a prototypical anti-
bacterial agent, but rather known for its potent antimalarial
effects,71 which are likely triggered by an iron-induced reduc-
tive cleavage of its endo-peroxide bond.72 A treatment with arte-
misinin alone cannot suppress the growth of M. tuberculosis.
In conjunction with the mycobactin T analogue, however,
sufficient iron is transported and released in the mycobacterial
cell to evoke its toxicity.

Apart from M. tuberculosis, the development of sidero-
phore–drug conjugates for the treatment of Pseudomonas
aeruginosa infections has received considerable attention, as this

Fig. 4 Compounds used in iron chelation therapy, as well as the new
drug candidate deferitazole and its natural product template,
desferrithiocin.
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Gram-negative opportunistic pathogen is intrinsically resistant
to most antibiotics.73 Using natural siderophores from
P. aeruginosa, namely pyoverdines, as vehicles, it became poss-
ible to kill the otherwise β-lactam resistant bacterium with
ampicillin.74 Unfortunately, however, the P. aeruginosa strains
tested were found to discriminate between different types of
pyoverdine siderophores, excluding the development of a
broadly applicable conjugate.74 Much more successful was the

approach to link ampicillin (and amoxicillin) with an artificial
tris-catecholate siderophore (Fig. 6).75 The latter serves as a
surrogate for enterobactin, which is utilised by P. aeruginosa,
even though the bacterium does not produce this siderophore
on its own.76 The tested drug conjugates exhibited significant
in vitro activities against different strains of P. aeruginosa with
minimal inhibitory concentrations (MICs) ranging from 0.05
to 0.39 μM.75

Despite these promising examples it must be noted that
many artificial sideromycins were found to be less active
against the targeted bacteria than free antibiotics without a
conjugated siderophore.65,66 Recent investigations have pro-
vided possible explanations for this inconsistency. First, the
linkage of a siderophore to an antibiotic can affect the inter-
action of the former with its transporter. Consequently, it is
possible that the iron-loaded siderophore–antibiotic conjugate
is not effectively transported into the cell.77 Second, some
siderophores are known to shuttle iron into the bacterial peri-
plasm.78 Antibiotics linked to these iron carriers might thus
not reach their cytoplasmic target. Third, the antibiotic is not
released from the conjugate upon cellular uptake.79 Its activity
will hence decrease due to insufficient target binding. Clearly,
these eventualities must be considered when designing non-
natural sideromycins. Another challenge not to be forgotten is
the rapid resistance development against sideromycins. The
fact that most microbial pathogens possess alternative routes
for iron acquisition facilitates the spread of mutation-induced

Fig. 6 Examples for artificial sideromycins. Siderophore and antibiotic
moieties are depicted in red and blue, respectively.

Fig. 5 Chemical structures of natural sideromycins. Siderophore and
antibiotic moieties are depicted in red and blue, respectively.
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resistance. An interesting concept to overcome such issues was
the design of siderophore–antibiotic conjugates with mixed
ligand groups. These conjugates are capable of entering bac-
terial cells through different outer membrane transporters,
thereby rendering transport-related resistance development
less likely.80

Although sideromycins are not used in therapy yet, two
siderophore-conjugated β-lactam antibiotics have entered clini-
cal trials (Fig. 7), among them S-649266, a catechol-substituted
cephalosporin, which has already reached phase III,81 and
BAL30072, a siderophore monosulfactam in phase I.82

Siderophores as inhibitors of
metalloenzymes

Nearly half of all proteins found in nature are classified as
metalloproteins. These proteins are involved in a number of
diverse biological reactions, and their dysregulation is often
associated with the onset of diseases, such as cancer, inflam-
mation, hypertension, bacterial and viral infections.83 The
metal centres of metalloproteins serve as cofactors and, in
general, have fundamental catalytic functions. It is hence
unsurprising that metal binding groups are common motifs in
metalloprotein inhibitors, as exemplified by the FDA approved
drugs zileuton84 and vorinostat.85 The structural diversity of
siderophores together with their different degrees of Fe3+

specificity make these natural products promising candidates
for the identification and design of new drugs targeting
metalloproteins.

The zinc-containing matrix metalloproteinases (MMPs)
degrade extracellular matrixes as well as other enzymes and
play a pivotal role in a number of cellular processes, including
cell migration, proliferation, apoptosis and morphogenesis.86–88

Due to their involvement in inflammatory diseases and certain
types of cancer, MMPs have become important therapeutic

targets.89–91 In an early study, microbial siderophores, among
them DFO, ferrichrome, and rhodotorulic acid showed a con-
centration-dependent inhibition of MMP-2, which is possibly
involved in tumor cell invasion as well as tissue destruction
during periodontitis.92 Likewise, pyoverdine-type siderophores
from Pseudomonas spp. were reported as MMP-2 inhibi-
tors.93,94 The biscatechol myxochelin A (Fig. 8) was originally
isolated from the myxobacterium Stigmatella aurantiaca upon
cultivation under low iron conditions.95 Later, the siderophore
was rediscovered in the culture broths of other bacteria due to
its potent antitumoural effects.96,97 While the antimetastatic
properties of myxochelin A could be associated with an inhi-
bition of MMP-2 and MMP-9,98 the preferential antileukemic
activity of the siderophore was traced to an inhibition of
human 5-lipoxygenase (5-LO).97,99 The latter enzyme, whose
active site harbours a non-heme iron atom, has a key role in
the biosynthesis of leukotrienes. Leukotrienes are generally
known as mediators of inflammatory reactions, but are also
known to promote the pathogenesis of myeloid leukemia.100,101

Apart from 5-LO, class I ribonucleotide reductases (RNRs)
are further iron-containing metalloenzymes with a proven role
in carcinogenesis.102 RNRs catalyse the conversion of ribo-
nucleotides into 2′-deoxyribonucleotides, which are necessary
building blocks for DNA synthesis and repair. For this, the

Fig. 7 Siderophore–antibiotic conjugates in clinical trials.

Fig. 8 Structures of selected siderophores inhibiting metalloproteins.
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RNR iron centre reacts with molecular oxygen to generate a
tyrosyl radical, which then initiates substrate activation.
Already more than 20 years ago, the siderophore DFO was
supposed to interfere with this reaction.103–105 Later, the myco-
bactin-type siderophore desferri-exochelin 772SM was shown
to induce apoptosis in breast cancer cell lines due to RNR
inhibition.106,107

Non-medical applications of
siderophores

Siderophores have a great potential for bioremediation of con-
taminated ecosystems. They can assist in the removal of heavy
metals from contaminated areas, enhance the contaminant
degradation abilities of microbes or they can be used as bio-
control agents. Other promising fields of application are the
recovery of rare earth elements for high-tech applications such
as photovoltaics and wind power, as well as surface modifi-
cations. These aspects will be discussed in the following
sections.

Soil bioremediation

Siderophore-assisted bioremediation has been addressed in a
vast number of studies and different approaches have been
developed to remove contaminants from soil. Many sidero-
phores have the ability to bind metals other than iron108 and,
in some bacteria, their biosynthesis is even stimulated by
different heavy metals.109–111 Siderophores were found to
solubilise heavy metals and make them bioavailable. This can
be harnessed in technical applications, where the solubilised
heavy metals are concentrated by siderophores and separated
from the soil matrix. Different bioreactors have been developed
for this purpose.112 Diels et al. reported an up to 16-fold
reduction of heavy metals in soil treated in a bioreactor with
Cupriavidus metallidurans,112 which is known to produce the
citrate siderophore staphyloferrin B.113 In another study, Nair
and colleagues demonstrated the soil-purifying potential of a
catecholate-hydroxamate siderophore produced by Pseudo-
monas azotoformans.114 Washing of As-contaminated soil with
the siderophore removed 92.8% of As in comparison with 33.8%
removed by washing with medium only. The siderophore was
also more potent than EDTA in As-removal and exhibits the
further advantage of being environmentally safe. Although the
aforementioned soil remediation techniques are highly
efficient, they require excavation of the contaminated soil,
which is environmentally and economically costly. In situ soil
bioremediation, in contrast, is less invasive. One possibility is
bioaugmentation, i.e., the directed inoculation of microorgan-
isms into contaminated soil. The choice of the microorganism
to be used for bioaugmentation is complex and requires con-
sideration of the microbe’s metal tolerance, ability to grow
in contaminated soil and efficiency to mobilise metals.115

A major challenge is the persistence and ongoing metal

solubilisation ability of the chosen microbe in its new
environment.116 To promote these properties, cells can be
immobilised in beads. In this way, the introduced bacterium is
protected from predators and competitors. Furthermore, a
certain iron deficiency necessary for siderophore production
can be guaranteed.117 Supply of nutrients and buffers within
the beads can additionally increase the metal accumulation
potential of the strain.118,119

Combining bioaugmentation with phytoextraction has
recently proven highly beneficial for the remediation of con-
taminated soil. Siderophore-producing rhizosphere bacteria
seem particularly well-suited for bioaugmentation, since they
enhance plant growth and metal accumulation in multiple
ways. First of all, bacterial siderophores can increase the iron
supply of a plant. Phytosiderophores, such as mugineic acid120

and avenic acid121 (Fig. 9), may not always be sufficient to
satisfy the plant’s need for iron, especially in heavy metal-con-
taminated soils.122 Some plants are, however, capable of acces-
sing iron from bacterial siderophore complexes by direct
uptake, chelate degradation, or ligand exchange reactions.123

Since many siderophores also bind metals different from iron,
they can also increase accumulation of these metals in plants.
Braud et al. reported that bioaugmentation of polluted soil
with Ralstonia metallidurans and Pseudomonas aeruginosa
increased Cr-accumulation in maize plants up to 5.4 times.119

Similarly, Dimkpa et al. found that Streptomyces tendae F4
culture filtrates containing siderophores enhanced Cd and Fe
uptake in sunflower and promoted plant growth.124 Sidero-
phore-producing rhizosphere bacteria also indirectly act on
plant heavy metal uptake through their effects on plant growth
dynamics.122 For instance, they can lower the level of growth-
inhibiting stress ethylene and reduce oxidative stress in
plants,125,126 thereby protecting (microbial) auxins from degra-
dation and resulting in increased plant biomass.127

The success of phytoremediation is essentially determined
by the amount of plant biomass produced and the heavy metal
concentrations in plant tissues.128 As illustrated by the above
examples, both factors can be enhanced by microbial sidero-
phores. Lebeau et al. reported that biomass of plants grown on
bioaugmented contaminated soil was increased up to four
times in the majority of the studies they reviewed.129 Also the
metal concentration within the shoots of these plants was
increased by up to three times. Siderophores thus turn out to
be highly efficient in solubilising heavy metals, providing

Fig. 9 Phytosiderophores commonly produced by Graminaceae.
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them to plants and thereby lowering their concentration in the
soil environment.

Removal of petroleum hydrocarbons
from the marine environment

The influx of hydrocarbons into the ocean is a serious environ-
mental problem and bioremediation is regarded as an effective
treatment of petroleum-polluted ocean areas.130 Siderophores
contribute to hydrocarbon biodegradation by supplying the
participating microorganisms with iron. Indeed, the avail-
ability of nutrients, especially nitrogen, phosphorus and iron,
directly affects the rate of hydrocarbon degradation.131 Numer-
ous studies have reported increased iron requirements of
hydrocarbon-degrading bacteria when hydrocarbons are used
as the carbon source.132,133 Further, Sabirova et al. found that
genes required for alkane oxidation and iron uptake are linked
in Alcanivorax borkumensis, being exclusively expressed when
the bacterium uses alkanes as the carbon source compared to
pyruvate.134 The reason for the increased iron requirement
during hydrocarbon degradation is the alkane oxidizing
enzymes. AlkB oxidizes the majority of medium- and long-
chain alkanes,135 and synthesis and functioning of this
enzyme strictly depend on iron.132

The influx of hydrocarbons has a significant impact on the
indigenous microbial community structure. Mason et al. sur-
veyed the microbial composition after the explosion of the oil
rig Deepwater Horizon in 2010 and found a rather low

microbial diversity in the oil plume, enriched in species
capable of alkane utilisation.136 The entire pathway for degra-
dation of n-alkanes, including genes for iron uptake, was rep-
resented and abundant in the metagenome data of the plume.
Alcanivorax borkumensis is the most abundant microbe in oil-
polluted waters.137 It produces two distinct siderophores,
amphibactins and pseudomonines (Fig. 10), which maintain
the bacterium’s hydrocarbon-degradation efficiency under
iron-limiting conditions.138 Another important oil-degrading
microbe is Marinobacter hydrocarbonoclasticus. It produces
petrobactin139 and petrobactin sulfonate.140 Amphibactins have
also been detected as siderophores of some hydrocarbon-
utilizing Vibrio species.131 The amphiphilic character of these
siderophores allows them to act as biosurfactants. They can
thus support alkane degradation in two ways: (i) by aiding the
iron uptake process of alkane-degrading microbes and thus
enhancing their degradation potential as described above;
(ii) by emulsifying the alkanes and thus increasing the solubility
of the oil at the bacterial surface.

In summary, siderophores appear to play an important role
in bioremediation of oil-polluted ocean areas. Directed appli-
cation of siderophore-producing hydrocarbon-degraders thus
seems a promising approach to “clean” the oceans.

Biocontrol of algal blooms

A more hypothetical environmental application of sidero-
phores is the biocontrol of toxic algal blooms. On the one
hand, siderophores can deprive harmful algae from iron and
thus inhibit them in their growth. Naito et al. investigated 13
species of abundant red tide algae in their ability to grow
when iron was complexed to the microbial siderophores ferri-
chrome and ferrioxamine.141 None of the species was able to
use Fe-ferrichrome and only three species exhibited growth,
when iron was bound to ferrioxamine. Only a few eukaryotic
microalgae have been found to produce iron-complexing
ligands on their own (e.g., Chattonella antiqua and Skeletonema
costatum).142,143 It has been proposed that picoeukaryotic algae
of the genus Ostreococcus could possibly take up iron from
microbial siderophores by ligand-exchange or even by direct
uptake of the Fe-siderophore complex.144 Experimental evi-
dence verifying this assumption is, however, still missing. In
contrast, iron acquisition has been thoroughly studied in
diatoms of the genus Thalassiosira. It was found to be similar
to the iron uptake system of Saccharomyces cerevisiae, where
chelate-bound or free Fe3+ is reduced by surface reductases,
resulting in the accumulation of Fe2+ on the cell surface. This
ferrous iron can then be transported across the cell mem-
brane.145 Such reductive iron removal is efficient in the case of
weak chelators, but is very slow in the case of strong iron che-
lators, such as siderophores. As a result, siderophores can
induce iron limitation in eukaryotic algae.146

On the other hand, photoreactive siderophores can
increase iron bioavailability for the microbial community.
These intriguing molecules are common in the marineFig. 10 Siderophores produced by different oil-degrading bacteria.
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environment,26,147,148 and have recently also been found to
occur in freshwater and soil.27,149–151 They are characterized
by an α-hydroxycarboxylate function, which confers the
molecule photoreactive properties. While the free ligand is
photochemically stable, the Fe3+-siderophore complex rapidly
undergoes photooxidative cleavage once exposed to sunlight
(Fig. 11). As a result, ferrous iron is released into the environ-
ment, though it will rapidly reoxidize to ferric iron under
aerobic conditions. The free inorganic iron species are readily
available for many members of the microbial community.
There is increasing evidence for mutualistic relationships
between marine bacteria and phytoplankton, where iron and
carbon are shared and exchanged.11 Thus, photoreactive side-
rophores certainly have the potential to shape microbial com-
munities by favouring certain species and indirectly
hindering the growth of others. It might be even possible to
utilise selected bacterial siderophore producers as biocontrol
agents against algal blooms. However, interactions are highly
complex and the effect of siderophore-addition has to be care-
fully considered, before applying such biocontrol agents to
the field. To date, our knowledge about iron-uptake by
eukaryotic plankton is scarce and it seems that various
mechanisms exist.145,152 The complexity of siderophore-based
microbial interactions is further increased by the fact that
different siderophore photoproducts exhibit different iron-
chelating capabilities. Some photoproducts, such as “photo-
degraded” petrobactin, exhibit an even stronger affinity for
iron than the parent siderophore,153 while others, such as
the vibrioferrin photoproduct, forfeit their siderophore
function.154 In different open ocean studies, petrobactin and

vibrioferrin were detected as highly abundant molecules,155,156

illustrating their importance in marine iron cycling.

Promotion of plant growth

Siderophores produced by rhizosphere bacteria have positive
effects on plant growth, as already discussed in the phytoreme-
diation section. First, siderophore-producing bacteria can act
as biofertilizers by supplying plants with iron.157 Several
studies illustrate the link between increased iron uptake via
bacterial siderophores and increased plant growth. For
instance, Masalha et al. showed that maize and sunflowers
grown under non-sterile conditions showed far better iron
nutrition than plants grown under sterile conditions,158 an
effect that the authors attributed to bacterial siderophores.
Similarly, Sharma et al. reported that Pseudomonas strain GRP3
could reduce chlorotic symptoms and enhance chlorophyll
levels in mung beans.159 Katiyar and Goel developed a sidero-
phore-overproducing strain of Pseudomonas fluorescens ATCC
13525, which proved highly efficient in plant growth pro-
motion.160 Inoculation of the rhizosphere with the mutant
resulted in 29% increase of plant root length compared to the
wild type strain. This mutant was further cold resistant and
showed growth at 10 °C, making it highly interesting for agri-
cultural applications in certain climate zones.

Siderophore-producing rhizosphere bacteria can further be
used as biopesticides,157 as they can competitively exclude
plant pathogens by depriving them of iron.161,162 This effect is
corroborated by numerous studies. Kloepper et al. found that
addition of a Pseudomonas strain or its siderophore to disease-
conducive soil inoculated with plant pathogenic fungi ren-
dered the soil disease-suppressive.163 This effect was revoked,
when iron was added to the soils, supposedly due to sup-
pressed siderophore production. Another study investigated
Pseudomonas sp. mutants with altered siderophore production
levels regarding their biocontrol potential against wilt disease-
causing Ralstonia solanacearum.164 The mutants with higher
siderophore production suppressed disease to a greater degree
than the wild type, confirming the role of siderophores in the
biocontrol mechanism. Kumar et al. isolated the siderophore-
producing strains Sinorhizobium fredii KCC5 and Pseudomonas
fluorescens LPK2 from the rhizosphere and assessed a growth-
inhibiting effect of these isolates on plant pathogenic Fusarium
udum.165 In another study, the siderophore-producer Pseudo-
monas putida WCS358 was shown to suppress growth of Fusar-
ium oxysporum.166 However, siderophore knock-out mutants of
the strain were also able to suppress wilt disease to a similar
extent, indicating that another plant protection mechanism
must also be involved. Indeed, rhizobacteria use a variety of
different ways to promote plant growth in addition to sidero-
phore production, including the production of indole acetic
acid, ammonia and hydrogen cyanide and phosphate solubili-
sation.167,168 Siderophore-mediated iron deprivation of patho-
gens works better at higher pH, than at lower pH, where iron
is more soluble and more easily available to the pathogens.162

Fig. 11 Reaction scheme for the UV photolysis of Fe3+-cupriachelin.27

The α-hydroxycarboxylate function responsible for the photoreaction is
marked in red.
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It thus makes sense to combine plant growth promoting bac-
teria with different biocontrol mechanisms to combat plant
pathogens. Nevertheless, siderophores represent an eco-friendly
and cost-effective way to enhance plant growth and prevent
plant diseases. Optimizing siderophore production of selected
strains in the soil via a supply of different minerals and carbon
sources may further increase the success of this technique.169

Biocontrol of fish pathogens

The increase in aquaculture in the last few decades goes along
with disease outbreaks caused by different pathogens.170 The
use of probiotics has appeared to be an efficient, well-appli-
cable and mild method to prevent such diseases. The main
mode of action of probiotic bacteria seems to be the pro-
duction of siderophores, and thus the iron deprivation of
pathogens. Indeed, iron is essential for virulence and bacterial
communication of pathogens.171 Fish usually use iron-binding
proteins to make iron unavailable to potential pathogenic
microorganisms,172 but many pathogens are able to retrieve
iron from these proteins by using transferrins.173 Siderophores
produced by probiotic bacteria would then be able to recover
this iron, resulting in attenuated virulence of the pathogen.
Gram et al. effectively found a positive correlation between the
production of siderophores and a decrease in pathogen
prevalence.174

A lot of effort has been made to find potential probiotics
for use in aquaculture and resolve their mode of action.
Fuente et al. tested 80 strains isolated from fish farms for their
ability to inhibit fish pathogens.175 All the ten positive strains
belonged to the genus Pseudomonas, of which nine were found
to produce siderophores. This corroborates the assumption
that siderophores are important, but not the sole mode of
action of probiotic bacteria against pathogens. Similarly,
Korkea-aho et al. found that two closely related Pseudomonas
strains were active against pathogenic Flavobacterium psychro-
philum, but exhibited different modes of action, using sidero-
phore production and immunostimulatory effects on fish,
respectively.176,177 An earlier study reported culture super-
natants of iron-limited Pseudomonas fluorescens to inhibit
growth of Vibrio anguillarum, while supernatants of iron-
replete cultures did not.174 The probiotic effect could also be
observed in vivo, where mortality of rainbow trout exposed to
V. anguillarum was significantly reduced in animals previously
exposed to the P. fluorescens. Another promising biocontrol
candidate is Bacillus cereus.178 It was shown to competitively
exclude pathogenic Aeromonas hydrophila. Even though the
pathogen is capable of siderophore production, B. cereus was
far more efficient, thus starving its competitor of iron. Bacillus
sp. JB-1 and Aeromonas sobria are further promising sidero-
phore producers for aquaculture.179 Pseudoalteromonas sp.
releases several compounds with inhibitory activity against
Vibrio parahaemolyticus.180 This effect could be overcome by
the pathogen under iron-replete conditions suggesting, again,
the involvement of siderophores.

It has to be considered that some fish pathogens also
acquire iron via siderophores and that their exclusion by pro-
biotics may be more difficult.181 Osorio et al. reported that
the complete gene cluster for biosynthesis and transport of
the siderophore piscibactin is encoded on a transmissible
plasmid in the genome of the pathogen Photobacterium
damselae.182 Horizontal transfer of such genes can facilitate
pathogen emergence. In these cases, affinity constants of the
competing siderophores, as well as possible other modes of
action, will decide, whether probiotic bacteria can protect fish
from disease or not. In any case, the use of probiotics in
aquaculture seems to be advantageous over vaccines or anti-
biotics, which is also reflected in their increasing application.

Recovery of rare earth elements

The rare earth elements (REEs) are a group of metals that com-
prise the 15 lanthanides, yttrium and scandium. REEs exhibit
unique physical and chemical properties and have become
indispensable for a vast number of high-tech applications,
such as in computers, auto converters, catalysis, photovoltaics
and wind turbines.183 Global demands for these elements are
rapidly increasing and mining is almost exclusively performed
in China, the largest REE deposit in the world being located in
Baotou, Inner Mongolia, China.184 REEs are usually extracted
from ores via chemical leaching, which are however rather
non-specific and have drastic impact on the environment.185

Siderophores could be used in a more specific and environ-
mentally friendly way to extract these elements. Siderophores
have indeed been found to bind REEs.186–188 Most studies
focused on desferrioxamine, a naturally occurring and ubiqui-
tous siderophore. The smaller the radius of the lanthanide (i.e.
the higher its atomic number), the stronger the binding
affinity of desferrioxamine towards it.189 Mohwinkel et al.
tested desferrioxamine for its ability to leach trace metals from
ocean ferromanganese nodules and crusts.188 The metals of
interest being mainly concentrated in the iron oxide phase, a
siderophore – a ligand specialized in the dissolution of iron
oxides – seemed a promising candidate for the selective leach-
ing of the enclosed REEs. The technique proved highly suc-
cessful for lithium and molybdenum with a total mobilisation
of 60% and 40%, respectively. The values were lower for the
actual REEs, with a maximum of 7% reached for cerium. Even
though REE-desferrioxamine stability constants are rather
high, the complex formation is likely inhibited by the huge
amount of competing cations in the surrounding, such as
Fe3+. Changing parameters like pH, temperature and the used
siderophore could further increase selectivity and efficiency of
siderophore leach. Follow-up studies should also work on the
separation of the metals present in the leach mixture.188 It
should also be considered that recycling REEs will gain
increasing importance in the future, when mines become
depleted. In 2007, the overall use of REEs was estimated at 120
Gg, while the in-use stocks totaled around 440 Gg,183 reflecting
the huge potential of recycling. Recycling appears feasible for
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metallurgical applications, such as magnets, wind turbines
and automobiles, where La, Ce, Nd and Pr are present in high
quantities. However, recycling of other REEs present in
smaller quantities, e.g., in screens, appears more challenging.
Whether siderophores can be used for such purposes remains
elusive and should become a prospect for future studies.

Modification of surfaces

Siderophores can dissolve iron oxides and other iron-bearing
minerals by means of a progressive ligand exchange
reaction.190–193 This surface controlled process is assumed to
have a key role in mineral weathering as well as biological iron
acquisition.194 Recently, the surface binding properties of
siderophores have been explored with respect to potential
applications in materials sciences.195 Biofouling, i.e., the non-
specific adsorption of microorganisms and biological macro-
molecules to wetted surfaces, is of great concern in various
areas, ranging from medicine to the shipping industries.196 In
order to prevent biofouling, surfaces can be coated with poly
(ethylene glycol) (PEG).197 For this, covalent as well as electro-
static coupling strategies have been developed. A promising
biomimetic approach involves the usage of catechol ligand
groups in order to mediate the binding of PEG to metal oxide
surfaces.198,199 Catecholates are well known to possess
adhesive functions in nature.200 Mussels use at least six
different proteins for adhesion, all of which contain the cate-
chol-bearing amino acid 3,4-dihydroxyphenylalanine.201 Also,
the bacterium Pseudomonas aeruginosa was assumed to use the
catechol siderophore pyoverdine for initial adhesion during
biofilm formation.202 In an exemplary study, the iron-chelating
6,7-dihydroxy-1,1-dimethyl-1,2,3,4-tetrahydroquinolin-1-ium
chromophore of the siderophore anachelin was attached to
PEG and surfaces were coated with this conjugate by a simple
“dip-and-rinse” procedure.199 Since the conjugate displayed
favorable properties, further studies were carried out to replace
the anachelin motif by structurally less complex derivatives.203

Another interesting development in this context was the
linkage of the antibiotic vancomycin with the anachelin-
derived conjugate.204 The resulting hybrid compound can be
used for the functionalisation of surfaces, endowing them
with antimicrobial properties. Antimicrobial surfaces, in
general, have significant potential to prevent undesired
biofilm formation on medical devices, such as catheters,
implants and stents.205 Recent studies even demonstrate that
the binding properties and stability of catecholate-based anti-
fouling coatings can be further improved by mimicking the tri-
podal siderophore topology.206,207

Conclusions

Siderophores are extremely versatile molecules that capture
iron from the environment to ensure microbial iron homeo-
stasis. Humans have been exploiting these molecules for
medical and environmental applications for many years. In the

medical field, highly satisfactory progress has been achieved
and siderophores are routinely used in the clinic to treat iron
overload diseases. Siderophore-conjugated antibiotics are now
tested in clinical trials to overcome bacterial resistance and
improve anti-infective therapy. Siderophores could also be
used to inhibit metalloenzymes, of which many are respon-
sible for disease pathologies, an aspect that still requires a lot
of research. In the environmental field, ideas for the appli-
cation of siderophores are vast. They have been found to
support plant and fish health and are thus applied in both
agriculture and aquaculture. Many auspicious propositions
have also been made with respect to their potential to remedi-
ate contaminated environments, which could be illustrated in
numerous studies. However, the complexity of nature com-
pared to the studied laboratory systems makes the actual appli-
cation of siderophores challenging. Thus, the complexity of
the investigated systems has to be increased, e.g., by adding
further organisms, in order to be able to foresee the conse-
quences of applying siderophores to an ecosystem. All in all,
we summarized studies that depict siderophores as intriguing
molecules with numerous possible applications, far beyond
their natural function.
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4 Additional results 

4.1 Co-cultivation of C. necator H16 and N. pelliculosa 

The postulated “carbon for iron mutualism” implies that the cupriachelin-released iron has a 

positive growth effect on N. pelliculosa. This was tested in a co-cultivation study, where algal 

growth was monitored after inoculation with C. necator H16. For this purpose, N. pelliculosa 

SAG 1050-3 (SAG culture collection, Göttingen, Germany) was grown in non-shaking culture 

in cell culture flasks (12.5 mL, Sarstedt) at 18 °C in modified WC medium98 supplemented with 

0.05 µM ferric chloride (or 10 µM as control). Light was provided by a “JBL Solar Reptil Sun 

T8” tube covering the UV-Vis range from 200-800 nm. A light regime of 12:12 (light/dark) 

with 30–50 μmol/m2/s light intensity was used. Seed cultures consisted of N. pelliculosa cells 

in their exponential growth phase and constituted 2% (v/v) of the final culture volume. Growth 

was monitored by daily microscopic cell counts. For this purpose, micrographs were taken 

every day on ten randomly chosen spots of every cell culture flask and the number of cells per 

monitored area (~72,000 µm2) was counted using ImageJ.99 C. necator H16 was grown in iron-

free modified WC medium98 supplemented with 2% fructose at 28 °C with moderate shaking. 

When both, algae and bacteria, had reached exponential growth phase, co-cultures were started. 

For this, the spent algal growth medium was replaced by fresh medium. Since algal cells were 

strongly attached to the bottom of the cell culture flasks, this medium exchange was performed 

in the same cell culture flask in which algal cultures had initially been inoculated. C. necator 

H16 was then added to algae in different cell number ratios (1:1, 1:10 and 10:1). For the 

controls, the spent algal growth medium was replaced by fresh medium as described before, but 

no bacteria were added. The media contained either 0.05 µM ferric chloride, corresponding to 

the co-cultures (≙ iron deficiency) or 10 µM ferric chloride (≙ iron repletion). Co-cultures and 

controls were incubated as previously described for algal cultures. Algal growth was monitored 

by daily cell counts as outlined before.  

The co-cultivation study confirmed that C. necator H16 exerts a positive growth effect on N. 

pelliculosa SAG 1050-3. When grown in co-culture with the bacterium under iron deficiency, 

the alga reached similar cell densities as in monoculture under iron repletion (Fig. 7). In 

contrast, algal monocultures grew to lower cell densities under iron deficiency. This positive 

growth effect corroborates the assumption of a mutualism that might involve cupriachelin. The 

ferrisiderophore would release Fe2+ upon light exposure, which would be taken up by N. 

pelliculosa, resulting in the observed positive growth effect. Other compounds released from 

98
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C. necator H16, such as CO2 and vitamins, may further contribute to this effect. The recorded 

growth curve thus supports the hypothesized mutualism between C. necator H16 and N. 

pelliculosa. However, the involvement of cupriachelin would need to be confirmed in iron 

uptake experiments.100–102 

 

 

Fig. 7: Growth curves of N. pelliculosa grown in co-culture with C. necator H16 in different algal: 
bacterial cell number ratios (1:1, 1:10, 10:1) under iron deficiency (0.05 µM Fe) or in monoculture under 
iron deficiency (0.05 µM Fe) or iron repletion (10 µM Fe). Co-cultures were started on day 9 (see arrow). 

 

4.2 Photoreactivity of cupriachelin 

In order to confirm that Fe2+ is released from Fe3+-cupriachelin under the chosen laboratory 

light conditions (“JBL Solar Reptil Sun T8” tube covering the UV-Vis range from 200-800 

nm), the bathophenanthrolinedisulfonic acid (BPDS) assay was performed. Cupriachelin 

isolation and Fe3+-complexation, as well as the BPDS assay, were conducted as described by 

Kreutzer et al.66, with the exception that Fe3+-cupriachelin samples were exposed to light/dark 

conditions for 30 h. Results demonstrate that Fe2+ is indeed released from the siderophore upon 

light exposure (Fig. 8). This corroborates the assumption that cupriachelin-solubilized iron is 

at least partly responsible for the positive growth effect of C. necator H16 on N. pelliculosa 

described in section 4.1. 
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may thus be upregulated under iron repletion, while being downregulated under iron deficiency. 

This was tested for h16_a3143, encoding one of the Fur proteins produced by C. necator H16.  

For this purpose, the Fur promoter h16_a3143p was cloned in front of lacZ in pCK02 

(manuscript B). The promoter region was amplified via PCR from C. necator H16 genomic 

DNA using the primers h16_a3143p_F (5’-ctcacgccctcggtgttcag-3’) and h16_a3143p_R (5’-

ggactcggcatgtgggtgact-3’). The subsequent cloning steps were performed as described in 

manuscript B, yielding the reporter strain C. necator:pCK06. Along with the control strains 

harboring pCK02 and pCK04 (manuscript B), this strain was used for β-galactosidase assays. 

For this, the reporter strain was grown in H-3 mineral medium105 supplemented with 1 mg/mL 

aspartate, 50 µg/mL chloramphenicol, and FeCl3 in varying concentrations (0 µM, 1 µM, 5 µM, 

10 µM, 100 µM, 500 µM). A culture volume of 2-4 mL was harvested by centrifugation (1 min, 

15,700 x g, room temperature) for each assay and resuspended in 200 µL phosphate-buffered 

saline pH 7.4 (8 g/L NaCl, 0.2 g/L KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4). The β-galactosidase 

assay was performed as previously described by Griffith and Wolf,106 with the exception that 

microplates were incubated at 28 °C instead of room temperature. 

In C. necator H16, fur expression was not found to be highly dependent on the iron 

concentration present in the bacterial growth medium (Fig. 11). Only on the first day after 

inoculation, expression levels showed a positive correlation with iron concentrations, as 

expected. On the second and third day after inoculation however, no clear relationship between 

the measured β-galactosidase activity and the iron concentration could be assessed. Only the 

culture growing in medium without any addition of iron (0 µM Fe) consistently showed the 

lowest fur expression levels. Under such iron starvation conditions, siderophore biosynthesis is 

indispensable for bacterial growth and Fur should not be involved in the repression of 

siderophore biosynthesis genes. The low β-galactosidase activity measured for these cultures 

probably could mirror the basal expression level of the transcription factor. In case iron-starved 

cells suddenly encounter high iron concentration, these basal Fur levels will help preventing 

ROS damage to the cells. The lacking connection between fur expression and iron concentration 

for all other samples (1 µM – 500 µM Fe) may reflect the global regulatory role of the protein. 

Since Fur is involved in the regulation of numerous other genes than those involved in 

siderophore biosynthesis,78 its own expression level probably does not only depend on iron 

concentrations. This was also found for Fur proteins in Vibrio cholerae.107 Fur concentrations 

were constantly high but seemed independent of extracellular iron concentrations. Instead, they 

varied mainly according to the bacterium’s growth phase. While intracellular Fur 
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concentrations were lower in exponential growth phase (~2500 Fur monomers/cell), they were 

higher (~7500 Fur monomers/cell) in stationary growth phase.107 These results are consistent 

with the h16_a3143 expression levels observed for C. necator H16 (Fig. 11). In summary, the 

intracellular Fur concentrations in C. necator H16 is rather high and almost independent of the 

iron concentration in the bacterial growth medium. In this way, Fur can act as global regulator 

and induce fast cellular responses to environmental changes.  

Fig. 11: β-Galactosidase activity of C. necator:pCK06 on days 1, 2 and 3 after inoculation in H-3 mineral 
medium supplemented with 0 µM, 1 µM, 5 µM, 10 µM, 100 µM and 500 µM FeCl3. The values 
represent means and standard deviations of triplicates. 
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5 Discussion 

5.1 Occurrence of photoreactive lipopeptide siderophores in freshwater 

To date, only few siderophores from freshwater bacteria are known, which partly has to be 

attributed to the lack of cultivability of these organisms.108 Studies based on 16S rDNA 

sequencing revealed that most freshwater bacteria belong to the groups of cyanobacteria, 

bacteroidetes, α-, β- and γ-proteobacteria and actinobacteria.109,110 Another important finding 

of these studies is that the bacterioplankton communities found in freshwaters clearly differ 

from the ones found in other environments, especially in the ocean.109,110 This suggests that 

freshwater bacteria may also produce different siderophores. But it is also possible that they use 

siderophores known from other environments. This could be interpreted as the result of 

common evolutionary ancestors, convergent evolution or horizontal gene transfer. The latter 

becomes relevant when bacteria are transported across the Earth e.g. in huge dust events. 

Taxonomically diverse bacteria have been reported to travel over 5,000 km via these 

“atmospheric bridges”.111 Some of them retain their growth potential112 and could therefore 

horizontally transfer siderophore biosynthesis genes to other bacteria in their new habitat. 

Vibrioferrin, for example, was first isolated from several marine bacteria, such as Vibrio 

parahaemolyticus113 and different Marinobacter species52 before being rediscovered in the soil 

bacterium Azotobacter vinelandii.114 Similarly, aerobactin is produced by phylogenetically and 

ecologically diverse organisms, such as enteric Klebsiella aerogenes115 and marine Vibrio 

species.116 Nevertheless, novel bacterial species represent a promising source for the discovery 

of structurally unprecedented siderophores. The search for freshwater siderophores is thus not 

only interesting for assessing their ecological relevance, but also for the discovery of novel 

compounds. 

Until the discovery of cupriachelins,66 photoreactive lipopeptide siderophores were thought to 

be restricted to the marine environment. Siderophores harboring citric acid-derived moieties are 

actually known for a long time. They represent a rather small group and are predominately 

produced by soil and pathogenic bacteria,117 which are not likely to be exposed to UV light. For 

this reason, their photoreactive properties remained neglected for several decades. Aerobactin, 

for instance, was characterized in 1969,115 but its photoreactivity was only described some 35 

years later.93 In comparison, siderophores harboring β-hydroxy aspartate residues are rare in 

non-marine environments. Among the few exceptions are the ornibactins produced by 
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Burkholderia cepacia.118 Akin to the citrate siderophores, photoreactivity was not recognized 

until recently.66 

Amphiphilic siderophores are scarcely found in terrestrial environments. In contrast to water, 

soil represents a rather structured habitat. Here producers and their metabolites stay associated 

relatively easily, abolishing the need for amphiphilic metabolites.119 In this respect, freshwaters 

lie between terrestrial and marine habitats. Although diffusion plays an important role in 

freshwater environments, it is less pronounced than in the ocean, due to an increased substrate-

to-water ratio.119 Accordingly, the diffusion length of terrestrial and freshwater siderophores 

and their water solubility are generally higher compared to siderophores from marine habitats 

and the fraction of siderophores binding to lipid membranes are generally lower.119 The 

amphiphilicity of a lipopeptide siderophore is determined by both, the size of the peptidic head 

group and the length of the fatty acid chain. For most marine siderophores several derivatives 

with fatty acids of different chain lengths are known.120 In terrestrial bacteria, this phenomenon 

is rare. Ornibactins once more represent an example here, but their short fatty acid chain lengths 

of C4 to C8 clearly distinguish them from the marine siderophores, which harbor much longer 

acyl chains.120 Some mycobacteria have also been reported to produce amphiphilic siderophores 

of varying fatty acid chain lengths. Mycobacterium tuberculosis, for example, secretes 

exochelins into the medium that bind Fe3+ and shuttle it to the membrane-associated 

myochelins. Both siderophores share the same core structure, but differ in polarity and thereby 

their diffusivity.121  

While the discovery of cupriachelins revealed that photoreactive lipopeptide siderophores also 

occur in freshwater, the discovery of variochelins foreshadows that these molecules may even 

be widely distributed in these environments. It proves that cupriachelins are not an exception 

and motivates further research to focus on these intriguing molecules. The finding of other 

freshwater photoreactive lipopeptide siderophores will further illustrate their ecological 

relevance, which was persuasively commenced by the present study.  

 

5.2 Genome mining – a valuable tool for the discovery of novel photoreactive 

lipopeptide siderophores 

Genome mining has proven a valuable tool for the discovery of novel natural products. The 

enormous potential of this method is reflected in its figurative name: Just like “real” mining, 

genome mining can unearth hidden, unforeseen and precious compounds. The term was coined 
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in the beginning of the genomics era and describes the exploitation of genomic information for 

the screening, isolation and structure elucidation of novel natural products.122 Compared to 

traditional approaches for compound discovery, it has several advantages. While the success of 

bioassay-guided methods in detecting novel compounds was largely driven by chance for much 

of its history, genome mining now represents a highly targeted approach.123 By connecting 

genes to their metabolites, the rediscovery of already known compounds can be eliminated. 

Furthermore, gene clusters involved in the biosynthesis of new chemical entities can be readily 

identified. Such orphan loci represent a huge and largely untapped resource for natural product 

discovery.124,125 Streptomyces genomes, for example, harbor an average of about 30 

biosynthetic gene clusters, but only two or three were known in the time before the onset of 

genome mining.126 

Traditionally, siderophores were detected in the chrome azurol S (CAS) assay.127 CAS, 

hexadecyltrimethylammonium bromide and Fe3+ form a blue complex. When a strong chelator 

(e.g., a siderophore) removes Fe3+ from the complex, its color changes from blue to orange. 

This assay is highly sensitive and is still widely used for siderophore detection. Another 

approach to discover siderophores from organisms which genomes have not been sequenced is 

“PrISM” (Proteomic Investigation of Secondary Metabolites).128 It involves the cultivation of 

the organism of interest under different conditions followed by the analysis of its proteome. 

Larger proteins (>150 kDa) often represent NRPSs or polyketide synthases (PKSs) and are 

further analyzed. The genetic information of the expressed biosynthetic gene cluster can then 

be reconstructed and lead to the discovery of novel compounds. In that way, gobichelins were 

found, without the genome of the siderophore-producing Streptomyces strain being 

sequenced.128 

Siderophore biosynthesis can usually be triggered by cultivating the respective organism under 

iron starvation.129 As a result, the isolation of siderophores is relatively easy compared to many 

other metabolites, for which suitable cultivation conditions first have to be established. This 

knowledge, along with the well-established CAS-assay, led to the description of several 

hundred siderophores, even before the onset of genome mining.51 However, when searching for 

siderophores with special features, such as photoreactivity and amphiphilicity, genome mining 

is extremely helpful. This is illustrated by the discovery of cupriachelins66 and taiwachelins.130 

In both cases, genome mining targeted the enzymes involved in supplying the siderophore with 

the β-hydroxy aspartate residue and the fatty acid side chain. In fact, searching for genes 

encoding enzymes putatively involved in the biosynthesis of secondary metabolites, represents 
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the most “classical” variant of genome mining.126 NRPSs represent good targets, due to their 

high degree of conservation of core enzymes, the collinearity of the modular organization and 

the synthesized peptide, and the possibility to predict the substrate specificity of A domains.126 

In certain cases, tailoring enzymes can also serve as genome mining probes.126 Both enzyme 

classes were used in this PhD project in order to find novel photoreactive lipopeptide 

siderophores from freshwater bacteria. The CucG A domain that activates aspartate in 

cupriachelin biosynthesis and the CucF TauD domain that conducts its hydroxylation were 

chosen as probes for photoreactivity. Fatty acid activation can be executed by external ligases, 

as in the case of cupriachelins and amphibactins. Alternatively, this biosynthetic step can be 

performed by fatty acyl-AMP ligases (FAALs), as in the case of taiwachelins124 and 

marinobactins.95,131 The CucF starter C domain from cupriachelin biosynthesis and the TaiD 

FAAL domain from taiwachelin biosynthesis thus served as probes for amphiphilicity. The 

search was further focused on freshwater bacteria, in particular on β-proteobacteria, due to their 

abundance and key role in freshwater ecosystems.132 The success of the approach is not only 

mirrored in the discovery of variochelins, but also of seven further putative photoreactive 

lipopeptide siderophore biosynthesis clusters in freshwater and soil bacteria (manuscript A, 

Table S1). The putative siderophores from Achromobacter spanius CGMCC9173, 

Burkholderia sordidicola S170, Cupriavidus gilardii CR3, Janthinobacterium 

agaricidamnosus NBRC102515, Variovorax paradoxus B4, V. paradoxus EPS and V. 

paradoxus S110 still await discovery and will certainly contribute to our understanding of the 

function of this compound class outside of the marine environment. Their finding reflects the 

power of genome mining, which is still formidably growing along with the availability of 

publically available genomes.  

 

5.3 Photoreactivity of variochelins 

The assumed photoreactive property of variochelin was experimentally confirmed via high-

resolution mass spectrometry (HRMS) and the BPDS assay. HRMS revealed the decomposition 

of Fe3+-variochelin into multiple fragments upon light exposure. Two fragments were 

predominant and could be assigned to distinct photoproducts (Fig. 12). A key fragment results 

from cleavage in the vicinity of the β-hydroxy aspartate residue, as it was also reported for the 

aquachelins49 and cupriachelins.66 However, the cleavage of variochelins differs from the 

established route in that it occurs  at the N-terminal side of the amino acid, in contrast to the C-

terminal side  (Figs. 5, 12). As a result, the identified variochelin photoproduct still harbors the 
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fatty acid side chain, while this is not the case for the aquachelin and cupriachelin 

photoproducts. A second variochelin fragment results from the decarboxylation of the β-

hydroxy aspartate residue leading to the aldehyde, as reported before.133 Of the numerous other 

masses detected by HRMS in light-exposed Fe3+-variochelin samples, none could be matched 

to specific fragments. The situation is comparable for the cupriachelins, where only one 

photoproduct could be identified, while the fate of the remaining molecule fragments remained 

obscure.66 This reflects our limited understanding of the actual photoreactive process. It further 

mirrors the complexity of photolytic cleavage.  

 

Fig. 12: Reaction scheme for the photolysis of ferric variochelin A.  

 

Of the “classical” Fe3+-binding siderophore moieties, only hydroxamates appear 

photochemically stable. Siderophores comprising α-hydroxy carboxylate moieties are stable 

when Fe3+-free, but become photolabile once they have complexed the metal – a situation that 

is inversed in catecholate-type siderophores.134 The fact that most photoreactive siderophores 

belong to a mixed type further adds complexity to the possible photoproducts. For aquachelins 

exhibiting two photochemically inert hydroxamate functions and one α-hydroxy carboxylate 

moiety, the situation is relatively simple. Only when ferrated, the siderophore will be cleaved 

by sunlight, yielding only one major photoproduct.49 For petrobactin, which is a bis-catecholate 

α-hydroxy carboxylate siderophore, the situation appears more complicated. When iron-free, 
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the catechols are readily photooxidized to quinones or semiquinones. Although this reaction is 

reversible, it temporarily decreases the ligand binding strength of the siderophore. When 

ferrated, photooxidation occurs at the citrate moiety. This effect is quite localized and does not 

significantly reduce the siderophore’s Fe3+-binding properties.134 Photodegradation can be 

more extensive, as soon as the siderophores harbor more than a single α-hydroxy carboxylate 

function. Examples include the alterobactins and the cupriachelins, which feature two β-

hydroxy aspartates besides a catecholate or hydroxamate function, respectively.66,135 

Photoreactive siderophores and their photoproducts thus likely represent an important portion 

of the organic ligands that complex most Fe3+ in surface waters.136  

The BPDS assay further confirmed the photoreactive properties of variochelins and, more 

precisely, the associated reduction and release of Fe3+ from the complex. BPDS specifically 

binds Fe2+, forming a photometrically tractable product. The release of Fe2+ into the 

environment is highly interesting from an ecological point of view. By this means, interspecific 

interactions can arise, which will be discussed in the following chapters.  

5.4 Role of photoreactive lipopeptide siderophores in freshwater and soil 

Following the discovery of variochelins and the genome mining-based corroboration of the 

hypothesis that photoreactive lipopeptide siderophores are common in freshwater bacteria 

(manuscript A), their ecological function in these habitats needs to be addressed. A role 

comparable to the one of marine siderophores is verisimilar. Freshwater photoreactive 

siderophores would thus have a dual function by delivering iron to the siderophore producer 

mainly in the dark, while also providing other organisms with this essential metal in the light. 

The amphiphilic property would help retaining the siderophore in the vicinity of the producing 

cell. A clear correlation between habitat structure and diffusivity has been observed. Bacteria 

living in highly structured habitats produce highly diffusible siderophores, while bacteria living 

in aquatic environments rather produce siderophores with reduced diffusivity.119 Also, the 

severity of iron starvation was found to impact siderophore diffusivity, with hydrophilic 

siderophores found in regions where iron is not limiting and poorly diffusible siderophores 

found in region with a severe lack of iron.137  

C. necator H16 and V. boronicumulans have both been described as freshwater and soil 

bacteria.97,138 This further raises the question of the ecological function of photoreactive 

lipopeptide siderophores in soil. In these habitats, exposure to UV light is a rare or even never 
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occurring event. As a result, α-hydroxy carboxylate-containing ferrisiderophores should remain 

intact. The solubilized iron is thus delivered only to the siderophore producer and possibly to 

certain siderophore-pirating species, while mutualistic iron-sharing cannot be expected. 

However, it has to be considered that bacteria can be transported over great distances, e.g. 

through aerosols, and can occur in diverse habitats as a result.139 Furthermore, bacterial habitats 

are highly dynamic and bacteria isolated from soil will likely also be found e.g. on the soil 

surface, where photoreactions may happen. The serobactin-producer Herbaspirillum 

seropedicae, for instance, was initially isolated from plant endosphere,140 but has subsequently 

also been found on the surface of leaves.141 The bacterium thus occurs in “dark”, as well as 

sunlight-exposed environments, suggesting that the photoreactive property of serobactins is 

ecologically relevant, at least under certain circumstances. The fate of the solubilized iron 

released upon photooxidative siderophore cleavage has not been investigated in soil. An effect 

on the bioavailability of iron to other organisms and resulting interspecific interactions are well 

conceivable and should be addressed in the future. A recent study showed that the siderophore 

gramibactin produced by plant-associated bacteria can be taken up and utilized by the host 

plants.142 Gramibactin harbors an α-hydroxy carboxylate function and its photoinduced 

cleavage should further alter the bioavailability of iron to the plant. This siderophore thus 

represents a good starting point for the investigation of photoreactive siderophore-based 

bacteria-plant interactions. Other (micro-)organisms should also be considered in this context.  

Diffusion is much less relevant in soil compared to water,119 suggesting that amphiphilicity of 

metabolites may have distinct roles in these environments. Lipopeptides have indeed been 

found to be crucial for bacterial swarming in several soil-colonizing bacterial speices.143,144 

Rather than preventing diffusion, amphiphilicity of siderophores could therefore have an 

important function in bacterial motility in soil. This implies a dual role as iron chelators and 

biosurfactants, an interesting aspect that should become the object of further studies. 

The suggested ecological roles of photoreactive lipopeptide siderophores in freshwater and soil 

are speculative and require experimental confirmation. Alternatively, photoreactivity and 

amphiphilicity of siderophores may simply represent an evolutionary relict in non-marine 

bacteria. This implies common ancestors with marine bacteria and/or horizontal gene transfer.  
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5.5 Importance of iron for phytoplankton 

The importance of iron for phytoplankton is particularly well-illustrated by the iron hypothesis, 

formulated by Martin in the 1990s.28 Martin postulated that iron is the limiting factor for 

primary production in vast areas of the ocean and that iron fertilization would lead to massive 

phytoplankton blooms. Iron concentrations in open ocean surface waters range from 0.02 to 1 

nM.145 Considering the fact that phytoplankton requires iron for numerous fundamental cellular 

processes, such as photosynthesis, chlorophyll synthesis and detoxification of ROS, it is no 

surprise that such concentrations generally mean severe iron paucity for these organisms. In 

coastal areas and freshwaters, iron concentrations are usually higher, reaching up to 100 

nM.146,147 In diatoms, low iron concentrations were found to lead to reduced cellular growth 

rates, chlorophyll a contents and cell sizes.148 However, clear differences could be observed 

between oceanic and coastal diatoms in their response to iron limitation. While oceanic diatoms 

can thrive with chronically low concentrations of this vital element, coastal diatoms struggle to 

do so.146 This can be attributed to two important aspects. First, oceanic diatoms are often smaller 

than their coastal counterparts, resulting in a larger surface to biomass ratio and thereby more 

efficient iron uptake rates.148 Secondly, they are able to reduce their demand for cellular iron to 

a substantially higher degree than coastal diatoms.148 This is effectuated by the different 

architecture of their photosynthetic apparatus. In fact, most of the iron required by 

phytoplankton is needed for photosynthetic iron transport. Photosystem (PS) II requires two, 

the cytochrome b6f complex six and PSI twelve iron atoms per complex. While the PSII:PSI 

ratio is about 1:1 in land plants, it is about 2:1 in coastal diatoms and 10:1 in oceanic diatoms.149 

Furthermore, the amount of cytochrome b6f complex present in oceanic diatoms is reduced in 

comparison to coastal diatoms.149 In this way, oceanic diatoms markedly decrease their cellular 

iron requirements, while maintaining high photosynthesis rates.149  

Iron requirements of freshwater diatoms are poorly studied. Since iron levels are similar in 

freshwater and coastal environments, it can however be expected that the inhabiting diatoms’ 

needs for iron are also similarly high. Regardless their habitat, diatoms thus have to cope with 

growth-limiting iron concentrations. Any extra portion of iron, which can be obtained from 

mutualistic siderophore producers, should ameliorate this situation and boost diatom growth.  
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5.6 The “carbon for iron mutualism” 

The “carbon for iron mutualism” proposes that heterotrophic bacteria provide iron to algae via 

photoreactive siderophores and obtain organic carbon in exchange.50 For phytoplankton, iron 

is the primary limiting factor in aquatic habitats.25,26 For bacteria, organic carbon was found to 

be the primary limiting factor, even in iron-poor waters. Only when carbon limitation was 

alleviated, iron rapidly became a limiting growth factor for bacteria.150 Both interaction partners 

may thus provide each other with the nutrient they most urgently need, corroborating the 

assumption of a mutualism with major ecological impact.  

The speciation of iron is crucial for the ability of phytoplankton to take it up. Reductive iron 

uptake is widely distributed in algae and its efficiency is highly dependent on the stability of 

Fe3+-complexes. While weak complexes are easily reduced, strong complexes, such as 

photochemically inert Fe3+-siderophores, are generally much less accessible for phytoplanktic 

iron uptake.151 The siderophore desferrioxamine B, for instance, was found to completely 

deprive the diatom Skeletonema costatum of iron, resulting in a strong negative growth effect.152 

Photoreactive siderophores, in contrast, dramatically alter iron speciation by  releasing Fe2+ 

upon light exposure and by forming photoproducts with altered affinity for Fe3+ compared to 

the respective parent siderophores. Both aspects likely enhance the bioavailability of iron to 

phytoplankton. This was illustrated in a study on natural planktic assemblages, which exhibited 

far higher iron uptake rates from photoreactive Fe3+-aerobactin than from non-photoreactive 

Fe3+-desferrioxamine B.153 The persistence time of photoreactive siderophore-released Fe2+ 

depends on several factors, including pH and temperature. In air-equilibrated seawater at pH 8, 

dissolved Fe2+ was calculated to persist for just 2 min at 30 °C, but for more than 3 h at 0 °C.154 

Fe2+ can account for a surprisingly high fraction (> 60%) of dissolved iron in the ocean, which 

is maintained by constant redox cycling and putative Fe2+ ligands.151,155 The iron affinity of 

siderophore photoproducts has a major impact on iron availability to phytoplankton. 

Vibrioferrin appears special in this context due to the apparent lack of iron binding properties 

of its photoproduct.52 Vibrioferrin-producing bacteria were found to be highly abundant in the 

ocean, especially during algal blooms.156 This suggests that the siderophore is highly involved 

in delivering iron to the blooming algae, which further supports the “carbon for iron 

mutualism”.  

The positive growth effect of C. necator H16 on the growth of N. pelliculosa assessed in this 

study (section 4.1) is suggestive of a “carbon for iron mutualism” occurring between both 

organisms. If so, this would confirm that freshwater photoreactive lipopeptide siderophores are 
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considerably involved in iron cycling and interspecific interactions. This would allocate them 

a major ecological role, akin to marine siderophores. However, the presented growth curves are 

not statistically hedged. Also, it cannot be excluded that the observed positive growth effect is 

due to other factors rather than cupriachelin-mediated iron release. At this point, it can only be 

concluded that a “carbon for iron mutualism” based on freshwater photoreactive lipopeptide 

siderophores can be anticipated, but requires further experimental confirmation.  

5.7 Algae can induce the biosynthesis of photoreactive siderophores in C. 

necator H16 

The finding that algae can induce cupriachelin biosynthesis in C. necator H16 (manuscript B) 

is in line with the “carbon for iron mutualism”. It suggests that cupriachelin is advantageous to 

N. pelliculosa and that the benefit is so important that the alga invests in producing compounds 

that further upregulate the biosynthesis of the precious siderophore. The assumed extra iron 

supply will boost algal growth and thereby photosynthesis rates. As a result, C. necator H16 

will supposably be able to acquire more fixed carbon from N. pelliculosa. This study represents 

a novel approach to support the hypothesis of mutualistic siderophore-based iron sharing. Amin 

et al. had chosen a more direct approach, demonstrating algal iron utilization via the bacterial 

siderophores by uptake experiments.50 In their study, vibrioferrin was complexed with 

radioactive 55Fe and fed to algal cultures. As soon as exposed to attenuated sunlight, algae 

incorporated this iron at extremely high rates, as reflected in high intracellular 55Fe levels. 

Evidence for the uptake of algal organic carbon by the siderophore-producing bacterium was 

found on the genetic level, by identifying genes involved in transport and utilization of algal 

exudates. Also, iron uptake by the bacterium was tested and found to be more efficient in 

sunlight (i.e., from “free” Fe2+ or Fe3+) than in the dark (from Fe3+-vibrioferrin).50 Such metal 

uptake experiments are well-established100–102 and could readily confirm photoreactive 

siderophore-based iron sharing. They shed light on the fate of photoreactive siderophore-

complexed iron and should also be conducted with Fe3+-cupriachelin in future studies.  

Another aspect that should be addressed in the future is the nature of the compounds that are 

released by N. pelliculosa and that induce cupriachelin transcription in C. necator H16. The 

secretion of compounds that directly act as transcription factors in the bacterium is unlikely, 

since this would require corresponding bacterial uptake systems. Directly applying algal culture 

supernatants to cucJp in DNA protein pulldown assays did not yield any visible proteins after 

SDS-PAGE (data not shown). This confirms that the alga does not produce any protein that 
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directly binds to cucJp as transcription factor. Instead, a signaling cascade involving several 

steps can be expected, with the detected NarL-type response regulator H16_A1372 as final 

effector protein. A first step in identifying the algal compounds of interest could be the 

fractionation of algal culture supernatants. The discrete fractions could then be applied to C. 

necator H16 reporter strains, followed by β-galactosidase assays. The increased β-galactosidase 

activities detected for non-fractionated algal supernatants compared to the control (manuscript 

B, Fig. 3) should be recovered in the fraction(s) of interest. In this way, the compounds present 

in algal culture supernatants could be narrowed down to the one or few compound(s) inducing 

cupriachelin transcription.  

Phytoplankton produces saccharides that accumulate to high concentrations in aquatic 

environments. Due to hydroxyl and carboxyl functions and certain heteroatoms, these 

compounds exhibit a weak binding affinity towards iron, thereby increasing the bioavailability 

of the metal for eukaryotic phytoplankton.157,158 It seems unlikely that saccharides can compete 

with siderophores for iron, due to their relatively low iron binding capacities. However, their 

abundance may be decisive in this context. If so, the cupriachelin biosynthesis-inducing 

compounds produced by N. pelliculosa may simply be saccharides. These would compete for 

iron with cupriachelin, thereby decreasing iron availability to C. necator H16 and inducing 

higher siderophore production levels. This would however imply a competitive rather than a 

mutualistic interaction between both organisms, which seems unlikely, especially in the context 

of the photoreactivity of cupriachelins.  

Interactions between bacteria and diatoms are often highly species-specific, reflecting their long 

coevolution.13,20,21 A drawback of the present study is that C. necator H16 and N. pelliculosa 

have not been isolated from the same environment. Testing whether even stronger positive 

effects can be assessed between C. necator H16 and a co-isolated alga would thus prove highly 

valuable. The main difficulty in this context is the small number of freshwater algae available 

from culture collections, notably as axenic cultures. Nevertheless, both C. necator and N. 

pelliculosa have been described as widely distributed freshwater plankton species, making their 

encounter in nature a plausible event. This is also corroborated by the seemingly intimate 

observed interaction. Planktic cross-talk is well-documented on a substrate exchange basis, but 

the gene regulative interaction described here goes one step beyond and suggests species 

specificity.   

The finding of a two-component system involved in the regulation of cupriachelin transcription 

is highly interesting. In the DNA-protein pulldown assay, the NarL-type response regulator 
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H16_A1372 seemed more abundant when C. necator H16 was cultivated with algal culture 

supernatants compared to the control (manuscript B, Fig. 4). Since the former was also the 

conditions, where higher cupriachelin transcription levels were detected (manuscript B, Fig. 2), 

H16_A1372 is anticipated to act as transcriptional activator. This may easily be verified by 

cloning the corresponding promoter region h16_a1372p upstream of lacZ in the corresponding 

C. necator reporter strain. Up- or downregulation of the response regulator under different 

conditions should allow such conclusions. This approach was chosen for Fur (section 4.5). 

Acting as transcriptional repressor for siderophore biosynthesis, expression of this protein was 

expected to be upregulated under iron repletion, while being downregulated under iron 

deficiency. This was however not the case (Fig. 11) and no clear iron-dependent expression 

pattern could be observed. A possible explanation may be the global regulatory function of Fur, 

which requires a consistent basal level of protein.77  

In summary, it was found that bacteria and algae can influence each other’s growth dynamics 

also at the transcriptional level. Addressing this aspect also in marine environments, where 

photoreactive siderophores are already well-established, will further broaden our understanding 

of these compounds in interkingdom interactions. 

 

5.8 Siderophores as biocontrol agents against harmful algal blooms 

Harmful algal blooms have become an increasingly serious problem in the last few decades that 

now affect every coastal country in the world. The responsible algae cause damage either by 

toxin production or simply by their gigantic biomass that entails devastating effects on other 

organisms.159 Harmful algal blooms have been known for centuries, but their constant increase 

indicates that their origin is nowadays very often anthropogenic. Their expansion can thus be 

attributed to storms and currents, but also to pollution, ship ballast water and extensive 

aquaculture. Toxins are dangerous in that they accumulate via the food chain, thereby poisoning 

various animals, including fish, shellfish, seabirds, sea lions, whales and humans.160 

Dinoflagellates are prominent toxin producers, causing numerous gastrointestinal and 

neurological diseases.159 Cyanobacteria also represent potentially dangerous blooming algae.161 

Diatoms were believed to be free of toxins for a long time, until the discovery that Pseudo-

nitzschia species produce the potent neurotoxin domoic acid.162 Only recently, a Pseudo-

nitzschia bloom covering the whole North American west coast resulted in the largest recorded 

outbreak of this neurotoxin.163 Control of such harmful algal blooms is challenging. Mechanical 
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strategies are used in Korea, where clay is dispersed over the water surface.164,165 The clay 

particles then aggregate with algal cells, removing them via sedimentation. Chemical control 

has also been used,159 but has to be regarded as environmentally inacceptable, due to unspecific 

poisoning of aquatic life. Biological control may achieve better results here and the present 

dissertation aims at understanding plankton dynamics in this respect. The emphasis lies on the 

tremendous role of iron in shaping planktic communities. The nature and concentration of iron 

ligands are crucial for the bioavailability of the metal to different species.166 The elaborated role 

of photoreactive siderophores herein suggests, that these molecules can shift plankton 

community equilibria from certain species to others, i.e., from harmful bloom-forming to 

harmless algae (manuscript C). However, using photoreactive siderophores and/or their 

producers for biocontrol purposes requires a profound understanding of the complex planktic 

interaction, which appears an almost unsurmountable task at present. This PhD thesis represents 

one of the first steps on the long path into this direction. 

117



Summary 

Photoreactive lipopeptide siderophores are intriguing compounds that are well-known from the 

marine environment. Once they have complexed Fe3+, these compounds rapidly undergo 

photooxidative cleavage, thereby releasing Fe2+ into the environment. As a result, the 

solubilized iron is not only available to the siderophore producer, but to the whole microbial 

community. This can result in mutualistic interactions, with bacteria providing siderophore-

solubilized iron to phytoplankton and obtaining photosynthetically fixed carbon in exchange. 

This is known as the “carbon for iron mutualism”.  

Photoreactive lipopeptide siderophores are widely distributed in the marine environment, but 

have recently also been found in freshwater and soil. The discovery of cupriachelins from C. 

necator H16 was followed by taiwachelin from Cupriavidus taiwanensis and serobactins from 

H. seropedicae. In this study, variochelins from V. boronicumulans are presented as further 

example. In addition, seven freshwater and soil bacteria are designated that are expected to 

produce such siderophores based on genome mining results. These findings corroborate the 

assumption that photoreactive lipopeptide siderophores are also widely distributed outside of 

the marine environment, raising the interest for their ecological role. In soil, where light 

exposure is not very likely, the photoreactive property may rather represent an evolutionary 

relict. In freshwater, mutualistic iron sharing, as described from the marine environment, is 

well-conceivable and may have a major ecological impact. This is addressed in the second part 

of the present study. Here, the cupriachelin-based interaction between the β-proteobacterium 

C. necator H16 and the diatom N. pelliculosa is investigated. Since iron usually represents a 

limiting factor for algal growth, diatoms are expected to strongly benefit from a “carbon for 

iron mutualism”. If so, they could further maximize their advantage by manipulating (i.e., 

increasing) siderophore biosynthesis by the bacterium. Effectively, not only iron starvation, but 

also culture supernatants of N. pelliculosa were found to induce cupriachelin transcription 

levels in C. necator H16. Planktic interactions are well-documented on a substrate exchange 

basis, but this is one of the few studies reporting crosstalk on a transcriptional level. In 

conclusion, photoreactive siderophores play an important role in iron cycling in aquatic 

environments. They form a basis for interspecies interactions and thereby have the potential to 

shape planktic communities. This knowledge could be used for the biocontrol of harmful algal 

blooms. 
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Zusammenfassung 

Photoreaktive Lipopeptidsiderophore sind fazinierende Moleküle, die aus marinen Habitaten 

bekannt sind. Sobald sie Fe3+ komplexiert haben, werden sie unmittelbar durch Sonnenlicht 

gespalten, wobei sie Fe2+ in die Umwelt freisetzen. Das gelöste Eisen ist somit nicht nur für den 

Siderophorproduzenten, sondern für die gesamte mikrobielle Gemeinschaft verfügbar. Dies 

kann zu mutualistischen Interaktionen führen, bei denen Bakterien Phytoplankton mit 

Siderophor-gelöstem Eisen versorgen und im Gegenzug photosynthetisch fixierten Kohlenstoff 

erhalten. Dies ist als „Kohlenstoff-für-Eisen-Mutualismus“ bekannt. 

Photoreaktive Lipopeptidsiderophore sind in marinen Habitaten weit verbreitet, wurden jedoch 

kürzlich auch im Süßwasser und im Boden beschrieben. Der Entdeckung von Cupriachelinen 

von C. necator H16 folgten die von Taiwachelin von Cupriavidus taiwanensis und von 

Serobactinen von H. seropedicae. In der vorliegenden Studie werden Variocheline von V. 

boronicumulans als weiteres Beispiel präsentiert. Außerdem werden sieben Süßwasser- und 

Bodenbakterien genannt, die Genome Mining Ergebnissen zufolge in der Lage sind, solche 

Siderophore zu produzieren. Diese Ergebnisse unterstützen die Annahme, dass photoreaktive 

Lipopeptidsiderophore auch außerhalb von marinen Habitaten verbreitet sind, was die Frage 

nach ihrer ökologischen Rolle aufwirft. Im Boden, wo der Einfluss von Licht eher unbedeutend 

ist, könnte die Photoreaktivität lediglich ein evolutionäres Relikt darstellen. Im Süßwasser 

hingegen ist mutualistisches Teilen von Eisen, wie aus marinen Habitaten bekannt, durchaus 

denkbar und könnte eine wichtige ökologische Rolle spielen. Dies wird im zweiten Teil der 

vorliegenden Studie adressiert. Hier wird die Cupriachelin-basierte Interaktion zwischen dem 

β-Proteobakterium C. necator H16 und der Diatomee N. pelliculosa untersucht. Da Eisen meist 

einen limitierenden Faktor für Algenwachstum darstellt, wird erwartet, dass Diatomeen in 

hohem Maße von einem “Kohlenstoff-für-Eisen-Mutualismus“ profitieren. Wenn dem so sein 

sollte, könnten sie ihren Vorteil weiter maximieren, indem sie die Siderophorbiosynthese des 

Bakteriums manipulieren (d.h. erhöhen). Tatsächlich wurde festgestellt, dass nicht nur 

Eisenmangel, sondern auch Kulturüberstände von N. pelliculosa, Cupriachelin-

Transkriptionslevel induzieren. Planktoninteraktionen sind auf Substrataustauschbasis gut 

dokumentiert, aber dies ist eine der wenigen Studien, die solche Interaktionen auf dem Level 

der Genregulation beschreibt. Zusammenfassend spielen photoreaktive Siderophore eine 

wichtige Rolle im aquatischem Eisenkreislauf. Sie bilden die Basis für interspezifische 

Interaktionen und haben somit das Potential, Planktongemeinschaften zu formen. Dieses 

Wissen könnte für die Biokontrolle schädlicher Algenblüten genutzt werden. 
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Theses 

1. Photoreactive lipopeptide siderophores are not only common in the marine 

environment, but are also produced by many freshwater bacteria. 

 

2. Freshwater photoreactive siderophores play similar ecological roles as their marine 

counterparts. The iron concentration is generally higher in freshwater than in the ocean, 

but iron starvation is similarly severe in both environments, due to different iron 

requirements of the inhabiting plankton species. 

 

3. Photoreactive siderophores form the basis for interspecific planktic interactions. There 

is a “carbon for iron mutualism”, where bacteria obtain photosynthetically fixed carbon 

from algae in exchange for the solubilized iron. 

 

4. Photoreactive siderophore-based iron sharing can only be beneficial to bacteria, if the 

corresponding partners are mutualists. The interaction is rather species-specific and the 

partners recognize each other by the secretion of certain metabolites.  

 

5. Diatoms strongly benefit from iron solubilized by bacterial photoreactive siderophores. 

In order to maximize their advantage, they can manipulate (i.e., increase) the 

siderophore biosynthesis by the bacterium. 

 
6. Due to their potential to shape planktic communities, photoreactive siderophores are 

promising candidates for the biocontrol of toxic algal blooms. This depends on the 

degree to which selected species can benefit from the siderophore-solubilized iron. 

 
7. In a tripartite interaction between a photoreactive siderophore-producing bacterium, a 

diatom and a non-photoreactive siderophore-producing cyanobacterium, the former two 

partners will be mutualists (“carbon for iron mutualism”). The cyanobacterium will not 

profit from either partner, since it is dependent neither on photoreactive siderophore-

solubilized iron nor on carbon fixed by the diatom. This disadvantage can impair its 

growth compared to the other organisms, which can be regarded as positive, if the 

cyanobacterium causes harmful blooms.
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A 

AAS 

adenylation 

atomic absorption spectroscopy 

ACP Acyl carrier protein 

BPDS bathophenanthrolinedisulfonic acid 

C condensation 

CAS chrome azurol S 

DtxR 

FAAL 

diphteria toxin repressor 

fatty acyl-AMP ligase 

Fur ferric uptake regulator 

HRMS high-resolution mass spectrometry 

ISIP iron starvation-induced protein 

MALDI matrix-assisted lased desorption/ionization 

MS mass spectrometry 

NIS NRPS-independent siderophore 

NMR nuclear magnetic resonance 

NRPS non-ribosomal peptide synthetase 

PKS polyketide synthase 

PrISM 

PS 

proteomic investigation of secondary metabolites 

photosystem 

ROS reactive oxygen species 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

TE thioesterase 

TOF time of flight 
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