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10 Abstract
11 Cyanobacteria are one of the most successful and oldest forms of life that are present on Earth. They are prokaryotic
12 photoautotrophic microorganisms that colonize so diverse environments as soil, seawater, and freshwater, but also
13 stones, plants, or extreme habitats such as snow and ice as well as hot springs. This diversity in the type of environment
14 they live in requires a successful adaptation to completely different conditions. For this reason, cyanobacteria form a
15 wide range of different secondary metabolites. In particular, the cyanobacteria living in both freshwater and sea produce
16 many metabolites that have biological activity. In this review, we focus on metabolites called siderophores, which are
17 low molecular weight chemical compounds specifically binding iron ions. They have a relatively low molecular weight
18 and are produced by bacteria and also by fungi. The main role of siderophores is to obtain iron from the environment
19 and to create a soluble complex available to microbial cells. Siderophores play an important role in microbial ecology;
20 for example, in agriculture they support the growth of many plants and increase their production by increasing the
21 availability of Fe in plants. The aim of this review is to demonstrate the modern use of physico-chemical methods for the
22 detection of siderophores in cyanobacteria and the use of these methods for the detection and characterization of the
23 siderophore-producing microorganisms. Using high-performance liquid chromatography-mass spectrometry (LC-MS), it
24 is possible not only to discover new chemical structures but also to identify potential interactions between microorgan-
25 isms. Based on tandem mass spectrometry (MS/MS) analyses, previous siderophore knowledge can be used to interpret
26 MS/MS data to examine both known and new siderophores.

27

28 Introduction

29 Cyanobacteria are considered to be one of the oldest or-
30 ganisms found on Earth, with their age estimated at more
31 than 2.5 billion years. Cyanobacteria consist of many spe-
32 cies of Gram-negative bacteria and possess a characteris-
33 tic oxygen-producing photosynthesis.
34 However, more than 2 billion years ago, there has been a
35 change and oxygen-releasing microorganisms have
36 emerged into the Earth’s atmosphere. The medium thus
37 gradually changed its properties from reducing to

38oxidizing (Blankenship and Hartman 1998; Summons et
39al. 1999). This change had dramatic consequences because
40almost all living forms were forced to adapt to these oxidation
41conditions or become extinct. The consequence of the change
42from the reductive to the oxidative atmosphere also had an
43effect on the water-soluble predominant salts of Fe2+, which
44were oxidized to the corresponding iron oxide (Fe3+) hydrates,
45e.g., Fe(OH)2+, Fe(OH)3 and Fe(OH)4−. Unfortunately, these
46substances are almost insoluble in water (Crichton 2001).
47Photosynthetic picocyanobacteria and eukaryotic microorgan-
48isms that inhabit the open ocean need iron for their photosyn-
49thetic and respiratory needs. Physiological studies and recent
50sequencing of marine microorganism genomes and transcripts
51have revealed mechanisms of iron uptake and utilization that
52allow marine microorganisms to persist in a restricted iron en-
53vironment. Most of these microorganisms get iron from strong
54chelates because most dissolved iron in sea water is complexed
55with organic ligands (Hopkinson and Morel 2009; Morrissey
56and Bowler 2012; Haque et al. 2017). The cyanobacteria that
57caused the whole change in the atmosphere had to develop new
58ways of obtaining Fe. This has resulted in the production of
59small organic ligands—siderophores (Raymond et al. 1984;
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60 Drechsel and Jung 1998). Siderophores are the strongest Fe3+

61 chelators secreted by microorganisms and plants. Siderophores
62 are biosynthesized and in particular excreted under iron starva-
63 tion, i.e., when intracellular iron concentrations drop below a
64 certain threshold required for the functionality of biochemical
65 processes in the cell. Siderophores is structurally possible to
66 divide into four different structural types (Raymond et al.
67 1984; Drechsel and Jung 1998).
68 Cyanobacteria, unlike the algae, are prokaryotic or-
69 ganisms, which have a common way of obtaining

70organic matter with the algae—photosynthesis. In this
71review, we do not even address eukaryotic organisms,
72such as algae, even though they are a very important
73part of phytoplankton. Furthermore, we do not mention
74fungi (molds or yeasts) that normally produce
75siderophores. The same applies to “siderophores” of
76higher (flowering) plants, and, of course, we deliberate-
77ly ignore organisms that can be taxonomically classified
78as unicellular protists, dinoflagellates, which often form
79a significant part of the plankton (red tide).
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80 Structural types of siderophores

81 Catecholates

82 Examples of catecholate siderophores are shown in Fig. 1.
83 Each catecholate group contains two oxygen atoms for iron
84 chelation, which form a hexagonal octahedric complex where
85 the ferric ion (Fe3+) has a very high stability constant K =
86 1052 mol/L. Such a high constant signifies that cyanobacteria
87 can live in environments with very low iron concentrations.
88 Some cyanobacteria can produce either catecholate
89 siderophores, or mixed siderophores, in which catecholates
90 are only one of the produced groups. A typical example is
91 Gammaproteobacterium Pseudomonas, producing a mixed
92 siderophores (pyoverdines), which contains both catecholates
93 and hydroxamates (Gulledge et al. 2002).
94 The structure is characterized by a C3 symmetrical
95 trilactone ring from which the exocyclic nitrogen atoms
96 are acylated by the dihydroxybenzoic acid group. These
97 ligands bind Fe with high binding constants of up to 1047

98 (Avdeef et al. 1978). Iron depletion in a cell can be
99 achieved by protonation of catecholate by enzymatic hy-
100 drolysis of the lactone ring or by reduction of Fe3+ to Fe2+

101 (Stintzi et al. 2000).

102The Neilands test is commonly used for detection; com-
103plexes exhibit absorbance at 495 nm. An O-CAS test, based
104on the utilization of chrome azurol S reagent using an overlay
105technique, may also be used for fast, non-toxic, and easy
106method for siderophore production on a solid medium.
107However, it should be noted that all these tests based on dif-
108ferent color complexes provide minimal information about the
109structure of the siderophores. Modern instrumental methods
110are based on diode array detector and electrospray mass spec-
111trometry (ESI-MS) analysis.

112Hydroxamates

113Hydroxamate siderophores contain one of the most com-
114mon siderophore groups found in nature. These
115siderophores are produced by many cyanobacteria but also
116by bacteria and fungi (Fig. 2). Most hydroxamate
117siderophores contain a O=CR-N(OH)R´ group wherein R
118or R´ are either an amino acid or a derivative thereof. The
119two oxygens in the hydroxamate group form a divalent
120iron ligand, and the siderophore is thus able to form a
121hexavalent octahedral complex with Fe3+. Hydroxamates
122bind ferric ion and have binding constants in the range of
1231022 to 1032 mol/L. This strong connection of ferric iron
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124 and siderophore protects complexes from hydrolysis and
125 enzymatic degradation. An example is the hydroxamate

126siderophore desferrioxamine (1). The key building blocks
127are hydroxamic acid units that can chelate Fe3+.

128

129

130
131

132

133 Carboxylates and hydroxycarboxylates

134 Siderophores containing the carboxylate group are often
135 produced by cyanobacteria, (see Fig. 3). This type of
136 siderophores binds to iron through carboxyl and hydroxyl
137 groups. As a model compound, the basic building unit is
138 citric acid (2). As described above, they can be detected
139 by spectrophotometric assays, e.g., O-CAS or copper
140 complex, and subsequent detection in the UV spectrum
141 (190–280 nm). The LC-MS method has been used to de-
142 termine the structure (Rao et al. 2002).

143 Cyanobacterial siderophores

144 While bacterial siderophores have been actively investi-
145 gated for decades, siderophores of cyanobacteria have
146 been largely neglected. As an example, the number of
147 citations in the Web of Science includes more than 9000
148 citations for the keywords “bacteria and siderophores,”
149 but only 208 papers are cited for the keywords
150 “cyanobacteria and siderophores.” There may be several
151 causes of this. Based on our experience, we see them
152 above all in the lower availability of cyanobacteria, espe-
153 cially cultivation of cyanobacteria under autotrophic con-
154 ditions that requires specialized equipment. Long ago, the
155 predominance of cyanobacteria as a microorganism living
156 in water (whether fresh or sea water) produce only basic
157 siderophores of the simple hydroxamic (Armstrong and
158 van Baalen 1979) or citric acid type (Simpson and
159 Neilands 1976). It was the assumption that the formation

160of complex organic molecules is too energy-consuming
161and complex, because these compounds are highly diluted
162by excretion into the environment.

163Siderophores from sea water cyanobacteria

164The first mention of siderophore from cyanobacteria dates
165back to 1976 and concerned hydroxamate siderophores
166(Murphy et al. 1976) and siderophore schizokinen (3) isolated
167from freshwater Anabaena (Simpson and Neilands 1976;
168Lammers and Sanders-Loehr 1982; Goldman et al. 1983).
169This compound, originally isolated from the soil bacterium
170Bacillus megaterium (Lankford et al. 1966; Arceneaux and
171Lankford 1966), is a derivative of citric acid in which two
172c a r b o x y l a t e g r o u p s f o rm a n am i d e w i t h a n
173acetylhydroxamine. In 2005, synechobactins (4, 5, 6) were
174isolated from Synechococcus strain living in coastal seawater,
175and were shown to be siderophores (Ito and Butler 2005). A
176citrate group from synechobactin (23) was also found in
177petrobactin (24) (Barbeau et al. 2002). These compounds form
178schizoquinone derivatives, where one of the hydroxamic acids
179is replaced by long chain fatty acid. The authors assume that
180this amphiphilic structure helps to anchor siderophore into the
181membrane of the cyanobacteria and thus prevents its loss of
182dilution in the marine cyanobacteria. This is supported by data
183on several other amphiphilic siderophores isolated from the
184marine cyanobacteria, such as marinobactins (7–12),
185aquachelins A, B, C, and D (13–16) and amfibactins C, E, F,
186G, H, and I (17–22), all carrying a long hydrophobic chain
187(Martinez et al. 2003).
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189 Transfer of iron in the form of siderophores through the
190 outer and inner membrane of the cyanobacteria is an
191 energy-intensive process associated with hydrolysis of
192 ATP (Armstrong et al. 2004; Martinez and Butler 2007).
193 The biosynthesis of both siderophores and their protein
194 receptor on the outside of the membrane is suppressed
195 when the amount of iron in the intracellular space reaches
196 the physiological boundary.

197A mixture of complex siderophores called anachelins, i.e.,
198H (25), 1 (26), and 2 (27) and anachelin esters (28, 29) is
199produced by the cyanobacterium Anabaena cylindrica.
200These anachelins contain terminal salicylamide and
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201 oxazoline ring (Beiderbeck et al. 2000). This indicates
202 that these compounds are structurally complex metabo-
203 lites that contain fragments of different biosynthetic ori-
204 gins. The salicylate unit can originate from a polyketide
205 pathway or from chorismic acid; furthermore, anachelin
206 contains a mixed fragment of polyketide and amino acid
207 in the tripeptide moiety and an unusual fragment resem-
208 bling the tetrahydroquinoline skeleton. Its structure, in-
209 cluding determination of stereochemistry (absolute and
210 relative configuration), was determined by Ito et al.
211 (2001). Unfortunately, the complete determination of
212 the structure is complicated by the formation of artifacts,
213 i.e., by the formation of similar structures, for example
214 due to hydrolysis upon standing in aqueous solution or
215 by dehydration during lyophilization. Anachelin chromo-
216 phore has been found to recognize metal oxide surfaces
217 found in minerals. This postulated first step in iron up-
218 take has a great effect on the molecular understanding of
219 iron extraction in marine and freshwater organisms
220 (Zürcher et al. 2006).

221

222Four marine cyanobacteria belonging to the species
223Nostoc calcicola, Oscillatoria boryana, Phormidium
224valderianum, and Synechococcus elongatus were tested
225for the production of siderophores in a medium with
226low iron concentration (Rashmi et al. 2013). They were
227found to produce siderophores of the hydroxamate type.
228Uranium, a radionuclide, caused siderophore production
229in all four marine cyanobacteria, was tested. All the
230tested organisms in uranium-dosed media irrespective
231of the presence of iron showed siderophore production.
232The production of siderophore in the presence of urani-
233um can be explained by the fact that uranium in the
234medium acts as a competitive agent and iron becomes
235unavailable to the organism. Furthermore, complexation
236of uranium and siderophore has been confirmed, which
237means that marine cyanobacteria can be used as organ-
238isms sequestering uranium as well as other actinides.
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239 The use of modern physico-chemical methods, which were
240 and are common in the identification of siderophores in bac-
241 teria (Pluháček et al. 2016), slowly gain a place also in the
242 analysis of cyanobacteria. Boiteau and Repeta (2015) used
243 high-performance liquid chromatography (HPLC), induced
244 coupled plasma mass spectrometry (ICP/MS), and high-
245 resolution electrospray ionization mass spectrometry (ESI/
246 MS) to identify siderophores in Synechococcus sp. Three
247 hydroxamate siderophores, synechobactins A-C (4–6) have
248 previously been isolated and characterized in this cyanobac-
249 terium. Their structure is based on citric acid backbone and
250 two hydroxamates linked to the side chains, which form var-
251 iable length chain fatty acids from C8 to C12 (R is even num-
252 bered, i.e., C7, C9, and C11). In total, six complex organic
253 compounds were identified by LC-ICP/MS and LC-ESI/MS
254 further identified synechobactins A, B, and C based on the
255 tandem mass spectra. In addition, new synechobactins having
256 homologous fatty acid moieties, i.e., C11, C13, and C14 were
257 identified. These results show the potential of combined LC/
258 MS techniques for the identification of novel iron organic
259 complexes.

260Siderophores in marine bacterium Vibrio cyclitrophicus
261and marine cyanobacterium Synechococcus sp. were charac-
262terized using 21 Tesla Fourier transform ion cyclotron reso-
263nance mass spectrometer (FTICR/MS) with injection
264electrospray ionization. Thanks to this technique,
265synechobactins A (4), B (5), C (6), C11, C13, and C14 were
266identified based on high mass accuracy and resolution for
267observation of specific Fe isotopes and high-resolution mass
268spectra (Walker et al. 2017). The use of a highly sophisticated
269method such as the high-resolution FTICR/MS will enable
270researchers to quickly discover and identify new siderophores
271in the environment.

272Imaging mass spectrometry (IMS) using matrix-assisted
273laser desorption ionization-time of flight (MALDI-TOF) was
274applied to determine metabolic products of the genes of three
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275 cyanobacteria of genera Microcystis, Anabaena, and
276 Nodularia (Sandonato et al. 2017). Among others,
277 siderophore anachelins, e.g., 25, etc., were also identified
278 and displayed. The examples show the great potential of
279 IMS for spatial monitoring of biochemical processes in
280 cyanobacteria.

281 Siderophores from marine-ocean plankton

282 The RP-HPLC/ESI tandem MS method using ICP/MS
283 for detecting low concentrations of organic Fe ligands
284 was used to determine siderophores in sea water and
285 marine phytoplankton. The detection limit was less than
286 1 pmol of Fe, and the effect of the 40Ar16O+ adduct
287 which could interfere with 56Fe (Boiteau et al. 2013)
288 was eliminated due to the ICP-MS multicollector. The
289 analysis was performed on both standards (e.g., Fe-
290 EDTA (30), ferrichrome (31), ferrioxamine E (32)) as
291 well as Fe ligand complexes extracted from South
292 Pacific surface water and Synechococcus spp. The meth-
293 od allows for fast and especially sensitive determination
294 of Fe ligand complexes, while the popular chrome
295 azurol sulfonate (CAS) assay is three orders of magni-
296 tude less sensitive (1 μmol/L by this method versus the
297 detection limit of 2 nmol/L of free ligand by CAS)
298 (Schwyn and Neilands 1987; Hasegawa et al. 2004).
299 This assay is based on the transfer of ferric iron com-
300 plexed with CAS to siderophores, which is accompanied
301 by a shift from blue to yellow.
302 The s ide ropho r e s f e r r i oxamine E (32 ) and
303 desferrioxamine G (33) from the Atlantic Ocean were
304 identified by HPLC-ESI/MS using electrospray ioniza-
305 tion, ranging from 0.1 to 11.6 μmol/L (Mawji et al.
306 2008). Surprisingly, the concentrat ions of both
307 ferrioxamines were low, in units of pmol/L as compared
308 to dissolved iron, around 0.58 nmol/L. Unfortunately, the
309 authors analyzed only a small part of the known
310 siderophores present in ocean waters. If the sum of all
311 siderophores were taken into account, the ratio of 1:1000
312 will change significantly.

313Velasquez et al. (2011) detected the hydroxamate
314siderophores in the coastal and sub-Antarctic waters off
315the South East Coast of New Zealand and determined
316them using chrome azurol S assay, competing ligand
317equilibration-cathodic stripping voltammetry and liquid
318chromatography-tandem mass spectrometry using the nat-
319ural iron-isotope pattern. Unfortunately, the authors did
320not take advantage of the excellent possibility of compar-
321ing the results of all three methods, as they themselves
322wrote “No quantification of siderophorous type com-
323pounds by LC-MS was pursued”.
324Identification and quantification of siderophores
325(ferrioxamines B, E, and G) from the water collected
326in the lower latitudes in the Atlantic Ocean was carried
327out by LC-ICP/MS and LC-ESI/MS) (Mohamed and
328Gledhill 2015). It has been found that the concentration
329of the above mentioned siderophores is only a dozen
330attomol (10−18 mol).
331HPLC-ESI/MS was used for separation and detection
332of siderophores produced by marine bacterioplankton
333(McCormack et al. 2003). The Fe3+ complexes of the
334hyd roxama t e s i d e r opho r e s rhodo t o l u r i c a c i d ,
335deferrioxamine B, and deferrichrome were identified with
336detection limits for the 26 nmol/L for Fe3+ rhodotoluate,
3370.23 nmol/L for ferrioxamine, and 0.40 nmol/L for
338ferrichrome. Although the tandem MS method was used,
339the main peak B from seawater was not identified after
340HPLC-ESI/MS2.

341Photochemical reactions of siderophores

342One of the many ways to reduce the efficiency of
343siderophores released into the environment is their
344photoreactivity, which includes photochemical reactions
345involving reactive oxygen species, but also direct photol-
346ysis of Fe3+-siderophore complexes. It has been reported
347(Barbeau et al. 2003) that photoreactivity of siderophores
348is primarily determined by the structure of the linking
349groups which they form—hydroxamate, catecholate, or
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350 α-hydroxycarboxylate moieties. Catecholates are prone to
351 photooxidation in a noncomplex form, i.e., without Fe
352 complex, but are stabilized against light-induced oxida-
353 tion when combined or mixed with ferrate or other iron
354 compounds. Alpha-hydroxycarboxylate groups, on the
355 other hand, are stable in uncomplexed form. In the form
356 of a complex with Fe, they oxidize after light induction to
357 form Fe2+ and, on the other hand, the hydroxamate
358 siderophores are photochemically resistant irrespective of
359 the complexation of Fe.
360 These photochemical properties determine the reactivi-
361 ty of siderophores in the complex with Fe3+ in surface
362 waters, which can significantly affect the biogeochemical
363 cycle of iron. In photolysis of Fe3+-aerobactin by ultravi-
364 olet light (~300 nm), Fe3+ is reduced to Fe2+ and the
365 ligand is oxidized to produce a photoproduct (Fig. 4)
366 which can also coordinate Fe3+ through the remaining
367 hydroxamate groups (Barbeau et al. 2001).

368 Conclusion

369 Furthermore, it is surprising that although dozens of ar-
370 ticles are written in which the importance of other metals
371 for the growth of cyanobacteria such as Cu, Zn, Co, and
372 Cd, as well as others, e.g. Co, Ni, V, Mo, Mn, including
373 the addition of a mixture of their salts to the culture
374 medium, see Table 1, their presence in the metal com-
375 plexes with organic ligands present in marine water is
376 totally unexplored (Leão et al. 2007) and so the knowl-
377 edge of the structure of these complexes is at the very
378 beginning.
379 By way of example, the complex organic methanobactin
380 compound (34), in which copper is bound, has been isolated
381 from an obligatory aerobic and methane-oxidizing α-
382 proteobacterium Methylosinus trichosporium, not from a cy-
383 anobacterium (Kim et al. 2004).

384Further developments in gaining more information on the
385siderophores in cyanobacteria are seen primarily in the follow-
386ing areas. With today’s instrumentation, especially LC-ICP/
387MS, LC high-resolution ESI tandemMS, possibly in conjunc-
388tion with LC-NMR, etc., it is possible to determine the struc-
389ture from about 1 mg of an organocomplex. However, consid-
390erable problems that it is necessary first to get enough starting
391substances (mixtures of substances). This is especially possi-
392ble by cultivating cyanobacteria in a medium containing no
393iron. Based on our experience and supported by ICP/MS (un-
394published data), the iron in the culture medium is always
395contained, mostly in the chemicals used, or in the water used
396for cultivation. Another option, especially for marine
397cyanobacteria, is to filter and extract siderophores from this
398water, which comes from seawater. After determining the
399structure, it is also possible to collect water in areas with a
400naturally low concentration of iron, which is about 20% of the
401total area of the oceans (Vraspir and Butler 2009).
402Boiteau et al. (2016) Q1describes that siderophores as an im-
403portant active component of the microbial iron cycling in the
404ocean. The report shows that horizontal transfer of the
405amphibactin NRPS biosynthetic gene cluster across
406Gammaproteobacteria could give some microorganisms the
407ability to produce of siderophore and iron uptake abilities,
408which gives them a competitive advantage in iron-poor
409oceans.
410High sensitivity molecular technology (qPCR) to
411search for siderophore biosynthesis genes related to the

t1:1 Table 1 The examples
of trace metals solution
used for cultivation of
cyanobacteria

t1:2 Salt

t1:3 Cd(NO3)2.4H2O

t1:4 CoSO4.7H2O

t1:5 Cr(NO3)3.9H2O

t1:6 CuSO4.5H2O

t1:7 MnSO4.4H2O

t1:8 (NH4)6Mo7O24.4H2O

t1:9 NiSO4(NH4)2SO4.6H2O

t1:10 V2O4(SO4)3.16H2O

t1:11 Na2WO4.2H2O

t1:12 ZnSO4.7H2O
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412 production of photoactive siderophores (Gärdes et al.
413 2013) or using degenerate PCR and the sequencing of
414 cloned products demonstrated that NRPSs and PKSs
415 genes have remarkable diversity and likely novelty within
416 the cyanobacteria (Ehrenreich et al. 2005).
417 On this basis, further experiments on physiology, biochem-
418 istry, and genetics of cyanobacteria can be developed.
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