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Abstract

It is common for bacteria to produce chemically diverse sets of small Fe-binding molecules called siderophores. Studies
of siderophore bioinorganic chemistry have firmly established the role of these molecules in Fe uptake and provided great
insight into Fe complexation. However, we still do not fully understand why microbes make so many siderophores. In many
cases, the release of small structural variants or siderophore fragments has been ignored, or considered as an inefficiency of
siderophore biosynthesis. Yet, in natural settings, microbes live in complex consortia and it has become increasingly clear
that the secondary metabolite repertoires of microbes reflect this dynamic environment. Multiple siderophore production
may, therefore, provide a window into microbial life in the wild. This minireview focuses on three biochemical routes by
which multiple siderophores can be released by the same organism—multiple biosynthetic gene clusters, fragment release,
and precursor-directed biosynthesis—and highlights emergent themes related to each. We also emphasize the plurality of
reasons for multiple siderophore production, which include enhanced iron uptake via synergistic siderophore use, microbial

warfare and cooperation, and non-classical functions such as the use of siderophores to take up metals other than Fe.

Keywords Multiple siderophores - Secondary metabolites - Metallophores - Iron

Introduction

Siderophores, small Fe-binding molecules produced by
microbes in response to Fe stress, are a well-studied class
of secondary metabolites. While the role of siderophores
in iron uptake is clear, the sheer diversity of siderophore
structures is striking and the evolutionary advantages of
siderophore diversity are not fully understood [1-4]. The
production of variable small molecules that are function-
ally equivalent is not unique to siderophores (as reviewed
by [1-4]). However, the (relatively) straightforward func-
tion of siderophores as Fe binders in combination with a
growing body of literature regarding multiple siderophore
production makes this topic worth revisiting. This review
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seeks to dissect reasons that might underlie the production
of multiple siderophores.

Iron (Fe), an essential metal for microbial growth, is
sparingly soluble in modern oxygenated environments. In
response to this problem, many bacteria use siderophores
to solubilize otherwise inaccessible Fe resources. Several
basic features of siderophores are well established. Sidero-
phores have higher affinities for Fe(IIl) than Fe(II) and
other divalent cations. Siderophore production is often
strongly regulated by Fe concentrations through the use
of the Fur protein, which, when complexed to intracel-
lular Fe(II), binds DNA regulatory elements, and, subse-
quently, leads to transcriptional repression of biosynthetic
genes [5—7]. The siderophores discovered to date are com-
posed of a limited set of Fe-binding moieties: hydroxa-
mate, catecholate, and a-hydroxycarboxylate function-
alities are the most common, but a-aminocarboxylate and
a-hydroxyimidazole functionalities have been reported, as
well. Metal coordination by siderophores has been treated
in several other reviews [8—11] and is not discussed in
detail here. Hundreds of siderophore structures have been
characterized [10]. In many cases, their biosynthesis is
well understood and occurs via non-ribosomal peptide
synthetases (NRPS), polyketide synthases (PKS), or
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NRPS- and PKS-independent pathways [12—15]. Genome
sequences are now available for thousands of microbes,
and the presence of siderophore biosynthetic gene clusters
can be identified in silico with relative ease. However,
flexibility in the incorporation of siderophore precursors
as well as the release of small fragments or precursors
(Fig. 1) make it difficult to predict the full suite of sidero-
phore structures produced by an organism without direct
analysis.

Fig.1 Mechanisms for multiple
siderophore production. a
Multiple gene clusters. Pseu-
domonas aeruginosa encodes
two separate siderophore gene
clusters, which allow it to pro-
duce pyoverdine and pyochelin.

Although the production of multiple siderophores has
long been recognized, the mechanisms by which these vari-
able products arise have not always been known or appreci-
ated. As a result, multiple siderophore production (hereaf-
ter MSP) has been used to describe any instance in which
more than one siderophore is isolated from an organism.
Here, we make an effort to identify different routes to MSP
and to point out emergent patterns related to each. We first
introduce broad potential functions for the use of MSP and
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then discuss three principal processes by which it can occur
(Fig. 1): (1) utilization of biosynthetically distinct gene clus-
ters, (2) release of precursors and partial products, and (3)
incorporation of variable precursors during biosynthesis. In
the first scenario, organisms encode multiple biosynthetic
gene clusters that produce structurally distinct siderophores.
In the second scenario, an organism encodes genes for bio-
synthesis of a (typically large) siderophore, but smaller
fragments of the full product accumulate during growth. In
the last scenario, changes in intracellular metabolite pools
dictate the incorporation of different siderophore precursors
into the final product. We also note that multiple sidero-
phores can often be produced through abiotic photochemi-
cal reactions, but do not discuss this topic as it has been
reviewed elsewhere [9].

An overarching premise of this minireview is that the
presence of multiple siderophore biosynthetic capacities
within a genome conveys useful information about sidero-
phore functions—both through the pairings of different types
of siderophores and the selection of biosynthetic enzymes
that may allow for more or less diversity in the siderophores
that are generated. Studying MSP, therefore, provides
insights into the important but complex topic of environ-
mental siderophore function. Our goal in this minireview
is to harness the existing knowledge regarding structures,
biosynthesis, and metal coordination to begin to identify
broad trends in multiple siderophore production. We note
that this discussion requires knowledge of the entire suite of
siderophores produced by an organism as well as the quanti-
ties in which these siderophores are synthesized, information
that is available in a few cases. Accordingly, this minireview
also functions as a call for more holistic studies that quan-
tify all siderophores synthesized by an organism. A wealth
of information is currently available regarding siderophore
structures and modes of Fe chelation; applying this knowl-
edge to microbial siderophore use in the environment is now
feasible and represents an important new research challenge.

Functions of MSP: microbial interactions,
iron storage, and metallophores

While siderophores are clearly used in Fe uptake, the advan-
tage of multiple siderophores remains unclear. One com-
mon explanation for MSP is that it serves as a strategy for
microbial competition or cooperation. Indeed, ‘siderophore
piracy’ or the use of siderophores synthesized by other
organisms has been well documented. Organisms frequently
encode transporters for siderophores that they do not them-
selves synthesize and microbes from a wide variety of envi-
ronments have been shown to utilize exogenous siderophores
[16-23]. Notably, in some studies, siderophores from co-
occurring organisms are assumed to be xenosiderophores

without the further verification of siderophore biosynthetic
capacity of the experimental organism. Recently, co-cul-
ture studies have given detailed insight into siderophore
exchanges between microbes and provide compelling evi-
dence for siderophore piracy. Traxler et al. [24] showed that
the streptomycete Amycolatopsis sp. AA4 downregulates
siderophore biosynthetic genes in co-culture with the des-
ferrioxamine E (DFO-E) producer Streptomyces coelicolor.
They also demonstrated that addition of DFO-E restores Fe-
replete phenotypes in Amycolatopsis sp. AA4, suggesting
that this organism trades endogenous for exogenous sidero-
phores when they are available. Galet et al. [25] reported
similar results in a different system: co-culture studies
demonstrate that Pseudomonas fluorescens strain BBc6RS
downregulates pyoverdine and enantiopyochelin production
when grown in the presence of Streptomyces ambofaciens
ATCC 23877. P. fluorescens also upregulates the TonB-
dependent receptor foxA in the presence of S. ambofaciens.
The authors concluded that foxA is a siderophore transporter
that allows P. fluorescens to utilize S. ambofaciens ATCC
23877 siderophores.

Given the well-documented possibility of siderophore
piracy, MSP is thought to increase the chances that at least
one siderophore remains inaccessible to competitors. The
importance of siderophore diversity in this context is, per-
haps, best illustrated by pathogenic organisms, which must
compete not only with other microbes but also with host
immune defenses. Pathogenic Escherichia coli and Salmo-
nella enterica produce salmochelins—glycosylated and
linearized versions of the siderophore enterobactin. While
enterobactin is captured by the mammalian protein sidero-
calin, salmochelins are not [26-28]. Salmochelins are pro-
duced by tailoring enzymes that modify the enterobactin
core. The use of biosynthetically distinct siderophores, or
small variants derived from the incorporation or release of
different precursors (Fig. 1) should presumably provide sim-
ilar benefits. Rather than acting as a simple defense against
siderophore theft, MSP can instead be used as an offensive
strategy to monopolize Fe and starve competitors. Exoge-
nous siderophores have, in fact, been shown to halt microbial
swarming motility, development, and biofilm formation [24,
29-31]. Siderophores are also involved in cooperative micro-
bial interactions, such as those between marine bacteria and
eukaryotic phytoplankton [32]. The addition of exogenous
siderophores has also been shown to stimulate microbial
growth [16, 17, 19, 20]. Interestingly, there seems to be no
well-studied example of microbes from different species co-
producing and sharing siderophores. However, exogenous
siderophores have been shown to stimulate siderophore
production [33]; whether this is competitive or cooperative
remains unknown.

There is also growing evidence that siderophores are
used for purposes other than extracellular Fe acquisition and
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sequestration [34]. Siderophores have cell-signaling as well
as antibiotic properties [34], the latter often being related to
the production of reactive oxygen species [35]. In addition,
many fungi lack the iron storage protein ferritin and some
species use siderophores for this purpose, producing one
type of siderophore for extracellular iron acquisition and
another for intracellular storage. The presence of intracellu-
lar siderophores was first documented in Neurospora crassa
[36], but has since been found in other fungi. For exam-
ple, Aspergillus sp. produce two sets of structurally similar
hydroxamate siderophores: fusarins, which are excreted, and
ferricrocins, which are kept intracellularly [37, 38]. A simi-
lar pattern (with slightly different siderophore variants) is
seen in Penicillium chrysogenum [37]. The use of intracel-
lular siderophores appears to be widespread among fungi
[10, 39, 40] and may explain the presence of MSP in many
species.

In addition, some siderophores may actually be metal-
lophores used in the uptake of trace metals besides iron
[34, 41-43]. This concept can be confusing (most sidero-
phores will exhibit some capacity to complex other metals)
and necessitates a more explicit definition that conveys the
‘intention’ of metallophore production. Kraemer et al. [42]
adopted a particularly stringent definition for metallophores,
proposing that (1) they must be used by the organism to
obtain the metal nutrient of interest and (2) their produc-
tion must be regulated by the organism’s nutritional sta-
tus in regard to the metal. Recently, several examples that
meet these criteria have been established. Methanotrophs
produce copper-binding chalkophores called methano-
bactins which are up-regulated under copper limitation
and are used to meet the copper demands of the methane-
monooxygenase enzyme [44, 45]. The production of cat-
echolate molybdophores and vanadophores to take up the
nitrogenase co-factors Mo and V has also been shown in the
model nitrogen-fixing bacterium Azotobacter vinelandii. The
Mo-protochelin and V—protochelin complexes are selec-
tively taken up by Mo- and V-limited cells to meet metal
demands [46—48] and the production of protochelin is also
increased under Mo—(but interestingly not V)—Ilimitation
[49]. Based on these examples, the use of metallophores may
be more widespread than currently realized and could offer
an explanation for MSP: some siderophores may be used
solely for Fe uptake, while others are used also or exclu-
sively for the uptake of other metals.

@ Springer

Multiple siderophore gene clusters
in the same organism: siderophores
with high and low Fe affinities

as an emergent theme?

In addition to the role of MSP in microbial interactions,
biosynthetically distinct sets of siderophores could also
work in concert to provide Fe to the cell. The use of ‘syn-
ergistic’ siderophores [4] might be manifest in microbial
biosynthetic repertoires that consistently pair siderophores
with complementary properties. One established example
is the ‘bucket brigade’ mechanism, whereby more hydro-
philic siderophores scavenge Fe and shuttle it to more
hydrophobic siderophores [50-52]. Shuttling of Fe from
hydrophilic to hydrophobic siderophore variants has been
shown in Mycobacterium tuberculosis, and some Myco-
bacteria species are known to make biosynthetically dis-
tinct siderophores with different hydrophobicities [53,
54]. This process has also been proposed as an explana-
tion for the production of amphiphilic siderophores with
hydrophobic tails of different lengths (further details on
variation in amphiphilic siderophore membrane partition
coefficients are reported by [50, 55]).

Another emerging example of siderophore synergy is
the production of siderophores with high and low Fe(III)
affinities. The advantages of this pairing have been pre-
dicted by abiotic studies showing that a combination of
siderophores and oxalate enhances Fe dissolution. How-
ever, examinations of MSP show that many bacteria do,
in fact, produce siderophores with both high and low Fe
affinities. Several studies have reported that rates of Fe
dissolution from the iron oxide goethite are higher in
the presence of the weak organic ligand oxalate and the
hydroxamate siderophore desferrioxamine B (DFO-B) than
in the presence of either alone [56, 57]. The general mech-
anism proposed is the adsorption of oxalate at mineral
surfaces, the formation and subsequent detachment of the
labile Fe—oxalate complex, and ligand exchange reactions
between oxalate and DFO-B, which leave oxalate free to
react with goethite again (Fig. 2a). A particularly notable
result from these studies is that high concentrations of oxa-
late decrease the concentration of DFO-B needed to obtain
a given Fe-dissolution rate—thus theoretically maximizing
the utility of siderophore production.

Pairings of siderophores in several species suggest that
organisms have found ways to take advantage of this Fe-
dissolution mechanism (Fig. 2a—c). Pseudomonas aer-
uginosa PAO1 synthesizes both pyoverdine (1) [58], a
siderophore with a high affinity for Fe (pFe =27, [59])
and pyochelin (2) [60], which has a lower affinity for Fe
(pFe=16, [61]). Burkholderia cepacia ATCC25416 makes
the hydroxamate siderophore ornibactin (3) [62] as well as
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by cells to meet Fe demands. This leaves L free to react with iron

pyochelin (2) and cepabactin (4) [63]. While pFe values
for ornibactin have not been reported, those available for
other hexadentate hydroxamate siderophores range from
23.3 (aerobactin) to 27.7 (ferrioxamine) (hydroxamate pFe
values are compiled in [64]). Salicylic acid (S), a precur-
sor of pyochelin with a low Fe affinity (pFe=12.1, [65])
has also been found in Burkholderia supernatants [66].
Azotobacter vinelandii synthesizes azotobactin (6) [67,
68], which is structurally similar to pyoverdine (pyover-
dine pFe =27, [59]) as well as the a-hydroxycarboxylate
siderophore vibrioferrin (7, pFe =18.4, [69]) [70]. Inter-
estingly, A. vinelandii also makes a suite of biosyntheti-
cally related catechol siderophores [71-73], which include
2,3-dihydroxy-benzoic acid (DHBA, 8, pFe =15, [74]) as
well as the mono-catechol aminochelin (9, pFe=17.6,
[75]), bis-catechol azotochelin (10, pFe =23.1 [71]), and
triscatechol protochelin (11, pFe =27.5 [71]) (see discus-
sion of fragment production below). A related species,
Azotobacter chroococcum ATCC 4412, also has a gene
cluster for the biosynthesis of vibrioferrin and has been
recently shown to produce chrochelins, siderophores with
a higher Fe affinity (pFe =23.9 for chrochelin vs. 18.4 for
vibrioferrin [69]).
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In A. vinelandii, the concentrations at which these sidero-
phores are released fit expectations from abiotic studies;
siderophores with lower Fe affinities are produced at much
higher concentrations than those with higher affinities. This
pattern is also seen in V. harveyi, although the mechanism
for siderophore production is different (see discussion of
siderophore fragments). Vibrioferrin is one of the most
abundant siderophores synthesized by A. vinelandii and is
produced at~ 10x the concentrations of the catechol sidero-
phores and azotobactin [49, 70]. Accordingly, in A. vinelan-
dii, azotobactin production only occurs under extreme Fe
limitation [41, 70], and when synthesized, this siderophore is
not typically produced at high concentrations [70]. A. vine-
landii could condition its environment through the release of
high concentrations of vibrioferrin followed by much lower
concentrations of siderophores such as protochelin (or under
extreme Fe limitation, azotobactin), which have higher Fe
affinities. It is also possible that A. vinelandii uses a bucket
brigade mechanism, since vibrioferrin is very hydrophilic
and may scavenge Fe from the external milieu and shuttle it
to more hydrophobic catechols [70].

Iron limits microbial growth in many environments and
it is, perhaps, not surprising that microbes should utilize
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siderophore pairings to optimize Fe bioavailability. Sidero-
phore biosynthetic gene clusters are often transferred hori-
zontally. However, the utility of siderophores with high and
low pFe values or hydrophobic and hydrophilic pairings may
lead to the retention of specific biosynthetic complements.
The production of siderophores with varying Fe affinities as
well as hydrophobicities can also be achieved via fragment
release and precursor-directed biosynthesis (Fig. 1b, c), as
discussed below. However, the use of multiple biosynthetic
gene clusters is distinct from other mechanisms of MSP as it
creates the opportunity for differential regulation at the tran-
scriptional level. Organisms could theoretically, and in some
cases, do, produce large amounts of siderophores with low
Fe affinities and only small amounts of siderophores with
higher Fe affinities. Studies reporting the concentrations of
multiple siderophores are rare, making it difficult to assess
whether this general pattern holds across organisms. In P.
aeruginosa, for example, higher Fe-affinity siderophores
actually seem to be produced in greater concentrations than
lower Fe-affinity siderophores [58, 60, 76-78], although
siderophore production in this organism is complex [79-81].
As we gain more information about the types of sidero-
phores made by different organisms and the concentrations
in which these molecules are synthesized under a variety of
environmental conditions, more broad trends may emerge.

Release of siderophore fragments

Many organisms appear to accumulate ‘fragments’ or
‘incomplete’ versions of siderophores in the growth
medium. Due to their typically small size and (relatively)
low affinity for Fe(III), these molecules are often consid-
ered to be byproducts of the larger siderophore. However,
several studies show that fragments and precursors are pro-
duced in high concentrations and contribute to Fe uptake.
One of the best examples of fragment release comes from
catechol siderophore biosynthesis where the release of the
siderophore precursor 2,3-dihydroxy-benzoic acid (DHBA)
as well as other catechol monomers occurs in a number of
organisms. DHBA accumulates in the culture medium of

COOH COOH

EntC OH EntB OH EntA
ISl G 6 Winng g
0~ “COOH 0~ “COOH OH

o 2,3-Dihydro-
Chorismic Isochorismic 2,3-dihydroxybenzoic
acid acid acid

Fig.3 DHBA synthesis from chorismate. DHBA is synthesized from
chorismate before incorporation into the NRPS assembly line. The
pathway for enterobactin production is shown, but analogous DHBA
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organisms that produce the triscatechols protochelin [72]
and amphi-enterobactin (13-16) [82]. Many catechol pro-
ducers also accumulate other, more complex mono- and bis-
catechol variants. Organisms that produce the triscatechols
cyclic-trichrysobactin, trivanchrobactin, turnerbactin, and
(amphi-)enterobactin release the catechol monomers chryso-
bactin [83, 84], vanchrobactin [85], DHB-Orn-Ser [86],
and DHB-Ser (12) [82, 87], respectively. In addition to the
triscatechol protochelin, A. vinelandii releases three other
variants: the bis-catechol azotochelin [72] ,and the mono-
catechols DHBA and aminochelin [71].

The accumulation of these fragments could result from
hydrolysis (biotic or abiotic), precursor leakage from cells,
early release of fragments from the assembly line, or some
combination of the three. Base-catalyzed abiotic hydroly-
sis of enterobactin has been documented [88]. Enzymatic
hydrolysis also occurs during the uptake of the enterobac-
tin—Fe complex, which must be hydrolyzed to release iron
[89-93]. Nonetheless, siderophore fragments are often
found in extremely high concentrations, suggesting that
early release from the assembly line or leakage from cells
may be occurring. For example, in A. vinelandii, it is clear
that mono- and bis-catechols are released from the NRPS
assembly line [70]. The potential biosynthetic mechanisms
by which other catechol fragments might be released from
biosynthetic assembly lines have recently been reviewed by
Reitz et al. [94]. Single amino acid changes in in vitro stud-
ies of the enterobactin NRPS interrupt oligomerization and
promote the leakage of monomers through hydrolysis. There
is evidence for protective amino acids that, when mutated,
allow for further hydrolysis and reduced cyclization. How-
ever, sequences of the NRPS biosynthetic genes from sev-
eral organisms that seem to release monomers do not always
have mutations in these amino acids [94].

In the case of DHBA, which is synthesized from choris-
mate, the monomer could be released from cells prior to
incorporation into the larger siderophore [70, 95] (Fig. 3).
DHBA is infrequently measured in siderophore studies,
but catechol biosynthesis is a well-conserved pathway and
DHBA release could be widespread. For example, entero-
bactin [13, 96], cyclic-trichrysobactin [94], trivanchrobactin
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[94], and turnerbactin [86] utilize similar biosynthetic path-
ways (see [94] for further examples). An analogous phe-
nomenon occurs in organisms that synthesize salicylic acid-
containing siderophores. Like DHBA, salicylic acid is often
produced from chorismate before being incorporated into the
NRPS assembly line. B. cepacia releases the siderophore
pyochelin as well as its precursor salicylic acid [66]. Spe-
cies of Mycobacteria that synthesize mycobactins (which
incorporate salicylic acid) also release this precursor into
the growth medium [97, 98]. Notably, salicylic acid acts as
a signaling molecule especially in plant-microbe systems
[99], and its release may have multiple functions.

Due to their relatively low Fe affinities, DHBA and other
monomers are often ignored in siderophore studies. Triscat-
echol siderophores form much stronger complexes with Fe
than mono- and bis-catechols, and are, therefore, usually
assumed to be the most important siderophores. However,
in several cases, monomers are found in high concentrations
and have been shown to enhance Fe uptake. In A. vinelandii,
the sum of the mono- and bis-catechols DHBA, aminochelin,
and azotochelin concentrations is comparable to that of the
triscatechol protochelin [49, 70, 100] (Fig. 4a). We recently
reported that, in V. harveyi, DHBA and DHB-Ser accumu-
late to much higher concentrations than amphi-enterobactin
(Fig. 4b, [82]). Radio-tracer (¥Fe) experiments also show
that the addition of DHBA as well as spent medium (con-
taining DHBA and DHB-Ser) leads to substantial increases
in Fe uptake in V. harveyi [82]. This finding is consistent
with the studies of enterobactin biosynthesis in E. coli,
which used radio-tracers to show that DHBA and DHB-Ser
enhance Fe uptake in this organism [101, 102].

Catechol moieties are one of the most common sidero-
phore functionalities and their biosynthesis is well conserved
across a wide taxonomic and environmental range of organ-
isms. The accumulation of DHBA and other siderophore
monomers may be a general feature of this type of sidero-
phore biosynthesis. Further studies are needed to verify
whether hydrolysis, early release, and/or leakage are respon-
sible for their presence and to determine the contributions
of fragments to Fe uptake. However, regardless of the route
by which fragments are produced, if their production is in
fact widespread and follows the models of V. harveyi and E.
coli (where fragments make significant contributions to Fe
uptake), it suggests that a number of organisms currently
assumed to rely on triscatechol siderophores are, in fact, also
utilizing a variety of bis- and mono-catechols. The release
of siderophore precursors typically results in the simulta-
neous production of siderophores with relatively high and
low pFe values, which could lead to synergistic ligand pro-
moted Fe dissolution (Fig. 2a). Interestingly, if driven by the
early release, the control of this process would occur via the
selection of biosynthetic enzymes that produce more or less
catechol fragments rather than the direct regulation afforded
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Fig.4 a Tris-, bis-, and mono- catechol fragments released by Azo-
tobacter vinelandii and concentrations. A. vinelandii cells were
grown with 500 nM Fe and 100 uM EDTA for 37 h [49]. b Tris- and
mono-catechol fragments released by Vibrio harveyi and concen-
trations. V. harveyi cells were grown with 100 nM Fe and 100 uM
EDTA for 24 h [82]. To avoid complications from quorum sensing
(QS) repression, a mutant (luxO D47E [122]) that does not respond
to QS was used. *Data shown are for amphi-enterobactin variant
m/z=965.3681, for which a structure has not been confirmed

by encoding multiple gene clusters. Furthermore, the extent
to which fragments are released may vary across organisms.
Despite extensive in vitro studies of model catechol biosyn-
thesis (such as that of enterobactin), the reasons for fragment
release in vivo are not well known. Simple measurements
of fragment concentrations across multiple organisms or
growth stages are now easy to conduct and would provide
useful information about the utility of these smaller sidero-
phores as well as in vivo siderophore production.

Variations in siderophores based
on intracellular precursor pools

The intracellular concentration of siderophore precursors is
another factor that can influence the types of siderophore
structures that are synthesized. While this mechanism is
likely to lead to only small structural variations, many of
these can still be biologically relevant. Precursor-directed
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biosynthesis (PDB) has been appreciated by natural products
chemists for some time [103]. We focus on three examples
where MSP could be driven by fluctuations in intracellular
precursors: the synthesis of amphiphilic siderophores with
fatty acid tails of variable length, the incorporation of dif-
ferent polyamine precursors into hydroxamate siderophores,
and the in vitro production of three mixed functionality
siderophores by the same biosynthetic gene cluster.

Amphiphilic siderophores were first identified in path-
ogenic terrestrial bacteria [104]. However, subsequent
research has shown extremely common production of
amphiphilic siderophores in marine organisms, including
aquachelins [105], marinobactins [105], amphibactins [50],
ochrobactins [106], and synechobactins [107]. These sidero-
phores are typically produced as suites of related compounds
that share a head group but have hydrophobic tails of vari-
able length, hydroxylation, and unsaturation. Vibrio harveyi
amphi-enterobactins (13-16), discovered by Zane et al. in
2014 [95], are a recent addition to the suite of amphiphilic
marine siderophores. Consistent with the previous findings,
V. harveyi synthesizes amphi-enterobactins with variable tail
lengths (Fig. 4b).

It has been proposed that the use of fatty acid tails pro-
vides an advantage in the marine environment by reducing
losses to diffusion and that the production of siderophores
with variable tail lengths might allow for a bucket brigade
mechanism that shuttles Fe between more soluble sidero-
phores (with shorter tails) to less soluble siderophores (with
longer tails) at the cell surface [50]. The membrane parti-
tioning of amphiphilic siderophores has been studied [50,
55, 106], and while the head group has an important role in
membrane association, siderophores with longer tail lengths
are generally found to have greater membrane partitioning.
Amphiphilic siderophores have also been shown to form
micelles at high concentrations, and iron acquisition via
this mechanism has been proposed [105]. The production
of suites of amphiphilic siderophores is clearly widespread.
Key unanswered questions are the extent to which the dis-
tribution of tail lengths is regulated as well as the potential
benefits conferred. However, changes in the intracellular
fatty acid pool due to metabolic or environmental fluctua-
tions (in temperature, for example [108]) could influence
amphiphilic siderophore production.

Another example of precursor-directed biosynthesis is
the incorporation of different polyamines in hydroxamate
siderophores. Early studies of desferrioxamine biosynthesis
in Streptomyces olivaceus were able to elicit the produc-
tion of multiple related siderophores by changing the poly-
amine substrates [103, 109, 110]. Similarly, in vitro stud-
ies of a Shewanella algae hydroxamate siderophore gene
cluster that incorporates putrescine (17) and cadaverine
(18) were also able to produce putrebactin (19), avarofer-
rin (20), and bisucaberin (21) by varying the polyamine

@ Springer

substrates [111]. Putrebactin utilizes two putrescine mol-
ecules, bisucaberin utilizes two cadaverine molecules, and
the asymmetric avaroferrin incorporates one molecule of
each (Fig. 5). These findings have been extended to in vivo
studies. When grown in medium without added polyamines,
Shewanella algae synthesized putrebactin, avaroferrin, and
bisucaberin in ratios of 1:2:1. However, when the medium
was supplemented with large excesses of either putrescine
or cadaverine, biosynthesis was biased toward either putre-
bactin or bisucaberin, respectively [111, 112]. Despite their
seemingly small structural variations, these siderophores
showed biologically relevant differences. Avaroferrin halts
swarming in Vibrio alginolyticus, whereas putrebactin and
bisucaberin have a little effect on swarming motility. The
reason for this difference appears to be Fe immobilization—
all three siderophores have similar ferric stability constants,
but slight structural differences render the avaroferrin—Fe
complex inaccessible to V. alginolyticus [29]. Studies of
PDB in S. algae have also demonstrated the incorporation
of non-natural precursors [113], illustrating the flexibility of
siderophore biosynthesis in this organism. This flexibility
provides a direct advantage to S. algae allowing it to avoid
siderophore theft or to starve V. alginolyticus via competi-
tive Fe chelation.

A third example of precursor incorporation involves the
mixed functionality siderophores prepseudomonine (22),
pseudomonine (23), preacinetobactin (24), acinetobactin
(25), and anguibactin (26) (Fig. 6). The pseudomonine bio-
synthetic assembly line has been purified from Pseudomonas
entomophila. When salicylic acid, threonine, and histamine
are used as building blocks, this assembly line produces
prepseudomonine, which re-arranges non-enzymatically to
form pseudomonine [114, 115]. However, the use of DHBA
instead of salicylic acid results in the production of prea-
cinetobactin, which also re-arranges non-enzymatically
(and analogously) to form acinetobactin [115]. The use of
cysteine as a substrate yields the production of anguibac-
tin (a siderophore from Vibrio anguillarum [116]), which
does not undergo non-enzymatic re-arrangement [115]. This

HoN
HQNWEL —\_\j
NH NH,

Cadaverine (18)

HN

Putrebactin (19)

Putrescine (17)

Avaroferrin (20) Bisucaberin (21)

Fig.5 Structures of putrebactin, avaroferrin, and bisucaberin, which
are produced from different combinations of putrescine and cadaver-
ine
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Fig.6 Structures of prepseudomonine, pseudomonine, preacineto-
bactin, acinetobactin, and anguibactin. All siderophore arise from
the sample gene cluster. Prepseudomonine and preacinetobactin re-
arrange non-enzymatically to form pseudomonine and acinetobactin,
respectively [115]

finding has not been explored in vivo, although there has
been some investigation of the functionality of preacineto-
bactin and acinetobactin. The pH-dependent transition from
preacinetobactin to acinetobactin has been proposed to allow
the pathogen Acinetobacter baumannii to obtain iron under
varying pH conditions [117]. If these findings hold in vivo,
changes in the intracellular amino acid concentrations could
lead to the biosynthesis of these three different siderophores
by a single organism using one gene cluster.

The metabolic status of the cell is likely to affect intra-
cellular precursor pools and siderophore production in
interesting ways. For example, polyamines help microbes
to cope with oxidative stress and have hypothesized roles in
pathogenicity [118]. Increases in total polyamine concentra-
tions or variations in the distributions of polyamines could,
therefore, affect the siderophore variants released under dif-
ferent conditions. In cases where siderophore biosynthesis
is well-understood and small structural variants have already
been documented, explorations of environmental controls on
this variation are now feasible and may offer insight into the
ways that interactions between the environment and micro-
bial metabolism drive small-molecule production.

Conclusions

Since the initial discovery of siderophores in the 1950s
[119-121], much has been learned about the biosynthesis
and structures of these molecules. Multiple siderophore
production is a recurrent theme in siderophore studies and
has consequences for microbial interactions and trace metal

acquisition. Multiple siderophores can help microbes to
avoid siderophore theft or facilitate competition with other
organisms. Co-production of siderophores with high and
low Fe affinities may enhance Fe dissolution through ligand
exchange, while hydrophilic and hydrophobic siderophores
may participate in a bucket brigade to shuttle Fe from the
bulk medium to the cell. In addition, there is growing evi-
dence for non-classical functions for siderophores such as
iron storage and use in the acquisition of other trace ele-
ments. Most simply put, studies suggest that multiple sidero-
phores exist because they have a function: they work syn-
ergistically or contingently [4] to provide Fe to the cell, or
have important roles in other non-Fe-related processes.

The mechanisms by which multiple siderophores are
synthesized may also provide varied levels of control on
siderophore production, a feature that could be useful in dif-
ferent environmental contexts. Encoding multiple biosyn-
thetic gene clusters allows for transcriptional regulation of
siderophores in response to the established environmental
cues such as iron concentration. In contrast, fragment release
by the catechol biosynthetic machinery could be selected
over evolutionary time scales. Yet, a third level of control
is provided by precursor-directed biosynthesis which ties
siderophore production directly to environmental and meta-
bolic conditions, avoiding both the increased specificity and
restrictions of transcriptional regulation. On this basis, a few
general advantages of hydroxamate vs. catechol siderophore
biosynthesis can be proposed. Catechol production may offer
a way to release suites of siderophores with both high and
low Fe affinities as well as hydrophobic and hydrophilic
siderophores. Hydroxamate siderophores may be particu-
larly sensitive to the composition of intracellular precursor
pools, allowing for more dynamic responses to changing
conditions.

Unraveling the function of multiple siderophore produc-
tion is one of the key future challenges and opportunities
in siderophore research. Several mechanisms for MSP exist
and general trends associated with each are beginning to
emerge, with diversity as the main theme. Even in cases
where organisms encode multiple gene clusters, it is clear
that siderophores are typically produced in suites. For
example, P. aeruginosa, which synthesizes pyoverdine and
pyochelin, not only makes siderophores with variable pFe
values, it also makes several versions of each. As discussed
above, focusing on small structural variants is often neces-
sary to understand biological relevance. It is also becoming
clear that the existence of a pool of siderophores with slight
differences is often beneficial for the producing organism.
Accordingly, variations in siderophore diversity among
organisms may provide revealing insights. Finally, as illus-
trated by the examples of precursor-directed biosynthesis,
environmental conditions and biosynthetic machinery may
be equally important in dictating which siderophores are
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released. In light of these considerations, siderophore pro-
duction appears to be a process driven not by the organism
or the environment alone but rather by ever-changing com-
binations of the two.
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