Chapter 2
Eubacterial Siderophores and Factors
Modulating Their Production

Teja Gaonkar

2.1 Introduction

2.1.1 Need for Iron

Iron is essential for the growth and development of almost all living organisms. It
acts as a catalyst in some of the most fundamental enzymatic processes, includ-
ing oxygen metabolism, electron transfer and deoxyribonucleic acid (DNA)/ribo-
nucleic acid (RNA) synthesis (Guan et al. 2001). However, despite its abundance
on earth and the micromolar concentrations required for microbial growth, iron is
biologically unavailable in most environments. In aerobic inorganic environments,
iron is present in the oxidized ferric form Fe*?, which aggregates into insoluble oxy-
hydroxide polymers (Wandersman and Delepelaire 2004).

The most obvious effect of iron deficiency on microbial cells is the decrease in
quantity of cellular biomass. Iron deficiency has been reported to induce changes
in activities of certain enzymes. For example, iron deficiency has been reported to
result in 24-fold stimulation of NADase activity and is known to decrease the con-
centrations of cytochromes, peroxidase and catalase. Such a decrease in cytochrome
concentration has been reported in Torula utilis; decrease in peroxidase, catalase
and oxidase activity has been reported in Candida guilliermondii. Nicotinamide
adenine dinucleotide (NADH) dehydrogenase is a membrane-bound enzyme with
iron-sulfur centres which brings about NADH oxidation in the terminal electron
transport systems of aerobes. Its enzyme activity and polypeptide chain composi-
tion have been found to be affected by iron limitation. Aconitase activity has also
been found to diminish due to iron deficiency as opposed to aldolase whose activ-
ity is found to increase. Diminution in alcohol dehydrogenase activity has been
observed in C. guilliermondii with decrease in iron concentration in the growth

T. Gaonkar (1<)
Department of Microbiology, Goa University, Taleigao Plateau, Goa 403206, India
e-mail: teja22984@gmail.com

© Springer International Publishing Switzerland 2015 25
S. Borkar (ed.), Bioprospects of Coastal Eubacteria,
DOI 10.1007/978-3-319-12910-5_2



26 T. Gaonkar

medium. Iron exerts an effect on enzymes involved in the biosynthesis and degrada-
tion of iron-chelating agents, siderophores (Light and Clegg 1974).

Besides affecting enzyme activity, iron deficiency results in morphological
changes in microorganisms. In Mycobacterium smegmatis, an increase in cell length
has been observed as compared with the cells grown in iron-sufficient medium. This
could be due to inhibition of DNA synthesis without proportional inhibition of cell
growth or due to a direct effect on cell division or cell separation (Light and Clegg
1974). Hence, to acquire this iron from natural ecosystems, bacteria have evolved
multiple parallel pathways, the most important of these is, siderophore production.

2.1.2 Siderophores

Siderophores are low-molecular-weight ligands (20-2000 Da) produced by bac-
teria, fungi and plants to solubilize and take up iron (Chu et al. 2010; Hider and
Kong 2010). Siderophores chelate iron with an affinity constant of almost 10°°M 1.
More than 500 different siderophores mostly from bacteria have been described.
The iron ligation groups have been tentatively classified into three main chemical
types: hydroxamate, catecholate and hydroxycarboxylates; however other varieties
of siderophore structures have been resolved which include oxazoline, thiazoline,
hydroxypyridinone, a- and B-hydroxy acids and a—keto acid components. The most
important property of siderophores is their denticity (number of iron coordinat-
ing atoms per molecule) which ranges from bidentate to hexadentate (Raymond
and Dertz 2004). The peptide backbone of siderophores is usually made of several
nonprotein amino acid analogs including both modified and D-amino acids. Some
bacteria produce one type of siderophore while many produce multiple types of
siderophores-permitting microorganisms to grow in different environments.

2.1.3 Marine Siderophores

Marine bacteria are known to require micromolar concentration of iron. However,
iron concentration in the surface waters of the oceans is only 0.01-2 nM (Sandy
and Butler 2009). Therefore, many of the marine bacteria belonging to alpha and
gamma proteobacteria produce siderophores. Marine siderophores can be structur-
ally categorized into two major groups: (1) Siderophores that are produced as suites
of amphiphiles and differ in the chain length of a fatty acid appendage (Homann
et al. 2009; Ito and Butler 2005; Martin et al. 2006; Martinez et al. 2003) and (2)
siderophores that are produced with an a-hydroxy carboxylic acid moiety, which
is photoreactive when coordinated with Fe™ (Barbeau 2006; Barbeau et al. 2001,
2002, 2003; Kupper et al. 2006; Hickford et al. 2004). The aquachelins, marino-
bactins, ochrobactins and synechobactins coordinate Fe** by both oxygen atoms
of each hydroxamate group and both oxygen atoms of the a-hydroxy carboxyl-
ate group. The amphibactins coordinate Fe** with the three hydroxamate groups.
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The alterobactins and pseudoalterobactins coordinate Fe** via the two B-hydroxy
aspartate moieties and one catecholate group, whereas petrobactin and petrobactin
sulfonate coordinate Fe™ with the two catecholates and the a-hydroxy acid portion
of the citrate backbone.

The most characteristic and distinguishing feature of marine sidero-
phores is their photoreactivity (Barbeau et al. 2001). Siderophores that contain
a-hydroxycarboxylate moiety when in complex with Fe™ undergo oxidation and
Fe? is reduced to Fe*?. Fatty acid-containing marine siderophores have the impor-
tant property of amphiphilicity, the degree of which varies in marine siderophores.
Such variations in amphiphilicity arise due to the differences in the head-group
composition relative to the fatty acid chain length. Amphibactins and ochrobactins
are highly hydrophobic and are extracted from the bacterial pellet (Martin et al.
2006; Martinez et al. 2003) whereas aquachelins are isolated from aqueous superna-
tant which indicates their hydrophilic nature. Synechobactins are isolated from the
supernatant as well as the pellet (Ito and Butler 2005). Hydrophobic amphibactins
have smaller peptide portion consisting of four amino acids while fatty acid chains
are longer. Marinobactins and aquachelins have longer peptide chain consisting of
6—7 amino acids and a shorter fatty acid chain. The ochrobactins are also quite hy-
drophobic as a result of two fatty acid appendages, and a small head group, whereas
the synechobactins, with a similarly small head group, are less hydrophobic than the
ochrobactins as they have only one fatty acid (Vraspir and Butler 2008).

Other marine organisms that have been studied for siderophore production are:
Marinobacter hydrocarbonoclasticus (petrobactin), M. aquaeolei (petrobactin
sulfonate(s)), Aeromonas hydrophila (amonabactins) and fish pathogens such as
Vibrio anguillarum, which produces vanchrobactin and anguibactin. Petrobactin
produced by M. aquaeolei is different from the petrobactin produced by B. anthra-
cis in that it is a mono or di sulphonated derivative. Sulphonation of the catechol
group has also been observed in pseudoalterobactin which is structurally related to
alterobactin (Sandy and Butler 2009).

2.2 Factors Affecting Siderophore Production

2.2.1 Iron Concentration

Iron concentration is the most important factor which regulates siderophore produc-
tion, since they are produced under iron-limiting conditions (Budzikiewicz 1993;
Vasil and Ochsner 1999; Visca et al. 1993). Iron availability depends upon the en-
vironment in which the microorganism is growing. In an intensively aerated liquid
medium, iron exists mainly in the form of Fe** which is extremely insoluble at
neutral pH. Thus, the increase of oxygen pressure in the culture broth can reduce
iron availability (Kim et al. 2003). With laboratory culture media, the amount of
siderophores produced by iron-sufficient growth can be as little as 0.1 % of that
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produced under iron-deficient conditions. It is therefore necessary to remove the
traces of iron from the culture medium for a successful production of siderophores
(Messenger and Ratledge 1985).

The influence of iron on siderophore production has been studied by many au-
thors (Braud et al. 2006; Ochsner et al. 2002). Studies carried out with different
Pseudomonas strains confirm that siderophore production is associated with iron
concentration in the medium. Siderophore production is suppressed at Fe* concen-
tration of 100 uM in Pseudomonas fluorescens (VTE94558), P. fluorescens (VTT/
ELT 116) and Pseudomonas chlororaphis (VTT-E-94557) (Laine et al. 1996). Iron
concentrations of about 10 uM are considered high enough and generally result in
excellent cell-mass accumulation with only modest yields of siderophores (Neilands
1984); even so, P. fluorescens 94 produces siderophores at an iron concentration of
50 uM (Manninen and Mattila-Sandholm 1994). On the other hand, siderophore
production in Pseudomonas syringae B30ID is gradually repressed at Fe*3 concen-
trations from 1 to 10 uM (Bultreys and Gheysen 2000). Villegas et al. (2002) have
observed that cell growth of Pseudomonas aeruginosa PSS reaches a maximum at
10 uM Fe*3, however, the biosynthesis of siderophores is lowered at this concentra-
tion, since cell growth and siderophore production are inversely proportional under
such conditions. P. aeruginosa NCCB 2452 and ATCC 15692 produce the sidero-
phores pyoverdine and pyochelin. The concentration of these was found to increase
in iron-limited culture, although the level of pyochelin was ten times lower than that
of pyoverdine (Kim et al. 2003).

2.2.2 Nature of Nitrogen and Carbon Source

Nitrogen is one of the major components of important cellular elements including
proteins, nucleic acid and cell wall. Amino acids are particularly good sources of
nitrogen, generally inducing an increased growth rate. Glutamic acid as the sole
source of carbon and nitrogen has been reported to improve the production of sid-
erophores (Casida 1992). Villegas et al. (2002) have studied siderophore production
by P. aeruginosa PSS in a glutamic minimum medium with glutamic acid as the sole
carbon source and siderophore production as high as 140 uM has been obtained.
Different nitrogen sources have been reported for siderophore production including
the supplements of other amino acids (Albesa et al. 1985). Bultreys and Gheysen
(2000) have reported high siderophore production in strains of P. syringae with all
the 20 amino acids when used as the sole source of both carbon and nitrogen.

Another amino acid commonly present in such media is asparagine, which is
used as carbon and nitrogen source by almost all fluorescent Pseudomonas (Pallero-
ni 1984). Solid and liquid culture media containing asparagine are reported to be
highly effective for the induced production of siderophores by strains of P. syringae
(Bultreys and Gheysen 2000). This amino acid is usually combined with sucrose in
the medium known as sucrose-asparagine (SA) for the production of siderophores
in Pseudomonas (Laine et al. 1996; Morris et al. 1992).
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Siderophore production can also be achieved with several organic substrates
(Meyer and Abdallah 1978). Glycerol used as the carbon source in different media
(Nowak-Thompson and Gould 1994), for example, the King’s medium B (King
et al. 1954), stimulates pyoverdine production. Duffy and Defago (1999) have re-
ported increased pyochelin production in P. fluorescens CHAO with glucose but
not with glycerol. However, salicylic acid production was found to increase signifi-
cantly with glycerol. Use of sodium succinate has also been reported for increase
in siderophore production (Boruah and Kumar 2002; Meyer and Abdallah 1978;
Sharma and Johri 2003).

2.2.3 Metal Ions

Metals other than iron also stimulate or inhibit siderophore production in a number
of bacteria, even in the presence of high iron concentrations. For example, Duhme
et al. (1998) have studied the effect of molybdenum on siderophore production by
Azotobacter vinelandii and found that at concentrations upto 100 mM of molybde-
num, azotochelin production is activated, whereas at higher metal concentrations
the synthesis of the siderophore is completely repressed. Reports also show that
high concentrations of aluminium increase the production of schizokinen and N-
deoxyschizokinen (two hydroxamate siderophores) in iron-limited cultures, but not
in iron-rich cultures of Bacillus megaterium (Hu and Boyer 1996). Pyoverdine pro-
duction is induced by 10 mM aluminium, copper, gallium, manganese and nickel
when grown in the iron-limited succinate medium (Braud et al. 2009a). Teitzel et al.
(2006) have made an interesting observation wherein under iron-limited conditions,
exposure to 10 mM copper upregulates genes involved in the synthesis of pyover-
dine and downregulates those involved in the synthesis of pyochelin. Increase in
pyoverdine even in the presence of iron (100 mM) has been reported by Braud et al.
(2010) when 10 and 100 mM copper and nickel (290 and 380 %, respectively) are
added in growth medium. In all these experiments, metals were added at the begin-
ning of the cultures. Most of these studies have been carried out with only a single
or in some cases two metal concentrations and not for a large range of concentra-
tions. It is probable that as iron concentration regulates siderophore production, it
can be both activated and inhibited by many of these metals, depending on their
concentrations. Therefore, studies involving varied concentrations of each metal are
necessary to establish their exact roles in the regulation of siderophore production.
It is not clear how metals other than iron stimulate siderophore production. One
possible explanation is that the free siderophore concentration in the medium is
reduced in the presence of other metals as a result of complex formation. Such a de-
crease in the siderophore concentration may be sufficient to activate further secre-
tion of additional siderophore into the medium. Induction of siderophore production
by heavy metals indicates their role in bacterial heavy metal tolerance. Toxic metals
enter the periplasm of Gram-negative bacteria mostly by diffusion across the porins
(Li et al. 1997; Lutkenhaus 1977; Pugsley and Schnaitman 1978). The binding of
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metals to siderophores in the extracellular medium reduces the free metal concen-
tration, affecting diffusion (the molecular mass of the resulting siderophore—metal
complex is too great for diffusion via porins) and therefore their toxicity. Growth
assays have also shown that P. aeruginosa strains capable of producing pyoverdine
and pyochelin are more resistant to metal toxicity than a siderophore nonproducing
strain (Braud et al. 2010).

The presence of siderophores is apparently highly beneficial for bacteria in an
environment contaminated with toxic metals and bacteria able to produce sidero-
phores are more resistant to heavy metals than those not producing siderophores.
Though siderophores provide an extracellular protection for bacteria by sequester-
ing heavy metals outside the bacteria and avoiding their diffusion through porins
into the bacteria, however, it is possible that siderophore production in response to
heavy metal exposure can also have detrimental effects. If the siderophore uptake
receptor does not distinguish between the metal-siderophore and the ferri—sidero-
phore complexes, siderophores may provide a secondary mechanism for the uptake
of toxic metals. Therefore, the ferri—siderophore pathways must have high metal
specificity to transport or accumulate only the appropriate metal(s).

2.3 Occurrence of Siderophore-Producing Bacteria
in Coastal Ecosystems of Goa

During our study on siderophore-producing bacteria from coastal ecosystems of
Goa, such bacteria were isolated from two distinct ecosystems, one, a low-nutrient
sand dune ecosystem and the other a nutrient-rich mangrove ecosystem. Sand dunes
represent large amounts of shifting sand barren to plants. Sand dunes are largely
categorized into two types. The first kinds are extremely dry interior deserts such as
Sahara in Africa or Rajasthan in India. Coastal sand dunes occur along the coasts of
the Atlantic, Pacific, North America and Australia. In Asia, coastal sand dunes oc-
cur in Japan, India and several other countries (Boorman 1977; Carter 1998; Desai
and Untawale 2002). Vegetation plays an important role in determining size, shape
and stability of the dunes. Dead plants and humus from sand dune vegetation adds
humus to the sand. Furthermore, microorganisms growing in these sand dunes help
reduce the nutrient stress.

Mangroves are highly reproductive ecosystems which host a wide range of coast-
al and off-shore marine organisms. Mangroves provide a unique ecological environ-
ment for diverse bacterial communities (Ramanathan et al. 2008). Tidal variations,
salinity and intense human activities such as transportation through ships, barges
and accidental spills result in diverse microflora in the marine coastal ecosystem
(Rawte et al. 2002). Bacteria largely influence nutrient cycling in mangroves and
thus contribute to soil and vegetation patterns (Hossain et al. 2012). Environments
wherein microorganisms grow are highly variable with respect to temperature, pH,
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Fig.2.1 Pseudomonas aeruginosa TMR2.13. a Colony morphology. b Siderophore production on
a chrome azurol sulfonate (CAS) agar plate. ¢ Electron microscopic view

redox potential, osmotic pressure, water activity, salinity and general and essential
nutrients. Previous studies have shown the presence of a large number of bacteria in
these two ecosystems (Godinho and Bhosle 2002).

During our study, 13 siderophore positive isolates from sand dunes and man-
grove which showed the optimum siderophore production were subjected to routine
biochemical tests and 16S rDNA sequencing for tentative identification. Of the thir-
teen isolates selected, ten belonged to the Bacillus spp, two were Streptomyces spp.
and one was identified as P. aeruginosa (Gaonkar et al. 2012).

Amongst the many siderophore-producing organisms, the two isolates TMR2.13
(P. aeruginosa) (Fig. 2.1a, b, ¢) and NAR38.1 (Bacillus amyloliquefaciens)
(Fig. 2.2a, b, ¢) were selected to study various aspects of siderophore production.
Functional group tests proved that the siderophores produced by TMR2.13 and
NAR38.1 were of carboxamate and catecholate type, respectively.
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SEM NCAROR

Fig. 2.2 Bacillus amyloliquefaciens NAR38.1. a Colony morphology. b Siderophore production
on a CAS agar plate. ¢ Electron microscopic view

2.3.1 Effect of Iron on Siderophore Production

Iron is one of the most important micronutrients required by bacteria for their me-
tabolism as a cofactor for a large number of enzymes and iron-containing proteins
(Harrington and Crumbliss 2009). However, its availability in the environment may
not be sufficient to support microbial growth. Studies with NAR38.1 showed the
production of siderophore up to 1 uM of Fe*2 and up to 30 uM of Fe*?, suggesting
that higher levels of Fe*™ are required to suppress siderophore production as com-
pared to the Fe*2. This could possibly be because of the well known fact that Fe’*
form is not the highly soluble form of iron as opposed to Fe?" ion which has a much
better solubility (Chu et al. 2010). However, the effect of iron with P. aeruginosa
TMR2.13 showed a significant siderophore production up to 54 uM which was
suppressed at 108 pM irrespective of it being divalent or trivalent. The fact that
pyoverdine binds to both the forms of Fe, as has been reported earlier (Xiao and
Kisaalita 1998), results in the suppression of siderophore production with the same
concentration of Fe*2 and Fe™.
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2.3.2 Effect of Sodium Benzoate on Siderophore Production

Pseudomonas is known to be versatile in its ability to metabolize various organ-
ic compounds. A number of natural and anthropogenic compounds are known to
be degraded, transformed or cometabolized by organisms belonging to this genus
(Zeyaullah et al. 2009). Many of the reactions involve the enzyme oxygenase which
is the key enzyme involved in the opening of the aromatic ring structure.

Oxygenases are enzymes which catalyse the incorporation of molecular oxygen
into various substrates. The cofactors involved in oxygenase reactions are heme,
nonheme iron, copper, flavin etc. However, the most frequent one is iron. Nearly
100 oxygenases are known till date, of which almost 50 % have iron built into their
structure or require iron for their activity (Nozaki and Ishimura 1974). When a
benzene ring is cleaved by a dioxygenase reaction, hydroxylation of the benzene
ring proceeds with the formation of catechol or phenol derivatives (Song et al.
2000). Catechol derivatives are further cleaved by dioxygenases which are further
divided into intradiol and extradiol. Intradiol is red in colour and contains trivalent
iron while extradiol enzymes are colourless containing divalent iron (Nozaki and
Ishimura 1974). Hence, metabolism of aromatic compounds is expected to impose a
specific iron requirement on cells due to the involvement of oxygenases. An attempt
was therefore made in this study to understand the effect of the aromatic compound,
sodium benzoate, on siderophore production in the organisms’ capability of utiliz-
ing sodium benzoate as the sole source of carbon.

Sodium benzoate was found to have a remarkable effect on siderophore produc-
tion in P. aeruginosa TMR2.13. It was noted that while the production of sidero-
phore was inhibited above 54 uM of added iron in Mineral salts medium (MSM)
with glucose without affecting growth, in the presence of sodium benzoate, sidero-
phore was produced even up to the presence of 108 uM of added iron (Gaonkar
et al. 2012).

A report on the effect of trace element requirement has shown that the iron de-
mand in bacteria increases during the expression of alkane hydroxylase (Staijen and
Witholt 1998). A study on the effect of iron concentration on degradation of toluene
by Pseudomonas strain reports a reduction in the efficiency of the culture when the
iron concentration is low (Dinkla et al. 2001). Observations from this study also
suggest the requirement of a higher concentration of iron to sustain growth in a
benzoate medium.

2.3.3 Effect of Metal Ions on Siderophore Production

Studies further carried out with B. amyloliquefaciens NAR38.1 to understand the
effect of the presence of both biotic and abiotic metals in the growth medium, de-
picted following four responses (Gaonkar and Bhosle 2013):

1. In the presence of zinc, siderophore production increased, but no effect was seen
on the growth while the presence of cobalt and manganese increased siderophore
production with decrease in growth.
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2. In the presence of molybdenum and arsenic, siderophore production decreased,
but there was no effect on growth.

3. Decrease in siderophore production at lower concentrations but increase at higher
concentration without affecting growth was manifested in the presence of lead
and aluminium.

4. Decrease in growth as well as siderophore production was brought about by the
presence of cadmium and copper.

Such effects indicate that the potential of the organism to combat metal toxicity
varies with the type of metal it is in contact with. Although bacteria are known to
possess different mechanisms to alleviate the effects of toxic metals, the concentra-
tion of the metal plays an important role in the manifestation of such mechanisms.
Production of siderophores in the presence of metals can be a useful trait for plant
growth promoting organisms as the soils which are contaminated with metals are
often iron deficient (Tank and Saraf 2009). In fact, siderophore-producing bacteria
have been considered important for inducing metal tolerance in plants and for pro-
motion of metal accumulation in plants, especially in the phyto-extraction technol-
ogy for remediation of metal-contaminated soils (Ahmed and Holmstrom 2014).
The effects of siderophore-producing bacteria on the uptake of metals by hyper-
accumulator plants have been the focus of increased attention (Dimkpa et al. 2008;
Braud et al. 2009b). Braud et al. (2009b) have reported an increase in the bioavail-
ability of Chromium and Lead in soils inoculated with P. aeruginosa. Bacterial
siderophores can also provide iron to various plants, which helps in reducing the
metal toxicity (Bar-Ness et al. 1991; Hussain and Joo 2014; Reid et al. 1986; Wang
et al. 1993). Such beneficial effects exhibited by siderophore-producing bacteria
implicate that the inoculation with metal-resistant siderophore-producing bacteria
may help in improving the process of phyto-extraction in metal-contaminated soils.

2.4 Conclusions and Future Prospects

This study has offered an insight into the response of siderophore-producing bacte-
ria to the aromatic compound sodium benzoate and to metal ions. The present work
can be extended to natural ecosystems exposed to the influx of such pollutants. In-
oculation with metal-resistant siderophore-producing bacteria may help in improv-
ing the process of phyto-extraction in metal-contaminated soils.

Moreover, it would also be interesting to probe deeper into the results of the pres-
ent studies and study effect of iron limitation on the enzymes involved in utilization
of sodium benzoate in P. aeruginosa TMR2.13 and the role of siderophores in metal
resistance in B. amyloliquefaciens NAR38.1.
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