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Abstract The Burkholderia cepacia complex

(Bcc) is comprised of at least 10 closely related

species of Gram-negative proteobacteria that are

associated with infections in certain groups of

immunocompromised individuals, particularly

those with cystic fibrosis. Infections in humans

tend to occur in the lungs, which present an iron-

restricted environment to a prospective pathogen,

and accordingly members of the Bcc appear to

possess efficient mechanisms for iron capture.

These bacteria specify up to four different types

of siderophore (ornibactin, pyochelin, cepabactin

and cepaciachelin) that employ the full repertoire

of iron-binding groups present in most naturally

occurring siderophores. Members of the Bcc are

also capable of utilising some exogenous sidero-

phores that they are not able to synthesise. In

addition to siderophore-mediated mechanisms of

iron uptake, the Bcc possess mechanisms for

acquiring iron from haem and from ferritin. The

Bcc therefore appear to be well-equipped for life

in an iron-poor environment.

Keywords Siderophore biosynthesis � Iron-

dependent gene regulation � Pyochelin �
Ornibactin � Salicylic acid

Introduction

The genus Burkholderia belongs to the b class

within the phylum Proteobacteriaceae and com-

prises approximately 40 species (Coenye and Vand-

amme 2003, http://www.bacterio.cict.fr/b/

burkholderia.html) (Fig. 1). Most species of Burk-

holderia are found in river sediments and soil,

particularly in the rhizosphere (Tabacchioni et al.

2002; Berg et al. 2005; Payne et al. 2006). Although

many species within the genus are plant pathogens,

some exhibit plant growth-promoting activity. In

contrast, B. pseudomallei, and the subspecies, B.

mallei, are distinguished by their ability to cause

melioidosis and glanders, respectively, in humans

and animals. Also residing within this genus are a

group of closely related species collectively referred

to as the Burkholderia cepacia complex (Bcc), which

currently comprise ten validly described species

(Coenye and Vandamme 2003; Baldwin et al. 2005;

Huber et al. 2004) (see Fig. 1). These organisms are

characterised by an extraordinary nutritional ver-

satility (Stanier et al. 1966; Alisi et al. 2005), which is

reflected in their large genomes, comprising multi-

ple (usually three) chromosomes (Rodley et al.

1995; Lessie et al. 1996; Parke and Gurian-Sherman

2001). For example, B. cenocepacia J2315 has a total

genome size of 8.06 Mb organised into three circu-

lar chromosomes of 3.87, 3.22 and 0.88 Mb, together

with a plasmid of 92.7 kb (http://www.sanger.ac.uk/

Projects/B_cenocepacia/).
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Although they are adapted for life on and

around plants, all members of the Bcc can cause

opportunistic infections in humans, particularly in

patients with cystic fibrosis (CF) or chronic gran-

ulomatous disease, as well as patients requiring

mechanical ventilation (Isles et al. 1984; Govan

and Deretic 1996; Speert 2001). Although all

members of the Bcc have been associated with

infections in CF patients, the most prevalent are B.

cenocepacia and B. multivorans (LiPuma et al.

2001; Mahenthiralingam et al. 2002; Speert et al.

2002; Reik et al. 2005). Treatment of such infec-

tions is extremely difficult due to their high intrinsic

resistance to many antibiotics (LiPuma 1998;

Speert 2002; Mahenthiralingam et al. 2005). Infec-

tion of the lung presents a challenge to colonising

bacteria, not only due to the presence of alveolar

macrophages, but also because this organ presents

an iron restricted environment (Wang et al. 1996).

Therefore, the successful establishment of a niche

within the lung will require an efficient means of

iron capture. This review addresses the mechanisms

of iron acquisition utilised by the Bcc and focuses

mainly on siderophore-mediated iron uptake, as this

is the most intensively studied aspect of iron

acquisition in this group of organisms.

Siderophore-mediated iron uptake by the Bcc

Members of the Bcc produce up to four different

siderophores, not including salicylic acid (which

may not act as a siderophore; see discussion

below). The siderophores elaborated by the Bcc

contain most of the bidentate ferric iron-chelating

groups commonly present in bacterial sidero-

phores, and includes catechols (present in cepac-

iachelin), linear hydroxamate and a-

hydroxycarboxylate groups (both present in or-

nibactin), a cyclic hydroxamate (hydroxypyrido-

nate) moiety (as in cepabactin), and 2-

hydroxyphenyl-thiazoline/-oxazoline and thiazoli-

dine-carboxylate moieties (both present in py-

ochelin).

Pyochelin

Pyochelin, 2-(2-o-hydroxyphenyl-2-thiazolin-4-

yl)-3-methylthiazolidine-4-carboxylic acid, is de-

rived from the condensation of salicylic acid with

two molecules of cysteine, each of which under-

goes cyclisation to thiazoline and thiazolidine ring

derivatives following their incorporation into the

molecule. Natural pyochelin is present as two

spontaneously interconvertible stereoisomers, py-

ochelins I and II, due to isomerisation at the C-2†
position of the thiazolidine ring (Ankenbauer

et al. 1988; Rinehart et al. 1995; Schlegel et al.

2004) (Fig. 2a). The total synthesis of pyochelin

from simple precursors has been described (An-

kenbauer et al. 1988; Rinehart et al. 1995; Zamri

and Abdallah 2000; Ino and Murabayashi 2001;

Patel et al. 2003). Iron-free pyochelin exhibits a

yellow–green fluorescence under UV light, is

highly labile in aqueous solution and unstable to

light (Cox and Graham 1979; Cox et al. 1981).

The iron-bound form, ferripyochelin, is more

stable and more soluble in water than the iron-

free form, and it is also non-fluorescent, the

resultant complex imparting a wine-red colour to

the solution at pH 2.5, changing to orange

between pH 4.0 and 7.0 (Cox and Graham 1979;

Cox et al. 1981). Although the binding coefficient

for ferric iron is low (2.4 · 105 M), this value was

determined in ethanol, and the activity of pyoch-

elin as a siderophore suggests that the coefficient

might be much higher in aqueous solution

(Cox and Graham 1979; Cox 1980; Ankenbauer

et al. 1985, 1988; Sriyosachati and Cox 1986).

Pyochelin can also form complexes with Zn(II),

Cu(II), Co(II), Mo(VI), Ni(II), V(IV) and V(V)

B. cepacia
B. multivorans
B. cenocepacia
B. stabilis
B. vietnamiensis
B. dolosa
B. ambifaria
B. anthina
B. pyrrocinia
B. ubonensis

Chromobacterium Neisseria
Nitrosomonas

Burkholderia
cepacia complex

Burkholderia

 -proteobacteria

Burkholderiales

Burkholderiaceae

Alcaligenes Bordetella
Comamonas

Pandoraea Ralstonia
B. mallei, B. pseudomallei...

β

Fig. 1 Taxonomy of the Burkholderia. The genus Burk-
holderia currently contains approximately 40 members, of
which 12 are shown, including all 10 currently described
members of the B. cepacia complex (white box)
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(Cuppels et al. 1987; Visca et al. 1992; Baysse

et al. 2000).

The stoichiometry of the ferripyochelin com-

plex in solution is one or two molecules of

pyochelin per metal ion, depending on the con-

centration of pyochelin relative to iron (Cox and

Graham 1979; Ankenbauer et al. 1988; Schlegel

et al. 2004; Tseng et al. 2006). Mass spectrometric

and spectroscopic studies indicate that a single

molecule of pyochelin forms a tetradentate ligand

with ferric iron in solution (Klumpp et al. 2005;

Tseng et al. 2006). In complex with the ferripy-

ochelin receptor of Pseudomonas aeruginosa

(FptA), a single molecule of pyochelin is ob-

served as a tetradentate molecule that coordi-

nates ferric iron through the single nitrogen atoms

of the thiazoline and thiazolidine rings, the

phenolate oxygen and one of the carboxylate

oxygen atoms (Cobessi et al. 2005; Mislin et al.

2006). The remaining two coordinating groups in

the octahedral complex are provided by another

molecule not specifically recognised by FptA. In

the FptA–ferripyochelin co-crystal, the other two

ligands are oxygen atoms present on ethylene

glycol (Cobessi et al. 2005). However, in culture

supernatants of B. cepacia, the bidentate ligand is

cepabactin (Klumpp et al. 2005). In pyochelin–

ferric iron 2:1 complexes that occur in solution,

the octahedral coordination is asymmetrical, with

one pyochelin molecule acting as a tetradentate

ligand while another behaves as a bidentate

ligand (Fig. 2b). The two coordinating atoms of

the bidentate pyochelin molecule can be either

the single oxygen and nitrogen atoms provided by

the hydroxyphenyl-thiazoline moiety, or the

thiazolidine nitrogen atom and one of the car-

boxylate oxygen atoms, with the stablest geome-

try predicted to be provided by the former pairing

(Tseng et al. 2006). It is more likely, however, that

the ferric–pyochelin complex occurs as a 1:1

complex in solution, with the remaining two

coordination sites occupied by water molecules

or hydroxides (Tseng et al. 2006).

Pyochelin was first isolated from culture su-

pernatants of P. aeruginosa grown under condi-

tions of iron limitation (Cox and Graham 1979). It

was subsequently identified in culture superna-

tants of some strains of P. fluorescens, but not

those of P. putida or P. stutzeri (Sokol 1984;

Cuppels et al. 1987; Castignetti 1997; Schmidli-

Sacherer et al. 1997). Pyochelin was also shown to

be produced by some members of the Bcc

(Bukovits et al. 1982; Sokol 1984), including two

B. cepacia strains, ATCC 25416 and ATCC 17759

(Meyer et al. 1989, 1995), and the clinical isolate

715j, now identified as B. cenocepacia (Darling
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Fig. 2 Structure of pyochelin and its ferric iron com-
plexes. a The two naturally occurring stereoisomers of
pyochelin, pyochelin I (configuration 4¢R,2†R,4†R), on the
left, and pyochelin II (configuration 4¢R,2†S,4†R), on the

right. b Coordination of ferric iron by pyochelin in the 2:1
pyochelin–Fe(III) complex. The most stable geometry is
shown (see Tseng et al. 2006). c The 1:1:1 cepabactin–
pyochelin–Fe(III) complex (see Klumpp et al. 2005)
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et al. 1998; Visser et al. 2004; Farmer and Thomas

2004). However, in two surveys of Bcc clinical

isolates, ~50% of strains produced little or no

pyochelin (Sokol 1986; Darling et al. 1998),

including K56-2, which has subsequently been

identified as B. cenocepacia (Sokol et al. 1999;

Mahenthiralingam et al. 2000). Furthermore, the

genome sequence of the B. cenocepacia epidemic

strain, J2315, reveals a frameshift mutation in the

middle of the pchF gene (see below) which would

be expected to block pyochelin biosynthesis

(http://www.sanger.ac.uk/Projects/B_cenocepacia/).

Among a panel of 14 B. vietnamiensis strains, none

were shown to produce pyochelin (Meyer et al.

1995). Recently, it has been shown that the

B. pseudomallei genome encodes the machinery

necessary for the biosynthesis and transport of

pyochelin (Holden et al. 2004; Tuanyok et al. 2005;

Alice et al. 2006).

The pathway for the biosynthesis of pyochelin

in P. aeruginosa has been the subject of extensive

investigation (Quadri 2000). As the gene organi-

sation in B. cenocepacia is essentially identical to

that of P. aeruginosa (see below), a brief discus-

sion of the pathway for pyochelin biosynthesis, its

mode of uptake, and its genetic regulation in P.

aeruginosa follows. Pyochelin is biosynthesised

from one molecule of salicylate and two mole-

cules of L-cysteine, and requires the activity of

two non-ribosomal peptide synthetases (NRPS),

PchE and PchF (Quadri et al. 1999). The three

precursors are covalently attached to PchE and

PchF through thioester linkages to phosphopant-

etheine ‘‘arms.’’ Correct charging of each precur-

sor is ensured by the activity of the PchC

thioesterase (Reimmann et al. 2004). The first

step, carried out by PchE, involves a condensa-

tion reaction between the activated carboxyl

group of salicylate and the amino group of a

molecule of cysteine (Fig. 3). PchE subsequently

catalyses cyclodehydration of the cysteine moiety,

resulting in formation of a thiazoline ring, and

random epimerisation at the C-2 position to a

mixture of the D- and L-forms (Patel et al. 2003).

The resultant D-enantiomer, dihydroaeruginoic

acid (Dha), is an antifungal compound which is

found in culture supernatants of P. aeruginosa,

P. fluorescens and B. cenocepacia (Carmi et al.

1994; Serino et al. 1997; Farmer and Thomas

2004). Dha has Fe(III)-chelating properties, but

has no known role as a siderophore (Serino et al.

1997). During pyochelin biosynthesis, the amino

group of a second molecule of L-cysteine, bound

to PchF, acts as a nucleophile to displace Dha (as

a 2-hydroxyphenyl-thiazoline–PchE thioester

intermediate) from PchE, followed again by

cyclisation of the newly added cysteine moiety

(the second cysteine moiety retains the L-config-

uration). This is followed by reduction of the

imine carbon–nitrogen bond in the nascent thiaz-

oline ring, resulting in formation of a thiazolidine

ring (Patel and Walsh 2001; Reimmann et al.

2001). After methylation of the thiazolidine ring

nitrogen, pyochelin is hydrolysed from the phos-

phopantetheine arm of PchF by an intrinsic

thioesterase activity (Patel and Walsh 2001)

(Fig. 3).

Three proteins have been identified as playing

a role in ferripyochelin transport. The TonB-

dependent pyochelin outer membrane receptor,

FptA, and/or its gene, have been identified in P.

aeruginosa, P. fluorescens, B. cenocepacia and B.

pseudomallei (Heinrichs et al. 1991; Ankenbauer

1992; Ankenbauer and Quan 1994; Visser et al.

2004; Paulsen et al. 2005; Alice et al. 2006).

Additionally, Southern hybridisation experiments

have identified the presence of the fptA gene in

the genomes of P. aureofaciens, P. putida and B.

cepacia 25416, although P. aureofaciens and P.

putida are not known to produce pyochelin

(Castignetti 1997). FptA has a predicted molec-

ular mass of 76-kDa and can bind and transport

both the pyochelin I and II stereoisomers. Ligand

docking experiments predicted that FptA also

recognises the pyochelin–Fe(III)–cepabactin

complex (Mislin et al. 2006). FptA lacks the

additional N-terminal domain present in some

TonB-dependent outer membrane transporters

(OMT) that are referred to as the OMTN family

or as TonB-dependent transducers (Schalk et al.

2004; Koebnik 2005) (Fig. 4). This is consistent

with the absence of a Fec-type ECF r factor and

cognate cytoplasmic membrane regulator for

regulating the pyochelin genes in either P. aeru-

ginosa or B. cenocepacia (Braun and Mahren

2005). Although FptA is not a member of the

OMTN family, it binds the apo-form of its cognate

siderophore, i.e. iron-free pyochelin (Hoegy et al.
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Fig. 3 Biosynthesis of pyochelin. In the first step,
salicylic acid and two molecules of cysteine are activated
by adenylation, then transferred to the phosphopantet-
heinyl arms (zigzag motifs) attached to the P domains of
PchE and PchF. Correct loading of the P domains is
ensured by the PchC thioesterase. Synthesis of the first
intermediate is catalysed by the PchE Cy domain, and
involves nucleophilic attack by the amino group of the
PchE-tethered cysteine on the thioester carbon atom of
the salicylate group [step (i)], followed by cyclisation of
the cysteine moiety and epimerisation to give rise to a
mixture of D- and L-forms of the thiazoline ring [step
(ii)]. This intermediate can give rise to Dha if it is
hydrolysed off PchE [step (iiis)]. Synthesis of the core
pyochelin structure requires the PchF Cy domain, and
occurs through nucleophilic attack by the amino group of

the PchF-linked cysteine on the thioester carbon atom of
the Dha moiety [step (iii)], followed by cyclisation of the
cysteine moiety [step (iv)]. The nascent thiazoline ring is
reduced to a thiazolidine through the activity of PchG
[step (v)] and methylated on the ring nitrogen [step (vi)].
The completed pyochelin molecule is hydrolytically
removed from PchF by the C-terminal thioesterase
domain [step (vii)]. A adenylation (activation) domain,
Cy condensation and cyclisation domain), P phospho-
pantetheinylation domain [also known as thiolation (T),
or aryl/peptidyl carrier protein (ArCP/PCP) domain],
E epimerase domain, MT methyl transferase domain, R
reductase, TE thioesterase domain, SAM S-adenosyl-
methionine. Note that the epimerase and methyl trans-
ferase domains are located within the corresponding
adenylation domains
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2005). The FptA–pyochelin complex can be

subsequently loaded with ferric iron (Hoegy

et al. 2005). A second putative outer membrane

protein of 14 kDa has also been implicated in

ferripyochelin uptake in P. aeruginosa, but the

precise role or nature of the protein is unknown

(Sokol and Woods 1983; Sokol 1984, 1987).

Recently, a 43.2-kDa polypeptide, FptX, belong-

ing to a novel family of single subunit cytoplasmic

membrane transporters, has been proposed as the

ferripyochelin permease (O’Cuiv et al. 2004).

The genes required for the biosynthesis of

salicylate from chorismate, and for pyochelin from

salicylate, have been identified in P. aeruginosa,

and they form a co-regulated cluster (PA4224–

PA4231) (Fig. 5). These genes comprise pchA

and pchB, which are required for conversion

of chorismate into salicylate via isochorismate

(Serino et al. 1995; Gaille et al. 2002, 2003),

pchD, which is required for activation of salicylate

by ATP (Serino et al. 1997), pchE and pchF,

encoding the Dha and Pch synthetases, respec-

tively (Reimmann et al. 1998), pchG encoding an

NADPH-dependent reductase that converts the

second thiazoline ring into a thiazolidine ring

(Patel and Walsh 2001; Reimmann et al. 2001),

and pchC, specifying a thioesterase that edits

incorrectly charged PchE and PchF (Serino et al.

1997; Reimmann et al. 2004). These genes are

organised into two divergent operons, pchDCBA

(PA4228–PA4231) and pchEFGHI (PA4226–

PA4222). pchH and pchI encode components of

an ABC transporter, although a role in pyochelin

transport has not been established (Reimmann

et al. 2001). Located adjacent pchH and pchI are

four additional genes that are predicted to encode

cell envelope proteins, two of which, fptA

(PA4221) and fptX (PA4218), have been demon-

strated to play a role in ferripyochelin transport

(see above). The other two genes, fptB (PA4220)

and fptC (PA4219), appear to encode cytoplasmic

membrane proteins. It is almost certain that fptA

Fig. 4 Alignment of the N-termini of selected TonB-
dependent ferric-siderophore transporters. Six representa-
tive members of the OMTN family of receptors from B.
cenocepacia (B.c.), P. aeruginosa (P.a.) and E. coli (E.c.) are
shown, below which are six representative receptors from
the same organisms which are not members of this family.
The OMTN domains were aligned by ClustalW and
highlighted using boxshade. Amino acids shown in white
font with black shading are identical at the corresponding

position in 50% of the sequences shown, whereas those
shown in white font with grey shading are similar. Predicted
N-termini of the mature (i.e. processed) proteins are
shown. The predicted TonB box region is shown in
black font with grey shading. The corresponding genetic
loci are: B. cenocepacia FlrA (ferrichrome-like receptor)
(BCAL1371), OrbA (BCAL1700) and FptA (BCAM2224);
P. aeruginosa FoxA (PA2466), FiuA (PA0470), FpvA
(PA2398), FecA (PA3901), FptA (PA4221)
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and fptB constitute an operon under fptA pro-

moter control, as they appear to be translationally

coupled, and it is possible that fptC and fptX

constitute part of this operon. The organisation of

the pyochelin gene cluster in P. aeruginosa and B.

cenocepacia (and B. pseudomallei) appears to be

identical (Visser et al. 2004; Alice et al. 2006, our

unpublished observations). However, the genes

flanking this cluster in P. aeruginosa (PA4217 and

PA4232) are different from those present at the

corresponding positions in Burkholderia (our own

unpublished observations). Interestingly, the

genes are organised differently in P. fluorescens

Pf-5 (Paulsen et al. 2005).

Regulation of the pch genes requires the Fur

protein, a global repressor of iron-regulated

genes, and PchR, an AraC family transcriptional

regulatory protein (Heinrichs and Poole 1993,

1996; Ochsner et al. 1995; Martin and Rosner

2001; Lowe et al. 2001; Andrews et al. 2003)

(Fig. 5). The pchR gene (PA4227) is located

within the pyochelin biosynthetic gene cluster,

and its protein product activates the pchDCBA,

pchEFGHI and fptABCX operons (Heinrichs and

Poole 1996; Serino et al. 1997; Reimmann et al.

1998, 2001; Michel et al. 2005). PchR, in complex

with its cofactor, pyochelin (probably in the iron-

loaded form), recognises a 32-bp DNA sequence

motif, known as the PchR-box, located upstream

of the pchD, pchE and fptA promoters. Binding

of holo-PchR to the PchR-box located at the

pchD promoter also represses transcription of

pchR, as this protein binding site is located

downstream from the pchR promoter (Heinrichs

and Poole 1996; Michel et al. 2005). The require-

ment for intracellular pyochelin for induction of

pyochelin gene expression may explain the pre-

vious observations that fptA mutants show a

marked decrease in fptA gene expression (in P.

aeruginosa) and produce significantly less pyoch-

elin than the wild type strain (in B. cenocepacia)

(Heinrichs et al. 1991; Gensberg et al. 1992;

Heinrichs and Poole 1996; Visser et al. 2004).

The pchD, pchE, pchR and fptA promoters are

also repressed by Fur in the presence of iron, and

for the pchD, pchE and fptA promoters this

repression is dominant over activation by PchR

(Ankenbauer and Quan 1994; Ochsner et al. 1995;

Serino et al. 1997; Reimmann et al. 1998; Michel

et al. 2005). The organisation of Fur- and PchR-
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Fig. 5 Putative Fur-regulated operons involved in iron
acquisition in B. cenocepacia. Five loci are shown: the
ornibactin locus (BCAL1688–1702), genes denoted by
single letters are prefixed by ‘‘orb’’; the pyochelin locus
(BCAM2221–2235, corresponding to PA4218–4231 in
P. aeruginosa), genes denoted by single letters are prefixed
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flr locus (BCAL1369–1372), genes denoted by single letters
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genes denoted by single letters are prefixed by ‘‘exb.’’
Promoters targeted by the indicated regulatory proteins
are shown by arrows. Plus symbol gene activation, minus
symbol gene repression
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boxes in the B. cenocepacia pyochelin gene

cluster appears to be the same as described for

P. aeruginosa (our own unpublished observa-

tions). It has also been shown that other transition

metal ions [Co(II) at 10 lM, Cu(II), Mo(VI),

Ni(II) and Zn(II) at 100 lM, and Al(III) at

2 mM] repress synthesis of pyochelin, and [apart

from Al(III)] they have also been shown to result

in decreased abundance of a 75-kDa outer mem-

brane protein (probably FptA) in P. aeruginosa

(Visca et al. 1992; Koedam et al. 1994).

Pyochelin biosynthesis also appears to be

regulated by sulphur availability in B. cenocepa-

cia and P. aeruginosa, although it is not clear

whether this regulatory input acts at the level of

transcription. First, it was observed that the

presence of cysteine in the growth medium

enhanced the production of pyochelin by

P. aeruginosa (Audenaert et al. 2002; Gaille

et al. 2003). Subsequently, it was shown that

sulphate transport mutants of B. cenocepacia, or

wild type B. cenocepacia growing under condi-

tions of sulphate limitation, were restricted in

their ability to produce pyochelin (Farmer and

Thomas 2004). Supplementation with cysteine,

but not methionine, restored pyochelin produc-

tion, suggesting that pyochelin synthesis was

responsive to the intracellular cysteine pool.

Interestingly, under certain conditions of sulphur

limitation, B. cenocepacia produced salicylate but

not pyochelin (Farmer and Thomas 2004). As

salicylate biosynthesis requires expression of the

pchBA genes, and as these genes are co-regulated

with the genes specifying pyochelin biosynthesis,

it would appear that the mechanism for inhibition

of pyochelin production in response to a depleted

cysteine pool is post-transcriptional.

Ornibactin

Ornibactin, L-Orn1(N5-OH, N5-acyl)-D-threo-

Asp(b-OH)-L-Ser-L-Orn4(N5-OH, N5-formyl)-

1,4-diaminobutane, is a linear tetrapeptide deriv-

ative that chelates iron by providing three biden-

tate metal chelation groups (Stephan et al. 1993).

These groups (two hydroxamates and an a-

hydroxycarboxylate) are generated by modifica-

tion of the sidechains of three of the amino acids

in the peptide (the N- and C-terminal ornithines,

and the D-aspartate), with the serine residue

serving only as a spacer (Fig. 6). The d-amino

group nitrogen of both ornithine residues is

hydroxylated and acylated. For the N-terminal

ornithine, the acyl group is provided by a b-

hydroxy acid with a carbon chain length of 4, 6 or

8, which gives rise to the three species of

ornibactin: ornibactin-C4 (ornibactin B), ornib-

actin-C6 (ornibactin D) and ornibactin C8

(ornibactin F), respectively. In contrast, the

C-terminal ornithine is acylated with formic acid.

Hydroxylation and acylation of the ornithine

sidechain nitrogen atom results in generation of

the two hydroxamate groups. The a-hydroxycarb-

oxylate group of ornibactin is produced by

hydroxylation of the b-carbon in the aspartate

side chain. The tetrapeptide is embellished by

amidation of the C-terminal carboxyl group with

putrescine (1,4-diaminobutane). This final modi-

fication plays no role in metal chelation but may

be important for the mechanism of ornibactin

biosynthesis (see below). Ornibactin appears to

be the only siderophore produced by the Burk-

holderia which can form a hexadentate complex

with ferric iron with a stoichiometry of 1:1, and

although the stability constant for the ferric–

ornibactin complex has not been determined, it is

likely to be much higher than that of complexes

formed between other Burkholderia-derived sid-

erophores and ferric iron.

Ornibactin was first isolated from culture

supernatants obtained from an environmental

strain of B. vietnamiensis, but was subsequently

identified in a further 13 strains, including two

clinical isolates (Stephan et al. 1993; Meyer et al.

1995). It was also identified in two environmental

strains of B. cepacia (ATCC 17759 and ATCC

25416), B. ambifaria strain PHP7, and in a survey

of 63 Bcc strains, most of which were clinical

isolates that included B. cenocepacia, ornibactin

was identified in culture supernatants of 60 of

them (Meyer et al. 1995; Barelmann et al. 1996;

Darling et al. 1998). The nature of the species that

did not produce ornibactin in the Darling et al.

study are not known (P. Sokol, personal commu-

nication). More recently, strong evidence has

been provided that the siderophore malleobactin,

produced by B. pseudomallei, is, in fact, ornibac-

tin (Alice et al. 2006). Indeed, ornibactin appears

438 Biometals (2007) 20:431–452

123



to be the most prevalent siderophore among the

Burkholderia, and is produced by a much greater

proportion of clinical isolates than is pyochelin

(Darling et al. 1998). Furthermore, individual

strains within the Bcc can produce all three

ornibactin derivatives. Ornibactin is not made

by fluorescent pseudomonads such as P. aerugin-

osa and cannot be utilised by them (Meyer et al.

1995).

The genes required for ornibactin biosynthesis

and utilisation in B. cenocepacia have been

identified through a combination of molecular

genetic and in silico approaches. Using B. ceno-

cepacia K56-2, a strain which produces ornibactin

and salicylate but only low levels of pyochelin,

two transposon mutants were isolated which

failed to produce ornibactin (Sokol et al. 1999).

In one mutant, the transposon was inserted in the

pvdA gene, encoding L-ornithine N5-oxygenase,

an enzyme that is required for hydroxylation of

the d-amino group nitrogen of ornithine as the

first step in the formation of a hydroxamate group

(Visca et al. 1994). In the other mutant, the

transposon had inserted into a gene that was

predicted to encode a NRPS that bore similarity

to the PvdD component of pyoverdine synthe-

tase. Both mutants were also defective in uptake

of exogenously supplied ferric–ornibactin. Down-

stream from pvdA, Sokol and colleagues identi-

fied the orbA gene, encoding the 78-kDa ferric–

ornibactin outer membrane receptor. Mutation of

this gene has been shown to inhibit the uptake of
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Fig. 6 Structure of ornibactin, cepabactin, cepaciachelin
and salicylate. a Ornibactin shown in complex with ferric
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Biosynthesis of salicylic acid from chorismic acid. The
gene products required for carrying out this transforma-
tion in B. cenocepacia and P. aeruginosa are shown
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ferric–ornibactin (Sokol et al. 2000). The orbA

gene is followed by pvdF, encoding N5-hydroxy-

ornithine transformylase (Sokol et al. 2000;

McMorran et al. 2001) (Fig. 5).

In a separate transposon mutagenesis experi-

ment, eight ornibactin-deficient mutants of B.

cenocepacia KLF1, a pyochelin-negative derriva-

tive of strain 715j, were obtained, in which the

transposon had integrated into one or other of

two NRPS genes, orbI and orbJ (Agnoli et al.

2006). As the partial sequence obtained for pvdD

was not deposited in the database, it is not

possible to say with certainty which of these two

genes corresponds to pvdD. Mutants in which

orbA, orbI, orbJ and pvdA are inactivated also

failed to grow in the presence of concentrations of

the iron chelators EDDHA and/or dipyridyl that

do not restrict growth of the parent strains (Sokol

et al. 1999, 2000; Agnoli et al. 2006). Upstream of

orbI, and transcribed in the opposite direction, a

gene (orbE) was identified encoding a predicted

transport protein exhibiting a high similarity to

PvdE of P. aeruginosa (McMorran et al. 1996;

Agnoli et al. 2006). The subsequent availability of

the complete genome sequence of B. cenocepacia

J2315 (http://www.sanger.ac.uk/Projects/B_ceno-

cepacia/) showed that the pvdA–orbA–pvdF and

orbE–orbI–orbJ units were components of a

cluster of 14 genes (BCAL1689-BCAL1702)

required for biosynthesis and utilisation of ornib-

actin (Fig. 5). This analysis suggested that all of

the genes required for biosynthesis and export of

ornibactin, together with those required for the

uptake of ferric–ornibactin and removal of iron

from the siderophore are present at the same

genomic locus.

Analysis of these genes resulted in proposal of

the following pathway for ornibactin biosynthesis

and utilisation (Agnoli et al. 2006). According to

this model, synthesis of the modified amino acids

required as precursors for the ornibactin tetra-

peptide requires the products of the orbG

(BCAL1690), orbK (BCAL1698), pvdA

(BCAL1699), pvdF (BCAL1701) and orbL

(BCAL1702) genes (Fig. 7). As outlined above,

PvdA and PvdF act sequentially to hydroxylate

and formylate the sidechain nitrogen of ornithine,

as occurs in P. aeruginosa during pyoverdine

biosynthesis. As orbK and orbL appear to encode

acetylases, it is likely that PvdA, and either OrbK

or OrbL, sequentially hydroxylate and acylate the

sidechain nitrogen of a second ornithine with a

b-hydroxy acid. Aspartic acid is likely to be

hydroxylated on the b-carbon by the product of

orbG, a protein exhibiting a high degree of

similarity to a-ketoglutarate-dependent hydroxy-

lases (Hausinger 2004). Genes similar to orbG are

present in the pvd loci of Pseudomonas strains

such as P. putida and P. syringae that incorporate

b-hydroxy aspartate into their pyoverdines, but

are not present in the corresponding loci of

P. aeruginosa, a species which does not utilise

this amino acid as a building block for pyoverdine

biosynthesis (Meyer 2000; Ravel and Cornelis

2003). The three modified amino acids, together

with L-serine, are assembled into ornibactin by

ornibactin synthetase, comprising two NRPSs,

OrbI and OrbJ (BCAL1696 and BCAL1697)

(Fig. 8). OrbI is predicted to be responsible for

formation of an L-Orn(N5-OH, N5-acyl)-D-Asp(b-

OH)-L-Ser intermediate, with isomerisation of L-

aspartate to the D-enantiomer being catalysed by

an epimerase domain present on OrbI (Agnoli

et al. 2006). The final step in synthesis of the

tetrapeptide involves peptide bond formation

between the carboxyl group of the tripeptide

and the amino group of N5-hydroxy-N5-formyl-

ornithine tethered to OrbJ. This results in dis-

placement of the tripeptide from the phospho-

pantetheine arm anchored to the C-terminal

peptidyl carrier protein domain of OrbI. The

tetrapeptide is then released from the phospho-

pantetheine group on OrbJ as a result of nucle-

ophilic attack by an amine group of putrescine.

This step obviates the requirement for a

C-terminal thioesterase domain in OrbJ or for a

free-standing thioesterase, and results in derivat-

isation of the tetrapeptide C-terminus with a

primary amine (Fig. 8).

The presence of genes in this cluster that

encode predicted ferric-siderophore transport

proteins permits some informed speculation

regarding the trafficking of ornibactin and pro-

cessing of the iron-loaded siderophore. OrbE

(BCAL1695) is very similar to the predicted

PvdE polypeptide of P. aeruginosa, which is

required for production of pyoverdine (McMor-

ran et al. 1996). Both proteins possess the
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characteristics of an ABC transporter in which

both the transmembrane and ATPase compo-

nents reside within the same polypeptide, and it is

probable that they constitute part or all of the

export systems for these siderophores (Agnoli

et al. 2006).

External iron-loaded ornibactin is transported

across the outer membrane by the ferric–ornib-

actin receptor, OrbA (BCAL1700) (Fig. 7). The

predicted amino acid sequence of OrbA shows

that it contains a TonB box near the N-terminus

of the mature protein (our unpublished observa-

tions) (Fig. 4). Like the ferripyochelin receptor,

FptA, OrbA is not a member of the OMTN family

and does not harbour the N-terminal signalling

domain characteristic of such receptors (Schalk

et al. 2004; Koebnik 2005, our unpublished

observations). However, in contrast to the pyoch-

elin receptor, synthesis of which is inducible by its

cognate iron-loaded siderophore (Heinrichs and

Poole 1996; Michel et al. 2005), orbA gene

expression is not stimulated by the presence of

ferric–ornibactin, and the ability to utilise ornib-

actin is not a prerequisite for production of

ornibactin (Sokol et al. 2000). Similar observa-

tions have been made regarding the malleobactin

receptor of B. pseudomallei (Alice et al. 2006).

Transport of ornibactin across the cytoplasmic

membrane is likely to be specified by the orbB,

orbC and orbD genes (BCAL1694, BCAL1691

and BCAL1692, respectively). The OrbB, OrbC

and OrbD polypeptides are predicted to consti-

tute an ABC transporter specific for ferric–

ornibactin (Agnoli et al. 2006) (Fig. 7). The orbF

gene (BCAL1693) is predicted to encode a 28.5-

kDa polypeptide containing a CC(X)11C(X)2C

motif. OrbF is similar to the E. coli FhuF protein,

that possesses a similar cysteine-rich motif re-

quired for formation of a novel [2Fe–2S] centre

(Muller et al. 1998). As FhuF has been suggested

to be involved in reduction of ferric iron bound to

internalised ferrioxamine B, OrbF may play a

similar role in the release of iron from ferric–

ornibactin in the cytoplasm of B. cenocepacia.

One of the genes in the cluster, orbH

(BCAL1689), encodes an 80 amino acid polypep-

tide of unkown function. OrbH is highly homol-

ogous to MbtH, encoded by the mycobactin locus
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Fig. 7 Model for the biosynthesis and transport of
ornibactin in B. cenocepacia. According to the model,
amino acid precursors are modified by PvdA, PvdF, OrbG,
OrbK and OrbL and assembled into ornibactin by the two
NRPSs, OrbI and OrbJ. The role of OrbH in ornibactin
biosynthesis is unknown. Ornibactin is then exported
across the cytoplasmic membrane by OrbE. The extracel-
lular ferric–ornibactin complex is transported across the

outer membrane by OrbA, using the TonB–ExbB–ExbD
complex to transduce energy derived from the protonmo-
tive force generated at the cytoplasmic membrane.
Transport of ferric–ornibactin across the cytoplasmic
membrane requires a permease consisting of OrbB, OrbC
and OrbD. Ferrous iron is probably released from the
internalised ferric–ornibactin complex by the action of
OrbF. See text for details
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of Mycobacterium tuberculosis, and the product

of PA2412, a gene located within the pyoverdine

gene cluster of P. aeruginosa (Quadri et al. 1998;

Ravel and Cornelis 2003). OrbH-like polypep-

tides are also encoded by gene clusters that

specify non-ribosomally synthesised peptides that

are not siderophores.

As with the majority of siderophores, ornibac-

tin is produced in response to iron deprivation

(Meyer et al. 1995). Consistent with this, it was

shown that transcription of the B. cenocepacia

pvdA gene is strongly repressed by the presence

of iron in the medium (Sokol et al. 1999; Lewenza

and Sokol 2001). Subsequently, RT-PCR analysis

demonstrated that all the genes within the ornib-

actin locus are repressed by iron (Agnoli et al.

2006). More recently, a gene encoding an ECF r
factor was identified adjacent to the ornibactin

gene cluster in B. cenocepacia (BCAL1688).

Inactivation of this gene resulted in inhibition of

Fig. 8 Predicted mechanism of the non-ribosomal assem-
bly of the ornibactin tetrapeptide. Each NRPS, OrbI and
OrbJ (represented by the two large rectangles), is com-
posed of adenylation (A), peptidyl carrier (P) and
condensation (C) domains. OrbI also contains a predicted
epimerase domain (E) to convert L-hydroxyaspartate to
the D form. Phosphopantetheine (P-pant) ‘‘arms,’’ to
which activated amino acids are linked by a thioester bond,

are shown as vertical zigzag motifs. Curved arrows
represent peptide bond formation by nucleophilic dis-
placement of one amino acid from the P-pant arm by the
amino group of the next amino acid in the peptide chain.
The amino acid precursors are shown in their modified
forms, although it is not clear at what step the N5-amino
group of the N-terminal ornithine is derivatised with a b-
hydroxy acid. See text for details
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ornibactin production, but had no effect on

pyochelin biosynthesis (Agnoli et al. 2006). orbS

mutants were also growth restricted under iron

starvation conditions. The protein product of this

gene, OrbS, exhibits 36.5% identity to the pyov-

erdine gene regulator, PvdS, an iron-starvation

ECF sigma factor (Leoni et al. 2000). One notable

difference between the two proteins is that OrbS

possesses an N-terminal extension of 29 amino

acids that is not present in PvdS (Agnoli et al.

2006).

The activity of PvdS is modulated directly by a

membrane-anchored anti-r factor, FpvR, in re-

sponse to the binding of iron-loaded pyoverdine

to its cognate receptor, FpvA, a member of the

OMTN family of ferric-siderophore receptors

(Lamont et al. 2002; Visca et al. 2002; Schalk

et al. 2004; Koebnik 2005). However, there does

not appear to be a candidate anti-OrbS sigma

factor encoded by the B. cenocepacia genome,

and the absence of an N-terminal signalling

domain on OrbA lends further support to the

idea that such a transmembrane signalling path-

way is not employed for regulating OrbS activity.

How, then, is OrbS activity regulated? It has been

demonstrated that orbS, like pvdS, is transcribed

from a r70-type promoter that is subject to

regulation by the Fur repressor (Ochsner et al.

1995; Agnoli et al. 2006). Thus, when cells are

growing under iron replete conditions, the orbS

promoter is repressed (Fig. 5). Whether this

regulatory system alone is enough to keep ornib-

actin synthesis in check when the siderophore is

not required is not yet clear. In this regard, the

system for regulating ornibactin gene expression

appears to be distinct from those controlling

pyochelin (and pyoverdine) synthesis, where two

overlapping regulatory systems operate: one

involving Fur, and the other requiring the pres-

ence of iron-loaded siderophore and its cognate
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CGG

CTAAAA
TAA

T
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Tn (G

C)9
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GCGGCGGTAAAAAAACGCGCCGGCCAACCGTCTATCAGACAGGAG

ATGGGGCTAAATATTTGCGCGGCCCGTTCGTCTATCAGGGAGAAA

AAAACGGTAAAAAATCGGCCGCGCCGTTCGTCACACCAGTGAAGC

TAAAT      (n)16         CGT

nnnCGTC

+1
⏐

PA2386 (pvdA) CGCTTAAATTTCATTTCCCTGTCCTCGTTCCTAGTCAACAGA

PA2389 AGGTTAAATTTAGCCGCCCTGGCCTCGTATATCTTGGCAGTG

PA2392 (pvdP) GCGGTAAATTTGCCGACGGAAGGAACGTTCTAGCTGGATAAA

PA2393 (pvdM) GCGCTAAATTTTCCCGCTCCGGCCTCGTCCCACCCTGACAGG

PA2396 (pvdF) CACGTAAATTGCAGGCGATGCCGTTCGTTGCAGATCAGGAAG

PA2397 (pvdE) CCGCTAAATACCGGGCATCCTGCTTCGTCTGTCTGCAAGGAG

PA2399 (pvdD) TGGCTAAATCCCTGGAGGCGCTCAAACGTCTATCTGCCGATG

PA2402 (pvdI) CGGTTAATTTTCACGATGTGTCGTCCGTTTCACATGAATGAC

PA2412 CGGCTAATTTTCCCGCCGGGCTTTTCGTTATCCAACGCAAGG

PA2413 (pvdH) GCAGTAAATCCGTGCGTCCCTCCTGCGTCTCCTGTGCATCCG

PA2425 (pvdG) GCGCTAATTATTTGCCGTTGTTATCCGTTCCCCTCTGTGACA

PA2427 (pvdY) CGGGTAAATTCGCGGCGGGATGCGACGTTACTCAGGCAAGCC

A

B

Fig. 9 DNA sequences of PvdS- and OrbS-dependent
promoters. a PvdS-dependent promoters for the indicated
genes from the pyoverdine loci of the P. aeruginosa
genome are shown, with the consensus sequence given
below. b OrbS-dependent promoters for the indicated

genes from the ornibactin locus of the B. cenocepacia
genome, with the consensus sequence given below. For (a)
and (b), proposed –35 and –10 regions are enclosed in
boxes. G + C-rich sequences flanking the –35 region are
highlighted with grey shading (n = any base)
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receptor (although the precise mechanism by

which this signal is communicated varies) (Visca

et al. 2002; Michel et al. 2005).

RT-PCR analysis allowed identification of

three of the transcriptional units within the

ornibactin gene cluster, comprising orbS to

orbB, orbE, and orbI to orbL (Agnoli et al.

2006). The orbE transcript was shown to include

antisense RNA corresponding to at least a part of

orbB, but it has not been determined where this

transcript terminates. The similarity between

OrbS and PvdS facilitated the identification of

candidate OrbS-dependent promoters. PvdS

recognises the consensus sequence TA-

AAT(N)16CGT (Wilson et al. 2001; Ochsner

et al 2002; Visca et al. 2002) (Fig. 9). Consistent

with the transcriptional organisation of the

ornibactin cluster, sequences identical or nearly

identical to the PvdS consensus were identified

upstream of orbH, orbE and orbI, but were not

present anywhere else at this locus (Fig. 9). As

well as containing the consensus –35 and –10

sequences for PvdS-dependent promoters, the

candidate OrbS-dependent promoters also

possess G + C tracts upstream of the predicted

–35 region and in the spacer region separating the

–35 and –10 motifs (Fig. 9). DNA fragments

containing these sequences were shown to direct

iron-regulated transcription of a reporter gene in

wild type B. cenocepacia, but were silent in an

orbS mutant (Agnoli et al. 2006). The presence of

an OrbS-dependent promoter upstream of orbH

indicated that an additional transcript was gener-

ated within the ornibactin gene cluster, which

overlapped with the orbS–orbB transcript. Thus,

iron-regulated transcription of the orbE and

orbI–orbL operons is indirectly regulated by Fur

through its influence on OrbS abundance.

However, as transcripts corresponding to orbH

through to orbB appear to be generated from

both the orbS and orbH promoters, regulation of

these genes will be subject to direct and indirect

regulation by Fur (Fig. 5).

It has also been shown that ornibactin biosyn-

thesis is influenced by quorum sensing. Mutations

in the cepR or cepI genes, encoding a LuxR/LuxI-

type quorum sensing regulatory system, result in

an approximately 65% increase in ornibactin

biosynthesis in B. cenocepacia K56-2, but exert

no effect on salicylate or pyochelin production

(Lewenza et al. 1999; Lewenza and Sokol 2001;

Mallot et al. 2005). This increase in ornibactin

production was accompanied by a similar increase

in pvdA transcription during the stationary phase

of growth in the presence or absence of iron

(Lewenza and Sokol 2001). The DNA sequence

recognised by CepR is CTGTnAanntTnACAG,

but the location of the binding site(s) for CepR

within the ornibactin locus have not been deter-

mined (Weingart et al. 2005). Ornibactin synthe-

sis was not affected by mutation in the cciIR

quorum sensing system (Mallot et al. 2005).

Synthesis of ornibactin is also induced approxi-

mately twofold by ornithine and some other

amino acids, but is not affected by putrescine

(Meyer et al. 1995).

Cepabactin

Cepabactin, 1-hydroxy-5-methoxy-6-methyl-2(1H)-

pyridinone, is a cyclic hydroxamate (i.e. a

hydroxypyridonate) and for that reason can also

be considered as a heterocyclic catecholate

(Meyer et al. 1989) (Fig. 6a). It was first identified

as a metal-binding antibiotic that is secreted into

the culture medium by P. alcaligenes strain NCIB

11492, and was termed G1549 (Barker et al.

1979). Independently, it was isolated from an-

other pseudomonad (strain BN-227) and named

BN-227 (Itoh et al. 1979, 1980). BN-227 was also

shown to have antimicrobial properties and

formed a complex with ferric iron. A compound

with the same structure was subsequently isolated

from the B. cepacia type strain, ATCC 25416, and

B. cepacia ATCC 17759 (Meyer et al. 1989, 1995).

This compound, named cepabactin, was shown to

have all the characteristics of a siderophore:

biosynthesis of cepabactin occurred only under

iron starvation conditions (maximal production

occurred in the presence of 2 lM FeCl3; complete

abrogation of cepabactin production occurred at

10 lM FeCl3), and exogenous addition of cepab-

actin caused growth stimulation under iron-limit-

ing conditions and facilitated iron uptake (Meyer

et al. 1989). However, it was found that among 12

environmental and 2 clinical isolates of B. viet-

namiensis, not one produced cepabactin (Meyer

et al. 1995). Furthermore, in a survey of over 60
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Bcc clinical isolates, only 6 (comprising a single

RAPD type) were demonstrated to produce

cepabactin, and in no case was it the sole

siderophore produced (Darling et al. 1998). Some

of the strains which did not produce cepabactin

(i.e. K56-2 and 715j) have now been identified as

B. cenocepacia. Nevertheless, it is possible that

members of the Bcc that do not make cepabactin

may still have the ability to utilise this sidero-

phore. A precedent has been set by the fluores-

cent pseudomonads, as exogenous addition of

cepabactin to P. aeruginosa strain PAO1 pro-

motes iron uptake, suggesting that a cepabactin-

specific receptor exists in this strain (Meyer 1992;

Mislin et al. 2006).

The total synthesis of cepabactin has been

described (Ohta et al. 1990; Klumpp et al. 2005).

Cepabactin forms an orange complex with ferric

iron possessing a stoichiometry of three bidentate

molecules of cepabactin per metal ion (Itoh et al.

1979; Klumpp et al. 2005). Interestingly, in the

presence of pyochelin, a purple-coloured complex

is formed, comprised of ferric iron, cepabactin

and pyochelin with a 1:1:1 stoichiometry, in which

cepabactin provides two of the six dentates and

pyochelin provides the other four (Fig. 2c). This

complex appears to be less stable than the ferric–

cepabactin complex but is more stable than the

ferripyochelin complex (Klumpp et al. 2005). It

has yet to be determined whether cepabactin

serves as an effective siderophore in vivo. The

genes responsible for the production and utilisa-

tion of cepabactin have not been described.

Cepaciachelin

Cepaciachelin, 1-N-[2-N¢,6-N¢-di(2,3-dihydroxyben-

zoyl)-L-lysyl]-1,4-diaminobutane, is a catecholate

siderophore first isolated from the culture super-

natant of B. ambifaria strain PHP7 (LMG 11351),

a rhizosphere isolate, grown under iron-limiting

conditions (Barelmann et al. 1996). It is com-

prised of a single molecule of lysine derivatised

with 2,3-dihydroxybenzoic acid (DHBA) on the a
and e amino groups, and with diaminobutane

(putrescine) on the carboxyl group (Fig. 6b).

Thus, cepaciachelin is similar to protochelin, a

linear tri-catecholate siderophore produced by a

methanolotrophic bacterium and by Azotobacter

vinelandii, but lacks one of the three 2,3-di-

hydroxybenzoate moieties (Taraz et al. 1990;

Cornish and Page 1995). Biosynthesis of cepaci-

achelin is likely to involve azotochelin as an

intermediate, the probable precursor of protoch-

elin. The effect of iron supplementation on

cepaciachelin production has not been reported

and its ability to promote iron uptake or growth

of B. ambifaria has not been examined. However,

its status as a siderophore was inferrred from its

structural relationship to known siderophores.

The genes responsible for the biosynthesis and

utilisation of cepaciachelin and the regulation of

its production have not been described.

Salicylic acid

Salicylic acid, 2-hydroxybenzoic acid, is biosyn-

thesised by members of several bacterial genera

under iron-limiting conditions, where it serves as

a precursor for the production of a variety of

siderophores. Examples of salicylate-derived sid-

erophores include pyochelin, produced by some

pseudomonads and Burkholderia, including mem-

bers of the Bcc (Ankenbauer and Cox 1988), the

mycobacterial siderophores, mycobactin and car-

boxymycobactin (Ratledge and Hall 1972; Adi-

lakshmi et al. 2000), vulnibactin, a siderophore of

V. vulnificus (Okujo et al. 1994), yersiniabactin,

produced by Yersinia spp. (Gehring et al. 1998),

parabactin of Paracoccus denitrificans (Peterson

and Neilands 1979), the salicyloyl (i.e. 2-hydrox-

ybenzoyl) peptide derivative, maduraferrin, man-

ufactured by the actinomycete Actinomadura

madurae (Keller-Schierlein et al. 1988), and

pseudomonine, a blue fluorescent compound

produced by P. fluorescens (Anthoni et al. 1995;

Mercado-Blanco et al. 2001). However, in such

bacteria, salicylate also accumulates in the culture

medium (Ratledge and Winder 1962; Sokol et al.

1992; Meyer et al. 1992; Visca et al. 1993).

Additionally, salicylate is produced by some

bacteria that are not known to make salicylate-

derived siderophores, such as Azospirillum lip-

oferum (Saxena et al. 1986) and some pyochelin-

negative Bcc isolates (Sokol et al. 1992; Darling

et al. 1998), and it has been proposed as a

siderophore in its own right (Meyer et al. 1992;

Visca et al. 1993).
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In bacteria, salicylic acid is biosynthesised from

chorismic acid (Fig. 6d), the product of the

shikimic acid pathway that serves as the precursor

of aromatic amino acids, folic acid, ubiquinone,

phenazines and 2,3-DHBA. In P. aeruginosa, the

conversion of chorismate to salicylate occurs via

isochorismate, and requires the successive action

of isochorismate synthase (ICS) and isochoris-

mate pyruvate-lyase (IPL) (Fig. 6d) (Serino et al.

1995; Gaille et al. 2002, 2003). In P. aeruginosa,

ICS is encoded by pchA (PA4231). As the

isomerisation of chorismate to isochorismate is

also required for the biosynthesis of DHBA (a

precursor of many catecholate siderophores,

including the E. coli siderophore enterochelin),

orthologues of pchA are found in bacteria that

produce such siderophores but do not produce

salicylate-based iron chelators (i.e. entC encodes

ICS in E. coli, but E. coli does not produce

salicylate). The second step, involving elimination

of pyruvate from isochorismate, is encoded by

pchB (PA4230). The PchB enzyme (IPL) also

possesses a less efficient chorismate mutase

activity that results in formation of prephenate,

an intermediate in phenylalanine and tyrosine

biosynthesis (Gaille et al. 2002).

In Y. pestis and M. tuberculosis, it has been

conjectured that salicylate may be produced in a

one-step pathway, as only a single gene (ybtS and

mbtI, respectively) that exhibits homology to

genes involved in salicylate biosynthesis has been

identified in the yersiniabactin and mycobactin

gene clusters (Gehring et al. 1998; Quadri et al.

1998). Subsequently, it was shown that the Y.

enterocolitica irp9 gene encodes a salicylate syn-

thase which converts chorismate to salicylate

through the intermediate isochorismate (Kerbarh

et al. 2005). It has also been shown that isoch-

orismate can serve as a precursor for salicylate

synthesis in M. smegmatis, suggesting that if a

single enzyme is required for salicylate biosyn-

thesis in this organism, it also involves isochoris-

mate as an intermediate (Marshall and Ratledge

1971, 1972).

pchA and pchB are present as part of a cluster

of genes required for the biosynthesis and trans-

port of pyochelin in P. aeruginosa and B. ceno-

cepacia (Fig. 5) (Serino et al. 1995, 1997). In the

genome of B. cenocepacia, orthologues of pchA

(BCAM2235) and pchB (BCAM2234) are located

in a similarly organised cluster on chromosome 2

(see Sect. ’’Pyochelin’’ and Fig. 5), and the pro-

tein products exhibit 47.4 and 74.3% identity,

respectively, with P. aeruginosa PchA and PchB

(our unpublished observations). This suggests

that the regulation of salicylate biosynthesis in

Burkholderia is identical to that in the fluorescent

pseudomonads (see Sect. ’’Pyochelin’’).

The role of salicylate as a bacterial siderophore

is controversial. Various investigators have pro-

vided evidence that suggests salicylate may be a

siderophore. First, salicylate has efficient iron-

binding properties, forming a violet-coloured

complex with iron in aqueous solution due to

coordination of a single Fe(III) ion by three

molecules of salicylate (Ogawa and Tobe 1966;

Ratledge et al. 1974; Martell and Smith 1977;

Meyer et al. 1992; Visca et al. 1993). Secondly,

salicylate appears to promote iron uptake in P.

aeruginosa, P. fluorescens and B. cenocepacia

(Meyer 1992; Meyer et al. 1992; Sokol et al. 1999;

Visser et al. 2004), and promotes growth of P.

aeruginosa and members of the Bcc under iron-

limiting conditions (Sokol et al. 1992; Visca et al.

1993). Finally, the production of salicylate by

bacteria, and/or expression of the salicylate bio-

synthesis genes, is iron-regulated in P. aeruginosa,

P. fluorescens, M. tuberculosis and the Bcc

(Meyer et al. 1992; Sokol et al. 1992; Visca et al.

1993; Serino et al. 1997; Mercado-Blanco et al.

2001; Rodriguez et al. 2002).

Other experimental data provide less support

for salicylate playing a role as a siderophore in

vivo (Ratledge and Dover 2000). For example, it

has been shown that salicylate is ineffective at

sequestering ferric ions at neutral pH in the

presence of inorganic phosphate (Ratledge et al.

1974; Chipperfield and Ratledge 2000). Bacteria

that secrete salicylate but do not elaborate other

siderophores are negative in the CAS plate assay

(Schwyn and Neilands 1987; Sokol et al. 1999;

Agnoli et al. 2006). Only when salicylate is

applied at high concentrations to CAS agar is

there a colour shift, and this is only a transitory

change (Mercado-Blanco et al. 2001). Culture

supernatants of B. cenocepacia mutants that

hyperproduce salicylate are also not active in

the CAS assay, even in the presence of the
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shuttle, 5-sulfosalicylate (Sokol et al. 1999).

Mutants that produce only salicylate as a poten-

tial siderophore have been shown to be growth

limited relative to the wild type strain under iron-

restrictive conditions (De Voss et al. 2000; Agnoli

et al. 2006; A.M. Cook and M.S. Thomas,

unpublished results), and such strains are much

less virulent than the siderophore-producing par-

ent (De Voss et al. 2000; Sokol et al. 2000).

Furthermore, there are no reports of the charac-

terisation of a ferric salicylate-specific outer

membrane receptor which would presumably be

required for transport of the ferric tri-salicylate

complex.

The clustering of genes responsible for the

biosynthesis of salicylate from chorismic acid with

those required for the synthesis of salicylate-

based siderophores is suggestive that the primary

function of salicylate biosynthesis is as a precur-

sor for more complex siderophores. Thus, in P.

fluorescens strain WCS373, these genes (pmsC

and pmsB) are linked to the pseudomonine

biosynthesis genes (Mercado-Blanco et al. 2001),

while in P. aeruginosa, P. fluorescens Pf-5, B.

cenocepacia and B. pseudomallei, the pchA and

pchB genes comprise part of a gene cluster

encoding pyochelin biosynthesis and transport

functions (Serino et al. 1997; Holden et al. 2004;

Paulsen et al. 2005, http://www.sanger.ac.uk/Pro-

jects/B_cenocepacia/). In M. tuberculosis, the

mbtI gene is similarly clustered with the genes

specifying mycobactin synthesis (Quadri et al.

1998). This observation also explains the iron-

responsive regulation of salicylate production.

Furthermore, in strains producing pyochelin,

expression of pchA and pchB will require the

presence of pyochelin. This suggests that tran-

scription of pchA and pchB cannot be uncoupled

from that of the other pyochelin biosynthetic

genes. The stimulatory effect of salicylate on

growth of some bacteria could also be explained

by the incorporation of salicylate into a salicylate-

derived siderophore, which then serves to pro-

mote growth. More difficult to explain using this

argument, is the fact that salicylate facilitates

uptake of ferric iron. However, it is noteworthy

that in one set of experiments which suggested

that salicylate stimulated iron uptake by wild type

B. cenocepacia, ornibactin-deficient mutants

exhibited impaired salicylate-mediated iron up-

take (Sokol et al. 1999). One possible explanation

for this is that the iron uptake measured for the

wild type strain was actually due to the action of

ornibactin.

Xenosiderophores

Very little information is available in the literature

regarding the nature of xenosiderophores that can

be utilised by members of the Bcc. It has been

shown that the B. cepacia type strain, ATCC

25416 cannot utilise pyoverdines obtained from P.

aeruginosa PAO1 (ATCC 15692) and two differ-

ent P. fluorescens strains (Meyer et al. 1989). Plate

bioassays have revealed that B. cenocepacia can

utilise ferrichrome and ferrioxamine B (desferal)

but not citrate (our unpublished observations).

Other mechanisms of iron acquisition by the Bcc

Haem uptake

Burkholderia cenocepacia can use haemin (oxi-

dised haem) as an iron source (Whitby et al. 2006;

our unpublished observations). The haem uptake

system of B. cenocepacia is organised similarly to

that of B. pseudomallei and is encoded by the bhu

operon (Burkholderia haem uptake) (G. Shalom,

J. Shaw and M. Thomas, in preparation). This

operon is comprised of five genes, bhuRSTUV,

and appears to be under the control of a r70-

dependent promoter (Fig. 5). Overlapping this

promoter is a sequence possessing a good match

(15/19) to the Fur box consensus sequence,

suggesting that it is subject to Fur-mediated

repression (our unpublished observations). Or-

thologues of the bhuRSTUV genes encode haem

uptake systems in other Gram-negative bacteria

(Wandersman and Stojiljkovic 2000; Genco and

Dixon 2001; Stojiljkovic and Perkins-Balding

2002). We predict that bhuR encodes the specific

TonB-dependent outer membrane receptor for

haem, while bhuT, -U and -V encode the peri-

plasmic binding protein, cytoplasmic membrane

transporter, and ATPase components, respec-

tively, of the haem permease. BhuS, is similar to

HemS, HmuS and ShuS. Recent evidence
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suggests that ShuS acts as a type of shuttle,

transferring haem from the haem-specific trans-

port system to haem proteins or haem-degrading

proteins (Wyckoff et al. 2005).

Utilisation of ferritin

Recently, it has been shown that B. cenocepacia

can utilise ferritin as an iron source (Whitby et al.

2006). The mechanism of ferritin utilisation

appears to require degradation of ferritin by a

secreted serine protease. Ferritin concentrations

are particularly high in the lungs of CF patients,

and it is tempting to speculate that B. cenocepacia

takes advantage of its ability to utilise ferritin

under these conditions.

Acknowledgements The author would like to thank
Cornelia Reimmann and Colin Ratledge for critical
reading of the manuscript, and Kirsty Agnoli for help
with the MDL ISIS Draw Program.

References

Adilakshmi T, Ayling PD, Ratledge C (2000) Mutational
analysis of a role for salicylic acid in iron metabolism
of Mycobacterium smegmatis. J Bacteriol 182:264–271

Agnoli K, Lowe CA, Farmer KL, Husnain I, Thomas MS
(2006) The ornibactin biosynthesis and transport
genes of Burkholderia cenocepacia are regulated by
an ECF r factor which is a part of the Fur regulon. J
Bacteriol 188:3631–3644

Alice AF, Lopez CS, Lowe CA, Ledesma MA, Crosa JH
(2006) Genetic and transcriptional analysis of the
siderophore malleobactin biosynthesis and transport
genes in the human pathogen Burkholderia pseudo-
mallei K96243. J Bacteriol 188:1551–1566

Alisi C, Lasinio GJ, Dalmastri C, et al (2005) Metabolic
profiling of Burkholderia cenocepacia, Burkholderia
ambifaria, and Burkholderia pyrrocinia isolates from
maize rhizosphere. Microb Ecol 50:385–395

Andrews SC, Robinson AK, Rodriguez-Quinones F (2003)
Bacterial iron homeostasis. FEMS Microbiol Lett
27:215–237

Ankenbauer RG (1992) Cloning of the outer membrane
high-affinity Fe(III)–pyochelin receptor of Pseudo-
monas aeruginosa. J Bacteriol 174:4401–4409

Ankenbauer RG, Cox CD (1988) Isolation and charac-
terisation of Pseudomonas aeruginosa mutants requir-
ing salicylic acid for pyochelin biosynthesis. J
Bacteriol 170:5364–5367

Ankenbauer RG, Quan HN (1994) FptA, the Fe(III)–
pyochelin receptor of Pseudomonas aeruginosa: a
phenolate siderophore receptor homologous to

hydroxamate siderophore receptors. J Bacteriol
176:307–319

Ankenbauer RG, Sriyosachati S, Cox CD (1985) Effects of
siderophores on the growth of Pseudomonas aerugin-
osa in human serum and transferrin. Infect Immun
49:312–140

Ankenbauer RG, Toyokuni T, Staley A, Rinehart KL Jr,
Cox CD (1988) Synthesis and biological activity of
pyochelin, a siderophore of Pseudomonas aeruginosa.
J Bacteriol 170:5344–5351

Anthoni U, Christophersen C, Nielsen PH, Gram L,
Petersen BO (1995) Pseudomonine: an isoxazolidone
with siderophore activity from Pseudomonas fluores-
cens AH2 isolated from Lake Victorian Nile perch. J
Nat Prod 58:1786–1789

Audenaert K, Pattery T, Cornelis P, Hofte M (2002)
Induction of systemic resistance to Botrytis cinerea in
tomato by Pseudomonas aeruginosa 7NSK2: role of
salicylic acid, pyochelin, and pyocyanin. Mol Plant
Microbe Interact 15:1147–1156

Baldwin A, Mahenthiralingam E, Thickett KM, et al
(2005) Multilocus sequence typing scheme that pro-
vides both species and strain differentiation for the
Burkholderia cepacia complex. J Clin Microbiol
43:4665–4673

Barelmann I, Meyer J-M, Taraz K, Budzikiewicz H (1996)
Cepaciachelin, a new catecholate siderophore from
Burkholderia (Pseudomonas) cepacia. Z Naturforsch
51c:627–630

Barker WR, Callaghan C, Hill L, et al (1979) G1549, a new
cyclic hydroxamic acid antibiotic, isolated from cul-
ture broth of Pseudomonas alcaligenes. J Antibiot
32:1096–1103

Baysse C, De Vos D, Naudet Y, et al (2000) Vanadium
interferes with siderophore-mediated iron uptake in
Pseudomonas aeruginosa. Microbiology 146:2425–
2434

Berg G, Eberl L, Hartmann A (2005) The rhizosphere as a
reservoir for opportunistic human pathogenic bacte-
ria. Environ Microbiol 7:1673–1685

Braun V, Mahren S (2005) Transmembrane transcriptional
control (surface signalling) of the Escherichia coli Fec
type. FEMS Microbiol Rev 29:673–684

Bukovits GJ, Mohr N, Budzkiewicz H, Korth H, Pulverer
G (1982) 2-Phenyl thiazole derivatives from Pseudo-
monas cepacia. Z Naturforsch 37b:877–880

Carmi R, Carmeli S, Levy E, Gough FJ (1994) (+)-(S)-
Dihydroaeruginoic acid, an inhibitor of Septoria tritici
and other phytopathogenic fungi and bacteria, pro-
duced by Pseudomonas fluorescens. J Nat Prod
57:1200–1205

Castignetti D (1997) Probing of Pseudomonas aeruginosa,
Pseudomonas aureofaciens, Burkholderia (Pseudo-
monas) cepacia, Pseudomonas fluorescens, and Pseu-
domonas putida with the ferripyochelin receptor A
gene and the synthesis of pyochelin in Pseudomonas
aureofaciens, Pseudomonas fluorescens, and Pseudo-
monas putida. Curr Microbiol 34:250–257

Chipperfield JR, Ratledge C (2000) Salicylic acid is not a
bacterial siderophore: a theoretical study. BioMetals
13:165–168

448 Biometals (2007) 20:431–452

123



Cobessi D, Celia H, Pattus F (2005) Crystal structure at
high resolution of ferric–pyochelin and its membrane
receptor FptA from Pseudomonas aeruginosa. J Mol
Biol 352:893–904

Coenye T, Vandamme P (2003) Diversity and significance
of Burkholderia species occupying diverse ecological
niches. Environ Microbiol 5:719–729

Cornish AS, Page WJ (1995) Production of the tricatech-
olate siderophore protochelin by Azotobacter vine-
landii. BioMetals 8:332–338

Cox CD (1980) Iron uptake with ferripyochelin and ferric
citrate by Pseudomonas aeruginosa. J Bacteriol
142:581–587

Cox CD, Graham R (1979) Isolation of an iron-binding
compound from Pseudomonas aeruginosa. J Bacteriol
137:357–364

Cox CD, Rinehart KL, Moore ML, Cook JC (1981)
Pyochelin: novel structure of an iron-chelating growth
promoter for Pseudomonas aeruginosa. Proc Natl
Acad Sci USA 78:4256–4260

Cuppels DA, Stipanovic RD, Stoessl A, Stothers JB (1987)
The constitution and properties of a pyochelin–zinc
complex. Can J Chem 65:2126–2130

Darling P, Chan M, Cox AD, Sokol PA (1998) Sidero-
phore production by cystic fibrosis isolates of Burk-
holderia cepacia. Infect Immun 66:874–877

De Voss JJ, Rutter K, Schroeder BG, Su H, Zhu Y-Q,
Barry CE (2000) The salicylate-derived mycobactin
siderophores of Mycobacterium tuberculosis are
essential for growth in macrophages. Proc Natl Acad
Sci USA 97:1252–1257

Farmer KL, Thomas MS (2004) Isolation and character-
ization of Burkholderia cenocepacia mutants deficient
in pyochelin production: pyochelin biosynthesis is
sensitive to sulphur availability. J Bacteriol 186:270–
277

Gaille C, Kast P, Haas D (2002) Salicylate biosynthesis in
Pseudomonas aeruginosa. J Biol Chem 277:21768–
21775

Gaille C, Reimmann C, Haas D (2003) Isochorismate
synthase (PchA), the first and rate-limiting enzyme in
salicylate biosynthesis of Pseudomonas aeruginosa. J
Biol Chem 278:16893–16898

Gehring AM, DeMoll E, Fetherston D, et al (1998) Iron
acquisition in plaque: modular logic in enzymatic
biogenesis of yersiniabactin by Yersinia pestis. Chem
Biol 5:573–586

Genco CA, Dixon DW (2001) Emerging strategies in
microbial haem capture. Mol Microbiol 39:1–11

Gensberg K, Hughes K, Smith AW (1992) Siderophore-
specific induction of iron uptake in Pseudomonas
aeruginosa. J Gen Microbiol 138:2381–2387

Govan JRW, Deretic V (1996) Microbial pathogenesis in
cystic fibrosis: mucoid Pseudomonas aeruginosa and
Burkholderia cepacia. Microbiol Rev 60:539–574

Hausinger RP (2004) Fe(II)/a-ketoglutarate-dependent
hydroxylases and related enzymes. Crit Rev Biochem
Mol Biol 39:21–68

Heinrichs DE, Poole K (1993) Cloning and sequence
analysis of a gene (pchR) encoding an AraC family
activator of pyochelin and ferripyochelin receptor

synthesis in Pseudomonas aeruginosa. J Bacteriol
175:5882–5889

Heinrichs DE, Poole K (1996) PchR, a regulator of
ferripyochelin receptor gene (fptA) expression in
Pseudomonas aeruginosa, functions both as an acti-
vator and a repressor. J Bacteriol 178:2586–2592

Heinrichs DE, Young L, Poole K (1991) Pyochelin-
mediated transport in Pseudomonas aeruginosa:
involvement of a high-molecular-mass outer mem-
brane protein. Infect Immun 59:3680–3684

Hoegy F, Celia H, Mislin GL, Vincent M, Gallay J, Schalk
IJ (2005) Binding of iron-free siderophore, a common
feature of siderophore outer membrane transporters
of Escherichia coli and Pseudomonas aeruginosa. J
Biol Chem 280:20222–20230

Holden MT, Titball RW, Peacock SJ, et al (2004) Genome
plasticity of the causative agent of melioidosis, Burk-
holderia pseudomallei. Proc Natl Acad Sci USA
101:14240–14245

Huber B, Feldmann F, Kothe M, et al (2004) Identification
of a novel virulence factor in Burkholderia cenocepa-
cia H111 required for efficient slow killing of Caenor-
habditis elegans. Infect Immun 72:7220–7230

Ino A, Murabayashi A (2001) Synthetic studies of thiaz-
oline and thiazolidine-containing natural products.
Part 3: total synthesis and absolute configuration of
the siderophore yersiniabactin. Tetrahedron 57:1897–
1902

Isles A, Maclusky I, Corey M, et al (1984) Pseudomonas
cepacia infections in cystic fibrosis: an emerging
problem. J Pediatr 104:206–210

Itoh J, Miyadoh S, Takahasi S, Amano S, Ezaki N,
Yamada Y (1979) Studies on antibiotics BN-227 and
BN-227-F, new antibiotics. I. Taxonomy, isolation and
characterization. J Antibiot 33:1089–1095

Itoh J, Amano S, Ogawa Y, Kodama Y, Ezaki N,
Yamada Y (1980) Studies on antibiotics BN-227 and
BN-227-F, new antibiotics. II. Chemical structure of
antibiotics BN-227 and BN-227-F. J Antibiot
33:377–382

Keller-Schierlein W, Hagmann L, Zahner H, Huhn W
(1988) Maduraferrin, a novel siderophore from Acti-
nomadura madurae. Helv Chim Acta 71:1528–1534

Kerbarh O, Ciulli A, Howard NI, Abell C (2005) Salicylate
biosynthesis: purification, and characterization of
Irp9, a bifunctional salicylate synthase from Yersinia
enterocolitica. J Bacteriol 187:5061–5066

Klumpp C, Burger A, Mislin GL, Abdallah MA (2005)
From a total synthesis of cepabactin and its 3:1 ferric
complex to the isolation of a 1:1:1 mixed complex
between iron (III), cepabactin and pyochelin. Bioorg
Med Chem Lett 15:1721–1724

Koebnik R (2005) TonB-dependent trans-envelope signal-
ling: the exception or the rule. Trends Microbiol
13:343–347

Koedam N, Wittouck E, Gaballa A, Gillis A, Hofte M,
Cornelis P (1994) Detection and differentiation of
microbial siderophores by isoelectric focusing and
chrome azurol S overlay. BioMetals 7:287–291

Lamont IL, Beare PA, Ochsner U, Vasil AI, Vasil ML
(2002) Siderophore-mediated signaling regulates

Biometals (2007) 20:431–452 449

123



virulence factor production in Pseudomonas aerugin-
osa. Proc Natl Acad Sci USA 99:7072–7077

Leoni L, Orsi N, de Lorenzo V, Visca P (2000) Functional
analysis of PvdS, an iron starvation sigma factor of
Pseudomonas aeruginosa. J Bacteriol 182:1481–1491

Lessie TG, Hendrickson W, Manning BD, Devereux R
(1996) Genomic complexity and plasticity of Burk-
holderia cepacia. FEMS Microbiol Lett 144:117–128

Lewenza S, Sokol PA (2001) Regulation of ornibactin
biosynthesis and N-acyl-L-homoserine lactone pro-
duction by CepR in Burkholderia cepacia. J Bacteriol
183:2212–2218

Lewenza S, Conway B, Greenberg EP, Sokol PA (1999)
Quorum sensing in Burkholderia cepacia: identifica-
tion if the LuxRI homologs CepRI. J Bacteriol
181:748–756

LiPuma JJ (1998) Burkholderia cepacia: management
issues and new insights. Clin Chest Med 19:473–486

LiPuma JJ, Spilker T, Gill LH, Campbell PW, Liu L,
Mahenthiralingam E (2001) Disproportionate distri-
bution of Burkholderia cepacia complex species and
transmissibility markers in cystic fibrosis. Am J Respir
Crit Care Med 164:92–96

Lowe CA, Asghar AH, Shalom G, Shaw JG, Thomas MS
(2001) The Burkholderia cepacia fur gene: co-locali-
sation with omlA and absence of regulation by iron.
Microbiology 147:1303–1314

Mahenthiralingam E, Baldwin A, Vandamme P (2002)
Burkholderia cepacia complex infection in patients
with cystic fibrosis. J Med Microbiol 51:533–538

Mahenthiralingam E, Coenye T, Chung JW, Speert DP,
Govan JRW, Taylor P, Vandamme P (2000) Diag-
nostically and experimentally useful panel of strains
from the Burkholderia cepacia complex. J Clin
Microbiol 38:910–913

Mahenthiralingam E, Urban TA, Goldberg JB (2005) The
multifarious, multireplicon Burkholderia cepacia com-
plex. Nat Rev Microbiol 3:144–156

Malott RJ, Baldwin A, Mahenthiralingam E, Sokol PA
(2005) Characterization of the cciIR quorum-sensing
system in Burkholderia cenocepacia. Infect Immun
73:4982–4992

Marshall BJ, Ratledge C (1971) Conversion of chorismic
acid and isochorismic acid to salicylic acid by cell-free
extracts of Mycobacterium smegmatis. Biochem Bio-
phys Acta 230:643–645

Marshall BJ, Ratledge C (1972) Salicylic acid biosynthesis
and its control in Mycobacterium smegmatis. Biochim
Biophys Acta 264:106–116

Martell AE, Smith RM (1977) Other organic ligands. In:
Martell AE, Smith RM (eds) Critical stability con-
stants, vol 3. Plenum, New York, pp 181–201

Martin RG, Rosner JL (2001) The AraC transcriptional
activators. Curr Opin Microbiol 4:132–137

McMorran BJ, Merriman ME, Rombel IT, Lamont IL
(1996) Characterisation of the pvdE gene which is
required for pyoverdine synthesis in Pseudomonas
aeruginosa. Gene 176:55–59

McMorran BJ, Kumara HMCS, Lamont IL (2001) Involve-
ment of a transformylase enzyme in siderophore

synthesis in Pseudomonas aeruginosa. Microbiology
147:1517–1524

Mercado-Blanco J, van der Drift KMGM, Olsson PE,
Thomas-Oates JE, van Loon LC, Bakker PAHM
(2001) Analysis of the pmsCEAB gene cluster
involved in the biosynthesis of salicylic acid an the
siderophore pseudomonine in the biocontrol strain
Pseudomonas fluorescens WCS374. J Bacteriol
183:1909–1920

Meyer J-M (1992) Exogenous siderophore-mediated iron
uptake in Pseudomonas aeruginosa: possible involve-
ment of porin OprF in iron metabolism. J Gen
Microbiol 138:951–958

Meyer J-M (2000) Pyoverdines: pigments, siderophores
and potential taxonomic markers of fluorescent pseu-
domonas species. Arch Microbiol 174:135–142

Meyer J-M, Hohnadel D, Halle F (1989) Cepabactin from
Pseudomonas cepacia, a new type of siderophore. J
Gen Microbiol 135:1479–1487

Meyer J-M, Azelvandre P, Georges C (1992) Iron metab-
olism in Pseudomonas: salicylic acid, a siderophore of
Pseudomonas fluorescens CHA0. BioFactors 4:23–27

Meyer J-M, Van VT, Stintzi A, Berge O, Winkelmann G
(1995) Ornibactin production and transport properties
in strains of Burkholderia vietnamiensis and Burk-
holderia cepacia (formerly Pseudomonas cepacia).
BioMetals 8:309–317

Michel L, Gonzalez N, Jagdeep S, Nguyen-Ngoc T,
Reimmann C (2005) PchR-box recognition by the
AraC-type regulator PchR of Pseudomonas aerugin-
osa requires the siderophore pyochelin as an effector.
Mol Microbiol 58:495–509

Mislin GLA, Hoegy F, Cobessi D, Poole K, Rognan D,
Schalk IJ (2006) Binding properties of pyochelin and
structurally related molecules to FptA of Pseudomo-
nas aeruginosa. J Mol Biol 357:1437–1448

Muller K, Matzanke BF, Schunemann V, Trautwein AX,
Hantke K (1998) FhuF, an iron-regulated protein of
Escherichia coli with a new type of [Fe-S] center. Eur
J Biochem 258:1001–1008

Ochsner U, Vasil A, Vasil ML (1995) Role of the ferric
uptake regulator of Pseudomonas aeruginosa in the
regulation of siderophores and exotoxin A expression:
purification and activity on iron-regulated promoters.
J Bacteriol 177:7194–7201

Ochsner U, Wilderman PJ, Vasil AI, Vasil ML (2002)
GeneChip� expression analysis of the iron starvation
response in Pseudomonas aeruginosa: identification of
novel pyoverdine biosynthesis genes. Mol Microbiol
45:1277–1287

O’Cuiv P, Clarke P, Lynch D, O’Connell M (2004)
Identification of rhtX and fptX, novel genes encoding
proteins that show homology and function in the
utilization of the siderophores rhizobactin 1021 by
Sinorhizobium meliloti and pyochelin by Pseudomo-
nas aeruginosa, respectively. J Bacteriol 186:2996–
3005

Ogawa K, Tobe N (1966) A spectrophotometric study of
the complex formation between iron(III) and sulfo-
salicylic acid. Bull Chem Soc Jpn 39:223–227

450 Biometals (2007) 20:431–452

123



Ohta A, Takahashi N, Shirokoma Y, Yuasa K (1990)
Heterocycles 30:875–884

Okujo N, Saito M, Yamamoto S, Yoshida T, Miyoshi S,
Shimoda S (1994) Structure of vulnibactin, a new
polyamine-containing siderophore from Vibrio vul-
nificus. BioMetals 7:109–116

Parke JL, Gurian-Sherman D (2001) Diversity of the
Burkholderia cepacia complex and implications for
risk assessment of biological control strains. Annu
Rev Phytopathol 39:225–258

Patel HM, Walsh CT (2001) In vitro reconstitution of the
Pseudomonas aeruginosa nonribosomal peptide syn-
thesis of pyochelin: characterization of backbone
tailoring thiazoline reductase and N-methyltransfer-
ase activities. Biochemistry 40:9023–9031

Patel HM, Tao J, Walsh CT (2003) Epimerization of an L-
cysteinyl to a D-cysteinyl residue during thiazoline
ring formation in siderophore chain elongation by
pyochelin synthetase from Pseudomonas aeruginosa.
Biochemistry 42:10514–10527

Paulsen IT, Press CM, Ravel J, et al (2005) Complete
genome sequence of the plant commensal Pseudomo-
nas fluorescens Pf-5. Nat Biotechnol 23:873–878

Payne GW, Ramette A, Rose HL, et al (2006) Application
of a recA gene-based identification approach to the
maize rhizosphere reveals novel diversity in Burk-
holderia species. FEMS Microbiol Lett 259:126–132

Peterson T, Nielands JB (1979) Revised structure of a
catecholamide spermidine siderophore. Tetrahedron
Lett 20:4805–4808

Quadri LEN (2000) Assembly of aryl-capped siderophores
by modular peptide synthetases and polyketide syn-
thetases. Mol Microbiol 37:1–12

Quadri LEN, Sello J, Keating TA, Weinreb PH, Walsh CT
(1998) Identification of a Mycobacterium tuberculosis
gene cluster encoding the biosynthetic enzymes for
assembly of the virulence-conferring siderophore
mycobactin. Chem Biol 5:631–645

Quadri LEN, Keating TA, Patel HM, Walsh CT (1999)
Assembly of the Pseudomonas aeruginosa nonribos-
omal peptide siderophore pyochelin: in vitro recon-
stitution of aryl-4,2-bisthiazoline synthetase activity
from PchD, PchE and PchF. Biochemistry 38:14941–
14954

Ratledge C, Dover LG (2000) Iron metabolism in path-
ogenic bacteria. Annu Rev Microbiol 54:881–941

Ratledge C, Hall MJ (1972) Isolation and properties of
auxotrophic mutants of Mycobacterium smegmatis
requiring either salicylic acid or mycobactin. J Gen
Microbiol 72:143–150

Ratledge C, Winder FG (1962) The accumulation of
salicylic acid by mycobacteria during growth on iron-
deficient medium. Biochem J 84:501–506

Ratledge C, Macham LP, Brown KA, Marshall BJ (1974)
Iron transport in Mycobacterium smegmatis: a re-
stricted role for salicylic acid in the extracellular
environment. Biochim Biophys Acta 372:39–51

Ravel J, Cornelis P (2003) Genomics of pyoverdine-
mediated iron uptake in pseudomonads. Trends
Microbiol 11:195–200

Reik R, Spilker T, LiPuma JJ (2005) Distribution of
Burkholderia cepacia complex species among isolates
recovered from persons with or without cystic fibrosis.
J Clin Microbiol 43:2926–2928

Reimmann C, Serino L, Beyeler M, Haas D (1998)
Dihydroaeruginoic acid synthetase and pyochelin
synthetase, products of the pchEF genes are induced
by extracellular pyochelin in Pseudomonas aerugin-
osa. Microbiology 144:3135–3148

Reimmann C, Patel HM, Serino L, Barone M, Walsh CT,
Haas D (2001) Essential PchG-dependent reduction
in pyochelin biosynthesis of Pseudomonas aeruginosa.
J Bacteriol 183:813–820

Reimmann C, Patel HM, Walsh CT, Haas D (2004) PchC
thioesterase optimizes nonribosomal biosynthesis of
the peptide siderophore pyochelin in Pseudomonas
aeruginosa. J Bacteriol 186:6367–6373

Rinehart KL, Staley AL, Wilson SR, Ankenbauer RG,
Cox CD (1995) Stereochemical assignment of the
pyochelins. J Org Chem 60:2786–2791

Rodley PD, Romling U, Tummler B (1995) A physical
genome map of the Burkholderia cepacia type strain.
Mol Microbiol 17:57–67

Rodriguez GM, Voskuil MI, Gold B, Schoolnik GK, Smith
I (2002) ideR, an essential gene in Mycobacterium
tuberculosis: role of IdeR in iron-dependent gene
expression, iron metabolism, and oxidative stress
response. Infect Immun 70:3371–3381

Saxena B, Modi M, Modi VV (1986) Isolation and
characterization of siderophores from Azospirillum
lipoferum D-2. J Gen Microbiol 132:2219–2224

Schalk IJ, Yue WW, Buchanan SK (2004) Recognition of
iron-free siderophores by TonB-dependent iron trans-
porters. Mol Microbiol 54:14–22

Schlegel K, Taraz K, Budzikiewicz H (2004) The stereoi-
somers of pyochelin, a siderophore of Pseudomonas
aeruginosa. BioMetals 17:409–414

Schmidli-Sacherer P, Keel C, Defago G (1997) The
global regulator GacA of Pseudomonas fluorescens
CHA0 is required for suppression of root diseases in
dicotyledons but not in Graminae. Plant Pathol
46:80–90

Schwyn B, Neilands JB (1987) Universal chemical assay
for the detection and determination of siderophores.
Anal Biochem 160:47–56

Serino L, Reimmann C, Baur H, Beyeler M, Visca P, Haas
D (1995) Structural genes for salicylate biosynthesis
from chorismate in Pseudomonas aeruginosa. Mol
Gen Genet 249:217–228

Serino L, Reimmann C, Visca P, Beyeler M, Della Chiesa
V, Haas D (1997) Biosynthesis of pyochelin and
dihydroaeruginoic acid requires the iron-regulated
pchDCBA operon in Pseudomonas aeruginosa. J
Bacteriol 179:248–257

Sokol PA (1984) Production of the ferripyochelin outer-
membrane receptor by Pseudomonas species. FEMS
Microbiol Lett 23:313–317

Sokol PA (1986) Production and utilization of pyochelin
by clinical isolates of Pseudomonas cepacia. J Clin
Microbiol 23:560–562

Biometals (2007) 20:431–452 451

123



Sokol PA (1987) Tn5 insertion mutants of Pseudomonas
aeruginosa deficient in surface expression of ferripy-
ochelin-binding protein. J Bacteriol 169:3365–3368

Sokol PA, Woods DE (1983) Demonstration of an iron-
siderophore-binding protein in the outer membrane
of Pseudomonas aeruginosa. Infect Immun 40:665–669

Sokol PA, Lewis CJ, Dennis JJ (1992) Isolation of a novel
siderophore from Pseudomonas cepacia. J Med
Microbiol 36:184–189

Sokol PA, Darling P, Woods DE, Mahenthiralingam E,
Kooi C (1999) Role of ornibactin biosynthesis in the
virulence of Burkholderia cepacia: characterization of
pvdA, the gene encoding L-ornithine N5-oxygenase.
Infect Immun 67:4443–4455

Sokol PA, Darling P, Lewenza S, Corbett CR, Kooi CD
(2000) Identification of a siderophore receptor re-
quired for ferric ornibactin uptake in Burkholderia
cepacia. Infect Immun 68:6554–6560

Speert DP (2001) Understanding Burkholderia cepacia:
epidemiology, genomovars and virulence. Infect Med
18:49–56

Speert DP (2002) Advances in Burkholderia cepacia
complex. Pediatr Respir Rev 3:230–235

Speert DP, Henry D, Vandamme P, Corey M, Mahenthir-
alingam E (2002) Epidemiology of Burkholderia
cepacia complex in patients with cystic fibrosis,
Canada. Emerg Infect Dis 8:181–187

Sriyosachati S, Cox CD (1986) Siderophore-mediated iron
acquisition from transferrin by Pseudomonas aerugin-
osa. Infect Immun 52:885–891

Stanier RY, Palleroni NJ, Doudoroff M (1966) Aerobic
pseudomonads—a taxonomic study. J Gen Microbiol
43:159–271

Stephan H, Freund S, Beck W, Jung G, Meyer J-M,
Winkelmann G (1993) Ornibactins—a new family of
siderophores from Pseudomonas cepacia. BioMetals
6:93–100

Stojiljkovic I, Perkins-Balding D (2002) Processing of
heme and heme-containing proteins by bacteria.
DNA Cell Biol 21:281–295

Tabacchioni S, Bevivino A, Dalmastri C, Chiarini L (2002)
Burkhoderia cepacia complex in the rhizosphere: a
minireview. Ann Microbiol 52:103–117

Taraz K, Ehlert G, Geisen K, Budzikiewicz H, Korth H,
Pulverer G (1990) Protochelin, ein catecholat-sidero-
phor aus einem bakterium (DMS Nr. 5746). Z
Naturforsch 45b:1327–1332

Tseng C-F, Burger A, Mislin GLA, et al (2006) Bacterial
siderophores: the solution stoichiometry and coordi-
nation of the Fe(III) complexes of pyochelin and
related compounds. J Biol Inorg Chem 11:419–432

Tuanyok A, Kim HS, Nierman WC, et al (2005) Genome-
wide expression analysis of iron regulation in Burk-
holderia pseudomallei and Burkholderia mallei using
DNA microarrays. FEMS Microbiol Lett 252:327–335

Visca P, Colotti G, Serino L, Verzili D, Orsi N, Chiancone
E (1992) Metal regulation of siderophore synthesis in
Pseudomonas aeruginosa and functional effects of
siderophore-metal complexes. Appl Environ Micro-
biol 58:2886–2893

Visca P, Ciervo A, Sanfilippo V, Orsi N (1993) Iron-
regulated salicylate synthesis by Pseudomonas spp. J
Gen Microbiol 139:1995–2001

Visca P, Ciervo A, Orsi N (1994) Cloning and nucleotide
sequence of the pvdA gene encoding the pyoverdin
biosynthetic enzyme L-ornithine N5-oxygenase in
Pseudomonas aeruginosa. J Bacteriol 176:1128–1140

Visca P, Leoni L, Wilson MJ, Lamont IL (2002) Iron
transport and regulation, cell signalling and genomics:
lessons from Escherichia coli and Pseudomonas. Mol
Microbiol 45:1177–1190

Visser MB, Majumdar S, Hani E, Sokol PA (2004)
Importance of the ornibactin and pyochelin sidero-
phore transport systems in Burkholderia cenocepacia
lung infections. Infect Immun 72:2850–2857

Wandersman C, Stojiljkovic I (2000) Bacterial heme
sources: the role of heme, hemoprotein receptors
and hemophores. Curr Opin Microbiol 3:215–220

Wang J, Lory S, Ramphal R, Jin S (1996) Isolation and
characterisation of Pseudomonas aeruginosa genes
inducible by respiratory mucus derived from cystic
fibrosis patients. Mol Microbiol 22:1005–1012

Weingart C, White CE, Liu S, et al (2005) Direct binding
of the quorum sensing regulator CepR of Burkholde-
ria cenocepacia to two target promoters in vitro. Mol
Microbiol 57:452–467

Whitby PW, VanWagoner T, Springer JM, Morton DJ,
Seale TW, Stull TL (2006) Burkholderia cenocepacia
utilizes ferritin as an iron source. J Med Microbiol
55:661–668

Wilson MJ, McMorran BJ, Lamont IL (2001) Analysis of
promoters recognized by PvdS, an extracytoplasmic-
function sigma factor protein from Pseudomonas
aeruginosa. J Bacteriol 183:2151–2155

Wyckoff EE, Lopreato GF, Tipton KA, Payne SM (2005)
Shigella dysenteriae ShuS promotes utilization of
heme as an iron source and protects against heme
toxicity. J Bacteriol 187:5658–5664

Zamri A, Abdallah MA (2000) An improved stereocon-
trolled synthesis of pyochelin, siderophore of Pseu-
domonas aeruginosa and Burkholderia cepacia.
Tetrahedron 56:249–256

452 Biometals (2007) 20:431–452

123


	Iron acquisition mechanisms of the Burkholderia cepacia complex
	Abstract
	Introduction
	Siderophore-mediated iron uptake by the Bcc
	Pyochelin
	Ornibactin
	Cepabactin
	Cepaciachelin
	Salicylic acid
	Xenosiderophores

	Other mechanisms of iron acquisition by the Bcc
	Haem uptake
	Utilisation of ferritin

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


