JOURNAL OF BACTERIOLOGY, Jan. 2004, p. 270-277
0021-9193/04/$08.00+0 DOI: 10.1128/JB.186.2.270-277.2004

Vol. 186, No. 2

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Isolation and Characterization of Burkholderia cenocepacia Mutants

Deficient in Pyochelin Production: Pyochelin Biosynthesis Is
Sensitive to Sulfur Availability
Kate L. Farmerf{ and Mark S. Thomas*

Division of Genomic Medicine, School of Medicine and Biomedical Sciences, University of Sheffield, Sheffield S10 2RX,

United Kingdom

Received 4 August 2003/Accepted 13 October 2003

The opportunistic pathogen Burkholderia cenocepacia produces the yellow-green fluorescent siderophore,
pyochelin. To isolate mutants which do not produce this siderophore, we mutagenized B. cenocepacia with the
transposon mini-Tn5Tp. Two nonfluorescent mutants were identified which were unable to produce pyochelin.
In both mutants, the transposon had integrated into a gene encoding an orthologue of CysW, a component of
the sulfate/thiosulfate transporter. The cysW gene was located within a putative operon encoding other
components of the transporter and a polypeptide exhibiting high homology to the LysR-type regulators CysB
and Cbl. Sulfate uptake assays confirmed that both mutants were defective in sulfate transport. Growth in the
presence of cysteine, but not methionine, restored the ability of the mutants to produce pyochelin, suggesting
that the failure to produce the siderophore was the result of a depleted intracellular pool of cysteine, a
biosynthetic precursor of pyochelin. Consistent with this, the wild-type strain did not produce pyochelin when
grown in the presence of lower concentrations of sulfate that still supported efficient growth. We also showed
that whereas methionine and certain organosulfonates can serve as sole sulfur sources for this bacterium, they
do not facilitate pyochelin biosynthesis. These observations suggest that, under conditions of sulfur depletion,

cysteine cannot be spared for production of pyochelin even under iron starvation conditions.

The genus Burkholderia includes a number of gram-negative
bacterial species that are pathogenic to animals and/or plants.
One group, the B. cepacia complex (BCC), is noted for the
ability to cause opportunistic infections in humans, particularly
in patients with cystic fibrosis (CF) (33). In addition, some
members of the BCC have attracted interest as antagonists of
soilborne plant pathogens and/or as plant growth-promoting
agents and are therefore under development as biocontrol
agents. Furthermore, their exceptional metabolic diversity has
stimulated interest in their use as agents of bioremediation (6).
The BCC contains at least nine closely related but genetically
distinct species (or genomovars), of which members of geno-
movar III (recently designated B. cenocepacia) are the most
prevalent in CF infections (6, 35, 63). The complete genome
sequence has recently been determined for a B. cenocepacia
strain (http://www.sanger.ac.uk/Projects/B_cenocepacia/).

B. cenocepacia (and some pseudomonads) produces the yel-
low-green fluorescent siderophore pyochelin as a mechanism
for acquiring iron from the host (9, 10, 55, 56, 57). Pyochelin is
a low-affinity but active tridentate siderophore which binds
iron with a stoichiometry of two pyochelin molecules per
Fe(III) ion (7, 8). This siderophore exists as two stereoisomers
in nature, pyochelin I and pyochelin II, and can also chelate
Zn(II), Cu(Il), Co(II), Mo(VI), and Ni(II) (2, 45, 67). Pyo-
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chelin is biosynthesized from salicylate by the successive addi-
tion and cyclization of two molecules of cysteine (41, 42, 44).
Salicylate also forms complexes with iron and was identified as
a siderophore in some members of the BCC and some pseudo-
monads (38, 58, 68). In the first step in pyochelin biosynthesis,
condensation of salicylate with a molecule of L-cysteine, fol-
lowed by cyclization of the cysteine moiety to a thiazoline ring,
results in formation of an intermediate, dihydroaeruginoic acid
(Dha) (2, 3, 42, 50). Condensation and cyclization of a second
molecule of L-cysteine generates the second thiazoline ring,
which is subsequently reduced and methylated (50).

The genes required for the biosynthesis of salicylate from
chorismate, and for the biosynthesis of pyochelin from sa-
licylate, have been identified in Pseudomonas aeruginosa
(43, 44, 49). These include pchA and pchB, which are re-
quired for conversion of chorismate into salicylate via iso-
chorismate (49), and pchE and pchF, which encode nonri-
bosomal peptide synthetases that are required for the
sequential formation of Dha and pyochelin (44). Regulation
of these genes in P. aeruginosa requires the Fur protein, a
repressor of transcription of the pchDCBA and pchEF oper-
ons (44, 50), and PchR, which activates the fpt4 gene en-
coding the ferri-pyochelin receptor (18). As part of our
investigation into iron regulated gene expression in B. ceno-
cepacia we have used several approaches to identify genes
involved in pyochelin biosynthesis. Here we describe a mu-
tagenesis approach that resulted in the isolation of mutants
of B. cenocepacia deficient in the production of pyochelin
which were affected in sulfate transport. Our results show
that pyochelin production in this organism is crucially de-
pendent upon the availability of sulfur as well as iron.
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MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. B. cenocepacia 715j
is an isolate from a CF patient (10, 31, 36) and was maintained on M9 minimal
salts agar containing glucose (0.5%) as the carbon source (5). To adjust the
sulfate content of this medium, the concentration of MgSO, (present at 1 mM in
standard M9 medium) was reduced as required, and the balance of magnesium
ions was maintained at 1 mM by the addition of the appropriate amount of
MgCl,. Sulfur-limited solid medium was made by solidifying sulfate-free M9-
glucose medium with 0.6% molecular-biology-grade agarose (Gibco-BRL). Cys-
teine or methionine was added to 100 pg/ml to analyze the effect of each on
pyochelin production. For analyzing their efficiency as sulfur sources, cysteine,
methionine, ethanesulfonate, and taurine (2-aminoethanesulfonate) were used
at 500 uM. Sulfite and sulfide were provided as sulfur sources in the form of
ethanesulfonate and potassium thiocyanate, respectively. Where indicated, a
mixture of 18 amino acids (excluding cysteine and methionine) was added to
liquid medium to a final concentration of 20 ug/ml with respect to each amino
acid. For measurement of growth rates in the presence of different sulfur sources,
cells from overnight cultures were collected by centrifugation, the cell pellet was
resuspended in 0.5 vol of 0.85% saline, and the cell suspension was used to
inoculate fresh M9-glucose medium (50 ml) at a 200-fold dilution. Cultures were
grown in flasks at 37°C with vigorous shaking.

Transposon mutagenesis. Mini-Tn5Tp is a derivative of mini-Tn5Cm (11, 12)
containing the dfr (Tp") gene from p34E-Tp (15) and will be described elsewhere
(C. A. Lowe, K. Agnoli, K. L. Farmer, and M. S. Thomas, unpublished data).
This transposon was maintained on plasmid pUT (12, 19). pUTmini-Tn5Tp was
introduced into B. cenocepacia 715j by conjugal transfer using the Escherichia coli
strain BW19851 (37) as the donor as described previously (12, 19), and trans-
poson mutants (arising at a frequency of ~1.25 X 10™* per recipient) were
selected on M9 minimal agar containing glucose (0.5%), trimethoprim (40 pg/
ml), and kanamycin (25 wg/ml). Following incubation at 37°C for 3 days, candi-
date pyochelin-deficient mutants were identified by screening colonies for the
absence of yellow-green fluorescence on a long-wave UV transilluminator.

Analysis of pyochelin production. The analysis of pyochelin production in
liquid cultures was based on the method of Sokol (55) and Visca et al. (67). Cells
were cultured in M9-glucose minimal medium (10 to 30 ml) at 37°C with aeration
for 24 to 48 h. The bacteria were collected by centrifugation, and the spent
culture supernatants were filtered, acidified, and extracted with 0.4 volume of
ethyl acetate. Pyochelin was concentrated by evaporating the organic phase to
dryness and resuspending the residue in 50 to 100 .l of methanol. Pyochelin was
analyzed by chromatography on a thin (0.2-mm) layer of silica gel 60 (Merck)
with chloroform-acetic acid-ethanol (90:5:2.5 [vol/vol]). After developing the
plate, two yellow-green fluorescent bands corresponding to two pyochelin ste-
reoisomers, pyochelin I and II (R, 0.35 and 0.37, respectively), and a blue
fluorescent band corresponding to salicylate (Ry, 0.74) were visualized under UV
light (2, 45). In some cases, the precursor of pyochelin, Dha, was also present as
a yellow-green fluorescent band migrating between pyochelin and salicylate (50).
Production of pyochelin by bacteria grown on M9 minimal agar was evident by
the yellow-green fluorescence produced by colonies after 2 to 3 days of incuba-
tion at 37°C. This occurred on standard M9 medium and did not require addition
of an iron chelator.

Identification of transposon insertion sites. B. cenocepacia genomic DNA was
purified using the Genomix DNA extraction kit (Talent), digested overnight with
appropriate restriction enzymes, fractionated in an 0.8% agarose gel, and trans-
ferred to Hybond-N+ nylon membrane (Amersham Pharmacia Biotech) by
Southern blotting (47), following which hybridization was carried out under
normal-stringency conditions using probe DNA labeled by the ECL Direct Nu-
cleic Acid Labeling and Detection System (Amersham Pharmacia Biotech). The
probe DNA used contained the dfr gene from p34E-Tp. Genomic DNA frag-
ments corresponding in size to the fragment hybridizing to the probe were eluted
from gel slices using the freeze-thaw method of Seth (51) or the QIAquick Gel
Extraction kit (Qiagen), ligated to plasmid pHG165 (60) or pUC19 (72), and
used to transform E. coli NM522 (17) or MC1061 (4). Selection of transformants
was made on Iso-Sensitest agar (Oxoid, Basingstoke, United Kingdom) contain-
ing ampicillin (100 wg/ml) and trimethoprim (20 pg/ml).

Sulfate transport assays. Cultures of cells were grown overnight at 37°C in 20
ml of M9-glucose minimal medium supplemented with 1 mM djenkolic acid and
1 mM MgCl, (in place of MgSO,). A further 20 ml of the same medium was
added, and incubation continued until the culture reached an A, of 0.5 to 0.8,
whereupon the cells were collected by centrifugation and resuspended in 0.5 ml
of the same medium. A 0.1-ml aliquot of cell suspension was mixed with 2 ml of
the same medium containing chloramphenicol (50 wg/ml) and then transferred
to an oxygen electrode. After the addition of 1 wCi of sodium [*>>S]sulfate (1,050
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FIG. 1. Analysis of pyochelin and salicylate production by KLF2
and KLF3. Bacteria were grown with aeration in M9-glucose minimal
medium for 24 h at 37°C. Pyochelin and salicylate were extracted from
culture supernatants with ethyl acetate, resuspended in methanol fol-
lowing evaporation of ethyl acetate, and subjected to thin-layer chro-
matography in silica gel. Siderophores were visualized under UV light.
Lane 1, 715j; lane 2, KLF2; lane 3, KLF3. Abbreviations: P, pyochelin
(stereoisomers I and II); S, salicylate.

to 1,600 Ci/mmol; New England Nuclear), 200-pl amounts were removed at
regular intervals and mixed with 5 ml of stop buffer (M9-glucose minimal me-
dium containing 2 mM MgSO, and 2 mM sodium thiosulfate). Radiolabeled cells
were filtered through 0.45-pm-pore-size nitrocellulose filters, washed with 5 ml
of stop buffer, dried, and counted.

Nucleotide seq e accessi ber. The GenBank accession number for

the sequence reported in this paper is AF374458.

RESULTS

Isolation of B. cenocepacia mutants which fail to produce
pyochelin. Tn5 derivatives have been shown to be useful for
genetic analysis of members of the genus Burkholderia (1, 13,
14). Due to the high intrinsic resistance of B. cenocepacia
clinical isolates to most of the antibiotics commonly used to
select for plasmids and transposons, we employed a mini-Tn5
derivative, mini-Tn5Tp, which contains a trimethoprim resis-
tance cassette (11; C. A. Lowe, K. Agnoli, K. L. Farmer, and
M. S. Thomas, unpublished data) to generate mutants of B.
cenocepacia 715j deficient in pyochelin production (Pch™). As
this strain has been shown to produce two siderophores, orni-
bactin and pyochelin, Pch™ mutants were identified by screen-
ing for transconjugant colonies which failed to exhibit the
characteristic yellow-green fluorescence associated with the
production of pyochelin on iron-limited M9 minimal agar. Of
a total of 15,000 trimethoprim-resistant mutants, arising from
three independent experiments, two were identified in which
the yellow-green fluorescence was completely absent. Pyoch-
elin was not detectable in culture supernatants from either of
these two mutants, KLF2 and KLF3, following growth for up to
72 h in minimal medium (Fig. 1). Production of the pyochelin
precursor, salicylic acid, was also reduced but not abolished
(Fig. 1). However, production of the other siderophore bio-
synthesized by 715j, ornibactin (10, 39, 59), remained unaf-
fected in the mutants, as judged by isoelectric focusing fol-
lowed by chrome azurol S overlay analysis of culture
supernatants (26) (results not shown).
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FIG. 2. Organization of the cys4 locus of B. cenocepacia. Sites of insertion of mini-Tn5Tp giving rise to KLF2 and KLF3 are shown. Cleavage
sites for restriction endonucleases used to clone cys4 operon DNA from the mutants are also shown. The direction of transcription of the cys4
operon genes and the dfr gene in mini-Tn5Tp are indicated by arrows. I and O represent the I and O ends of mini-Tn5Tp. The transcription
terminators present in the progenitor of mini-Tn5Tp (mini-Tn5Cm) were removed along with the Cm" cassette during construction of mini-Tn5Tp

(11; C. A. Lowe, K. Agnoli, K. L. Farmer, and M. S. Thomas, unpublished data).

Genomic loci of mini-transposons in pyochelin-deficient
mutants. KLF2 and KLF3 chromosomal DNA was digested
with the restriction enzymes Pvull and Xhol (which do not cut
within mini-Tn5Tp) and Sall (which cuts adjacent to the O end
of the transposon) and probed with a DNA fragment contain-
ing the dfr (Tp") gene following Southern blotting. The probed
digests revealed that in both mutants mini-Tn5Tp had inserted
into chromosomal Pvull and X#hol fragments of the same size
(12.0 and 2.0 kb, respectively) (results not shown). The probed
Sall digests gave rise to hybridizable fragments of 1.8 and 1.6
kb for KLF2 and KLF3, respectively (results not shown), indi-
cating that although the insertion sites of the mini-transposons
in the two mutants may have been at the same genomic locus,
they were nonidentical. The chromosomal X#ol and Sall frag-
ments containing the integrated mini-Tn5Tp in KLF2 were
cloned into plasmid pHG165, giving rise to pKF001 and
pKF002, respectively. The complete sequence of the cloned B.
cenocepacia DNA flanking the transposon on both plasmids
was determined (total of 1.926 kb of contiguous sequence). In
addition, the Sal/l fragment containing the mini-Tn5Tp inte-
grated in KLF3 was cloned into plasmid pUC19, and the se-
quence of the genomic DNA adjacent to the I end of the
transposon was determined. Database searches and alignment
tools revealed that, in both mutants, mini-Tn5Tp had inserted
at separate sites (250 bp apart) within a gene encoding a
putative orthologue of the E. coli CysW protein (48% amino
acid identity) (Fig. 2). The translated product of B. cenocepacia
cysW exhibits stronger homology to the putative CysW proteins
from members of the a (Mesorhizobium loti and Caulobacter
crescentus; 70 and 61% identity, respectively) and B (Neisseria
meningitidis; 59% identity) subdivisions of the Proteobacteri-
aceae, as well as CysW of P. aeruginosa (60% identity) (23, 40,
61, 62). Putative orthologues of the E. coli cysT and cysA genes
were identified upstream and downstream, respectively, from
B. cenocepacia cysW and were present in the same orientation.
The cysW translation initiation codon overlaps the termination
codon for cysT translation, and the cysA translation initiation

codon is located only 13 bp downstream from the cysW termi-
nation codon (not shown), suggesting that these three genes
form part of a single operon. In E. coli, CysT, CysW, and CysA
form the cytoplasmic membrane component of an ATP-bind-
ing cassette (ABC) transporter required for sulfate and thio-
sulfate import (the sulfate/thiosulfate permease), and the re-
spective genes are organized similarly as part of the cysPTWA
operon, where cysP encodes a periplasmic thiosulfate binding
protein (20, 28, 53, 54). However, examination of the region
around cysW of B. cenocepacia, using data from the B. ceno-
cepacia genome sequencing project, revealed that upstream of
cysT and in the same orientation is a gene encoding a putative
orthologue of the E. coli sulfate binding protein (Sbp), the
periplasmic component of the sulfate permease (Fig. 2) (28).
Downstream of cys4 is an open reading frame encoding a
polypeptide that exhibits high homology to the two LysR-type
regulators of sulfur assimilation in E. coli, CysB and Cbl (22,
27, 34, 65).

Transposon insertion mutants KLF2 and KLF3 are defec-
tive in sulfate uptake. To examine whether the transposon
insertions in KLF2 and KLF3 had resulted in impaired sulfate
transport, we carried out sulfate uptake assays. Our results
showed that whereas the wild-type strain, 715j, imports sulfate
at a rate of 11.8 fmol/min/mg of cell protein, the rate of accu-
mulation of sulfate by the mutants is 0.25 and 0.24 fmol/
min/mg of cell protein for KLF2 and KLF3, respectively; i.e.,
the mutants accumulate sulfate at only 2% of the rate of the
parent strain.

Growth of KLF2 is impaired under conditions of sulfate
depletion, but not under conditions of sulfite or sulfide deple-
tion. Despite the large decrease in the rate of sulfate uptake by
KLF2 and KLF3, both mutants appeared to grow normally on
M9-glucose minimal agar, the medium on which these mutants
were originally selected. Standard M9 medium contains 1 mM
sulfate, added in the form of MgSO,. Therefore, we examined
the effect of decreasing the concentration of sulfate on the
growth of the mutant strains. The wild-type strain grew nor-
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mally on plates containing sulfate concentrations as low as 0.1
mM, whereas growth of both mutant strains was retarded at a
concentration of 0.5 mM sulfate and inhibited in the presence
of 0.1 mM sulfate (results not shown). The effect of sulfate
limitation on the growth of KLF2 was also monitored in liquid
medium. The growth rate and growth yield of the wild-type
strain were not significantly affected by decreasing the exoge-
nous sulfate concentration from 1.0 to 0.1 mM (Fig. 3). How-
ever, although growth of KLF2 occurred at the same rate as
growth of the wild-type parent in medium containing =0.5 mM

0 30
time (hours)

FIG. 3. Effect of sulfate concentration on the growth of 715j and KLF2. Cells were grown at 37°C with aeration in M9-glucose minimal medium
containing various concentrations of sulfate (provided as MgSO,) as indicated. The total concentration of magnesium ions was maintained at 1
mM, with the balance being provided in the form of MgClL,.

40 50

sulfate, it was impaired in the presence of 0.2 mM sulfate and
severely retarded in the presence of 0.1 mM sulfate (Fig. 3).
Similar experiments were performed in which the sole sulfur
source present was ethanesulfonate or thiocyanate, which en-
ter the sulfur assimilatory pathway at the level of sulfite or
sulfide, respectively, and therefore do not require the sulfate
transport system (24, 25, 28). These experiments showed that
KLF2 grows at the same rate as the wild-type strain at all
concentrations of ethanesulfonate and thiocyanate tested (0.1
to 1.0 mM) (results not shown). These results suggest that the
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FIG. 4. Effect of cysteine and methionine on production of pyoch-
elin and salicylate by 715j and KLF2. Cells were grown in M9-glucose
minimal medium (containing 1 mM magnesium sulfate) at 37°C with
aeration for 24 h. Medium contained no additions, or an 18-amino-acid
mixture (18AA; concentration of each amino acid, 20 pg/ml) with or
without cysteine or methionine (100 wg/ml each). Pyochelin and salic-
ylate were extracted from culture supernatants as described above and
analyzed by thin-layer chromatography. Lanes 1 to 4, 715j grown in
medium with no supplements, 18AA, 18AA plus cysteine, or 18AA
plus methionine, respectively; lanes 5 to 8, KLF2 grown in medium
with no supplements, 18AA, 18AA plus cysteine, or 18AA plus me-
thionine, respectively. Abbreviations: P, pyochelin (stereoisomers I
[migrating as a doublet] and II); S, salicylate.

defect in sulfur acquisition is restricted to the sulfate uptake
system and does not affect assimilatory steps subsequent to the
reduction of sulfate to sulfite (the first step in the assimilation
of sulfur from inorganic sulfate).

KLF2 and KLF3 produce pyochelin in the presence of ex-
ogenous cysteine. Pyochelin contains two sulfur atoms, each
derived from separate cysteine moieties (42). To test the hy-
pothesis that the defect in sulfate uptake in the mutants re-
stricts pyochelin biosynthesis by limiting the intracellular sulfur
(i.e., cysteine) pool, we analyzed the ability of KLF2 to produce
pyochelin during growth in medium containing L-cysteine. The
results show that the presence of cysteine in the medium re-
stored the ability of this strain to produce normal amounts of
pyochelin and salicylate (Fig. 4). On the other hand, addition
of methionine did not facilitate the production of pyochelin by
KLF2, although it did appear to stimulate increased salicylate
production. Cysteine had no significant stimulatory effect on
pyochelin production by the wild-type strain.

We could also assess the ability of exogenous cysteine or
methionine to suppress the defect in pyochelin production by
examining colonies, grown under iron-limited conditions, for
the restoration of yellow-green fluorescence. Colonies of both
KLF2 and KLF3 exhibited the characteristic yellow-green flu-
orescence associated with pyochelin on standard M9 medium
containing cysteine at a concentration of 100 pg/ml but not on
medium containing cysteine at 20 pg/ml or methionine at 100
pg/ml (results not shown).

B. cenocepacia does not produce pyochelin under conditions
of low sulfate availability. The observation that sulfate con-
centrations which support normal growth of a B. cenocepacia

J. BACTERIOL.

1 2 3 4 5

FIG. 5. Effect of sulfate concentration on production of pyochelin
by 715j. Strain 715j was grown at 37°C with aeration for 24 h in
M9-glucose minimal medium containing various concentrations of sul-
fate (provided as MgSO,). The total concentration of magnesium ions
was maintained at 1 mM, with the balance being provided in the form
of MgCl,. Pyochelin and salicylate were extracted from culture super-
natants as described above and analyzed by thin-layer chromatogra-
phy. Lanes 1 to 5, siderophores produced by bacteria growing in me-
dium containing 1.0, 0.5, 0.25, 0.1, and 0.05 mM sulfate, respectively.
Abbreviations: P, pyochelin (stereoisomers I and II); S, salicylate.

cysW mutant do not result in production of the siderophore
pyochelin under iron-limiting conditions implies that the syn-
thesis of certain secondary metabolites containing sulfur may
be particularly sensitive to sulfur availability. To test this, we
examined the effect of inorganic sulfate concentration on the
ability of the wild-type B. cenocepacia strain, 715j, to produce
pyochelin. We found that halving the normal concentration of
sulfate in M9 minimal medium (i.e., 0.5 mM sulfate) led to a
large decrease (~70%) in the amount of pyochelin produced
by this strain, with little or no change in the amount of salicylic
acid produced (Fig. 5). Pyochelin production was essentially
abolished when the mutant was grown in the presence of 0.25
mM sulfate. Salicylate production was slightly reduced, but not
abolished, when cells were grown in the presence of =0.25 mM
sulfate. Thus, in the absence of alternative sources of sulfur,
optimal production of pyochelin by B. cenocepacia requires
extracellular concentrations of sulfate far greater than is re-
quired to sustain normal growth under laboratory conditions.

As expected, colonies of 715j were nonfluorescent when
grown on M9 agar devoid of added sulfate (the ability of
solidified medium to support bacterial growth is largely the
result of sulfate residues in the agar, estimated to be ~0.015%
[28]). Addition of cysteine at 1,000 uM (but not at 200 pM) to
these plates facilitated the production of the yellow-green flu-
orescence associated with pyochelin production, whereas ad-
dition of methionine (750 uM) did not restore pyochelin pro-
duction (results not shown).

Methionine can serve as a sole source of sulfur for growth of
B. cenocepacia but not for pyochelin biosynthesis. One reason
for the failure of methionine supplementation to compensate
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for the defect in pyochelin biosynthesis under conditions of
sulfur limitation is that methionine cannot be used as a sulfur
source by this organism. To test this possibility, we grew strain
715j in M9-glucose minimal medium containing different sulfur
sources at a concentration of 500 puM. We found that the
growth rate of this strain in medium containing methionine is
similar to the growth rate in the presence of cysteine or inor-
ganic sulfate (which are nearly identical). The cysW mutant
strains also grew as efficiently as the wild-type strain with me-
thionine as the sole sulfur source (data not shown). The growth
rate of the wild-type strain in the presence of either of the alkyl
sulfonates, ethanesulfonate or taurine, was also similar to that
of cells grown in the presence of inorganic sulfate (data not
shown). 715j formed colonies of similar size on M9-glucose
agarose in the presence of each of these sulfur sources, but
whereas colonies produced a strong yellow-green fluorescence
in the presence of cysteine or sulfate as the sole sulfur source,
they did not fluorescence on medium containing methionine
and were only weakly fluorescent in the presence of the al-
kanesulfonates (results not shown). These results indicate that
methionine, ethanesulfonate, or taurine can act as an efficient
source of sulfur for B. cenocepacia.

DISCUSSION

We have identified two pyochelin-deficient mutants of B.
cenocepacia in which transposon insertions have disrupted an
operon encoding the CysT, CysW, and CysA proteins. In E.
coli these proteins comprise the membrane component of an
ABC transporter for the import of sulfate and thiosulfate (the
sulfate/thiosulfate permease) (28, 53). ABC transporters are
comprised of two ATP-binding domains (also known as ABC
domains), which are located on the inner face of the cytoplas-
mic membrane in bacteria, and two channel-forming trans-
membrane domains, each of which has six segments that span
the cytoplasmic membrane (32, 48). Their role is to couple the
energy of ATP hydrolysis to the movement of substrates across
membranes. In the E. coli sulfate/thiosulfate permease, a CysA
homodimer provides the two ATP-binding domains, while the
two transmembrane domains are provided separately by CysT
and CysW (25, 28, 32). Accordingly, the CysW protein of B.
cenocepacia is also homologous to the CysT protein of E. coli
(31% identity) and other bacteria (not shown). The ATP-
binding subunit consensus region of bacterial ABC transport-
ers comprises a segment of approximately 215 residues near
the N terminus of the polypeptide and is followed by a variable
C-terminal region (48). The consensus region contains a num-
ber of strongly conserved motifs, all of which are found within
the N-terminal 264 residues of B. cenocepacia CysA. These
include the Walker box motifs, which are proposed to form the
ATP binding pocket and are present in many other ATP-
binding proteins (69); the linker peptide, which is unique to
and diagnostic of the ABC transport family (signature se-
quence); and a recently recognized switch region (32, 48).

It is intriguing that the transposon insertions in cysW did not
result in a cysteine-requiring auxotrophy. In organisms as di-
verse as E. coli and Mycobacterium tuberculosis, mutations in
the cysTWA gene cluster confer a requirement for cysteine (28,
71). Our results show that sulfate uptake by either of the B.
cenocepacia cysW mutants is ~50-fold less efficient than that by
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the wild-type strain. However, in the presence of =0.5 mM
sulfate, this rate of transport is able to sustain normal growth
of the mutants, although the intracellular sulfur pool must
clearly be depleted. A TBLASTN search of the B. cenocepacia
genome sequence using CysW as the query did not reveal
additional copies of cysW-like genes. Therefore, we may be
able to explain the low level of sulfate uptake by the mutants by
proposing that the CysT gene product can partially substitute
for CysW. Furthermore, the orientation of the inserted trans-
poson in both mutants is such that the strong dfr gene pro-
moter (15, 30) is driving transcription of cys4 (and cysB), as
there is no transcription terminator within mini-Tn5Tp. This
hypothesis may explain why only mutations in cysW were ob-
tained (and not in c¢ysT or cysA).

In both E. coli and P. aeruginosa the internalized sulfate is
activated and reduced to sulfite and then to sulfide, which is
subsequently transferred either to O-acetylserine to produce
cysteine or, in an alternative pathway occurring in P. aerugi-
nosa, to O-succinylhomoserine to generate homocysteine (24,
28, 66). In both species, most other forms of exogenous sulfur,
such as organic sulfonates and sulfate esters, feed into this
pathway and are also assimilated into cysteine and homocys-
teine (24), although thiosulfate reacts directly with O-acetyl-
serine to give S-sulfocysteine, catalyzed by the cysM gene prod-
uct (52). The biosynthesis of pyochelin in P. aeruginosa (and
presumably in B. cenocepacia) essentially involves the succes-
sive condensation and cyclization of two molecules of cysteine
with salicylic acid (42). Thus, the biosynthesis of cysteine can
be viewed as an upstream extension of the pyochelin biosyn-
thetic pathway. Our observations suggest that the biosynthesis
of pyochelin in B. cenocepacia is particularly sensitive to the
availability of assimilatable sulfur, most probably due to
knock-on effects on the intracellular cysteine pool, and may
indicate another level of regulation of pyochelin biosynthesis in
this organism in addition to regulation by iron (16, 68). There-
fore, it is likely that a regulatory hierarchy exists whereby,
under conditions of sulfur limitation, bacteria channel the
available sulfur into essential metabolites, with the consequen-
tial curtailment of the biosynthesis of nonessential secondary
metabolites. Our results also reinforce the idea that the ability
to synthesize a secondary metabolite under laboratory condi-
tions should not necessarily be taken as evidence for the pro-
duction of this compound in the natural environment of the
organism.

One important difference between the sulfur assimilatory
pathways of E. coli and P. aeruginosa is the fact that methionine
can be converted to cysteine via the reverse transsulfuration
pathway in P. aeruginosa but not in E. coli. Thus, methionine
can be efficiently used as the sole sulfur source by P. aerugi-
nosa, whereas for E. coli, which can only use the sulfur moiety
of methionine as a sulfur source by an alternative pathway,
growth is poor with methionine as the sulfur source (21, 66).
The inability of exogenous methionine to facilitate pyochelin
biosynthesis in B. cenocepacia cysW mutants suggested that, as
in E. coli, methionine may not be efficiently converted into
cysteine in this bacterium. However, growth rate measure-
ments indicated that B. cenocepacia utilizes methionine as ef-
ficiently as cysteine as a sulfur source for the biosynthesis of
central metabolites necessary for growth. Nevertheless, it is
possible that the sulfur pool is sufficiently restricted during
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growth on methionine so as to mitigate against the biosynthesis
of certain secondary metabolites, including pyochelin. Another
possible reason for the different efficiencies of pyochelin pro-
duction observed in the presence of different sulfur sources is
that certain sulfur sources may exert a negative regulatory
effect on pyochelin biosynthesis.

Surprisingly, we were only able to isolate two mutants out of
~15,000 in which pyochelin was not produced under the con-
ditions used for the screen. Curiously, neither of the transpo-
son insertion events giving rise to the pyochelin-deficient phe-
notype had occurred within genes specific to the biosynthesis
of this siderophore. There are two possibilities which might
explain this observation: either there is genetic redundancy
with respect to pyochelin biosynthetic genes in the B. cenoce-
pacia strain we used for these experiments or the screen
adopted for the identification of pyochelin-deficient mutants
was too stringent. Although members of the BCC are re-
nowned for their large genome size (29, 46, 64), we believe the
first possibility to be less likely, as this would involve duplica-
tion of a large repertoire of genes (43). Furthermore, in the
genome sequence of B. cenocepacia strain J2315, only single
copies of genes homologous to those required for pyochelin
biosynthesis in P. aeruginosa appear to be present. Members of
the BCC are noted for the large number of secondary metab-
olites they produce, some of which also contain sulfur (70). In
our screen to identify Pch™ mutants, we investigated only mu-
tants which were completely nonfluorescent and avoided mu-
tants which exhibited weak fluorescence. It is possible that, in
some members of the latter class, the residual fluorescence was
contributed either by a fluorescent intermediate in the pyoch-
elin biosynthetic pathway, such as Dha, or some other unre-
lated sulfur-containing secondary metabolite. Thus, in effect,
we may have been looking for mutants which failed to produce
both pyochelin and one or more additional fluorescent com-
pounds which require an adequate supply of sulfur for their
biosynthesis.
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