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Sixty-one Burkholderia cepacia isolates from patients with cystic fibrosis (CF) and four plant isolates were
screened for production of the siderophores salicylic acid (SA), pyochelin, cepabactin, and ornibactins and
fingerprinted by a PCR-based randomly amplified polymorphic DNA (RAPD) method. Of the 24 RAPD types
determined, 22 (92%) were associated with isolates that produced SA, 21 (87%) were associated with isolates
that produced ornibactins, 15 (60%) were associated with isolates that produced pyochelin, and 3 (12%) were
associated with isolates that produced cepabactin. Of the 24 RAPD types plus 2 phenotypic variants of types
1 and 9, 3 were associated with isolates that produced all four siderophores, 8 were associated with isolates that
produced three siderophores, 12 were associated with isolates that produced two siderophores, and 3 were
associated with isolates that produced only one siderophore. These results suggest that the numbers and types
of siderophores produced by CF isolates of B. cepacia correlate with RAPD type and that SA and ornibactins
are the most prevalent siderophores produced.

Burkholderia (formerly Pseudomonas) cepacia is an oppor-
tunistic pathogen in immunocompromised patients, particu-
larly those with cystic fibrosis (CF) or chronic granulomatous
disease (reviewed in references 8 and 9). A recent study of CF
patients over a 20-year period concluded that colonization with
B. cepacia significantly increased the risk of mortality at all
levels of pulmonary function and that the risk was significantly
higher for children (6). Differences in levels of severity of B.
cepacia infections in CF patients have been noted, and these
may be due to variation in the types of virulence factors ex-
pressed among strains. One potential virulence factor impli-
cated in the pathogenesis of B. cepacia infections is the pro-
duction of siderophores. B. cepacia has been reported to
produce four different types of siderophores, namely, pyo-
chelin, salicylic acid (SA), cepabactin, and ornibactins (13, 18,
19, 21, 22).

In a previous study of 43 B. cepacia isolates from CF patients
from Toronto and Cleveland, 49% were found to produce
pyochelin (18). The majority of pyochelin-positive strains were
isolated from patients with severe pulmonary disease, with
more than half of infections resulting in death. Pyochelin-
negative strains were more frequently isolated from patients
with moderate or mild infections (18). B. cepacia isolates that
do not produce pyochelin were shown to utilize pyochelin for
growth and iron transport. In a subsequent study using a rat
model of chronic pulmonary infection, exogenously supplied
pyochelin was shown to increase the virulence of B. cepacia
pyochelin-negative strains (20). In addition to its role in iron
acquisition, pyochelin has also been reported to play a role in
tissue injury. Iron bound to pyochelin has been shown to be an
efficient catalyst for hydroxyl radical (OOH) formation and to
increase injury to pulmonary artery endothelial cells and pul-
monary epithelial cells resulting from exposure to superoxide
and hydrogen peroxide (4, 5).

SA, originally termed azurechelin, was previously reported

to be produced by 88% of B. cepacia respiratory isolates from
CF patients (19, 22). This siderophore was able to compete
with transferrin for iron and promote growth of B. cepacia.

In 1989, Meyer et al. (13) identified and characterized ce-
pabactin. Cepabactin production has been described for strains
ATCC 25416, originally isolated from an onion, and ATCC
17759, a soil isolate; however, there have been no reports
describing the production of cepabactin in clinical isolates of B.
cepacia (13, 14).

More recently, B. cepacia strains have also been reported to
produce linear hydroxamate or hydroxycarboxylate sidero-
phores, termed ornibactins (21). Three related compounds,
ornibactin-C4, -C6, and -C8, which differ only in the length of
the acyl chain bound to a conserved tetrapeptide, have been
identified (21).

We have shown that pyochelin and SA are commonly pro-
duced by B. cepacia respiratory isolates from CF patients (18,
19) and that they may play a role as virulence factors in these
infections. Since the incidence of cepabactin and ornibactin
production in clinical isolates was unknown, we determined
whether these siderophores are produced in CF isolates. In
light of recent epidemiological studies which suggest that CF
isolates are clustered clonally and that some strains may be
more transmissable (7, 10, 15, 17), we also examined the cor-
relation of siderophore production patterns with the randomly
amplified polymorphic DNA (RAPD) fingerprints of the iso-
lates (11).

Fifty-seven isolates were from the sputa of CF patients and
were originally obtained from C. L. Prober, Hospital for Sick
Children, Toronto, Ontario, Canada; J. D. Klinger, Rainbow
Babies and Children’s Hospital, Cleveland, Ohio; H. R. Rabin,
University of Calgary, Calgary, Alberta, Canada; J. Burns,
Children’s Hospital and Medical Center, Seattle, Wash.; and
D. Welch, Oklahoma University Health Science Center, Okla-
homa City. Four isolates from the blood of CF patients and
four isolates from plants were obtained from J. D. Klinger.
Strains ATCC 17759 and ATCC 25416, previously shown to
produce pyochelin, cepabactin, and ornibactins, were used as
controls (14).

B. cepacia isolates were grouped into types with related
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genetic fingerprints by RAPD analysis. Genomic DNA was
isolated from cultures which were grown overnight in 4.5 ml of
Luria-Bertani broth (1) (Life-Technologies, Burlington, On-
tario, Canada). Primary typing was performed with primer 270
(TGCGCGCGGG [11]), and groupings were confirmed with
primer 208 (ACGGCCGACC [11]). These primers have
previously been shown to discriminate among unrelated B.
cepacia strains (11). Twenty-five-microliter reaction mixtures
contained 40 ng of genomic B. cepacia DNA and 40 pmol of
RAPD primer. PCR cycles were performed in a DNA Thermal
Cycler, model 480 (Perkin-Elmer, Norfolk, Conn.), as follows:
four cycles at 94°C for 5 min, 36°C for 5 min, and 72°C for 5
min; 30 cycles at 94°C for 1 min, 36°C for 1 min, and 72°C for
2 min; and a final extension at 72°C for 10 min. PCR mixtures
were electrophoresed on 1.5% agarose gels in Tris-borate-
EDTA buffer. Strains were typed at least once with each
primer, and the strains from each proposed group were re-run
in adjacent lanes on the same gel to confirm the RAPD typing.

Sixty-five isolates from five different geographic locations
were examined. Thirteen were found to have unique RAPD
fingerprints, while the remaining 52 were grouped with isolates
having similar RAPD fingerprints into one of nine types (Table
1). Figure 1 shows a representative RAPD fingerprint of each
of the nine types containing multiple isolates. Five of the nine
types (types 5, 6, 7, 8, and 9) were comprised of isolates from
only one geographic location. Type 1 contained isolates from
Toronto and Calgary, and types 2, 3, and 4 each contained
isolates obtained from three different centers. Two of the iso-
lates had fingerprints very similar to those of RAPD type 3, but
fingerprints of these two isolates consistently contained several
PCR products of between 1.6 and 3 kb which were not ampli-
fied from other isolates of type 3 (Fig. 1). Because of these
differences, these two isolates were placed in subgroup 3A. The
three type 4 isolates from Oklahoma City differed from the

TABLE 1. Comparison of abilities of isolates of B. cepacia RAPD
types to produce siderophores

RAPD
type Strain Sourcea

Ability to produceb:

SA Pyo-
chelin

Cepa-
bactin

Orni-
bactins

1 K56-2 Toronto 1 6 2 1
K55-1 Toronto 1 6 2 1
K61-3 Toronto 1 6 2
K53-2 Toronto 1 6 2
R5231 Toronto 1 2 2
R2196 Toronto 1 2 2
K37-3 Toronto 1 2 2
K67-6 Toronto 1 2 2
12106-2 Calgary 1 2 2
7466ty Calgary 1 2 2

2 K63-1 Toronto 1 1 2
K63-2 Toronto 1 1 2 1
K63-3 Toronto 1 1 2
10201 Calgary 1 1 2
10285 Calgary 1 1 2 1
13858 Calgary 1 1 2
Pc715j Cleveland 1 1 2

3 H1724-1 Toronto 1 6 2 1
Pc67b Cleveland 1 6 2
Pc707g Cleveland 1 1 2
Pc90ee Cleveland 1 1 2
Pc706k Cleveland 1 1 2 1
Pc275c Cleveland 1 1 2
Pc535a Cleveland 1 1 2 1
cc-7 Oklahoma City 1 1 2 1
cc-18 Oklahoma City 1 1 2

3A P120 Seattle 1 1 2 1
P107 Seattle 1 1 2

4 5530pk Calgary 1 1 1
34930 Calgary 1 1 1 1
34192 Calgary 1 1 1
7459 Calgary 1 1 1
10243 Calgary 6 1 1
P109 Seattle 1 1 1 1

4A cc-2 Oklahoma City 1 2 2 1
cc-8 Oklahoma City 1 2 2
cc-23 Oklahoma City 1 2 2

5 cc-9 Oklahoma City 1 1 2 1
cc-19 Oklahoma City 1 1 2
cc-21 Oklahoma City 1 1 2

6 cc-17 Oklahoma City 1 2 2 1
cc-22 Oklahoma City 1 2 2

7 394g Cleveland 1 2 2
554d Cleveland 1 2 2 1
43-3 Cleveland (blood) 1 2 2 1
48-36 Cleveland (blood) 1 2 2
56-31 Cleveland (blood) 1 2 2
69-14 Cleveland (blood) 1 2 2

8 Pc22-20 Cleveland (plant) 6 1 1 1
Pc22-22 Cleveland (plant) 6 1 1 1

9 P118 Seattle 1 1 2
Pc104 Seattle 2 2 2 1

10 P114 Seattle 1 1 1 1

Continued

TABLE 1—Continued

RAPD
type Strain Sourcea

Ability to produceb:

SA Pyo-
chelin

Cepa-
bactin

Orni-
bactins

11 Pc701j Cleveland 1 1 2 1

12 Pc102 Seattle 1 1 2 2

13 174 Seattle 2 1 2 2

14 P108 Seattle 1 2 2 1

15 cc-26 Oklahoma City 1 2 2 1

16 12544 Calgary 1 2 2 1

17 Pc105 Seattle 1 2 2 1

18 Pc224c Cleveland 1 1 2 1

19 Pc22-12 Cleveland (plant) 1 2 2 2

20 Pc22-18 Cleveland (plant) 1 1 2 1

21 cc-14 Oklahoma City 1 2 2 1

22 P121 Seattle 2 1 2 1

a Respiratory isolates from CF patients unless otherwise indicated.
b 1, easily detectable within 24 h of growth; 6, detectable at very low con-

centrations after 40 h of growth; 2, not detectable.
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others of that type in that they lacked an amplified fragment of
approximately 2.1 kb. In a previous study describing the use of
these primers, epidemiologically related strains were catego-
rized as having the same RAPD type as long as they differed in
no more than three bands and had similarity coefficients of 0.7
(11). The three type 4 isolates from Oklahoma City, however,
were subsequently also found to differ in that they do not
produce pyochelin and cepabactin (Table 1). Therefore, these
three isolates were placed in subgroup 4A.

Approximately 10 CF isolates were randomly selected from
each geographic center for analysis. The isolates from patients
in Toronto belonged to RAPD types 1 and 2, with the excep-
tion of one type 3 isolate. The isolates from Calgary belonged
to either type 2 or type 4, with the exception of one isolate with
a unique RAPD type, designated type 16. The Cleveland iso-
lates were predominantly grouped as type 3 and type 7, and the
Oklahoma City isolates were split between types 3, 4A, 5, and
6. There was no predominant RAPD type in the group of
strains from Seattle. The fingerprints of the plant isolates were
not related to those of any of the CF patient isolates.

The 61 CF isolates and 4 plant isolates were grown in suc-
cinate medium (12) and analyzed for the production of pyo-
chelin, SA, and cepabactin. For some isolates, we also exam-
ined SA and pyochelin production in cultures grown in 0.5%
Casamino Acids (Difco, Detroit, Mich.)–0.2 mM MgCl2 (CAA
medium), deferrated as previously described (20). Chloroform
extracts of acidified supernatants were dried and resuspended
in 250 ml of methanol and chromatographed on a thin layer
(250 mM) of Silica Gel G (Mandel Scientific), with chloroform-
acetic acid-ethanol (90:5:2.5) as the development solvent. The
limits of detection for SA and pyochelin by fluorescence on
thin-layer-chromatography plates were 0.5 and 20 mg, respec-
tively.

Pyochelin was detected in chloroform extracts of culture
supernatants in 38 (62%) of the 61 strains (Table 1). Pyochelin
was easily detected in the supernatants of 32 isolates, whereas
it was detected only at very low concentrations after 40 h of
growth in the supernatants of 6 isolates (Table 1). In general,
the isolates of each RAPD type had similar patterns of pyo-
chelin production. The pyochelin-negative isolates were clus-

tered among RAPD types 1, 4A, 6, and 7. The variation in
levels of pyochelin produced by isolates of RAPD type 1 may
be a result of the very low levels of pyochelin produced by
these strains. It is possible that the six strains of this group
which were reported as negative may produce pyochelin at a
concentration of less than 0.1 mg/ml in the culture medium
after 40 h, which is the limit of detection in this assay. Only one
of the two RAPD type 9 strains produced pyochelin. Strain
P118 produced significant amounts of pyochelin, so the differ-
ences between these two isolates do not appear to be due to
the sensitivity of the assay. Three of the four plant isolates
produced pyochelin.

SA was detectable in culture supernatants from 57 (93%) of
the 61 CF isolates (Table 1). The two RAPD type 9 isolates
also differed in terms of SA production. P118 produced SA and
pyochelin, whereas Pc104 did not produce either siderophore.
Two of the plant isolates tested produced significant amounts
of SA; the other two produced SA, which was detectable only
at very low levels after 40 h of growth.

Cepabactin was detected in the supernatants of only nine of
the isolates tested: two plant isolates (RAPD type 8) and seven
(11%) CF isolates. Of the CF isolates that produced cepabac-
tin, six were of RAPD type 4 and one was a unique RAPD
type. The two American Type Culture Collection (ATCC)
strains used as positive controls were soil and onion isolates.
Therefore, four of six of the environmental isolates examined
were cepabactin positive, which suggests that cepabactin may
be more common in environmental strains than in clinical
isolates; however, a larger number of environmental isolates
need to be examined to determine the frequencies of cepabac-
tin production in these strains.

Ornibactins were isolated as described by Meyer et al. (14)
with minor modifications from cultures grown in succinate
medium supplemented with 10 mM ornithine. The cells were
pelleted from 150 ml of succinate medium by centrifugation at
7,000 3 g, and the supernatants were dried by lyophilization.
The residues were extracted three times with 15 ml of metha-
nol. The pooled methanol extracts were treated with anhy-
drous sodium sulfate, filtered, and concentrated to dryness by
rotary evaporation. The residues were resuspended in 1 ml of
methanol and applied to a Sephadex LH-20 column (35 by 1.5
cm), with methanol as the eluting solvent. Column fractions
were screened for iron-binding compounds by the chrome
azurol S assay (16). Depending on the isolate, up to three
peaks with iron-binding activities were eluted from the column.
The first peak with chrome azurol S activity contained orni-
bactins and eluted between 36 and 48 ml. The second and third
peaks were identified as cepabactin and pyochelin, respec-
tively. The fractions from the first peak were dried, and 150
nmol was spotted on Silica Gel G and developed in butanol-
acetic acid-water (3:1:1). Ornibactins were visible as three
brown bands (Rf 0.25, Rf 0.18, and Rf 0.09) when the plate was
sprayed with iron (0.1 M FeCl3 in 0.1 N HCl). Previous studies
had used reversed-phase high-pressure liquid chromatography
to separate ornibactins (14, 21). Therefore, to confirm that
these three iron-binding compounds were indeed ornibactins,
portions of the three bands from strain ATCC 17759 were
eluted from the thin-layer chromatography gel and the molec-
ular masses of the iron-free forms were determined by elec-
trospray mass spectrometry. All mass spectrometric experi-
ments were conducted with an API 300 triple-quadrupole mass
spectrometer (Perkin-Elmer/SCIEX, Concord, Ontario, Can-
ada.) Nanoelectrospray mass spectra were obtained in the pos-
itive-ion mode with a modified MicroIonspray interface (Per-
kin-Elmer/SCIEX) comprising a small tee insert used to
establish electrical contact between a fused-silica transfer line

FIG. 1. RAPD fingerprints of DNAs from B. cepacia isolates amplified with
primer 208. Lane 1, molecular size markers (1-kb ladder); lane 2, control reac-
tion without DNA; lane 3, type 1; lane 4, type 2; lane 5, type 3; lane 6, type 3A;
lane 7, type 4; lane 8, type 4A; lane 9, type 5; lane 10, type 6; lane 11, type 7; lane
12, type 8; lane 13, type 9; lane 14, molecular size markers (100-bp ladder; sizes
are shown on the right). A photograph of the gel was scanned with a Hewlett-
Packard Scan Jet 4C scanner with Hewlett-Packard Deskscan II software.
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(inside diameter, 80 cm by 50 mm) and the emitter tip essen-
tially as previously described (2). The molecular masses of the
three compounds were 680, 708, and 736 Da (data not shown),
which correspond to the deferrated forms of ornibactin-C4
(ornibactin B), ornibactin-C6 (ornibactin D), and ornibac-
tin-C8 (ornibactin F), respectively (21).

Since production of pyochelin, SA, and cepabactin generally
correlated with RAPD type, one or two representative strains
from each RAPD type were screened for the production of
ornibactins. Twenty-nine of 32 (91%) isolates were found to
produce ornibactins. Two of the unique CF isolates from Se-
attle and one of the plant isolates were found to be ornibactin
negative.

Patterns of siderophore production of members of the same
RAPD type were generally identical, with the exception of
those of types 1 and 9. The differences in detection of pyo-
chelin produced by RAPD type 1 strains, however, may be due
to the low levels produced by these strains. Of the 24 RAPD
types, 22 (92%) were associated with isolates that produced
SA, 21 (87%) were associated with isolates that produced
ornibactins, 15 (60%) were associated with isolates that pro-
duced pyochelin, and 3 (12%) were associated with isolates
that produced cepabactin. Only isolates of 3 of the 26 types (24
RAPD types plus 2 variants of types 1 and 9), RAPD types 4,
8, and 10, produced all four siderophores. All of the strains
which produced cepabactin also produced SA, pyochelin, and
ornibactins. Isolates of eight types produced three types of
siderophores: SA, pyochelin, and ornibactins. Isolates of 12
types produced two siderophores; isolates of 9 of these types
produced SA and ornibactins, isolates of 2 produced SA and
pyochelin, and isolates of 1 produced pyochelin and ornibac-
tins. Isolates of each of three RAPD types produced only one
type of siderophore, SA, pyochelin, or ornibactins. Four of the
isolates of RAPD type 7 were bacteremic isolates from CF
patients in Cleveland. These isolates produced two types of
siderophores: SA and ornibactins.

Bevivino et al. (3), in a study of four strains, previously
suggested that clinical isolates of B. cepacia could be differen-
tiated from rhizosphere isolates by their production of pyo-
chelin and SA. In our study, three of four additional plant
isolates were also shown to produce pyochelin and all of the
plant isolates produced SA. Meyer et al. examined pyochelin,
cepabactin, and ornibactin production in B. vietnamiensis as
well as two clinical isolates of B. cepacia and the two ATCC
strains (13, 14). All of the B. vietnamiensis strains and the two
B. cepacia clinical isolates produced only ornibactins, whereas
the ATCC strains produced all three siderophores. Meyer et
al. suggested that the B. cepacia isolates which produce only
ornibactins are more related to B. vietnamiensis than to the two
B. cepacia ATCC strains and that production of siderophores
may be used to discriminate between these two species (14).
We have determined that there are a variety of siderophore
production patterns among B. cepacia CF isolates and that it is
therefore not possible to speciate strains based on siderophore
production. The ATCC strains, however, may not be consid-
ered typical of CF isolates, as the majority of CF isolates do not
produce cepabactin. Our study indicates that ornibactins and
SA are the predominant siderophores produced by CF isolates
and that pyochelin may also be an important siderophore for B.
cepacia. Analysis of siderophores or other potential virulence
factors in this organism should be performed in conjunction
with a molecular typing method such as RAPD analysis with

representative groups of strains prior to forming conclusions
regarding their significance in particular patient populations.
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