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Burkholderia is an important bacterial genus with a complex taxonomy that contains species of both
ecological and pathogenic importance, including nine closely related species collectively termed the Burkhold-
eria cepacia complex (BCC). Unfortunately, 16S rRNA gene analysis has proven to be not sensitive enough to
discriminate between species of the BCC. Alternative species identification strategies such as rec4-based PCR
followed by restriction fragment length polymorphism analysis, although initially useful, have proven to be
inaccurate with the increasing species diversity of the BCC. recA gene sequence analysis is more discriminatory
and corroborates other biochemical and polyphasic means of taxonomic differentiation. However, it is limited
by the fact that certain BCC species are subdivided into discrete recA sequence subgroups that may confuse
clinical diagnoses. In this study, an effective approach is described for the rapid differentiation of BCC species
from both environmental and clinical sources by means of a single-locus sequencing and PCR assay using fur
as a target gene that provides sequence phylogenies that are species specific and, with few exceptions, not
divided into subspecies clusters. This assay is specific and can be used to correctly determine the species status
of BCC strains tested following sequencing and amplification of the fur gene by both general and species-
specific primers. Based on our results, this typing strategy is simpler than and as sensitive as established tests
currently in use clinically. This assay is useful for the rapid, definitive identification of all nine current BCC

species and potentially novel species groups.

The Burkholderia cepacia complex (BCC) is a closely related
family of gram-negative betaproteobacteria that inhabit both
environmental and clinical locations. First described by Burk-
holder (6) as the causative agent of “sour skin” disease of
onion bulbs, the BCC is now considered to be an important
group of bacterial pathogens of plants, animals, and humans
(4, 11, 13). This is especially true for people with cystic fibrosis
(CF), where BCC infection can significantly contribute to the
deterioration of pulmonary function. Due to the high levels of
antibiotic resistance displayed by members of the BCC, infec-
tions are difficult to treat and, in some cases, result in death (1).
Certain BCC species, especially B. cenocepacia and B. mul-
tivorans, have been shown to be highly transmissible, epidem-
ically spread pathogens exchanged between patients attending
CF clinics. BCC strains are also capable of causing difficult-
to-treat nosocomial infections in patients with other immuno-
deficient or debilitating conditions (16, 19). Importantly, all
nine species of the BCC include strains capable of colonizing
CF patients, even though the majority of clinically prevalent
strains belong to the species B. cenocepacia and B. multivorans
(30). The genetic similarity of the BCC has, in the past, re-
quired that multiphasic diagnostic tests be employed for accu-
rate identification (8, 15). Misidentification of these species has
occurred, leading to problems with patient care. McMenamin
et al. (23) previously reported average false-positive and false-
negative rates of 11% and 36%, respectively.

The accurate identification of BCC members is currently
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carried out by means of a polyphasic approach, employing
biochemical metabolic testing, DNA-DNA genome hybridiza-
tion, whole-cell protein electrophoresis, and recA gene se-
quence analysis. Various molecular typing methods are cur-
rently being evaluated to accurately identify and categorize
strains belonging to the BCC, although a single test that does
this has yet to be found. Although 16S rRNA gene sequence
analysis is an acceptable means of differentiating many bacte-
rial species, it is of limited use in accurately separating species
of the BCC due to high (98 to 99%) sequence identity (5, 20,
21). Techniques using the recA gene locus have proven to be
the most successful. Originally designed to be used primarily as
an assay to separate strains at the species level, recent modi-
fications to this procedure permit discrimination between all
Burkholderia genus members (21, 25, 33). recA-based typing
has been used to identify BCC strains from both environmental
samples and sputa as well as to identify other Burkholderia
species (7, 12, 24, 27). However, misidentification of BCC
species has occurred using this approach as a restriction frag-
ment length polymorphism-based strategy (23, 24). Further-
more, the medically important BCC member B. cenocepacia is
divided into four different rec4 phylotypes, complicating the
identification of this species (32).

Recently, a multilocus sequence typing (MLST) scheme has
been developed for the precise differentiation of the species
and strains of the BCC (3). PCR amplification of seven con-
served housekeeping genes was used to first obtain sequencing
targets, followed by DNA sequencing using nested oligonucle-
otide primers. Extensive nucleotide sequence diversity was
found within all seven genetic loci, ranging from 13.1% for
atpD to 37.4% for gyrB. This MLST scheme differentiated all
nine BCC species and 114 of 119 BCC strains, but as expected,



448 LYNCH AND DENNIS J. CLIN. MICROBIOL.

TABLE 1. Strains and clinical isolates used in this study”

X P Amplification
. - . recd Growth on Amp lification with species-
Species Strain/isolate Source Location RFLP BCSA with JD490/ specific
result JD491 .
primers
Burkholderia cepacia CEP509*/LMG 18821% CF Australia E NT + +
ATCC 25416"*/LMG 12227 ENV  United States D NT + +
ATCC 17759*/LMG 2161* ENV  Trinidad E NT + +
BCC group K CEP(0964 CF Canada K NT + +
CEP1056 CF Canada K NT + +
R445 CF Canada + + +
Burkholderia multivorans LMG 13010+ CF Belgium NT + +
ATCC 17616*/LMG 17588* ENV  United States F NT + +
C3430 CF Canada NT + +
C5274 CF Canada NT + +
C5393*/LMG 18822* CF Canada F NT + +
C5568 CF Canada NT + +
M1512 CF Canada + + +
M1865 CF Canada + + +
R810 CF Canada + + +
R1159 CF Canada + + +
Burkholderia cenocepacia K56-2*/LMG 18863* CF-e  Canada G NT + +
J2315*/LMG 16656* CF-e United Kingdom G NT + +
C1257 CF-e Canada NT + +
C4455 CF-e Canada NT + +
C5424*/LMG 18827* CF-e Canada G NT + +
C6433*/LMG 18828* CF-e Canada NT + +
CEP511*/LMG 18830* CF-e Australia 1 NT + +
D1 ENV  United States NT + +
PC184*/LMG 18829* CF-e United States J’ NT + +
LMG 19240 ENV  Australia NT + —
CEPO0868/LMG 21461 CF Argentina NT + +
R161 CF Canada + + +
R452 CF Canada + + +
R750 CF Canada + + +
R1284 CF Canada + + +
R1285 CF Canada + + +
R1314 CF Canada + + +
R1434 CF Canada + + +
R1619 CF Canada + + +
R1882 CF Canada + + +
R1883 CF Canada + + +
R1884 CF Canada + + +
R2314 CF Canada + + +
S11528 CF Canada + + +
Burkholderia stabilis LMG 14294 CF Belgium J NT + +
C7322*/LMG 18870* CF Canada NT + +
R450 CF Canada + + +
R2140 CF Canada + + +
R2339 CF Canada + + +
Burkholderia viethamiensis ~ LMG 10929™* ENV Vietnam B NT + +
PC259*/LMG 18835* CF United States A NT + +
ATCC 29424 ENV  United States NT + +
G4 ENV  United States A NT + +
Burkholderia dolosa AU0645™#/LMG 18943+ CF United States Q NT + +
CEP021*/LMG 21819* CF United States NT + +
E12*/LMG 21820* CF United Kingdom NT + +
L06 CF NT + +
STM1441*/LMG 21443* ENV  Senegal NT + +
Burkholderia ambifaria ATCC 53266*/LMG 17828* ENV  United States L NT + +
AMMD™*/LMG 19182™* ENV  United States N NT + +
CEP0996*/LMG 19467* CF Australia N NT + +
M53 ENV  United States NT + +

Continued on following page
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TABLE 1—Continued

) P Amplification
recd Growth on Amplification with species-
Species Strain/isolate Source Location RFLP BCSA with JD490/ Pe fi
result JD491 specttic
primers
Burkholderia anthina W92 +/LMG 20980"* ENV  United States T NT + +
C1765*/LMG 20983* CF United Kingdom T NT + +
J2552*/LMG 16670* ENV  United Kingdom AS NT + +
AU1293*/LMG 21821* CF United States AS NT + +
Burkholderia pyrrocinia ATCC 15958"+/LMG 14191™* ENV  Japan NT + +
ATCC 39277*/LMG 21822* ENV  United States P NT + +
BC011*/LMG 21823* ENV  United States AR NT + +
C1469*/LMG 21824* CF United Kingdom AA NT + +
Burkholderia gladioli R406 CF Canada NA + + NA
R1879 CF Canada NA + NA
Pseudomonas aeruginosa R285 CF Canada NA - - NA
Herbaspirillum sp. R740 CF Canada NA - - NA
Listeria monocytogenes R1653 CF Canada NA - - NA
Pandoraea sp. R1717 CF Canada NA + - NA
Burkholderia sp. JS150 ENV  United States NA NT + NA

“ Abbreviations: RFLP, restriction fragment length polymorphism; CF, CF isolate; ENV, environmental isolate; CF-e, CF epidemic isolate; NA, not
applicable; NT, not tested. Strains in boldface type were used to test each of the nine species-specific primer sets. Asterisks indicate strains of the BCC

experimental strain panel (10, 22).

no differentiation was observed between strains obtained from
environmental or clinical sources (3). Unfortunately, DNA
sequencing and comparison of seven gene targets for each
BCC isolate are not within the capabilities of many clinical
laboratories, and therefore, simpler, effective strategies for
BCC classification are still needed.

In spite of the numerous methods available for separating
BCC species, a single well-conserved gene locus that would
provide a simple method for unambiguous species-specific
identification is highly desirable. While studying the potential
of using virulence factor genes for the purpose of distinguish-
ing virulent BCC strains from environmental strains, we dis-
covered that the BCC fur gene (encoding the ferric uptake
regulator protein) was useful for differentiating between mem-
bers of the BCC. Subsequent to DNA sequencing and align-
ment, it was discovered that this single conserved gene con-
tained sufficient polymorphisms to not only allow species level
differentiation of the nine BCC species but also permit the
creation of a PCR strategy that could be employed to rapidly
identify specific BCC species.

MATERIALS AND METHODS

Bacterial strains. The 73 bacterial strains and isolates used in this study are
shown in Table 1. These were primarily members of the BCC experimental strain
panel (22) and the updated BCC strain panel (10), obtained from the Belgium
Coordinated Collection of Microorganisms LMG Bacteria Collection (Ghent,
Belgium), the American Type Culture Collection (Manassas, VA), and the
Canadian Burkholderia cepacia Complex Research and Referral Repository
(Vancouver, British Columbia, Canada). Two BCC recA group K strains were
also provided by the Canadian Burkholderia cepacia Complex Research and
Referral Repository. Clinical isolates putatively identified as being BCC species
by diagnostic metabolism tests were provided by the University of Alberta Hos-
pitals (Pediatric/Adult) CF clinic. Growth of these isolates on Burkholderia

cepacia selective agar (BCSA) (14) was assessed following overnight aerobic
incubation at 30°C. For characterized strains, species assignment was based on
results from previously published polyphasic analyses (10, 22, 32). Strains and
isolates were maintained at —80°C by freezing in LB medium containing 20%
glycerol. Before use, bacteria were streaked for aerobic growth on half LB plates
and grown overnight at 30°C.

DNA preparation and PCR. Genomic DNA was prepared using a standard
protocol (2). Gene amplification was performed in a total volume of 50 wl
containing 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 1.5 mM MgSO,, 0.2 mM each
deoxynucleoside triphosphate, 50 pmol of each primer, 1.25 units of Tag PCRx
DNA polymerase (Invitrogen, Burlington, Ontario, Canada), 5 ul of PCRx
enhancer solution (Invitrogen), and ~10 ng of genomic DNA. PCRs were per-
formed with an Eppendorf Mastercycler gradient DNA thermal cycler (West-
bury, NY) under the following conditions: 96°C for 2 min for the first cycle,
followed by 30 cycles of 96°C for 1 min, 55°C for 1 min, and 72°C for 1 min, with
a final extension step of 72°C for 2 min. PCR products were separated on 0.8%
(wt/vol) agarose gels in 1X Tris-acetate-EDTA (pH 8.0).

Jur gene sequencing. The fur gene (located on chromosome 1 [bp 3702141 to
3702734] in B. cenocepacia J2315 [http:/Awww.sanger.ac.uk/Projects/B_cenocepacial;
Sanger Centre) was initially amplified from various BCC strains using primers
JD490 and JD491 (Table 2). The DNA sequences were determined by direct
sequencing from amplicons purified using a Geneclean II kit (Qbiogene, Irvine,
CA) or from amplicons cloned into pJET1.2/blunt (Fermentas, Burlington, On-
tario, Canada). Nucleotide sequences were determined at least once on each
DNA strand using BigDye Terminator reaction mixtures according to the man-
ufacturer’s recommendations (PE Biosystems, Foster City, CA), and the prod-
ucts were separated and collected using an ABI Prism 3100 genetic analyzer (PE
Biosystems) using standard sequencing conditions. The sequences were aligned
and edited using EditView and AutoAssembler software (PE Biosystems). These
sequences were analyzed using BLASTN (NCBI) to verify amplification of the
correct product. When aligned, the resulting DNA sequences from different BCC
species showed heterogeneity at several sites. These sites were used to design
PCR primers that would specifically amplify species-specific products. Primers
were designed to possess similar melting and optimum annealing temperatures
and to specifically amplify a fir product from each of the BCC species, as shown
in Table 2. All primers were purchased from Sigma/Genosys Canada (Oakville,
Ontario, Canada). To identify strains that were not amplified by JD490 and
JD491, 16S rRNA gene sequences were determined. Primers 27F and 1522R
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TABLE 2. Species-specific primers used for amplification of the BCC fur gene

. Forward Reverse Product .
Speci Forward Forward primer . Reverse R . . lenoth BCC species
pecies . primer . everse primer sequence primer eng d
primer sequence . primer e amplified
positions positions (bp)
B. cepacia/BCC F1 GGCNGAAGACGTCT 102-120 R1 TCGAAGTTGCTGCG 201-218 117 B. cepacia
group K ACCGG CGAC
B. multivorans F2 AGCAGAGCCCCGT 77-93 R2 GGTGGGGGCAGTTTTC 399-418 342 B. multivorans
GCGG GGTG
B. cenocepacia F TGACCAATCCGACC 2-22 R3 ATCGCCTGCTGGCG 321-338 337 B. cenocepacia
GATCTCA GCTC IIIA, IIIB,
111D
B. stabilis F4 CNACCGTCTATCGC 155-174 R TCAGTGCTTGCGGT 412-429 275 B. multivorans,
GTGCTC GGGG B. cenocepacia,
B. stabilis,
B. dolosa
B. vietnamiensis F TGACCAATCCGACC 2-22 RS CGTGGTGGGAGCCTTC 243-262 261 B. vietnamiensis
GATCTCA GTTG
B. dolosa F6 CTAAAGGCCACCCT 34-54 R TCAGTGCTTGCGGT 412-429 396 B. dolosa
ACCGCGG GGGG
B. ambifaria F7 CCCNGTGCGTCACC 84-102 R7 CGTGGTGCGAACCTTCA 241-262 179 B. ambifaria
TGACT TTCAA
B. anthina F TGACCAATCCGACC 2-22 R8 CAGGTGACGCACGGG 81-99 98 B. multivorans,
GATCTCA GCTC B. cenocepacia,
B. stabilis,
B. anthina,
B. pyrrocinia
(1 strain)
B. pyrrocinia F1 GGCNGAAGACGTCT 102-120 R9 ATCGCCTGCTGGCGGCC 322-338 237 B. pyrrocinia
ACCGG
JD490 ATGACCAATCCGAC 1-23 JD491 TCAGTGCTTGCGITNIGG 406-429 429 All
CGATCTCAA GCAGTT

were used to amplify a partial region of the 16S rRNA gene (18). This product
was cloned into pJET1.2/blunt (Fermentas) and sequenced as described above.

Phylogenetic analysis. To construct phylogenetic trees of the assembled and
edited sequences for each BCC strain, the Clustal V algorithm (15a) was used as
part of the alignment software included with the MegAlign program from
DNASTAR (Madison, WI). This algorithm groups sequences into clusters first
individually and then collectively to produce an overall alignment. At each
alignment stage, a two-sequence alignment method is utilized using algorithms
described previously by Wilbur and Lipman (33a) for input sequences or by
Myers and Miller (24a) for ancestral consensus sequences. The general approach
is to progressively align groups of sequences according to a branching order in a
hypothetical phylogenetic tree, with gaps occurring in earlier alignments pre-
served throughout later alignments. The final phylogenetic relationships are
constructed by applying the neighborhood-joining method of Saitou and Nei to
the distance and alignment data (28a). Confidence levels of individual branches
within the optimal tree were assessed by pseudoreplicate data set resampling or
bootstrap analysis. The resulting rooted phylogenetic tree includes several
non-BCC fur sequences as outliers, including B. pseudomallei (GenBank
accession number AF117238), Burkholderia sp. strain JS150, and B. xeno-
vorans LB400 (accession number NC_007951). EditSeq (DNASTAR) was
used to modify the original sequences to files that could be assembled by
MegAlign. Nearest-neighbor interchange analysis with these data using the
Hein algorithm (13a) produced a similarly branched tree (data not shown).
By examining sequence pairs, this analysis builds a phylogeny represented by
a graph of possible alignments where individual sequences entered into the
graph retain a relationship with other sequences that allow the algorithm to
ignore the exploration of distant pair relationships. The phylogeny created by
this process is finally reexamined for the best possible arrangement of ances-
tral branches. The phylogenetic analysis methods providing the most discrim-
inatory results are presented in Fig. 1.

Nucleotide sequence accession numbers. The fur gene and 16S rRNA gene
sequences determined herein have been deposited in the GenBank database
under accession numbers EU090823 to EU090895, EU273473, and EU273474.

RESULTS

Analysis of fur gene sequence. Following chromosome iso-
lation, 73 strains and clinical isolates listed in Table 1 were
tested in a PCR protocol using primers JD490 and JD491. A

region of approximately 400 bp was amplified from 69 of these
bacteria. Each strand of these DNA products was sequenced,
producing 429-bp contigs. BLASTN analysis showed that each
of these contigs was homologous to the Burkholderia fur gene,
indicating that the protocol amplified the correct product in
each case. These 69 contigs exhibited sufficient sequence sim-
ilarity to be organized in a single alignment. Sequences from
strains that had been previously identified to the species level
were nearly identical within a single BCC species. Among differ-
ent species, however, characteristic single-nucleotide polymor-
phisms that differentiated groups of species from each other and,
in several cases, differentiated one species from all others were
present. DNA from four isolates that could not be amplified using
primers JD490 and JD491 was used in a PCR protocol with the
16S rRNA gene-specific primers 27F and 1522R (18). Using these
primers, a product of approximately 1,500 bp was obtained for
each sample. Sequencing and comparison of these amplified
products indicated that these isolates did not belong to the BCC
(Table 1). These isolates were positively identified as the gram-
negative organisms Pseudomonas aeruginosa, Herbaspirillum sp.,
and Pandoraea sp. and the gram-positive organism Listeria mono-
cytogenes. Of these four isolates, only Pandoraea sp. was able to
grow on BCSA (Table 1).

The 69 aligned fur sequences were used to construct a phy-
logenetic tree (Fig. 1). The fur gene sequences from B. xeno-
vorans, Burkholderia sp. strain JS150, and B. pseudomallei were
included in the tree as outliers. The clinical isolates R406 and
R1879, although putatively identified as being BCC species,
also appeared to be outliers. To confirm the identities of these
two isolates, 16S rRNA gene sequencing was performed. Se-
quence data showed that these two strains were not part of the
BCC but were instead Burkholderia gladioli, a closely related
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FIG. 1. Phylogenetic tree comparing sequences of a 429-bp fur fragment from strains and isolates of the BCC. The phylogenies are rooted due
to the assumption of a common ancestor and biological clock. Genetic distance is shown on the scale, with demarcations representing 2% estimated
substitutions. The genomovar status (I through IX) of each BCC species is shown in parentheses following the strain or isolate name. Abbreviations
are as follows: Bg, Burkholderia gladioli; Bp, Burkholderia pseudomallei; Bsp, Burkholderia species; Bx, Burkholderia xenovorans.

Burkholderia species. Both of these isolates were able to grow
on BCSA selective medium (Table 1).

Of the strains that had been previously characterized, 38 of
40 grouped according to species level on the tree (Fig. 1). One
exception was C1469, a B. pyrrocinia strain that appears to be
more closely related to BCC recA group K isolates than to
other B. pyrrocinia strains. A second exception was LMG
19240, a B. cenocepacia strain that belongs to the rec4 IIIC
subgroup. The fur gene sequence of LMG 19240 is substan-
tially different from the sequences of the other B. cenocepacia
strains and isolates tested. As such, it forms an isolated B.
cenocepacia branch on the tree (Fig. 1). Despite these two
exceptions, the strong correlation between the position of any
BCC strain’s fur sequence on the tree and its species designa-
tion suggested that the addition of fur gene sequences from
unidentified strains would allow unambiguous identification at
the species level. As predicted, the 21 uncharacterized clinical
isolates clustered on the tree among the previously character-

ized strains. The largest cluster of these isolates, 13 of 21
(62%), was B. cenocepacia based on their position in the tree.
The next largest cluster was B. multivorans, a group in which 4
of the 21 (19%) isolates belonged. These values are consistent
with previous reports showing that the majority of BCC clinical
isolates are either B. cenocepacia or B. multivorans isolates
(28). The remainder of the uncharacterized clinical isolates
belonged to Burkholderia stabilis (three isolates) and BCC
group K (one isolate). The fur gene sequence from isolate
R445 was more closely related to BCC group K strains (33)
than to prototypical B. cepacia strains (21) (Fig. 1).

With the exception of C1469 and LMG 19240, fur gene
sequence analysis separates strains and isolates of a single
species into a single cluster on the phylogenetic tree. However,
like recA analysis, subgroups are present within these clusters
(Fig. 1). For example, B. multivorans strains and isolates
branch into two discrete groups, the first including M1512,
M1865, R810, C5274, and LMG 13010 and the second includ-
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FIG. 2. Gel electrophoresis of fur PCR products for the BCC species B. vietnamiensis, B. dolosa, B. ambifaria, B. anthina, and B. pyrrocinia. PCR
products were electrophoresed on a 0.8% agarose gel prior to visualization with ethidium bromide. Molecular weight standards (MW) are shown
in lane 1, with the corresponding base pair sizes shown at the left of the gel. Shown below each BCC species name is the fur primer set used and
the size of the obtained PCR product (in base pairs) with the following template DNAs: lane 2, PC259/LMG 18835; lane 3, G4; lane 4, ATCC
29424; lane 5, STM1441/LMG 21443; lane 6, CEP021/LMG 21819; lane 7, E12/LMG 21820; lane 8, L06; lane 9, CEP0996/LMG 19467; lane 10,
MS53; lane 11, J2552/LMG 16670; lane 12, C1765/LMG 20983; lane 13, AU1293/LMG 21821; lane 14, ATCC 39277/LMG 21822; lane 15,

BCO011/LMG 21823; lane 16, C1469/LMG 21824.

ing ATCC 17616, C3430, C5393, R1159, and C5568. For pre-
viously characterized B. cenocepacia strains, the phylogenetic
clusters based on the fur sequence match the groupings as-
signed by recA analysis. The strains belonging to groups IIIA to
IIID all form discrete groups on the tree. The cluster formed
by the IIIA strains is the most diffuse. It branches into two
groups, one including R1284, R1314, and C1257 and the sec-
ond including all other IIIA strains and isolates tested. Based
on this analysis, all of the uncharacterized B. cenocepacia clin-
ical isolates are most closely related to strains in the IIIA
subgroup.

Design and application of species-specific primers. While
analysis of the fur gene sequence allowed the BCC strains and
isolates to be easily and accurately identified to the species
level, a complementary PCR protocol was developed to make
the classification process more rapid. There are several sites in
the fur gene where a single base pair difference can be used to
differentiate strains of one BCC species from others. These
polymorphisms were used to design primer sets that would
amplify the fur gene in a species-specific fashion. These prim-
ers, the expected products, and the species from which the
products can be amplified are shown in Table 2. Primers were
tested against a panel of nine representative BCC strains (Ta-
ble 1) in order to verify that the primer sets would result in the
synthesis of a product of the expected size for only one of the
nine species. The primers designed for B. cepacia/BCC recA
group K, B. multivorans, B. cenocepacia, B. viethamiensis, B.
dolosa, B. ambifaria, and B. pyrrocinia were highly specific.
When tested with the nine representative BCC strains, these
primers amplified a product of the expected size from only a
single species. Although a small number of nonspecific prod-
ucts were amplified in some cases, these amplicons could be
distinguished from the expected product by their sizes (Fig. 2).
Each amplicon of the correct size was sequenced in order to
verify amplification of the expected product. In addition to the
nine representative BCC strains, these primer sets were sub-
sequently tested with an additional 50 strains and isolates: 5 B.
cepacia and BCC group K strains/isolates for primer set F1/R1,
9 B. multivorans strains/isolates for primer set F2/R2, 23 B.
cenocepacia strains/isolates for primer set F/R3, 3 B. vietnam-
iensis strains for primer set F/R5, 4 B. dolosa strains for primer
set F6/R, 3 B. ambifaria strains for primer set F7/R7, and 3 B.
pyrrocinia strains for primer set F1/R9. In each reaction, a

product of the expected size was amplified for each of the
strains, except for LMG 19240, which lacks the fur gene poly-
morphism used to design the F/3R primer set.

The primers designed for B. stabilis and B. anthina were less
specific, as the polymorphisms used to design these two primer
sets are each present in four species (Table 2). More specific
primer sets could not be designed for either species because of
the relatively low number of heterogeneous base pairs in the
fur gene specific to each species. However, discrimination was
still possible by designing F4/R to amplify B. multivorans, B.
cenocepacia, B. stabilis, and B. dolosa, while F/R8 was designed
to amplify B. multivorans, B. cenocepacia, B. stabilis, and B.
anthina. In addition, this primer set has the potential to amplify
internal fur gene products from B. pyrrocinia as demonstrated
with strain BCO11. For each of these sets of species, the primer
pairs were highly specific, amplifying only single products of
the expected sizes. For example, using DNA from a B. stabilis
isolate will give an amplicon product with primer set F4/R but
no PCR product with primer set F6/R, whereas B. dolosa
genomic DNA will produce a product in both reactions. Sim-
ilarly, B. anthina DNA will produce an amplicon using primer
set F/R8 but not F1/R9, whereas B. pyrrocinia DNA may or
may not produce a PCR product with primer set F/R8 but will
produce an amplicon with primer set F1/R9. An additional
seven strains and isolates were tested (four B. stabilis strains/
isolates for F4/R and three B. anthina strains for F/R8), and for
each strain, a product of the correct size was amplified. To-
gether, these nine primer sets allow the rapid discrimination of
BCC species from one another.

DISCUSSION

Although the BCC was originally isolated as a pathogen of
onions, it has recently gained notoriety as a serious threat to
patients with the heritable genetic disease CF. BCC species
cause severe infections that (in 20% of cases) result in the
development of a fatal necrotizing pneumonia referred to as
cepacia syndrome in 20% of cases (9, 17). BCC species are
easily transmitted among a susceptible population by both di-
rect and indirect contact and are highly resistant to a wide
range of antibiotics (26, 28). Because of the devastating poten-
tial impact of a false-positive or false-negative diagnosis, espe-
cially since some BCC species are of a greater clinical concern
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than others, BCC infections must be identified both rapidly
and accurately in a clinical setting (29). Unfortunately, there
are various problems with current diagnostic tests for BCC
species, leading to unacceptably high misidentification rates
(23). As such, the further development of diagnostic tests that
are able to differentiate BCC species is required.

We have developed a simple, specific, and accurate proce-
dure to identify BCC isolates to the species level based on the
sequence of the gene encoding the ferric uptake regulator, or
fur. As shown in Fig. 1, for 97% of the strains and isolates
tested, members of a single species cluster together on a phy-
logenetic tree based on their fur gene sequences. To identify
the species of an uncharacterized strain or isolate with relative
certainty, one can PCR amplify and sequence its fur gene for
comparison to those of other BCC species. One of the main
benefits of this procedure is its simplicity. Another benefit of
this protocol is that PCR with primers JD490 and JD491 will
be unsuccessful if the isolate is not of the genus Burkholderia.
As such, this step permits rapid discrimination between Burk-
holderia and non-Burkholderia samples. In our analysis of 27
previously uncharacterized clinical isolates, negative JD490/
JD491 PCR amplification results were the first indication that
four of the samples did not represent Burkholderia strains
(Table 1). Growth on BCSA was an unreliable measure in this
case, as one of the four strains (Pandoraea sp.) was able to
grow on this medium.

In order to take advantage of the single-base polymorphisms
present in the fur gene, a PCR protocol that would allow the
rapid determination of BCC species status was designed. The
base pair changes in fur tend to be consistent among strains of
a single BCC species, indicating that this gene is an appropri-
ate target for species-specific PCR. The percent sequence di-
versity of fur is 18%, which is intermediate to that of other
genetic loci used for similar purposes, such as atpD (13.1%)
and recA (26.7%) (3). Testing of an unknown strain in a PCR
protocol with fur gene-based primer sets can identify the spe-
cies to which a strain or isolate belongs using only one set of
nine PCRs. The protocol was designed such that the sequenc-
ing data, which are highly accurate but take some time to
collect, can be used in concert with the PCR, which is less
specific but more rapid. It therefore fulfils the need for a
diagnostic procedure that is both effective and efficient at iden-
tifying clinical and environmental BCC samples.

In practical use, the procedure was successful in classifying
27 clinical isolates from CF patients putatively identified as
being BCC species. As predicted, the majority of the isolates
were either B. cenocepacia or B. multivorans, with a lesser
number identified as being either B. stabilis or BCC group K
isolates. This system was also able to determine that there was
a misidentification of 6 of the 27 isolates. These isolates were
identified as being B. gladioli, Pseudomonas aeruginosa, Her-
baspirillum sp., Pandoraea sp., or Listeria monocytogenes iso-
lates. As shown in Table 1, three of these six isolates were able
to grow on BCSA selective medium. These results further
underscore the need for a new, more accurate practical
method for examining clinical specimens. Similar ambiguous
results using conventional testing protocols have been ob-
served recently by another laboratory (31). In this case, the
cable pilus gene was used as an additional molecular marker
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for the ET12 lineage to further differentiate BCC isolates
grouped by recA cluster analysis.

The fur gene protocol has a number of advantages over
those developed previously, as it does not rely on biochemical
measures; it can identify strains to the species level (unlike 16S
rRNA gene sequencing); with few exceptions, it identifies
members of a single species as part of a single group (unlike
recA); and it uses a single gene target (unlike multilocus re-
striction typing and MLST). The PCR can be completed rap-
idly with relatively inexpensive reagents and equipment and
does not require special training to complete. This fur gene
protocol quickly separates the more important clinical isolates
B. multivorans and B. cenocepacia from those species that are
less able to cause acute disease or to undergo epidemic spread
in a susceptible population. This protocol was unable to classify
the recA 1IIC isolate tested as part of the B. cenocepacia clus-
ter. This result suggests that B. cenocepacia 1IIC may be sig-
nificantly different at other loci besides fur and that further
testing should be carried out in order to confirm its phyloge-
netic position among BCC strains. All IIIC strains character-
ized to date are environmental isolates, suggesting that this
lineage may not be prevalent clinically (32). If necessary, suf-
ficient fur gene polymorphisms exist to allow the design of a
IIIC subgroup-specific primer (data not shown). This protocol
also demonstrates a previously observed subdivision between
B. multivorans strains that is almost as significant as the sub-
division of B. cenocepacia species into recA phylotypes (IIIA,
IIIB, and IIID). Again, further sampling will serve to reinforce
this assertion.

One potential limitation of all PCR-based classification sys-
tems is that a mutation of a single base will prevent amplifi-
cation by the correct primer set or allow amplification by an
incorrect primer set. However, companion DNA sequencing
and comparison of the complete fur gene sequence will posi-
tion the strain correctly in the BCC fur phylogenetic tree. Only
in instances where there is substantial similarity between fur
gene sequences of different BCC species will the PCR test
results conflict with fur gene sequence analysis. This appears to
be the case for the B. cepacia and B. pyrrocinia clade. Although
B. cepacia strains and isolates are specifically amplified using B.
cepacia-specific primer set F1/R1, and B. pyrrocinia strains are
specifically amplified by primer set F1/R9, because of the high
homology between fur gene sequences of these two species, B.
pyrrocinia strain C1469 clusters with B. cepacia strains on the
fur phylogenetic tree. Further analysis shows that the B. cepa-
cia strains that cluster with B. pyrrocinia strain C1469 are dif-
ferent from prototypical B. cepacia (type strain ATCC 25416)
and type as group K variants by rec4 analysis (33). Therefore,
the fur gene alignment is sensitive enough to recognize recA-
based differences between subspecies, even though the PCR
assay correctly assigns strains to either B. cepacia or B. pyrro-
cinia.

The observed homology between fur alleles of B. cepacia/
B. pyrrocinia and B. anthina/B. stabilis is reminiscent of the
homology observed with recA alleles of B. cepacia, B. cenoce-
pacia, and B. ambifaria (33). Although the sensitivity and spec-
ificity of B. cepacia recA PCR diagnostics could undergo im-
provement, it bears reminding that the B. cepacia complex is
just that: a group of closely related bacterial species with rel-
atively plastic genomes. It is not surprising, then, that some
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BCC species possess genes that are relatively unchanged from
those of other BCC species, perhaps through the mechanism of
recombination, which makes the discovery of a single gene-
based diagnostic classification system all the more difficult. To
overcome this limitation, multigene-based diagnostic systems
such as MLST have been developed (3). Although these types
of analyses are beyond the capability of most clinical labora-
tories, they can unequivocally identify all existing BCC species
and differentiate strains and isolates from various sources. The
BCC MLST scheme utilizes seven conserved loci including
recA, which provides the potential for distinguishing approxi-
mately 10"? different BCC genotypes (3). However, our anal-
ysis of the fur gene from the 66 BCC strains and isolates that
we examined indicates that fur has a nucleotide sequence di-
versity that is higher than those of at least some of the BCC
MLST loci used previously (3). This suggests that the fur gene
sequence is conserved well enough to be accurate in PCR-
based BCC diagnostics but still variable enough to be used as
an ideal gene locus candidate in a BCC MLST scheme.

In summary, we have developed an effective method of dif-
ferentiating BCC strains and isolates based on their fur gene
sequences. Although further large-scale sensitivity and speci-
ficity testing is required to validate the clinical utility of this
method, it represents a potentially very useful advance in rapid
BCC diagnostics. This protocol can be used in both clinical and
research laboratories to quickly and accurately classify BCC
isolates. This BCC fur gene-based method permits unambigu-
ous identification at the species level and, as evidenced by the
resulting phylogenetic tree, creates a population structure that
coincides with current species assignments for the BCC. It is
able to resolve unknown clinical isolates into specific BCC
species or subspecies, thereby providing a comprehensive
framework for discriminating strain classification and epidemi-
ological evaluation.
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