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CDC weak oxidizer group 2 (WO-2) consists of nine phenotypically similar human clinical isolates received
by the Centers for Disease Control and Prevention between 1989 and 1998. Four of the isolates were from blood,
three were from sputum, and one each was from bronchial fluid and maxillary sinus. All are aerobic nonfer-
mentative, motile gram-negative rods with one to eight polar flagella per cell. All grew at 25 and 35°C and were
positive for catalase, urease (usually delayed 3 to 7 days), citrate, alkalinization of litmus milk, oxidization of
glycerol (weakly), and growth on MacConkey agar and in nutrient broth without NaCl. All except one strain
were oxidase positive with the Kovacs method, and all except one isolate weakly oxidized p-glucose. All were
negative for oxidation of p-xylose, b-mannitol, lactose, sucrose, maltose, and 20 other carbohydrates, esculin
hydrolysis, indole production, arginine dihydrolase, and lysine and ornithine decarboxylase. Only two of nine
isolates reduced nitrate. Broth microdilution susceptibilities were determined for all strains against 13
antimicrobial agents. Most of the strains were resistant to ampicillin, extended-spectrum cephalosporins, and
aminoglycosides, including gentamicin, tobramycin, and amikacin, but they varied in their susceptibility to
fluoroquinolones. High-performance liquid chromatographic and mass spectrometric analyses of the WO-2
group identified ubiquinone-8 as the major quinone component. The percent G+C of the WO-2 strains ranged
from 65.2 to 70.7% (thermal denaturation method). All shared a common cellular fatty acid (CFA) profile,
which was characterized by relatively large amounts (7 to 22%) of 16:1w7¢, 16:0, 17:0cyc, 18:1w7¢c, and
19:0cyc'''?; small amounts (1 to 3%) of 12:0 and 14:0; and eight hydroxy acids, 2-OH-12:0 (4%), 2-OH-14:0
(trace), 3-OH-14:0 (12%), 2-OH-16:1 (1%), 2-OH-16:0 (3%), 3-OH-16:0 (4%), 2-OH-18:1 (2%), and 2-OH-19:
Ocyc (3%). This profile is similar to the CFA profile of Pandoraea, a recently described genus associated with
respiratory infections in cystic fibrosis patients (T. Coenye et al., Int. J. Syst. Evol. Microbiol., 50:887-899,
2000). Sequencing of the 16S rRNA gene (1,300 bp) for all nine strains indicated a high level (=98.8%) of
homogeneity with Pandoraea spp. type strains. DNA-DNA hybridization analysis (hydroxyapatite method;
70°C) confirmed the identity of WO-2 with the genus Pandoraea and assigned three strains to Pandoraea apista
and three to Pandoraea pnomenusa, and identified three additional new genomospecies containing one strain
each (ATCC BAA-108, ATCC BAA-109, ATCC BAA-110). This study also shows that Pandoraea isolates may be
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encountered in blood cultures from patients without cystic fibrosis.

The Special Bacteriology Reference Laboratory of the Cen-
ters for Disease Control and Prevention (CDC) receives for
identification and classification bacterial isolates from refer-
ence laboratories throughout the United States. Since 1989, we
have received nine phenotypically similar unidentified clinical
isolates from seven different U.S. state health departments.
The phenotypic profile of these strains most closely resembles
an unclassified isolate described by Trotter et al. (Trotter’s
bacillus) (17), Acidovorax temperans, and Burkholderia cepacia
genomovar III bv. ¢ reported by Vandamme et al. (18). A
morphologic and biochemical characterization of these isolates
was presented in 1996 at the 8th International Congress of
Bacteriology and Applied Microbiology Division, International
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Union of Microbiological Societies, and the provisional desig-
nation CDC weak oxidizer group 2 (WO-2) was assigned to the
group (R. S. Weyant, D. G. Hollis, M. I. Daneshvar, J. G.
Jordan, and C. W. Moss, 8th Int. Congr. Bacteriol. Appl. Mi-
crobiol. Div., Int. Union Microbiol. Soc., p. 29, 1996).

Although a relatively small number of isolates have been
received, the most common source of isolation for WO-2
strains was blood, suggesting the potential to cause invasive
disease. Three of the strains were isolated from patients with
underlying conditions, including chronic obstructive pulmo-
nary disease and cystic fibrosis, suggesting that these strains
may act as opportunistic pathogens.

In 2000, Coenye et al. described a new genus, Pandoraea, of
gram-negative nonfermenters isolated primarily from sputa of
cystic fibrosis patients and from soil. This new genus contains
five named species (P. apista, P. pulmonicola, P. pnomenusa, P.
sputorum, and P. norimbergensis) and one unnamed species (3).
Presented herein is a polyphasic analysis of the WO-2 group,
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TABLE 1. Sources and demographic and clinical information for WO-2 strains and other taxa in this study
Strain Date received Sender location Patient age, sex Source/clinical diagnosis
G3307 1989 California 66 yr, female Blood/COPD
G3308 1989 California 75 yr, female Bronchial wash/NG?”
G5056 1990 Texas 46 yr, male Blood/septicemia
G5084 1990 Georgia Unknown age, female  Maxillary sinus/NG
G7835 1992 Hawaii 76 yr, male Blood/bacteremia®
G8107 1993 Louisiana 49 yr, male Blood/NG
G9278 1994 Ohio 35 yr, male Sputum/cystic fibrosis
G9805 1996 Utah 71 yr, female Sputum/pneumonia
H652 1998 Ohio Unknown age, female  Sputum/cystic fibrosis
G1565 (Trotter’s bacillus) 1988 Oklahoma 5 yr, male Lung mass/CGD?
G8098° (CCUG 11779, A. temperans) 1993 Goteborg, Sweden 68 yr, male Urine/NG
G8099 (CCUG 22215, A. temperans) 1993 Gavle, Sweden NG Wound secretion/NG
HS857 (LGM 12614, NCTC 13010, B. cepacia 1998 Ghent, Belgium NG NG/cystic fibrosis
genomovar III biovar c)
H1766 (CCUG 39680", Pandoraea species) 2000 NG NG Garden soil
H1767 (CCUG 38412, P. apista) 2000 Denmark NG Sputum/cystic fibrosis
H1768 (CCUG 39188", P. norimbergensis) 2000 Niirnberg, Germany NG Oxic water layer above a
sulfide-containing sediment
H1769 (CCUG 38742", P. pnomenusa) 2000 United Kingdom NG Sputum/cystic fibrosis
H1770 (CCUG 38759, P. pulmonicola) 2000 Canada NG Sputum/cystic fibrosis
H1771 (CCUG 396827, P. sputorum) 2000 USA NG NGfcystic fibrosis

“ COPD, chronic obstructive pulmonary disease.
® NG, not given.

¢ Post-mitral valve replacement.

4 CGD, chronic granulomatous disease.

¢ Culture Collection, University of Goteborg, Goteborg, Sweden; T, type strain.

/Bacteria Collection, Ghent University, Ghent, Belgium.

including morphologic, biochemical, cellular fatty acid (CFA)
composition, isoprenoid quinone content, DNA-DNA hybrid-
ization, 16S rRNA gene sequencing, percent guanine-plus-cy-
tosine (G+C) content, and in vitro antimicrobial susceptibility
determinations. These results demonstrate that WO-2 should
be assigned to the genus Pandoraea, with strains representing
P. apista, P. pnomenusa, and three additional new genomospecies.

MATERIALS AND METHODS

Bacterial strains. The strains studied, along with their sources and geographic
origins, are presented in Table 1. Trotter’s bacillus was submitted in 1988 to CDC
for identification, and the type strain and reference strains of Pandoraea species
and A. temperans were generously provided by E. Falsen, Culture Collection,
University of Goteborg, Goteborg, Sweden. The reference strain of B. cepacia
genomovar III bv. ¢, LGM 12614 (NCTC 13010), was obtained from the Bacteria
Collection, University of Ghent, Ghent, Belgium. Unless otherwise indicated,
strains were cultured on heart infusion agar supplemented with 5% rabbit blood
(RBA) (BBL Microbiology Systems, Cockeysville, Md.) and incubated at 35°C in
a candle jar. All strains were stored as suspensions in defibrinated rabbit blood
in liquid nitrogen.

Phenotypic tests. Biochemical testing was done using the methods of the CDC
Special Bacteriology Reference Laboratory (22). With the exception of the
optimum growth temperature tests, all biochemical tests were performed at 35°C
in an aerobic incubator. The oxidase, catalase, and growth temperature tests
were read after 1 day of incubation. All other tests were read after 1, 2, and 7
days of incubation. A final reading of the gelatin tests was done after 14 days of
incubation. Five isolates were tested for growth on Trypticase soy agar with 5%
sheep blood (TSAS; BBL). All strains were tested for growth on B. cepacia-
selective medium (Mast Diagnostics, Mast Group Ltd., Merseyside, United
Kingdom).

CFA analysis. Cells were saponified, and the liberated fatty acids were meth-
ylated and analyzed by capillary gas-liquid chromatography (GLC) (22). CFA
profiles were identified using a commercially available system (MIDI, Newark,
Del.). The amide-linked hydroxy acids that were not totally released by this
saponification procedure were completely released by a subsequent acid hydro-
lysis of the methanolic aqueous layer after the methylation step (22). The iden-
tification of fatty acids and determination of double-bond positions in mono-
unsaturated acids were accomplished by GLC and GLC-mass spectrometry

(GLC-MS). The confirmation of hydroxy acids was accomplished by both acet-
ylation and GLC-MS analysis, as described previously (22).

Isoprenoid quinone analysis. Isoprenoid quinones were extracted from 100 mg
of lyophilized cells and were analyzed by reverse-phase high-performance liquid
chromatography (HPLC) and MS (9, 10). The retention times were obtained by
HPLC. Peaks were collected and analyzed directly by electron-impact and chem-
ical-ionization MS.

DNA relatedness and percent G+C determination. All strains were cultured
on 20 to 30 RBA plates and incubated for 24 h at 35°C. Cells were harvested and
lysed, and the DNA was isolated and purified according to the method of
Brenner et al. (2). DNA from strains G3307, G5056, G5084, and G9805 was
labeled with [*?P]dCTP using a commercial nick translation kit (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.) and tested for reassociation to
unlabeled DNA from the same strain (homologous reaction) as well as to other
‘WO-2 strains and to the type and reference strains (heterologous reactions). The
G+C content of B. cepacia has been reported to be 67%; therefore, 70°C was
chosen for the optimal reassociation temperature. Relative binding ratios ([per-
cent heterologous DNA bound to hydroxyapatite/percent homologous DNA
bound to hydroxyapatite] X 100) and percent divergence (the percentage of
unpaired bases in related DNA sequences) were calculated as described by
Brenner et al. (2). Divergence was calculated to the nearest 0.5%, with each
decrease of 1°C in thermal stability of a heterologous DNA duplex due to
approximately 1% unpaired bases within related DNA (1). All reactions were
done in duplicate at the optimal temperature of 70°C. The percent G+C was
determined for strains G3307, G5056, G5084, G9805, and H652 by the thermal
denaturation method of Mandel et al. (8).

16S rRNA gene sequencing. Purified genomic DNA was diluted to 1 pg/ml in
sterile water. Ten microliters of the diluted DNA was used in a 100-pl PCR
mixture containing a 200 wM concentration of deoxynucleoside triphosphate, 1
mM MgCl,, 1X PCR buffer II (Perkin-Elmer, Foster City, Calif.), 0.1 pM FD1
primer, 0.1 uM RDI1 primer, and 2.5 U of AmpliTaq DNA polymerase (Perkin-
Elmer). The primers FD1 and RD1 were originally described by Weisburg et al.
as suitable for amplifying the 16S rRNA gene of many cubacteria (21). We
omitted the linker sequences from the primers, as previously described (4). The
parameters for the amplification were 94°C for 5 min, 35 cycles of 94°C for 15 s,
50°C for 15 s, 72°C for 1.5 min, and finally a 72°C extension for 5 min before
cooling to 4°C. The results of the PCR were checked by running 10 pl of each
reaction mixture on a 1% agarose gel. The amplicon was then purified and
concentrated by using a QiaQuick PCR Purification kit from Qiagen (Valencia,
Calif.). Approximately 60 ng of PCR product was used for each sequencing
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TABLE 2. DNA relatedness of WO-2 strains, Pandoraea species, A. temperans, B. cepacia genomovar III bv. c, and Trotter’s bacillus”

Results of reaction with labeled DNA from strain:

Source of unlabeled DNA G3307 G5056 G5084 G9805 H652
RBR D RBR RBR D RBR D RBR D
WO-2 G3307 100 0.0 45 10.5 37 9.5 35 8.5
WO-2 G3308 99 0.0 43 10.5
WO-2 G9278 90 3.0 34 12.0
WO-2 G5056 57 12.5 100 34 9.5 27 9.0
WO-2 G7835 42 13.5 87
WO-2 G8107 42 12.5 80 .
WO-2 G5084 56 10.5 47 10.0 100 0.0 38 7.5
WO-2 G9805 49 11.0 38 11.0 42 9.5 100 0.0
WO-2 H652 56 8.0 35 10.5 25 9.5 29 6.5 100 0.0
Pandoraea sp. strain 38 7.4 30 24 7.8 22 4.8 49 9.0
H1766
P. apista H1767 83 0.3 34 28 8.2 27 5.9 59 8.3
P. norimbergensis H1768 35 8.2 29 24 8.8 24 6.0 41 10.4
P. pnomenusa H1769 34 8.6 83 27 8.5 26 55 46 10.0
P. pulmonicola H1770 33 8.4 33 26 8.4 24 5.1 43 10.5
P. sputorum H1771 8 8.5 4 . 4 9.8 4 6.7 5 13.8
A. temperans G9808 6 15.5 2 14.5 0 16.5 1 11.0
B. cepacia H857° 10 16.5 6 15.5 1 15.5 8 9.5
Trotter’s bacillus G1563 15 15.0 10 15.5 3 15.5 5 11.0

“ RBR, relative binding ratio; D, percent divergence. Reactions were performed at 70°C.

> H857, B. cepacia genomovar III bv. c.

reaction. The sequencing reaction consisted of 16S DNA, 8 ul of ABI BigDye
terminator from a cycle sequencing kit (PE Applied Biosystems, Foster City,
Calif.), 3.2 pmol of primer, and sterile water to a volume of 20 pl. The primer set
used for sequencing was derived from those designed by Stackebrandt and
Charfreitag (16). The manufacturer’s instructions for the cycle sequencing kit
were followed for the thermal cycler conditions. The extension products from
each sequencing reaction were purified through a Centrisep column (Princeton
Separations, Adelphia, N.J.) and dried in a vacuum centrifuge for 20 min. The
sequencing reaction mixtures were resolved on a 4.25% acrylamide—-6 M urea gel
electrophoresed on an ABI 377 automated sequencer (PE Applied Biosystems).
The sequence data were edited and compiled using the Wisconsin Sequence
Analysis Package (Genetics Computer Group, Madison, Wis.). The 16S se-
quence was aligned using the Wisconsin Sequence Analysis Package program
PILEUP with 16S sequences of proteobacteria retrieved from GenBank, and the
multiple sequence alignment was edited by hand to remove regions that were not
represented by all members. The edited alignment was used in TREECON
(version 1.3b) (19) to derive a phylogenetic dendrogram using the nucleotide
substitution model of Jukes and Cantor (7) and the neighbor-joining method of
Saitou and Nei (15).

In vitro antimicrobial susceptibility tests. Antimicrobial susceptibility profiles
were determined by the broth microdilution method described by the National
Committee for Clinical Laboratory Standards (NCCLS) (11, 12), except that the
results were read after a 24-h incubation (5). The strains were streaked onto
TSAS and incubated for 18 to 24 h at 35°C in ambient air. Growth was taken
from the plate with a sterile cotton-tipped swab and suspended in a tube of
cation-adjusted Mueller-Hinton broth (Difco, Detroit, Mich.) to a density equiv-
alent to 1.0 McFarland standard. Eight milliliters of the broth suspension was
added to 32 ml of sterile distilled water and inoculated into MIC plates prepared
at CDC according to the recommendations of the NCCLS (11, 12). Inoculation
was performed with the MIC 2000 (Dynatech Laboratories, Chantilly, Va.). The
final inoculum concentration was approximately 5 X 10° CFU/ml. The plates
were incubated in ambient air for 24 h at 35°C. The following organisms were
used as controls: Escherichia coli ATCC 25922, E. coli ATCC 35218, and Pseudo-
monas aeruginosa ATCC 27853. There were no quality control failures.

Nucleotide sequence accession numbers. The 16S sequences for the nine
WO-2 strains were submitted to GenBank and assigned the accession numbers
AF247691 to AF247699.

RESULTS

The sources of all strains in the study are listed in Table 1.
WO-2 isolates were received from seven different state public
health laboratories in the United States between 1989 and
1998. No single geographic area predominated. Four of the

isolates were obtained from blood, three were from sputum,
and one each was from bronchial wash and maxillary sinus.
Clinical information was available on seven patients and no
common underlying syndrome was indicated, although signif-
icant conditions, including chronic obstructive pulmonary dis-
ease and cystic fibrosis, were reported for three of the patients.
The age of the patients ranged from 35 to 76 years; five of the
patients were female and four were male.

Results of DNA relatedness studies are given in Table 2.
Using the established molecular criteria for species-level relat-
edness (strains whose DNAs are 70% or more related at op-
timal conditions and whose related sequences show 5% or less
divergence) (20), five species-level hybridization groups were
identified among the WO-2 strains. The first group contained
strains G3307, G3308, G9278, and the type strain of P. apista.
The relatedness within this group was greater than 83%, and
the divergence was less than 3.5%. The second group consisted
of G5056, G7835, G8107, and the type strain of P. pnomenusa.
This group was slightly more diverse, with relatedness and
divergence greater than 79% and less than 5.5%, respectively.
Strains G5084, G9805, and H652 are not related at the species
level with any of the other WO-2 or reference strains included
in this study; however, their relatedness with P. apista, P. no-
rimbergensis, P. pnomenusa, P. pulmonicola, and the unnamed
Pandoraea species strain H1766 was substantially higher
(>23%) than with P. sputorum and the other genera included
in the study (<16%).

The percent G+C was determined for a representative
WO-2 strain of each DNA relatedness group, and values
ranged from 65.2% for strain G5084 to 70.7% for strain G5056
(P. pnomenusa). The G+C content for G3307 (P. apista) was
69.2%, 67.1% for G9805, and 68.6% for H652. These values
are slightly higher than those previously reported for Pando-
raea (61.2 to 64.3%) (3).

The 16S rRNA gene sequences of nine members of the
WO-2 group, Trotter’s bacillus, and B. cepacia genomovar 111
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G3308 AF247691
100 | G9278 AF247696

Pandoraea apista LMG 18089 AF139172
Pandoraea apista LMG 16407 AF139173
H652 AF247698
Burkholderia norimburgensis Y09879
Pandoraea norimburgensis LMG 13019 AF139171
Pandoraea pulmonicola LMG 18106 AF139715
Pandoraea pnomenusa LMG 18087 AF139174
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G5056 AF247692

G7835 AF247694
93 1 G9805 AF247697
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Pandoraea sputorum LMG 18819 AF139176
91 G584 AF247693

Burkholderia sp. IpA-51 AJO11509
Trotter's bacillus G1565
100
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Pseudomonas antimicrobica NCIMB 9898 AB021384

100

Burkholderia cocovenenans ATCC 33664 AB021389

100 Burkholderia glimae LMG 2196 U96931

Burkholderia pyrrocinia ATCC 15958 AB021369
00y Burkholderia sp. MBIC 3937 AB008002

Burkholderia cepacia KP24 AB015606
Burkholderia cepacia LMG 12614 AF097530
Burkholderia sp. CRE7 U37340

92L Burkholderia vietnamiensis TVVI0

Acidovorax temperans CCUG 11779 AF078766

FIG. 1. Phylogenetic tree including WO-2 strains and closest neighboring taxa.

bv. ¢ were determined and aligned with sequences of several
Burkholderia and Pandoraea species from GenBank. The re-
sulting phylogenetic tree (Fig. 1) demonstrates the close rela-
tionships between WO-2 strains and Pandoraea species. The
WO-2 strains were 98.8 to 100% homologous to the reference
Pandoraea strains across 1,300 bp of their 16S rRNA gene
sequences. The 16S data correlated well with the DNA-DNA
hybridization results. The only exception was seen with G3307.
By DNA hybridization, G3307 was classified as P. apista, along
with G3308 and G9278. However, the 16S rRNA gene se-
quence of this strain was identical to G9805, a unique geno-
mospecies. The strains of the Pandoraea cluster were 98.4 to
98.8% similar to the sequence of an unnamed Burkholderia
species, strain IpA-51 (GenBank accession number AJ011509)
and 96.7 to 97.3% similar to the sequence from Trotter’s ba-
cillus. The low bootstrap value of the Trotter’s bacillus branch
indicates that the Trotter’s bacillus sequence often was
grouped with the Pandoraea strains when the tree was gener-
ated 100 separate times. The high bootstrap values for the
Pandoraea branch and the Burkholderia branch indicate that in
100 trees there was little deviation from this representative

tree. The Pandoraea strains and Burkholderia sp. strain IpA-51
formed a separate group from the Burkholderia species in 99%
of the trees. The Pandoraea cluster, Burkholderia sp. strain
IpA-51, and Trotter’s bacillus were 95.4 to 96% similar to B.
cepacia. The 16S ribosomal DNA sequence from Pseudomonas
antimicrobica was 99.51% similar to that of Burkholderia co-
covenenans, indicating a very close relationship of P. antimi-
crobica to the genus Burkholderia.

The CFA compositions of the WO-2 strains, along with
the Pandoraea reference strains, other phenotypically similar
strains (Trotter’s bacillus, B. cepacia genomovar III bv. ¢, and
A. temperans), and a group of Burkholderia reference strains
representing B. cepacia, B. gladioli, B. mallei, and B. pseudomal-
lei (B. cepacia CFA group) are presented in Table 3. The B.
cepacia CFA group and A. temperans profiles were previously
published by our group after using the same methodology (22).
All nine WO-2 strains shared a unique profile characterized by
relatively large amounts (7 to 22%) of 16:1w7c, 16:0, 17:0cyc,
18:1w7¢, and 19:0cyc'''?; small amounts (1 to 3%) of 12:0,
14:0 and 18:0; and eight hydroxy acids, 2-OH-12:0 (4%), 2-OH-
14:0 (trace), 3-OH-14:0 (12%), 2-OH-16:1 (1%), 2-OH-16:0
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TABLE 3. Summary of CFA compositions of WO-2 strains, Pandoraea species, Trotter’s bacillus, B. cepacia CFA group,
B. cepacia genomovar III bv. ¢, and A. temperans

Mean % of total CFA?

Fatty acid”

WO-2 Pandoraea species® Trotter’s bacillus?

B. cepacia CFA group®

B. cepacia genomovar III bv. ¢¢ A. temperans

3-OH-10:0
12:0

13:0
2-OH-12:0
14:0
15:1w6¢c
15:0
2-OH-14:0
3-OH-14:0
16:1w7c
16:1w5¢
16:0
17:0cyc
17:0
2-OH-16:1
2-OH-16:0
3-OH-16:0
18:2
18:1w9¢
18:1w7c
18:0
19:0cyc'''2
2-OH-18:1
2-OH-19:0cyc

| pom | 28 a8 —mn | wl
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[ I I

[ w3528 cal vl mnl wl

| s aQ1 2ol
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|O\0\>—l| —_

ol &1 &

|J>m>—\|:g|\lkh'—]’ﬂ|b)|
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—
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“ The number before the colon indicates the number of carbons; the number after the colon is the number of double bonds; w is the position of the double bond
counting from the hydrocarbon end of the carbon chain; OH indicates a hydroxy group at the 2(«) or 3(B) position from the carboxyl end; c, cis isomer; cyc, a

cyclopropane ring structure.
T, trace (0.4 to 0.8%); —, not detected.

¢ Pandoraea species includes a reference strain from each of P. apista, P. norimbergensis, P. pnomenusa, P. pulmonicola, P. sputorum, and other Pandoraea species.
B. cepacia CFA group (22) includes type strains, reference strains, and phenotypically similar strains of Burkholderia (formerly Pseudomonas) cepacia, B. gladioli, B.

mallei, and B. pseudomallei.
@ A strain phenotypically similar to CDC group WO-2.
¢ 2% present in all strains except CCUG 39680, in which none was detected.

(3%), 3-OH-16:0 (4%), 2-OH-18:1 (2%), and 2-OH-19:0cyc
(3%). Upon acid hydrolysis of one representative strain, addi-
tional amounts of 2-OH-12:0 (2%), 3-OH-14:0 (5%), 2-OH-
16:1 (1%), 2-OH-16:0 (1%), 3-OH-16:0 (9%), and 2-OH-19:
Ocyc (2%) were released, indicating that these acids are both
ester and amide linked. No additional hydroxy acids were re-
leased upon acid hydrolysis.

The overall CFA profiles of WO-2 strains, the Pandoraea
reference strains, Trotter’s bacillus, the B. cepacia CFA group,
and B. cepacia genomovar III bv. ¢ are similar, in that 3-OH-
14:0 (5 to 12%), 16:0 (21 to 29%), 17:0cyc (6 to 21%), 18:1w7c
(6 to 24%), and 19:0cyc''"'? (5 to 13%) predominate. Within
this group, the WO-2 strains are most similar to the Pandoraea
strains. The WO-2 and Pandoraea profiles can be differentiated
from Trotter’s bacillus by the presence of 2-OH-12:0 (4%) and
the inversion of the 17:0cyc/18:1w7c ratio. The major charac-
teristics that differentiate the WO-2 and Pandoraea profiles
from the B. cepacia CFA group and B. cepacia genomovar 111
bv. c are the presence of 12:0 (3%) and 2-OH-12:0 (2 to 4%).
The A. temperans profile, characterized by major amounts of
16:1w7c and 16:0 (23 to 35%), is easily differentiated from the
others.

HPLC and MS data for the quinone extracts of a represen-
tative WO-2 strain from each Pandoraea species confirmed
ubiquinone-8 (Q-8) as the major component. Although not all
Pandoraea species were analyzed, our findings from P. apista,

P. pnomenusa, and three additional genomospecies indicate
that the quinone content of Pandoraea is similar to that of
Burkholderia. The quinone content of Pandoraea is most sim-
ilar to that of B. cepacia and B. gladioli, in that Q-8 is also the
only quinone present in the latter two organisms (13). There-
fore, the presence of Q-8, in combination with the described
CFA profile, provides a genus-level chemical identification of
Pandoraea.

All Pandoraea strains shared a common general phenotypic
profile, regardless of species. Cells grown on heart infusion
agar at 35°C for 18 to 24 h were short-to-medium-length
straight gram-negative rods that were of medium width. Some
cells produced a vacuolated or bipolar appearance. All grew
heavily on RBA that was incubated either aerobically or in a
candle jar atmosphere for 18 to 24 h. Five strains were also
tested for growth on TSAS, and all grew at a rate and with a
morphology similar to that obtained on RBA. Isolated colonies
were circular, convex, semiopaque to opaque, entire, smooth,
and 0.5 to 1 mm in diameter. Hemolysis was variable. No
hemolytic reaction was observed after overnight incubation at
35°C with five strains; however, one P. pnomenusa strain and
G9805 produced weak hemolysis, one P. apista strain produced
a faint greenish discoloration, and another P. apista strain
produced a partial beta-like hemolytic action underneath areas
of confluent growth. All strains were positive for growth on
MacConkey agar, production of catalase, alkalinization of ci-
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TABLE 4. Differential phenotypic characteristics of Pandoraea strains included in this study”

Pandoraea unnamed genomospecies

P. apista P. pnomenusa P. pulmonicola P. sputorum  P. norimbergensis
Test performed” (o P 4) IZn = 4) 17(" =) (’f: 1) = 1r§' 1 2 3 4
(n=1) (n=1) n=1) n=1)
Acid from (OF base):
D-glucose (Bw)/4 (3w)/4 - +w +w - (+w) (+w)  (+w)
Glycerol (Bw)/3 (3w)/3 +w - +w +w (+w) (+w) (+w)
D-xylose 0/4 0/4 - +w - - - - -
Oxidase® 4/4 4/4 + + + + + - +
Growth on SS agar 1(1w)/4 1(1w)/4 + + - - - w+) ()
Growth on cetrimide agar  2(1w)/4 2/4 + + - - - - -
Urea, Christensen’s 1(3)/4 4/4 - - - - (+) (+) (+)
Nitrate 0/4 3/4 - + - + - - -
Growth at 42°C 4/4 4/4 + + - - + + +

“ Fractions indicate number of strains positive within 48 h per total number of strains tested. Fractions in parentheses indicate number of strains positive within 7
days per total strains tested. Abbreviations: n, number of strains; +, positive; —, negative; w, weak reaction.

" All strains were positive for catalase, growth on MacConkey agar and in nutrient broth, alkalinization of Simmons citrate and litmus milk, and growth at 25°C and
35°C. All strains were negative for reduction of nitrite, denitrification, indole production, gelatin and esculin hydrolysis, production of growth pigments, growth in
nutrient broth with 6% NaCl, ornithine and lysine decarboxylase, arginine dihydrolase, and acid from salicin, L-arabinose, adonitol, dulcitol, p-galactose, fructose,
D-mannose, L-thamnose, trehalose, raffinose, p-sorbitol, inositol, cellobiose, inulin, dextrin, glycogen, erythritol, melibiose, melezitose, and starch.

¢ Kovacs method.

trate and litmus milk, growth at 25 and 35°C, and growth in
nutrient broth. All strains were motile with polar flagella, rang-
ing from one to as many as eight per cell, which were observed
by using the Ryu flagellum stain (22). All strains were negative
for hydrolysis of esculin and gelatin, indole, lysine and orni-
thine decarboxylase, and arginine dihydrolase. No acid produc-
tion was observed in King’s oxidation-fermentation (OF) base
from mannitol, lactose, sucrose, maltose, salicin, L-arabinose,
adonitol, dulcitol, p-galactose, fructose, mannose, rhamnose,
trehalose, raffinose, sorbitol, inositol, cellobiose, inulin, dex-
trin, glycogen, erythritol, melibiose, melezitose, and starch.
With one exception, all strains grew well on B. cepacia-selec-
tive medium at 35°C. One strain, assigned to P. apista (G9278),
grew lightly at 35°C and the agar did not turn pink; however, at
28°C there was moderate growth and the agar turned pink.
Table 4 lists phenotypic characteristics that are useful in
differentiating between the different Pandoraea species. Re-
sults are given for reference strains and the genetically identi-

fied WO-2 isolates. The reference strains of P. pulmonicola, P.
sputorum, P. norimbergensis, and Pandoraea genomospecies 1
and 3 could be definitively identified using the tests listed. A
nitrate-negative, cetrimide-negative P. pnomenusa strain might
be confused with P. apista or Pandorea genomospecies 4. Like-
wise, a nitrate-negative P. pnomenusa strain that failed to grow
on salmonella-shigella (SS) agar and cetrimide agar might be
confused with Pandoraea genomospecies 2.

Table 5 lists the antimicrobial resistance profiles for the
WO-2 isolates as classified into their Pandoraea designa-
tions. These isolates exhibited diverse antimicrobial suscepti-
bility patterns. All of the organisms were resistant to ampicillin
and cefazolin except for one strain of P. apista, G9278, and
most were resistant to extended-spectrum cephalosporins, az-
treonam, and piperacillin. The organisms also tended to be
resistant to aminoglycosides, including gentamicin, tobra-
mycin, and amikacin, but varied in their susceptibility to
fluoroquinolones.

TABLE 5. Antimicrobial resistance profiles of WO-2 strains classified as Pandoraea”

MIC (pg/ml)

Antimicrobial agent P. apista P. pnomenusa ) ) )
ntimicrobial agen (n=3) (n=3) P. genomospecies 2 P. genomospecies 3 P. genomospecies 4
n=1) (n=1) n=1)
Range Mode Range Mode
Ampicillin 32->64 >64 >64 >64 >64 >64 >64
Amoxicillin-clavulanate 32->32 >32 >32 >32 >32 >32 >32
Amikacin 16 16 >64 >64 >64 >64 >64
Cefazolin 2->32 >32 >32 >32 >32 >32 >32
Cefotaxime 4->64 4,32, >64 NA 32->64 >64 >64 32 >64
Cefoxitin >32 >32 >32 >32 >32 >32 >32
Chloramphenicol 8-16 16 16 16 32 32 16
Ciprofloxacin 0.5-2 0.5, 1, 2, NA 2-4 4 8 4 >8
Gentamicin 8-16 16 >16 >16 >16 >16 >16
Imipenem <1-4 4 <1-2 <1 2 2 32
Meropenem 1->32 >32 >32 >32 >32 >32 >32
Sparfloxacin 0.12-0.5 0.5 0.5-1 1 >2 1 >2
Tetracycline 2-4 2 4-8 4 16 8 8
Tobramycin 4-8 8 >16 >16 >16 >16 >16

“n, number of strains; NA, not applicable. Values are given as micrograms per milliliter.
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DISCUSSION

The genus Pandoraea represents a recently described group
of nonfermentative gram-negative rods isolated predominately
from soil and from sputa of individuals with cystic fibrosis (3).
The original description of this genus identified four new spe-
cies, all consisting of primarily sputum isolates (P. apista,
P. pulmonicola, P. pnomenusa, P. sputorum), and reclassified
Burkholderia norimbergensis as a new Pandoraea species, P.
norimbergensis. One unnamed genomospecies, consisting of
one sputum isolate (referred to in this study as Pandoraea
unnamed genomospecies 1), was also described. The closest
phylogenetic relative to Pandoraea is Burkholderia.

The findings of this study support the findings of the original
Pandoraea study and assign the nonfermenters referred to as
CDC WO-2 to this genus. The WO-2 group includes nine
similar clinical isolates received by the CDC Special Bacteri-
ology Reference Laboratory since 1989. Six of the nine WO-2
strains were isolated either from a respiratory site or from a
patient with underlying respiratory disease, i.e., cystic fibrosis
or chronic obstructive pulmonary disease. Using DNA-DNA
hybridization analysis with Pandoraea type strains, three WO-2
isolates were found to be P. apista, three were found to be P.
pnomenusa, and three others were found to represent unique
Pandoraea genomospecies.

The assignment of the WO-2 group to the genus Pandoraea
suggests a broader pathogenic potential for this genus than was
previously recognized. Only two of the nine patients from
which these organisms were isolated had cystic fibrosis listed as
an underlying disease. Additionally, the most common site of
isolation of the WO-2 isolates was blood (four isolates), dem-
onstrating a potential for these organisms to cause invasive
infections in individuals without cystic fibrosis. All three of the
WO-2 isolates identified as P. pnomenusa were isolated from
blood, suggesting that this particular species may have an in-
creased potential for invasive disease. Additional pathogenesis
studies will be required to better understand this association.

The great majority of confirmed Pandoraea strains have
been isolated from clinical specimens. Only three nonclinical
isolates have been described: a Pandoraea genomospecies 1
isolate from garden soil and one P. norimbergensis isolate each
from environmental water and powdered milk (3). Our in vitro
experience with the WO-2 strains indicates that Pandoraea can
survive and grow in a variety of culture conditions, with ade-
quate growth temperatures ranging at least from 25°C through
42°C. The geographic information received with the WO-2
isolates suggests that these organisms can be encountered in a
variety of locations, ranging from temperate environments,
such as Hawaii, to areas such as Utah and Ohio that may
experience significant variations in temperature and humidity.
Taken together, this information suggests that the natural hab-
itat of Pandoraea may be soil or water. The ability of these
organisms to grow on B. cepacia-selective medium should
greatly enhance their isolation from environmental samples.

Pandoraea species share many phenotypic similarities with
Ralstonia pickettii and Ralstonia paucula (formerly CDC group
IVc-2) and with other less commonly encountered nonfer-
menters, including Trotter’s bacillus, A. temperans, and non-
saccharolytic strains of B. cepacia (genomovar III biovar c).
Trotter’s bacillus was first isolated in 1990 from pleural fluid
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and pulmonary decortication tissue of a 5-year-old child with
chronic granulomatous disease (17). A. temperans was also
described in 1990 by Willems et al. (23). These organisms have
been primarily isolated from clinical sources, although at least
one isolate from sludge has been reported (23). Nonsaccharo-
lytic strains of B. cepacia referred to as genomovar III biovar ¢
were described in 1997 by Vandamme et al. (18); however,
recognition of nonsaccharolytic B. cepacia-like strains was re-
ported earlier in 1996 by Pitt et al. (14). Genus-level differen-
tiation of Pandoraea from these other organisms can be
achieved with a variety of approaches. The 16S rRNA gene
sequences of the Pandoraea strains form a highly related group
(greater than 98.8% homologous) that clusters most closely
with a separate clade comprising several Burkholderia species.
The presence of both lauric (12:0) and «-hydroxylauric (2-OH-
12:0) acids in the Pandoraea CFA profile is also a useful dif-
ferential characteristic. Phenotypic tests useful in differentiat-
ing between these organisms include flagellar morphology,
Simmons citrate alkalinization, nitrate reduction, gas from ni-
trate, urease activity, and acidification of disaccharides.

The in vitro antibiotic susceptibility profile of the Pandoraea
strains is similar to that observed with Burkholderia clinical
isolates (6). These strains tended to be multiresistant, produc-
ing elevated MICs of most antibiotics, including most of the
B-lactams and aminoglycosides tested. Additional clinical ex-
perience will be required to evaluate or recommend treatment
approaches to patients with Pandoraea infections.

Although the great majority of our results with the Pando-
raea type strains are in agreement with previously published
findings, we did note some differences. Coenye et al. described
these organisms as motile with a single polar flagellum (3).
However, when we examined the type strains using the Ryu
stain (22), two or more polar flagella were attached to most
of the cells. This flagellar morphology is similar to the mor-
phology of Pandoraea’s closest phylogenetic relative, the genus
Burkholderia. The original descriptions of P. apista, P. pnome-
nusa, P. sputorum, and Pandoraea genomospecies 1 indicated
that they failed to grow in OF medium with p-glucose (3). We
found, however, that all strains tested grew adequately in OF
medium made with the King base (22) and that most P. apista,
P. pnomenusa, and P. sputorum strains produced a weak acid
reaction in King’s OF medium with D-glucose. These labora-
tory-to-laboratory discrepancies show the importance of ob-
taining and testing valid reference strains of new taxa to verify
their reactions with in-house procedures.

In their original description of this genus, Coenye et al.
chose the term Pandoreae, in recognition of the potential Pan-
dora’s box of genetic diversity associated with these organisms
(3). Our findings with the WO-2 isolates seem to confirm this
prophecy. Although six of our nine isolates could be assigned
to a specific Pandoraea species, three others represent distinct
genetic entities. Until additional strains are identified and
studied to better define the phenotypic characteristics of these
organisms, we propose that the provisional epithet “genomo-
species” be applied to the groups containing one strain only.
With this provision, the genus Pandoraea contains the five
previously described species and four genomospecies. Geno-
mospecies 1 is the strain CCUG 39680, originally described as
“Pandoraea species” (3). The phenotypic tests listed in Table 4
will allow for the discrimination of most of the Pandoraea
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species and genomospecies; however, a nitrate-negative P.
pnomenusa strain might be confused with P. apista. Descrip-
tions of the new Pandoraea genomospecies 2, 3, and 4 are given
below.

(i) Pandoraea genomospecies 2. Gram-negative, nonsporu-
lating straight rod. Motile by means of two or more polar
flagella. Weak acid production is observed in King’s OF me-
dium with p-glucose and glycerol; oxidase positive; negative for
growth on centrimide and SS agars; weak and delayed urease
activity is observed; nitrate is not reduced. Other phenotypic
characteristics are listed in Table 4. The CFA profile is as
described for the genus (3). The only known strain is CDC
G5084 (ATCC BAA-108), which was isolated in 1990 from the
maxillary sinus of a woman. The G+C content is 65.2%. The
16S rRNA gene sequence has been deposited at GenBank
(accession no. AF247693).

(ii) Pandoraea genomospecies 3. Gram-negative, nonsporu-
lating straight rod. Motile by means of two or more polar
flagella. Weak acid production is observed in King’s OF me-
dium with p-glucose and glycerol; oxidase negative; negative
for growth on centrimide agar; weak and delayed growth is
observed on SS agar; weak and delayed urease activity is ob-
served; nitrate is not reduced. Other phenotypic characteristics
are listed in Table 4. The CFA profile is as described for the
genus (3). The only known strain is CDC G9805 (ATCC BAA-
109), isolated in 1996 from the sputum of a 71-year-old woman.
The G+C content is 67.1%. The 16S rRNA gene sequence has
been deposited at GenBank (accession no. AF247697).

(iii) Pandoraea genomospecies 4. Gram-negative, nonsporu-
lating straight rod. Motile by means of two or more polar
flagella. Weak acid production is observed in King’s OF me-
dium with p-glucose and glycerol; oxidase positive; negative for
growth on centrimide agar; delayed growth is observed on SS
agar; weak and delayed urease activity is observed; nitrate is
not reduced. Other phenotypic characteristics are listed in
Table 4. The CFA profile is as described for the genus (3). The
only known strain is CDC H652 (ATCC BAA-110), isolated in
1998 from the sputum of a woman with cystic fibrosis. The
G+C content is 68.6%. The 16s rRNA gene sequence has been
deposited in GenBank (accession no. AF247698).
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