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We designed and successfully implemented the use of in situ-synthesized 45-mer oligonucleotide DNA
microarrays (XeoChips) for genome-wide expression profiling of Burkholderia xenovorans LB400, which is
among the best aerobic polychlorinated biphenyl degraders known so far. We conducted differential gene
expression profiling during exponential growth on succinate, benzoate, and biphenyl as sole carbon sources
and investigated the transcriptome of early-stationary-phase cells grown on biphenyl. Based on these exper-
iments, we outlined metabolic pathways and summarized other cellular functions in the organism relevant for
biphenyl and benzoate degradation. All genes previously identified as being directly involved in biphenyl
degradation were up-regulated when cells were grown on biphenyl compared to expression in succinate-grown
cells. For benzoate degradation, however, genes for an aerobic coenzyme A activation pathway were up-
regulated in biphenyl-grown cells, while the pathway for benzoate degradation via hydroxylation was up-
regulated in benzoate-grown cells. The early-stationary-phase biphenyl-grown cells showed similar expression
of biphenyl pathway genes, but a surprising up-regulation of C1 metabolic pathway genes was observed. The
microarray results were validated by quantitative reverse transcription PCR with a subset of genes of interest.
The XeoChips showed a chip-to-chip variation of 13.9%, compared to the 21.6% variation for spotted oligo-
nucleotide microarrays, which is less variation than that typically reported for PCR product microarrays.

Many bacteria, most of which belong to the beta subclass of
the Proteobacteria and the Actinobacteria (20, 42), can grow
aerobically with biphenyl as a sole carbon source and can
cometabolically degrade polychlorinated biphenyls (PCBs) (1,
4), which are among the most problematic environmental pol-
lutants (29). Burkholderia xenovorans strain LB400 (17) is one
of the most-studied and effective aerobic PCB degraders
known and is able to cometabolically degrade up to hexachlo-
rinated biphenyls (3, 8, 12, 18, 22, 31–33). Although the operon
organization for the upper biphenyl degradation pathway (the
upper Bph pathway) has been extensively documented, there
are contradictory reports on its regulation, suggesting that
there is constitutive (5, 25) or biphenyl-induced expression (2,
12, 27). The enzymatic reactions of the upper Bph pathway
result in formation of benzoate and pentadiene or their chlo-
rinated derivatives. Pentadiene and possibly some chlorinated
derivatives can be metabolized by proteins encoded by the
lower Bph pathway, which are often in the same operon (21,
24), while the traditional catechol–�-ketoadipate pathway (19)
is believed to be responsible for the degradation of benzoate.
Recently, however, an alternative aerobic benzoate pathway
via coenzyme A (CoA) activation has been characterized in
Azoarcus evansii by Gescher et al. (15), and these authors
noted that there are two homologous copies of this pathway in
the LB400 genome (15).

In collaboration with our laboratory, a draft sequence of
LB400’s genome was generated by The Joint Genome Insti-

tute. The latest annotated assembly (JGI/ORNL annotation
December 2003) suggests that the total genome size is �9.7
Mbp (50 major contigs) and that there are 9,851 open reading
frames (ORFs). Despite years of research on this PCB-degrad-
ing organism, very little is known about its general physiology,
metabolism, biochemistry, and management of the metabolic
warehouse of the large genome. To enhance our knowledge of
this organism and, more specifically, how its genomic context
allows it to be successful as a PCB degrader, a microarray
containing one 45-mer oligonucleotide probe per ORF was
constructed to explore genes that are potentially important in
the biodegradation of PCBs. In collaboration with Xeotron
Corporation (Houston, Tex.), we evaluated and used their new
light-directed, in situ-synthesized microfluidic microarray plat-
form (XeoChip) (14) for this purpose. We investigated the
whole-genome expression patterns when LB400 was grown on
biphenyl or benzoate compared to the patterns when the or-
ganism was grown on succinate. Furthermore, we investigated
the expression patterns in the early stationary phase of biphe-
nyl-grown cells. We validated our array results by using the
data for a subset of genes measured by quantitative reverse
transcription PCR (Q-RT-PCR).

MATERIALS AND METHODS

Bacterial strain and genome sequence. B. xenovorans strain LB400 was orig-
inally isolated from a PCB-contaminated New York state landfill site (3), and an
8� coverage sequence draft was produced by Department of Energy’s Joint
Genome Institute and automatically annotated by Oak Ridge National Labora-
tory’s Computational Genomics Group. The annotation used in this work is
available at http://cme.msu.edu/lb400/LB400/Annotation.txt (JGI/ORNL anno-
tation May 2001). The latest sequence and draft analysis is available at http:
//genome.jgi-psf.org/draft_microbes/burfu/burfu.home.html.
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Media and growth conditions. LB400 was grown in liquid K1 mineral medium
(46) supplemented with succinate (10 mM), benzoate (5 mM), or particulate
biphenyl (5 mM; S � 6.99 � 10�3 g/liter) as the sole carbon source. Cells were
grown at 29 � 1°C in 200-ml batch cultures in 500-ml Erlenmeyer flasks on a
rotary shaker at 250 rpm. At the start of each experiment, a glycerol stock culture
was grown on R2A (Difco) agar plates, and biomass from pooled colonies was
grown on a K1 agar plate containing biphenyl. K1 liquid medium containing
succinate (reference conditions, transfer 1) was inoculated with pooled colonies
from this plate and grown until the stationary phase. Two subsequent transfers
were made in succinate medium prior to harvest (reference conditions, transfer
3). Cells from transfer 2 in K1 medium containing succinate were used to
inoculate liquid K1 medium containing biphenyl and liquid K1 medium contain-
ing benzoate (treatment conditions, transfer 1), and cells were harvested after
two more transfers in K1 medium containing biphenyl and liquid K1 medium
containing benzoate (treatment conditions, transfer 3), respectively. Transfer 3
for each carbon source (reference and treatment) was done in duplicate to obtain
biological replicates. The two biological replicates of succinate-, benzoate-, and
biphenyl-grown cells were harvested at the maximum growth rates (0.40, 0.27,
and 0.23 cell division/h, respectively) at optical densities of 0.45, 0.35, and 0.35,
respectively. Additionally, two biological replicates of biphenyl-grown cells were
harvested within 1-log-phase generation time after the start of the stationary
phase, at an optical density of �0.75. We termed this sampling period the early
stationary phase because the growth rate decreased to a much lower value after
this point although the cells eventually reached an optical density of �1.2.

RNA extraction and labeling. RNAlater (Ambion) was added at a 1:1 ratio to
a culture to protect RNA against degradation. Bacterial cells were harvested by

centrifugation at 5,000 � g for 10 min at 4°C. The RNA was extracted with an
RNeasy RNA extraction kit (QIAGEN), and the remaining DNA was removed
by 30 min of incubation at room temperature with 1.5 U of DNase I (10 U/�l;
Roche) per �g of nucleic acid. The integrity of the RNA and the absence of
DNA were verified by 1.2% agarose gel electrophoresis.

For direct incorporation (succinate versus early-stationary-phase biphenyl), 25
�g of total RNA was labeled by using the Xeotron cDNA labeling protocol
(www.xeotron.com), except that 30 �g of random hexamers (Invitrogen) was
used instead of poly(dT) primers. Reaction cleanup was performed by using the
Qiaquick PCR purification system protocol (QIAGEN). Amino-allyl labeling (all
other hybridizations) was performed by using a protocol adapted from a protocol
of The Institute for Genomic Research (http://www.tigr.org/tdb/microarray
/protocolsTIGR.shtml). Briefly, 2 �g of total RNA was labeled overnight at 45°C
by using 6 �g of random primers (Invitrogen), amino-allyl-labeled dUTP
(Sigma), and Superscript III reverse transcriptase (Invitrogen), and subsequently
reactive Cy5 or Cy3 fluorophores (Amersham) were coupled to the amino-allyl
groups. Purification after enzymatic incorporation and chemical coupling was
performed by using QiaQuick PCR purification columns (QIAGEN) as de-
scribed in The Institute for Genomic Research protocol. The quantity of labeled
cDNA and the fluororophore incorporation efficiency were determined by using
UV-visible spectrophotometry.

Microarray design and synthesis. The LB400 genomic microarray consists of
one unique 45-mer (specificity checked by BLAST versus the LB400 genome) for
each of the 9,511 annotated ORFs (JGI/ORNL annotation December 2000b),
designed by using OligoArray (30), with a melting temperature of 86 to 92°C and
a G�C content of 50 to 60% and subsequently synthesized in situ by Xeotron by

FIG. 1. (a) Plots of M [log2 (Cy5/Cy3)] versus A [log2 (	 (Cy5 � Cy3)] per chip for a typical XeoChip hybridization, after Lowess normal-
ization. (b) Image of a XeoChip (4,000-chamber [spot] platform) after hybridization. (c) Chip-to-chip reproducibility and biological reproducibility
of XeoChip platform determined by using data from all hybridizations: frequency (Freq) and cumulative frequency (Cumm Freq) of the CVs of
ratios between chips hybridized with same hybridization mixture (chip to chip), of ratios between nonreplicated probes of biological dye-swapped
replicates (biological), and of ratios on spotted microarrays hybridized with the same hybridization mixture (spotted). The error bars indicate
standard errors between experiments.
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using their 4,000-chamber (spot) format. The genome is represented by a
genomic set consisting of three chips, each containing �4,000 synthesized 45-
mers. A total of 1,601 probes on chip 1 and chip 3 of the genomic set are identical
and used as a chip-to-chip replication control in each experiment. For compar-
ison tests of the XeoChips, we used a spotted 70-mer oligonucleotide microarray
that contained triplicate spots of 507 probes (the probe for a gene did not
necessarily overlap with the XeoChip probe for that gene) targeting a random set
of the genes of LB400 (J. Park, T. V. Tsoi, S. A. Hashsham, J. R. Cole, S.
Callister, and J. M. Tiedje, Abstr. NIEHS Symp. Bioremediat. Biodegradat.,
abstr. 23, 2002). Production was based on optimized protocols described previ-
ously (9).

Hybridization, scanning, and data analysis. All buffers were passed through a
0.22-�m-pore-size filter to keep particulate matter out of the microfluidic chan-
nels. XeoChips were placed in Xeotron hybridization adaptors and prehybridized
with a solution containing 25% formamide (Ambion), 6� SSPE (pH 6.6; Am-
bion), and 1 mg of acetylated bovine serum albumin per ml (Ambion) for 5 min
at a flow rate of 100 �l/min (1� SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1
mM EDTA). A 100-�l hybridization solution consisting of 25% formamide, 6�
SSPE (pH 6.6), 1 mg of bovine serum albumin per ml, and labeled target
containing 100 pmol of each dye was denatured at 95°C for 3 min, snap cooled
on ice, filtered by using Spin-X 0.22-�m-pore-size spin column filters (Corning),
and hybridized by circulating the hybridization mixture for 18 h at 32°C at a flow
rate of 100 �l/min. Both solutions were stripped of dissolved gases by flushing
them with nitrogen for 2 min prior to the denaturation step. After hybridization,
each chip was washed at a flow rate of 100 �l/min with 6� SSPE (pH 6.6) for 5
min at 32°C and subsequently with 1� SSPE (pH 6.6) for 5 min at 32°C. The
spotted 70-mer microarray was hybridized as described previously (9).

Fluorescence intensity data were acquired by using an Axon 4000A laser
scanner (Axon Laboratories) and, for XeoChips, were subsequently imported in
ArrayPro 4.0 (Media Cybernetics, L.P.) to extract the 635-nm (Cy5) and 532-nm
(Cy3) signals. Based on an analysis by Fang et al. (13), signals without back-
ground subtraction were used for both platforms. Spotted microarray data were
extracted by using Genepix Pro 3.0 (Axon Laboratories). Median signals for each
channel (Cy5 and Cy3) were imported into GeneSpring 5.0 (Silicon Genetics)
and normalized by using Lowess intensity-dependent normalization. P values
were calculated by using GeneSpring’s cross gene error model and the Student
t test algorithm based on the variation between log2 ratio values of biological
replicates. Plots of M [log2 (Cy5/Cy3)] versus A [log2 (	(Cy5 � Cy3)] were
drawn as described by Dudoit el al (11) by using all data from one experiment
grouped per chip. Chip-to-chip reproducibility was determined by calculating the
coefficient of variation (CV) (CV � [standard deviation/mean] � 100) for the
ratios for identical probes on separate microarrays (i.e., separate slides for
spotted microarrays [1,536 probes] and chip 1 and chip 3 of a genomic set for
XeoChips [1,601 probes]). The CV for biological reproducibility for XeoChip
experiments was calculated separately for ratios of hybridizations with dye-
swapped labeled biological replicate samples for all probes (9,511 probes), all
nonreplicated probes (7,910 probes), and all replicated probes (1,601 probes).

Quantitative real-time PCR. Triplicate Q-RT-PCR runs were performed for
25 genes by using the same RNA samples that were used for the microarray
hybridizations. One microgram of total RNA was converted into cDNA, and
1/500 to 1/1,000 of the sample was utilized for a 40-cycle, two-step PCR with an
ABI 7900HT (Applied Biosystems, Foster City, Calif.) by using 1� SYBR Green
master mixture (Applied Biosystems) and each primer at a concentration of 125
nM (sequences available on request). Amplicon size (80 to 100 bp) and reaction
specificity were confirmed by agarose gel electrophoresis and product dissocia-
tion curves. The number of target copies in each sample was interpolated from
the detection threshold value by using a purified PCR product standard curve for
bphA, which was constructed for each Q-RT-PCR run. l6S rRNA expression was
measured as an internal control, and the measured internal control signal was
used to normalize variations due to different reverse transcription efficiencies.

RESULTS

XeoChip data quality. Normalized data quality was analyzed
by using M-versus-A plots for each of the three chips of the
genomic set, which indicated absence of chip-dependent and
signal intensity-dependent biases (Fig. 1a). Furthermore, by
comparing the signal ratios of each experiment for 1,601 iden-
tical probes on chips 1 and 3, we measured the XeoChip (Fig.
1b) chip-to-chip reproducibility (Fig. 1c). The average CV was
13.9% � 0.7% with a 90% percentile of 29.0% � 1.4%, com-

pared to an average CV for two hybridizations to the 1,536
probes of the spotted microarrays of 21.6% and a 90% per-
centile of 43.7%. The average CVs for dye-swapped biological
replicates on XeoChips were 15.6% � 0.8%, 16.0% � 0.7%,
and 13.2% � 1.3% for all probes, the nonreplicated probes,
and the replicated probes, respectively (Fig. 1c). The ratios of
genes that were differentially expressed more than twofold
correlated with r values of 0.98 (chip to chip) and 0.95 (bio-
logical).

Evaluation of the expression ratios by Q-RT-PCR. When
microarray data were compared with Q-RT-PCR results for
the three experiments, 61 of 75 measurements (81%) were in
qualitative correspondence (Fig. 2a) (i.e., they were consistent
in suggesting up- or down-regulation). When a twofold thresh-
old was used for both assays, only one false positive (compared
to Q-RT-PCR) resulted from the microarray analysis. Linear
regression analysis indicated that the bias between microarray
and Q-RT-PCR ratios correlated well with the ratio of gene
expression as determined by Q-RT-PCR (Fig. 2b).

Global summary of differential expression. Relative to suc-
cinate-grown cells, the least differential expression (threshold,
more than twofold up- or down-regulation on average for bi-
ological replicates) was observed for benzoate-grown cells (9
genes were down-regulated and 46 genes were up-regulated),

FIG. 2. Evaluation of microarray results by Q-RT-PCR. (a) Log2
ratio of microarray versus log2 ratio of Q-RT-PCR for each experi-
ment, averaged over biological replications. (b) Bias between microar-
ray and Q-RT-PCR data. The ratios determined by Q-RT-PCR [log10
(ratio-QRTPCR)] are plotted against the ratio of ratios obtained by
using microarrays and Q-RT-PCR [log10 (ratio-array)/(ratio-QRTPCR)].
The error bars indicate one standard deviation for biological repli-
cates. Benzo, benzoate-grown cells; BiphML, mid-log-phase biphenyl-
grown cells; BiphES, early-stationary-phase biphenyl-grown cells.
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while the values were slightly higher for mid-log-phase biphe-
nyl cells (70 genes were down-regulated and 53 genes were
up-regulated) and rose significantly when we looked at the
early-stationary-phase biphenyl cells (480 genes were down-
regulated and 276 genes were up-regulated). Based on a 
2�
background (signal in empty XeoChip chambers) threshold,
a signal was detected for �45% of the genes under either
condition. Functional classification of differentially expressed
genes based on clusters of orthologous groups of proteins
(COGs) (Table 1) indicated resource reallocations depending
on the growth substrate and phase.

Biphenyl and benzoate degradation. Using the differential
expression data, we located the metabolic pathways relevant to
biphenyl and benzoate metabolism (Fig. 3). While most biphe-
nyl pathway genes were also expressed when LB400 was grow-
ing on succinate, the pathway expression signals increased sig-
nificantly (P � 0.05) in early-stationary-phase, log-phase
biphenyl-grown, and benzoate-grown cells (8.73- � 0.64-,
7.29- � 0.56-, and 1.84- � 0.20-fold, respectively).

Different benzoate degradation pathways were observed to
be up-regulated depending on the carbon source used. In ben-
zoate-grown cells, significant (P � 0.05) up-regulation of all
structural genes of the benzoate degradation by the hydroxy-
lation pathway (through catechol 1,2-dioxygenase) (Fig. 3) was
obvious, while biphenyl-grown cells showed no differential ex-
pression of any of these genes, although the more sensitive
Q-RT-PCR analysis indicated that this pathway was also slight-
ly activated under biphenyl growth conditions. In contrast, we
observed significant up-regulation (P � 0.05) of one copy of
the two aerobic pathways for benzoate degradation by CoA

activation in biphenyl-grown cells and not in benzoate-grown
cells (Fig. 3). It is noteworthy that no evidence of a catechol 2,3-
dioxygenase was found in the 50 contigs of the LB400 genome.

Growth phase-dependent metabolism. The most striking ob-
servation for the expression patterns in the growth phase is the
up-regulation of genes coding for a homolog of methanol
dehydrogenase (xoxF), biosynthesis of its (and other quino-
proteins’) cofactor pyrroloquinoline quinone (PQQ), and a
tetrahydromethanopterin-dependent oxidative pathway for
conversion of its product, formaldehyde, to CO2 and further
conversion to acetyl-CoA by carbon monoxide dehydrogenase
(Fig. 4). Additionally, up-regulation of the chlorocatechol path-
way (Table 2) was observed, which was not detected during
exponential growth. When cells were grown on benzoate, how-
ever, the chlorocatechol pathway (as well as the 2-aminophe-
nol pathway) was significantly (P � 0.05) up-regulated relative
to the expression during growth with succinate (Table 2).

Transport and regulation. Based on the current annotation,
1,399 (13.9%) of the ORFs are involved in a transport func-
tion, while 956 ORFs (9.5%) are involved in a regulatory
function. The most differential expression in these classes of
genes was observed after the transition to the stationary phase
(for regulation, 24 genes were up-regulated and 28 genes were
down-regulated; for transport, 42 genes were up-regulated and
55 genes were down-regulated). In Table 3 we list the genes
possibly involved in benzoate or biphenyl metabolism, based
on their expression patterns. Differences between the COG
distributions of up- and down-regulated genes indicated the
importance of transcriptional regulation (subgroup of COG
K), carbohydrate transport (COG G), and to some extent ami-

TABLE 1. Summary of differential expression based on COG protein classification

COG(c) Description
Down-regulated genesa Up-regulated genesa Distribution in

LB400 genome
(%)bBenzo BiphML BiphES Benzo BiphML BiphES

C Energy production and conversion 0.0 (0) 15.7 (11) 11.7 (56) 8.7 (4) 9.4 (5) 10.5 (29) 5.9 (591)
E Amino acid transport and metabolism 0.0 (0) 7.1 (5) 10.4 (50) 4.3 (2) 9.4 (5) 5.8 (16) 6.5 (653)
F Nucleotide transport and metabolism 0.0 (0) 1.4 (1) 3.1 (15) 0.0 (0) 1.9 (1) 0.7 (2) 0.9 (90)
G Carbohydrate transport and metabolism 0.0 (0) 1.4 (1) 2.5 (12) 2.2 (1) 3.8 (2) 4.7 (13) 4.9 (497)
H Coenzyme metabolism 11.1 (1) 1.4 (1) 3.5 (17) 0.0 (0) 1.9 (1) 1.8 (5) 2.1 (212)
I Lipid metabolism 0.0 (0) 2.9 (2) 2.7 (13) 10.9 (5) 5.7 (3) 2.2 (6) 3.4 (339)
J Translation, ribosomal structure, and biogenesis 33.3 (3) 28.6 (20) 17.1 (82) 2.2 (1) 0.0 (0) 0.7 (2) 2.1 (213)
K Transcription 11.1 (1) 2.9 (2) 3.3 (16) 2.2 (1) 11.3 (6) 5.4 (15) 6.7 (672)
L DNA replication, recombination, and repair 0.0 (0) 1.4 (1) 1.3 (6) 0.0 (0) 3.8 (2) 3.3 (9) 3.0 (300)
D Cell division and chromosome partitioning 0.0 (0) 1.4 (1) 0.4 (2) 0.0 (0) 0.0 (0) 0.0 (0) 0.5 (52)
M Cell envelope biogenesis, outer membrane 11.1 (1) 5.7 (4) 4.6 (22) 4.3 (2) 5.7 (3) 2.2 (6) 4.3 (430)
N Cell motility and secretion 0.0 (0) 0.0 (0) 0.6 (3) 0.0 (0) 3.8 (2) 0.7 (2) 0.3 (26)
O Posttranslational modification, protein turnover,

chaperones
0.0 (0) 2.9 (2) 6.3 (30) 0.0 (0) 3.8 (2) 2.2 (6) 2.0 (205)

P Inorganic ion transport and metabolism 0.0 (0) 0.0 (0) 4.0 (19) 0.0 (0) 3.8 (2) 4.0 (11) 3.9 (394)
Q Secondary metabolite biosynthesis, transport,

and catabolism
0.0 (0) 2.9 (2) 1.7 (8) 19.6 (9) 3.8 (2) 2.2 (6) 2.2 (226)

T Signal transduction mechanisms 11.1 (1) 0.0 (0) 1.9 (9) 0.0 (0) 0.0 (0) 4.0 (11) 3.1 (314)
R General function prediction only 0.0 (0) 8.6 (6) 8.5 (41) 19.6 (9) 15.1 (8) 14.9 (41) 12.0 (1,208)
S Function unknown 0.0 (0) 0.0 (0) 5.2 (25) 13.0 (6) 3.8 (2) 6.9 (19) 5.7 (574)
No Hypothetical 22.2 (2) 15.7 (11) 11.3 (54) 13.0 (6) 13.2 (7) 27.9 (77) 30.5 (3,073)
J,K,L Information storage and processing 44.4 (4) 32.9 (23) 21.7 (104) 4.3 (2) 15.1 (8) 9.4 (26) 11.8 (1,185)
D,O,M,N,P,T Cell processes 22.2 (2) 10.0 (7) 17.7 (85) 4.3 (2) 17.0 (9) 13.0 (36) 14.1 (1,421)
C,G,E,F,G,H,I,Q Metabolism 11.1 (1) 32.9 (23) 35.6 (171) 45.7 (21) 35.8 (19) 27.9 (77) 25.9 (2,608)
R,S Poorly characterized 0.0 (0) 8.6 (6) 13.8 (66) 32.6 (15) 18.9 (10) 21.7 (60) 17.7 (1,782)
No No match 22.2 (2) 15.7 (11) 11.3 (54) 13.0 (6) 13.2 (7) 27.9 (77) 30.5 (3,073)

a The values are the percentages of up- or down-regulated genes (based on the total number of up- or down-regulated genes) for the following different conditions:
benzoate-grown cells (Benzo), mid-log-phase biphenyl-grown cells (BiphML), and early-stationary-phase biphenyl-grown cells (BiphES). The values in parentheses are
the absolute numbers of differentially expressed genes.

b Percentage of the 10,069 genes in the genome (actual number of genes).
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no acid transport (especially branched) (COG E) for biphenyl-
grown cells (Table 1). Interestingly, in the early-stationary-
phase biphenyl-grown sample, �54, a �54 modulation protein,
and 2 of 13 �54-dependent transcriptional regulators were up-
regulated (Table 4).

DISCUSSION

Our microarray analyses allowed us to place biphenyl deg-
radation in a genomic context so that degradation of biphenyl
and its metabolite benzoate, as well as associated cell physiol-
ogy adjustments, can be more comprehensively understood.
Also, this more complete understanding is a useful stepping
stone for further studies on genome-wide effects of PCBs and
PCB (co)metabolism in LB400. The most obvious growth sub-
strate- and growth phase-dependent resource reallocations
were found for ribosomal biogenesis, the down-regulation of
which (number of genes and extent of down-regulation) was
positively correlated with growth rate reduction, energy pro-
duction and conversion, transport, and transcriptional regula-

tion. This and especially the large proportion of differentially
expressed genes with poorly characterized functions (�30%)
suggest that there is more to efficiently degrading biphenyl
than expressing the biphenyl pathway genes.

By linking our data to previous reports, we can propose a
refinement of the regulatory network of the biphenyl pathway
in LB400. The observed equal expression of ORF0 on benzo-
ate and on succinate and its up-regulation on biphenyl con-
firmed Erickson and Mondello’s (12) report, based on S1 nu-
clease mapping, of a biphenyl-inducible promoter upstream of
ORF0. These authors also suggested that there are two con-
stitutive �70-dependent promoters upstream of bphA1. How-
ever, mutational studies and Northern blot analyses performed
by Beltrametti et al. (2), who proposed that ORF0 is a positive
regulator of bphA1A2, and our observation of increased ex-
pression ratios of the bph genes with increased ORF0 expres-
sion indicate that there is a positive regulatory function of
ORF0 induced by biphenyl. The similarity in expression pat-
terns among ORF0, bphJ, and bphI and possibly bphD suggests

FIG. 4. C1 metabolic pathways induced in early-stationary-phase biphenyl-grown cells and their organization on the chromosome, represented
by squares left and right of the center based on their orientation. Squares representing genes that are significantly up-regulated in early-stationary-
phase biphenyl-grown cells are black. The plot shows M values and standard errors for biological replicates. The solid lines in the pathway indicate
up-regulated steps. The gene names (annotations were manually verified by BLAST) are those found in GenBank, except for the following names:
gsh-faldh (glutathione-dependent formaldehyde dehydrogenase), fgsh-hydrol (formylglutathione hydrolase), M.e. (Methylobacterium extorquens),
tr reg (transcriptional regulator), deHase (dehydrogenase), etoh deHase and etdh (ethanol dehydrogenase), and acdh II (type II acetaldehyde
dehydrogenase). H4MPT, tetrahydromethanopterin.
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that ORF0 is an inducer of bphJ, bphI, and bphD. This is
similar in part to what has been suggested for Pseudomonas
pseudoalcaligenes KF707, whose bph genes exhibit 98 to 100%
sequence similarity to LB400 bph genes (BLAST), except for
ORF0 (86%), and are organized just like the LB400 bph genes
(41). In KF707, bphR1 (formerly ORF0) was identified as a
transcriptional regulator for itself and the lower biphenyl path-
way genes, as well as bphD, while bphR2, which is not located
near the bph cluster, is a necessary LysR-type regulator con-
trolling all bph genes (40). Although the protein sequences are
not significantly similar (15%), a LysR-type transcriptional reg-
ulator of LB400 (ORF 10103), located elsewhere in the ge-
nome, was up-regulated under both biphenyl growth condi-
tions, possibly acting in the role of bphR2.

Based on sequence information, LB400 has two candidate
benzoate degradation pathways, one of which, an aerobic deg-
radation pathway with CoA activation (15), is present in two
copies, which exhibit 70 to 86% nucleotide sequence similarity
(ClustalW). The different pathway choices for benzoate deg-
radation, depending on the carbon source added, and specifi-
cally the induction of at least one gene cluster encoding the
CoA pathway during growth on biphenyl indicate the presence
of a carbon source-specific regulatory network. Apart from
pcaR, a positive regulator of the �-ketoadipate pathway, the
microarray failed to detect the Q-RT-PCR-measured up-reg-
ulation of the catechol–�-ketoadipate pathway in biphenyl-
grown cells compared to succinate-grown cells due to the path-
way’s background-level expression. Based on the Q-RT-PCR
data, which indicated that there was �1,000-fold-lower expres-
sion of this pathway in biphenyl-grown cells than in benzoate-
grown cells, and the knowledge that one of the pathway’s
intermediates, cis,cis-muconate, positively feeds back, inducing
catA expression (19), we hypothesize that catechol–�-ketoadi-
pate pathway expression is positively correlated with the ben-
zoate concentration in the medium, which can be assumed to

be significantly lower when cells are growing on biphenyl than
when cells are growing on the same concentration of benzoate.
Instead of being induced by benzoate, CoA pathway regulation
could be dependent on biphenyl, one of the metabolic inter-
mediates, or a lower oxygen concentration due to upper Bph
pathway dioxygenase (BphA/BphC) oxygen consumption. Dif-
ferent promoter regions and transcriptional regulators, which
are neighbors of the two CoA pathway copies, offer a potential
explanation for the differential expression of the two copies.
The substrate specificities of the enzymes, especially for chlo-
rinated benzoates, remain to be determined. Also, the LysR-
type regulator (ORF 10103) up-regulated under both biphenyl
growth conditions and an ArsR-type regulator (ORF 12464)
that is specifically up-regulated in benzoate-grown cells are
targets for further research on regulation of these pathways.

As expected due to the growth phase transition, the largest
amount of differentially expressed genes was observed in the
early-stationary-phase sample (36, 37, 39). Remarkably, a large
number of the up-regulated genes were involved in C1 metab-
olism, specifically the oxidation of methanol (or possibly a
methoxylated carbon source) to CO2 (38) and possibly further
acetogenic assimilation to acetyl-CoA (10). Burkholderia spe-
cies have been shown to assimilate C1 compounds (26, 28), and
considering the ubiquitous presence of C1 compounds from
microbial degradation of plant aromatic compounds present in
the rhizosphere, one of the typical niches of Burkholderia spe-
cies (7), the presence of these pathways in LB400 could pro-
vide an ecological advantage. As for regulation, the coexpres-
sion of �54, which is involved in regulation of a wide range of
molecular processes (6), as well as two �54-dependent tran-
scriptional regulators, which are located next to PQQ biosyn-
thesis genes and tetrahydromethanopterin-dependent formal-
dehyde oxidation pathway genes, suggests that this metabolic
shift to C1 metabolism is �54 dependent. The two transcrip-
tional regulators were previously linked to mxaF (35), the

TABLE 2. Expression ratios for 2-aminophenol and 3-chlorocatechol pathways (annotation manually verified by BLAST) as measured for
benzoate-grown, mid-log-phase biphenyl-grown, and early-stationary-phase biphenyl-grown cells relative to succinate-grown cells

Pathway ORF Annotation
Expression ratioa

Benzo BiphML BiphES

2-Aminophenol 3149 gntR-type regulator 0.89 (0.18) 1.08 (0.16) 1.04 (0.25)
3183 1.99 (0.36) 0.80 (0.31) 1.25 (0.18)
3184 amnB 5.71 (1.14) 1.20 (0.21) 2.59 (0.90)
3185 amnA 7.55 (0.96) 1.16 (0.29) 1.48 (0.19)
3187 amnC 3.16 (0.59) 0.77 (0.09) 1.59 (0.52)
3188 amnD 6.33 (1.04) 1.10 (0.28) 1.01 (0.20)
3189 amnF 4.25 (0.46) 1.12 (0.38) 1.17 (0.44)
3190 amnE 7.39 (1.26) 1.07 (0.33) 1.14 (0.13)
3191 amnH 2.53 (0.61) 0.98 (0.14) 1.12 (0.28)
3192 amnG 2.83 (0.62) 1.03 (0.22) 1.16 (0.16)
3193 Hypothetical 2.07 (0.58) 0.95 (0.09) 1.06 (0.30)

3-Chlorocatechol 3176 clcR 1.03 (0.04) 1.09 (0.23) 0.90 (0.10)
3165 clcA 5.14 (1.04) 1.10 (0.30) 4.69 (0.17)
3166 clcB 3.71 (0.16) 1.01 (0.45) 2.15 (0.56)
3167 Hypothetical 3.38 (0.51) 0.99 (0.20) 1.94 (0.41)
3168 clcD 3.91 (1.10) 1.13 (0.22) 1.58 (0.44)
3169 clcE 1.48 (0.37) 0.98 (0.11) 1.65 (0.09)
3170 araC-type regulator 1.49 (0.34) 0.85 (0.26) 1.80 (0.42)

a The values in parentheses are standard errors for biological replicates. Boldface type indicates values for genes that are significantly differentially expressed (P �
0.05) for each condition. Benzo, benzoate-grown cells, BiphML, mid-log-phase biphenyl-grown cells; BiphES, early-stationary-phase biphenyl-grown cells.
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homolog of which (xoxF) has several potential �54-dependent
promoters in LB400 (data not shown). A last element in the
regulation of this metabolic switch is the up-regulated two-
component mxbM-mxbD regulatory system, which has been
reported to regulate both PQQ biosynthesis and methanol
dehydrogenase (16).

As described above, the most significant change in metabo-
lism-related expression was the activation of a methylotrophic
metabolic pathway. No involvement of the methylotrophic en-
zymes with biphenyl or PCB degradation has been reported
thus far. The activation of C1 metabolic pathways, as well as
the multitude of genes with transport annotation, could be an

TABLE 3. Summary of differential expression, expressed as ratios relative to succinate expression, for transport and regulation specific to
biphenyl or benzoate (annotation manually verified by using BLAST)

ORF Annotation Function Regulation of
expression

Expression ratioa

Benzo BiphML BiphES

1980 Extracellular ligand-binding receptor (livK) Transport Down 0.56 (0.25) 0.38 (0.23) 0.20 (0.04)
2329 Porin, gram-negative type (ompC) Transport Down 0.62 (0.22) 0.06 (0.13) 0.05 (0.13)
10345 Probable amino acid-binding periplasmic (pbp) ABC

transporter protein (livK)
Transport Down 1.11 (0.45) 0.29 (0.25) 0.37 (0.12)

13513 MFS transporter (partial) Transport Down 0.78 (0.22) 0.15 (0.12) 0.09 (0.04)
13514 MFS transporter (partial) Transport Down 0.78 (0.22) 0.15 (0.12) 0.09 (0.04)
12907 Bacterial regulatory protein (lysR) Regulator Down 0.81 (0.32) 0.47 (0.39) 0.41 (0.24)
7315 Carbohydrate-selective porin (oprB) Transport Down 1.10 (0.38) 0.34 (0.22) 0.87 (0.36)
9981 Membrane protein involved in aromatic hydrocarbon

degradation (todX)
Transport Down 0.84 (0.20) 0.43 (0.34) 0.86 (0.29)

12874 Bacterial regulatory protein (gntR/fadR) Regulator Down 0.80 (0.43) 0.35 (0.24) 0.83 (0.47)
7135 Porin, gram-negative type (ompC) Transport Down 0.50 (0.21) 1.01 (0.07) 1.38 (0.62)
13094 ABC transporter, iron transport (fepC) Transport Down 0.49 (0.09) 0.71 (0.32) 0.52 (0.11)
1226 Putative porin signal peptide protein (ompC) Transport Up 0.84 (0.45) 2.85 (0.81) 5.83 (1.42)
1937 Putative substrate-binding periplasmic (pbp) ABC

transporter protein (livK)
Transport Up 1.10 (0.13) 3.59 (0.57) 4.92 (1.22)

7737 Conserved hypothetical protein (orf1, downstream
of bphE)

Transport Up 1.69 (0.57) 5.89 (1.26) 15.82 (3.03)

10382 Extracellular ligand-binding receptor (livK) Transport Up 1.00 (0.10) 3.11 (0.46) 3.29 (1.25)
13684 Possible porin signal peptide protein (ompC, partial) Transport Up 1.14 (0.38) 2.53 (0.83) 4.66 (1.23)
10103 Bacterial regulatory protein (lysR) Regulator Up 0.97 (0.06) 2.38 (0.42) 12.02 (1.91)
668 Lipoprotein, involved in inorganic ion transport (nlpA) Transport Up 1.04 (0.55) 2.76 (0.66) 1.93 (0.63)
14292 ABC transporter (uup) Transport Up 0.83 (0.34) 2.59 (0.30) 1.25 (0.85)
5285 RNA polymerase �24 (rpoE) Regulator Up 1.03 (0.06) 2.17 (0.52) 1.28 (0.63)
6767 Bacterial regulatory protein (lysR) Regulator Up 1.46 (0.14) 2.12 (0.24) 1.25 (0.06)
12574 Bacterial regulatory proteins, IclR family (pcaR) Regulator Up 0.94 (0.27) 2.03 (0.21) 1.13 (0.33)
4744 Putative porin signal peptide protein (ompC, partial) Transport Up 2.94 (0.61) 0.53 (0.33) 1.10 (0.48)
4746 Putative porin signal peptide protein (ompC, partial) Transport Up 2.00 (0.53) 0.70 (0.50) 1.19 (0.63)
12426 Bacterial regulatory protein (arsR) Regulator Up 2.15 (0.20) 1.11 (0.06) 1.07 (0.18)

a Values in parentheses are standard errors for biological replicates. Boldface type indicates values for genes that are significantly differentially expressed (P � 0.05).
Benzo, benzoate-grown cells; BiphML, mid-log-phase biphenyl-grown cells; BiphES, early-stationary-phase biphenyl-grown cells.

TABLE 4. �54 transcription factor and its dependent transcriptional regulators, based on a GAFTGA amino acid motif searcha

ORF Annotationc or probable system controlled by
�54-dependent regulator

Expression ratiob

Benzo BiphML BiphES

15698 Probable RNA polymerase �N (�54) 0.78 (0.00) 1.26 (0.42) 3.22 (0.40)
15699 Putative �54 modulation protein 0.83 (0.00) 0.96 (0.29) 2.01 (0.90)
562 nif operon 0.88 (0.00) 1.01 (0.09) 1.27 (0.37)
5028 Unknown 0.92 (0.11) 1.09 (0.10) 1.79 (0.72)
5125 Aldehyde dehydrogenase 0.92 (0.20) 1.11 (0.36) 1.31 (0.38)
6037 Unknown
8912 Short-chain dehydrogenase 0.80 (0.24) 0.86 (0.29) 1.43 (0.24)
8913 Methanol dehydrogenase, heavy chain (mxaF) 0.80 (0.28) 0.85 (0.38) 2.62 (0.33)
9390 Unknown 1.06 (0.00) 1.09 (0.20) 0.93 (0.07)
12676 Unknown 1.03 (0.25) 1.81 (0.52) 1.10 (0.22)
12776 Methanol dehydrogenase, heavy chain (mxaF) 0.91 (0.22) 1.19 (0.12) 2.85 (0.20)
14211 C4-dicarboxylate transport transmembrane protein 0.96 (0.25) 1.00 (0.12) 0.89 (0.30)
3525 Glutamine synthetase (nitrogen assimilation) 1.57 (0.35) 1.10 (0.25) 1.11 (0.29)
4602 Unknown 0.87 (0.25) 0.81 (0.07) 1.00 (0.50)
4655 Unknown 1.11 (0.08) 0.83 (0.16) 1.06 (0.08)

a See reference 35.
b Values in parentheses are standard errors for biological replicates. Boldface type indicates values for genes that are significantly differentially expressed (P � 0.05).

Benzo, benzoate-grown cells; BiphML, mid-log-phase biphenyl-grown cells; BiphES, early-stationary-phase biphenyl-grown cells.
c Only ORFs 15698 and 15699 have annotations.
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indication of LB400 switching to a scavenging mode and there-
fore turning to less energy-efficient, although more available,
carbon sources. The wide diversity of up-regulated functions in
the cells, the distribution of which is highly similar to the ge-
nome’s contents, could be interpreted as another indication of
this switch to scavenging. It is interesting that the C1 pathway
coexpression with the core PCB degradation pathway fits well
with the hypothesis that PCB degradation pathways evolved
from (often methoxylated) plant aromatic degradation path-
ways (34).

In concert with this work we documented the performance
of a new type of microarray especially suited to microbiological
applications. Based on M-A plots, which have been shown to
be useful for detecting artifacts and the signal dependency of
ratios and for general normalization quality evaluation (11,
43), GeneSpring’s Lowess normalization of data proved to be
sufficient when the new microarrays were used. The average
chip-to-chip CV compared favorably to the values reported for
cDNA microarrays (10 to 25%) (44), as well as 70-mer oligo-
nucleotide microarrays which we tested ourselves. A similar
correlation was observed between significantly differentially
expressed genes and ink jet technology arrays (r � 0.98) (23).
High reproducibility and chip hybridization homogeneity due
to forced flow of the hybridization mixture resulted in more
reliable data, with less replication. The most prominent advan-
tage of these chips lies in their design flexibility, which allows
easy, fast, and low-cost alterations to the chip design simply by
providing a new spreadsheet of probe sequences and locations
to the in situ chip synthesizer (14). This should be useful when
genome closure is attained and annotation updates are made,
and it also offers opportunities for microarrays that target
more complex biological problems, where unpredictability of
bacterial diversity requires iterative probe design capability.

The qualitative correspondence of most of the evaluated
microarray results with Q-RT-PCR results indicated the reli-
ability of XeoChips for identifying differentially expressed
genes. Sixty percent of the noncorrespondence could be ex-
plained by low signal detection at the probes, due to low
transcript levels and the relative insensitivity of the microarray
assay. Importantly, only one false positive (type I error) in 75
comparisons was observed, while the remainder of noncorre-
sponding results were due to false negatives compared to the
more sensitive Q-RT-PCR. These results make sense in the
context of the Q-RT-PCR–versus–microarray bias (i.e., under-
estimation of ratios by the microarray or overestimation by the
Q-RT-PCR). This observation is consistent with a previous
report (45) which showed that there is a bias for cDNA mi-
croarray and Q-RT-PCR data that follows a consistent trend.

This study confirmed that the new and flexible in situ-syn-
thesized XeoChip is a reliable DNA microarray platform for
bacterial genomics research. Discoveries made by using this
approach, such as LB400’s benzoate metabolism and early-
stationary-phase C1 metabolism, when linked to physiological
data, could result in new hypotheses regarding the underlying
molecular mechanisms for improved biodegradation of recal-
citrant pollutants.
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