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Microarray analysis was used to examine gene expression in the freshwater oligotrophic bacterium Caulo-
bacter crescentus during growth on three standard laboratory media, including peptone-yeast extract medium
(PYE) and minimal salts medium with glucose or xylose as the carbon source. Nearly 400 genes (approximately
10% of the genome) varied significantly in expression between at least two of these media. The differentially
expressed genes included many encoding transport systems, most notably diverse TonB-dependent outer mem-
brane channels of unknown substrate specificity. Amino acid degradation pathways constituted the largest
class of genes induced in PYE. In contrast, many of the genes upregulated in minimal media encoded enzymes
for synthesis of amino acids, including incorporation of ammonia and sulfate into glutamate and cysteine. Glu-
cose availability induced expression of genes encoding enzymes of the Entner-Doudoroff pathway, which was
demonstrated here through mutational analysis to be essential in C. crescentus for growth on glucose. Xylose
induced expression of genes encoding several hydrolytic exoenzymes as well as an operon that may encode a novel
pathway for xylose catabolism. A conserved DNA motif upstream of many xylose-induced genes was identified
and shown to confer xylose-specific expression. Xylose is an abundant component of xylan in plant cell walls,
and the microarray data suggest that in addition to serving as a carbon source for growth of C. crescentus, this
pentose may be interpreted as a signal to produce enzymes associated with plant polymer degradation.

Caulobacter species are ubiquitous inhabitants of freshwater,
marine, and subsurface environments and are sufficiently
adaptable to low nutrient conditions that tapwater and even
distilled water are ready sources for their isolation (19, 48, 49).
The physiological properties that enable Caulobacter and other
oligotrophic species to survive and reproduce in such environ-
ments are not well understood. In this work, we used whole-
genome transcriptional profiling and genetic analysis to char-
acterize metabolic pathways and transport systems that are
differentially expressed by Caulobacter crescentus during growth
in three standard laboratory media: a defined “minimal” inor-
ganic salts medium supplemented with either glucose or xylose
as the sole carbon source and a complex peptone-yeast extract
medium (PYE), in which amino acids serve as the primary
carbon source. These observations provide important baseline
data on the genetic coordination of metabolism in this model
organism.

The dimorphic life cycle of C. crescentus has served as a
model for understanding prokaryotic development, cell cycle
regulation, and asymmetric cell division (24). At each division,
C. crescentus divides into two morphologically and physiolog-
ically distinct cells: motile swarmer progeny with a single polar
flagellum, and sessile stalked progeny displaying an adhesive

stalk. The swarmer progeny, in which DNA replication is ini-
tially inhibited, is specialized for dispersal and can seek new
nutrient sources by chemotactic sensing. After about a third of
their cell cycle, swarmer progeny cells eject their flagellum and
grow a stalk from the same pole. The stalk enhances nutrient
acquisition by increasing the effective membrane area available
for transport systems without substantially increasing the cyto-
plasmic volume (20). Stalked cells initiate chromosome repli-
cation, grow a new flagellum, and divide, yielding new swarmer
and stalked cells.

Genome-scale transcriptional profiling has shown that the
expression of over 500 C. crescentus genes varies significantly
over the course of the cell cycle (32). Among these are many
genes involved in energy metabolism, nucleotide and amino
acid biosynthesis, and protein synthesis. As shown here, a sub-
stantial fraction of these genes are also regulated in response
to nutrients, raising intriguing questions as to how regulatory
networks controlling metabolism and cell cycle progression
might interact.

Caulobacter is obligately aerobic and heterotrophic and can
utilize a variety of carbon sources. Previous studies have dem-
onstrated the activity of Entner-Doudoroff pathway enzymes
(14) during Caulobacter growth on glucose (48, 52), but there
has been no quantitative analysis of glucose flow into the
Entner-Doudoroff pathway versus alternatives such as the
Embden-Meyerhof-Parnas glycolytic pathway. Related �-pro-
teobacteria, including Rhizobium and Agrobacterium strains, use
both the Entner-Doudoroff and Embden-Meyerhof-Parnas
pathways, sometimes simultaneously (3, 42). The C. crescentus
genome, however, lacks a clear homolog of phosphofructoki-
nase, a key enzyme of the Embden-Meyerhof-Parnas path-
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way (45). Without this enzyme, any glucose-6-phosphate pro-
duced could serve as a substrate for glucose-6-phosphate
dehydrogenase, directing carbon from glucose into the Entner-
Doudoroff pathway. We show here that the Entner-Doudoroff
pathway is essential in C. crescentus for growth with glucose as
the sole carbon source.

Genome sequence analysis unexpectedly revealed that C.
crescentus has the potential to degrade plant-derived biopoly-
mers through the production of exoenzymes, including cellu-
lases (endo-�-1,4-glucanases and �-glucosidases), xylanases
and xylosidases, and polysaccharide deacetylases (45). In fresh-
water ponds, lakes, and rivers, Caulobacter species could use
live or decaying aquatic vegetation as surfaces for biofilm for-
mation. The major monomeric products released by degrada-
tive exoenzymes acting on lignocellulose would be glucose
(from cellulose) and xylose (from xylan). The mechanism of
xylose dissimilation in C. crescentus is unknown. The best-known
bacterial pathway for xylose catabolism, isomerization to xylu-
lose followed by phosphorylation to xylulose-5-phosphate and
entry into the pentose phosphate pathway (23), is probably not
operative in C. crescentus, given the absence of homologs for
xylose isomerase and xylulose kinase in the genome. An induc-
ible NADP-dependent xylose dehydrogenase activity has been
reported in C. crescentus (48), but neither the gene encoding
this activity nor the catabolic pathway in which it might par-
ticipate is known. We identify here genes whose expression
increases in the presence of xylose. These data suggest that
C. crescentus uses xylose as an indicator of the availability of
plant-derived polymers. We also identify a DNA sequence
motif associated with many xylose-inducible genes and show
that the motif is important for regulation.

The abundance of putative secreted peptidases in the C.
crescentus genome suggests that extracellular degradation of
proteins may also be important in natural habitats (45). Envi-
ronmental amino acids support rapid growth of C. crescentus,
leading us to compare gene expression in a complex amino
acid-containing medium (PYE) to gene expression in defined
minimal media. As expected, several amino acid degradation
pathways are upregulated during growth in PYE, in contrast to
induction of amino acid biosynthetic pathways (along with
ammonia and sulfate assimilation systems) in minimal media.
Interestingly, however, expression of many other genes encod-
ing enzymes of key biosynthetic pathways does not change
significantly between PYE and minimal media.

As a gram-negative bacterium, C. crescentus must acquire
nutrients via transport across both outer and inner membranes,
and high-affinity nutrient uptake is presumably necessary to
support an oligotrophic lifestyle. The C. crescentus genome
seems to lack homologs of the OmpF-type outer membrane
porins characteristic of many gram-negative species (45) but is
remarkably rich in TonB-dependent receptors, with at least
65 gene products containing the TonB box. As an alternative
transport system, TonB-dependent receptors are thought to
harness energy from the inner membrane proton motive force
to the transport of macromolecular complexes, including vita-
min B12 and siderophores, across the outer membrane (28, 41).
With respect to transport across the inner membrane, over 80
ABC (ATP binding cassette) transporter components (61) are
encoded in the Caulobacter genome. We show here that nume-
rous TonB-dependent receptors and some ABC transporters

are differentially expressed in each medium. Whether the de-
ployment of such transporters is a key factor for Caulobacter
and other oligotrophs to efficiently acquire nutrients in diverse
nutrient-limited environments clearly warrants further investi-
gation.

MATERIALS AND METHODS

Bacterial strains, media, and growth. Cultures were grown in PYE (peptone-
yeast extract) broth containing 0.2% Bacto Peptone (Difco) (0.1% yeast extract
[Difco], 1 mM MgSO4, and 0.5 mM CaCl2) in M2 minimal salts medium (6.1 mM
Na2HPO4, 3.9 mM KH2PO4, 9.3 mM NH4Cl, 0.5 mM MgSO4, 10 �M FeSO4

[EDTA chelate; Sigma Chemical Co.], 0.5 mM CaCl2) with 0.2% glucose as the
sole carbon source (referred to subsequently as M2G) or in M2 medium with
0.2% xylose as the sole carbon source (referred to subsequently as M2X) (12).
Liquid cultures were inoculated with C. crescentus colonies randomly picked off
PYE agar plates (12). C. crescentus strain CB15N (NA1000) was used for mi-
croarray studies. The mutations and transcriptional fusions generated in this
study were analyzed in the CB15N strain background. hex mutant strains (pro-
vided by Bert Ely, University of South Carolina) were derived from the CB15
strain background. Cultures from which RNA was extracted were grown in
125-ml flasks and shaken continuously at 275 rpm and incubated at 30°C.

RNA isolation. For the microarrays, cells were harvested from a total of eight
PYE cultures, eight M2G cultures, and five M2X cultures. The cultures were in
exponential growth at the time of harvest, with mean densities as follows: PYE,
OD600 � 0.37 � 0.12; M2G, OD600 � 0.34 � 0.13; and M2X, OD600 � 0.27 �
0.05. (The cultures were not synchronized, and thus contained cells from all
stages of the cell cycle.) Cells were isolated by centrifugation in a Beckman J2-21
M centrifuge at 7,740 � g at room temperature for 2 min. (In control experi-
ments, approximately 85% of the cells were recovered in the pellet, and all stages
of the cell cycle seemed to be recovered with similar efficiency based on phase
contrast microscopy.)

The complete RNA extraction and purification protocol is described in the
supplementary material (http://www.stanford.edu/group/caulobacter/metabolism)
and described briefly here. Each cell pellet was resuspended in Trizol (Invitro-
gen) and incubated at 65°C for 10 min. Chloroform was added, and the samples
were centrifuged in a microcentrifuge at 16,000 � g at 4°C for 15 min. The aque-
ous layer was transferred to a new tube, mixed with isopropanol, and frozen
overnight at �80°C. The next day, RNA was pelleted by centrifugation at
16,000 � g at 4°C for 30 min. Supernatant was poured off, and the pellets were
washed in 70% ethanol and resuspended in diethyl pyrocarbonate-treated water.
Contaminating DNA was digested with DNase I (Ambion). RNA was extracted
with acid phenol-chloroform, precipitated with ethanol and sodium acetate, and
then resuspended in RNase-free water. RNA quality was visualized on agarose
gels, and RNA concentration was determined spectrophotometrically.

PCR microarrays. PCR products were spotted onto poly-L-lysine-coated glass
microarray slides with an OmniGrid printer (GeneMachines) with 32 Telechem
pins. The slides were postprocessed as described by Laub et al. (32). Primer
sequences are available in the supplementary material and correspond largely to
those used in Laub et al. (31). Slides from three printings were used.

Labeled indodicarbocyanine-dCTP (Cy3) and indocarbocyanine-dCTP (Cy5)
cDNA probes were generated from 20 �g of total RNA by reverse transcription
as described by Laub et al. (32), except that the amount of random hexamers was
increased from 500 ng to 1 �g. Samples were hybridized competitively under
coverslips to the microarray slides overnight at 65°C, then washed as described by
Laub et al. (32). Hybridized arrays were scanned with a GenePix 4000B scanner
(Axon Instruments), and scanned spots were converted to ratios (red/green) with
GenePix Pro 4.0 software. Ratios and statistics on each spot were stored in an
SQL Server database. The signal for each channel (red and green) was taken to
be the mean of the foreground signal minus the median of the local background
signal. Some spots were excluded by the criteria described in the online supple-
mentary material. Array-wide normalization procedures are also described in the
supplementary material.

Identifying genes differentially expressed between pairs of media. Thirty-four
microarrays were used to assay relative RNA abundance. Eighteen compared
M2G and PYE, nine compared PYE and M2X, and seven compared M2X and
M2G. To reduce dye bias, samples from each medium were labeled with Cy3
about half the time and with Cy5 about half of the time. We used least-squares
techniques (59) to simultaneously estimate log2(M2G/M2X), log2(M2X/PYE),
and log2(M2G/PYE) expression ratios for each gene. We used a correlated error
model to account for dependencies introduced by hybridizing some RNA sam-
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ples on multiple arrays. The variance of each estimate was modeled by assuming
a normal error distribution.

For each gene, Student’s t test was used to test the hypothesis that each log
ratio, i.e., log2(M2G/M2X), log2(M2G/PYE), and log2(M2X/PYE), was zero. A
two-sided P value, which accounted for the different number of samples available
for each gene, was assigned to each ratio. For most genes, more arrays comparing
M2G and PYE were done than were done for any other combination of media.
Thus, the confidence regions for log2(M2G/PYE) tended to be smaller than
those for log2(M2G/M2X) or for log2(M2X/PYE). To roughly equalize the
number of false-negatives, significance levels were set so that, under the noise
assumptions, 10 false-positives were expected for each of the log2(M2G/M2X)
and the log2(M2X/PYE) comparisons and five false-positives were expected for
the log2(M2G/PYE) comparisons. To minimize the effect of possible biases, to be
considered significant, gene expression also needed to change at least 1.4-fold.
Additionally, average changes of at least threefold were considered significant.
Applying the above procedures to a randomized version of the data set yielded
18 false-positives (all comparisons combined). For more detail on the analysis
procedure, see the supplementary material.

To aid in identifying patterns of coregulation, differentially expressed genes
were sorted into several groups. For example, genes were assigned to the “up-in-
PYE” set (equivalent to the “down-in-M2” set) if the increase in expression
between PYE and both M2G and M2X was statistically significant or if the
increase in expression between PYE and at least one of the M2 media was
statistically significant, while the difference in expression between PYE and the
other M2 medium was at least 1.75-fold. The down-in-PYE/up-in-M2, up-in-
M2G, down-in-M2G, up-in-M2X, and down-in-M2X sets were constructed anal-
ogously.

Metabolic pathway analysis and identification of differentially regulated po-
tential isozymes. Functional analysis of microarray data was aided by CauloCyc
(http://biocyc.org), a computationally derived pathway/genome database of C.
crescentus. A pathway/genome database describes the genome of an organism,
the product of each gene, the biochemical reaction(s), if any, catalyzed by each
gene product, the substrates of each reaction, and the organization of those
reactions into pathways. CauloCyc was computationally derived from the anno-
tated genome of C. crescentus by the PathoLogic software, part of the Pathway
Tools software suite (26, 54).

Each metabolic pathway in CauloCyc consists of a set of enzymatic functions
(biochemical reactions) and the gene(s) that code for each function. When
CauloCyc contained multiple genes for a given reaction, microarray data were
used to construct 95% confidence intervals for each gene for each pairwise
comparison with the noise model described above. This allowed pairs of genes
whose products are annotated as catalyzing the same reaction, but which for one
or more pairwise comparisons averaged at least a twofold difference in expres-
sion and had disjoint confidence intervals to be identified. Typically, we required
at least two comparisons to yield distinct confidence intervals. For example, in a
case where one gene in the pair was up in PYE and the other was unchanged, the
confidence intervals for both PYE/M2G and PYE/M2X would need to be dis-
tinct. Also, if the PYE/M2G and PYE/M2X ratios for the first gene were 0.9 and
1.2, respectively, then the average PYE/M2G and PYE/M2X ratios for the
second gene would need to be at least 1.8 and 2.4, respectively.

Gene annotations and categorization. Most C. crescentus open reading frame
(ORF) annotations were taken from GenBank accession number AE005673
(45). For genes annotated in GenBank as hypothetical or conserved hypothetical
proteins, clusters of orthologous gene (COG) descriptions (57, 58) were used if
they were more detailed. Gene names shown in the tables came from TIGR and
generally refer to the homologous Escherichia coli gene (see www.tigr.org for
more information). Annotations for CC2086 and CC1000 were obtained on the
strength of BLAST matches to the NCBI NR database (2). BLAST was also used
to identify homology between C. crescentus gene products and the gene products
of other organisms. Classifications were taken from COG classifications when
available; genes without COG classifications were categorized based on their
GenBank annotations.

In order to create disjoint groups, genes assigned to multiple COG categories
were placed into a single category (see supplementary materials). To facilitate
comparisons, gene products involved in transport (based on either their Gen-
Bank or their COG annotation) were grouped together. Some genes coding for
amino acid metabolism proteins were further classified as biosynthetic or deg-
radative based on the metabolic pathways in CauloCyc. Nontransport genes
responsible for assimilating sulfate into cysteine were classified in the amino acid
metabolism and biosynthesis groups. Uncharacterized genes annotated simply as
hypothetical proteins which did not have a COG number were placed in the
hypothetical category; other uncharacterized genes were placed in the conserved
hypothetical category.

Mapping of hex mutants. C. crescentus mutants unable to use glucose as their
sole carbon source (hex phenotype) were isolated by Ely and colleagues (13, 25).
Mutations in eight such strains were mapped by 	Cr30 phage-mediated trans-
duction, with a set of kanamycin-resistant marker strains (60). Mutations were
further localized to single genes by complementation analysis. Candidate sets of
genes (e.g., those expected to be involved in sugar metabolism) in the indicated
genomic regions were amplified by PCR with AccuTaq Long-read Taq polymer-
ase (Sigma-Aldrich) and the supplied reaction buffer plus 2% dimethyl sulfoxide.
The products were cloned into plasmid pCR2.1 with the Topo Cloning System
(Invitrogen), then subcloned into broad-host-range plasmid pMR20 in the E. coli
S17.1 host. These plasmids were introduced into the hex mutant strains by
conjugation, with selection on PYE containing tetracycline and nalidixic acid.
Complementation of the hex phenotype was assessed by testing for colony for-
mation on M2G agar plates, in which glucose serves as the sole carbon source.

Construction of mutant strains. A nonpolar deletion removing nearly half of
the coding region of CC2054, encoding glucokinase, was generated through a
PCR-based strategy. Flanking primers were designed that annealed approxi-
mately 300 bp upstream and downstream of the CC2054 coding region. Com-
plementary chimeric internal primers were designed that fused sequences from
the 5
 and 3
 portions of the coding region, deleting codons 114 through 250 (out
of 332 total) but maintaining a continuous reading frame. (The sequences of all
primers used in this work are available on request.) Each of the chimeric internal
primers was used in individual PCRs with the appropriate flanking primer. The
products were isolated and combined in a subsequent PCR, with only the flank-
ing primers for amplification.

Fusion of the initial PCR products in the second PCR was mediated by
complementarity of the terminal chimeric regions, resulting in a single final
product with much of the CC2054 coding region removed. This construct was
cloned into plasmid pCR2.1 with the Topo Cloning System (Invitrogen), then
subcloned into the kanamycin-resistant pNPTS138 vector for integration into the
C. crescentus genome and sacB-mediated sucrose counterselection (60). Sucrose-
resistant, kanamycin-sensitive isolates lacking the integrated plasmid were
screened by colony PCR to determine whether the wild-type or mutant gene
remained on the chromosome. Deletion mutants were streaked on M2G, M2X,
and PYE to determine whether CC2054 is required for utilization of glucose as
the sole carbon source.

lacZ reporter fusions to confirm microarray data. The promoter regions of
several genes were fused to a lacZ reporter to provide an alternative method of
assessing regulation of expression of these promoters during growth on various
media. The upstream regions of the CC0505, CC0823, and CC2057 genes were
amplified by PCR, generally including approximately 300 bases upstream of the
start codon for the indicated genes and up to several hundred bases downstream
into the coding regions. PCR products were cloned into plasmid pCR2.1 with the
Topo Cloning System (Invitrogen), then subcloned as EcoRI fragments into the
pRKlac290 vector to generate a transcriptional fusion to the lacZ gene (56).
Orientation in the pRKlac290 vector was verified by PCR with an insert-specific
primer and a primer complementary to the coding sequence of the lacZ gene.
pRK290 constructs containing the various promoters were delivered by conju-
gation from E. coli S17.1 into C. crescentus, with selection on PYE containing
tetracycline and nalidixic acid. �-Galactosidase activity was assayed in log-phase
cells as described previously (56).

Motif identification. The MEME software (4) was used to identify matrix
models describing DNA sequence motifs present upstream of genes whose ex-
pression is elevated in M2X or (separately) in M2G. The 475 bases upstream and
the 125 bases downstream (600 bases total) of the start of each predicted
C. crescentus open reading frame were searched. Bases interior to the predicted
coding region were included in the search set to provide robustness against
possibly misannotated start codons. Each possible motif location was scored with
the motif matrix as well as with a third-order Markov model of C. crescentus
intergenic regions (35). A location’s score was the log of the probability that the
motif was present minus the log of the probability that the sequence came from
the background. Both strands of each sequence were searched. The cutoff score
for the presence of the motif was taken as the score of the lowest scoring
sequence used in generating the motif, except for glucose motif 2, where the
second lowest score was used.

In Table 4, when overlapping instances of the xylose motif appeared on both
DNA strands, only the highest scoring instance is shown. Both as a control and
to estimate the number of false-positives, an equal number of 600-bp sequences
were generated from the background distribution model and scored. One ran-
dom sequence scored above the cutoff for the xylose motif, three were above the
cutoff for glucose motif 1, and 22 were above the cutoff for glucose motif 2.
Matrices describing the motifs are available in the supplementary material.

When searching for the xylose motif upstream of Xanthomonas campestris and
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Xanthomonas citri genes, background models of X. campestris and X. citri inter-
genic regions were used. Gene predictions and coordinates for X. campestris and
X. citri came from GenBank accession numbers AE008922 and AE008923, re-
spectively (10). Genome sequences were downloaded from GenBank (ftp://ftp
.ncbi.nih.gov) and processed locally with the Genome-tools software suite (33).
Genes were predicted to be in the same transcription unit (operon) if they are
next to each other on the same chromosome strand and if their intergenic
spacing (predicted stop codon to predicted start codon) is less than or equal to
70 bp.

To test the functionality of the motif associated with xylose-regulated genes,
the sequences upstream of the CC0823 and CC0505 genes were altered by
site-directed mutagenesis (60). The templates for mutagenesis were the same
promoter-containing fragments used to assay regulation of the wild-type pro-
moters. The mutated promoter regions, with identical flanking sequences, were
similarly subcloned into the pRKlac290 lacZ transcriptional fusion vectors and
introduced into C. crescentus for assay.

RESULTS

Growth of C. crescentus on various carbon sources. C. cres-
centus can use diverse carbon sources for growth, including
various carbohydrates (48), fatty acids (46), amino acids (15,
48), and aromatic compounds (6). We examined the growth of
C. crescentus strain CB15, the strain used to determine the ge-
nome sequence, as well as the CB15N (NA1000) derivative used
routinely for Caulobacter cell cycle synchronization experi-
ments, on M2 minimal salts agar (12) with various carbon
sources. Carbon sources tested included hexoses and hexose
derivatives (glucose, fructose, galactose, mannose, glucosamine,
gluconate, glucuronic acid, and mannitol), pentoses (xylose,
arabinose, and ribose), disaccharides (sucrose, lactose, and
trehalose), and other carbon compounds (acetate, glycerol,
and glutamate).

Only glucose, xylose, and glutamate produced colonies of at
least 1 mm in diameter within 72 h, although colony growth
was only slightly slower on sucrose. Trehalose generated 1-mm
colonies within 5 days, while galactose, mannose, mannitol,
arabinose, and ribose supported growth of 1-mm colonies
within 6 to 10 days at 30°C. Growth on M2 medium containing
0.2% fructose, acetate, glycerol, gluconate, glucuronic acid, or
glucosamine was barely detectable after 10 days at 30°C. No
significant differences were observed between CB15 and
CB15N during growth on these carbon sources.

To more quantitatively assess growth rates, CB15N was
grown in liquid batch culture on PYE (an amino acid-rich
medium typically used for laboratory culture of C. crescentus),
M2 with glucose (M2G), and M2 with xylose (M2X). During
the exponential growth phase of cultures incubated aerobically
at 30°C, CB15N cultures exhibited a doubling time of 89 min
on PYE, 114 min on M2G, and 127 min on M2X.

Transcriptional profiling of C. crescentus grown on PYE and
minimal media. To assess gene expression in cultures grown in
PYE, M2G, and M2X, RNA was prepared from log-phase
C. crescentus CB15N cultures. RNA samples were fluorescently
labeled and competitively hybridized on spotted arrays display-
ing PCR product probes representing 3,528 predicted C. cres-
centus genes (93% of the 3,761 open reading frames predicted
in the C. crescentus genome) (31, 32). Analysis of the data
produced M2X/M2G expression ratios for 3,074 genes, PYE/
M2G ratios for 3,179 genes, and M2X/PYE ratios for 3,089
genes. (Due to space constraints, only selected data are pre-
sented and discussed here. The entire data set, as well as all
tables numbered with an S prefix, are presented in the supple-
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FIG. 1. Gene expression changes between M2G, M2X, and PYE media by functional category. Classifications are based on NCBI COG classi-
fications (57, 58) and CauloCyc. Shown are the number of genes found to be significantly increased (dark bars) or decreased (light bars) between
each pair of media (X/G, M2X/M2G; X/P, M2X/PYE; G/P, M2G/PYE). The number of genes in each category for which at least one comparison
could be made is shown. AA, amino acid. Panel F shows all genes coding for transport proteins, while panel G shows only those genes coding for
TonB-dependent receptors. The other metabolic functions category (Other Meta.) shown in panel I includes coenzyme metabolism, energy pro-
duction and conservation, inorganic ion metabolism, nucleotide metabolism, and secondary metabolite metabolism. In panel J, the other functions
category includes cell cycle control, motility, stress responses and defense mechanisms, intracellular trafficking and secretion, posttranslational
modification, protein turnover, chaperones, replication, recombination, DNA repair, signal transduction, transcription, and translation.
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mentary materials, which are available online at http://www
.stanford.edu/group/caulobacter/metabolism. Additional infor-
mation on probes, data collection, data processing, and statis-
tical analysis can be found at the same site.) Expression of 390
genes was found to vary significantly and reproducibly. Genes
that were found to be differentially expressed between each
pair of media are shown by functional categories in Fig. 1.

Sets of genes that appear to be coordinately regulated in
each medium were identified, perhaps revealing information as
to their function. For example, there were 88 up-in-PYE genes,
whose expression is elevated in PYE compared to both M2G
and M2X. (Up-in-PYE genes can also be said to be down in
M2.) Similarly, we found 119 up-in-M2/down-in-PYE genes, 26
up-in-glucose (M2G) genes, eight down-in-glucose genes, 51
up-in-xylose (M2X) genes, and five down-in-xylose genes. Not
surprisingly, given the differences in carbon, nitrogen, sulfur,
and phosphate sources, the greatest differences in gene expres-
sion were observed between PYE and M2 media, irrespective
of the carbon source in the M2 cultures. Examination of those
with known or predicted functions revealed some trends. For
example, many genes encoding transporters or components of
transport systems were differentially regulated in the three
media. Also, the expression of genes encoding components of
amino acid degradation pathways tended to be elevated in
PYE, whereas biosynthetic pathways were frequently elevated
in M2 medium (Fig. 1C and D and Fig. 2). These observations
are discussed in more detail in the following sections.

Nutrient transport. The differential gene expression data
suggest that C. crescentus modulates the transporters it synthe-
sizes in response to the growth medium (Fig. 1F and G; Table
S1 in supplementary materials). Twenty-five TonB-dependent
receptors showed differential regulation in at least one pair-
wise medium comparison, with the largest coregulated set be-
ing the nine specifically induced by xylose (i.e., elevated in
M2X relative to both M2G and PYE) (Tables 1, 2, and 3, Table
S1). Six ABC transport components were repressed in PYE,
including three predicted to be involved in sulfate transport;
five were induced in PYE, including components similar to
those used to transport cysteine, sugar(s), and phosphonates in
other bacteria. No ABC transport components responded to
growth on xylose, and only one was induced by glucose.

Previous examination of the membrane proteome of C. cres-
centus found 12 outer membrane proteins (11 of which are
TonB-dependent receptors) to be more abundant in cells
grown in M2G compared to PYE (47). The microarray data
presented here are generally consistent with that analysis, sug-
gesting that differences in transporter transcript levels are pos-
itively correlated with differences in the respective protein
levels. Genes encoding three of the TonB-dependent recep-
tors identified in the membrane proteome analysis (CC1517,
CC0214, and CC0028) showed elevated expression in both M2
media in the microarray analysis, with notably higher expres-
sion in M2G than M2X (Table 2). CC1666 showed a fourfold
increase in expression in both M2 media relative to PYE.
Expression of CC1750 also increased significantly between
M2G and PYE, though little change was observed in M2X.
There were, however, some discrepancies between the mi-
croarray and proteome data. Expression of CC3461 was strong-
ly induced in M2X (Table 3), but the difference in expression
in M2G versus PYE was not statistically significant. Expression

of CC1915 and CC1970 did not change significantly in M2
media compared to PYE, and expression of CC1099 actually
decreased in M2G relative to PYE, contrary to the proteomic
data. Microarray data comparing expression in M2G and PYE
were not obtained for CC1781, CC2194, and CC3500.

Degradation pathways induced in PYE. PYE supplies amino
acids that can be employed in protein synthesis, used to fuel
energy production, or transformed into other necessary me-
tabolites. The expression of a number of genes encoding com-
ponents of amino acid degradation pathways was elevated in
PYE (Fig. 1D and 2A). Particularly notable are components of
pathways involved in degrading arginine, histidine, alanine,
glycine, glutamate, and proline, which are abundant in peptone
and in yeast extract, the main components of PYE (BD Diag-
notic Systems, http://www.bd.com/diagnostics/microservices
/regulatory/typicalanalysis/index.asp) (Table 1). Arginine ca-
tabolism appears to occur via the arginine succinyltransferase
pathway, with enzymes from two potential transcription units
(CC0581-0584 and CC1606-1608), yielding CO2, NH3, NADH,
glutamate, and succinate.
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FIG. 2. Medium-specific expression changes. (A) Function of genes
whose expression is increased in PYE compared to both M2G and
M2X. The growth category includes several genes whose expression
may have increased due to the faster growth rate in PYE than in M2G
or M2X. (B) Function of genes whose expression is increased in M2G
and M2X compared to PYE. Genes whose products incorporate sul-
fate into cysteine or ammonia into glutamine or glutamate are in the
amino acid (AA) biosynthesis class. Sulfate transporters are in the
transport category.

1452 HOTTES ET AL. J. BACTERIOL.



TABLE 1. Genes involved in amino acid biosynthesis or degradation that show differential expression between PYE and M2 minimal media

Pathway or gene
Relative mRNA ratio

PYE/M2G PYE/M2X

Alanine degradation
CC3574, alanine dehydrogenase, ald 8.64 5.32

Arginine degradation
CC0581, arginine N-succinyltransferase, astA 3.11 3.41
CC1606, arginine N-succinyltransferase, astA 2.96 3.26
CC1607, succinylglutamic semialdehyde dehydrogenase, astD 2.56 2.63
CC1608, succinylarginine dihydrolase, astB 2.80 3.03

Arginine and glutamate degradation
CC0584, succinylornithine transaminase, putative 2.89 3.50

Aromatic amino acid and histidine synthesis
CC2300, phospho-2-dehydro-3-deoxyheptonate aldolase, aroG 0.34 0.33
CC2534, histidinol-phosphate aminotransferase, hisC 3.99 3.02

Aromatic amino acid synthesis
CC1116, chorismate mutase, putative 1.55 1.78
CC2222, chorismate mutase, putative 0.52 0.52
CC2223, histidinol-phosphate aminotransferase, hisC 0.67 0.69

Glutamate degradation
CC0088, NAD-specific glutamate dehydrogenasea 3.35 3.25

Glycine degradation
CC3352, glycine cleavage system P protein, subunit 2, gcvP 3.56 4.10
CC3353, glycine cleavage system P protein, subunit 1, gcvP 4.34 5.27
CC3354, glycine cleavage system H protein, gcvH 4.76 5.32
CC3355, glycine cleavage system T protein, gcvT 4.36 5.09

Histidine degradation
CC0957, urocanate hydratase, hutU 3.67 3.56
CC0958, formiminoglutamase, hutG 3.90 4.22
CC0959, histidine ammonia-lyase, hutH 3.54 4.80
CC0960, imidazolonepropionase, hutI 2.76 2.49

Incorporation of ammonia into glutamate
CC1969, glutamine synthetase, class I, glnA 0.36 0.52
CC3606, glutamate synthase, small subunit, gltD 0.39 0.33
CC3607, glutamate synthase, large subunit, gltB 0.25 0.21

Isoleucine and valine synthesis
CC2100, acetolactate synthase, large subunit, ilvB 0.21 0.20
CC2120, ketol-acid reductoisomerase, ilvC 0.39 0.40

Leucine synthesis
CC0193, 3-isopropylmalate dehydrogenase, leuB 0.31 0.32
CC0195, 3-isopropylmalate dehydratase, small subunit, leuD 0.28 0.32
CC0196, 3-isopropylmalate dehydratase, large subunit, leuC 0.28 0.28
CC1541, 2-isopropylmalate synthase, leuA 0.23 0.21

Methionine synthesis
CC0050, S-adenosylmethionine synthetase 0.56 0.58
CC0482, 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase, metF 0.23 0.24
CC2138, 5-methyltetrahydrofolate-homocysteine methyltransferase 0.29 0.29

Phenylalanine degradation
CC2533, 4-hydroxyphenylpyruvate dioxygenase, hpd 3.82 3.22

Proline degradation
CC0804 proline dehydrogenase/delta-1-pyrroline-5-carboxylate dehydrogenase, putA 3.74 3.78

Serine synthesis
CC3215, D-3-phosphoglycerate dehydrogenase, serA 0.23 0.22
CC3216, phosphoserine aminotransferase, serC 0.27 0.24

Sulfate acquisition and cysteine synthesis
CC1119, sulfite reductase (NADPH) hemoprotein, cysI 0.21 0.21
CC1121, phosphoadenylylsulfate reductase, cysH 0.27 0.26
CC1426, cysteine synthase, cysB 0.69 0.63
CC1482, sulfate adenylate transferase, subunit 1/ adenylylsulfate kinase, cysN/C 0.20 0.19
CC1483, sulfate adenylate transferase, subunit 2, cysD 0.27 0.25
CC1596, sulfate ABC transporter, permease protein, cysT 0.33 0.34
CC1597, sulfate ABC transporter, permease protein, cysW 0.39 0.49
CC1598, sulfate ABC transporter, ATP-binding protein, cysA 0.34 0.40
CC3625, cysteine synthase, cysK 0.39 0.46

Threonine synthesis
CC3399, threonine synthase, thrC 0.41 0.39

Valine degradation
CC2274, methylmalonate-semialdehyde dehydrogenase, putative 3.08 2.80

a Annotation from COG annotations (57, 58). All other annotations came from GenBank (45).
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Histidine degradation in C. crescentus (15) has been shown
to proceed through the initial steps of the classical Hut (histi-
dine utilization) pathway defined in Aerobacter (Klebsiella) aero-
genes (36). That pathway yields glutamate and formamide, but
C. crescentus produces formate rather than formamide, sug-
gesting that the terminal steps of the pathway resemble that of
Pseudomonas putida (34). The known C. crescentus Hut en-
zymes are products of a single PYE-induced locus (CC0957-
0960). CC0958 is annotated in GenBank as formiminogluta-
mase, which catalyzes the terminal step of the K. aerogenes
Hut pathway, yielding formamide. The annotation may be erro-
neous in that the CC0958 polypeptide sequence aligns closely
(BLAST E value, 3 � 10�48) with the P. putida N-formylgluta-
mate amidohydrolase (GenBank accession number AAB86969),
which catalyzes the terminal step of the pathway version
yielding formate. Conservation of this gene product in other
�-proteobacterial genomes (Agrobacterium tumefaciens, Sino-
rhizobium meliloti, Mesorhizobium loti, Brucella melitensis, and
Rhodospirillum rubrum) suggests that this pathway for histidine
utilization is standard for this group.

The induced pathways suggest mechanisms by which C. cres-
centus generates energy from amino acid degradation during
growth in PYE. For example, induction of alanine dehydroge-
nase (CC3574) allows the conversion of alanine to pyruvate
and generates NADH. The pyruvate is presumably fed into the
tricarboxylic acid cycle, while NADH feeds respiratory elec-
tron transport. Similarly, a bifunctional proline dehyrogenase/
pyrroline-carboxylate dehydrogenase (CC0804, homologous to
E. coli putA) is also induced, which generates FADH2 and
NADH while producing glutamate from proline.

Glutamate can serve as an excellent source of carbon and
nitrogen for C. crescentus (13). Expression of CC0088, which
encodes a member of a recently identified class of glutamate
dehydrogenases (40), increased threefold during growth in

PYE relative to M2 media. Glutamate dehydrogenase carries
out oxidative deamination of glutamate, yielding �-ketogluta-
rate, ammonia, and NADH. The activity of the related gluta-
mate dehydrogenase in Streptomyces clavuligerus increases sig-
nificantly in cultures grown with glutamate as the sole nitrogen
and carbon source compared to cultures grown with ammonia
and glycerol (40). Ely et al. (13) previously reported that
C. crescentus has no detectable glutamate dehydrogenase ac-
tivity, but their assay used NADP� as the electron acceptor,
whereas Minambres et al. (40) found the S. clavuligerus ho-
molog to be NAD� specific.

TABLE 2. Genes whose expression increased in M2G
relative to both M2X and PYE

Gene or functional category
Relative mRNA ratio

M2G/M2X M2G/PYE

Carbohydrate metabolism
CC2054, glucokinase, glk 2.73 3.27
CC2055, phosphogluconate dehydratase, edd 2.64 4.26
CC2056, 6-phosphogluconolactonase, pgl 2.50 3.78
CC2057, glucose-6-phosphate 1-dehydrogenase, zwf 2.55 3.51

Transport
CC0028, TonB-dependent receptor 2.04 6.23
CC0214, TonB-dependent receptor 1.91 7.57
CC1103, sugar transporter, fucose permease family 4.14 5.28
CC1517, TonB-dependent receptor 3.27 8.40
CC1518, ABC transporter, ATP-binding protein 3.84 4.69
CC2928, TonB-dependent receptor 2.11 3.41

Other categories
CC1493, phosphoenolpyruvate carboxylase, ppc 3.14 3.53
CC2053, transcriptional regulator, LacI family 2.38 1.92
CC2226, EF hand domain protein 1.67 1.84
CC2355, sal operon transcriptional repressor, salR 1.92 2.01
CC3062, thiamine biosynthesis protein, apbE 1.91 2.11
CC3086, beta-lactamase, putativea 1.88 6.19

Uncharacterized
CC0027, CC0669, CC0846, CC1520, CC2160,

CC2193, CC3059, CC3060, CC3061, CC3163
�1.4 �1.4

a Annotation from NCBI COGs (57, 58). All other annotations are from
GenBank (45).

TABLE 3. Genes whose expression increased in M2X
relative to both M2G and PYE

Functional category or gene f
Relative mRNA ratio

M2X/M2G M2X/PYE

Degradation
CC0788, �-galactosidase, putativea,b,c 3.46 3.66
CC0819, dehydratase, IlvD/Edd familyd 4.99 5.21
CC0822, aldehyde dehydrogenase, aldAd 11.6 11.9
CC0945, oxidoreductase, glucose-methanol-

choline family
1.56 2.03

CC1534, aspartate aminotransferase, aspc 1.51 2.77
CC2152, secreted protein, putativec 8.75 9.25
CC2153, polysaccharide deacetylased 5.39 6.36
CC2791, fatty aldehyde dehydrogenasec 3.14 3.56
CC2802, xylosidase/arabinosidase, xylB 3.78 3.86
CC2811, �-glucuronidasea,c 2.60 2.99
CC2812, mandelate racemase/muconate-

lactonizing enzyme familyc
2.58 2.75

CC3054, xylosidase/arabinosidase, xarBa,c 7.11 9.32
CC3250, fructose-bisphosphate aldolase,

class II, fbaA
3.03 1.65

Transport
CC0442, TonB-dependent receptora 2.68 3.46
CC0814, major facilitator family transporterc 3.58 6.28
CC0991, TonB-dependent receptora 1.92 1.75
CC0999, TonB-dependent receptor, putativea,c 4.99 5.66
CC1000, peptide transport system permease

protein, SapC familye
2.03 1.07

CC2804, TonB-dependent receptora,c 8.63 9.85
CC2832, TonB-dependent receptora,c 3.84 3.73
CC3127, TonB-dependent receptora 1.59 1.80
CC3161, TonB-dependent receptora,c 3.63 4.41
CC3336, TonB-dependent receptor, putative 2.46 3.97
CC3461, TonB-dependent receptor 3.16 4.38

Other
CC0247, response regulator 1.66 2.33
CC0820, Smp-30/Cgr1 family proteind 2.81 3.36
CC0878, ATP-dependent Clp protease,

ATP-binding subunit, clpB
1.58 1.80

CC0979, peptidyl-prolyl cis-trans isomerase
A, ppiAa,c

1.47 1.75

CC1294, sensor histidine kinase 2.17 2.23
CC1363, proton pump, putative 3.46 3.61
CC1764, isocitrate lyase, aceA 2.83 3.73
CC1770, ubiquinol oxidase subunit IV, qoxD 2.91 2.60
CC1771, ubiquinol oxidase subunit III, qoxC 3.92 2.57

Uncharacterized or poorly characterized
CC0127, CC0505,a,c CC0553, CC0823,c

CC0925,a CC1535,c CC1536, CC2519,
CC2585,d CC2586,c CC2626, CC2645,
CC2805,c CC2806,a,d CC2807, CC3055,
CC3190, CC3335

�1.4 �1.4

a Predicted to have a signal peptide.
b Annotation came from COGs.
c Contains a xylose induction motif upstream.
d In a putative transcription unit that has a xylose induction motif upstream.
e Annotation came from BLASTP.
f Annotations are from GenBank (45) unless otherwise noted.
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The yeast extract in PYE may contain significant levels of
fatty acids, which C. crescentus utilizes as an energy source,
based on the observation that growth on PYE induced expres-
sion of several genes encoding enzymes in the �-oxidation
pathway for fatty acids. These include acyl-coenzyme A de-
hydrogenase (CC1350: PYE/M2G � 3.55, PYE/M2X �
3.55), enoyl-coenzyme A hydratase/isomerase (CC1352: PYE/
M2G � 2.33, PYE/M2X � 2.34; CC2169: PYE/M2G � 3.54,
PYE/M2X � 3.65), and acetyl/propionyl-coenzyme A carbox-
ylase (CC2168: PYE/M2G � 2.17, PYE/M2X � 2.10). The
fatty acid oxidation genes induced in PYE are a subset of a
large family of similarly annotated genes in the C. crescentus
genome (Table S2). Whether the induced gene products are
functionally distinct from the uninduced ones is unknown, as is
the mechanism of their differential regulation.

Assimilation and biosynthesis in minimal media. During
growth in M2 medium, C. crescentus must synthesize each
amino acid. As expected, this leads to elevated expression of
genes encoding components of several amino acid biosynthetic
pathways, including those for leucine, isoleucine, valine, serine,
threonine, cysteine, methionine, glutamine, and glutamate (Fig.
2B and Table 1). Interestingly, several pathways showed no
apparent difference in expression compared to growth on PYE,
and in some only a subset of the genes showed increased
expression. For example, among the many enzymes included in
the pathways for synthesis of the aromatic amino acids tryp-
tophan, tyrosine, and phenylalanine, only CC2300 (encoding
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase, the
first enzyme of the chorismate pathway) and CC2222, encoding
chorismate mutase, showed significant induction in M2. The
observed lack of induction of other aromatic amino acid bio-
synthesis genes in M2 is consistent with previous S1 nuclease
mapping data (55), which found that trpF (CC3545), trpB
(CC3544), and trpA (CC3543) mRNA levels did not change
between cells grown on PYE and M2-sucrose. In contrast,
microarray studies found that mRNA levels for genes in the
E. coli trpEDCBA operon increased two- to fivefold in minimal
media compared to the same media supplemented with tryp-
tophan (27).

In M2 medium, sulfate supplies sulfur to the cells, and genes
encoding components of the sulfate assimilation pathway are
strongly induced relative to PYE (Table 1). These include a
sulfate-specific ABC transport system (encoded by CC1596-
1598, whose products are homologous to the E. coli CysTWA
sulfate transporter), a periplasmic binding protein that proba-
bly delivers sulfate to the ABC transport system (CC0286),
and the enzymes that incorporate sulfate-derived sulfur into
cysteine: sulfate adenylate transferase/adenylylsulfate kinase
(CC1482-1483), phospho-adenylylsulfate reductase (CC1121),
sulfite reductase (CC1119), and cysteine synthase (CC1426 and
CC3625). Expression of CC3063 (cysJ, the � subunit of sulfite
reductase) did not change significantly.

During growth in M2, ammonia serves as the sole nitrogen
source. Ely et al. (13) showed that ammonia assimilation in
C. crescentus occurs via the combined action of glutamine syn-
thetase and glutamate synthase. They observed fivefold induc-
tion of glutamate synthase activity and fourfold induction of
glutamine synthetase activity in M2G versus PYE medium.
Similarly, our microarray data show elevated expression in M2
media (compared to PYE) for the genes encoding glutamine

synthetase (CC1969: M2G/PYE � 2.78, M2X/PYE � 1.93)
and glutamate synthase subunits (CC3606: M2G/PYE � 2.54,
M2X/PYE � 3.07; CC3607: M2G/PYE � 4.06, M2X/PYE �
4.75).

Very few genes encoding enzymes involved in nucleotide
biosynthesis showed significant changes in expression in M2
versus PYE. Some enzymes involved in the synthesis of other
relevant metabolites and cofactors, however, showed signifi-
cant induction in M2. De novo purine synthesis and some
reactions in amino acid synthesis depend on formyl-tetrahy-
drofolate as a donor of one-carbon units. The formyl-tetrahy-
drofolate synthesis pathway in C. crescentus has not been
clearly elucidated, but expression of genes encoding several
enzymes that could be relevant, including CC2138 (5-methyl-
tetrahydrofolate-homocysteine methyltransferase), CC2140
(5,10-methylenetetrahydrofolate reductase), and CC3630
(formyltetrahydrofolate deformylase), is induced during growth
in M2 medium. With respect to one-carbon unit metabolism,
expression of S-adenosylmethionine synthetase (CC0050),
which produces the key methyl donor S-adenosylmethionine,
was also increased in M2.

Glucose catabolism. C. crescentus expresses enzymes of the
Entner-Doudoroff pathway during growth on glucose, and it
has been proposed that this is the primary route of glucose
catabolism in this organism (52). Our microarray results show
that the expression of CC1495, which codes for 2-dehydro-3-
deoxyphosphogluconate aldolase (commonly referred to as
KDPG aldolase), which carries out the last step in the Entner-
Doudoroff pathway, was increased in both M2G and M2X
compared to PYE but did not vary significantly between M2G
and M2X. The microarray data also show that the genes en-
coding the first four enzymes in the Entner-Doudoroff pathway
(CC2054 to CC2057) are more highly expressed in M2G than
in either M2X or PYE, although there is some elevation of
expression in M2X relative to PYE.

The CC2057 to CC2054 coding regions are closely spaced (3,
7, and 15 bp of separation, respectively) and probably form an
operon. To independently verify the regulation of this operon,
the CC2057 promoter region (including 287 bases upstream of
the predicted start codon) and coding sequence were cloned
into a low-copy-number lacZ fusion vector. Expression of the
CC2057 promoter fusion in strain CB15 grown in M2G (1,460
� 445 Miller units) and in PYE supplemented with glucose
(1,460 � 430 units) was higher than in M2X (917 � 90 units)
or PYE (693 � 185 units). The glucose-dependent increase in
expression was lower than observed in the microarray experi-
ments (Table 2) but qualitatively consistent.

C. crescentus hex (hexose) mutant strains that are unable to
use glucose as their sole carbon source have been isolated (25).
We examined eight hex mutant strains to further characterize
the phenotype. All of the strains grew normally on PYE and
M2X agar plates. Most of these strains appeared completely
incapable of growth on M2G, the exceptions being two strains
that formed colonies very slowly on M2G (see below). To iden-
tify the basis for this inability to utilize glucose, the hex muta-
tions were mapped by transductional linkage to kanamycin re-
sistance markers (60). The specific genes in which the mutations
resided were then identified by complementation, based on
restoration of the ability to grow on M2G. Three strains
(SC333, SC337, and SC414) contained mutations that mapped
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to CC2055, a homolog of the E. coli edd gene encoding phos-
phogluconate dehydratase, which catalyzes the Entner-Doudo-
roff pathway reaction in which phosphogluconate is convert-
ed to 2-keto-3-deoxy-6-phosphogluconate. Another mutation
(SC144) was mapped to CC1495, a homolog of the E. coli eda
gene encoding KDPG aldolase, which cleaves 2-keto-3-deoxy-
6-phosphogluconate to yield glyceraldehyde-3-phosphate and
pyruvate.

Four other hex mutant strains were examined, including two
(SC114 and SC481) that showed no growth on M2 with glucose
or galactose as the carbon source and two (SC155 and SC162)
that grew very slowly on glucose or galactose. All four muta-
tions mapped to CC1493 (ppc), which encodes phosphoenol-
pyruvate carboxylase, an enzyme that catalyzes the addition of
CO2 to phosphoenolpyruvate to generate oxaloacetic acid. Ex-
pression of CC1493 was elevated in M2G compared to both
M2X and PYE. During growth on minimal media such as
M2G, tricarboxylic acid cycle intermediates are siphoned off
for use in various biosynthetic pathways. In order for the cycle
to continue, oxaloacetate levels must be replenished (17). The
difficulty experienced by ppc mutants in growing on M2 with
glucose or galactose as the carbon source demonstrates the
critical role of this replenishment process. We suspect that the
mutations in SC155 and SC162 compromise the function of the
phosphoenolpyruvate carboxylase, reducing (but not eliminat-
ing) oxaloacetate production.

Entry of glucose into the Entner-Doudoroff pathway typi-
cally requires the sugar to be phosphorylated, though excep-
tions in some archaea have been noted (9). In E. coli, glucose
is phosphorylated as it enters the cell through a phosphoenol-
pyruvate-dependent phosphotransferase transporter system
(50). Interestingly, though the C. crescentus genome encodes
several putative phosphotransferase transporter system-type
transport systems, none were induced n response to glucose in
our data. However, the putative operon encoding several other
components of the Entner-Doudoroff pathway also includes a
glucokinase homolog (CC2054), which could account for pro-
duction of glucose-6-phosphate. Since no mutations with the
hex phenotype were identified in this gene, a knockout of
CC2054 was constructed. The mutant strain showed no detect-
able growth with glucose as the sole carbon source, a pheno-
type consistent with its being required for phosphorylation of
glucose prior to entry into the Entner-Doudoroff pathway.
This suggests that in C. crescentus, glucose is not transported
through or phosphorylated by a phosphotransferase trans-
porter system-type system. Based on the microarray data, one
candidate for transporting glucose across the inner membrane
is encoded by CC1103, whose product exhibits significant sim-
ilarity to the E. coli fucose permease.

The MEME software (4) was used to identify conserved
DNA motifs associated with glucose-induced genes. Two pal-
indromic motifs were found, associated with nonoverlapping
sets of genes (Tables S3 and S4, supplementary materials). The
first motif appears in 13 intergenic regions in the C. crescentus
genome (Table S3). Genes with the first motif upstream in-
clude CC2057 (the first gene of the operon encoding enzymes
of the Entner-Doudoroff pathway), four genes encoding trans-
porters (CC0970, CC1103, CC1500, and CC1754), two genes
coding for 1,4-�-D-glucan glucohydrolase homologs (CC0797
and CC2052), and a gene for a putative glucokinase family

protein (CC3167). The second motif, albeit less statistically sig-
nificant (see above), appears in 14 intergenic regions, including
probable promoter regions for 11 genes showing elevated ex-
pression in glucose (Table S4). These include CC1493 (encod-
ing phosphoenolpyruvate carboxylase) and four genes encod-
ing transporters (CC0214, CC1517, CC1518, and CC2928).
Though intriguing, the significance of these two motifs with
respect to expression and regulation of these genes remains to
be investigated.

Xylose regulon. A substantial fraction of the genes whose
expression increased in xylose encode enzymes predicted to
contribute to the degradation of extracellular polymers (Table
3). This class includes two xylosidase/arabinosidases (CC2802,
CC3054), an �-glucouronidase (CC2811), a putative �-ga-
lactosidase (CC0788), a putative polysaccharide deacetylase
(CC2153), and a gene annotated as encoding a secreted pro-
tein (CC2152). Expression of CC0989 and CC2357, which are
annotated as encoding xylosidases, did not increase signifi-
cantly in M2X in the microarray data. Expression of a fructose-
bisphosphate aldolase (CC3250), which could act in degrada-
tion or in gluconeogenesis, was also increased in xylose.

With SignalP (43, 44), four additional nontransport, xylose-
induced genes encoding proteins with probable signal peptides
for export were identified. Based on homology, probable func-
tions could be identified for only one of these (CC0979, pep-
tidyl-prolyl cis-trans isomerase A). Another one (CC0925) is
annotated as an OmpA-related protein, suggesting that it may
be targeted to the outer membrane. Also targeted to the outer
membrane are a set of nine TonB-dependent receptors whose
expression is induced by xylose. As noted previously, these
proteins could support transport across the outer membrane.
Xylose also induced expression of a gene (CC0814) encoding a
member of the major facilitator superfamily of inner mem-
brane proteins. The CC0814 product is strikingly similar to the
E. coli XylE xylose/H� symporter (BLASTP E value, 2 �
10�70), suggesting a role in xylose import into the cytoplasm.
Given that E. coli, as an example, utilizes at least one other
xylose transport system in addition to XylE, it is possible that
other inner membrane transporters aid in acquiring xylose in
C. crescentus as well.

The CC0823 through CC0819 genes probably form an op-
eron, based on the close spacing of the coding regions and the
coordinated induction by xylose. The extent of induction ob-
served for these genes ranged from a low of 2.8-fold (M2X/
M2G) for CC0820 to a high of 11.6-fold for CC0822. (No
expression data were obtained for CC0821.) A chromosomal
Tn5-lacZ insertion previously isolated in the CC0823 coding
region showed strong induction of �-galactosidase activity by
xylose (�40-fold upon addition of xylose to PYE) (39). Plas-
mid-borne transcriptional fusions of CC0823 to lacZ displayed
10-fold-higher activity in M2X than in M2G (39), similar to the
sevenfold induction observed for CC0823 mRNA in M2X ver-
sus M2G in the microarray data. The Tn5-lacZ insertion in
CC0823 prevented growth with xylose as the sole carbon
source (39), implying that CC0823 or a downstream gene in
this operon is critical for metabolism of xylose.

Regions upstream of the genes in the C. crescentus xylose
regulon were scanned with MEME (4) to identify conserved
sequences potentially representing transcription factor binding
sites. A conserved 20-bp palindromic motif strongly associated
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with xylose-regulated genes was identified (Table 4). The motif
appeared 25 times in intergenic regions in the C. crescentus
genome. Fifteen of these sites were adjacent to at least one
gene whose expression is significantly increased in xylose (Ta-
ble 4), including CC0823, where it overlapped the predicted
�10 region of the promoter (Fig. 3). Transcription factors
controlling gene expression in response to xylose have been
identified in several bacterial species, and binding sites for such
factors are sometimes conserved between species (38). How-
ever, the motif identified here differs substantially from the con-
sensus binding site of the XylR repressor found in the Bacillus/
Clostridium group (53), and it does not resemble the recogni-
tion sequence for the XylR activator of some -proteobacteria
(30).

The only xylose-regulated gene whose transcription start site
has been identified is CC0823 (39). Overlap of the conserved
motif with the �10 region (Fig. 3) of this promoter is consis-
tent with a repressor binding site designed to inhibit transcrip-
tion initiation by interfering with RNA polymerase binding. It
should be noted that this motif is distinct from the dyad sym-
metric element suggested by Meisenzahl et al. (39) as a poten-
tial regulatory site for the CC0823 promoter.

To experimentally examine the role of this motif in xylose-
dependent regulation, the motifs associated with CC0823 and
CC0505 were mutationally altered (Fig. 3). CC0505 encodes
a signal peptide-containing protein, possibly secreted, whose
function is unknown. CC0505 is not necessary for xylose utili-
zation (data not shown), but its expression showed substantial
xylose induction in microarray experiments (M2X/M2G � 5.8,
M2X/PYE � 6.2). Wild-type and mutant promoters were fused
to the lacZ reporter gene on a low-copy-number plasmid, and
�-galactosidase expression was assayed in the same media used
in the microarray experiments as well as PYE supplemented
with xylose (Fig. 3). There were clear differences between the
two promoters—the CC0823 promoter yielded notably higher
expression under all conditions—but the consequences of al-
tering the conserved motif were similar. In both cases, the
mutant promoters showed strong constitutive expression in
media lacking xylose. These data support a model in which the
conserved motif functions as a binding site for a repressor
protein that obstructs these promoters in the absence of xylose
and releases in the presence of xylose, allowing access to RNA
polymerase. Definition of this regulatory motif is particularly
significant in that the CC0823 promoter is widely used as a
heterologous promoter directing inducible gene expression in
C. crescentus (for example, see references 11 and 39); defining
the target site for regulation should aid in identifying the regu-
lator itself and in manipulating the system to improve its utility.

Possible regulatory proteins. A number of putative tran-
scription factor or proteins involved in signal transduction
pathways were differentially expressed in the media examined
here. Regulators induced in M2 media relative to PYE in-
cluded a homolog of ArsR (CC2141: M2G/PYE � 2.23, M2X/
PYE � 2.15), a response regulator (CC3477: M2G/PYE �
2.81, M2X/PYE � 2.40), a histidine kinase (CC0285: M2G/
PYE � 1.88, M2X/PYE � 1.82) a hybrid histidine kinase/
response regulator (CC0026: M2G/PYE � 2.09, M2X/PYE �
1.99), a LuxR-related protein (CC0782: M2G/PYE � 2.53,
M2X/PYE � 3.08), and extracytoplasmic function sigma fac-
tors CC2883 (M2G/PYE � 2.38, M2X/PYE � 2.07) and

CC3475 (M2G/PYE � 2.03, M2X/PYE � 1.89). Two putative
transcription factors, both members of the LacI family
(CC2053 and CC2355), appeared to be specifically induced by
glucose (expression significantly greater on M2G than M2X or
PYE, Table 2). Expression of a response regulator (CC0247)
and a sensor histidine kinase (CC1294) was induced during
growth on xylose (Table 3). A few potential transcriptional
regulators showed relatively minor (less than twofold) but sta-
tistically significant increases in expression in PYE relative to
the M2 media, including a homolog of the PupR anti-sigma
factor (CC0982), a response regulator (CC1610), a putative
cyclic AMP binding protein (CC2171), and an AsnC family
member (CC3573) (see supplementary materials).

Cell cycle regulation of metabolic genes. The expression of
several C. crescentus genes associated with routine metabolic
functions has been shown to be cell cycle regulated during
growth in M2G medium (32). A subset of those cell cycle-
regulated genes were differentially regulated in the growth
media tested here (supplementary material). Twelve cell cycle-
regulated genes were up and one was down in xylose, two were
down and six were up in glucose, and 37 were down and 21
were up in PYE. The genes regulated by both the growth
media and the cell cycle did not seem to have a common time
of peak expression during the cell cycle. Cell cycle-regulated
genes could appear to be medium regulated in microarray
experiments with mixed cultures if the cultures grown in vari-

TABLE 4. Occurrence of a putative xylose induction motif
upstream of C. crescentus genes

Gene diverging from
intergenic region Motif sequence

Distance from
start codon

(bases)

CC0337 CTGCATGGGACCGGTAACAA 197
CC0505c TAGAATGTTATCGCTACCAT 24
CC0670 CGAAATGGTACCGCTAACAT 60
CC0785 AGAAATGATAGCGCTATCAA 211
CC0788c ATAGCTGGTAGCGCTACCAA 36
CC0801e CGCGTTGATAGCGCTAACAA 68
CC0814a,c CGCGCTGATACCGGTAACAC �23
CC0821b AGACTTCGTACCGCTATATC 454
CC0823a,c,d CCACATGTTAGCGCTACCAA 88
CC0979c/CC0980b AAAAAAGTGACCGCTACCAT 102/66
CC0988e CTTTCTGGTACCGCTACCGC �3
CC0999c ACCGATGTTACCGCTAACTA 130
CC1534c/CC1535c ACAAATGGTAGCGGTATCTT 183/100
CC2152a,c AGAAATGTTACCGCTAACGC 51
CC2357 ACAATTGATAGCGCTATCAT 110
CC2586c CACGATGTTACCGGTCACAT 105
CC2620b CCAATTGGTACCGCTACCAA 207
CC2622e CCAATTGGTACCGCTACCAA 148
CC2790b/CC2791c CTATATGGGAGCGCTAACAT 120/50
CC2804c/CC2805c ATCAATGGTAGCGCTACCTT 51/426
CC2811c/CC2812c CCTAATGGTACCGGTACATC 117/120
CC2832c CAATCTGGTAGCGCTACCAA 82
CC3054c AGAAATGGTACCGGTCTCAT 114
CC3161a,c AGGGATGATATCGCTAAGAT 299
CC3323a,e CCTCATGGTAGCGGTCTCAC 79
Multilevel consensus

sequence
AAAAATGGTACCGCTACCAT
CCCG T G G A TA
G T C
T

a Two promoters diverge from the intergenic region containing the motif. Only
the gene shown was up in M2X.

b No microarray data available.
c Gene was up in M2X and met significance criteria.
d Start codon prediction from Meisenzahl et al. (39). All other start codons are

from GenBank (45).
e Gene was up in M2X but did not meet significance criteria.
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ous media had different proportions of swarmer and stalk cells,
but we saw no obvious evidence for that to be the case here.

The faster growth rate of C. crescentus in PYE compared to
the M2 media likely explains why some cell cycle-regulated
genes, including dnaA (CC0008) and recA (CC1087), appear to
be increased in PYE. Some of the cell cycle-regulated genes
whose expression was elevated in PYE, including phnC, phnD,
and phnE (CC0361 to CC0363), are involved in transport,
while others, such as gcvT (CC3335) and gcvH (CC3334), are
involved in degradation. Conversely, many of the cell cycle-
regulated genes whose expression was down in PYE are in-
volved in biosynthesis. For promoters regulated by both the
cell cycle and nutrient composition, it remains to be deter-
mined whether the same transcription factors are used in both
forms of regulation.

DISCUSSION

Past studies of bacterial metabolism have primarily focused
on cells adapted to high nutrient conditions. In this work, in
contrast, we analyzed the metabolism of an oligotrophic
organism, Caulobacter crescentus. Oligotrophs thrive where
nutrients are perpetually scarce, the usual situation in most
aquatic and terrestrial habitats on earth. An improved under-
standing of oligotrophs’ metabolic activities is essential to un-
derstanding biogeochemical processes that have major impact
on the environment (20). We describe here a comparison of
gene expression during growth of C. crescentus on common
laboratory media. These data provide insights into C. crescen-
tus metabolic pathways and regulatory strategies and establish
a baseline for future experiments with these media. We as-
sessed expression patterns for over 80% of the known genes in

the C. crescentus genome in each pairwise medium comparison
and found that over 12% of the genes examined showed sig-
nificant differences in expression in at least one medium com-
parison. Not surprisingly, most of the differences occurred
between the complex PYE medium and the M2 minimal salts
media regardless of the carbon source used in the M2 medium.
Fewer differences were seen between the two M2 media, but
the differences that were observed may identify transporters,
enzymes, and regulators specifically relevant to glucose and
xylose utilization.

The Entner-Doudoroff pathway has been shown to be active
in C. crescentus during growth on glucose (48, 52). In the data
presented here, all of the genes encoding enzymes of the En-
tner-Doudoroff pathway were found to be significantly induced
during growth on glucose-containing media compared to PYE.
Mutations in three genes (CC1495, CC2054, and CC2055)
encoding enzymes of the Entner-Doudoroff pathway rendered
C. crescentus incapable of growth with glucose as the sole car-
bon source. The Entner-Doudoroff pathway is thus essential
for glucose utilization in C. crescentus, a situation previously
seen only in Pseudomonas aeruginosa (5) and Burkholderia
cepacia (1). In contrast, in several free-living �-proteobacteria
in which glucose metabolism has been examined, both the
Embden-Meyerhof-Parnas and Entner-Doudoroff pathways
are used (3, 8, 42).

The apparent absence of the enzyme phosphofructokinase
in C. crescentus would preclude use of the upper branch of the
Embden-Meyerhof-Parnas pathway. Thus, instead of generat-
ing glyceraldehyde-3-phosphate and dihydroxyacetone phos-
phate, glucose is processed into glyceraldehyde-3-phosphate
and pyruvate. There appears to be little transcriptional regu-
lation of the genes encoding enzymes for the latter steps of

 

                        

FIG. 3. Mutational analysis of a conserved motif associated with xylose-induced genes. The wild-type sequences of the regions upstream of the
CC0823 and CC0505 genes are shown above the tabulated data. The italicized segments of each wild-type promoter were altered by site-directed
mutagenesis to the sequences shown above the wild-type sequences. The numbering refers specifically to the CC0823 promoter (39). The portions
of the sequences most similar to the motif associated with other xylose-regulated genes (Table 4) are underlined. �-Galactosidase activities are for
CB15N cultures containing plasmid-borne transcriptional fusions of each promoter to lacZ (see text). Cultures were grown to mid-log phase in the
indicated medium for each assay. Background �-galactosidase activity attributable to the vector has been subtracted. At least three replicates of
each culture were assayed to obtain the averages and standard deviations shown.
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glycolysis (taking glyceraldehyde-3-phosphate to pyruvate), as
mRNA levels showed minimal differences between media. In
contrast, in E. coli, expression of all genes in the lower branch
of the Embden-Meyerhof-Parnas pathway except pykA and
pykF (pyruvate kinases) increases during fermentation on glu-
cose compared to fermentation on xylose (16). The E. coli gene
expression data agree with metabolic flux estimates in that all
steps in the lower part of the glycolytic pathway are expected to
have higher flux during fermentation of glucose compared to
fermentation of xylose except for the conversion of phos-
phoenolpyruvate to pyruvate (16). Whether similar expression
of glycolytic genes during growth of C. crescentus on xylose and
glucose likewise reflects comparable carbon flux through the
lower part of the glycolytic pathway during growth on glucose
and xylose is uncertain, given that the route of xylose catabo-
lism is unknown.

There are many genes whose products have the same pre-
dicted enzymatic function in the current C. crescentus genome
annotation but which exhibited distinct expression patterns in
the microarray data (Table S2). Some differentially regulated
isozymes may participate in distinct pathways that are differ-
entially induced depending on the medium. For example, in an
oligotrophic Spirillum sp., the relative activities of three forms
of lactate dehydrogenase vary as a function of the lactate
concentration in the growth medium (37). The exact roles of
many of the C. crescentus isozymes remain to be determined. In
such cases, differential regulation may provide clues to distinct
functions.

One example is particularly relevant to glucose catabolism.
Two genes (CC0784 and CC1495) are annotated as encoding
KDPG aldolase, which catalyzes the final step in the Entner-
Doudoroff pathway. Expression of CC1495 is elevated in M2
minimal media with either xylose or glucose as the carbon
source compared to PYE, whereas expression of CC0784 is
unchanged. Subsequent mutational results demonstrated that
CC1495 is essential for growth on glucose, implying that
CC0784 (assuming that it is expressed) is not capable of func-
tionally substituting for CC1495 in glucose catabolism. On
the other hand, the CC1495 mutant strains could still form
colonies with galactose as the carbon source. The CC0784
polypeptide sequence resembles gene products annotated as
2-dehydro-3-deoxyphosphogalactonate aldolases from several
organisms, including Ralstonia solanacearum, Bradyrhizobium
japonicum, and Brucella species; this resemblance is consider-
ably stronger than that shown by the CC1495 polypeptide. It
has been reported previously that C. crescentus may use some
version of the Entner-Doudoroff pathway for galactose catab-
olism (29). Our results suggest that the CC0784 product, rather
than participating in the glucose Entner-Doudoroff pathway,
may be involved in a version of the Entner-Doudoroff pathway
dedicated to galactose.

The pathway of xylose degradation in C. crescentus may be
distinct from known pathways in other microbes, as genes
encoding key enzymes for those pathways (particularly xylose
isomerase and xylulose kinase) are not apparent in the C.
crescentus genome. An inducible xylose dehydrogenase activity
has been demonstrated in C. crescentus, which may serve as the
initial step in xylose catabolism (48). The only known C. cres-
centus mutant strain that is unable to grow on xylose resulted
from a Tn5-lacZ insertion in the xylX (CC0823) gene (39). This

insertion showed strongly xylose-inducible �-galactosidase ac-
tivity. Microarray data presented here confirm xylose induction
of CC0823, which turns out to be the first gene in a potential
five-gene operon (CC0823 to CC0819), the largest transcrip-
tion unit whose expression responds to xylose.

The CC0823 product does not resemble any gene of known
function, but it is homologous to genes in other genomes,
including Mesorhizobium loti, Streptomyces coelicolor, Agrobac-
terium tumefaciens, Pseudomonas putida, Bradyrhizobium ja-
ponicum, and Sinorhizobium meliloti. The xyl mutant pheno-
type of the Tn5 insertion could reflect a critical role for the
CC0823 product in xylose metabolism (39); alternatively, the
xyl mutant phenotype could result from polar effects of the in-
sertion on expression of critical downstream genes in the op-
eron. Two putative dehydrogenases (CC0822 and CC0821) of
unknown substrate specificity are encoded in this operon, ei-
ther of which could potentially be responsible for inducible
xylose dehydrogenase activity.

The ability to replenish intermediates of the tricarboxylic
acid cycle can be critical for growth of microbes on a single
carbon source (17). Under such conditions, tricarboxylic acid
cycle intermediates are continually siphoned off for various
biosynthetic processes, compromising continued flux through
the pathway. Expression data and genetic analysis suggest that
carbon flux through the tricarboxylic acid cycle is managed
differently during growth on glucose and xylose. The expres-
sion of phosphoenolpyruvate carboxylase is induced during
growth on glucose but not xylose, and genetic evidence is
presented above that supplementation of the tricarboxylic acid
cycle with oxalacetate via phosphoenolpyruvate carboxylase is
critical for growth on glucose but not xylose.

In contrast, expression of isocitrate lyase (CC1764) is spe-
cifically elevated during growth on xylose. Isocitrate lyase cat-
alyzes the conversion of isocitrate to glyoxylate and succinate,
initiating the glyoxylate bypass. The succinate generated by this
process can be drawn off for other biosynthetic pathways.
Glyoxylate, meanwhile, can be combined with acetyl-coenzyme
A by malate synthase to produce malate, allowing a modified
tricarboxylic acid cycle to continue. Interestingly, expression of
malate synthase, encoded by the gene (CC1765) adjacent to
that encoding isocitrate lyase, was not observed to increase
coordinately in response to xylose in the microarrays. Future
studies are warranted to examine the role of the glyoxylate
bypass during growth on xylose and other carbon sources.

The ability to simultaneously import a variety of growth
substrates could be critical for survival in oligotrophic environ-
ments (21). As such, it seems unlikely that all of the putative
transporters and exoenzymes whose expression is induced by
xylose are utilized solely, or are even necessary, for the import
and utilization of this sugar. The CC0505 gene, for example, is
strongly induced by xylose, but a CC0505 knockout strain
shows no defects in growth on xylose (data not shown). We
hypothesize that C. crescentus uses xylose as an indicator that
metabolites derived from the breakdown of plant cell walls are
available. Other microorganisms, particularly soil microbes
such as Streptomyces species, are known to use small molecules
resulting from extracellular polymer breakdown as a positive
feedback signal to induce degradative enzymes (22). Similarly,
growth of Thermotoga maritima on xylose induces genes for
two xylanases and an �-glucosidase, and growth of T. maritima
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on xylan additionally increases expression of genes for an
�-glucuronidase and a �-D-galactosidase (7).

Since xylose in natural habitats would presumably be ac-
quired by breakdown of xylan, xylose may be used to trigger
the expression of extracellular hydrolytic enzymes relevant to
breakdown of lignicellulose (of which xylan is a major constit-
uent) as well as the enzymes needed for the catabolism of
xylose itself, as in the fungus Aspergillus niger (18). Environ-
ments rich in xylan should contain cellulose as well; interest-
ingly, however, xylose does not induce expression of endoglu-
canases or �-glucosidases that could (at least theoretically) be
used by C. crescentus for cellulose degradation.

The abundance of TonB-dependent receptors induced by
xylose could provide cells with the ability to import products of
extracellular lignocellulose degradation, but it remains to be
determined what metabolites each transporter is capable of
bringing into the periplasm. In an effort to further characterize
the transporters induced by xylose, we used BLASTP to com-
pare xylose-induced C. crescentus transporters to the NCBI
database. Somewhat surprisingly, many of the strongest homol-
ogies were to proteins encoded by Xanthomonas campestris, a
plant pathogen that secretes exoenzymes to attack plant cell
walls. The virulence of at least one Xanthomonas species (X.
oryzae, which causes rice blast disease) is dependent on the
ability to secrete xylanase (51). The X. campestris genome
contains bidirectional best hits to four of the xylose-induced
TonB-dependent receptors (CC0442, CC0999, CC2832, and
CC3336) as well as the putative inner membrane xylose trans-
porter (CC0814) and the SapC peptide permease homolog
(CC1000).

Although Caulobacter and Xanthomonas are not close phy-
logenetically, their genomic contents bear intriguing similari-
ties. In addition to having sets of putative exoenzymes similar
to C. crescentus, the sequenced genomes of the Xanthomonas
species X. campestris and X. citri also display an abundance
(nearly 50) of TonB-dependent receptors (10). There are also
hints that regulation by xylose may be similar in X. campestris
and C. crescentus. The X. campestris genome has several close
matches to the DNA sequence motif associated with xylose
regulation in C. crescentus (Table 4), with three of the four
strongest instances of this motif in the X. campestris genome
located upstream of putative transcription units containing xy-
lose-associated genes (xylose isomerase, xylosidase, and xyla-
nase) (Table S5). Thus, although C. crescentus has not been
reported to act as a plant pathogen, it may have mechanisms
for acquiring plant polymer-derived metabolites similar to
those found in Xanthomonas species.

Environmentally responsive signal transduction pathways in
C. crescentus have not been extensively explored. The collec-
tion of large microarray data sets, as presented here, provides
some initial insight into regulatory responses to nutrient levels
in this organism. A set of genes whose expression responds to
the availability of xylose have been identified, along with a
cis-acting site that appears to represent the target for a xylose-
responsive repressor. Two potential regulatory sites have also
been identified for glucose-responsive genes; these need to be
tested, and the trans-acting factors controlling xylose and glu-
cose regulation will be pursued in future work. Coregulation of
many genes and potential operons encoding amino acid syn-
thesis or degradation functions has been observed.

Future work will continue to characterize the traits that
allow C. crescentus to be a successful oligotroph by exploring
this organism’s metabolism in more dilute media, in mixtures
of substrates, and in continuous cultures. Finally, the stage is
set for exploring the interface between environmental and cell
cycle regulation. What environmental cues influence cell cycle
progression? Are there cell cycle checkpoints that determine if
a cell has sufficient resources to proceed with division? How
are individual promoters influenced by both the environmental
and cell cycle state? As just one example, expression of the
glycine cleavage system (gcv) genes (CC3355 to CC3352) is
strongly induced in PYE medium versus M2, presumably due
to relatively high levels of exogenous glycine. During the cell
cycle, expression of the gcv genes peaks in swarmer cells and
then is repressed dramatically in predivisional cells (32). Is the
same transcription factor used in both forms of regulation?
What controls cell cycle regulation of this promoter, and why?
Further application of molecular and classical genetic ap-
proaches with microarray analysis can provide insight into such
questions.
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