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The purple nonsulfur photosynthetic bacterium Rhodobacter capsulatus has been extensively studied for its
metabolic versatility as well as for production of a gene transfer agent called RcGTA. Production of RcGTA is
highest in the stationary phase of growth and requires the response regulator protein CtrA. The CtrA protein
in Caulobacter crescentus has been thoroughly studied for its role as an essential, master regulator of the cell
cycle. Although the CtrA protein in R. capsulatus shares a high degree of sequence similarity with the C.
crescentus protein, it is nonessential and clearly plays a different role in this bacterium. We have used
transcriptomic and proteomic analyses of wild-type and ctrA mutant cultures to identify the genes dysregulated
by the loss of CtrA in R. capsulatus. We have also characterized gene expression differences between the
logarithmic and stationary phases of growth. Loss of CtrA has pleiotropic effects, with dysregulation of
expression of �6% of genes in the R. capsulatus genome. This includes all flagellar motility genes and a number
of other putative regulatory proteins but does not appear to include any genes involved in the cell cycle.
Quantitative proteomic data supported 88% of the CtrA transcriptome results. Phylogenetic analysis of CtrA
sequences supports the hypothesis of an ancestral ctrA gene within the alphaproteobacteria, with subsequent
diversification of function in the major alphaproteobacterial lineages.

The purple nonsulfur bacterium Rhodobacter capsulatus is a
model organism for various aspects of bacterial physiology,
such as bioenergetics and N2 fixation, and also engages in an
unusual mechanism of genetic exchange, carried out by a bac-
teriophage-like element called the R. capsulatus gene transfer
agent (RcGTA) (34, 56). The production of RcGTA is maxi-
mal in the stationary phase of growth of R. capsulatus cultures
(49) and is regulated by at least 2 distinct signaling systems,
one through quorum sensing of a long chain acyl-homoserine
lactone (43) and the other involving the response regulator
protein CtrA (30).

The CtrA protein was first characterized for Caulobacter
crescentus (41), where it is essential for viability and acts as a
master regulator of the cell cycle (reviewed in reference 45),
controlling at least 25% (144 of 553) of the genes involved in
cell cycle progression (31). Despite sharing remarkable se-
quence identity (71%) with the CtrA protein from C. crescen-
tus, the R. capsulatus protein has a very different role because
it is not essential and does not appear to be involved in cell
cycle processes. One function of CtrA in common to the two
species is the regulation of expression of genes that encode the

flagellum (29, 41). The ctrA genes of Sinorhizobium meliloti (3),
Brucella abortus (6), and Ruegeria sp. strain TM1040 (36) have
also been studied. Similarly to C. crescentus and R. capsulatus
CtrA, Ruegeria CtrA controls motility (36). A search of the
GenBank database reveals that convincing homologs which
share �50% identity with the C. crescentus protein are present
in all alphaproteobacterial complete genome sequences, with
the exception of Pelagibacter ubique (17).

A portion of the R. capsulatus genome sequence was de-
scribed previously (21, 53), and the complete annotated se-
quence is now available (GenBank accession no. CP001312
and CP001313; http://rhodo.img.cas.cz/). The availability of
this sequence has allowed us to identify the genes dysregulated
by loss of CtrA through comparisons of transcriptomic and
proteomic data from wild-type and ctrA mutant cell cultures.
Because RcGTA production is CtrA dependent and changes
over a culture growth phase, measurements of the transcrip-
tome and proteome of cultures in the logarithmic and station-
ary phases of the population growth cycle were compared.
Therefore, we have also analyzed growth phase differences in
gene expression in R. capsulatus. Our transcriptome results
show that CtrA is an important regulator in R. capsulatus
because it is required for proper expression of more than 225
genes, including those predicted to control motility, gene ex-
change, pilus, and gas vesicle formation as well as those for
expression of many putative signal transduction proteins and
transcriptional regulators. Of the genes dysregulated by the
loss of CtrA, proteins for 58 were observed and 51 of these
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quantitatively validated the transcriptome data (88%). Our
analyses also demonstrate that CtrA is not responsible for
growth phase-dependent gene expression in R. capsulatus and
that CtrA does not control R. capsulatus genes involved in cell
cycle events, such as DNA replication or cell division. Despite
almost universal conservation of CtrA in the alphaproteobac-
teria, a bioinformatic analysis of representative organisms sug-
gests that CtrA has different functions that fall along phyloge-
netic lines in the different major taxonomic orders.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Cultures of R. capsulatus were grown
anaerobically in YPS medium (54) at 37°C with illumination from standard 60-W
incandescent light bulbs. YPS is a complex medium and was chosen because of
its use in previous studies on CtrA and RcGTA (29, 30, 43). The strains used
were the genome-sequenced SB1003 strain (57) and a ctrA mutant, SBRM1.
SBRM1 was constructed from SB1003 by GTA transduction of a disrupted
version of ctrA (29) into the chromosome. Growth was monitored over time by
turbidity, and samples were collected in the logarithmic growth phase and early
in the stationary phase of growth (see Fig. S1 in the supplemental material).

Iron supplementation experiments were conducted by preparing YPS medium
with the addition of the salt and trace element components of RCV medium
[EDTA, MgSO4, CaCl2, FeSO4, thiamine HCl, MnSO4, H3BO3, Cu(NO3)2,
ZnSO4, and NaMoO4] (5) and also with the same components except for FeSO4.
All of these were added together to prevent the iron from precipitating, which
happens if FeSO4 is added on its own. This addition increased the Fe2� con-
centration from �7 �M in YPS (7) to �50 �M.

RNA isolation and microarray analyses. RNA was extracted using an RNeasy
kit (Qiagen, Inc., Mississauga, Canada) according to the manufacturer’s recommen-
dations. RNA was isolated from both strains in both growth phases from three
growth experiments on different days, yielding 12 total samples. Whole-genome
expression arrays (100–3660 format) were constructed by Affymetrix, Inc. (Santa
Clara, CA), through a custom design. The arrays were designed based on a prelim-
inary version of the complete genome sequence and contain oligonucleotide probes
for 3,635 open reading frames (ORFs) and 1,452 intergenic regions greater than 90
bp, with each ORF represented by 11 probe pairs. RNA samples and arrays were
processed at the Michael Smith Genome Science Center (Vancouver, Canada), with
cDNA synthesis, labeling, and target hybridization performed as described in the
Affymetrix Expression Analysis Technical Manual for prokaryotic samples.

Raw data from scanned arrays were robust multiarray (RMA) normalized (24).
By use of GeneSpring version 7.2 (Agilent Technologies, Santa Clara, CA), the
signal intensities were further normalized (50th percentile per chip) so that the
median normalized signal intensity equals 1. Subsequent data visualization and
analyses were performed using GeneSpring version 7.2. Data filtering was set at a
raw signal intensity of �50 to remove low-signal-intensity features. Differential
expression thresholds were set at a 2-fold limit, and gene lists were created by
selecting those genes that differed �2-fold for normalized signal intensity in one
sample relative to the level for the other within an individual replicate of RNA
samples, with subsequent identification of the genes in common to 3 of 3 replicate
experiments.

The relationship between the preliminary genome annotation used to design the
microarrays and the final genome sequence (GenBank accession no. CP001312 and
CP001313; http://rhodo.img.cas.cz/) is provided in Table S1 in the supplemental
material.

Protein extraction and digestion. Global, soluble, and insoluble protein frac-
tions were extracted from cell lysates using established protocols (11). Proteins
from the global and soluble preparations were denatured and reduced by adding
urea, thiourea, and dithiothreitol (DTT) to give final concentrations of 7 M, 2 M,
and 5 mM, respectively. Samples were incubated at 60°C for 30 min and then
diluted 10-fold with 100 mM NH4HCO3, pH 8.4. CaCl2 was added to the diluted
sample to give a final concentration of 1 mM, and the sample was digested at
37°C using sequencing grade trypsin (Roche, Indianapolis, IN) at a ratio of 1 unit
per 50 �g protein. Digested samples were then desalted using a C18 solid phase
extraction (SPE) column (Supelco, St. Louis, MO).

For the insoluble protein extract, the cell lysate was ultracentrifuged at 350,000 �
g for 10 min at 4°C. The resulting supernatant, containing soluble proteins, was
digested as described above. The insoluble pellet was washed in 100 mM
NH4HCO3, pH 7.8, and suspended in 7 M urea, 2 M thiourea, 1% CHAPS
{3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonatein}, 50 mM
NH4HCO3, pH 7.8. DTT was then added to give a final concentration of 9.7 mM.

The sample was incubated and digested as described above, with the exception
that 50 mM NH4HCO3, pH 7.8, was used for the 10-fold dilution. Following
digestion, removal of salts and detergent was performed using a strong cation
exchange (SCX) column (Supelco, St. Louis, MO).

Tandem LC-MS analysis and reference peptide database generation. Peptides
from each protein digest were fractionated (30 fractions each digest) using SCX
and reverse-phase high-performance liquid chromatography (HPLC) according
to established protocols (1). Peptides from each fraction (10 �g) were analyzed
on a quad-column HPLC system coupled to an linear trap quadropole (LTQ)
mass spectrometer (ThermoFisher Scientific, San Jose, CA). Reverse-phase sep-
aration of peptide digests occurred by way of columns (fused silica capillary
tubing 60 cm by 360 �m [outside diameter] and 75 �m [inside diameter]; Pacific
Northwest National Laboratory, Richland, WA) packed with 3 �m Jupiter C18

stationary phase (Phenomenex, Torrence, CA). The HPLC system was equili-
brated with 100% mobile phase A (0.2% acetic acid and 0.05% trifluoroacetic
acid [TFA] in water) at 10,000 lb/in2. Mobile phase B (0.1% TFA in 90%
acetonitrile-10% water) displaced mobile phase A 50 min after peptide injection,
generating an exponential gradient. Split flow controlled the gradient speed
operating under constant pressure (10,000 lb/in2). Separated peptides were ion-
ized (positive) using an electrospray ionization (ESI) interface (Pacific North-
west National Laboratory) with chemically etched electrospray emitters (150 mm
[outside diameter] and 20 mm [inside diameter]) (26). The capillary temperature
and ESI voltage were 200°C and 2.2 kV, respectively.

Selected parent ion peaks were fractionated using collision-induced dissocia-
tion, and tandem mass spectra were matched to theoretical spectra for peptide
sequence assignment using the sequence search algorithm X!Tandem (13). A
modified parameter file allowed for partial tryptic peptides and static modifica-
tions to pass the first round of X!Tandem matching. Theoretical spectra were
generated from the translated R. capsulatus SB1003 genome sequence. Peptides
with residue lengths of 6 amino acids (aa) or greater, having an E value of
��2(log10), were placed in a reference peptide database along with their cal-
culated theoretical masses and normalized elution times (27) for matching to
liquid chromatography-mass spectrometry (LC-MS) measurements.

High-mass-accuracy LC-MS and label free quantification. A modified 9.4 T
FTICR mass spectrometer (Bruker Daltonics, Billerica, MA) was used to obtain
relative quantitative proteome information. The HPLC conditions were the same
those as reported above. Mass spectra from quadruplicate measurements (16 total
analyses) were processed with the in-house-developed software program Decon2LS
(35), based on the THRASH algorithm. The resulting mono-isotopic masses were
clustered into LC-MS features on the basis of neutral mass, charge state, abundance,
isotopic fit (i.e., quality of fit between recorded and simulated isotopic patterns), and
spectrum number (relating to LC retention time). The assembled set of LC-MS
features was then searched against the reference peptide database by use of VIPER
(37). A tolerance window representing a mass measurement accuracy of �5 ppm
and a normalized elution time error of �1% was applied to ensure reliable peptide
identification.

MS peak intensities were used as a measure of the relative peptide abundances.
The mean abundance of the LC-MS features was used, and the relative abundances
of constituent peptides were averaged to derive the relative abundance of the parent
protein (48). Peptide abundances were normalized to a common baseline by use of
central tendency normalization (10) and “rolled up” to a protein abundance estimate
using the Z-score rollup algorithm available in DAnTE (40). Software tools used for
this proteomics analysis are publicly available at http://ncrr.pnl.gov/.

Identification of potential CtrA binding sites. Consensus CtrA full sites
(TTAA-N7-TTAAC) and half-sites (TTAACCAT) were identified using the
sequence search function in Artemis (42).

Microarray data accession number. Transcriptomic data from this work have
been deposited in the NCBI Gene Expression Omnibus (GEO) database (ac-
cession no. GSE18149); proteomic data are available at http://omics.pnl.gov/.

RESULTS

Nucleotide sequence of the Rhodobacter capsulatus genome.
The genome of R. capsulatus strain SB1003 consists of a cir-
cular chromosome containing 3,738,958 bp and a circular plas-
mid of 132,962 bp. The genome has a relatively high GC
content (66.6%). The full genome annotation contains 3,531
ORFs identified in the chromosome and 154 ORFs in the
plasmid. Functions are assigned to 3,100 ORFs (84.1%). The
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annotation is accessible at http://rhodo.img.cas.cz/ (GenBank
accession no. CP001312 and CP001313).

Growth phase expression analyses. Transcriptomic and pro-
teomic data were gathered during the logarithmic (log) and
stationary phases of the growth of cultures for comparative
analyses. The transcript comparisons identified 334 genes in
the genome (9%) that show significant (�2-fold) increase or
decrease in expression between the log and stationary phases
of growth. Of these, quantitative peptide data were obtained
for 152 proteins (46%) in the proteome. Transcript levels were
�2-fold higher (range 2 to 20-fold) in the log phase of growth
than in the stationary phase for 143 genes (see Table S2 in the
supplemental material). These genes are predicted to be in-
volved in various processes, with most in metabolic categories
(Fig. 1). Transcripts of genes encoding ribosomal proteins were
as much as 5-fold more abundant in the log-phase cultures. A
number of flagellar and chemotaxis genes are also more highly
expressed in the log phase of growth than in the stationary
phase. Of the 143 genes more highly expressed in the log
phase, observed peptides identified 78 of the corresponding
proteins (55%). The relative abundance patterns of the pro-
teins agree with the transcript data for 50 of the 78 (64%)
genes (see Table S2 in the supplemental material).

In the stationary phase, 192 genes showed �2-fold-higher
transcript levels than in the log phase (Fig. 1; see also Table S3
in the supplemental material). The proteome analysis detected
74 of the proteins encoded by the 192 genes more highly
expressed in stationary phase (39%), and 66 (89%) quantita-

tively agreed with transcript levels (see Table S3 in the sup-
plemental material). There is a noticeable shift in the gene
category representation numbers in stationary phase away
from genes involved in biosynthetic functions, which is accom-
panied by obvious increases in other categories (Fig. 1). These
data reveal that an adaptation of R. capsulatus to stationary
phase in this medium involves increasing the expression of a
large number (48) of transport system genes, some of which
were transcribed as much as 60-fold higher than in the log
phase (see Table S3 in the supplemental material). The trans-
port category in stationary phase includes approximately 20
genes predicted to be involved in iron uptake, suggesting that
the cells become iron limited under these conditions. We con-
ducted growth experiments to test if iron limitation is the cause
of the stationary phase under these growth conditions. Increas-
ing the iron concentration in the medium from �7 �M to �50
�M resulted in no change in growth rate or increased yield in
the cultures (see Fig. S2 in the supplemental material). There-
fore, although the cells do increase expression of iron acquisi-
tion genes in the stationary phase, iron limitation is not the
cause of the stationary phase under these conditions. There are
also large increases in the mobile element category (from 0 to
19), mostly consisting of the RcGTA genes, and in the un-
known-function and hypothetical-protein categories (from 28
to 58) (Fig. 1).

We identified 8 genes that are predicted to encode sigma
factors (Table 1). The transcript levels are increased in the
stationary phase for all of these, and rcc00458 and rcc02637

FIG. 1. Growth phase differences in gene expression in R. capsulatus. The numbers of genes that display �2-fold-higher transcript levels in the
logarithmic and stationary phases that fall within each specified gene categories are shown. The categories are based on the TIGR roles indicated
in the genome annotation; for simplicity, we combined the following: cellular processes and cell envelope; amino acid biosynthesis, protein
synthesis, and protein fate; signal transduction, transcription, and regulatory functions; and unknown functions and hypothetical proteins. The
transcript and proteome data for all genes are in Table S2 (logarithmic phase) and Table S3 (stationary phase) in the supplemental material.
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have 2.6- and 3.7-fold-higher transcript levels, respectively.
The protein encoded by rcc00458 is the ortholog (the protein
sequences are 72% identical) of the Rhodobacter sphaeroides
RpoHII stress response sigma factor (18). A bioinformatics
analysis indicates that rcc02637 may encode a protein belong-
ing to the FecI-like group of extracytoplasmic function (ECF)
sigma factors (ECF05-ECF10), which may indicate a function
in iron acquisition (51). Two other ECF sigma factors show
higher transcript levels in the stationary phase. Gene rcc02291
encodes an EcfG-like stress response sigma factor (ECF15), as
determined by a bioinformatics analysis and its genomic con-
text (51), and gene rcc02811 encodes RpoH, which has been
described as a heat shock sigma factor (16). The gene rcc02724
is annotated as a sigma factor and displays sequence similarity
to other genes annotated as sigma factors, but a BLAST anal-
ysis at the NCBI Conserved Domain Database does not iden-
tify any sigma factor domains in the sequence. The gene
rcc00568, encoding RpoN, which regulates nitrogen fixation
genes (2, 25), has extremely low transcript levels under these
growth conditions (�0.6 for all) (Table 1), as expected (14),
because the cells are not fixing nitrogen in this medium. Two
genes, rcc03323 and rcc03324, are predicted to encode an
antisigma and anti-antisigma pair and are 3.3- and 2.1-fold
higher in the log phase, respectively; these two genes are also
affected by the loss of CtrA (see below).

For a different perspective on the growth phase gene expres-
sion patterns, we also identified the 100 most highly tran-
scribed genes, excluding rRNA genes, in both of the growth
phases (see Table S4 in the supplemental material). These
represent the upper �3% of genes in terms of magnitude of
hybridization signal. There is considerable overlap between the
growth phases, with 57 genes shared between phases, and many
of these genes are related to photosynthetic growth and elec-
tron transfer. The most abundant transcript segment observed
in these experiments was pucB, encoding the light-harvesting 2
beta (LH2 �) protein, followed by pufB, encoding the LH1 �
protein. A striking feature of the 86 genes that are not shared
between the phases (i.e., with 43 from each phase that are not
in the top 100 for both phases) is that many of them are highly
expressed in both growth phases, even though they were not in
the top 100 in both growth phases. Of the 43 genes unique to the
log-phase top 100, fewer than half (19 genes; 44%) show �2-fold

difference in expression between the growth phases, while for the
stationary phase, only slightly more than half (23 genes; 53%)
show �2-fold differences. Therefore, under the conditions inves-
tigated here, much of the stationary-phase adaptation occurs
through genes that are not the most highly expressed. The ctrA
gene was among the top 100 genes in both phases, further sup-
porting its role as an important regulator in R. capsulatus, as
described below.

CtrA is a positive regulator of gene expression. The global
regulatory activity of CtrA in R. capsulatus was determined using
paired transcriptome and proteome measurements. Comparisons
were made between wild-type and ctrA mutant strains and be-
tween the log and stationary phases of culture growth. These data
demonstrate that regardless of the phase of growth, CtrA is al-
most exclusively a positive regulator of gene expression. In the log
phase, 172 genes had �2-fold-lower transcript levels in the ctrA
mutant, and 191 genes had �2-fold-lower transcript levels in the
mutant in stationary phase (Fig. 2). In these two groups of genes,
147 are shared between the growth phases, and therefore, the
total number of genes positively regulated by CtrA under the
conditions investigated here is 216 (�6% of the genome). In
contrast, only 11 genes show transcript amounts �2-fold greater
in the ctrA mutant (Fig. 2), accounting for �5% of regulated
genes.

TABLE 1. Sigma factor expression in R. capsulatus

Gene Product and functiona

Transcript levels (log phase,
stationary phase) Transcript fold changeb

SB1003 ctrA
SB1003
vs ctrA

(log phase)

SB1003
vs ctrA

(stationary phase)

Stationary
phase vs
log phase
(SB1003)

rcc00458 RpoHII, stress response ECF sigma factor (18) 4.60, 12.02 3.81, 14.43 1.2 �1.2 2.6
rcc00568 RpoN, nitrogen fixation sigma factor (2, 14, 25) 0.25, 0.33 0.31, 0.55 �1.2 �1.7 1.3
rcc00699 	24 ECF sigma factor 2.61, 4.25 2.64, 4.74 0 �1.1 1.6
rcc02291 EcfG-like sigma factor (ECF15), stress response? (51) 0.76, 1.29 0.82, 1.97 �1.1 �1.5 1.7
rcc02637 	24 ECF sigma factor 6.12, 22.76 8.45, 27.74 �1.4 �1.2 3.7
rcc02724 ECF sigma factor ? 0.35, 0.60 0.48, 0.60 �1.4 0 1.7
rcc02811 RpoH, heat shock ECF sigma factor (16) 8.75, 15.67 10.70, 20.88 �1.2 �1.3 1.8
rcc03054 RpoD, major vegetative sigma factor (39) 7.80, 10.80 9.35, 12.05 �1.2 �1.1 1.4

a The potential functions are discussed further in the text.
b Positive values indicate higher transcript levels in the wild type, and negative values indicate higher levels in the ctrA mutant.

FIG. 2. Effects of loss of CtrA as defined by whole-genome tran-
script analyses. The Venn diagram shows the number of gene tran-
scripts that were �2-fold downregulated for transcript levels in the
ctrA mutant (�) and the number of gene transcripts that were �2-fold
upregulated for transcript levels in the ctrA mutant (�). The numbers
of genes found in the logarithmic and stationary growth phases and the
amount of overlap between the two lists are indicated. The included
genes were identified in 3/3 independent replicate experiments.
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We present the relative gene expression data for the 216
genes negatively affected (Fig. 3A) and 11 genes positively
affected (Fig. 3B) by the loss of CtrA as a heat map (the
complete numerical transcript and proteome data for these
genes are available in Table S5 in the supplemental material).
The genes are organized into two groups in each growth phase
on the basis of their transcript levels in the ctrA mutant (Fig. 3).
We chose to divide the genes on the basis of an intensity value
of 1 because an intensity of �1 indicates that the gene is above
the median observed for all genes in the genome. For the genes
that are negatively affected by the loss of CtrA, group 1 con-
tains genes that have a signal intensity of �1 in the mutant,
while those within group 2 have an intensity of �1 in the
mutant and therefore appear to be transcribed even in the
absence of CtrA (Fig. 3A). Almost all of these genes fall within
the same cluster in both phases (see Table S5 in the supple-
mental material). For the genes that are positively affected by
the loss of CtrA, group 1 contains genes that have a normalized
signal intensity of �1 in the wild type, while those within group
2 have an intensity of �1 in the wild type and therefore appear
to be transcribed even in the presence of CtrA (Fig. 3B).
Unlike the trend observed for the negatively affected genes,
only 5 of these 11 positively affected genes are in the same
cluster in the different growth phases (see Table S5 in the
supplemental material). Overall, the range of transcript levels
observed in the 227 genes in the absence of CtrA likely indi-
cates that some of these genes are subject to additional mech-
anisms of regulation, and some may be only indirectly affected
by the loss of CtrA.

Transcript levels of the ctrA gene were high in both growth
phases for the wild-type cells, and there was an increase in the
level of ctrA transcripts in the stationary phase (see Table S4 in
the supplemental material), in agreement with previous obser-
vations (30). However, a comparison of the proteomes shows a
slightly larger amount of CtrA in the log phase than in the
stationary phase. Additionally, because of the difficulty of de-
tecting phosphorylated peptides, we were unable to detect the
region of CtrA predicted to contain the conserved site of
phosphorylation (Asp-51), and so we cannot comment on the
relative levels of active protein in the two growth phases. Nev-
ertheless, the decrease in transcript levels for 172 genes in the
logarithmic phase caused by the loss of ctrA demonstrates that
the CtrA signaling system does not require a stationary-phase
signal for activation, in contrast to a previous suggestion (30).

Regulation of flagellar and chemotaxis genes. Previous work
demonstrated that CtrA is required for expression of some
flagellar genes in R. capsulatus (29). The data presented in this
paper allow an investigation of the function of CtrA in the
expression of all flagellar and chemotaxis genes. Genes pre-
dicted to be involved in flagellar and chemotaxis functions are
a large proportion of the genes negatively affected by loss of
CtrA, with 73 of the 216 genes (�34%) assigned to either
flagellar or chemotaxis functions on the basis of homology or

FIG. 3. Effects of loss of CtrA on gene expression in R. capsulatus.
The quantitative transcript heat map shows the 216 genes negatively
affected �2-fold by loss of CtrA (A) and the 11 genes positively
affected �2-fold by loss of CtrA (B). The genes are organized in 2
groups for each category and growth phase on the basis of their
transcript levels in the ctrA mutant. For genes negatively affected by
loss of CtrA (A), group 1 contains genes that have a signal intensity of
�1 in the mutant, while those within group 2 have an intensity of �1
in the mutant. For genes that are positively affected by the loss of CtrA
(B), group 1 contains genes that have a signal intensity of �1 in the
wild type, while those within group 2 have an intensity of �1 in the wild
type. Genes are presented in their order of occurrence in the genome
(see Table S1 in the supplemental material) within each group. The

scale is colored to indicate relative amounts of the transcripts as indi-
cated in the culture samples indicated above the columns. The numer-
ical transcript and proteomic data for all 227 genes are in Table S5 in
the supplemental material.
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residing in apparent operons with flagellar or chemotaxis (che)
genes. CtrA is essential for maximal expression of essentially
all putative flagellum-dependent motility genes (see Fig. S3 in
the supplemental material). The majority of the motility genes
(65/73) fall within group 1 (Fig. 3A) and therefore have ex-
tremely low (signal intensity � 1) transcript levels in the ctrA
mutant. These motility genes include apparent duplications of
at least some of the che genes in different locations (rcc01759
to rcc01767 and rcc01352 to rcc01358) and 13 putative methyl-
accepting chemotaxis proteins (see Table S6 in the supplemen-
tal material); we can identify only one potential che gene,
which contains several conserved Che protein domains
(rcc00782), that is not CtrA dependent for maximal transcript
levels under the conditions investigated here. For the 73 mo-
tility genes, 28 proteins (38%) were identified and represent
2.3% of all peptides detected. The quantitative protein data
match the pattern found in the transcriptome for 25 of the 28
genes and match the transcriptomic data in one of the two
growth phases for the other 3 genes (see Fig. S3 and Table S6
in the supplemental material).

Expression of the gene transfer agent gene cluster. CtrA was
discovered in R. capsulatus because it is required for produc-
tion of the gene transfer agent RcGTA (30). Transcript levels
of the RcGTA genes increase in the stationary phase, and
these genes/ORFs constitute most of the genes in the mobile
element category (Fig. 1). The proteome analysis detected
the 3 RcGTA proteins encoded by transcript segments of the
RcGTA gene cluster present at the highest levels, and
there were large increases in the amounts of these 3 proteins in
the stationary phase of wild-type cultures (see Fig. S4 in the
supplemental material). Our results support a model where
CtrA is required for transcription of the RcGTA gene cluster

(30), and quorum sensing causes an increase in expression of
the cluster in stationary phase (43).

Other genes affected by loss of CtrA. There are 138 genes
dysregulated in the ctrA mutant that are not involved in mo-
tility or part of the RcGTA gene cluster. Of these genes, 27
(20%) yielded peptides that were identified, and there was
complete agreement between the transcript and peptide data
for 23 (85%) of the proteins (see Table S5 in the supplemental
material).

We identified 22 putative (nonchemotaxis) signal transduc-
tion and transcription regulatory proteins that are affected by
the loss of CtrA (Table 2). These include proteins containing
conserved signaling domains, such as PAS, EAL and GGDEF,
phosphorelay histidine kinase, and response regulator receiver,
and transcription regulatory domains, such as the helix-turn-
helix motif. Although there were no large effects on the tran-
script levels of the 8 sigma factor genes (Table 1) in the ctrA
mutant, there were effects on the expression of 2 sigma factor
regulatory genes, rcc03323 and rcc03324 (Table 2).

An unusual differential expression pattern was observed for
a subset of these 138 genes: log-phase transcript levels were
similar in the wild-type and ctrA mutant strains, but transcript
levels were �2-fold lower in the mutant only in the stationary
phase. The seven genes having this expression profile
(rcc00499 to -00501 and rcc00504 to -00507) fall within group
2 (Fig. 3A) and are part of an 11-gene cluster that contains
homologs of the genes that direct synthesis of the CtrA-depen-
dent pili in C. crescentus (46). There are recognizable
homologs of the CpaB, CpaC, CpaE, and CpaF proteins, but
the R. capsulatus genes in the locations corresponding to C.
crescentus pilA, cpaA, and cpaD (rcc00499, -00500, and -00503,
respectively) do not have recognizable similarity to the C. cres-

TABLE 2. Signal transduction and transcriptional regulator proteins affected by the loss of CtrA

Gene Size of
protein (aa) Predicted function (signaling and regulatory domain
s�a) Transcript fold changeb

(log phase, stationary phase)

rcc00180 109 Phosphorelay (HPT) 26.3, 25.3
rcc00181 409 Response regulator (REC, PP2C) 17.4, 10.8c

rcc00346 514 c-di-GMP signaling (GGDEF, EAL) 7.6, 4.7c

rcc00537 247 Response regulator (REC) 28.4, 23.7
rcc00620 610 Response regulator and c-di-GMP signaling (REC, GGDEF, EAL) 14.0, 6.3
rcc00621 619 Sensor kinase (CHASE4, SK) 5.7, 5.0
rcc00645 1,245 c-di-GMP signaling (GGDEF, EAL, PAS) 7.7, 25.9c

rcc01849 253 Unknown (PAS) 3.3, 1.7
rcc02075 416 Unknown (PAS) 5.8, 3.6
rcc02539 627 c-di-GMP signaling (GGDEF, EAL) 8.1, 4.1
rcc02629 353 c-di-GMP signaling (GGDEF) 8.1, 2.8
rcc02675 170 Transcriptional regulator (HTH) 19.3, 5.9
rcc02856 412 Unknown (PAS) 13.9, 2.7
rcc02857 1,158 c-di-GMP signaling (GGDEF, EAL, PAS) 12.5, 5.6
rcc03176 411 Unknown (PAS) 17.1, 10.0c

rcc03177 284 c-di-GMP signaling (EAL) 19.5, 17.6
rcc03301 1,284 c-di-GMP signaling (GGDEF, EAL, PAS) 4.5, 3.0
rcc03323 115 Anti-antisigma factor (STAS) 32.3, 8.7
rcc03324 163 Antisigma regulatory factor (HATPase) 22.0, 9.4
rcc03452 743 Sensor kinase (SK, REC) 9.8, 3.0
rcp00117 280 c-di-GMP signaling (EAL) 24.9, 12.1c

rcp00137 412 Unknown (PAS) 9.0, 9.4

a Conserved domains were identified by BLAST analyses at the NCBI Conserved Domain Database. HPT, histidine phosphotransfer; REC, response-regulator
receiver; PP2C, serine/threonine phosphatase; GGDEF, diguanylate cyclase; EAL, c-di-GMP phosphodiesterase; CHASE4, extracellular sensory domain; SK, sensor
kinase; PAS, Per-Arnt-Sim; HTH, helix-turn-helix; STAS, antisigma factor antagonist; HATPase, histidine kinase-like ATPase.

b Transcript fold change is shown as level for wild type/level for mutant.
c Protein detected in proteome and matching transcript trend; data are available in Table S5 in the supplemental material.
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centus sequences. Five other genes in this cluster contain con-
served domains found in pilus assembly proteins (rcc00506 to
-00510). In the wild-type strain, gene rcc00499 has the third
highest transcript level observed (see Table S4 in the supple-
mental material); the gene organization context and this high
level of expression support assignment of the putative function
of the encoded protein as a pilin. Such Flp (fimbrial low-
molecular-weight protein) pilus gene clusters are widely dis-
tributed in bacteria (52), and the pattern of partial gene cluster
conservation described above has been documented as wide-
spread in other members of the order Rhodobacterales (47).

Also of note is a cluster of 26 genes in the genome (rcc01051
through rcc01076), in which 22 have �2-fold-lower transcript
levels in the ctrA mutant (see Table S5 in the supplemental
material). This cluster contains 10 genes predicted to encode
gas vesicle proteins, most of which are in an apparent 12-gene
operon (the largest gap between any of these 12 genes is 3
bases). There is another apparent 5-gene operon (rcc01063 to
rcc01067) in this cluster, wherein rcc01066 encodes a photo-
active yellow protein (PYP) xanthopsin photoreceptor (28).
This gene organization has been noted previously, and it was
hypothesized that R. capsulatus uses PYP to repress gas vesicle
formation under high light intensity (28). Our finding that
these genes are coregulated in that they are dependent on
CtrA for proper expression further strengthens the hypothesis
that there is a connection between PYP and gas vesicle forma-
tion. However, the putative gas vesicle genes were transcribed
in our high-light-intensity growth conditions, although it is

possible they could be more highly expressed under lower-
light-intensity conditions.

CtrA binding sites. CtrA binding sites have been best char-
acterized for C. crescentus and are characterized by the
nucleotide consensus sequences TTAA-N7-TTAAC (full
site) (41) and TTAACCAT (half-site) (31). However, it was
recently shown that CtrA also binds to some TTAA se-
quences (50). It is thought that CtrA recognizes the same
sites in R. capsulatus because of an identical amino acid
sequence in the putative helix-turn-helix DNA sequence
recognition domain (30). It is also known (6, 9) or thought
(3, 20) that the CtrAs of other species bind the same se-
quences. There are 12 sites in the R. capsulatus genome that
perfectly match the full CtrA site (Table 3), and 8 of these
are found 5� of genes that were affected by the loss of CtrA.
The four genes not affected �2-fold include the cckA gene,
but the quantitative protein data suggest that loss of ctrA
does lead to smaller amounts of CckA. Also, some genes
affected by loss of CtrA, such as rcc00006 and rcc00499,
have nearly perfect consensus full sites (TTAA-N7-TTAAG
and TTAA-N7-TTTAC, respectively). We found 15 occur-
rences of the CtrA half-site, and 9 of these occur 5� of genes
that we identified as dysregulated by loss of CtrA (Table 3),
but 3 of these 8 genes also have the full sites.

Together, these observations may indicate that full CtrA
binding sites, and variations thereof, are more relevant than
the half-site as CtrA-dependent regulatory sequences in R.
capsulatus, at least under the conditions investigated here.

TABLE 3. Potential CtrA binding sites in the R. capsulatus genome

Gene Description
Location of predicted sitea Transcript

fold changeb

(log phase,
stationary phase)

Quantitative proteome
datac (log phase,
stationary phase)TTAA-N7-TTAAC TTAACCAT

rcc00042 PAS/PAC sensor domain protein �47 12.6, 14.9 ND
rcc00222 DNA repair protein RadC �30 7.6, 21.8 ND
rcc00280 Hemolysin-type calcium-binding repeat family protein �100 1.2, �1.1 ND
rcc00393 UvrABC system protein C �372 �1.3, �1.7 ND
rcc00434 Hypothetical protein �57 �54 1.4, 3.9 ND
rcc00459 Glutathione S-transferase domain proteind �49 �1.4, �1.3 0.97, �0.43
rcc00463 Protein of unknown function UPF0102 �315 4.4, 13.7 ND
rcc00498 Transglycosylase, Slt family �249 �1.25, �1.1 ND
rcc00516 Tyrosine phenol-lyase �570 �1.7, �1.4 �1.43, �1.47
rcc00645 Diguanylate cyclase/phosphodiesterase with PAS/PAC sensor �68 7.7, 25.9 �1.14, 0.74
rcc00844 Conserved hypothetical protein �82 �90 21.3, 28.7 ND
rcc00845 Hypothetical protein �273 �118 5.2, 17.8
rcc00872 Alcohol dehydrogenase, zinc-binding domain protein �193 �1.3, �1.1 �0.05, �0.50
rcc01237 Glycosyl transferase, family 2 �166 2.4, 5.1 ND
rcc01324 Type I restriction-modification system, R subunit �475 �1.4. �1.1 ND
rcc01384 UvrABC system protein B �65 �1.4, 0 �2.42, 1.25
rcc01462 Ribonucleoside-diphosphate reductase NrdJ �491 �1.3, 1.6 �2.06, 1.23
rcc01749 Histidine kinase CckA �96 1.4, �1.1 1.33, 1.12
rcc01849 Protein of unknown function DUF1457 �40 3.3, 1.7 ND
rcc01932 Glycosyl transferase, family 4 �183 �1.7, �1.4 ND
rcc01940 Hemolysin-type calcium-binding repeat family protein �129 �5.0, �2.5 ND
rcc03000 Conserved hypothetical protein �241 2.0. 1.7 ND
rcc03209 Protein containing DUF484 �46 2.6, 2.1 1.98, 3.09
rcc03214 Protein of unknown function DUF1127 �131 �1.3, �2.5 ND

a Position of the last (3�) base of the predicted binding site relative to the first base of the predicted start codon for the gene.
b Positive values indicate higher transcript levels in the wild type, and negative values indicate higher levels in the ctrA mutant.
c Absolute difference in Z-score data for each protein, with positive values representing larger amounts in the wild type and negative values representing larger

amounts in the ctrA mutant. ND, not detected.
d Gene rcc00460 is predicted to be cotranscribed with rcc00459 and is affected by loss of CtrA.
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The CtrA-dependent putative regulatory and signaling pro-
teins (Table 2) may provide a link between CtrA and the
regulation of many of the genes affected by loss of CtrA that
lack recognizable CtrA binding sites.

DISCUSSION

CtrA regulates diverse processes in R. capsulatus. We have
identified 227 genes as being dysregulated by the loss of CtrA
in R. capsulatus, and our findings demonstrate that CtrA is
almost exclusively a positive regulator of gene expression. Our
transcriptomic and proteomic approach has identified putative
pilus and gas vesicle formation genes and proteins as requiring
CtrA for maximal expression. Additionally, we have validated
previously described functions for CtrA in RcGTA production
and flagellum biosynthesis (29, 30). Therefore, it appears that
CtrA is involved in the control of multiple types of extracellu-
lar structures (RcGTA, flagella, and pili) and in the control of
movement through distinct mechanisms (flagella and gas ves-
icles). Gas vesicles have not been reported to occur in R.
capsulatus, and the proteins encoded by these genes were not
detected in the proteomic work, but this may be due to the
difficulty in solubilizing gas vesicle protein membranes (15).
Pilus-like structures have been visualized on R. capsulatus cells,
including on a ctrA mutant (44). Transcripts of the putative
pilus genes identified here were significantly reduced in the
ctrA mutant in the stationary phase, but not in the log phase,
and so it is possible that these genes are involved in production
of the previously observed structures. Additionally, we identi-
fied a number of potential signal transduction and transcrip-
tion regulator proteins that are affected by the loss of CtrA. We
expect that alterations in the expression of these genes con-
tribute to the pleiotropic effects that result from loss of CtrA.
The relative amounts of peptides were measured for �25% of
the corresponding proteins, and the quantitative proteomic
data validated the CtrA dependence for 88% of these. There-
fore, we have observed a high degree of congruence between
the RNA- and protein-derived gene expression data.

The transcript profiles indicate that almost all (including puta-
tive) genes involved in flagellum-dependent motility in R. capsu-
latus are CtrA dependent. We found that 35 of the 73 motility
genes were downregulated in the ctrA mutant �20-fold relative to
the wild type in the log phase of growth, showing a very strong
dependence on CtrA. However, the patterns of regulation are not
consistent among all of these genes. Some genes display signifi-
cantly higher transcript levels in the wild-type strain, but their
transcripts are still present in the ctrA mutant. These genes are
not absolutely dependent on CtrA for expression, although CtrA
is clearly required for maximal expression. Other genes that are
affected by the loss of CtrA also show this same pattern and
continue to be transcribed in the ctrA mutant. These may repre-
sent genes that are indirectly affected by loss of CtrA and not
direct targets of CtrA regulation.

We identified putative CtrA binding sites 5� of 24 genes/
operons in the R. capsulatus genome, and 14 of these were
identified as dysregulated in the transcriptomic analyses. The
correlations between these putative CtrA sites and the changes
in transcripts detected suggest that both the full and the half-
sites are important for regulation of transcription by CtrA.
There are other partially conserved sites where CtrA may bind,

as found for C. crescentus (31, 41, 50), but the genuine DNA-
binding properties of R. capsulatus CtrA remain to be deter-
mined. Regardless, it is likely that there are downstream reg-
ulatory proteins needed for the control of many of the 227
identified genes, and we found 22 genes that encode putative
signal transduction and/or transcription regulatory proteins af-
fected by the loss of CtrA (not counting chemotaxis signal
transduction genes). Other than general predictions about the
functions of some of these (e.g., sensor kinase or c-di-GMP
signaling), we cannot speculate on the specific roles of any of
these proteins, because we are unable to identify orthologs of
these proteins that have a known, specific function in another
species.

Growth phase changes in gene expression. The data in this
paper show that the CtrA signaling system regulates RcGTA
and other gene expression in the both log and stationary
phases of growth, as opposed to performing solely stationary-
phase-dependent regulation of gene expression. Some (�15%)
of the genes affected by loss of CtrA show a �2-fold increase
in transcript levels in stationary phase relative to those in log
phase; this may represent the integration of other regulatory
processes, such as quorum sensing, which is known to posi-
tively regulate RcGTA gene expression in the stationary phase
(43). In addition to increasing the expression of the RcGTA
genes, R. capsulatus responded to the stationary phase by shift-
ing transcription away from biosynthesis functions and toward
transport functions. In particular, our data indicate that cul-
tures become iron limited in the stationary phase of these
growth conditions. It is known that iron is required for maximal
photosynthesis pigment production in R. capsulatus (12) and
photosynthesis gene expression in the related bacterium
Rhodobacter sphaeroides (23). However, iron limitation is not
the cause of the stationary phase under these growth condi-
tions, because increasing the iron concentration in the growth
medium had no observable effect. There was also a large in-
crease in expression of genes in the unknown-function and
hypothetical-protein categories, reflecting a poor understand-
ing of the stationary phase of growth in the alphaproteobacte-
ria in general.

Some of the stationary-phase adaptations appear to be me-
diated through changes in sigma factor expression, although
there is not a homolog of the stationary-phase sigma factor
RpoS (22, 33), as found in Escherichia coli. It also appears that
some regulation of gene expression by CtrA is through sigma
factors, but this is mediated through regulation of sigma-reg-
ulatory proteins rather than direct effects on sigma factor gene
expression.

CtrA functions vary across the alphaproteobacteria. The
bacterium Ruegeria sp. TM1040, in the marine Roseobacter
group, is the closest relative of R. capsulatus for which CtrA
and CckA have been studied (36). Similar to R. capsulatus,
CtrA is not essential for viability and controls flagellum-de-
pendent motility. Disruption of ctrA causes elongation of Rue-
geria cells; however, we have found no effects of ctrA disruption
on cell size or shape in R. capsulatus. The role of CtrA has been
thoroughly characterized for C. crescentus (31, 32), where 144
genes are affected by loss of CtrA (32). Control of genes
involved in flagellum synthesis, chemotaxis, and pilus synthesis
by CtrA is conserved between C. crescentus and R. capsulatus.
However, a major difference between the two organisms is that
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R. capsulatus CtrA is not involved in controlling genes for cell
division, DNA methylation, DNA replication and repair, ribo-
somes, RNA polymerase, or NADH dehydrogenase. Although
CtrA does affect expression of signal transduction proteins in
both species, the genes are not orthologous. Also, there is no
indication that R. capsulatus CtrA is involved in regulating the
initiation of DNA replication because there are no putative
CtrA binding sites near the origin of replication.

A phylogenetic tree of CtrA sequences from species represent-
ing the major taxonomic orders within the alphaproteobacteria
for which complete genome sequences were available is shown in
Fig. 4, and mapped onto the tree are the known or predicted
functions of CtrA in these species. Predicted functions are based
on the presence of CtrA binding sites located 5� of genes involved
in the various processes. The relationships of the ctrA sequences
match the relationships for these organisms, as determined by
other means (19, 55), suggesting a vertical descent of the ctrA
gene from the last common ancestor of the alphaproteobacteria.
On the basis of the pattern of CtrA functions across these species,
we speculate that CtrA was involved in the regulation of the cell
cycle and possibly motility in the last common ancestor of these
groups. It seems that in the Rhodobacterales (and possibly the
Rhodospirillales), a role for CtrA in the cell cycle has been lost and
that ctrA is therefore no longer essential. A role for CtrA in
motility has been retained in all groups other than the Rickettsia-
les. There do not appear to be flagellar genes in the Rickettsiales,
and so these organisms appear to have lost these genes as a result
of genome size reduction in adaptation to an obligately parasitic
lifestyle (4, 38).

In C. crescentus, the activity of CtrA is controlled through
transcriptional, phosphorylation, and proteolytic regulation
(8). There is a complex system controlling the activation and
turnover of CtrA, involving the histidine kinase proteins DivJ,
DivL, PleC, and CckA, the histidine phosphotransferase
ChpT, the response regulators DivK and CpdR, the protease
ClpXP, and a protein of unknown function, RcdA. However,
of these proteins, we can find convincing homologs of only
CckA and ClpXP in the R. capsulatus genome. The Caulobacter
model of a control system centered on CtrA has become a par-
adigm, but our results show that this system is not conserved in all

alphaproteobacteria, in agreement with Hallez et al. (20). We
suggest that there are (at least) two types of CtrA-centered sys-
tems, one (as in Caulobacter and the Rhizobiales) in which the
CtrA protein is essential and that, along with CckA, Div, and Ple
proteins, forms a regulatory network needed for cell viability and
one (as in Rhodobacter) in which the CtrA protein is not essential
for cell viability, and control of the cell cycle proceeds through a
different regulatory network. These two different systems may
relate to fundamental differences in cell division mechanisms be-
tween asymmetrically dividing cells of organisms such as Cau-
lobacter and cells of organisms, such as Rhodobacter, that divide
by symmetric binary fission (20).
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