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Rhodobacter sphaeroides 2.4.1 is a facultative photosynthetic anaerobe that grows by anoxygenic photosyn-
thesis under anaerobic-light conditions. Changes in energy generation pathways under photosynthetic and
aerobic respiratory conditions are primarily controlled by oxygen tensions. In this study, we performed time
series microarray analyses to investigate transcriptome dynamics during the transition from anaerobic pho-
tosynthesis to aerobic respiration. Major changes in gene expression profiles occurred in the initial 15 min
after the shift from anaerobic-light to aerobic-dark conditions, with changes continuing to occur up to 4 hours
postshift. Those genes whose expression levels changed significantly during the time series were grouped into
three major classes by clustering analysis. Class I contained genes, such as that for the aa3 cytochrome oxidase,
whose expression levels increased after the shift. Class II contained genes, such as those for the photosynthetic
apparatus and Calvin cycle enzymes, whose expression levels decreased after the shift. Class III contained
genes whose expression levels temporarily increased during the time series. Many genes for metabolism and
transport of carbohydrates or lipids were significantly induced early during the transition, suggesting that
those endogenous compounds were initially utilized as carbon sources. Oxidation of those compounds might
also be required for maintenance of redox homeostasis after exposure to oxygen. Genes for the repair of protein
and sulfur groups and uptake of ferric iron were temporarily upregulated soon after the shift, suggesting they
were involved in a response to oxidative stress. The flagellar-biosynthesis genes were expressed in a hierar-
chical manner at 15 to 60 min after the shift. Numerous transporters were induced at various time points,
suggesting that the cellular composition went through significant changes during the transition from anaerobic
photosynthesis to aerobic respiration. Analyses of these data make it clear that numerous regulatory activities
come into play during the transition from one homeostatic state to another.

One of the challenges of present genomic research in mi-
crobiology is to move from our understanding of microbial
systems obtained through studies of steady-state-grown cul-
tures to the fundamental property of any microbial system,
namely, adaptation, moving from one environmental state to a
new set of environmental parameters. Rhodobacter sphaeroides
2.4.1 is a facultative photosynthetic (PS) bacterium that has a
remarkable ability to grow under a variety of environmental
conditions. It grows by aerobic respiration in the presence of
oxygen. It also grows anaerobically by anoxygenic photosyn-
thesis in the presence of light or by anaerobic respiration in the
presence of alternative electron acceptors, such as dimethyl
sulfoxide, under anaerobic-dark conditions. R. sphaeroides syn-
thesizes an intracytoplasmic-membrane (ICM) system when
grown anaerobically in the light or dark (40). The ICM houses
all of the membrane components necessary for the light reac-
tions of photosynthesis. It contains three PS protein-pigment
complexes, comprised of the reaction center and two light-
harvesting complexes, B875 (LHI) and B800-B850 (LHII). Ox-

ygen tension is a major determinant controlling the formation
of the ICM and other PS components (58, 83, 84). The expres-
sion of the PS genes (photosynthesis) is mainly regulated by
the interplay of three transcriptional regulatory systems,
PrrBA, AppA-PpsR, and FnrL (24, 27, 44, 64, 82). PrrBA,
designated RegBA in Rhodobacter capsulatus (23), is a two-
component regulatory system consisting of the membrane-
bound sensor kinase PrrB and the response regulator PrrA (24,
44). PrrB is proposed to respond to oxygen tension by indi-
rectly monitoring electron flow through the cbb3 cytochrome c
oxidase (41, 57). The AppA-PpsR antirepressor-repressor sys-
tem is reported to be responsive to the redox status of the
quinone pool (10, 58). AppA also mediates a blue-light regu-
lation of PS gene expression (10, 50). FnrL is a homologue of
FNR (fumarate nitrate reduction regulation protein) of Esch-
erichia coli, which contains an iron-sulfur cluster and senses
intracellular oxygen tension directly via the redox state of the
bound iron-sulfur cluster (75). A fourth system, TspO, appears
to modulate the rate of gene expression as cells undergo in-
duction of PS gene expression (78).

A large number of research studies have been published
which deal with the transcriptional regulation of PS gene ex-
pression controlled by these transcription factors. In addition
to those research studies, recent transcriptome and proteome
analyses of cells grown under steady-state aerobic-dark, anaer-
obic-light, and anaerobic-dark conditions have provided a
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wealth of information pertaining to the genes and proteins
regulated by oxygen tension and light intensity in cells growing
in the steady state (13, 61, 71). However, there is little infor-
mation concerning the dynamics of gene expression during
adaptation to changing environmental conditions. In this study,
we focus on the dynamic change in the transcriptome profile
when growth conditions are shifted from anaerobic-light to
aerobic-dark, i.e., PS to respiratory metabolism. We seek to
address the question as to whether known regulatory systems
can account for changes in gene expression profiles. The re-
sults presented here show that, in addition to the expected
changes in the expression of the genes for energy and carbon
metabolism, a number of genes are temporarily upregulated
during the transition process. In addition to the genes specif-
ically expressed under steady-state growth conditions, e.g., re-
spiratory or PS, transiently expressed genes may be necessary
for the versatile growth ability of R. sphaeroides as cells achieve
homeostasis under new growth conditions.

MATERIALS AND METHODS

Growth conditions. R. sphaeroides 2.4.1 was grown in Sistrom’s minimal me-
dium A containing succinate as a carbon source at 30°C (16). The culture was
continuously bubbled with a gas mixture of 95% N2 and 5% CO2 and illuminated
at a light intensity of 10 W/m2 for anaerobic PS conditions. The gas mixture was
69% N2, 30% O2, and 1% CO2, and the culture was not illuminated for aerobic
conditions.

RNA extraction. R. sphaeroides 2.4.1 was grown in 800 ml of medium in 1-liter
glass bottles under anaerobic PS conditions. When the optical density at 600 nm
(OD600) reached approximately 0.2 to 0.3, the light was turned off and the
composition of the gas mixture was abruptly changed for aerobic growth condi-
tions. RNA was isolated from a 50-ml aliquot of the culture prior to the shift to
aerobic conditions (0 min) and at 15 min, 30 min, 1 h, 2 h, and 4 h after the shift.
The final OD600 at 4 h was approximately 0.3 to 0.4, representing not quite a
culture doubling. The experiment was performed in quadruplicate independent
cultures. RNA was extracted by a modified hot-phenol method as described
previously (71).

Microarray experiments and GeneChip data analyses. The R. sphaeroides
2.4.1 GeneChip was custom designed and manufactured by Affymetrix Inc.
(Santa Clara, CA) (61). A quadruplicate series of RNA samples at the six time
points during the transition from anaerobic-light to aerobic-dark conditions was
used for the analyses. cDNA synthesis, fragmentation, and labeling were per-
formed according to the instructions designed for the Pseudomonas aeruginosa
genome array by Affymetrix and methods described previously (71). cDNA was
synthesized from 10 �g of total RNA with Superscript II reverse transcriptase
(Invitrogen, Carlsbad, CA). RQ1 DNase I (Promega, Madison, WI) was used for
fragmentation of the cDNA. The Enzo BioArray terminal labeling kit (Af-
fymetrix) was used for 3� labeling of the fragmented cDNA to an approximate
size of 50 to 200 bases. Target hybridization, staining, and scanning were per-
formed by using a GeneChip Hybridization Oven 640, a Fluidics Station 400, and
the Agilent GeneArray scanner under the control of the Affymetrix Microarray
Suite 5.0 (MAS5). The scanned images were analyzed using the MAS5 program
to obtain signal values, detection calls (present/absent/marginal), and P values.
The relative change (n-fold) and hierarchical clustering of the hybridization

intensities of the experimental probe sets were calculated using dChip software
(46). The filtering criterion between the group means was a 1.5-fold change using
the 90% confidence boundary for 0-fold change, which was calculated using the
standard errors of the mean from quadruplicate experiments. For hierarchical
analysis, genes significantly up- or downregulated during the transition were
filtered by the following two criteria: the variation across samples (after pooling
of replicate arrays) was 0.50 � standard deviation/mean � 1,000, and the present
call percentages in the array were �20%. The criterion used for filtering the
gene is described in the dChip manual (http://biosun1.harvard.edu/complab
/dchip/filter_gene.htm). A subset of 483 probe sets was obtained with the
above criteria and used for hierarchical clustering analysis. The Pearson
correlation coefficient value (r value) was calculated using the Microsoft
Excel program.

Quantitative analysis of carotenoid, bacteriochlorophyll, and spectral com-
plexes. Photopigments were extracted with acetone-methanol (7:2 [vol/vol]) from
cell pellets by vigorous vortexing. After centrifugation at 13,000 rpm for 15 min,
the supernatant was used for quantitation of carotenoid and bacteriochlorophyll
as described previously (16).

For analysis of spectral complexes, the harvested cells were resuspended in
ICM buffer (10 mM potassium phosphate and 1 mM EDTA, pH 7.2) and
disrupted by passage through a French pressure cell at 100 MPa. Cell extracts
were obtained following centrifugation at 13,000 rpm for 15 min to remove cell
debris. Spectra were recorded with a UV 1601PC spectrophotometer (Shimadzu
Corp., Columbia, MD). The B800-B850 and B875 complex levels were deter-
mined by the method described previously (52) from the spectral data.

The protein concentrations of cell extracts were determined with the bicin-
choninic acid protein assay kit (Pierce, Rockford, IL) with bovine serum albumin
as a standard.

RESULTS

Overview of microarray analysis. The global gene expres-
sion profiles obtained for R. sphaeroides 2.4.1 at six time points
during the transition from PS to aerobic conditions were ana-
lyzed by using the R. sphaeroides microarray GeneChip (61).
The percentages of open reading frames (ORFs) whose ex-
pression was detected as “present” by the MAS5 program were
64.0% � 2.1%, 60.6% � 3.6%, 62.1% � 2.3%, 63.6% � 1.2%,
62.9% � 2.9%, and 62.1% � 4.6% at 0-min, 15-min, 30-min,
1-h, 2-h, and 4-h time points, respectively. The data are means �
standard deviations from the series of independent experi-
ments performed in quadruplicate. The number of expressed
ORFs appeared to undergo a transient decrease soon after the
shift, but the differences were not statistically significant. The
Pearson correlation coefficient value (r value) obtained by
comparison of the quadruplicate data sets at each time point,
which indicates the experimental reproducibility between sam-
ples, was between 0.965 and 0.996. The r values obtained by
comparison between different time points are shown in Table
1. The values observed between zero min and the other time
points were substantially lower than those of the other combi-
nations of time points, and the discrepant values decreased

TABLE 1. Pearson correlation coefficients between the data sets

Time
Correlation ata:

15 min 30 min 1 h 2 h 4 h

0 min 0.802 � 0.018 0.790 � 0.008 0.784 � 0.015 0.718 � 0.006 0.696 � 0.012
15 min 0.975 � 0.003 0.936 � 0.008 0.856 � 0.013 0.812 � 0.021
30 min 0.970 � 0.006 0.893 � 0.013 0.843 � 0.018
1 h 0.955 � 0.005 0.913 � 0.015
2 h 0.976 � 0.008

a The Pearson correlation coefficient values were obtained by comparison of the 5,306 probe sets to one another within the six data sets for each experiment. The
values are means � standard deviations from the quadruplicate series of experiments at each time point.
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over time, indicating that major changes in gene expression
patterns occurred in the initial 15 min postshift but that
changes continued to occur even up to 4 h, although these
changes were very few.

The numbers of genes/ORFs that showed more than a 1.5-
fold change relative to one of the other time points with 90%
confidence boundaries were evaluated for all combinations of
time points and are depicted in Fig. 1. Large numbers of the
genes/ORFs were either upregulated or downregulated com-
pared to the 0-min time point. Expression levels of �9.1%
(483) or �11.7% (621) of the genes/ORFs either increased or
decreased within the initial 15 min after the shift, respectively,
i.e., over 20% of the genome. The number of upregulated
genes relative to the zero time point remained high for both 2 h
and 4 h, and we could see that over time, significant numbers
of genes increased in expression over the earlier time point. On
the other hand, the number of downregulated genes continued
to decrease at the later time points, although there were many
such genes relative to the zero time point. A total of 37.8% of
the genes/ORFs were more than 1.5-fold up- or downregulated
within 4 h following the transition.

Hierarchical clustering analysis. The hierarchical tree con-
sisting of 483 probe sets, which were filtered by the criteria
indicated in Materials and Methods, showed three major nodes
(I, II, and III), and the genes/ORFs can be classified according
to the branching of the tree (Fig. 2). The probe sets used for
the hierarchical analysis and their GeneChip data can be found
in the supplemental material (see Table S1 in the supplemental
material). Classes I and II contained those genes whose ex-
pression levels increased or decreased, respectively, after the
shift from PS to aerobic conditions. Class III contained genes

FIG. 1. Gene expression changes during the transition from PS to aerobic conditions. The number of genes showing increased and decreased
expression and their relative changes are shown. The relative changes for the hybridization intensities of 5,306 probe sets were calculated using
dChip. The filtering criterion between the group means was a 1.5-fold change using the 90% confidence boundary for 0-fold change, which was
calculated using the standard errors of the mean from independent quadruplicate experiments.

FIG. 2. Changes in gene expression profiles after transition from
PS to aerobic conditions. The hierarchical tree cluster was generated
using the dChip program with a subset of 483 genes, which were
filtered by the following criteria: variation across samples (after repli-
cate arrays were pooled) was 0.50 � standard deviation/mean � 1,000,
and present call percentages in the array were �20%. Significantly up-
and downregulated genes are shown in red and blue, respectively. The
change level (n-fold) is indicated by the color intensity.
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whose expression levels were transiently increased during the
transition. The overall gene expression pattern also suggests
that the cells went through three physiologic phases during
adaptation to aerobic conditions after the shift, i.e., the early
phase (�30 min), middle phase (30 min to 2 h), and late phase
(2 h on). A detailed description of each class follows.

(i) Class I. Class I contained the late-phase genes whose
expression levels gradually increased after the shift and showed
the highest expression levels at 2 to 4 h. These genes are
suggested to be specific for aerobic growth. The hemF gene
(AffyChip designation RSP0682), encoding an oxygen-depen-
dent coproporphyrinogen III oxidase, which is involved in aer-
obic heme biosynthesis (85), was 8.0-fold upregulated at 4 h.
Subunit II of the aa3 cytochrome oxidase (RSP1829) was in
this class, showing an 11.0-fold upregulation. The other sub-
units of the aa3 oxidase (RSP1826 and RSP1877) also showed
an expression pattern similar to that of subunit II and were 8.2-
and 8.4-fold upregulated, respectively, although they were not
identified by the filtering criteria. A gene cluster encoding
glycerol kinase and glycerol-3-phosphate dehydrogenase and a
putative ABC glycerol transporter (RSP2661–RSP2670) was
3.4- to 23.5-fold upregulated. The genes for an ABC glycerol-
3-phosphate transporter (RSP3289 and RSP3290) were also in
this class (9.7- and 9.5-fold upregulated, respectively). These
results indicate that glycerol metabolism was active at later
stages after the shift. The structural and accessory genes for
periplasmic nitrate reductase (RSP4112–RSP4118), which
might be involved in nitrate assimilation, were 4.6- to 15.4-fold
upregulated, despite the fact that ammonium was used as a
nitrogen source. Putative diguanylate cyclases with GGDEF
domains (RSP0406 and RSP3401) were 7.3- and 23.3-fold up-
regulated, respectively. These gene products might control the
intracellular level of a ubiquitous bacterial second-messenger
molecule, cyclic di-GMP, which is known to regulate various
cellular processes, such as cell surface adhesiveness, biofilm
formation, and motility (18, 72). Other genes in this class that
are significantly upregulated encode a cold shock protein
(RSP2346; 8.5-fold), a putative calcium-binding hemolysin
protein (RSP3539; 22.3-fold), and a putative outer membrane
adhesin protein (RSP3540; 24.3-fold).

(ii) Class II. Class II contained genes whose expression
levels decreased after the shift. These genes are likely to be
specific for anaerobic growth. Most of these genes overlap with
the “class I” genes reported by Pappas et al., whose expression
was upregulated under both anoxic-dark and anoxic-light con-
ditions (61). Class II can be divided into three subclasses (II-1,
II-2, and II-3). The expression level of the genes in class II-1
gradually decreased over time following the shift, with those
genes in class II-2 showing a rapid decrease after the shift.
Expression of the class II-3 genes was only temporarily down-
regulated during the transition to aerobic growth.

Class II-1 contained only pufBA (RSP0258; represented by
one probe set) and pucBA (RSP0314; represented by one
probe set) as genes with known functions. pufBA and pucBA
encode proteins of the B875 light-harvesting complex (LHI)
and the B800-B850 light-harvesting complex (LHII), respec-
tively. They were 11.6- and 26.3-fold downregulated, respec-
tively, at 4 h compared to 0 min. The regulation of these
light-harvesting complex protein genes is different from those

of the other PS genes, because most of the other PS genes were
categorized as belonging to class II-2 (see below).

Class II-2 was the largest group among the different sub-
classes. All genes in the large PS gene cluster (RSP0255–
RSP0292), except pufBA (RSP0258; class II-1) and ppsR
(RSP0282), were in this subclass, although some genes were
not identified by using the filtering criteria. The genes of un-
known function (RSP0293–RSP0295), which are located in the
vicinity of the large PS gene cluster, also showed the same class
II-2 expression pattern, suggesting a relationship to PS gene
expression, which remains to be tested. Other photosynthesis-
related genes that showed the class II-2 expression pattern
were cycA (RSP0296), encoding cytochrome c2, which is
an electron carrier for the PS reaction center (20); pucC
(RSP0315), which is involved in LHII assembly; osp
(RSP0869), which is required for optimal synthesis of spectral
complexes, as well as for optimal growth under dark-dimethyl
sulfoxide conditions (59); blrB (RSP1261), a blue-light recep-
tor of the BLUF family; prrA (RSP1518), a response regulator
involved in oxygen regulation of the photosynthesis genes (24);
the second LHII genes pucBA2 (RSP1556–RSP1557) (87);
and appA (RSP1565), an antirepressor of PpsR (25). dxsA
(RSP0254), which is located downstream of the puf genes, is
also in this class. dxsA encodes deoxy-D-xylulose 5-phosphate
synthase, which is involved in the biosynthesis pathway of iso-
prenoids and is therefore required for biosynthesis of bacte-
riochlorophylls and carotenoids (30). dxs (RSP1134), encoding
an isoenzyme of deoxy-D-xylulose 5-phosphate synthase, and
dxr (RSP2709), encoding deoxyxylulose 5-phosphate reducto-
isomerase, which is another enzyme of the isoprenoid biosyn-
thesis pathway, also showed a similar expression pattern. The
genes encoding enzymes for biosynthesis of protoporphyrin
IX, a precursor of bacteriochlorophyll, such as hemA
(RSP2984), hemB (RSP2848), hemC (RSP0679), and hemE
(RSP0680), are in this class. In particular, hemN (RSP0317)
and hemZ (RSP0699), encoding oxygen-independent copro-
porphyrinogen III oxidases, were significantly (40.9- and 27.1-
fold, respectively) downregulated at 15 min. Both of these
genes are known to be upregulated by FnrL under anaerobic
conditions. It is evident that hemF encodes an aerobic copro-
porphyrinogen III oxidase, while hemN and hemZ are critical
for anaerobic growth. Thus, we predict that hemF is not reg-
ulated by either FnrL, PrrA, or PpsR.

A gene cluster (RSP0100–RSP0112) encoding one of two
sets of multicomponent NADH-ubiquinone oxidoredctases
was 4.3- to 12.0-fold downregulated after the shift and re-
mained low during the transition. The plasmid-encoded puta-
tive F0F1-type ATPase genes (RSP3929–RSP3936) were 2.8- to
5.5-fold downregulated at 15 min. This result is inconsistent
with the previous report by Pappas et al. (61), in which this
gene cluster was upregulated under anaerobic-dark conditions
but unchanged under anaerobic-light conditions compared to
the aerobic-dark conditions. fbcQ (RSP2687), encoding sub-
unit IV of the bc1 complex, and qxtA (RSP3212), encoding
subunit I of the quinol oxidase, were 6.8- and 4.5-fold down-
regulated, respectively. The genes of the other subunits of
these respiratory complexes also showed similar downregula-
tion of their expression patterns. Data presented elsewhere
indicate that many of these genes are positively regulated by
PrrA (38).

VOL. 190, 2008 ADAPTATION OF R. SPHAEROIDES TO AEROBIOSIS 289



R. sphaeroides has two sets of cbb gene clusters for the
Calvin-Benson-Bassham (CBB) cycle enzymes (RSP1278–
RSP1285 and RSP3266–RSP3271), including the genes for the
form I and form II ribulose-1,5-bisphosphate carboxylase/oxy-
genases (RubisCOs), respectively. Both cbb gene clusters were
significantly (5.7- to 80.1-fold and 26.6- to 303.7-fold) down-
regulated at 15 min and almost absent after that. The CBB
cycle is utilized not only for autotrophic CO2 fixation, but also
as an electron sink for maintaining cellular redox balance (31),
and is apparently not required for heterotrophic growth as an
electron sink in the presence of oxygen. These genes are known
to be regulated, at least in part, by PrrA.

Some proteases (RSP0465, RSP2045, RSP3496, and
RSP4072), putative restriction endonucleases (RSP2729 and
RSP3361), and the DnaK suppressor protein (RSP0166) were
found to be members of this class, although their specific
functions under PS conditions are unclear. The gene for a
universal stress protein (RSP0697), which is located between
fnrL and the ccoN operon encoding the cbb3 cytochrome oxi-
dase, was 12.4-fold downregulated at 15 min. Transcription of
the RSP0697 gene is probably under the control of FnrL,
because there are two FNR-binding motifs in the promoter
region between ccoN and the RSP0697 gene (82). RSP0697 is
similar to PA4352 of Pseudomonas aeruginosa, which has re-
cently been shown to be essential for survival under anaerobic
energy stress conditions (9, 73).

A putative fatty acid desaturase gene (RSP1467), which was
highly expressed under anaerobic-light conditions, was signif-
icantly (18.8-fold) downregulated after the shift and placed in
this subclass. Specific expression of the RSP1467 gene under
PS growth conditions was also observed as a result of the
proteomic analysis in PS-grown cells (13). Although the phys-
iological function of RSP1467 is not clear, these results seem to
contradict the idea that the amount of saturated fatty acids
decreases when the growth conditions are changed from anaer-
obic-light to aerobic-dark (76). This may reflect differences in
the fatty acid biosynthetic pathway under anaerobic and aero-
bic conditions. Another possibility is that the need for fatty
acids decreases as the cellular abundance of the total mem-
branes decrease. Altogether, these data reveal numerous gene
products which may be parts of the PrrA, PpsR, and FnrL
regulons.

Class II-3 genes were temporarily downregulated after the
shift from PS to aerobic conditions and showed their lowest
expression level at 15 to 30 min. Only some genes, such as bfr
(RSP3342), encoding bacterioferritin, and cbbR (RSP1286),
encoding a regulator for expression of RubisCOs, were iden-
tified in this subclass. However, many genes, especially regu-
latory genes, such as ppsR (RSP0282) and fnrL (RSP0698),
also showed the class III-3 expression pattern. They failed to
be identified using the filtering criteria because their expres-
sion levels and rates of change were low. Because some of
these genes are known to be regulated by FnrL and PrrA, it
may be that these changes are important early in the transi-
tions, but other regulatory elements may be involved after the
shift.

(iii) Class III. Class III contains genes whose expression
levels temporarily increased during the transition. This class
can be divided into four subclasses (III-1, III-2, III-3, and III-4)
(Fig. 2). The expression levels of the genes in class III-1 quickly

increased after the shift, remained high for 30 to 60 min, and
gradually decreased thereafter, often to their preshift levels.
Many genes for metabolism or transport of carbohydrates or
lipids were characteristically found in this subclass (see Table
S1 in the supplemental material). The most highly upregulated
(201.2-fold) gene was RSP2364, encoding L-fuculose phos-
phate aldolase. This gene is clustered with genes (RSP2363–
RSP2372) encoding putative proteins for an ABC sugar
(ribose) transporter, sugar kinase, 3-oxoacyl-(acyl-carrier
protein) reductase, and aldehyde dehydrogenase. All members
of this cluster were in this subclass. Interestingly, another pu-
tative L-fuculose phosphate aldolase gene (RSP0476), which is
in the putative PrrA regulon (48), was significantly downregu-
lated after the shift. These observations suggest that PrrA is
not a player in the regulation of class III-1 genes, at least
directly. A gene cluster (RSP0480–RSP0488) for several gluc-
uronate metabolic enzymes and a tripartite ATP-independent
(TRAP)-type transporter was 7.7- to 62.0-fold upregulated at
15 to 30 min. A gene cluster (RSP1602–RSP1605) for a similar
TRAP-type transporter also showed a similar expression pat-
tern. These gene clusters are preceded by the genes encoding
similar transcriptional regulators belonging to the GntR family
(RSP2362, RSP0489, and RSP1606), suggesting that these
transcriptional regulators may be responsible for the class III-1
expression pattern observed. This observation remains to be
tested.

A gene cluster (RSP0431–RSP0443) containing the suf
genes, which are involved in the assembly and stability of
iron-sulfur clusters (7), showed a transient upregulation at 15
to 60 min. This result indicates that the de novo synthesis
and/or repair of iron-sulfur proteins is required after exposure
to oxygen, which might be expected. Genes encoding a TonB-
ExbB-ExbD complex (RSP0920–RSP0922) and two ABC Fe3�

siderophore transporters (RSP2913 and RSP3079), which
are essential for ferric iron uptake (5), and a gene cluster
(RSP1543–RSP1548) encoding bacterioferritin and related
proteins, which might be involved in iron storage, were also
found in this subclass, suggesting that ferric iron is stringently
required after the shift from anaerobic to aerobic conditions.

The class III-2 genes were immediately upregulated after the
shift and showed expression peaks at 15 min, but their expres-
sion levels significantly decreased soon after that. These gene
products might be involved in a “stress-like” response to the
abrupt exposure to oxygen. Heat shock proteins, chaperones,
and proteases, such as HSP20 type (RSP1016 and RSP1572),
HSP70 type (RSP1172–RSP1173), heat shock proteosome
HslVU (RSP1531–RSP1532), Lon protease (RSP2806), and
other types (RSP0554, RSP1408, RSP1742, and RSP2710),
were 2.6- to 17.3-fold upregulated at 15 min. Two isozymes
of peptide methionine sulfoxide reductases (RSP0559 and
RSP2617), which counter methionine oxidation, were 2.7- and
2.1-fold upregulated. One of two heat shock sigma factors
(RpoH1; RSP2410) (29) was also in this class. These results
suggest that exposure to oxygen caused misfolding and oxida-
tive damage of proteins, which may be a reflection of a general
stress response. Since the earliest time point after the shift was
15 min, it is possible that some of these genes, and even others
not observed, were expressed at even higher levels and that we
were witnessing their expression on the downward side of this
trend.
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Genes for the biosynthesis of methionine (RSP2172 and
RSP3346–RSP3347) and an ABC methionine uptake trans-
porter (RSP0130–RSP0132) were more than fourfold upregu-
lated. The cysteine synthase gene (RSP1109) was also in this
class. Oxidative stress has harmful effects on thiol groups of
reactive cysteine residues in proteins, including cobalamin-
independent methionine synthase, MetE, which causes methi-
onine auxotrophy in the case of E. coli (33, 45). The transient
upregulation of the genes for the biosynthesis and uptake of
methionine in E. coli after exposure to oxygen was also re-
ported recently (62). These results indicate that cells are sub-
jected to temporary deprivation of sulfur-containing amino
acids during the transition from anaerobic to aerobic condi-
tions. Gene clusters encoding sulfide reductase (RSP1940–
RSP1944), an ABC sulfate transporter (RSP3696–RSP3699),
and sulfurtransferase (RSP2738) also showed high expression
levels at 15 min postshift. Thus, the metabolism of sulfur com-
pounds seems to be generally upregulated after exposure to
oxygen.

A gene cluster (RSP2196–RSP2200) that might be involved
in fatty acid metabolism showed very high expression levels
(25.1-to 51.6-fold) immediately following the shift, followed by
near-preshift expression levels. A gene cluster encoding lipo-
lytic enzyme and a possible ABC efflux transporter (RSP3601–
RSP3603) was upregulated 3.0- to 4.7-fold but dropped there-
after. From these results, together with the results of class
III-1, lipid metabolism seems to be generally activated at ear-
lier stages after exposure to oxygen. Genes for an ABC-type
divalent-cation transporter (RSP0904–RSP0908) and a puta-
tive sodium/calcium exchanger (RSP2638) were upregulated
7.6- to 26.8-fold at 15 min, suggesting that the ion composition
in the cells significantly changed after the shift from anaerobic
to aerobic conditions. Such results could also be symptomatic
of a transient stress response. What regulators might be in-
volved in these responses remains to be determined.

Class III-3 includes genes that were temporarily upregulated
during the transition, with an expression peak at 30 min after
the shift. The genes in this class are exclusively involved in
biogenesis of the flagellum, and most of them are in the large
flagellar-gene cluster (RSP0032–RSP0083). One of four �54

factors, RpoN2 (RSP0068), which regulates flagellar-gene ex-
pression (67), is also in this class. Regulation of total flagellar-
gene expression is discussed below.

Class III-4 includes the middle-phase-specific genes, which
were transiently expressed at 1 h or had a broad expression
peak at around 1 h after the shift. Many transporter genes are
characteristically found in this class. The genes related to
siderophore transporters or receptors (RSP1437–RSP1440,
RSP3056, RSP3221–RSP3224, and RSP3678) were 5.2- to
122.8-fold upregulated at 1 h after the shift, indicating that
these gene products were involved in iron uptake during the
middle phase of the experiment. A gene cluster (RSP2273–
RSP2279) encoding an ABC branched-chain amino acid trans-
porter, putative anaerobic phenylacetate coenzyme A (CoA)
ligase, and long-chain acyl-CoA synthetase was 13.1- to 37.2-
fold upregulated. The gene for methylcrotonyl-CoA carbox-
ylase (RSP2509), which is probably involved in leucine metab-
olism, was highly (65.6-fold) upregulated at 1 h after the
shift. The gene for a putative fumarylacetoacetate hydrolase
(RSP3169), which is probably involved in tyrosine metabolism,

was also in this class. These results suggest that metabolism of
some aliphatic and aromatic amino acids was active at this
stage. Genes for other transporters, such as ABC transporters
(RSP3081 and RSP3167–RSP-3168) and the TRAP-type C4

dicarboxylate transport system (RSP3371–RSP3372), were also
in this class.

We are well aware that the mere presence or lack of a
particular RNA species does not readily imply that the protein
products behave similarly. However, where data are available,
there is a remarkably good correlation between the two. Sim-
ilarly, these studies do not take into account mRNA stability.

DISCUSSION

Because of the extensive display of information presented in
this analysis, we discuss the integration of these results exten-
sively below rather than in Results. We summarize these dis-
cussions in “Conclusions.”

Switching of energy metabolism after the shift from anaer-
obic-light to aerobic-dark conditions. The energy conservation
system of R. sphaeroides abruptly switches from photosynthesis
to aerobic respiration following the shift from anaerobic-light
to aerobic-dark conditions. Most of the PS-related genes
showed rapid downregulation after the shift and were catego-
rized as falling into class II-2. This class includes the genes for
a reaction center (puhA, pufL, and pufM), the bch genes for
bacteriochlorophyll biosynthesis, the crt genes for carotenoid
biosynthesis, the gene involved in assembly of the spectral
complex (pufQ), the genes for putative spectral-complex-spe-
cific assembly factors (RSP0290, RSP0292, RSP0293, and
RSP0295, which correspond to lhaA, puhB, puhC, and puhE,
respectively, of R. capsulatus) (1–3, 80, 81), and genes for the
biosynthesis of isoprenoids, which are the precursors for bac-
teriochlorophyll, carotenoids, and quinols. On the other hand,
the pufBA and pucBA genes for the light-harvesting complex
proteins of B875 and B800-B850, respectively, were more
slowly downregulated and were categorized in class II-1 (Fig.
3A). Two transcripts with different half-lives have been iden-
tified for both pufBA and pucBA (43, 88). The small 0.5-kb
pufBA-specific transcript and the 0.5-kb pucBA-specific tran-
script have long half-lives of 20 and 20.5 min, respectively. The
large 2.6-kb transcript of pufBALMX and the 2.3-kb transcript
of pucBAC have half-lives of 9 min and less than 5 min, re-
spectively (21, 39, 43, 88). The observed expression of pufBA
and pucBA at 15 min and later time points is probably attrib-
utable to the 0.5-kb transcripts, because the expression of
pufLMX and pucC on the large transcripts decreased quickly
after the shift (Fig. 3A). Thus, the slow response of pufBA and
pucBA might be at least partly due to the long turnover of the
small transcripts of pufBA and pucBA. These results have im-
portant physiological implications. If the cells abruptly return
to PS growth conditions, any new bacteriochlorophyll synthe-
sized will be immediately sequestered by the potentially abun-
dant apoproteins of the light-harvesting complexes and thus
will not pose a potential danger to the cell.

The expression of the genes for the PS reaction center and
the genes for the biosynthesis of bacteriochlorophyll and carot-
enoids was immediately shut off after exposure to oxygen.
However, the light-harvesting complexes, bacteriochlorophyll,
and carotenoids did not disappear immediately after the shift
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but decreased by approximately half at each culture doubling
(Fig. 4 and Table 2). These results indicate that the PS appa-
ratus housed in the ICM vesicles was generally diluted out as
a function of cell division rather than being actively degraded
under aerobic growth conditions. Failure to degrade the PS
apparatus quickly may be advantageous for the survival of R.
sphaeroides in natural environments, where growth conditions
fluctuate between anaerobic and aerobic and/or light and dark.
Thus, the imposition of PS growth conditions finds these cells
with an active PS membrane system, as discussed further
below.

Expression of the PS genes is primarily regulated by three
major transcriptional regulators, PrrBA, FnrL, and PpsR (24,
25, 44, 64, 82). Expression of these regulators during the tran-
sition is shown in Fig. 3B. PrrBA is a two-component global
regulator that controls the expression of the genes not only for
photosynthesis, but also for CO2 fixation, N2 fixation, and H2

metabolism (22), as well as numerous other functions (J. M.
Eraso and S. Kaplan, unpublished data). PrrA (RSP1518) is a
response regulator, and PrrB (RSP1520) is a membrane-bound
histidine kinase. The expression levels of PrrA decreased im-
mediately after the shift and remained low during the transi-
tion, and it was placed in class II-2. This result appears to
contradict previous results (71), in which the expression level
of prrA did not significantly change between the anaerobic-

light and aerobic-dark conditions. Because the expression of
prrA started to increase at 4 h, the expression level could be
recovered when the cells reach aerobic steady-state growth.
This result also indicates that the prrA gene itself is subject to
anaerobic regulation. Recent studies have shown that the ex-
pression of prrA is dependent on the AppA-PpsR antirepres-
sor/repressor system (53), although this cannot provide for the
return of prrA expression under steady-state aerobic growth.
The expression of appA is dependent on PrrA (38). Such an
interplay between the AppA-PpsR and PrrBA systems is likely
to be important for global gene regulation responding to oxy-
gen and light, as suggested previously (32, 34). The expression
level of prrB decreased slightly over time after the shift and
then increased over time, but the change was not significant,
indicating that prrA and prrB are regulated differently.

FnrL (RSP0698) is a homologue of the oxygen-sensing reg-
ulator FNR of E. coli (82). The expression level of fnrL was
transiently downregulated at 15 min postshift but soon recov-
ered and remained high throughout the transition (Fig. 3B).
FNR of E. coli is also constitutively expressed irrespective of
the oxygen concentration (35). Recent studies have shown that
FNR-dependent genes rapidly respond to the shift from aero-
bic to microaerobic conditions (63). The constitutive expres-
sion of FnrL may provide an advantage for the rapid response
to environmental oxygen fluctuations. The immediate down-

FIG. 3. Changes in expression of the genes for energy metabolism during the transition from anaerobic photosynthesis to aerobic respiration.
(A) The PS genes for light-harvesting complexes. (B) The genes for major oxygen-responsive regulators. (C) The genes for minor regulators for
PS gene expression. (D) The genes for terminal oxidases for aerobic respiration. (E) The genes for cytochrome c and cytochrome bc1 complex.
(F) The genes for NADH dehydrogenases and F0F1 ATPases. One representative gene was chosen for multisubunit enzymes or multigene operons.
RSP numbers of the genes are indicated in parentheses.
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regulation of fnrL should have an effect on such genes as bchE,
the cco operon, and hemN or hemZ, because FnrL is important
in their expression.

PpsR (RSP0282) is a repressor of PS pigment synthesis (64),
acting on the bch and crt genes, to mention only a few. The
expression pattern of ppsR was similar to that of fnrL, although
the level of expression was always low (Fig. 3B). AppA
(RSP1565), the antirepressor of PpsR (26), was significantly
downregulated at 15 min postshift and remained low during
the transition (Fig. 3B). Thus, the PpsR-dependent repression
of PS genes after exposure to oxygen was effectively increased
due to the lowered expression levels of AppA. The other gene
regulators involved in PS gene expression, tspO (RSP0269)
(77), ppaA (RSP0283) (28), and osp (RP0869) (59), also
showed a class II-2 expression pattern (Fig. 3C). The transcrip-
tional values observed for tspO accurately reflect the steady-
state expression levels observed for this gene (79). What is
significant is the rapidity with which tspO transcription shuts
down after the shift. Since TspO is involved in the export of
excess porphyrin from the cell under PS conditions, mainte-
nance of this activity could constitute a potential problem when
cells are placed under aerobic growth conditions.

R. sphaeroides possesses a highly branched aerobic respira-
tory chain (47). The multiple genes for each respiratory com-
plex were differently regulated during the transition. Cyto-
chrome c oxidases of the aa3 type, encoded by the cox genes

(RSP1877, RSP1826, and RSP1829), and the cbb3 type, en-
coded by the cco genes (RSP0693–RSP0696), are important
under high- and low-oxygen conditions, respectively. The cbb3

oxidase was downregulated and the aa3 oxidase was upregu-
lated soon after the shift (Fig. 3D), which took place in a high
(30%) oxygen concentration after the shift. The kinetic values
observed for the ccoNOQP operon is in keeping with our
knowledge of the relative steady-state abundance of the cbb3

complex. We have seen (54) that the cbb3 complex is approx-
imately 2.0- to 3.0-fold more abundant under PS conditions
than under conditions of high aeration. The expression level
of the Qxt quinol oxidase (RSP3210–RSP3212) was low and
downregulated at 15 min. The second quinol oxidase, Qox
(RSP3097–RSP3098) (55), and another putative cytochrome
oxidase (RSP0117–RSP0118), which were found by genome
analyses, were not expressed under the tested conditions (data
not shown). These two oxidases, as has been previously re-
ported, have never been shown to be expressed. The cco genes
have been shown to be regulated by both PrrA and FnrL,
which themselves are downregulated after the shift.

Two cytochromes c, soluble cytochrome c2 and membrane-
bound cytochrome cy, encoded by cycA (RSP0296) and cycY
(RSP0705), respectively, are known to act as electron donors
for both the aa3 and cbb3 oxidases (17). While cytochrome c2

is also required for PS growth and cytochrome cy is not func-
tional in PS electron transport (12, 20, 56), cycA was signifi-
cantly downregulated soon after the shift and, conversely, cycY
was upregulated after the shift (Fig. 3E). These results were
consistent with those of previous studies (13, 61, 71) and fit the
physiological functions ascribed to these cytochromes. Al-
though cycA was downregulated after the shift, its expression
level was comparable to that of cycY at 4 h, suggesting that
both cytochromes were functioning under aerobic conditions.
The subunits of cytochrome bc1 complex, encoded by fbcCBF
(RSP1394–RSP1396) and fbcQ (RSP2687), were downregu-
lated after the shift (Fig. 3E). The rapidity with which fbcQ
transcription falls off is to be contrasted with the more mod-
erate decreases observed for fbcB, suggesting that the Q sub-
unit is not essential for the aerobic functioning of the bc1

complex. The result is consistent with previous studies showing
that fbcQ is not expressed under highly aerated conditions and

TABLE 2. Effects of the shift in growth conditions from anaerobic-
light to aerobic-dark on the concentrations of spectral complexes

and photopigmentsa

Doublingb

Amt of spectral complexes
(nmol/mg of protein)c

Amt of photopigments
(�g/mg of protein)c

B875 B800-B850 BChl CRT

0 5.32 (100) 9.21 (100) 29.9 (100) 6.20 (100)
1 2.18 (41.0) 3.66 (39.7) 11.6 (38.8) 2.89 (46.6)
2 1.09 (20.5) 1.90 (20.6) 5.14 (17.2) 1.52 (24.5)
3 0.52 (9.83) 0.97 (10.5) 1.94 (6.49) 0.73 (11.8)
4 0.19 (3.53) 0.38 (4.15) 0.56 (1.87) 0.40 (6.45)

a After R. sphaeroides 2.4.1 was grown anaerobically by sparging it with 95%
N2-5% CO2 in the light (10 W/m2) to an OD600 of 0.086, the growth conditions
were shifted to aerobic-dark by sparging with 69% N2-30% O2-1% CO2.

b Samples were taken just before the shift (0) and at the first, second, third, and
fourth doubling times after the shift (1 to 4) as indicated in the legend to Fig. 4.

c The values in parentheses are percentages relative to the initial values before
the shift. BChl, bacteriochlorophyll; CRT, carotenoids.

FIG. 4. Effects of the shift in growth conditions from anaerobic-
light to aerobic-dark on the levels of spectral complexes. (A) Growth
profile of R. sphaeroides 2.4.1. After the strain was grown anaerobically
by sparging it with 95% N2-5% CO2 in the light (10 W/m2) to an OD600
of 0.086, the growth conditions were shifted to aerobic-dark by sparg-
ing with 69% N2-30% O2-1% CO2. The time point when the growth
conditions were shifted is indicated by an arrow and a number zero.
The numbers one to four indicate the first, second, third, and fourth
culture-doubling times after the shift, respectively. (B) Absorption
spectra of crude cell extracts obtained from the cells during the tran-
sition from photosynthesis to aerobic respiration. Samples were pre-
pared just before the shift (0) and at each doubling time (1 to 4) after
the shift. Equal protein concentrations (0.17 �g/ml) were used for the
measurement.
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is unnecessary for aerobic growth (14). These observations
reveal an underlying interesting regulatory pattern. Further, it
is important to point out that the fbcQ gene maps 1.84 Mb
away from the main fbc locus on chromosome I and that the Q
subunit of the bc1 complex has been found only in R. spha-
eroides. Interestingly, the expression patterns of fbcCBF, cycA,
and cco genes were very similar, suggesting the coordinate
regulation and function of the cytochrome bc1 complex, cyto-
chrome c2, and cbb3 cytochrome oxidase. Since the require-
ment for these gene products is substantially increased under
PS conditions, these results were not unexpected. In line with
these findings, it is noteworthy that the expression of hemA
(RSP2984) also drops significantly after the shift, reflecting the
decreased need for porphyrins.

The genes for NADH dehydrogenase (RSP2512–RSP2531)
were significantly upregulated soon after the shift and re-
mained high during the transition (Fig. 3F). On the other hand,
another gene cluster for a putative NADH dehydrogenase
(RSP0100–RSP0112) was downregulated after the shift, as re-
ported previously (61, 71). Two chromosomal gene clusters for
the F0F1-type ATPase (RSP1035–RSP1039 and RSP2296–
RSP2300) were upregulated during the transition (Fig. 3F).
The expression levels at 4 h, although still higher than at earlier
times after the shift, are expected to decrease over time be-
cause their expression levels are reported to be unchanged
between steady-state aerobic-dark and anaerobic-light condi-
tions (61). On the other hand, the expression level of a third
putative F0F1-type ATPase (RSP3929–RSP3936), which is en-
coded on plasmid A, was low and downregulated soon after the
shift (Fig. 3F).

Changes in carbon metabolism during the transition. R.
sphaeroides utilizes CO2 as a primary carbon source via the
CBB cycle under anaerobic PS conditions. The CBB cycle is
also used as an electron sink for the maintenance of the redox
poise of the cells under PS conditions (31). Transcription of
both the cbbLS and cbbM genes, encoding high-affinity and
low-affinity RubisCO enzymes, respectively, which catalyze
CO2 assimilation, was shut off immediately after the shift from
anaerobic-light to aerobic-dark conditions (class II-2), indicat-
ing that CO2 was no longer utilized as a primary carbon source
under aerobic conditions (Fig. 5A). Because the growth me-
dium contained only succinate as a carbon source, aerobic
growth is expected to be supported by succinate. Some TRAP-
type transporters, which may be involved in the transport of
C4-dicarboxylates, were significantly upregulated after expo-
sure to oxygen. They were placed in class III-1 (RSP0484–
RSP0487 and RSP1602–RSP1605) or III-4 (RSP3370–
RSP3372). Another, similar transporter was also expressed
at high level and shown to possess a class I-type expression
pattern (RSP0910–RSP0912). At least one of these transport-
ers might be responsible for the uptake of succinate. How-
ever, the expression of succinate dehydrogenase (sdh;
RSP0974–RSP0979) was temporarily downregulated after the
shift to aerobic conditions. The expression levels of the sdh
genes at 4 h were lower than those before the shift (Fig. 5B),
suggesting succinate was also utilized under PS conditions be-
fore the shift, as indicated previously (13). It is used partly as
a source of reducing power for the assimilation of CO2.

Unexpectedly, metabolic enzymes and transporters for gluc-
uronates and other carbohydrates were significantly upregu-

lated at early stages during the transition (Fig. 5C). It is likely
that carbohydrates accumulated during PS growth were mobi-
lized and initially utilized as carbon sources after the shift to
aerobic conditions. Oxidation of those carbohydrates might be
advantageous for the maintenance of cellular redox homeo-
stasis after exposure to oxygen. It is also likely that the cells
become more dependent upon exogenous carbohydrates af-
ter the shift.

Metabolic and transporter genes for lipids were also tempo-
rarily upregulated after the shift to aerobic conditions. The
genes for glycerol metabolism and transport were upregulated
at a later time (Fig. 5C). These results suggest that some lipids
were degraded soon after the transition and the derived glyc-
erol was degraded later during the transition. The number of
ICM vesicles is known to decrease under aerobic growth con-
ditions (40), but it is not certain whether the lipids derived
from the ICM are degraded for reutilization as carbon sources.
As mentioned above, the amount of PS pigments housed in the
ICM vesicles decreased by approximately half at each cell
generation, suggesting that the ICM components were not
actively degraded (Fig. 4 and Table 2). Also, the genes for lipid
metabolism that were transiently upregulated were downregu-
lated during a later phase of the transition, when more than
half of the PS pigments still remained (Fig. 4 and 5). Since the
ICM of R. sphaeroides has been shown to alter its lipid com-
position during steady-state PS growth, the subsequent degra-
dation of some lipid materials would not have as adverse an

FIG. 5. Changes in expression of genes for CO2 fixation and
carbon metabolism during the transition from anaerobic photosyn-
thesis to aerobic respiration. (A) The genes for form I (cbbLS) and
form II (cbbM) RubisCOs. (B) The genes for succinate dehydroge-
nase. (C) Representative genes for carbohydrate (RSP2196), lipid
(RSP2364), and glycerol (glpD) metabolism that show typical tem-
poral expression patterns. RSP numbers of the genes are indicated
in parentheses.
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effect upon the stability of the spectral complexes, and the lipid
could serve as a readily available carbon source (37).

Iron homeostasis during the transition. The aerobic upregu-
lation of iron transport genes usually occurs in bacteria (5, 8).
Iron is present in the soluble ferrous form under anaerobic
conditions, but it is oxidized to the insoluble ferric form in the
presence of oxygen. Therefore, solubilization by ferric chela-
tors, called siderophores, is necessary for the uptake of iron in
order to synthesize iron-containing enzymes and components
for aerobic metabolism and respiration. The ferrous iron trans-
port system FeoB (RSP1818), which can import ferrous iron
directly, was significantly downregulated soon after the shift
(class II-2), suggesting that ferrous iron was quickly oxidized
and was no longer available after exposure to 30% oxygen. The
TonB-ExbB-ExbD protein complex (RSP0920–RSP0922) and
ABC-type transporters (RSP2913 and RSP3079), both of
which are required for siderophore-mediated ferric iron up-
take (5), showed a significant temporary upregulation at early
times (15 to 30 min) during the transition (class III-1). As
mentioned above, de novo synthesis and repair of iron-sulfur
cluster proteins seemed to be active at early times after the
shift. This observation might also lead to the temporary high
iron demand after the shift. Such responses have been
observed in many bacteria, including R. sphaeroides, under
oxidative-stress conditions (8, 62, 86). Other genes for a
siderophore-mediated ferric iron transport system (RSP1437–
RSP1440, RSP3056, RSP3221–RSP3224, and RSP3678) were
also found in class III-4. They were transiently upregulated at
midphase (30 min to 2 h). Thus, R. sphaeroides appears to
utilize different uptake systems at early and middle phases
following the shift. The reason is not certain, but it is probably
related to the minimization of the toxic effect of iron by con-
trolling uptake efficiency.

The gene for one of the bacterioferritins (RSP1546), which
is clustered with some genes for other putative iron-related
functions (RSP1543–RSP1548), was temporarily upregulated
early postshift. Bacterioferritin is a heme-containing iron stor-
age protein and is believed to function as an intracellular iron
supplier under iron starvation conditions (5). Bacterioferritin
also functions to limit the amount of iron available to prevent
generation of the highly toxic hydroxyl radical. Interestingly,
the gene for another bacterioferritin (RSP3342), which was
highly expressed during PS growth, showed an opposite expres-
sion pattern, that is, significant temporal downregulation after
the shift (class II-3). These results indicate that R. sphaeroides

utilizes different bacterioferritins under anaerobic and aerobic
conditions.

Oxidative-stress response. The shift from anaerobic photo-
synthesis to aerobic conditions would be expected to induce
oxidative stress. The genes for mediating an oxidative-stress
response are expected to be placed in class III-1 or class III-2,
i.e., they are significantly upregulated soon after the shift. Ac-
tually, the genes for some heat shock protein families and
proteases, many of which are also reported to be responsible
for the H2O2-induced oxidative stress, showed a sharp expres-
sion peak at 15 min (class III-2) (86). Reactive sulfur sites, such
as thiol groups and iron-sulfur clusters, are sensitive to oxida-
tive stress. Genes for the biosynthesis of methionine or cys-
teine, the repair of oxidized methionine residues, and the up-
take of sulfate were all upregulated at 15 min and were placed
in class III-2. These results suggest that the sulfur-containing
amino acid residues are damaged and stringently required
soon after the shift, but only for a short period. On the other
hand, genes for assembly and repair of iron-sulfur clusters and
ferric iron uptake were upregulated soon after the shift and
remained at high levels for 30 to 60 min (class III-1), suggesting
that iron-sulfur clusters were subjected to oxidative damage for
a relatively long period compared to the thiol groups.

An operon of two genes, rpoE (RSP1092) and chrR
(RSP1093), which encode one of the alternative RNA poly-
merase sigma factors of the extracytoplasmic function (ECF)
family and its anti-sigma factor, respectively, was significantly
(�4.4-fold) upregulated at 15 to 30 min (Fig. 6A). It has been
reported that the activity of RpoE increases when cells are
exposed to the highly reactive oxygen species singlet oxygen,
(1O2) and that RpoE-dependent gene expression is required
for protecting cells from 1O2 when the cells contain low levels
of carotenoids (6), although at 15 to 30 min postshift, caroten-
oid levels are high. The expression of RpoE is also reported to
be upregulated by blue-light irradiation or exposure to H2O2

(11). 1O2 is known to be produced by energy transfer from
excited-state triplet chlorophyll to oxygen (42). Probably, the
abrupt exposure of the PS cells to 30% oxygen caused the
production of 1O2 and the RpoE-dependent transcriptional
response was required for adaptation to the aerobic conditions.

Differential expression of multiple RNA polymerase sigma
factors. R. sphaeroides has 17 genes for RNA polymerase sigma
factors, which include one �70 type (rpoD), one �28 type (fliA),
two heat shock response �32 types (rpoH1 and rpoH2), and four
RpoN (�54) types (rpoN1–rpoN4). Another nine genes are

FIG. 6. Changes in expression of the RNA polymerase sigma factor genes during the transition from anaerobic photosynthesis to aerobic
respiration. (A) The family of sigma 70. (B) The family of sigma 54. RSP numbers of the genes are indicated in parentheses.
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predicted to encode members of the ECF family (47). The
gene for housekeeping �70 factor (RSP0395) was slightly up-
regulated at the middle phase but constitutively expressed dur-
ing the transition (Fig. 6A). The fliA gene (RSP0032) is re-
quired for flagellar biosynthesis, and its regulation is discussed
below. One of the ECF sigma factor genes, rpoE (RSP1092),
which is responsive to 1O2, as mentioned above, was signifi-
cantly upregulated after the shift (Fig. 6A). The expression
levels of the other ECF sigma genes remained low or were not
significantly changed during the transition, suggesting that they
have no significant function under the tested conditions (data
not shown).

Two heat shock sigma factor genes, rpoH1 (RSP2410) and
rpoH2 (RSP0601), were upregulated at 15 min. While rpoH1
was significantly downregulated after 30 min, rpoH2 remained
induced during the transition, though the expression level was
lower than that of rpoH1 (Fig. 6A). It has been suggested that
RpoH1 and RpoH2 regulate different yet overlapping regulons
in response to heat shock and other stresses (29). Because the
expression level of rpoH1 before the shift was significantly
higher than that of rpoH2, RpoH1 might play a significant role
under anaerobic PS conditions. On the other hand, the expres-
sion level of rpoH2 under PS conditions was low. It has been
reported that the expression of rpoH2 is dependent on RpoE
and is therefore controlled by 1O2 (6). These results suggest
that RpoH2 specifically works under oxidative-stress condi-
tions in the presence of oxygen.

R. sphaeroides has four different �54-type sigma factors,
which are not functionally interchangeable (65). rpoN1
(RSP0527) is clustered with the nif genes for nitrogen fixation.
Although disruption of rpoN1 of R. sphaeroides strain HR has
no effect on diazotrophic growth, the rpoN1 mutant of strain
WS8 shows a severe defect in diazotrophic growth, and there-
fore, the physiological function of RpoN1 is predicted to be
involved in controlling the expression of the nitrogen fixation
genes (51, 65). rpoN1 was expressed under PS conditions but
significantly downregulated to absent after the shift to aerobic
conditions (Fig. 6B). Because nitrogen fixation specifically oc-
curs under low-oxygen or anaerobic conditions, the expression
pattern of rpoN1 is consistent with its predicted function.
rpoN2 (RSP0068) is clustered with the flagellar genes and is
required for motility (65). The expression of rpoN2 was tran-
siently upregulated at 30 min after the shift, as is the case for
most of the flagellar genes, as discussed below (Fig. 6B and 7).
rpoN3 (RSP3606) showed transient downregulation at 15 to 30
min after the shift (Fig. 6B). A recent report has shown that
RpoN3 regulates one of the chemosensory operons, cheOp3,
which clusters with the flagellar genes (49). The function of
rpoN4 (RSP2867) is not certain at present, but it has been
shown by real-time reverse transcription-PCR that rpoN4 is
transcribed under photoheterotrophic conditions (65). The ex-
pression level of rpoN4 remained low during the transition in
our microarray data, suggesting that RpoN4 was not functional
under the growth conditions of this study (Fig. 6B).

Hierarchical expression of the flagellar genes during the
transition. Biogenesis of the bacterial flagellum requires more
than 40 genes. The expression of those genes is coordinately
regulated transcriptionally and posttranslationally by a hierar-
chical regulatory network for the efficient and accurate assem-
bly of the flagellum. The flagellar genes have been placed in

three or four classes that correspond to the temporal require-
ment during flagellum assembly or the hierarchy of regulation
(4, 15). R. sphaeroides has a four-tiered (“classes I to IV”)
transcriptional hierarchy (66) that is similar to that of Vibrio
cholerae or P. aeruginosa (19, 69). To avoid confusion in the
names of the classifications, we will call “classes I to IV” of the
flagellar hierarchy “stages 1 to 4” here. The stage 1 gene is
the master regulator gene fleQ (RSP0071), which encodes a �54-
dependent activator and is required for expression of all flagel-
lar genes. fleQ was marginally (1.3-fold) upregulated at 15 min
after the shift (Fig. 7A). The stage 2 genes are members of the
fleT-fliEFGHIJ operon (RSP0051–RSP0057), which encodes
another �54-dependent regulator, FleT; an MS ring; a C ring;
and proteins involved in assembly and export of the flagellar
components. The genes for most of the other basal-body com-
ponents belong to stage 3 and are transcribed from the fliK
(RSP0058), fliO (RSP0062), motA (RSP0233), flhA (RSP0034),
flgA (RSP0036), flgB (RSP0083), and flgG (RSP0078) promoters.
All promoters for the stage 2 and 3 genes are �54 dependent, and

FIG. 7. Four-tiered hierarchical expression of the flagellar genes
during the transition from anaerobic photosynthesis to aerobic respi-
ration. The genes of classes I to IV of the flagellar transcriptional
hierarchy are shown in stages 1 (A) to 4 (D), respectively. Initial genes
were chosen as representatives of putative multigene operons. RSP
numbers of the genes are indicated in parentheses.
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one of four �54 factors, RpoN2 (RSP0068), specifically regulates
these promoters. The fleT promoter of stage 2 also requires FleQ,
and the promoters of stage 3 require both FleQ and FleT. The
microarray data showed that the genes of stages 2 and 3 had
expression peaks at 30 min after the shift (Fig. 7B and C). While
the stage 2 genes were significantly downregulated at 1 h, the
stage 3 genes were highly expressed at 1 h, indicating that the
expression peak time of the stage 3 genes was later than that of
the stage 2 genes. The significant downregulation of the stage 2
genes at 1 h was probably due to the self-repression of the fleT
promoter by FleT (66). The rpoN2 gene showed the same expres-
sion pattern as the stage 2 genes mentioned above (Fig. 6B).
The stage 4 genes, which are expressed at the last stage of flagel-
lar biogenesis, are transcribed from the fliC (RSP0069), fliS
(RSP0040), fliD (RSP0070), flgK (RSP0074), and flgM (RSP0037)
promoters. Their expression is dependent on the �28 factor FliA
(RSP0032). The stage 4 genes were transiently upregulated, with
a peak at 1 h after the shift (Fig. 7D). The fliA gene also showed
upregulation at 1 h, though its expression level was low compared
to those of the other sigma factor genes (Fig. 6A). The expression
levels at 30 min and 1 h were almost equal, suggesting that the
expression peak time of fliA was earlier than those of the stage 4
genes and somewhere between 30 min and 1 h. Regulation of the
biogenesis of the flagellum is believed to be coupled with the cell
cycle (36, 60, 70, 74). Our results from the time series microarray
experiment during the transition from anaerobic-photosynthesis
to aerobic-respiration conditions clearly demonstrate the four-
tiered hierarchical expression of the flagellar genes. The results
also suggest that the cell cycle of R. sphaeroides was synchronized
after the exposure to oxygen, and that was probably because of
the temporary cessation of growth soon after the shift.

R. sphaeroides also has another complete set of flagellar genes
(RSP1302–RSP1336, RSP2220, and RSP3878–RSP3881) (47,
68). These second flagellar genes seemed to be nonfunctional
under the tested conditions, because the expression levels of the
genes were low throughout the transition.

Conclusions. Although it would be easy to focus our atten-
tion on any one of the numerous changes depicted under
categories I, II, and III, the more important matters of concern
center about the underlying mechanisms that permit R. spha-
eroides to sense, evaluate, and respond to those perturbations
accompanying the transition from one steady state to another.
For example, what regulatory systems are involved, and how do
these systems integrate the totality of the environmental
changes into physiological adjustments involving diverse met-
abolic parameters to new metabolic alignments. We believe
that the data profiles presented here can lead to the formula-
tion of testable hypotheses. In this study, we have revealed that
more than one-third of the genes/ORFs of R. sphaeroides are
significantly (�1.5-fold) up- or downregulated after a shift in
growth conditions from anaerobic photosynthesis to aerobic
respiration. The gene expression patterns during the transition
state are somewhat arbitrarily categorized into several classes,
as described schematically in Fig. 8 for ease of presentation
and discussion, although the patterns are quite reproducible.
The transcriptome and proteome profiles of steady-state PS
and aerobic conditions have been reported previously (13, 61,
71). As predicted from those previous studies, genes such as
those for photosynthesis, carbon dioxide fixation, and the high-
affinity cbb3 cytochrome oxidase were downregulated and

genes for the low-affinity aa3 cytochrome oxidase were upregu-
lated after the shift. The transcriptional responses of those
genes were generally very quick. The results here also demon-
strate that a large number of genes that had not been previ-
ously identified by any earlier steady-state analyses are tran-
siently expressed during the transition. Those genes are
expected to be specifically involved in the adaptation of PS
cells to the aerobic environment, rather than to steady-state
aerobic growth. In addition to some protein repair chaperones,
the genes for biosynthesis and repair of sulfur-containing
amino acids, thiol group, or iron-sulfur clusters were signifi-
cantly upregulated soon after the shift, suggesting that they are
both necessary for aerobic growth and counteract oxidative
stress. Uptake of ferric iron is also important for adaptation to
aerobic conditions. Unexpectedly, the most significantly up-
regulated genes during the transition were metabolic and
transport genes for carbohydrates or lipids. Probably, those
compounds were accumulated during PS growth and were ini-
tially utilized as carbon sources soon after the shift. Interest-
ingly, the ordered expression of the flagellar genes according to
the proposed transcriptional hierarchy was observed at 15 to 60
min. The results suggest that there was a cell cycle synchroni-
zation after the shift from anaerobic-light to aerobic-dark con-
ditions. In addition to those genes with known or predictable
functions, many genes with unknown functions were found to
be transiently expressed. Further detailed analyses of those
genes would provide novel information about the mechanism
and strategy utilized by R. sphaeroides for adaptation and sur-
vival in changing environments. Finally, we have suggested the
importance of known regulatory elements during this transi-
tion, and we have also provided evidence for the activities of
new regulatory elements, which remain to be determined.

FIG. 8. Schematic view of the changes in gene expression during
the transition from anaerobic photosynthesis to aerobic respiration.
Classification of the gene expression patterns was based on the hier-
archical tree shown in Fig. 2. The thicknesses of the black bars indicate
the degree of change in gene expression. The down-pointing arrow
indicates the time when the growth conditions were shifted.
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iron homeostasis. FEMS Microbiol. Rev. 27:215–237.

6. Anthony, J. R., K. L. Warczak, and T. J. Donohue. 2005. A transcriptional
response to singlet oxygen, a toxic byproduct of photosynthesis. Proc. Natl.
Acad. Sci. USA 102:6502–6507.

7. Barras, F., L. Loiseau, and B. Py. 2005. How Escherichia coli and Saccha-
romyces cerevisiae build Fe/S proteins. Adv. Microb. Physiol. 50:41–101.

8. Beller, H. R., T. E. Letain, A. Chakicherla, S. R. Kane, T. C. Legler, and
M. A. Coleman. 2006. Whole-genome transcriptional analysis of chemolitho-
autotrophic thiosulfate oxidation by Thiobacillus denitrificans under aerobic
versus denitrifying conditions. J. Bacteriol. 188:7005–7015.
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