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ABSTRACT Under unfavorable growth conditions, bacteria enter stationary phase and
can maintain cell viability over prolonged periods with no increase in cell number. To
obtain insights into the regulatory mechanisms that allow bacteria to resume growth
when conditions become favorable again (outgrowth), we performed global transcrip-
tome analyses at different stages of growth for the alphaproteobacterium Rhodobacter
sphaeroides. The majority of genes were not differentially expressed across growth
phases. After a short stationary phase (about 20 h after growth starts to slow down),
only 7% of the genes showed altered expression (fold change of �1.6 or less than �1.6,
corresponding to a log2 fold change of �0.65 or less than �0.65, respectively) com-
pared to expression at exponential phase. Outgrowth induced a distinct response in
gene expression which was strongly influenced by the length of the preceding station-
ary phase. After a long stationary phase (about 64 h after growth starts to slow down), a
much larger number of genes (15.1%) was induced in outgrowth than after a short sta-
tionary phase (1.7%). Many of those genes are known members of the RpoHI/RpoHII
regulons and have established functions in stress responses. A main effect of RpoHI on
the transcriptome in outgrowth after a long stationary phase was confirmed. Growth ex-
periments with mutant strains further support an important function in outgrowth after
prolonged stationary phase for the RpoHI and RpoHII sigma factors.

IMPORTANCE In natural environments, the growth of bacteria is limited mostly
by lack of nutrients or other unfavorable conditions. It is important for bacterial
populations to efficiently resume growth after being in stationary phase, which
may last for long periods. Most previous studies on growth-phase-dependent
gene expression did not address outgrowth after stationary phase. This study on
growth-phase-dependent gene regulation in a model alphaproteobacterium reveals, for
the first time, that the length of the stationary phase strongly impacts the transcriptome
during outgrowth. The alternative sigma factors RpoHI and RpoHII, which are important
regulators of stress responses in alphaproteobacteria, play a major role during out-
growth following prolonged stationary phase. These findings provide the first insight
into the regulatory mechanisms enabling efficient outgrowth.

KEYWORDS Alphaproteobacteria, alternative sigma factors, gene regulation, growth
adaptation, growth phases, Rhodobacter sphaeroides

Distinct phases of bacterial growth can be observed not only under laboratory
conditions in batch cultures but also in natural environments. Under favorable

conditions, cells grow exponentially and replicate at a maximal rate. When conditions
become unfavorable due to, e.g., limitation of substrates or oxygen, the majority of
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bacterial cells stop replicating, enter stationary phase, and switch from a state of active
growth promoting the production of cell mass and daughter cells to a maintenance
metabolism. Cell viability can be maintained over prolonged periods with no net
increase in cell number. With entry into stationary phase, bacteria may become more
resistant to various environmental stresses, including oxidative stress, acidic pH, and
nutrient deprivation (1). The stationary-phase characteristics can also help bacteria
survive in host cells. Conditions that sustain constant growth are rarely found in nature.
As bacteria often face nutrient limitation and unfavorable conditions, they may be
forced to remain in stationary phase for long time periods. When nutrients become
available, bacteria resume growth (outgrowth) until nutrients are exhausted, and again
they enter stationary phase. The accumulation of metabolic waste products after
prolonged stationary phase leads to cell death (2).

To date, regulatory factors controlling growth-phase-dependent gene expression
are known only for a limited number of species and conditions. For example, the
entrance into stationary phase is a very well regulated process involving diverse
transcriptional regulators in the systems studied so far (3). In many Gram-negative
bacteria, starvation triggers the alternative sigma factor RpoS, which may control up to
10% of the genes. Initially considered a stationary-phase sigma factor, RpoS is now
recognized as a general stress response sigma factor. Furthermore, nucleoid-associated
and nucleoid-structuring proteins, like Lrp, Fis, and integration host factor (IHF), have a
reported role in stationary-phase regulation in enteric bacteria (3–6). Stationary phase
often goes along with amino acid starvation and initiates the stringent response, which
downregulates DNA replication and the syntheses of rRNAs and ribosomal proteins, but
it induces levels of RpoS and stress proteins, as well as amino acid biosynthesis (3, 7).

Despite the importance of alphaproteobacteria as plant and animal symbionts and
pathogens and their impact on global metabolic cycles through photosynthesis, nitro-
gen fixation, and carbon dioxide fixation, our knowledge of growth phase regulation in
members of the alphaproteobacteria is very limited. Alphaproteobacteria do not con-
tain RpoS homologs with a function similar to that of RpoS of enteric bacteria, and the
general stress response is instead mediated by extracytoplasmic function (ECF) sigma
factors (8). For many alphaproteobacteria, an important role in stress responses,
including oxidative stress, photooxidative stress, and stationary phase, was also as-
cribed to RpoH proteins belonging to the sigma-32 family (9–13). In Rhodobacter
sphaeroides, the RpoHI and RpoHII sigma factors are able to complement the
temperature-sensitive phenotype of an Escherichia coli rpoH mutant (14). The alterna-
tive sigma factor RpoE activates the rpoHII gene in response to singlet oxygen, and
RpoHII consequently activates many genes with functions in the detoxification of
peroxides or methylglyoxal, singlet oxygen scavenging, and iron and redox homeosta-
sis (12). RpoHI also has an important role in the singlet oxygen response, and there is
a big overlap of the RpoHI and RpoHII regulons (15, 16). More recently, it was
demonstrated that several stress factors besides heat and singlet oxygen, like organic
peroxides, hydrogen peroxide, superoxide, and CdCl2, can activate RpoHI/RpoHII-
dependent promoters (17).

To learn more about the regulatory mechanisms involved in stationary-phase
survival in a member of the alphaproteobacteria, we monitored the growth-phase-
dependent transcriptome response in R. sphaeroides 2.4.1. This facultative anoxygenic
phototrophic bacterium has been intensely studied in the past regarding the formation
of photosynthetic complexes, carbon dioxide fixation, nitrogen fixation, other meta-
bolic processes, and underlying regulatory mechanisms. It also serves as a model
organism to study the oxidative stress and photooxidative stress responses in bacteria.
For this reason, several mutants lacking certain regulatory factors are available. R.
sphaeroides is a free-living aquatic bacterium which does not undergo a special life
cycle. It is highly likely that factors involved in growth phase regulation of Rhodobacter
have a similar function in other alphaproteobacteria.

Our data assign a major role in outgrowth after extended stationary phase to the
alternative sigma factor RpoHI.
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RESULTS AND DISCUSSION
Growth and sampling of R. sphaeroides. R. sphaeroides 2.4.1 was inoculated from

overnight cultures in late exponential phase to an optical density at 660 nm (OD660) of
0.2 into 400 ml of medium in 500-ml Erlenmeyer flasks and constantly shaken (140
rpm). We chose these conditions since anoxygenic phototrophic bacteria in nature are
rarely found in environments with continuous high aeration. Furthermore, the control
experiments revealed little differences in gene expression in high- or low-aeration
cultures, with the exception of photosynthesis genes, whose oxygen-dependent gene
expression was intensively studied in Rhodobacter species in the past (18, 19) (data not
shown). Oxygen levels were monitored throughout growth, and the results are dis-
played in Fig. 1. The wild-type culture showed maximal growth up to an OD of 0.8,
when transition into stationary phase starts. The maximal OD was reached about 16 h
after inoculation. Twenty-eight hours after inoculation, wild-type cells were diluted into
fresh medium and quickly resumed growth.

Samples for RNA isolation were taken in mid-exponential phase (OD, 0.5 to 0.6), 28 h
after inoculation (OD, 1.8 to 2.0; herein referred to as early stationary phase), 72 h after
inoculation (OD, 1.0 to 1.3; herein referred to as late stationary phase), and 20 min and
90 min after inoculation into fresh medium (OD, 0.2 to 0.3) after both early and late
stationary phase. RNA samples from six independent experiments were used for RNA
sequencing (RNA-seq) and microarray analyses, as described in Materials and Methods.
Classification of genes according to the expression in different growth phases is
based on the microarray data sets, while the differential RNA-seq (dRNA-seq)
analysis provided information on transcriptional start sites (TSS). The reproducibility
of microarray replicates was very high, as reflected by the Pearson correlation
coefficient r ranging between 0.96 and 0.98 (see Fig. S1 in the supplemental
material). Relative changes in RNA levels from the different growth phases were
compared to the levels at exponential phase and considered to be regulated in the
case of a fold change of �1.6 or less than �1.6 (Table S1).

Duration of stationary phase has a strong impact on changes in gene expres-
sion in outgrowth. When gene expression in early stationary phase (28 h after
inoculation) or the following outgrowth was compared to that at exponential phase,
4,214 of a total of 4,303 protein-encoding genes passed our average signal intensity for
a gene across all arrays (A-value) cutoff. Of the genes, 87.5% showed changes in
expression levels compared to those at exponential phase of more than �1.6-fold and
less than 1.6-fold, which we consider to indicate expression independent of growth
phase (Fig. 2A). However, when cultures were kept in stationary phase for an extended

FIG 1 Growth curves and oxygen levels of R. sphaeroides wild-type 2.4.1 and 2.4.1 ΔrpoHI. Strains were
grown under microaerobic conditions, and the optical density at 660 nm (OD660) was determined over
time; growth is indicated as a black line (wild type) or gray line (2.4.1 ΔrpoHI). The cultures were diluted
28 h (dashed line) after inoculation (early stationary phase) or 72 h after inoculation (late stationary
phase) into fresh medium to an OD of 0.2. Oxygen saturation in the wild-type culture (blue) was similar
to that in the mutant (not shown). RNA samples were taken at different time points (red dots). Both data
sets represent the means of results from at least three independent experiments, and the error bars
indicate the standard deviation.
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period (72 h after inoculation, followed by outgrowth), only 66.5% of 4,116 protein-
encoding genes with reliable A-values showed growth-phase-independent expression
(Fig. 2B). These numbers reflect the strongly altered expression during outgrowth after
prolonged stationary phase. Overall, 2,628 genes belonging to many different clusters
of orthologous groups (COGs) were growth-phase-independently expressed irrespec-
tive of the duration of stationary phase.

Changes in gene expression in stationary phase. In early stationary phase, 71
genes showed at least 1.6-fold-higher expression than in mid-exponential phase.
Several genes with high expression in early stationary phase have a predicted function
in transport (of peptides, sugar, C4-dicarboxylate, or spermidine), including iron/metal
transport (znuA and RSP_3571 for Zn transport, sitA for Mn transport, and RSP_0904 or
RSP_1438 for Fe-hydroxamate transport). This may reflect an increasing demand for
nutrients, including iron; however, the exact metabolic functions for many predicted
transporters are not known.

One hundred sixty genes showed at least 1.6-fold-lower expression in early station-
ary phase than in exponential phase. Of the 97 protein-encoding genes with annotated
functions downregulated in stationary phase, 67 genes (69%) encode proteins required
for translation (e.g., ribosomal proteins and elongation factor TufA) or energy metab-
olism (e.g., Atp proteins for ATP synthase, FbcC cytochrome c1, and CycA cytochrome
c2), including photosynthesis (e.g., all Puf and Puc pigment binding proteins and BchJ,
BchN, BchX, BchZ, and BchM for bacteriochlorophyll synthesis) (Fig. S2).

In late stationary phase, 123 genes showed higher expression than that in expo-
nential phase, demonstrating that the duration of stationary phase influences gene
expression. When we compared the 100 genes with the highest increases in expression

FIG 2 Distribution and expression kinetics of the whole transcriptome. Wild-type cells were grown for 28 h (A) or 72 h (B)
and ΔrpoHI mutant cells were grown for 72 h (C) after inoculation, and cells were then diluted into fresh medium
(outgrowth [out]). Relative changes of RNA levels in stationary phase (stat) directly before dilution and 20 min after dilution
were monitored by microarray analysis of total RNA and normalized to levels in exponential phase. Changes are illustrated
as heat maps, with a color code ranging from red (a log2 ratio of �2) to green (a log2 ratio of 2). Pie chart diagrams show
the distribution of growth-phase-independently and -dependently regulated genes. Frequency distribution analysis was
performed on bins of all genes in the data set corresponding to the log2 ratio. In the frequency graphs, data for stationary
phase are in black and data for the following outgrowth are in orange.
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compared to that at exponential phase, 57 genes were commonly induced in early and
late stationary phase (Fig. S3). No specific function could be assigned to the genes
which are induced exclusively in late stationary phase. Among these genes were several
genes coding for hypothetical proteins and four small RNAs (sRNAs) with unknown
function. A role in stationary-phase-dependent gene regulation was described for
several sRNAs in other species (20–24).

In early stationary phase, 160 genes showed at least 1.6-fold-lower expression than
in exponential phase; in late stationary phase, 232 genes showed this decrease in
expression. Of the 100 genes with the strongest decrease in expression in each phase,
78 genes were identical (Fig. S3). Among these were mostly photosynthesis genes and
genes for ribosomal proteins, cytochromes, and ATP synthase. Surprisingly, the tran-
script levels of both nuo operons (RSP_ 0110 to RSP_0112 and RSP_2512 to RSP_2530)
were decreased, although increased respiratory activity during outgrowth is expected.
During outgrowth following early stationary phase, transcripts for one of the nuo
operons (RSP_2512 to RSP_2530) showed increased transcript levels, in agreement with
this expectation.

Changes in gene expression in outgrowth phase. Twenty minutes after the

addition of new growth medium following early stationary phase, 73 genes showed
�1.6-fold upregulation compared to exponential phase (Table S1). Only a very weak
correlation of global gene expression in early stationary phase and the following
outgrowth phase was observed (Fig. 2A), while there was a good correlation between
expression changes 20 min and 90 min after the addition of new medium (Fig. S4). We
conclude that outgrowth indeed leads to quick reprogramming of gene expression.
Among the genes induced in outgrowth following early stationary phase were several
genes for siderophores and TRAP-T family transporters and nuo genes for subunits of
NADH dehydrogenase (operon RSP_2512 to RSP_2530) (Table S1). This most likely
reflects the need for the import of iron and other molecules and increased respiratory
activity.

Following early stationary phase, 345 genes showed at least 1.6-fold-lower expres-
sion after 20 min of outgrowth than at exponential phase. Among the 100 genes with
the strongest downregulation in stationary phase or the following 20 min of outgrowth,
47 genes were identical (Fig. 2A and Table S1), indicating that for those genes, no
specific response was initiated directly after dilution. Most of those were photosynthe-
sis genes.

The prolonged stationary growth phase (72 h after inoculation) resulted in a much
stronger change in gene expression and a much larger number of genes with changed
expression during the following outgrowth (Fig. 2B and Table S1): 624 protein-
encoding genes showed at least 1.6-fold-higher expression than in exponential phase,
and 539 protein-encoding genes showed at least 1.6-fold-lower expression. There was
a very good correlation of the expression patterns between 20 min and 90 min of
outgrowth (Fig. S4). The correlation of gene expression was, however, weak between
late stationary phase and the following outgrowth (Fig. 2B). Of the 100 genes with the
strongest induction after 20 min of outgrowth, only 13 genes encoding proteins with
diverse functions were also induced in late stationary phase compared to exponential
phase. Likewise, there is only a small correlation between gene expression in outgrowth
in early stationary phase and that in late stationary phase (Fig. S3). We conclude that
outgrowth after prolonged stationary phase induces a very strong and distinct re-
sponse at the transcriptome level.

Fifteen percent (624 genes) of all genes with a reliable A-value showed �1.6-fold-
increased expression after 20 min of outgrowth following prolonged stationary phase.
Two hundred eighty-seven genes were induced by a factor of more than two compared
to exponential phase (Table S1). The products of many of those genes have functions
in protein stabilization or turnover (19 genes) and in glutathione-dependent defense
systems (10 genes), DNA repair (4 genes), and iron metabolism (15 genes), and several
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of them are induced by photooxidative stress, generated by the presence of methylene
blue in the light (Table S1) (12, 16, 25–27).

Many of the genes induced during outgrowth following late stationary phase are
preceded by promoters which were proven or predicted to be recognized by the
alternative sigma factor RpoHI (Fig. 3) or by an RpoHII- or RpoHI/RpoHII-dependent
promoter (Table S1) (15, 16). Since a role of the alternative RpoHI/RpoHII sigma factors
in the response to singlet oxygen was observed in previous studies (12, 16, 25, 28), we
also tested for a correlation of genes induced during outgrowth (following prolonged
stationary phase of 72 h after inoculation) (this study) and genes induced by singlet
oxygen, as determined in the study by Berghoff et al. (25) (Fig. S5). We observe a good
correlation between genes induced in outgrowth following long stationary phase and
genes induced after 7, 45, and 90 min of singlet oxygen stress (Pearson correlation
coefficient r � 0.50, 0.53, and 0.52, respectively) (Fig. S5). This indicates that outgrowth
after prolonged stationary phase and the presence of singlet oxygen stimulate similar
responses.

Major role for RpoHI/RpoHII in survival in outgrowth after long stationary phase.
Among the 265 genes which showed at least 2-fold higher expression after 20 min of
outgrowth than in exponential phase (following late stationary phase), 105 genes were
known or predicted to be transcribed by the alternative sigma factor RpoHI, RpoHII, or
both (Table S1) (12, 15, 16). Members of the RpoH family of sigma factors often control
genes during a heat shock response. In R. sphaeroides, both RpoH sigma factors are also
implicated in the response to singlet oxygen (12, 16) and other oxidative stresses (17,
29). Since dilution of the cells from low-aeration stationary-phase cultures resulted in a
sudden rise in oxygen levels (Fig. 1), it is tempting to assume that these genes indeed
respond to oxidative stress during outgrowth. However, many genes, including RpoHI/
RpoHII-dependent genes, showed strongly increased expression during outgrowth only
following late stationary phase, although the sudden rise of oxygen upon dilution was
identical to that observed after short stationary phase (Fig. 1). Of the 105 RpoHI/RpoHII-
dependent genes with more than 2-fold-increased expression after 20 min of out-
growth (following late stationary phase), only 8 genes (sRNAs 0826 and 0827, RSP_
1548, and RSP_6006 with a role in iron metabolism, pqqA and expE coding for a
hemolysin-type calcium binding protein, RSP_3095 coding for an alternative sigma

FIG 3 Distribution and expression kinetics of the RpoHI regulon. Wild-type cells were grown for 28 h or 72 h and ΔrpoHI
cells were grown for 72 h after inoculation, and cells were incubated for another 20 min of outgrowth, as indicated. Relative
changes of RNA levels in different growth phases compared to levels in exponential phase were monitored by microarray
analysis of total RNA. (A) Changes are illustrated as heat maps, with a color code ranging from red (a log2 ratio of �2) to
green (a log2 ratio of 2). Frequency distribution analysis was performed on bins corresponding to the log2 ratio. In the
frequency graphs, data for stationary phase are in black and data for the following outgrowth are in orange. stat, stationary
phase. (B) Correlation between stationary phase and outgrowth is shown as a scatter plot. The dotted square indicates the
cutoff log2 fold change of �0.65 or less than �0.65.
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factor, and a tRNA gene) also showed more than 2-fold-increased expression in late
stationary phase before dilution. This demonstrates that for most genes high levels of
expression are not a remnant from prolonged stationary phase but that a distinct
response is initiated upon subsequent outgrowth (Fig. 3).

Our microarray data complemented by real-time reverse transcription-PCRs (RT-
PCRs) revealed that the expression of the rpoHI (RSP_2410) and rpoHII (RSP_0601) genes
is increased in early stationary phase but drops upon subsequent outgrowth or during
late stationary phase (Fig. 4). Their expression levels increase quickly during outgrowth
following late stationary phase. This further supports an important role of RpoHI and
RpoHII in outgrowth after prolonged stationary phase.

However, not all genes known or predicted to be transcribed by RpoHI, RpoHII, or
both showed increased expression during outgrowth after prolonged stationary phase.
For example, the genes of one of the nuo operons (RSP_0100 to RSP_0112) are
regulated by RpoHI and RpoHII, and binding of the sigma factors upstream of the first
gene of the operon was demonstrated (15), but these nuo genes mostly showed
decreased expression in outgrowth phase, which was also strongly dependent on
RpoHI in our transcriptome analysis. The facts that not all promoters induced in
outgrowth following late stationary phase in R. sphaeroides have RpoH recognition
motifs and, further, that genes preceded by RpoH binding sites show different growth-
phase-dependent expression suggest that additional factors are responsible for the
differential expression patterns of some genes.

In order to test our hypothesis that RpoHI and RpoHII have an important role in
adaptation to outgrowth, we monitored the growth of rpoHI, rpoHII, and rpoHI rpoHII
mutants under the same conditions as those described for the wild type. Figure 1
compares the growth curve of the rpoHI mutant to that of the wild type. While the wild
type reached an OD of about 1.2 at 8 h after initial inoculation (start OD, 0.2; doubling
time, 2 h 45 min in high- or low-aeration cultures), the rpoHI mutant reached ODs of
only 0.7 to 0.8. The initial doubling time of the rpoHI mutant was 3 h 45 min, but growth
slowed down earlier than that of the wild type. The rpoHII mutant had an identical
doubling time and reached an OD similar to that of the rpoHI mutant, and the
outgrowth phase after inoculation was longer than that for the rpoHI mutant (Fig. S6A).
The rpoHI rpoHII double mutant showed the same growth kinetics as the single mutants
(initial doubling time, 3 h 45 min) and reached a similar OD 28 h after inoculation (Fig.
S6A). The impaired growth of the mutants demonstrates that RpoHI and RpoHII are
required for optimal growth in all growth stages. Following late stationary phase,
wild-type cultures resumed growth quickly after dilution into fresh medium. None of

FIG 4 Log2 fold changes in rpoHI and rpoHII mRNA levels in stationary phase (stat) or outgrowth (out; 20 and 90 min)
compared to the levels in exponential phase as determined by real-time RT-PCR. Values were normalized to the input RNA
amount. The data represent the means of the results from at least three independent experiments, and error bars indicate
standard deviation.
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the mutants resumed growth within 4 h after dilution following late stationary phase
and then showed a very slow increase in OD, reflecting an important function of the
RpoH sigma factors in outgrowth. Plating of the cultures indicated very low survival
rates of the mutants (data not shown). In outgrowth following short stationary phase,
the RpoHI and RpoHII mutants showed the same growth kinetics as the wild type (Fig.
S7A). This is in agreement with the observation that no major induction of RpoHI/
RpoHII-dependent genes was observed in this growth phase. When the rpoHI mu-
tant was complemented by the plasmid-carried rpoHI gene [in strain 2.4.1 ΔrpoHI
(pRK2.4.1rpoHI)] (16), it resumed growth after prolonged stationary phase as quickly as
the wild type (Fig. S7B).

Since RpoHI and RpoHII are known to regulate genes in R. sphaeroides in response
to oxidative stress, we also determined reactive oxygen species (ROS) levels at different
growth stages for wild-type and mutant strains in low-aeration cultures. Fig. S6B shows
the ROS levels normalized to the OD of the cultures. ROS levels increased directly after
inoculation in the wild type, dropped when mid-exponential phase was reached, and
increased again slowly when the cells reached stationary phase. Directly after dilution
of the culture, ROS levels increased further, as well upon dilution following early
stationary phase (not shown) as after dilution following late stationary phase (Fig. S6B).
This excludes the possibility that the strong response during outgrowth after pro-
longed stationary phase is due to increased ROS levels. In all mutant strains, ROS levels
were higher than in the wild type throughout growth. The ROS levels were highest in
the double mutant.

RpoHI has a main role in induction of genes during outgrowth following late-
stationary phase. Since the growth experiments proved an important role of RpoHI and
RpoHII in outgrowth after prolonged stationary phase, and the RpoHI regulon is mostly
activated in outgrowth after prolonged stationary phase (Fig. 3), we also tested the
effect of RpoHI on gene expression under these conditions. Microarray analysis was
performed with RNA isolated from the rpoHI mutant following late stationary phase and
20 min of outgrowth in comparison to exponential phase. Indeed, many genes up-
regulated during outgrowth after prolonged stationary phase in the wild type depend
on RpoHI. Of the 100 genes with the strongest induction in outgrowth after 60 h of
stationary phase in the wild type, only 16 genes were also induced in the rpoHI mutant.
For those genes, the factor of induction was clearly lower than in the wild type. Only
11% of all genes with a fold increase of �1.6 in outgrowth after prolonged stationary
phase were also induced in the rpoHI mutant. A clear dependence on RpoHI was also
observed for several genes which were assigned to the overlapping RpoHI and RpoHII
regulons. Despite the overlap of the two regulons, previous reports indicated main
functions of RpoHI in the heat shock response and of RpoHII in the singlet oxygen stress
response, respectively (16). It is therefore conceivable that RpoHI has a dominant
function in activating genes during outgrowth. The growth experiments imply, how-
ever, that RpoHII is equally important for survival after prolonged stationary phase.

For one-third of the genes we identified as RpoHI dependent, an RpoHI promoter
was neither predicted nor identified prior to this study. Thus, RpoHI affects the
expression of more genes than anticipated before, including genes involved in iron
metabolism (e.g., sufBCD, hemP, and exbB-exbD-tonB) or chemotaxis (fli and flg) and
genes for several transcriptional regulators or sigma factors (RSP_0415, RSP_3094 to
RSP_3095, and fecI).

Despite the lack of RpoHI, the mutant shows a strong transcriptional response to
late stationary phase and the following outgrowth (Fig. 2C). This also excludes the
possibility that the lack of induction of RpoHI-dependent genes is due to the growth
defects of the mutant that impair the transcriptional machinery. However, the induced
genes strongly differ from those genes induced in the wild type (Fig. S4) and do not
belong to the RpoHI regulon (Fig. 3). For genes with lower expression levels than in
exponential phase, the overlap of the expression pattern of the wild type is bigger but
still limited (among the 100 most repressed genes, 41 genes are for stationary phase
and 29 genes are for outgrowth).
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In contrast to the response in the wild type, there is a very big overlap of genes
induced in prolonged stationary phase (422 genes induced �1.6-fold) and genes
induced during the following outgrowth (450 genes induced �1.6-fold) in the rpoHI
mutant (Fig. 2C). The fold changes under the two conditions are also very similar,
indicating that gene expression stays high during outgrowth following the prolonged
stationary phase in the mutant, while the wild type induces a distinct response. The
genes induced in the rpoHI mutant belong to many different COGs, and no groups of
genes with similar functions emerge.

Four hundred sixty-four genes showed �1.6-fold expression in the mutant in
prolonged stationary phase compared to exponential phase, as did 492 genes in the
following outgrowth. Again, the overlap of those genes is large (Fig. 2C). In summary,
the data support a central role of RpoHI in mounting a distinct response to outgrowth
after prolonged stationary phase in R. sphaeroides.

In enteric bacteria, the alternative sigma factor RpoS has an important function in
stationary phase and other stress responses (30). Our results demonstrate that in R.
sphaeroides, RpoHI and RpoHII contribute to survival in outgrowth after long stationary
phase and thus imply an RpoS-like function. There is, however, no significant overlap
of the R. sphaeroides RpoHI/RpoHII regulons and the E. coli RpoS regulon, as described
by Weber et al. (31). Some of the R. sphaeroides genes with homology to genes of the
E. coli RpoS regulon were regulated in stationary phase in R. sphaeroides but were not
identified as members of the RpoHI/RpoHII regulons. For many genes of the E. coli RpoS
regulon, no homologs exist in R. sphaeroides.

Our study reveals that levels of rpoHI and rpoHII mRNAs vary with growth phase and
are strongly induced in outgrowth after prolonged stationary phase (Fig. 4). The level
of rpoH mRNA also varies with growth phase and cell cycle in E. coli (32), and RpoH,
together with RpoE, contributes to survival under starvation in Salmonella (33). Like R.
sphaeroides, the plant symbiont Sinorhizobium meliloti harbors two RpoH sigma factors.
Both sigma factors play a role in stationary-phase survival (13), and the rpoHI and rpoHII
mRNA levels increase during stationary phase (34).

In alphaproteobacteria, a major function in the general stress response was assigned
to the PhyR-NepR-�EcfG cascade (35). None of the genes encoding homologs of PhyR,
NepR, or RpoE2 (RSP_1274 to RSP_1272) showed growth-phase-dependent expression
in our study (Table S1), and a PhyR mutant did not differ significantly in growth
behavior from the wild type (data not shown). Thus, we exclude a major role of the
PhyR-NepR-�EcfG cascade in growth phase adaptation in R. sphaeroides.

Search for promoter motifs of genes with growth-phase-dependent expression. In
order to find additional promoter motifs which may be responsible for growth-phase-
dependent gene expression, besides those for RpoHI/RpoHII, the RNA-seq and dRNA-
seq data (36) were used to map the TSS on the R. sphaeroides 2.4.1 chromosomes. The
MEME program (http://meme-suite.org/) was applied to search for common motifs in
the regions upstream of the TSS of genes which were induced or repressed under
certain growth conditions, according to the data in Table S1 (see also Fig. 5).

The analysis revealed a conserved TTG at position �35 of the TSS for most
promoters under most of the tested conditions. Likewise, an A residue was conserved
at position �11/�12 in almost all promoter regions (data not shown). In total, 294
promoters were induced during outgrowth following late stationary phase. A consen-
sus motif was detected for 238 promoters out of these 294 (Fig. 5A). This consensus
sequence perfectly matches the known R. sphaeroides RpoHI promoter consensus
sequence [(T/G)TG(N18/N19)(C/A)(T/C)AT(A/C/G)T] and is very similar to the RpoHII
consensus sequence [(T/G)(C/T)(C/T)N17–19CTAG(A/C/G)T] (15, 16).

An unique common motif was found for 16 promoters which were repressed during
outgrowth after short stationary phase (Fig. 5B). A TTGA motif is present at positions
�49 to �46, while at positions �39 to �36, a TCAA is conserved. At position �12, the
A residue is less conserved than in other promoters. This motif is known as a consensus
binding site for FnrL [(T/C/A)TGAN6TCAA], a transcriptional regulator that activates
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photosynthesis genes under low oxygen tension in R. sphaeroides (37). The decreased
expression of the FnrL-dependent genes may reflect the lack of activation under
conditions with transiently increased oxygen levels. Since many genes without a
recognizable promoter consensus sequence in addition to the �35 TTG and the
�11/�12 A show growth-phase-dependent expression, it is likely that not only pro-
moter recognition by specific transcription factors is responsible for their expression
pattern. It is highly conceivable that similar to those in enteric bacteria, nucleoid-
associated and nucleoid-structuring proteins influence growth-phase-dependent gene
expression (3, 4, 6), a possibility that needs to be elucidated in the future.

Concluding remarks. Our study demonstrated a distinct response of R. sphaeroides
to outgrowth after prolonged stationary phase at the transcriptome level and a strong
impact of RpoH sigma factors on this response. Nevertheless, not only rpoH genes but
also genes for RpoE and sigma factors of unknown function (RSP_0415 and RSP_3095),
genes for putative transcriptional regulators, and genes for sRNAs of unknown function
were induced during outgrowth after prolonged stationary phase, suggesting a com-
plex regulatory network in this response. Many genes induced in outgrowth after
prolonged stationary phase have established functions in stress defense, indicating that
efficient stress defense is a prerequisite for resuming growth. We excluded ROS as the
trigger for the RpoH-dependent stress response, and therefore, further investigation
needs to be done to identify the factors triggering this response.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The R. sphaeroides 2.4.1 wild-type strain (DSM 158) and

the mutants 2.4.1 ΔrpoHI, 2.4.1 ΔrpoHII, 2.4.1 ΔrpoHI rpoHII, and 2.4.1 ΔrpoHI(pRKrpoHI) (see Table S2 in
the supplemental material) were grown at 32°C in minimal salt medium containing malate (0.022 M)
as the carbon source (38). Low-aeration growth conditions were established by continuous shaking of
Erlenmeyer flasks at 140 rpm with a culture volume of 80%, leading to a dissolved oxygen concentration
of approximately 25 to 30 �M in exponential phase with strong changes throughout growth, as
measured using the GMH 3610 (Greisinger) digital oxygen measuring device (Fig. 1). When necessary,
kanamycin (25 �g · ml�1), spectinomycin (10 �g · ml�1), or tetracycline (1.5 �g · ml�1) was added to
growth media in precultures of the mutant strains but was omitted during the 87 h of the experiment.

Fluorescence measurements. The fluorescence measurements were performed as described else-
where (38).

FIG 5 Sequence logos for promoter regions of strongly repressed genes. Shown are the consensus motifs for 238 promoters (among 294) that were induced
in late stationary phase (A) and for 16 promoters (among 97) that were repressed during outgrowth following early stationary phase (B).
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RNA isolation and quantification. Cells were rapidly cooled on ice and harvested by cooled
centrifugation. Total RNA for RNA-seq or microarray analysis was isolated using the hot phenol method,
followed by two chloroform-isoamyl alcohol treatments and precipitation with sodium acetate and
ethanol (39). For quantitative real-time RT-PCR, RNA was isolated using the peqGOLD TriFast kit (Peqlab),
as described by the manufacturer. After DNA digestion, RNA was purified using a mixture of phenol-
chloroform–isoamyl alcohol and chloroform-isoamyl alcohol (for RT-PCR) or RNeasy MinElute spin
columns (Qiagen) (for microarray and RNA-seq). RNA was resolved in RNase-free water (Roth), and
concentrations were determined using a NanoDrop 1000 spectrophotometer (Peqlab).

Quantitative real-time RT-PCR. The one-step Brilliant III quantitative RT-PCR (qRT-PCR) master mix
kit (Agilent) was used for reverse transcription, followed by PCR, as described in the manufacturer’s
manual. RT-PCR samples containing 4 ng of total RNA/�l were run in a Rotor-Gene 3000 real-time PCR
cycler (Corbett Research) for relative quantification of mRNAs in each of three independent experiments
using primers rpoHI_RT and rpoHII_RT (Table S2). Crossing points (Cp) with a fluorescence threshold of
0.002 were visualized with the Rotor-Gene software 6.0 (Corbett Research). The relative mRNA levels were
normalized to the input amount of RNA and calculated according to Pfaffl (40).

Microarray analysis. Microarray analysis was performed as described elsewhere (41). In brief, RNA
from three cultures harvested in exponential phase was pooled with RNA from cultures harvested either
in stationary phase or during outgrowth and applied to high-density oligonucleotide R. sphaeroides
microarrays (Agilent gene chips corresponding to the whole 4.6-Mb genome). Two arrays with probes
against 4,304 protein-encoding genes, 79 rRNA and tRNA genes, and 144 intergenic regions were
performed for each condition; construction and performance analysis were carried out according to the
instructions of Agilent. The ULS fluorescent labeling kit for Agilent arrays (Kreatech) was used for RNA
labeling and fragmentation. Multiarray analysis and normalization according to locally weighted smooth-
ing (LOESS) were accomplished with the Bioconductor package Limma for R and performed as described
elsewhere (42, 43). On the basis of calculated microarray analysis (MA) plots, genes were considered
reliable if the average signal intensity [A-value � 1/2 log2(Cy3 � Cy5)] was above the average
background signal. The data shown in this study represent the results from two individual microarrays
(biological replicates), each containing a pool of three independent experiments for each sample. For
expression cluster analysis, log2 ratios were imported to MeV (Multi Experiment Viewer version 4.7.4)
from the TM4 microarray software suite (44, 45) and visualized as heat maps. Clustering was based on
a k-means clustering (KMC) method according to Euclidean distance, with a maximum of 50 iterations.

TEX treatment. For the depletion of processed transcripts, equal amounts of RNA were incubated
with Terminator 5=-phosphate-dependent exonuclease (TEX) (catalog no. TER51020; Epicentre), as pre-
viously described (36).

Library construction and sequencing. The transcripts were not fragmented in order to obtain
mainly sequencing reads of the 5= end of the transcripts. Libraries for Illumina sequencing of cDNA were
constructed by Vertis Biotechnology AG, Germany, as described previously (38). The resulting cDNA
libraries were sequenced on an Illumina HiSeq 2000 machine in single-read mode running 100 cycles.

Read mapping and coverage plot construction. In order to ensure high sequence quality, the
Illumina reads in FASTQ format were trimmed with a cutoff phred score of 20 by the program
fastq_quality_trimmer from FASTX toolkit version 0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). The
following steps were performed using the subcommands “create,” “align,” and “coverage” of the tool
READemption version 0.3.4 (46), with default parameters. The poly(A) tail sequences were removed, and
a size-filtering step was applied in which sequences shorter than 12 nucleotides (nt) were eliminated. The
collections of remaining reads were mapped to the reference genome sequences comprising two circular
chromosomes, CI (3.19 Mb) and CII (0.94 Mb), and five endogenous plasmids, A (0.11 Mb), B (0.11 Mb),
C (0.11 Mb), D (0.10 Mb), and E (0.04 Mb) (accession numbers NC_007488.2, NC_007489.1, NC_007490.2.
NC_007493.2, NC_007494.2, NC_009007.1, and NC_009008.1, respectively, downloaded from the NCBI ftp
server), using segemehl version 0.1.7 (47). Mapping statistics (input, aligned, uniquely aligned reads,
etc.) can be found in Table S3. Coverage plots in wiggle format representing the number of aligned
reads per nucleotide were generated based on the aligned reads and visualized in the Integrated
Genome Browser (48). The raw coverage values of the graphs were normalized to the total number
of reads that could be aligned for the respective library and multiplied by the minimum number of
mapped reads of all libraries (i.e., 4,528,755). This restores the original data range and prevents over-
or underestimation due to the normalized values. Relative changes in gene expression as deter-
mined by RNA-seq are displayed in Table S1.

Transcription start site prediction. Transcriptional start sites (TSS) were predicted with TSSpredator
(49) based on the normalized coverage files. Parameter optimization for TSSpredator was done with
ANNOgesic (S.-H. Yu, J. Vogel, and K. U. Förstner, unpublished data) guided by a manually curated
TSS set.

Promoter motif detection. Sequence motif detection was performed with MEME 4.10.1 (PMID
19458158) based on the 50 nt upstream of the TSS and the TSS position itself using a motif width of
50 nt.

Reproducibility of the data analysis. A shell script that covers the main RNA-seq data processing
steps is deposited at https://zenodo.org/record/34192.

Accession number(s). The microarray data and the RNA-seq data are available at the NCBI Gene
Expression Omnibus database (50) under accession numbers GSE75345 and GSE71844, respectively.
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