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Summary

Exhaustion of nutritional resources stimulates bacterial
populations to adapt their growth behaviour. General
mechanisms are known to facilitate this adaptation by
sensing the environmental change and coordinating
gene expression. However, the existence of such
mechanisms among the Alphaproteobacteria remains
unclear. This study focusses on global changes in tran-
script levels during growth under carbon-limiting con-
ditions in a model Alphaproteobacterium, Rhodobacter
sphaeroides, a metabolically diverse organism capable
of multiple modes of growth including aerobic and
anaerobic respiration, anaerobic anoxygenic photosyn-
thesis and fermentation. We identified genes that
showed changed transcript levels independently of
oxygen levels during the adaptation to stationary
phase. We selected a subset of these genes and sub-
jected them to mutational analysis, including genes
predicted to be involved in manganese uptake, poly-
hydroxybutyrate production and quorum sensing and
an alternative sigma factor. Although these genes have
not been previously associated with the adaptation to
stationary phase, we found that all were important to
varying degrees. We conclude that while R.
sphaeroides appears to lack a rpoS-like master regula-
tor of stationary phase adaptation, this adaptation is
nonetheless enabled through the impact of multiple
genes, each responding to environmental conditions
and contributing to the adaptation to stationary phase.

Introduction

In natural environments, bacteria rarely find constant con-
ditions that sustain steady growth over long periods.
Rather, the bacterial lifestyle typically consists of brief
periods of feasting and extended periods of starvation-
induced growth arrest (Hobbie and Hobbie, 2013;
Bertrand, 2019). The general assumption is that bacteria
replicate at a maximal rate so long as they are sur-
rounded by low-stress conditions and have access to all
the necessary growth-supporting substrates. At some
point, limitations in such substrates are detected and the
bacterial population responds by slowing replication and
transitioning to a growth-arrested state known as the sta-
tionary phase. In natural environments, low nutrients are
usually accompanied by harsh conditions. Hence, the ini-
tial sensing of nutrient limitation, even under low-stress
laboratory conditions, triggers regulatory activity and
growth adaptation. The outcome is a slow-down in the
growth rate, plus an increased resistance to various abi-
otic stresses including oxidative stress, extreme pH,
extreme temperature, osmotic stress and desiccation
(Roop 2nd et al., 2003). General adaptations to stationary
phase include downsizing cell size, increasing the treha-
lose concentration in the periplasmic space, increasing
the thickness of the peptidoglycan layer, reducing mem-
brane fluidity, condensing the nucleoid and the transition
of ribosomes into an inactivate state to reduce costly pro-
tein synthesis while maintaining a basal level of transla-
tion (Navarro Llorens et al., 2010; Jaishankar and
Srivastava, 2017; Prossliner et al., 2018).

It is remarkable that the preparation for survival during
stationary phase begins prior to the stationary phase, in
what may appear as anticipation of harder times ahead
(Chang et al., 2002; Blom et al., 2011; Yang et al., 2014;
Cheng et al., 2016; Weiss et al., 2016). How do the bac-
teria achieve this? The first step is generally thought to
be a remodelling of their transcriptomes through diverse
transcriptional regulators such as alternative sigma fac-
tors (Navarro Llorens et al., 2010), which are capable of
rapidly inducing changes in gene expression within
minutes of detecting environmental change (Rolfe et al.,
2012; Remes et al., 2017).

The alternative sigma factor RpoS serves as the para-
digm for understanding the adaptation to stationary

Received 24 October, 2018; revised 30 August, 2019; accepted 18
September, 2019. *For correspondence. E-mail matthew.
mcintosh@mikro.bio.uni-giessen.de; Tel. (+49) 641 99 355 57; Fax.
0641 99 35549. †These two authors contributed equally to this work.

© 2019 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Environmental Microbiology (2019) 21(11), 4425–4445 doi:10.1111/1462-2920.14809

https://orcid.org/0000-0002-8212-8205
https://orcid.org/0000-0002-3527-5093
mailto:matthew.mcintosh@mikro.bio.uni-giessen.de
mailto:matthew.mcintosh@mikro.bio.uni-giessen.de
http://creativecommons.org/licenses/by/4.0/


phase. In Escherichia coli and other γ-proteobacteria, the
expression of RpoS is triggered by multiple abiotic
stresses and by limitation in carbon as a nutrient source
(Battesti et al., 2011; Hengge, 2011). RpoS is essential
for E. coli survival of stationary phase. As cells transition
from exponential to stationary phase, RpoS accumulates
and increasingly competes with the primary sigma factor
(σ70) for the major RNA polymerase holoenzyme. This
results in the positive regulation of about 500 genes
(10% of the genome) (Hengge, 2011). Hence, while the
primary sigma factor is responsible for transcription of
genes involved in cell growth under optimal growth condi-
tions, the alternative sigma factors are responsible for
transcription of genes involved in adaptation to survival
under abiotic stress or nutrient limitation.
Alternative sigma factors are also involved in Gram-

positive bacteria, such as Bacillus subtilis and Coryne-
bacterium glutamicum, which have a primary sigma fac-
tor (SigA) plus a set of alternative sigma factors, each
with its own regulon dedicated to a specific set of stress
conditions or nutrient limitation (Patek and Nesvera,
2011; Yang et al., 2014). SigB, for example, promotes
dispersal from the biofilm when nutrients become limited
(Bartolini et al., 2019).
Adaptation to the stationary phase does not only

involve sigma factors and other protein regulators such
as two-component systems (Hengge, 2009). Non-protein-
coding genes also control gene expression during the
transition to stationary phase (Mika and Hengge, 2013;
Sedlyarova et al., 2016; Weiss et al., 2016). One exam-
ple is the non-coding 6S RNA (Cavanagh et al., 2010;
Elkina et al., 2017). 6S RNA shows growth phase-
dependent expression, interacts with the primary sigma
factor (sigma-70) and regulates transcription of many
sigma-70-dependent genes including the relA gene
encoding a synthase of ppGpp, a secondary messenger
molecule capable of triggering the stringent response
(Cavanagh et al., 2010). In E. coli, ppGpp is central to
the adaptation to stationary phase (Nystrom, 2003).
These and many other examples all point to a consen-
sus: bacteria typically undergo marked and complex
changes during the transition from exponential to station-
ary phase. General mechanisms underlying this adapta-
tion are still poorly understood, even in well-studied
model organisms. For example, although the deletion of
the rpoS gene in Salmonella typhimurium reduced sur-
vival during stationary phase, this effect was lost when
cells were grown anaerobically (Testerman et al., 2002),
indicating that RpoS and its regulon may be specific to
protection against oxidative stress rather than nutrition-
depletion induced adaptation to stationary phase
(Nystrom, 2003).
Even less is known about the adaptation of the

α-proteobacteria to the stationary phase. Rhodobacter

sphaeroides, a well-studied member of the α-prote-
obacteria, is a free-living facultative anoxygenic photo-
troph. Its natural habitat is anoxic waters and underwater
mud. Regulatory mechanisms underlying the switch
between different metabolic pathways and the adaptation
to oxidative and photo-oxidative stress have been inten-
sively studied. Like other α-proteobacteria, R.
sphaeroides does not contain a RpoS homologue with
comparable functions to RpoS of enteric bacteria (Staron
and Mascher, 2010). It does contain genes for numerous
alternative sigma factors, and some of these have been
well studied. For example, the sigma factor σ (EcfG)
along with its anti-σ factor NepR and the anti-anti-σ factor
PhyR are present in R. sphaeroides. These genes are
thought to be important for the general stress response in
many α-proteobacteria (Fiebig et al., 2015). In R.
sphaeroides, however, PhyR does not play a major role
in either oxidative stress or the general stress response,
but rather has a more specialized role in defense against
specific membrane stress factors (Li et al., 2018). Other
alternative sigma factors in R. sphaeroides include the
RpoH1 and RpoH2 proteins, which are important for pro-
tection against a variety of stresses including oxidative
stress, photooxidative stress and heat stress, and are
shared by various members of the α-proteobacteria
(Delory et al., 2006; Martinez-Salazar et al., 2009; Nuss
et al., 2009; de Lucena et al., 2010; Barnett et al., 2012;
Dufour et al., 2012). Both RpoH1 and RpoHII have a
major role during the transfer to fresh medium from sta-
tionary phase (Remes et al., 2017), since this environ-
mental condition induces an oxidative stress response
(Cuny et al., 2007).

Here, we focus on the exponential-to-stationary phase
transition to learn how R. sphaeroides adjusts its gene
expression during this stage. We documented changes in
the transcriptome and the proteome during the growth
phases under both low and highly aerated conditions and
identify a small set of genes based upon two criteria:
those that clearly change expression upon entry into the
transition phase, and whose change is independent of
oxygen levels. Under a working hypothesis that the
timing of gene expression can provide hints about func-
tion, we tested a set of four of these candidate genes for
their effect on growth during the adaptation to stationary
phase. To achieve this, we have developed a novel
setup, which includes a suicide vector to selectively alter
gene expression, a low copy plasmid for monitoring pro-
moter::reporter expression activity and an automated
assay to monitor growth and promoter activity in 96-well
plate cultures at 1 h intervals. Furthermore, by changing
environmental conditions and using growth and promoter
activity as a readout, this approach revealed that once
the influence of oxygen on gene expression has been
taken into account, the number of gene expression
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changes that accompany the adaptation to stationary
phase by R. sphaeroides are small but important for
growth.

Results and discussion

Transcriptome analysis

To learn how the R. sphaeroides transcriptome changes
during the transition phase, we grew R. sphaeroides
2.4.1 in a defined salts medium containing malate as the
carbon source (Remes et al., 2014). The growth phases
were broadly decipherable from the growth curves
(Fig. 1) and are as follows: exponential phase, OD
0.4–0.45, transition from exponential to stationary phase,
OD 0.9–1.2, early stationary phase, OD 1.7–2.0, and out-
growth, OD 0.2. In this setup, the outgrowth is defined as
the phase of growth 20 min after the cells from the sta-
tionary phase were diluted in fresh medium. The transi-
tion phase is defined as the initial slow-down in growth
(starting at OD 0.9) immediately following the exponential
phase and prior to the stationary phase. Samples for
RNA isolation were collected at the sampling points, indi-
cated as red points, in the growth plots (Fig. 1).

Extracted RNA used for microarray analysis (MA) was
based upon two arrays, each with RNA pooled from three
independent biological replicates. The reproducibility of
microarray replicates was very high, as reflected by Pear-
son correlation (r) ranging between 0.96 and 0.98
(Remes et al., 2017). Genes were classified according to
their relative RNA levels in the different growth phases.
This was determined by comparison to the level in the
exponential phase as the baseline (see Fig. S1 for an
overview of transcript changes). Fold changes of ≥2 or

≤−2 were used as a cut-off to define the transcripts with
changed levels. Our analysis was based on the detection
of mRNA from 4390 genes with a reliable A-value (aver-
age signal intensity for a gene across all arrays) in the
transition phase samples.

Anoxygenic phototrophic bacteria are rarely found in
natural environments with continuous high aeration, and
it is known that the expression of many genes is
influenced by the oxygen level (Gregor and Klug, 2002;
Zeilstra-Ryalls and Kaplan, 2004). Hence, we analysed
cultures under both low and highly aerated conditions.
This was ensured by using 500 ml Erlenmeyer flasks
containing 400 ml of defined medium for low aerated cul-
tures and 500 ml baffled flasks with 125 ml for highly aer-
ated cultures. In the low aerated cultures (Fig. 1A),
oxygen levels dropped rapidly from 75% to 1%–2%
(25–30 μM) within 5 h, the time needed for the first dou-
bling (from OD 0.2 to OD 0.4).

It then stayed consistently low for another 5 h until OD
of about 1.0. After reaching this OD, growth slowed and
oxygen saturation increased to about 70% at 24 h after
inoculation (Fig. 1A). In highly aerated culture conditions,
the oxygen levels remained between 95% and 100%
(160–180 μM) saturation (Fig. 1B). The growth curves did
not greatly differ between the two conditions.

Carbon is the growth limiting factor

It is commonly assumed that limitation in nutrients or oxy-
gen slows down growth and forces bacterial cultures to
adopt a stationary phase. Our results indicated that oxy-
gen levels had a minimal effect on the timing of entry into
the stationary phase for chemotrophically growing R.
sphaeroides cells (Fig. 1). To establish which factor limits
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Fig. 1. Growth curves and oxygen levels. Rhodobacter sphaeroides wild type 2.4.1 was grown under low aerated (A) or highly aerated
(B) conditions and measurements of oxygen levels and growth (optical density at 660 nm (OD660)) were recorded. Pre-cultures used for inocula-
tion were grown under low aeration to an OD660 of 0.6–0.7, which is near the end of the exponential phase, and then diluted to an OD660 of 0.2
with fresh medium. The dilution step is represented by 0 h in Fig. 1A and B. OD660 was determined over time and is represented by a black line.
The OD660 is presented on a logarithmic scale (log2) to distinguish the exponential phase from the transition phase. For both conditions, the end
of the exponential phase occurs at OD = 1. The oxygen saturation (blue) is presented in percent. Time points when RNA samples were taken for
microarray analysis are indicated as red dots. Both data sets represent the mean of at least three independent experiments and error bars repre-
sent standard deviation (although these are only visible for a few time points, since reproducibility was high).
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growth in the minimal salts medium containing malate as
the carbon source, we tried to enhance growth by
increasing the concentration of each of these constitu-
ents of the minimal medium, e.g., malate, trace elements,
iron, vitamins, phosphate, calcium and magnesium, but
none of these additions enhanced growth (data not
shown). We then employed a different strategy. First, the
standard culture medium was diluted 1:2 with water so
that each constituent was present at 33% (v/v). Then, a
series of media were prepared, each differing in one
aspect: one or a set of related ingredients (e.g., trace ele-
ments or vitamin cocktail) was further reduced by one-
half (i.e., to 16.5%). Upon inoculation with R.
sphaeroides, cultures were grown in 0.1 ml volumes in a
96-well plate. Figure 2 shows the growth of these cultures
(OD660nm) plotted on a linear scale (rather than a logarith-
mic scale) to better visualize the differences in growth
and reveals that malate is indeed the limiting factor for
growth. Decreasing the malate level to 16.5% (1/2
malate) clearly limited growth, while decreases in each of
the other constituents did not affect growth. The addition
of malate (3× malate) improved growth (this concentra-
tion of malate represents the malate level in the undiluted
standard medium), while even higher levels (6× malate)
considerably slowed growth. Thus, these results indicate
that growth in this defined medium is limited by malate
abundance.

Influence of oxygen levels on induction of genes in the
transition phase

Oxygen levels are capable of influencing gene expres-
sion in Rhodobacter (Gregor and Klug, 2002; Zeilstra-
Ryalls and Kaplan, 2004). Our global analysis revealed
those genes whose transcript levels were influenced by
oxygen. From the 4390 genes with reliable A-values in
the microarray analyses, less than 10% showed oxygen-
dependent changes of ≥twofold (log2 fold change ≥1) in
the transition phase (Fig. S1). Genes with decreased
transcripts in the transition phase amounted to 241 under
highly aerated conditions, and 179 under low aerated
conditions. Many of the genes with decreased transcripts
belong to the COG-C category, representing energy
metabolism and conversion, COG-H for coenzyme trans-
port and metabolism, and COG-I for lipid transport and
metabolism. The subset of genes with decreased tran-
scripts in the transition phase by the presence of oxygen
provide further support for the reliability of our data since
this set of genes include not only genes responsible for
photosynthesis (Fig. S2) but also cco genes (cbb3 type
cytochrome oxidase), feoA and feoB (Fe2+ transport),
nuo genes (NADH dehydrogenase), and genes for some
other metabolic enzymes that are known to strongly
depend on the redox conditions (Zeilstra-Ryalls and
Kaplan, 2004; Arai et al., 2008; Remes et al., 2017).

Genes with ≥twofold increased transcript levels in the
transition phase amounted to 30 under highly aerated
conditions and 55 under low aerated conditions. Because
we were interested in those transcripts that were impor-
tant for the adaptation to the stationary phase regardless
of the oxygen levels, we looked for genes showing ≥two-
fold changes in transcript levels under both low and
highly aerated conditions. Only 12 genes with increased
transcripts in the transition phase reached this cut-off,
suggesting that most of the changes were related to oxy-
gen levels and were not specific to the adaptation to sta-
tionary phase. Similarly, only 60 genes showed a
decrease in transcripts in the transition phase under both
low and highly aerated conditions. Thus, based on this
approach, we identified a relatively small number of
genes (60 down, 12 up) that showed changed transcript
levels during the transition phase independently of aera-
tion. These are listed in Table 1. We included in Table 1
another gene, RSP_0557, whose transcript levels also
increased in the transition phase, along with the other
12 genes. However, RSP_0557 transcript levels did not
reach the ≥twofold increase cut-off under low aerated
conditions and is therefore included in Table 1 as an
exception (see below). The total transcriptome data set,
along with COG assignments, is provided in Table S1.

Since we were interested in learning how R.
sphaeroides adapts to the stationary phase, we postulated
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that mRNAs with increased levels in the transition phase
are of primary interest. Almost half of these are for hypo-
thetical proteins, and most have never been investigated
for functionality (Table 1). For the remainder of this investi-
gation, we focused on the 12 genes with oxygen-
independent increased transcript levels in the transition
phase. Transcript levels of most of these were highest in
the transition phase, and then returned to lower levels in
the stationary phase. The single clear exception to this pat-
tern was RSP_3095, coding for an alternative sigma fac-
tor. Its transcript levels continued to increase in the
stationary phase under both low and highly aerated condi-
tions. Also of interest is the presence of another gene,
RSP_6037, which was previously shown to be involved in
the stress response (Billenkamp et al., 2015). Both
RSP_6037 and the above-mentioned RSP_0557 code for
DUF1127 proteins. Their transcripts were the most
strongly induced mRNAs in the transition phase under
highly aerated conditions. The promoters of both
RSP_6037 and RSP_0557 were previously shown to be
controlled by the RpoHI/HII sigma factors, which induces
expression in response to singlet oxygen (Berghoff
et al., 2013).

Confirmation of increased transcripts of the transition
phase

To increase confidence in the finding that these transition
phase candidates have changed transcripts levels, we
subjected extracted RNA from low aerated cultures for
RNAseq (single run from biological triplicates). This anal-
ysis confirmed all 12 genes, plus RSP_0557, as having
≥twofold increased transcripts levels in the transition
phase (Table 1). We also analysed mRNA levels of some
of these genes via RT-qPCR (Fig. 3A). Here, log2 fold
change values represent the changes in mRNA abun-
dance at each time point (8, 11 and 28 h) relative to total
mRNA abundance in the early exponential phase (4 h).
In this experiment, 8 h was near the end of the exponen-
tial phase, 11 h was in the middle of the transition phase
and 28 h represents the stationary phase. Transcripts
from RSP_6037 (DUF1127), sitA (first gene in the
sitABCD operon which putatively codes for a manganese
uptake transporter), cerI (coding for a quorum-sensing
pheromone synthase), and RSP_0381 (putatively coding
for a phasin, PhaA) were confirmed via RT-qPCR to
increase in the transition phase (11 h). RT-qPCR also
confirmed that high-aerated conditions promote the
increase in mRNA levels of RSP_6037 and RSP_0557.
RSP_6037 is co-transcribed with the ccsR1-4 genes for
a set of highly homologous sRNAs (Billenkamp et al.,
2015). This gene cluster is thought to be essential (can-
not be deleted) and is involved in various stress
responses of R. sphaeroides by affecting the

C1-metabolism and the pyruvate dehydrogenase com-
plex (Billenkamp et al., 2015). We confirmed that one of
the sRNAs, CcsR3, increased strongly in the transition
phase via Northern analysis (Fig. 3B). Altogether, these
results from microarray, RNAseq, RT-qPCR and Northern
analysis indicated a high level of reliability in transcript
detection.

Promoter–reporter fusions revealed distinct expression
profiles during the transition to stationary phase

Up to this point, our analysis was based upon the detec-
tion of changes in mRNA levels. To learn how the pro-
moter activity of selected genes changes throughout the
growth phases, we employed an additional approach by
fusing the upstream region of each gene (300–400 bp,
including the promoter, translation start and 3–5 following
codons) to the gene for the mVenus fluorescence protein.
The advantage of this approach is that the accumulation
of mVenus protein provides an approximation of gene
expression, i.e., the total output from the combined steps
of transcription and translation. In addition to the pro-
moters of the genes listed above, we included the pro-
moters of several other genes. The criteria for their
selection were on the basis of having a previously
established essential role in growth, either in R.
sphaeroides or whose homologues have been studied in
various other α-proteobacteria. These included the pro-
moter of dnaA, an essential gene coding for the master
regulator of chromosomal replication in almost all bacte-
ria (Katayama et al., 2010) and the promoter of mraZ, the
first gene in a cell division gene cluster that includes ftsZ
that is essential for cell division in most bacteria (Ortiz
et al., 2016). We also included the promoter of rpoZ, cod-
ing for the omega subunit of the RNA polymerase pre-
sent in all free-living bacteria (Weiss and Shaw, 2015).
rpoZ is also co-transcribed with the downstream relA
gene that codes for the ppGpp synthase in S. meliloti
(Krol and Becker, 2011), and the R. sphaeroides rpoZ-
relA locus shares a similar genetic topology. Other pro-
moters included in our analysis are the promoter of
rpoHI, coding for an alternative sigma factor (Remes
et al., 2017), the promoter of takP, a TRAP transporter
for the uptake of carbon (Adnan et al., 2015) and the pro-
moter of the 16S rRNA gene, previously used in R.
sphaeroides for the strong constitutive overexpression of
target genes (Mank et al., 2012). In the cases of the
dnaA, mraZ and rpoZ fusions, their native ribosome bind-
ing sites (RBS) were replaced by that of cerI, since pre-
liminary data (not shown) revealed that the cerI RBS was
very efficient. Similarly, the cerI RBS was used in the
fusion of the 16S promoter to the gene for mVenus. The
R. sphaeroides wild type strain carrying the promoter-
mVenus fusions was grown in a 96-well plate and
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fluorescence and optical density was automatically mea-
sured at 1 h intervals for up to 24 h. Under these condi-
tions, the growth phases were observable as follows:
exponential phase (4–13 h), transition phase (13–18 h)
and stationary phase (>18 h) (Fig. 4A). Interestingly, of
the 12 different promoters included in this analysis, two
distinct classes emerged. The first class (Class I)
included PdnaA, PmraZ, PcerI, PphaP, PtakP and P16S
(Fig. 4B). The activity of these promoters was low during
the lag phase, high during the exponential phase and

then low again during the transition phase (indicated by
the lack of increase in fluorescence, F). Notably, the
activity of these promoters is virtually exclusive to expo-
nential growth. A second group of promoters (Class II)
showed a variety of activity profiles (Fig. 4C). For exam-
ple, PsitA was activated in the mid exponential phase,
and this matched well with the microarray data (Table 1)
and the RT-qPCR data (Fig. 3A). Other notable Class II
promoters include that of RSP_0557 and the putative
alternative sigma factor, RSP_3095, whose expression
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clearly increased upon entry into the transition phase.
Most of the promoter activity profiles matched well with
the MA (see Table 1), although some minor differences
were apparent, e.g., PcerI and PphaA. These promoters
were active in the exponential phase but not in the transi-
tion phase (Fig. 4B), in contrast to their transcript accu-
mulation patterns (Table 1, Fig. 3A and B).

Impact of selected genes on growth

We wanted to learn how the genes with increased tran-
scripts identified in our MA impacted growth and adapta-
tion to stationary phase. Therefore, we selected
candidates from the 12 genes, which showed increases in
transcript levels in the transition phase and altered their
expression via targeted insertions of the suicide plasmid
pK18mobII (see Materials and Methods for details and
Fig. S3 for explanatory diagram). The genes that we
focused on were sitA, phaA, cerI and the uncharacterized
sigma factor RSP_3095. We chose these because predic-
tions about their functions were available and because
related genes in other bacteria are known to impact
growth. Our expectation was that if these genes were
important for the adaptation of R. sphaeroides to the sta-
tionary phase, the alteration of their expression (either
knockdown or constitutive expression) ought to disturb
growth and adaptation to stationary phase.

sitABCD expression reveals the importance of Mn for
growth

The genes with the most strongly increased transcripts in
the transition phase are from an operon that encodes the
subunits of the putative manganese (Mn) ABC transporter,
SitABCD (Table 2, Fig. 4C). Mn is an essential micronutri-
ent for all forms of life (Kehres and Maguire, 2003). Some
bacteria even have multiple Mn uptake systems. Entero-
coccus faecalis, for example, has three Mn uptake sys-
tems, at least two of which are dedicated to Mn uptake
(Colomer-Winter et al., 2018). The knockout of all three
systems resulted in poor growth. Furthermore, Mn deple-
tion triggered ppGpp accumulation and the stringent
response. Normal growth of a ppGpp0 mutant of E. faecalis
in a defined medium with low Mn levels could be restored
by the addition of Mn. The authors concluded that Mn has
an important role in the adaptation to nutrient limitation and
in coping with high levels of endogenously produced reac-
tive oxygen species (Colomer-Winter et al., 2017).

To learn whether the expression of sitABCD was
important for R. sphaeroides, we measured growth and
PsitA activity in the presence of varying Mn levels in the
defined growth medium. When no manganese was
added to the medium (0 nm), the bacterium grew poorly
(Fig. 5A) and showed strong PsitA activity from 2 h after

inoculation and onwards (Fig. 5B). Presumably, the weak
growth that was observable was due to the presence of
background levels of Mn. The addition of manganese at
the standard concentration of 45 nM reproduced the del-
ayed activation of PsitA at around 8 h after inoculation. A
higher concentration (90 nM) further delayed the activa-
tion by 2 h, while concentrations of 225 and 450 nM
resulted in a complete lack of activation of PsitA
(Fig. 5B). This result indicates, first, that the presence of
Mn is important for growth, second, that the Sit operon
expression appears to be activated only when Mn
becomes scarce.

The situation was different when the transcription of
the sitABCD operon was disrupted via a knockdown of
sitABCD expression (see Materials and Methods and
Fig. S3 for details). The growth of this mutant was very
poor in the absence of added manganese (Fig. 5C), indi-
cating an impairment in the uptake of manganese. Con-
sistent with this conclusion, PsitA in this mutant was
strongly activated at all concentrations of added manga-
nese (45–225 nM) except for very high levels of manga-
nese (450 nM, Fig. 5D). Altogether, these data reveal
that the sitABCD expression under our standard condi-
tions is essentially a response to limiting Mn in the envi-
ronment. Unlike S. typhimurium that expresses the
sitABCD operon (and accumulates Mn) during the lag
phase, within the first 4 min of inoculation of fresh
medium (Rolfe et al., 2012), R. sphaeroides expresses
the sitABCD operon when Mn levels in the growth
medium are low (Peuser et al., 2011). Our results indi-
cate that sitABCD expression is only activated when Mn
levels drop below a threshold of 45 nM, which is a novel
finding for R. sphaeroides. It is not known whether R.
sphaeroides has an additional Mn uptake system,
although the presence of a general metal ion importer is
plausible. Based on these results, we propose that the
SitABCD system is used as an Mn scavenging strategy
and conclude that the expression of this system and
corresponding Mn uptake is important for growth when
Mn levels in the environment are low.

Polyhydroxyalkanoic acid regulation and accumulation
is important for growth of R. sphaeroides

Phasins (PhaP) are specialized proteins that bind to poly-
hydroxyalkanoic acid (PHA) granules and assist granule
formation. Phasins may also have chaperone activities
that enhance survival during stress (Mezzina and
Pettinari, 2016). PHA granules are a primary form of car-
bon storage, and PHA granules and accompanying
phasins are known to be produced by R. sphaeroides
(Wieczorek et al., 1996). phaP expression is regulated by
its specific regulator, PhaR, during active growth (Chou
et al., 2009). However, the importance of PHA production
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for the growth and survival of R. sphaeroides has not
been elucidated. The phaP mRNA levels clearly
increased in the transition phase and decreased in the
stationary phase (Table 2, Fig. 3A and B). The PphaP

promoter fusion revealed strong activity during the expo-
nential phase and weak activity in the transition phase
(Fig. 4B). To learn if the phaP transcript levels were
dependent upon PHA accumulation, and if PHA was
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Fig. 4. Selected promoters fused to the gene
for mVenus reveal growth phase-specific
expression activity. Rhodobacter sphaeroides
wild type carrying the promoter::mVenus
fusion was monitored for growth (OD660) and
fluorescence during growth in a 96-well plate
in defined medium diluted 1:2 with water, and
grown as described in Fig. 2. A. Growth of
11 R. sphaeroides wild type cultures, each
with a different promoter::mVenus fusion. OD
is shown on a linear scale, with coloured sha-
des representing the exponential phase
(green), transitional phase (orange) and sta-
tionary phase (red). Growth under these con-
ditions reveals a shift from exponential growth
to the transition phase at approximately
12–13 h after inoculation, and a shift to sta-
tionary phase at approximately 17–19 h. Each
growth curve represents the average from
eight wells. To avoid confusion, the standard
deviation is shown for only one growth curve.
B,C. Fluorescence (F) from the promoter::
mVenus fusions reveals an activity profile for
each promoter over 24 h. Promoter activity is
represented as percent of maximal F. Based
on the shape of the activity profile, each pro-
moter is sub-ordered to either class I
(Fig. 4B), in which promoter activity was stron-
gest during exponential growth, or class II
(Fig. 4C), which contains a broad variety of
promoter activity profiles which mostly
increased in the transitional phase.
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important for growth under these conditions, we gener-
ated a strain with a knockdown of expression of the PHA
synthase, phaC (RSP_0382), which is encoded upstream
of phaP. Furthermore, we modified the suicide vector
construct so that upon insertion into the chromosome,
the native promoter of phaC was replaced by the pro-
moter of the 16S ribosomal gene, ensuring constitutive
phaC expression (see Fig. S3.) The activity of PphaP
was weakened in the phaC knockdown strain, but
enhanced in the phaC constitutive expression strain
(Fig. 6B), indicating that phaP expression is dependent
upon phaC expression. Interestingly, the expression of
phaP was greatly weakened during growth in complex
medium (Fig. 6B). Most bacteria do not accumulate PHA
in complex medium. Rather, PHA synthesis and accumu-
lation occur among all phyla of prokaryotes usually in
response to nutrient limitation such as phosphorous, oxy-
gen or nitrogen deficiency (Pötter and Steinbüchel, 2005;
Jendrossek and Pfeiffer, 2014).

We monitored PHA levels using a standard method
that depends upon Nile Red, a stain that is widely used
to detect PHA accumulation (Lagares and Valverde,

2017). Nile Red detection of PHA accumulation con-
firmed that both the WT and the phaC constitutive
expression strain accumulated significant levels of PHA
during growth in defined medium, while the phaC knock-
down strain accumulated either none or very low levels of
PHA, similar to that observed in complex medium cul-
tures (Fig. 6C). Thus, a comparison of phaP expression
(Fig. 6B) with PHA accumulation (Fig. 6C) reveals that
phaP expression is activated by PHA accumulation.

Finally, our results revealed that a knockdown of phaC
expression resulted in poorer growth in defined medium
but not in complex medium (Fig. 6A). Interestingly, this
revealed that PHA plays an important role in supporting
the growth of R. sphaeroides during carbon limitation, a
finding that to our knowledge has never been reported in
any bacterium.

Integration of quorum sensing and growth behaviour

Increased cerI mRNA levels in the transition phase
(Table 2, Fig. 3A) suggested a role for quorum sensing
during the adaptation to stationary phase. CerI
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Fig. 5. sitABCD expression responds to manganese levels and is important for growth. Rhodobacter sphaeroides was monitored for growth and
sitABCD expression during growth in a 96-well plate as described previously in Fig. 4. A. Growth of R. sphaeroides carrying a PsitA::mVensus
fusion was monitored in a defined medium, which included all constituents (see Table S2), except for Mn. After inoculation, Mn was added at var-
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synthesizes the autoinducer signal for quorum sensing,
formally known as 7,8-cis-N-(tetradecenoyl)homoserine
lactone (AHL) (Puskas et al., 1997). The PcerI activity dif-
fered slightly from the transcript levels since it was only
active in the exponential phase (Fig. 4B). To see how
AHL levels matched with cerI mRNA levels and the PcerI
activity profile, we used a modified S. meliloti strain that
was previously shown to be capable of detection of AHLs

as low as 1 nM (McIntosh et al., 2019). In this bacterium,
the promoter activity of the AHL synthase, sinI, responds
to the presence of AHLs. The relevant features of the S.
meliloti AHL indicator strain (Smais) are the inability to
produce AHLs via a deletion of the AHL synthase gene,
sinI, and a fusion of the promoter of sinI to the mCherry
fluorescent reporter gene. The addition of the superna-
tant from R. sphaeroides cultures to Smais revealed that
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© 2019 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 21, 4425–4445

4436 M. McIntosh et al.



the levels of AHL in the R. sphaeroides cultures rose rap-
idly in the exponential phase (compare the growth curve
in Fig. 7A with PcerI activity and PsinI activity in Fig. 7B).
In fact, detected AHL levels in the R. sphaeroides wild
type strain matched well with the PcerI activity (Fig. 7B).
Altogether, these data suggest that the cerI transcript
accumulates in the exponential phase and the transition
phase while translation into the CerI protein and ensuing
AHL accumulation occurs mostly during exponential
growth.

To learn whether the Cer system was important for
growth, we used the suicide vector pK18mobII to disrupt
cerI. The cerI mutant showed extremely poor growth and
a strongly aggregated phenotype, which was comple-
mented by in trans expression of cerI on the plasmid
pWBT (Fig. 7A). This aggregated phenotype was compa-
rable to the previous description of a cerI mutant (Puskas
et al., 1997). We also used a similar approach to disrupt
the expression of cerR, a luxR-like gene located immedi-
ately upstream of cerI. Based on knowledge of other QS
luxR-luxI systems (Goryachev, 2009; Papenfort and
Bassler, 2016; Whiteley et al., 2017), we expected CerR
to be the AHL receptor and a major regulator of cerI
expression. Indeed, disruption of cerR expression
resulted in the loss of most of PcerI activity (Fig. 7D) and
a weakly aggregated phenotype (not shown). Comple-
mentation of PcerI activity was possible via in trans
expression of cerR from the plasmid pWBT (Fig. 7D).
This expression from pWBT was based on the E. coli lac
promoter, which is leaky (i.e., slightly active in the
absence of the inducer, IPTG) in R. sphaeroides (data
not shown). Remarkably, however, the leaky in trans
expression of cerR resulted in complete growth arrest in
liquid medium. PcerI::mVenus fluorescence could only be
measured in this strain after extended growth on solid
(agar) medium. The observation that cerR over-
expression completely stalled growth in liquid culture was
surprising to us, since, to our knowledge, growth-arrest
via overexpression of a luxR-like gene has never been
reported in any bacterium.

A previously proposed physiological role for the Cer
(community escape response) QS system in R.
sphaeroides is to ensure cell dispersal (Puskas et al.,
1997). Our results support this idea, since PcerI activity
and AHL accumulation occurred primarily in growing
populations (Fig. 7B). This finding fits well with the con-
cept of QS in R. sphaeroides as a mechanism to ensure
the dispersal of cells in growing populations rather than
in stationary phase populations. The regulon of the Cer
QS system has not been characterized, except for our
data that confirms that the cerI promoter is regulated by
cerR. However, it is plausible that the Cer system con-
trols cell–cell attachment and polysaccharide production,
since this is a reoccurring theme among the various

α-proteobacteria. The observation that cells grew very
poorly in the absence of AHLs on one hand, and not at
all upon cerR overexpression on the other is extremely
interesting and suggests that regulation by the Cer QS
extends to the control of growth and adaption to station-
ary phase. This is plausible, since the AHL receptor
ExpR of S. meliloti was also found to restrain growth spe-
cifically in the presence of AHLs and under nutrient limit-
ing conditions (Charoenpanich et al., 2015). We
speculate that QS in R. sphaeroides and in S. meliloti
provides a means of adapting growth behaviour in a
manner analogous to the sigma factor SigB, which pro-
motes dispersal and restrains growth within the B. subtilis
mature biofilm (Bartolini et al., 2019).

Alternative sigma factor RSP_3095

Previous work has highlighted the importance of the RpoHI
sigma factor during standard growth and following the trans-
fer from the stationary phase to fresh medium (Remes
et al., 2017). Here, our transcriptome data revealed the
expression pattern of a gene coding for another sigma fac-
tor, RSP_3095. It had the distinction of being the only one
of the 12 genes with high transcript levels in the transition
phase, which continued to rise during the stationary phase
under both low and highly aerated conditions (Table 2).
Strong induction of alternative sigma factor expression dur-
ing carbon-limited growth has been observed in another
α-proteobacterium, Rhodopseudomonas palustris (Pechter
et al., 2017) and the planctomycete Rhodopirellula baltica
(Gade et al., 2005). The roles of these sigma factors have
not been established. We postulated that RSP_3095 may
have a role in adaptation to stationary phase, since its pro-
moter activity is specific to the transition and stationary
phases (Fig. 4C). We generated an RSP_3095 disruptant
strain using the suicide vector pK18mobII. In addition, we
used pK18mobII to fuse the 16S promoter to RSP_3095 to
ensure its constitutive expression. Both of these perturba-
tions caused a slightly slower-growing phenotype in defined
liquid medium (Fig. 8A) in which the WT reached the sta-
tionary phase at 18 h after medium inoculation, while the
knockdown and constitutive expression strains took 20 and
22 h, respectively. In the WT, the promoter of RSP_3095
fused to mVenus showed little activity during exponential
growth but was activated upon entry into the transition
phase (Fig. 8B). In contrast, in both the knockdown and
constitutive expression strains, the promoter activity
remained low, suggesting that the presence of this protein
is somehow important for the activity of the promoter. It is
possible that the promoter of RSP_3095 can only be acti-
vated at optimal protein levels of this sigma factor, a phe-
nomenon that also affects regulation by RpoS in E. coli
(Wong et al., 2017). Another possibility is the cotranscription
of RSP_3094, encoding a predicted trans-membrane anti-
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sigma factor, which is likely in the same operon as
RSP_3095, along with two other genes of unknown func-
tion, RSP_3093 and RSP_3092. mRNA levels from these
genes also increased in the transition phase (Table S1).
The insertion of the 16S promoter into the chromosome to
constitutively express RSP_3095 means that the down-
stream genes were likely also constitutively expressed, and
this may be related to the observed poorer growth of this
strain.
We note that the promoter activity of RSP_3095

matches well with that of the translational rpoS::lacZ
fusion in E. coli (Lange and Hengge-Aronis, 1994),
i.e., activation at the end of exponential growth, prior to
the stationary phase. Hence, it is plausible that
RSP_3095 has a comparable role to the RpoS of E. coli.
RpoS activates carbon storage in the form of glycogen
production in E. coli (Hengge-Aronis and Fischer, 1992)
and regulates much of the QS regulon in P. aeruginosa

(Schuster et al., 2004) and AHL accumulation in P. flu-
orescens (Liu et al., 2018). Therefore, we tested the pro-
moter activity of cerI and phaA in the RSP_3095
knockdown and constitutive expression strains. However,
while the slight growth defect was again observable (data
not shown), neither of these promoters were greatly
affected by the RSP_3095 perturbations when the slight
growth delay is taken into account (Fig. 8C and D). Alto-
gether, these results suggest that the alternative sigma
factor RSP_3095 is important for its own promoter activa-
tion and that this expression contributes to growth under
these conditions. Alternative sigma factors function as
subunits of the RNA polymerase holoenzyme and assist
in rapid promoter recognition during stress response
pathways (Osterberg et al., 2011). Thus, it would be inter-
esting to identify the DNA recognition site of RSP_3095
and to determine if this sigma factor recognizes other
promoters throughout the R. sphaeroides genome.
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Correlation between transcript changes and changes of
the proteome in transition and early stationary phase

Microarray and RNAseq experiments outlined here pro-
vide detailed information on RNA levels of almost every
gene in the genome. How does the organism translate
this information into proteins from mRNAs? Discrepan-
cies between mRNA and protein levels have been fre-
quently noted in various organisms (Erdmann et al.,
2018; Bathke et al., 2019). Bathke et al. compared the
proteome under low aerated growth with the trans-
criptome data used in this study. The total data set is pro-
vided in Table S1. Of the transcripts that are either
increased or decreased in the transition phase, the
accompanying protein levels (where detected) are pro-
vided in Table 2. Correlation between transcript and pro-
tein levels was generally low but was slightly improved
by comparing transition phase mRNAs with proteins
accumulated in the early stationary phase (Bathke et al.,
2019). For example, the SitA protein showed strong
accumulation, although this increase did not appear until
the stationary phase (Table 2). Likewise, while the PhaP
protein was detected in the transition phase, even higher
levels were present at the stationary phase despite a

simultaneous decrease in the transcript levels (Table 2).
In contrast, CerI protein levels decreased strongly in the
transition phase (Table 2), suggesting that the highest
levels of this protein were reached in the exponential
phase. Thus, while the level of cerI transcript increased
during the transition phase (based on our microarray,
RNAseq and RT-qPCR data), the cerI promoter activity
(translation fusion with mVenus) and CerI protein and
AHLs reached their highest levels in the exponential
phase and decreased in the transition phase. It is possi-
ble that the expression of cerI is post-transcriptionally
regulated and that the stability of both CerI protein and
AHL is significantly lower than that of the cerI mRNA.

Many proteins were not detected in the proteomic analy-
sis, indicative of either a high turnover and/or poor detec-
tion (e.g., through low protein solubility). Examples include
the DUF1127 proteins (RSP_6037 and RSP_0557) and
the alternative sigma factor RSP_3095. Alternative sigma
factors are known to undergo rapid proteolysis (Guo and
Gross, 2014). A high turnover of RSP_3095 might be use-
ful for ensuring tight control of its impact on transcription
activity. Notably, the protein for RSP_3093, coding for an
uncharacterized membrane protein and possibly encoded
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in the same operon as RSP_3095, was detected and its
levels strongly increased in the transition phase and even
further in the stationary phase (Table 2).

Conclusions

Particularly among the α-proteobacteria, how adaptation
to stationary phase is regulated and coordinated is poorly
understood. Our study reveals a small number of genes
in R. sphaeroides that change their expression according
to the growth phase in an oxygen-independent manner.
We found that the expression of sitABCD (manganese
uptake), phaP (phasin), cerI (quorum sensing) and
RSP_3095 (sigma factor) all play a role in normal growth
in carbon limiting medium. These results reveal a consid-
erable contrast to the γ-proteobacterium E. coli and
Gram-positive B. subtilis and C. glutamicum adaptations
to the stationary phase, which rely on alternative sigma
factors and remodelling of the transcriptome for the adap-
tation to stationary phase. Rhodobacter sphaeroides
contains multiple genes encoding sigma factors, and we
showed that one of these, RSP_3095, showed an
expression profile like that of rpoS of E. coli. However,
the influence of RSP_3095 on R. sphaeroides growth
was minimal. Rather, the largest influence on growth
came from the Cer QS system. Growth was very poor in
the absence of AHLs or in the presence of (weak) consti-
tutive expression of CerR, the putative AHL receptor.
These results imply that QS regulation somehow controls
growth, as is the case with QS in S. meliloti
(Charoenpanich et al., 2015). Like all α-proteobacteria, S.
meliloti lacks RpoS. Instead, QS in this bacterium con-
trols almost 9% of the transcriptome, a figure that is simi-
lar to the RpoS transcriptome of E. coli (Hengge, 2011).
The QS regulon of the γ-proteobacterium P. aeruginosa
is also comparable in size, and much of it is co-regulated
by RpoS (Schuster et al., 2004). Therefore, we speculate
that in the absence of RpoS, the α-proteobacteria may
use QS to regulate at least some of the adaptation to sta-
tionary phase, such as the appropriate restraint of growth
in the face of limited resources and overcrowding. How-
ever, QS alone is unlikely capable of restraining the
growth of R. sphaeroides, since AHL accumulation
occurs in the exponential phase, long before the transi-
tion to the stationary phase. It seems likely that R.
sphaeroides adaptation to stationary phase does not rely
on one major regulatory factor such as an alternative
sigma factor or QS which senses environmental change
and drives growth adaptation, but rather the integration
and coordination of multiple factors, each capable of
responding to environmental changes and impacting
growth adaptation and survival. Four examples uncov-
ered in this study are the SitABCD Mn uptake system,
the production of PHA, the Cer QS system and the

RSP_3095 alternative sigma factor. The transcript levels
of genes responsible for these processes increased
strongly during the transition phase, and we found that
this was important for the growth of R. sphaeroides.

While this study focused on those genes whose tran-
script levels clearly change during the transition to sta-
tionary phase, we recognize that gene transcript levels
and their protein products do not always correlate. Fur-
thermore, genes whose transcripts are not upregulated in
the transition phase also may play an important role in
adaptation to stationary phase. For example, although
the RpoH/RpoE sigma factors did not appear among our
candidates with changed expression in the transition
phase (see Fig. 4 for the promoter activity of rpoH1),
deletions of these sigma factor genes cause poor growth
under standard growth conditions (Nuss et al., 2009;
Nuss et al., 2010; Remes et al., 2017). Finally, our analy-
sis did not consider all genes with increased transcript
levels in the transition phase. Several other genes identi-
fied in our set-up as upregulated in the transition phase
have no known function and provide interesting candi-
dates for future studies. The novel method described in
this study, which combines a suicide vector to selectively
alter gene expression, promoter::reporter fusions for
monitoring expression activity, and an automated assay
to monitor growth and promoter activity, provides an
attractive tool for elucidating the role of these
uncharacterized genes.

Materials and methods

Bacterial strains, plasmids and growth conditions

Rhodobacter sphaeroides 2.4.1 and mutant derivatives
are listed in Table S4, along with all the plasmids used in
this study. Rhodobacter sphaeroides was grown at 32
�C in liquid defined medium containing malate as the car-
bon source (Remes et al., 2014). For highly aerated
growth conditions, bacteria were grown in 125 ml of
medium in 500 ml Erlenmeyer baffled flasks (20% v/v)
stopped with prefabricated cellulose plugs. For low aer-
ated cultures, the conditions were comparable except
that the volume of medium used in the 500 ml Erlen-
meyer flasks was 400 ml (80% v/v). Flasks were con-
stantly shaken in the dark (140 rpm). Pre-cultures that
were in the exponential phase at OD660nm 0.6–0.7 were
used to inoculate fresh medium to OD 0.2 to initiate the
main cultures. Oxygen tension was monitored using an
oximeter GMH 3610, Greisinger electronics, Germany.

Growth in 96-well plate

For 96-well plate cultures, transparent Greiner bio-one
plates were inoculated with culture (0.1 ml per well),
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covered with a transparent Greiner bio-one lid with con-
densation rings and constantly shaken in a Tecan Infinity
plate reader, incubated at 32 �C with automated mea-
surements of optical density (OD660 nm) and fluorescence
(for mVenus, ex 515 nm, em 548 nm) at 1-h intervals for
up to 24 h. One important point to note with growth in a
96-well plate was the dilution of the standard minimal
medium 1:2 with water. This ensured that cultures were
well aerated, an important prerequisite for the maturation
of the oxygen-dependent fluorescent proteins (Takahashi
et al., 2005; Nomata and Hisabori, 2018).

RNA isolation and quantification were performed as
described previously (Remes et al., 2017) using RT-PCR
and primers listed in Table S3. Briefly, log2 fold change
values represent the changes in mRNA abundance at
each time point (8, 11 and 28 h). This was determined by
calculating the level of each target mRNA relative to that
of rpoZ (as the reference gene) at each time point. The
log2 fold change was then obtained by calculating the
fold change relative to the mRNA abundance in the early
exponential phase (4 h). For this experiment, 8 h was
near the end of the exponential phase, 11 h was in the
middle of the transition phase and 28 h represents the
stationary phase.

MA, library construction and read sequencing, read
mapping and coverage plot construction have been
previously described in detail (Remes et al., 2017). For
the construction of the MA plots, genes were only
included if the detected changes in the average signal
intensity [A-value: 1/2 log2 (Cy3 × Cy5)] was above the
average background signal. Amount of RNA in the expo-
nential phase under low and highly aerated conditions
was used to normalize the RNA levels at all other
phases, i.e., transition phase (trans), stationary phase
(stat) and outgrowth (lag), using locally weighted smooth-
ing (LOESS) provided by the Bioconductor package
Limma for R.

Northern analysis was performed as described previ-
ously (Berghoff et al., 2009; Billenkamp et al., 2015).

Generation of mutants and fusion of the cerI promoter to
mVenus

For fusion of the promoters to mVenus, the primers for
the promoter regions (Table S3) were used to amplify a
fragment containing 300–400 bp upstream of each start
codon plus the first 1–9 codons of the coding region. This
fragment was fused to the mVenus gene in the vector
pPHU231 as previously described (Charoenpanich et al.,
2013). For the construction of knockdown and constitu-
tive expression mutations, ≈350 bp of each gene of inter-
est were cloned into the suicide vector pK18mobII
(Schafer et al., 1994) using the primers listed in
Table S3. This 350 bp fragment contained the RBS,

translation start and the following nucleotides of the cod-
ing region. Located immediately downstream of this
350 bp fragment in pK18mobII was the rpoC/thrA tandem
terminator (Harrison et al., 2011). Following conjugation
of the plasmid into R. sphaeroides using the E. coli strain
S17-1 (Simon et al., 1983), homologous recombination
(single cross-over) between the cloned fragment in the
suicide vector and the genomic copy of the target gene
resulted in two incomplete copies of the target gene. See
Fig. S3 for an explanatory diagram. The difference
between knockdown and constitutive expression mutants
was that the pK18mobII construct for the constitutive
expression additionally contained a 113 bp fragment that
contained the promoter of the 16S gene of R.
sphaeroides, a promoter which was previously used for
controlled, constitutive expression in this bacterium
(Mank et al., 2012). This fragment was inserted immedi-
ately upstream of the 350 bp fragment (see Fig. S3). All
R. sphaeroides mutants and plasmids used in this study
are listed in Table S4.

Protein sample preparation and mass spectrometry

Pelleted cells were harvested from liquid cultures, lysed
in SDS buffer (4% w/v SDS in 0.1 M Tris/HCl, pH 7.6),
heated at 70 �C for 5 min and sonicated to shear DNA.
Cell debris was removed by centrifugation at 16 000g for
10 min prior to the estimation of protein concentration by
DC protein assay (Bio-Rad). Solubilized proteins were
precipitated by 4 volumes of acetone at −20 �C for 1 h,
pelleted at 14000 g for 10 min and washed with 90% v/v
acetone. Samples were dried to remove acetone
completely and dissolved in urea buffer (6 M urea, 2 M
thiourea, 10 mM Hepes, pH 8.0). Enzymatic fragmenta-
tion of proteins was performed by in-solution digestion
(Ong and Mann, 2006). In brief, protein disulphide bonds
were reduced with 1 mM dithiothreitol and alkylated with
5.5 mM iodoacetamide. Next, proteins were cleaved
enzymatically by Lys-C (protein to enzyme ratio 100:1)
(Wako Chemicals GmbH) at room temperature for 3 h
prior to diluting samples to 2 M urea/thiourea by adding
50 mM ammonium bicarbonate. Proteins were further
digested by trypsin (protein to enzyme ratio 100:1)
(Promega) at room temperature overnight and the
resulting mixture of peptides were desalted and concen-
trated by stop and go extraction (STAGE) tips
(Rappsilber et al., 2003).

For mass spectrometry (MS) analysis, peptides were
eluted from STAGE tips by solvent B (80% v/v acetoni-
trile, 0.1% v/v formic acid), dried down in a SpeedVac
Concentrator (Thermo Fisher Scientific) and dissolved in
solvent A (0.1% v/v formic acid). Peptides were sepa-
rated using a UHPLC system (EASY-nLC 1000, Thermo-
Fisher Scientific) and 20 cm in-house packed C18 silica
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columns (1.9 μm C18 beads, Dr. Maisch GmbH) coupled
in line to a Q-Exactive HF orbitrap mass spectrometer
(ThermoFisher Scientific) using an electrospray ionization
source. A gradient of 240 min was applied using linearly
increasing concentration of solvent B (80% v/v acetoni-
trile, 0.1% v/v formic acid) over solvent A (0.1% v/v formic
acid) from 5% to 30% for 215 min and from 30% to 60%
for 5 min, followed by washing with 95% v/v of solvent B
for 5 min and re-equilibration with 5% v/v of solvent B.
Full MS spectra were acquired in a mass range of

300–1750 m/z with a resolution of 60 000 at 200 m/z.
The ion injection target was set to 3 × 106 and the maxi-
mum injection time limited to 20 ms. Ions were fragmen-
ted by high-energy collision dissociation using a
normalized collision energy of 27 and an ion injection tar-
get of 5 × 105 with a maximum injection time of 20 ms.
The resulting tandem mass spectra (MS/MS) were
acquired with a resolution of 15 000 at 200 m/z using
data dependent mode with a loop count of 15 (top15).
MS raw data were processed by MaxQuant (1.5.3.12)

(Cox and Mann, 2008) using the Uniprot database for R.
sphaeroides containing 17 687 entries (release date July,
2016). The following parameters were used for data
processing: Maximum of two miss cleavages, mass toler-
ance of 4.5 ppm for main search, trypsin as digesting
enzyme, carbamidomethylation of cysteines as fixed
modification, oxidation of methionine and acetylation of
the protein N-terminus as variable modifications. For pro-
tein quantification, the LFQ function of MaxQuant was
used. Peptides with a minimum of seven amino acids
and at least one unique peptide were required for protein
identification. Only proteins with at least two peptides and
at least one unique peptide were considered as identified
and were used for further data analysis.

Detection of AHLs

For the detection of AHLs, aliquots of liquid cultures were
taken at regular time intervals, centrifuged to remove cells,
and the supernatants were added at a 1:9 ratio to cultures
of an S. meliloti AHL indicator strain (Smais). In this strain,
the AHL synthase gene, sinI, is disrupted and the promoter
of sinI, previously shown to be highly sensitive to the pres-
ence of AHLs (McIntosh et al., 2019), was fused to the
gene coding for the fluorescent protein mCherry.
RNA sequencing and analysis was performed as

previously described (Remes et al., 2014). Briefly, RNA
was poly(A)-tailed and the 50PPPs were removed using
tobacco acid pyrophosphatase. RNA was then ligated to
the RNA adapter. First-strand cDNA was produced from
the RNA using an oligo(dT)-adapter primer and m-MLV
reverse transcriptase. The cDNA was PCR-amplified,
purified and then sequenced with an Illumina HiSeq
machine. The adapter sequences were removed from the

sequence reads in Fastq format, and these were
converted to Fasta. Read processing, generation of sta-
tistics, gene-wise read counting, reads per kilobase mil-
lion (RPKM), coverage calculations and normalization
were performed using READemption (Forstner et al.,
2014) using segemehl version 0.1.3 (Hoffmann et al.,
2009) for read alignments. Gene expression analysis
was via DESeq 1.12.0 (Anders and Huber, 2010) and
included only those genes that showed an RPKM value
of ≥5.0 (Mortazavi et al., 2008). A shell script that covers
the main RNAseq data processing steps is deposited at
https://zenodo.org/record/34192 (doi: 10.5281/
zenodo.34192).

Accession number(S)

Bo th the microarray data and the RNAseq data are avail-
able at the NCBI GeneExpression Omnibus database
under accession numbers GSE75345 and GSE71844,
respectively.
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