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Complex general stress response 
regulation in Sphingomonas melonis 
Fr1 revealed by transcriptional 
analyses
Lisa Gottschlich, petra Geiser, Miriam Bortfeld-Miller, Christopher M. Field & Julia A. Vorholt  

The general stress response (GSR) represents an important trait to survive in the environment by 
leading to multiple stress resistance. In alphaproteobacteria, the GSR is under the transcriptional 
control of the alternative sigma factor EcfG. Here we performed transcriptome analyses to investigate 
the genes controlled by EcfG of Sphingomonas melonis Fr1 and the plasticity of this regulation under 
stress conditions. We found that EcfG regulates genes for proteins that are typically associated with 
stress responses. Moreover, EcfG controls regulatory proteins, which likely fine-tune the GSR. Among 
these, we identified a novel negative GSR feedback regulator, termed NepR2, on the basis of gene 
reporter assays, phenotypic analyses, and biochemical assays. Transcriptional profiling of signaling 
components upstream of EcfG under complex stress conditions showed an overall congruence with 
EcfG-regulated genes. Interestingly however, we found that the GSR is transcriptionally linked to 
the regulation of motility and biofilm formation via the single domain response regulator SdrG and 
GSR-activating histidine kinases. Altogether, our findings indicate that the GSR in S. melonis Fr1 
underlies a complex regulation to optimize resource allocation and resilience in stressful and changing 
environments.

Adaptability to fluctuating, stressful environmental conditions is a crucial trait for survival and fitness. In order 
to withstand a broad spectrum of stress stimuli, bacteria often utilize specific stress responses, as well as a general 
stress response (GSR) acting on a global level to provide cross-protection1–4. In general, the GSR integrates a 
variety of different environmental signals via sigma factor-mediated transcriptional control5. Stress-dependent 
alternative sigma factors compete with the housekeeping sigma factor for binding to the RNA polymerase to 
redirect transcription towards stress response genes. SigmaS is conserved in beta-, gamma- and deltaproteobac-
teria6 and has been studied in detail in Escherichia coli3,7–9, while SigmaB regulates the GSR in Bacillus subtilis 
and in other selected Gram-positive bacteria10–12. The alphaproteobacterial GSR is controlled by an ECF (extra-
cytoplasmic function) sigma factor1,2,13,14 and has been analyzed for example in Sphingomonas melonis Fr115–18, 
Methylobacterium extorquens19–23, Bradyrhizobium diazoefficiens20,24,25, Sinorhizobium meliloti26–29, Brucella abor-
tus30,31, and Caulobacter crescentus32–38. These bacteria occupy different niches in nature and experience multiple 
stresses under environmental conditions but share core regulators of the GSR (Fig. 1A). This global stress response 
in alphaproteobacteria is triggered at the posttranslational level by protein-protein interaction after phosphoryla-
tion of the response regulator PhyR (phyllosphere-induced regulator) (Fig. 1A)17,23,37. The response starts with the 
direct or indirect activation of PhyR or its orthologues in other alphaproteobacteria by signal-integrating histi-
dine kinases, which mainly belong to the HWE/HisKA2 family4,16,18,28,31,35,39. Upon phosphorylation at its receiver 
domain, the PhyR output domain becomes accessible. The latter resembles the ECF sigma factor and sequesters 
its anti-sigma factor, termed NepR (Fig. 1A). As a consequence of the partner switch, the alternative sigma factor 
EcfG is released and binds to the RNA polymerase to redirect transcription17,23,37,40. Despite the conserved GSR 
activation mechanism, different alphaproteobacteria may harbor paralogues of some of the core regulators, as is 
the case for M. extorquens19 and S. meliloti27.

As mentioned above, the activation of PhyR orthologues by kinases might be indirect. In fact, we recently 
showed that the phyllosphere commensal S. melonis Fr141 harbors the bi-functional PhyR-phosphotransferase 
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PhyT42, formerly PhyP15, which takes part in a GSR-activating phosphorelay together with the single domain 
response regulator SdrG16,42,43 (Fig. 1B,C); in addition, PhyT also prevents lethal overactivation of the GSR15,42. 
Notably, in a recent study, a GSR-activating phosphorelay has also been discovered in C. crescentus35, showing that 
such phosphorelays are more widespread than initially thought.

Several studies have provided knowledge about the transcriptional output of the GSR in different alphapro-
teobacteria20,24,26,30–34,44,45. Genes depending on the alternative sigma factor EcfG or its orthologues encode pro-
teins that can, for example, be associated with envelope modulation, signal transduction, and stress protection1,2. 
Because the signaling cascade upstream of the GSR has been thoroughly investigated in S. melonis Fr1 and the 
alphaproteobacterium harbors only one EcfG paralogue, it provides an ideal model to analyze the GSR as a func-
tion of the upstream signaling proteins such as SdrG and the seven identified GSR-activating histidine kinases 
(Paks)16 after stress exposure. In the course of the study, we identified genes, which are regulated by EcfG and 
investigated stress-induced changes. The transcriptional analyses also indicated a counter regulation of the GSR 
with other cellular processes, i.e. motility and biofilm formation. In addition, we identified the negative GSR 
feedback regulator NepR2 (Fig. 1B,C).

Results and Discussion
Identification of EcfG-dependent genes under low stress conditions. Substantial knowledge has 
been acquired regarding the GSR-inducing signaling pathway in S. melonis Fr1, which involves the Pak-SdrG-
PhyT-PhyR phosphorelay15–18,42,43 (Fig. 1B,C). However, little is known about the genes regulated by the GSR-
controlling sigma factor EcfG. Here, we performed transcriptome analyses to identify the total number of genes 
whose expression is significantly influenced (directly or indirectly) by the alternative sigma factor (cutoff: log2 
fold change ratio < [−1] and > 1, fdr < 0.05).

To characterize genes under EcfG control under low stress conditions, we first compared the transcriptomes 
of the ΔecfG mutant and the wild-type strain grown in TYE medium, which has previously been shown to trigger 
only a low level of stress response using reporter gene assays42. Under this condition, we identified about 200 
genes (Table S1), which represent about 5% of all S. melonis Fr1 genes.

As expected, most of the EcfG-regulated genes were downregulated in the ΔecfG mutant compared to the wild 
type (Table S1). Several of these genes encode typical proteins associated with stress protection. In this respect, 
the differentially regulated genes include for example two catalases (#2489, #2832)46, a thioredoxin reductase 
(#2618)47, a peroxiredoxin (OsmC subfamily) (#2673)48, a NADH:flavin oxidoreductase (Old Yellow Enzyme 
family) (#2219)49, and two DNA-binding ferritin-like proteins (#1813, #2221)50, which are likely to play a role in 
oxidative stress protection. We also identified a ‘Ku’ protein-encoding gene (#1102), which is likely to be involved 
in DNA repair51–53. Our analyses also revealed EcfG-dependent genes, whose gene-products are known to be 
involved in the protection from salt and osmotic stress. These include amongst others small-conductance mech-
anosensitive channels (MscS) (#0242, #1832). In B. subtilis for example, the MscS-type YkuT is regulated by 
SigmaB and contributes to the protection to hypo-osmotic shock54. Transcriptional control of the osmoprotectant 

Figure 1. Regulation of the GSR. (A) Simplified version of the GSR regulation in alphaproteobacteria1,2. (B) 
GSR regulation in S. melonis Fr1. Activation of the GSR via the Pak-SdrG-PhyT-PhyR phosphorelay42 triggers 
the release of the alternative sigma factor EcfG via a partner-switching mechanism due to binding of the 
anti-sigma factor NepR to the phosphorylated anti-sigma factor antagonist PhyR15. EcfG binds to the RNA 
polymerase and activates transcription of the GSR-regulated genes. Direct PhyR phosphorylation by the Paks 
is represented by a dotted line, because it plays a minor role in vivo42. The role of NepR2 as a negative feedback 
regulator of the GSR and the connection of the response to motility and biofilm formation are also indicated. 
(C) Genes encoding GSR regulators in S. melonis Fr1.
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trehalose represents another strategy to cope with osmotic stress, as has for example been reported for the alp-
haproteobacteria Rhodobacter sphaeroides IL10655 or for B. diazoefficiens24, in which trehalose production 
is controlled by the GSR24. In S. melonis Fr1, the EcfG-dependent trehalose biosynthesis gene cluster (#1273-
6) consists of a malto-oligosyltrehalose synthase-, a 4-alpha-glucanotransferase-, a malto-oligosyltrehalose 
trehalohydrolase-, and a glycogen debranching enzyme (GlgX)-encoding gene. Our analyses confirmed that the 
GSR core regulators PhyR, NepR and PhyT15,42, as well as a small number of additional regulators, including an 
orphan signal-sensing hybrid histidine kinase (#1746), depend on EcfG under low stress conditions.

We identified 33 genes that are upregulated in the ΔecfG mutant compared to the wild type. These genes could 
be subject to indirect regulation by EcfG, for example via sigma factor competition56,57. One of the affected genes 
encodes a protein annotated as a membrane-bound Fe2+-dicitrate sensor (#1210), belonging to the ‘FecR super-
family’ (NCBI Conserved Domain Search). The genetic locus of this putative FecR-type regulator also includes a 
RNA polymerase sigma factor (sigma-70 family) (#1209) and a protein annotated as an outer membrane receptor 
for ferrienterochelin and colicins (#1208)58,59, suggesting that these proteins might participate in the regulation 
of iron homeostasis and therefore potentially counteract the production of reactive oxygen species60 during an 
activated GSR.

Classification of EcfG-regulated genes under low stress conditions with Clusters of Orthologous Groups 
(COG) categories61 retrieved from the Integrated Microbial Genomes with Microbiome Samples system (IMG/M: 
https://img.jgi.doe.gov/m/)62 (Fig. S1, Table S2), revealed that the GSR also causes an adaptation of more general 
processes like metabolism, transport, and envelope modulation. In addition, we found that about 40% of the 
EcfG-dependent genes cannot be associated with a specific function, revealing the potential to discover novel and 
possibly critical functions of the GSR in S. melonis Fr1.

Altogether, our data suggest that the GSR in S. melonis Fr1 adjusts multiple cellular pathways by controlling a 
core set of genes under low stress conditions, which enable a rapid counteraction as a first line of defense until the 
enhanced and full response is mounted.

Identification of putative EcfG-binding sites. Because the regulation by the alternative sigma factor 
EcfG can be direct or indirect, we conducted an EcfG-motif search using the GLAM2Scan software63, which 
is part of MEME Suite64, as described in Experimental Procedures. Based on the 50 genes with the best scor-
ing motifs within the genes differentially regulated in an EcfG-dependent manner, we constructed the gapped 
EcfG-binding motif GGAAC-N17–20-GTT (Fig. 2A). As expected, the motif matches the consensus proposed to 
be recognized by EcfG alternative sigma factors13,15,19,20,24,26,32,65, but is more specific for S. melonis Fr1.

We used this motif to identify putative EcfG-binding sites throughout the S. melonis Fr1 genome. This analysis 
revealed that potential EcfG-binding sites, corresponding to the best-scoring identified motifs (Table S3), occur 
in the upstream region of the start of the predicted coding sequences (CDS) throughout the whole genome, but 
accumulate upstream of genes that were regulated in an EcfG-dependent manner (Fig. 2B). Based on a direct 
comparison of the upstream regions of the positively EcfG-controlled genes with the motif GGAAC-N17–20-GTT, 
we decided to use a motif score cutoff value of 10 to differentiate between potential direct and indirect targets of 
the alternative sigma factor (Table S3). It also became obvious that the motifs of the EcfG-controlled genes seem 
to be enriched within the first 100 bp upstream of the start of the predicted CDS (Fig. 2C).

From this we conclude that all of the 166 positively EcfG-regulated genes with a matching motif located at a 
distance of up to 100 bp upstream of the start of the predicted CDS are likely to be direct targets of the alterna-
tive sigma factor, which includes about 35% of the respective genes under low stress conditions (Table S3). If we 
include genes, which are potentially encoded in operons with putative direct EcfG target genes, this percentage 
even increases. However, the number of EcfG targets might still be underestimated, since genes with a matching 
motif, which is located further upstream than 100 bp from the start of the predicted CDS could also represent 
potential direct targets of the alternative sigma factor. The motif scores and the distances to the start of the pre-
dicted CDS of the 50 genes with the most severe transcriptional differences between the ΔecfG mutant and the 
wild-type strain, only focusing on genes with an apparent positive regulation by EcfG, are visualized in Table 1.

We successfully validated the EcfG-dependency of genes identified in the course of the transcriptome anal-
yses with β-galactosidase assays (Fig. 3), testing the upstream region of a ‘Ku’ protein-encoding gene (#1102) 
as a potential direct target and the upstream regions of a glycogen debranching enzyme (GlgX)- (#1276), a 
Zn-dependent alcohol dehydrogenase- (#2499) and a glycosyltransferase-encoding gene (#3505) as putative indi-
rect targets of the alternative sigma factor EcfG.

Adaptation of the GSR after exposure to a stress mix. Next, we investigated the GSR of S. melonis Fr1 
in response to a complex stress stimulus, ensuring activation of multiple stress-integrating Paks16. Therefore, we 
applied a stress mix inducing salt (80 mM sodium chloride), ethanol (1% ethanol), and oxidative stress (50 µM 
tert-butyl hydroperoxide), which was already used in a previous study to activate the GSR in S. melonis Fr142. 
First, we performed β-galactosidase assays (Fig. S2) with the EcfG-dependent nhaA2p-lacZ reporter16 after 
encountering this stress mix or the corresponding individual stress stimuli. Indeed, we could validate GSR acti-
vation under the tested conditions.

The results of the transcriptome analyses of the wild-type strain and the ΔecfG mutant revealed an adaptation 
to the encountered stress mix (Fig. 4, Table S4). The majority of genes that were significantly downregulated in 
the ΔecfG mutant compared to the wild type under the low stress conditions showed an increased differential 
transcription (expressed as log2 fold change ratios) after exposure to the stress mix (Fig. 4, scatter plot, red circle). 
As expected, this shift in log2 fold change ratios was mainly based on an upregulation of the respective genes in 
the wild type (Table S4), which is likely to underlie an increased level of free EcfG after the stress exposure, but 
which could also be influenced by stress-dependent additional regulators in the wild type. From these results we 
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conclude that EcfG contributes to a pre-adjustment of the bacteria to potential future stress encounters under low 
stress conditions.

In contrast to 17 genes that were significantly regulated only under low stress conditions, the number of genes 
under EcfG control extended to an additional set of 119 genes that were significantly regulated after exposure to 
the stress mix (Fig. 4, Venn diagram), of which about 40% could not be associated with a specific function. In 
total, 73 out of these 119 genes were significantly downregulated in the ΔecfG mutant compared to the wild type. 
In addition to several genes associated with general processes such as metabolism, transport, and envelope modu-
lation, we also found stress protection associated protein-encoding genes. These candidates were mainly related to 
oxidative stress protection, including a glutathione S-transferase (#2403)66, a NADH:flavin oxidoreductase (Old 
Yellow Enzyme family) (#0186)49 and a catalase/peroxidase (HPI) (#2722)67. The genes significantly regulated in 
response to the stress mix also included additional signal transduction protein-encoding genes, including two 
single domain response regulators68 (#2801, #0512), of which the latter has been identified as PkrB and is associ-
ated with the GSR-activating histidine kinase PakB (#0513)16. In contrast to EcfG-dependent gene regulation in 
the wild type after exposure to the stress mix, we also identified a small number of genes (18 in total) which are 
transcriptionally regulated in the ΔecfG mutant. These genes are indicated by open circles in the scatter plot in 
Fig. 4.

Exposure to the stress mix resulted in 46 additional genes significantly upregulated in the ΔecfG mutant com-
pared to the wild type. In addition to many genes encoding proteins associated with metal transport, we identified 
another putative FecR-type regulator encoded next to a RNA polymerase sigma factor (sigma-70 family) (#2100-
1). As mentioned above, this apparent negative regulation by EcfG after stress mix exposure might be caused by 
sigma factor competition56,57 and might reflect a further adaptation to lower the risk of production of reactive 
oxygen species under stress conditions60.

In addition to the genes regulated in an EcfG-dependent manner, we observed downregulation of multi-
ple genes encoding proteins associated with motility and biofilm formation 1 h after exposure to the stress mix 
in the ΔecfG mutant, but also in the wild type (visualized in cluster III of the heat map in Fig. S3, Table S5). 
These genes include Flp pilus- and Flagellin-encoding genes, as well as genes encoding c-di-GMP and chem-
otaxis regulation-associated proteins. Interestingly, exposure to the individual components of the stress mix 
does not induce the observed downregulation (cluster III in Table S5). Further analysis revealed that this 
EcfG-independent regulation is dependent on the GSR key regulators SdrG and the Paks (see below).

Figure 2. Search for direct target genes of EcfG. (A) A novel EcfG-binding motif more specific for S. melonis 
Fr1 was created to identify direct targets of the alternative sigma factor. For details see Experimental Procedures. 
(B) Putative EcfG-binding motifs can be identified throughout the genome, but high scoring motifs accumulate 
upstream of genes regulated by EcfG. A higher scoring motif is more likely to represent a direct target for the 
alternative sigma factor. (C) The best-scoring motifs for the EcfG-regulated genes accumulate within a distance 
of 100 bp to the start of the predicted coding sequence.
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Transcript 
ID Predicted function Sequence of putative EcfG-binding motif

Distance to start of the 
predicted CDS

Motif 
score

log2 
ratio

#0072 ‘cAMP-binding proteins - catabolite gene activator and 
regulatory subunit of cAMP-dependent protein kinases’ GGAACGTTACGCCCCCGATCCGTGTT 10 13.9 −3.5

#0098 ‘hypothetical protein’ GGAACAATGCGGGGCCCGTGCGCTTT 29 14.1 −3.2

#0597* ‘probable methyltransferase’ GGAACGGCAGGACGGCGTGTGGACGCGCT 448 6.03 −3.9

#0598 ‘TIGR03440 family protein’ GCAACTCTTTGAGCTGTCATGCGCT 52 6.61 −4.0

#0628 ‘Outer membrane protein V' GGAAAGATTCCGCAACCGCTGCGTT 76 11.9 −3.3

#0787 ‘hypothetical protein’ GGAACGATAGCGGAAACAGGCGGTT 54 18.1 −3.2

#1028 ‘Uncharacterized protein conserved in bacteria’ GCACCTCAGGCGGCGCCTCCGCCCGTT 448 8.49 −3.3

#1060 ‘hypothetical protein‘ GGAACAAGCGGTCGCAGCCTGTGGTT 41 15.4 −3.9

#1102 'Ku protein, prokaryotic' GGAACGACTCTTTCTCCCATGAATT 30 10.2 −3.2

#1274* ‘4-alpha-glucanotransferase’ CGATCCGCAGGCGCGCGCACGCATT 311 6.55 −3.5

#1275* malto-oligosyltrehalose trehalohydrolase' GGCAGAACCCCGAAGGCCGCGCGCT 234 2.97 −3.3

#1276 ‘glycogen debranching enzyme GlgX’ GGGACCTTCCATGCTGCGCCTGCGTT 167 5.11 −3.1

#1281 ‘Predicted outer membrane protein’ GGAACGCAGCGCCGCGTCCGAACGTT 27 16.1 −7.3

#1282 ‘Domain of unknown function (DUF3597).’ GGAGCATTCGGCGCGCATCGACGTT 47 7.8 −3.9

#1297 ‘Aerobic-type carbon monoxide dehydrogenase, large subunit 
CoxL/CutL homologs’ GCAACCCGGCGGTGGAGGCCGCTTT 151 9.05 −3.3

#1298* 'Aerobic-type carbon monoxide dehydrogenase, middle subunit 
CoxM/CutM homologs' GGCACGCCCGACGACCTCCACCCGCT 294 8.05 −4.5

#1299 ‘Aerobic-type carbon monoxide dehydrogenase, small subunit 
CoxS/CutS homologs’ GGAACGGATGCCAGCAGCATCCCGGT 93 8.84 −4.8

#1442 ‘Predicted small secreted protein’ GGAACGAATGGCCCGACCGATCATT 30 16.9 −4.7

#1444 ‘hypothetical protein’ GGAACCAACGAACGCGACTTTGGTT 92 10.9 −3.4

#1446 ‘hypothetical protein’ GGACCCAAAACGGGTTTCGGGGGTT 2 9.76 −6.2

#1462 ‘Uncharacterized protein conserved in bacteria’ GCATCCATTTGGAACACGGGTCGTT 31 7.33 −6.1

#1478 ‘PRC-barrel domain.’ GGAACCGGCGCGGCCACAAGGCGGTT 27 18.1 −4.5

#1484 ‘hypothetical protein’ CGAACTCGTGGCCCGCGTCAGCGCGGT 444 3.54 −5.1

#1611* ‘Raf kinase inhibitor-like protein, YbhB/YbcL family’ GCGACGAACGCATCCGCCGCCGATT 240 8.51 −3.2

#1612 ‘hypothetical protein’ GCAACCGCCGGGGCCTGTCTTGCGTT 2 15.9 −3.5

#1750 ‘Glycosyltransferase’ GGAACAACTCCGCCACGCCGGAGTA 69 12.7 −3.8

#1751 ‘Glycosidases’ GGAACCCCCTCGCCCCTCCTCCGTT 26 21.3 −3.4

#1765 ‘NAD-dependent aldehyde dehydrogenases’ GGATCGCGTGCCGGGCCTGCGCGTT 8 19.2 −4.4

#1831 ‘Topoisomerase IB’ GGAACCGTGCGCGTCGCCTGGGCATT 24 17.9 −3.5

#1836 ‘Uncharacterized stress protein (general stress protein 26)’ GCAACCAACCCCCGATGCGCTCGTT 34 16.7 −4.2

#1930 ‘hypothetical protein’ GGAACCCTTACCGATGCACGCCGTT 154 18.3 −4.8

#2026 ‘hypothetical protein’ GGAACTTCGGTCCAAATGGTGCGTT 35 13.1 −6.1

#2180 ‘hypothetical protein’ GGAACCGCCGAGCGGATCGCGCGTT 270 20.4 −6.3

#2452 ‘hypothetical protein’ GATACGCCCGCGATCCCAACGCGTT 28 7.71 −3.6

#2489 ‘Catalase.’ CGATCGGCTGCGGCATCTGCGCATT 296 8.83 −3.7

#2499 ‘Zn-dependent alcohol dehydrogenases’ GGCACGGCGCTGTGCGACGCCGGCT 470 6.61 −3.2

#2509 ‘hypothetical protein’ GAAACGCCCGCCCAGCCCAGCCAGCCGGT 450 4.68 −4.3

#2510 ‘hypothetical protein’ GCAACCCGCTGGGCTGCGGGACGTT 25 14 −4.1

#2527 ‘Outer membrane protein’ GGATCAACCGCGGGGGACGGCCGTT 440 18.4 −4.7

#2528* ‘Uncharacterized protein conserved in bacteria’ GCGACGCGCTGGCGCCATCGCGCCGCT 337 6.02 −4.3

#2534 ‘hypothetical protein’ GGAACGGCTCCATTCCTGACCAGTT 8 12.5 −4.2

#3063 ‘Protein required for attachment to host cells’ GCAACCCGCCCGCCTCGGCTGCGTT 34 16.9 −3.9

#3142 ‘hypothetical protein’ GGAACCGGTATCGCCTGCGTAACGTT 49 10.7 −3.3

#3266 ‘Uncharacterized conserved protein’ GGTGCGCCGGCGTGCGCTCGCCGCT 157 3.33 −3.2

#3278 ‘hypothetical protein’ CGAACCGTTTCCCCCGTCCGCTCGTT 28 14.2 −3.2

#3404 ‘Predicted integral membrane protein’ GGAACAGATGCTGGCCCAGCGCCTCGTC 308 6.8 −3.3

#3506* ‘Predicted glycosyl transferase’ GCCACGCCCCGGCCTGCTGCGCGTG 92 6.27 −3.3

#3507* ‘Predicted glycosyltransferases’ GGCTCGAAGCGCTCGCCGACCGGTT 51 6.97 −3.4

#3508* 'Glycosyltransferase' GAAACCTTCCTGCGCGTCGGCGGCT 400 11.3 −3.7

#3509* ‘Exopolysaccharide biosynthesis protein’ GGTCGTCGGCGACGCCGGCCGGTT 171 5.26 −4.3

Table 1. The top positively EcfG-regulated genes under low stress conditions. The table indicates transcript 
IDs (refering to Sphme2DRAFT numbers), predicted function, sequence of the putative EcfG-binding motif, 
distance (number of nucleotides) of the putative motif to the start of the predicted coding sequence (CDS), 
score of the identified putative EcfG-binding motif according to GLAM263 (see also Experimental Procedures) 
and log2 fold change ratios of the top 50 genes regulated in an EcfG-dependent manner under low stress 
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Congruency and divergence of gene regulation by the GSR key regulators. In order to obtain 
additional information on the regulatory impact of PhyR, SdrG, and the Paks (Fig. 1B,C) on the GSR, we ana-
lyzed the transcriptomes of a ΔphyR, a ΔsdrG, and a complete Δpak mutant after exposure to the stress mix and 
compared them to that of the ΔecfG mutant. This comparison is visualized in the heat map in Fig. 5 (Table S6), 
which is normalized to the wild type. We found 304 genes that were differentially regulated by PhyR compared to 
301 genes that are under EcfG control under the tested condition (Fig. S4, Table S7). The number of overlapping 
genes was 282. Additionally, a small group of 22 genes was only significantly regulated in the ΔphyR mutant, 
while 19 genes were only identified to be significantly regulated in the ΔecfG mutant. The substantial overlap of 
the genes regulated by PhyR and EcfG, respectively, underlines the tight partner-switching mechanism triggered 
by PhyR23. We found that ecfG is downregulated in the ΔphyR mutant. This suggests that the alternative sigma 
factor is autoregulated similarly to EcfG orthologues in other alphaproteobacteria24,26,32,44,45 and many ECF-type 
sigma factors in general13,14,65,69–72.

The tested GSR key regulators, EcfG, PhyR, SdrG, and the Paks, have 219 significantly regulated genes in 
common (Fig. S4, Table S7). This congruence is also evident in the heat map of regulated genes shown in Fig. 5 
(clusters I and II). However, we observed that a distinct group of genes, of which many are linked to motility and 
biofilm formation regulation, is upregulated in the ΔsdrG and the Δpak mutants compared to the wild type, the 
ΔecfG, and the ΔphyR mutants (cluster III). Interestingly, numerous of these genes had indeed been identified as 
downregulated in the wild type after exposure to the stress mix (cluster III in Fig. S3, Table S5); see also Table S8. 
These transcriptome data imply that the level of phosphorylated SdrG, as a target of the Paks16,42, might play 
a key role in counter regulating the GSR with motility and biofilm formation under severe stress conditions. 
Interestingly, it was also shown that the SdrG orthologue MrrA from C. crescentus has an inhibitory function on 
motility and chemotaxis35. This finding further corroborates our results regarding the role of SdrG in the regula-
tion of motility and biofilm formation. Overall, this uncovered regulatory link may provide an important measure 
to prioritize investment in protein synthesis under strong GSR-inducing environmental conditions73–75.

Identification of the novel negative feedback regulator NepR2. The above results highlight the 
link of EcfG regulation and additional regulatory circuits. Controlling the level of EcfG available for binding to 
the RNA polymerase helps to keep the balance between beneficial stress response and lethal overactivation of the 
GSR15,26. To ensure such a precise adjustment, the GSR underlies transcriptional feedback control, for example 
mediated by the anti-sigma factor NepR (#1444)15 or the PhyR phosphotransferase PhyT (#1443) in S. melonis 
Fr115,42. In the course of this study, we identified #1448 as part of the EcfG regulon, which is located next to ecfG 
(#1447) in the genome of S. melonis Fr1 (Fig. 1C). Transcription of the gene is increased after stress mix exposure 
in an EcfG-dependent manner in the wild type, although this upregulation is slightly below our significance cut-
off (log2 fold change ratio of ~0.9, fdr < 0.05). BLAST analysis did not reveal a conclusive functional prediction. 
However, closer inspection of the primary sequence showed amino acids in its C-terminal part that are conserved 
in the anti-sigma factor NepR (#1444)17. Some of these are key residues for protein-protein interaction with acti-
vated PhyR in S. melonis Fr117. We additionally found that the predicted secondary structure of #1448 is similar to 
that of NepR (Fig. S5) according to YASPIN (http://www.ibi.vu.nl/programs/yaspinwww/)76.

Based on these findings, we further analyzed the role of this putative NepR-like regulator in the GSR. First, 
we performed β-galactosidase assays comparing GSR activity in the corresponding knockout mutant to the wild 
type (Fig. 6A). In addition, we tested the effect of overexpressing the putative regulator. The knockout of the 
NepR-like regulator increased GSR activity, while its overexpression in the knockout background reduced it even 
below wild-type level. These findings indicate that the protein indeed acts as a negative NepR-like GSR feedback 
regulator. To phenotypically validate our findings, we performed salt sensitivity assays (Fig. 6B). These indicated 
that overexpression of the putative regulator reduces resistance towards sodium chloride stress. Therefore, and 
due to the similarities with the anti-sigma factor NepR, we named the novel regulator NepR2. Binding of NepR2 
to PhyR was confirmed by co-immunoprecipitation (Figs 6C, S6). We also tested an interaction of NepR2 and 
EcfG with BACTH assays (data not shown); however, both proteins were unstable when co-expressed. This is 
in contrast to what we observed for co-expression of complex-forming NepR and EcfG, which was tested as a 
control. This observation might suggest that NepR2 and EcfG do not form a complex. Such an interaction might 
have prevented protein degradation.

In additional β-galactosidase experiments, we tested the importance of individual selected amino acids 
(L32, R33, Y36 and M48) known to play a role in PhyR-NepR binding (Fig. S7)17 for the activity of NepR2. 
β-Galactosidase activity was measured in the ΔnepR and the ΔnepR2 mutants overexpressing either NepR or 
NepR2 wild-type proteins or derivatives, in which one of the indicated amino acids was replaced by alanine. GSR 
induction was measured after exposure to the stress mix as described above. The negative regulatory function of 
NepR and NepR2 was decreased when L31 and F35 in NepR2 and L32 and Y36 in NepR were replaced by alanine, 
indicating that the functional importance of these amino acids is conserved. In contrast, M46 of NepR2, corre-
sponding to M48 of NepR, did not change the activity of NepR2. The mutation of R32 in NepR2 and of R33 in 
NepR to alanine did not reduce activity of the respective regulators under the tested in vivo conditions.

conditions, i.e. the bacteria were grown in TYE medium without exposure to other stress stimuli (cutoff: log2 
fold change ratio < [−1] and > 1, fdr < 0.05). Putative -35 and -10 promoter elements are highlighted within 
motifs with a score above the cutoff ≥ 10. Note, EcfG is not included in the list because its log2 fold change ratio 
is due to its knockout. *Genes overlap with the previous gene/s and are therefore likely encoded in an operon; 
these genes are unlikely to harbor an active EcfG-binding motif.
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Overall, our results suggest that NepR2 acts as a PhyR antagonist, as it has been suggested for MexAM1_
meta2p0735 in M. extorquens19. The discovery of NepR2 as a negative feedback regulator illustrates another 
example of the ability of the GSR in S. melonis Fr1 to prevent an overactivation. In addition, it provides a means 
by which the GSR might be turned off after ceasing of stressful conditions.

Conclusion
In this study, we identified the genes controlled by EcfG under low stress conditions in S. melonis Fr1. These 
include genes encoding proteins of various cellular processes such as metabolism, transport, envelope modula-
tion, signal transduction and stress protection. However, a considerable proportion of the EcfG-regulated genes 
are of unknown function, representing opportunities to identify novel characteristics of the GSR. Our results indi-
cate that the GSR adjusts to more severe stress conditions by increasing the promoter activity of EcfG-dependent 
genes and by enlarging the total number of genes controlled by the alternative sigma factor. In addition, we found 
that a stress mix, but not the individually tested stress stimuli, induces a transcriptional downregulation of genes 
encoding motility- and biofilm formation-associated proteins in S. melonis Fr1, and that this regulation depends 
on the single domain response regulator SdrG and the signal-integrating Paks. In the course of this study, we 
additionally identified and characterized the novel negative GSR feedback regulator NepR2. Altogether, our work 
emphasizes the complexity of the GSR regulatory network. It likely serves to optimize protein allocation and thus 
cellular resources, while ensuring survival and growth under fluctuating, stressful conditions.

Experimental Procedures
Mutant strain construction. The plasmid pAK405 was used for in-frame deletions in S. melonis Fr1 via 
double homologous recombination77. All gene numbers refer to Sphme2DRAFT available through https://img.
jgi.doe.gov/m/.

Plasmid construction. Table S9 lists all plasmids, which were constructed in the course of this study. The 
corresponding primers are deposited in Table S10. For construction of the vanillate-inducible expression plas-
mids pVH-nepR2, pVH-nepR2-flag, and pVH-nepR-flag, nepR2 (#1448) for overexpression without a Flag-tag 
was amplified from S. melonis Fr1 genomic DNA with the primers “NepR2 XbaI fwd” and “NepR2 KpnI rev”, 
while nepR2 with a Flag-tag was amplified with the primers “NepR2 XbaI fwd” and “NepR2 KpnI rev_2”. The 
same template was used for amplification of nepR (#1444) with a Flag-tag with the primers “NepR_Flag fwd 
XbaI” and “NepR_Flag rev KpnI”. The restriction enzymes KpnI and XbaI were used to digest the PCR products 
and the pVH backbone78 prior to ligation. For the construction of knockout plasmids, the primers “ EcfG HR1 
fwd (BamHI)”, “EcfG HR1 rev”, “EcfG HR2 fwd”, and “EcfG HR2 rev (HindIII)” were used to amplify the up- and 
downstream regions (~750 bp) of ecfG (#1447) from S. melonis Fr1 genomic DNA. NepR2 up- and downstream 
regions (#1448) were amplified from the same template with the primers “NepR2 HR1 fwd KpnI”, “NepR2 HR1 

Figure 3. In vivo confirmation of the RNA sequencing results. (A) β-Galactosidase activity of different 
promoter-lacZ fusions in S. melonis Fr1 wild type (black bars) and the ΔecfG mutant (grey bars) under low stress 
conditions (TYE medium) to confirm dependency of the corresponding genes on EcfG. Values are given as 
mean ± SD of three independent experiments. (B) Transcript IDs, gene functions, and log2 fold change ratios of 
the corresponding genes resulting from the RNA sequencing data relating to the ΔecfG vs wild type comparison 
under low stress conditions are indicated; the false discovery rate (fdr) is below 0.05 for all listed genes. Log2 fold 
change ratios were rounded to one decimal place.
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rev”, “NepR2 HR2 fwd” and “NepR2 HR2 rev HindIII”. An overlap PCR was used to join the up- and downstream 
regions prior to digestion with BamHI and HindIII for the ecfG knockout plasmid and with KpnI and HindIII for 
the nepR2 knockout plasmid. The resulting inserts were ligated in the pAK405 backbone77. For construction of 
β-galactosidase reporter plasmids, the promoter regions of #1102, #1276, #2499, and #3505 were amplified from 
S. melonis Fr1 genomic DNA with the primers “P1102_fwd “ and “P1102_rev”, “P1276_fwd “ and “P1276_rev”, 
“P2499_fwd” and “P2499_rev”, “P3505_fwd” and “P3505_rev”. After digestion with BamHI and HindIII, the 
inserts were ligated with the pAK501 backbone16.

Site-directed mutagenesis of nepR2 and nepR. L31, R32, F35, and M46 in nepR2-flag and L32, R33, 
Y36 and M48 in nepR-flag encoded on pVH78 were changed to alanine with site-directed mutagenesis using the 
QuikChange method (modified from Agilent Technologies). Briefly, the plasmids were amplified by Phusion 
High-Fidelity DNA Polymerase (Life Technologies) and digested with DpnI (New England Biolabs) prior to 
transformation in competent E. coli (DH5α). For nepR2-flag mutagenesis, we used the primers “NepR2 L31A_
fwd” and “NepR2 L31A_rev”, “NepR2 R32A_fwd” and “NepR2 R32A_rev”, “NepR2 F35A_fwd” and “NepR2 
F35A_rev”, and “NepR2 M46A_fwd” and “NepR2 M46A_rev”. For mutagenesis in nepR-flag, we used the primers 
“NepR L32A_fwd” and “NepR L32A_rev”, “NepR R33A_fwd” and “NepR R33A_rev”, “NepR Y36A_fwd” and 
“NepR Y36A_rev”, and “NepR M48A_fwd” and “NepR M48A_rev”.

RNA sample preparation and sequencing. The S. melonis Fr1 wild-type strain and the ΔecfG (ecfG 
#1447), ΔphyR (phyR #1445), ΔsdrG (sdrG #3354) mutants, as well as a complete Δpak (pakA #2181, pakB #0513, 
pakC #2824, pakD #3653, pakE #2488, pakF #1661, pakG #3817) mutant were streaked out from cryo-stocks on 
TYE agar plates (1% tryptone, 0.5% yeast extract, 2.4 mM Na2HPO4, 37.6 mM KH2PO4, 1.5% agar agar) and 
were incubated overnight at 28 °C. All strains used in the RNA sequencing approach lack two of the four extra-
chromosomal plasmids and therefore the plasmid-encoded GSR-activating histidine kinase PakD and the single 
domain response regulator PkrD (#3654)16. These two extrachromosomal plasmids are frequently lost during 
the gene knockout procedure. The pre-cultures were inoculated in 20 mL TYE medium in 100 mL baffled flasks 
and were incubated during the day at 28 °C. The 225 mL overnight cultures were prepared in 1 L baffled flasks by 
diluting the pre-cultures to an OD600 so as to obtain exponentially growing cells at the time of the assay on the 

Figure 4. Impact of stress mix exposure on the expression of EcfG-regulated genes. The Venn diagram and 
the scatter plot were generated based on the UGent Venn diagram web tool (http://bioinformatics.psb.ugent.
be/webtools/Venn/). The genes regulated in an EcfG-dependent manner under low stress conditions in S. 
melonis Fr1 (ΔecfG vs WT) and 1 h after exposure to a stress mix (80 mM sodium chloride, 1% ethanol, 50 µM 
tert-butyl hydroperoxide) (cutoff: log2 fold change ratio < [−1] and >1, fdr < 0.05) were used for this analysis 
(Table S4). The white numbers describe the significantly regulated genes. The scatter plot displays the log2 
fold change ratios of the genes represented in the corresponding Venn diagram. Green means “exclusively 
regulated by EcfG under low stress conditions”, purple means “regulated by EcfG under both conditions” and 
dark red means “exclusively regulated by EcfG 1 h after exposure to the stress mix”. The red circle indicates 
that the genes regulated by EcfG under low stress conditions are more strongly induced in the ΔecfG mutant 
vs wild type comparison after stress mix exposure. The open circles in the scatter plot indicate genes that are 
transcriptionally regulated in the ΔecfG mutant. The transcript IDs of the corresponding genes are highlighted 
in yellow in Table S4.
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next day and were then incubated at 28 °C. For the wild-type strain and the ΔecfG mutant, the bacterial cultures 
were divided into 5 × 40 mL cultures in 250 mL baffled flasks on the next day, after reaching exponential growth 
phase. Sodium chloride (80 mM) was added to the first flask, ethanol (1%) to the second, tert-butyl hydroperoxide 
(50 µM) to the third, a mix of the three stresses (stress mix) to the fourth, and the fifth was left untreated. 40 mL 
of the 225 mL overnight cultures of the other mutant strains were also transferred to 250 mL baffled flasks after 
reaching exponential phase on the next day. These cultures were treated with the stress mix. After further incuba-
tion of the cultures at 28 °C for 1 h, they were transferred to 50 mL Falcon tubes containing cold stop solution (5% 
phenol in ethanol, stored at −20 °C). After centrifugation (3220 g, 10 min, 4 °C), the supernatant was discarded 
and the pellets were frozen in liquid nitrogen and stored at −80 °C. Three independent biological replicates were 
prepared for RNA sequencing. The RNA was extracted with the RNeasy kit (Qiagen), after cell lysis with the 
Tissue Lyser (Qiagen/Retsch) using heat sterilized 0.1 mm zirconia beads (BioSpec). In addition to DNAse treat-
ment on column (Qiagen), a second DNase treatment was performed after RNA preparation, using the Rapid 
out DNA removal kit (Thermo Scientific). RNasin® Plus RNase Inhibitor (Promega AG) was added to prevent 
RNA degradation. RNA quality was analyzed with the Agilent Tape Station/Bioanalyzer and concentration was 
determined with the Qubit fluorometer (Thermo Scientific) at the Functional Genomics Center Zurich (FGCZ). 
rRNA was depleted using the Ribo-Zero® rRNA Removal Kit (Bacteria) (Illumina, Inc.). Library preparation and 
mRNA sequencing (HiSeq 4000) were performed by the FGCZ.

EcfG-binding motif identification. A gapped motif was constructed from the 72 sequences highlighted in 
reference24 as targets of EcfG in B. diazoefficiens using GLAM263, part of the MEME Suite64, with default param-
eters other than increasing the number of alignment runs to 100. Regions 500 bp upstream of annotated coding 
sequences in the S. melonis Fr1 genome, except for the two extrachromosomal plasmids lacking in all strains, 
were extracted using a Python script (v2.7.12 with Biopython). The regions were truncated in case of overlap, 
treating each strand separately. This avoided cases in which the upstream region of a gene occurring downstream 
of a short gene might contain the same potential binding site as that of the short gene, so that sites would not be 
counted twice. The first gene encountered in the 5′-to 3′ direction has priority in such a case.

The extracted upstream regions were scanned for the gapped motif24 using GLAM2Scan63, returning the best 
scoring 10,000 hits. The results were then filtered using an R script (v3.3.1) to find the best scoring hit for each 
gene, recording the sequence, distance to the start of the coding sequence and score for each hit.

Figure 5. Comparison of the transcriptomes of PhyR, SdrG, and the Paks with that of EcfG. Heatmap including 
the 300 most variable genes in the GSR key regulator knockout mutants (Table S6) normalized to wild type 1 h 
after exposure to the stress mix (80 mM sodium chloride, 1% ethanol, 50 µM tert-butyl hydroperoxide), which 
is not shown. Clusters I and II represent genes which are equally regulated in all GSR key regulator knockout 
mutants. Cluster III contains mainly motility- and biofilm formation-associated genes. The majority of these 
genes are upregulated in the ΔsdrG and the ΔpakA-G mutants compared to the wild type, as well as to the 
ΔphyR, and the ΔecfG mutants after exposure to the stress mix. The heatmap was generated with the function 
heatmap.2 from the R-package “gplots” (version 3.0.1). The image represents three independent biological 
replicates.
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The top 50 highest scoring sequences for the genes differentially regulated by EcfG were then fed back into 
GLAM2 to construct a new gapped motif tailored to EcfG in S. melonis Fr1. This improved gapped motif was again 
scanned for in the same 500 bp upstream regions of S. melonis Fr1 as previously described using GLAM2Scan, 
returning the best scoring 10,000 hits. Once again, R was used to find the best scoring hit for each gene. The motif 
scoring provided in Table 1 and Table S3 indicates a log-likelihood ratio between the motif and a background 
model, i.e. a difference of 1 between the two scores means that the higher scoring sequence is twice as likely as 
the lower scoring.

β-Galactosidase assays. The S. melonis Fr1 strains carrying the indicated reporter plasmids were streaked 
out from cryo-stocks on TYE agar plates containing chloramphenicol (34 µg mL−1) and were incubated overnight 
at 28 °C. TYE pre-cultures (20 mL) supplemented with chloramphenicol (34 µg mL−1) were inoculated in 100 mL 
baffled flasks and were further incubated at 28 °C during the day. TYE overnight cultures (240 mL) grown in 1 L 
baffled flasks and 20 mL TYE overnight cultures grown in 100 mL baffled flasks were supplemented with chlo-
ramphenicol (34 µg mL−1) and were inoculated in the evening at an OD600 so as to obtain exponentially growing 
cells at the time of the assay on the next day. For the GSR activation with different stress stimuli, the 240 mL over-
night cultures were split into 20 mL cultures as soon as the cells reached exponential growth phase. The bacteria 
were immediately exposed to the respective stress stimuli, while one flask was left untreated. The β-galactosidase 
assays (Miller 1972) were performed 1 h after exposure to the stress stimuli. All assays were carried out in three 
independent biological replicates. For β-galactosidase assays with overexpression of NepR2 or NepR, TYE agar 
plates and culture medium used for the strains carrying pVH expression plasmids were supplemented with tet-
racycline (10 µg mL−1) in addition to chloramphenicol (34 µg mL−1). The β-galactosidase assays were performed 
with the nhaA2p-lacZ fusion16. The bacteria were streaked out from cryo-stocks on TYE agar plates and 20 mL 
TYE pre-cultures were grown in 100 mL baffled flasks at 28 °C. For overexpression, the 20 mL overnight cultures 
of S. melonis Fr1 grown in 100 mL baffled flasks, were diluted from pre-cultures at an OD600 so as to obtain 

Figure 6. NepR2 is a negative feedback regulator of the GSR. (A) β-Galactosidase activity of the EcfG-
dependent nhaA2p-lacZ reporter in S. melonis Fr1 wild type (WT) and a ΔnepR2 mutant in low stress TYE 
medium after overnight overexpression of NepR2 from the vanillate-inducible pVH vector with 250 µM 
vanillate. pVH was used as empty vector control. Values are given as mean ± SD of three independent 
experiments. (B) Salt sensitivity assay with S. melonis Fr1 wild type (WT), a ΔecfG, a ΔnepR2 mutant, and the 
latter overexpressing NepR2 from the vanillate-inducible pVH vector with 250 µM vanillate. pVH was used as 
an empty vector control. The respective strains were grown in NB medium. OD600 was normalized to 1 prior 
to spotting 10-fold serial dilutions of each culture on NB agar plates with or without 300 mM sodium chloride. 
The pictures were taken 2-8 days after incubation at 28 °C and are representative of three independent biological 
replicates. (C) Co-immunoprecipitation using lysates originating from wild type either overexpressing NepR-
Flag or NepR2-Flag from pVH or carrying the corresponding empty vector control. To allow binding of the 
Flag-tagged proteins, the lysates were incubated with the ANTI-FLAG M2 affinity gel. Samples were taken prior 
to incubation with the resin (sample I), from the supernatant after incubation (sample II), from the last wash of 
the resin (sample III), and from the ANTI-FLAG M2 eluate (sample IV) prior to analysis by non-reducing SDS-
PAGE and Western blot analysis with a PhyR-antiserum (exposure time: 10 s) as well as an anti-Flag antibody 
(exposure time: 7 s). Results are representative of three independent biological replicates. Full-length blots are 
shown in Fig. S6.
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exponentially growing cells at the time of the assay on the next day. The overnight cultures were supplemented 
with vanillate (250 µM final concentration, 250 mM stock in 100% ethanol) in addition to the appropriate anti-
biotics indicated above. pVH was used as an empty vector control. The measurements (Miller 1972) depicted in 
Fig. 6A were carried out when bacteria reached exponential growth phase without exposure to a stress stimulus. 
The β-galactosidase assays (Miller 1972) shown in Fig. S7 were performed 1 h after exposure to the stress mix. 
Three independent biological replicates were performed for all experiments.

Salt sensitivity assays. The protocol for the salt sensitivity assays was adopted from43 with minor changes. 
The respective strains, which carried the empty pVH vector as a control or pVH-nepR2 together with the 
nhaA2p-lacZ fusion, were streaked out from cryo-stocks on NB (Sigma-Aldrich) agar plates, which were supple-
mented with tetracycline (10 µg mL−1) and incubated at 28 °C overnight. NB pre-cultures (20 mL) supplemented 
with tetracycline (10 µg mL−1) were inoculated in 100 mL baffled flasks and incubated during the day at 28 °C. 
Overnight cultures (20 mL) supplemented with tetracycline (10 µg mL−1) and vanillate (250 µM) were inoculated 
in 100 mL baffled flasks at an OD600 so as to obtain exponentially growing cells at the time of the assay on the next 
day and were incubated at 28 °C. After reaching exponential growth phase, 1 mL of each culture was spun down 
(3000 g, 5 min) and re-suspended in NB medium to an OD600 of 1. After preparing 10-fold dilution series in NB 
medium, 4 µL of each dilution were spotted on NB agar plates supplemented with tetracycline (10 µg mL−1) and 
vanillate (250 µM). In addition, 300 mM sodium chloride were added to one plate, but not to the control plate. The 
plates were sealed with parafilm. Pictures were taken after incubation at 28 °C for 2–8 days. The assay was repeated 
in three independent biological replicates.

Co-immunoprecipitation. The S. melonis Fr1 wild-type strain carrying pVH-nepR2-flag (nepR2 #1448), 
pVH-nepR-flag (nepR #1444), or pVH as the empty vector control, were streaked out from cryo-stocks on TYE 
agar plates supplemented with tetracycline (10 µg mL−1) and incubated overnight at 28 °C. The pre-cultures were 
inoculated in 20 mL TYE medium containing tetracycline (10 µg mL−1) in 100 mL baffled flasks. The overnight 
cultures were inoculated from pre-cultures in 100 mL TYE medium supplemented with tetracycline (10 µg mL−1) 
and vanillate (250 µM) in 500 mL baffled flasks at an OD600 so as to reach exponential growth phase at the time 
point of the assay on the next day. The co-immunoprecipitation was carried out as previously described with 
minor modifications19. The bacteria were harvested at an OD600 of 1 via centrifugation (4000 g, 4 °C, 15 min) 
and washed once with 10 mL TBS buffer (50 mM Tris pH 7.4, 150 mM NaCl). Afterwards, the bacteria were 
re-suspended in 0.5 mL TBS buffer supplemented with EDTA-free Complete Protease Inhibitor (Roche 
Diagnostics), DNaseI (Roche Diagnostics), and lysozyme (1 mg mL−1, Sigma Aldrich). Subsequently, the cells 
were lysed using the CapMixTM (3 M ESPE AG) (3 × 30 sec) with 0.1 mm zirconia beads (BioSpec). After cen-
trifugation (12.000 g, 4 °C, 10 min), the supernatant was transferred to a new tube. This centrifugation step was 
repeated once. Per sample, 40 µL of ANTI-FLAG M2 affinity gel (Sigma-Aldrich) were washed four times with 
1 mL TBS buffer before being re-suspended in 20 µL TBS buffer supplemented with Complete Protease Inhibitor 
EDTA-free (Roche Diagnostics). Before adding the bacterial supernatant to 20 µL ANTI-FLAG M2 affinity gel, 
50 µL were stored separately for Western blot analysis (sample I). Next, the mixture was incubated for 1 h at room 
temperature under gentle agitation. After centrifugation (6000 g, 30 sec), 50 µL of the supernatant were taken 
for Western blot analysis (sample II). The resin was washed four times with 0.5 mL TBS buffer supplemented 
with protease inhibitor. 50 µL of the last wash were taken for Western blot analysis (sample III). Afterwards, 
the resin was re-suspended in 50 µL 2.5x non-reducing SDS-PAGE loading buffer (2 ml 1.5 M Tris-HCl pH 6.8, 
5 ml glycerol, 1 g SDS, 0.5 ml 1% bromphenol blue, 10 ml ddH2O) and boiled for 5 min. Following centrifugation 
(6000 g, 30 s), the supernatant was taken as sample IV. All samples were subjected to SDS-PAGE for Western blot 
analysis using a rabbit PhyR-antiserum (1:10.000) (BioGenes)15, as well as a mouse anti-Flag antibody (1:4000) 
(Sigma-Aldrich). In addition, HRP-conjugated goat anti-rabbit (1:5000) and goat anti-mouse (1:3000) (Biorad) 
secondary antibodies were used.

Data Availability
The RNA sequencing data will be available at the European Nucleotide Archive under the accession number 
PRJEB30300.

References
 1. Francez-Charlot, A., Kaczmarczyk, A., Fischer, H. M. & Vorholt, J. A. The general stress response in Alphaproteobacteria. Trends 

Microbiol. 23, 164–171 (2015).
 2. Fiebig, A., Herrou, J., Willett, J. & Crosson, S. General stress signaling in the Alphaproteobacteria. Annu. Rev. Genet. 49, 603–625 

(2015).
 3. Hengge, R. In Bacterial Stress Responses (eds Storz, G. & Hengge, R.) 251–289 (Washington, DC: AMS Press, 2011).
 4. Staroń, A. & Mascher, T. General stress response in α-proteobacteria: PhyR and beyond. Mol. Microbiol. 78, 271–277 (2010).
 5. Browning, D. F. & Busby, S. J. The regulation of bacterial transcription initiation. Nat. Rev. Microbiol. 2, 57–65 (2004).
 6. Chiang, S. M. & Schellhorn, H. E. Evolution of the RpoS regulon: origin of RpoS and the conservation of RpoS-dependent regulation 

in bacteria. J. Mol. Evol. 70, 557–571 (2010).
 7. Hengge-Aronis, R. Interplay of global regulators and cell physiology in the general stress response of Escherichia coli. Curr. Opin. 

Microbiol. 2, 148–152 (1999).
 8. Hengge-Aronis, R. Stationary phase gene regulation: what makes an Escherichia coli promoter σS-selective? Curr. Opin. Microbiol. 

5, 591–595 (2002).
 9. Weber, H., Polen, T., Heuveling, J., Wendisch, V. F. & Hengge, R. Genome-wide analysis of the general stress response network in 

Escherichia coli: σS-dependent genes, promoters, and sigma factor selectivity. J. Bacteriol. 187, 1591–1603 (2005).
 10. Petersohn, A. et al. Global analysis of the general stress response of Bacillus subtilis. J. Bacteriol. 183, 5617–5631 (2001).
 11. van der Steen, J. B. & Hellingwerf, K. J. Activation of the general stress response of Bacillus subtilis by visible light. Photochem. 

Photobiol. 91, 1032–1045 (2015).

https://doi.org/10.1038/s41598-019-45788-7


1 2Scientific RepoRts |          (2019) 9:9404  | https://doi.org/10.1038/s41598-019-45788-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 12. Hecker, M., Pané-Farré, J. & Völker, U. SigB-dependent general stress response in Bacillus subtilis and related gram-positive bacteria. 
Annu. Rev. Microbiol. 61, 215–236 (2007).

 13. Staroń, A. et al. The third pillar of bacterial signal transduction: classification of the extracytoplasmic function (ECF) σ factor 
protein family. Mol. Microbiol. 74, 557–581 (2009).

 14. Mascher, T. Signaling diversity and evolution of extracytoplasmic function (ECF) σ factors. Curr. Opin. Microbiol. 16, 148–155 
(2013).

 15. Kaczmarczyk, A. et al. Role of Sphingomonas sp. strain Fr1 PhyR-NepR-σEcfG cascade in general stress response and identification of 
a negative regulator of PhyR. J. Bacteriol. 193, 6629–6638 (2011).

 16. Kaczmarczyk, A., Hochstrasser, R., Vorholt, J. A. & Francez-Charlot, A. Complex two-component signaling regulates the general 
stress response in Alphaproteobacteria. Proc. Natl. Acad. Sci. USA 111, E5196–5204 (2014).

 17. Campagne, S. et al. Structural basis for sigma factor mimicry in the general stress response of Alphaproteobacteria. Proc. Natl. Acad. 
Sci. USA 109, E1405–1414 (2012).

 18. Kaczmarczyk, A., Hochstrasser, R., Vorholt, J. A. & Francez-Charlot, A. Two-tiered histidine kinase pathway involved in heat shock 
and salt sensing in the general stress response of Sphingomonas melonis Fr1. J. Bacteriol. 197, 1466–1477 (2015).

 19. Francez-Charlot, A., Frunzke, J., Zingg, J., Kaczmarczyk, A. & Vorholt, J. A. Multiple σEcfG and NepR proteins are involved in the 
general stress response in Methylobacterium extorquens. PLoS One 11, e0152519 (2016).

 20. Gourion, B., Francez-Charlot, A. & Vorholt, J. A. PhyR is involved in the general stress response of Methylobacterium extorquens 
AM1. J. Bacteriol. 190, 1027–1035 (2008).

 21. Gourion, B., Rossignol, M. & Vorholt, J. A. A proteomic study of Methylobacterium extorquens reveals a response regulator essential 
for epiphytic growth. Proc. Natl. Acad. Sci. USA 103, 13186–13191 (2006).

 22. Metzger, L. C., Francez-Charlot, A. & Vorholt, J. A. Single-domain response regulator involved in the general stress response of 
Methylobacterium extorquens. Microbiology 159, 1067–1076 (2013).

 23. Francez-Charlot, A. et al. Sigma factor mimicry involved in regulation of general stress response. Proc. Natl. Acad. Sci. USA 106, 
3467–3472 (2009).

 24. Gourion, B. et al. The PhyR-σEcfG signalling cascade is involved in stress response and symbiotic efficiency in Bradyrhizobium 
japonicum. Mol. Microbiol. 73, 291–305 (2009).

 25. Ledermann, R., Bartsch, I., Müller, B., Wülser, J. & Fischer, H. M. A functional general stress response of Bradyrhizobium 
diazoefficiens is required for early stages of host plant infection. Mol. Plant Microbe Interact. 31, 537–547 (2018).

 26. Sauviac, L., Philippe, H., Phok, K. & Bruand, C. An extracytoplasmic function sigma factor acts as a general stress response regulator 
in Sinorhizobium meliloti. J. Bacteriol. 189, 4204–4216 (2007).

 27. Bastiat, B., Sauviac, L. & Bruand, C. Dual control of Sinorhizobium meliloti RpoE2 sigma factor activity by two PhyR-type two-
component response regulators. J. Bacteriol. 192, 2255–2265 (2010).

 28. Sauviac, L. & Bruand, C. A putative bifunctional histidine kinase/phosphatase of the HWE family exerts positive and negative 
control on the Sinorhizobium meliloti general stress response. J. Bacteriol. 196, 2526–2535 (2014).

 29. Flechard, M., Fontenelle, C., Trautwetter, A., Ermel, G. & Blanco, C. Sinorhizobium meliloti rpoE2 is necessary for H2O2 stress 
resistance during the stationary growth phase. FEMS Microbiol. Lett. 290, 25–31 (2009).

 30. Kim, H. S., Caswell, C. C., Foreman, R., Roop, R. M. N. & Crosson, S. The Brucella abortus general stress response system regulates 
chronic mammalian infection and is controlled by phosphorylation and proteolysis. J. Biol. Chem. 288, 13906–13916 (2013).

 31. Kim, H. S., Willett, J. W., Jain-Gupta, N., Fiebig, A. & Crosson, S. The Brucella abortus virulence regulator, LovhK, is a sensor kinase 
in the general stress response signalling pathway. Mol. Microbiol. 94, 913–925 (2014).

 32. Alvarez-Martinez, C. E., Lourenço, R. F., Baldini, R. L., Laub, M. T. & Gomes, S. L. The ECF sigma factor σT is involved in osmotic 
and oxidative stress responses in Caulobacter crescentus. Mol. Microbiol. 66, 1240–1255 (2007).

 33. Lourenço, R. F., Kohler, C. & Gomes, S. L. A two-component system, an anti-sigma factor and two paralogous ECF sigma factors are 
involved in the control of general stress response in Caulobacter crescentus. Mol. Microbiol. 80, 1598–1612 (2011).

 34. Foreman, R., Fiebig, A. & Crosson, S. The LovK-LovR two-component system is a regulator of the general stress pathway in 
Caulobacter crescentus. J. Bacteriol. 194, 3038–3049 (2012).

 35. Lori, C., Kaczmarczyk, A., de Jong, I. & Jenal, U. A single-domain response regulator functions as an integrating hub to coordinate 
general stress response and development in Alphaproteobacteria. mBio. 9, e00809–00818 (2018).

 36. Luebke, J. L., Eaton, D. S., Sachleben, J. R. & Crosson, S. Allosteric control of a bacterial stress response system by an anti-σ factor. 
Mol. Microbiol. 107, 164–179 (2018).

 37. Herrou, J., Rotskoff, G., Luo, Y., Roux, B. & Crosson, S. Structural basis of a protein partner switch that regulates the general stress 
response of α-proteobacteria. Proc. Natl. Acad. Sci. USA 109, E1415–1423 (2012).

 38. Herrou, J., Willett, J. W. & Crosson, S. Structured and dynamic disordered domains regulate the activity of a multifunctional anti-σ 
factor. mBio. 6, e00910 (2015).

 39. Herrou, J., Crosson, S. & Fiebig, A. Structure and function of HWE/HisKA2-family sensor histidine kinases. Curr. Opin. Microbiol. 
36, 47–54 (2017).

 40. Campagne, S., Allain, F. H. & Vorholt, J. A. Extra cytoplasmic function sigma factors, recent structural insights into promoter 
recognition and regulation. Curr. Opin. Struct. Biol. 30C, 71–78 (2015).

 41. Innerebner, G., Knief, C. & Vorholt, J. A. Protection of Arabidopsis thaliana against leaf-pathogenic Pseudomonas syringae by 
Sphingomonas strains in a controlled model system. Appl. Environ. Microbiol. 77, 3202–3210 (2011).

 42. Gottschlich, L., Bortfeld-Miller, M., Gäbelein, C., Dintner, S. & Vorholt, J. A. Phosphorelay through the bifunctional 
phosphotransferase PhyT controls the general stress response in an alphaproteobacterium. PLoS Genet. 14, e1007294 (2018).

 43. Campagne, S. et al. Role of the PFXFATG[G/Y] motif in the activation of SdrG, a response regulator involved in the 
alphaproteobacterial general stress response. Structure 24, 1237–1247 (2016).

 44. Jans, A. et al. Canonical and non-canonical EcfG sigma factors control the general stress response in Rhizobium etli. 
MicrobiologyOpen 2, 976–987 (2013).

 45. Martínez-Salazar, J. M., Salazar, E., Encarnación, S., Ramirez-Romero, M. A. & Rivera, J. Role of the extracytoplasmic function 
sigma factor RpoE4 in oxidative and osmotic stress responses in Rhizobium etli. J. Bacteriol. 191, 4122–4132 (2009).

 46. Dowds, B. C. The oxidative stress response in Bacillus subtilis. FEMS Microbiol. Lett. 124, 255–263 (1994).
 47. Serata, M., Iino, T., Yasuda, E. & Sako, T. Roles of thioredoxin and thioredoxin reductase in the resistance to oxidative stress in 

Lactobacillus casei. Microbiology 158, 953–962 (2012).
 48. Conter, A., Gangneux, C., Suzanne, M. & Gutierrez, C. Survival of Escherichia coli during long-term starvation: effects of aeration, 

NaCl, and the rpoS and osmC gene products. Res. Microbiol. 152, 17–26 (2001).
 49. Fitzpatrick, T. B., Amrhein, N. & Macheroux, P. Characterization of YqjM, an Old Yellow Enzyme homolog from Bacillus subtilis 

involved in the oxidative stress response. J. Biol. Chem. 278, 19891–19897 (2003).
 50. Arnold, A. R. & Barton, J. K. DNA protection by the bacterial ferritin Dps via DNA charge transport. J. Am. Chem. Soc. 135, 

15726–15729 (2013).
 51. Aravind, L. & Koonin, E. V. Prokaryotic homologs of the eukaryotic DNA-end-binding protein Ku, novel domains in the Ku protein 

and prediction of a prokaryotic double-strand break repair system. Genome Res. 11, 1365–1374 (2001).
 52. Bowater, R. & Doherty, A. J. Making ends meet: repairing breaks in bacterial DNA by non-homologous end-joining. PLoS Genet. 2, 

e8 (2006).

https://doi.org/10.1038/s41598-019-45788-7


13Scientific RepoRts |          (2019) 9:9404  | https://doi.org/10.1038/s41598-019-45788-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 53. Doherty, A. J., Jackson, S. P. & Weller, G. R. Identification of bacterial homologues of the Ku DNA repair proteins. FEBS Lett. 500, 
186–188 (2001).

 54. Hoffmann, T., Boiangiu, C., Moses, S. & Bremer, E. Responses of Bacillus subtilis to hypotonic challenges: physiological contributions 
of mechanosensitive channels to cellular survival. Appl. Environ. Microbiol. 74, 2454–2460 (2008).

 55. Xu, X., Abo, M., Okubo, A. & Yamazaki, S. Trehalose as osmoprotectant in Rhodobacter sphaeroides f. sp. denitrificans IL106. Biosci. 
Biotechnol. Biochem. 62, 334–337 (1998).

 56. Mauri, M. & Klumpp, S. A model for sigma factor competition in bacterial cells. PLoS Comput. Biol. 10, e1003845 (2014).
 57. Nyström, T. Growth versus maintenance: a trade-off dictated by RNA polymerase availability and sigma factor competition? Mol. 

Microbiol. 54, 855–862 (2004).
 58. Braun, V. & Mahren, S. Transmembrane transcriptional control (surface signalling) of the Escherichia coli Fec type. FEMS Microbiol. 

Rev. 29, 673–684 (2005).
 59. Pierce, J. R., Pickett, C. L. & Earhart, C. F. Two fep genes are required for ferrienterochelin uptake in Escherichia coli K-12. J. Bacteriol. 

155, 330–336 (1983).
 60. Cornelis, P., Wei, Q., Andrews, S. C. & Vinckx, T. Iron homeostasis and management of oxidative stress response in bacteria. 

Metallomics 3, 540–549 (2011).
 61. Tatusov, R. L., Koonin, E. V. & Lipman, D. J. A genomic perspective on protein families. Science 278, 631–637 (1997).
 62. Chen, I. A. et al. IMG/M: integrated genome and metagenome comparative data analysis system. Nucleic Acids Res. 45, D507–D516 (2017).
 63. Frith, M. C., Saunders, N. F., Kobe, B. & Bailey, T. L. Discovering sequence motifs with arbitrary insertions and deletions. PLoS 

Comput. Biol. 4, e1000071 (2008).
 64. Bailey, T. L. et al. MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res. 37, W202–208 (2009).
 65. Pinto, D. & Mascher, T. In Stress and Environmental Regulation of Gene Expression and Adaptation in Bacteria (ed. de Bruijn, F. J.) 

64–96 (JohnWiley & Sons, Inc., 2016).
 66. Kanai, T., Takahashi, K. & Inoue, H. Three distinct-type glutathione S-transferases from Escherichia coli important for defense 

against oxidative stress. J. Biochem. 140, 703–711 (2006).
 67. González-Flecha, B. & Demple, B. Homeostatic regulation of intracellular hydrogen peroxide concentration in aerobically growing 

Escherichia coli. J. Bacteriol. 179, 382–388 (1997).
 68. Jenal, U. & Galperin, M. Y. Single domain response regulators: molecular switches with emerging roles in cell organization and 

dynamics. Curr. Opin. Microbiol. 12, 152–160 (2009).
 69. Paget, M. S., Kang, J. G., Roe, J. H. & Buttner, M. J. σR, an RNA polymerase sigma factor that modulates expression of the thioredoxin 

system in response to oxidative stress in Streptomyces coelicolor A3(2). EMBO J. 17, 5776–5782 (1998).
 70. Rhodius, V. A., Suh, W. C., Nonaka, G., West, J. & Gross, C. A. Conserved and variable functions of the σE stress response in related 

genomes. PloS Biol. 4, 43–59 (2006).
 71. Mascher, T., Hachmann, A. B. & Helmann, J. D. Regulatory overlap and functional redundancy among Bacillus subtilis 

extracytoplasmic function σ factors. J. Bacteriol. 189, 6919–6927 (2007).
 72. Butcher, B. G., Mascher, T. & Helmann, J. D. In Bacterial Physiology: A Molecular Approach (ed. Walid El-Sharoud) 233–261 

(Springer Berlin Heidelberg, 2008).
 73. Kafri, M., Metzl-Raz, E., Jona, G. & Barkai, N. The cost of protein production. Cell Rep. 14, 22–31 (2016).
 74. Lahtvee, P. J., Seiman, A., Arike, L., Adamberg, K. & Vilu, R. Protein turnover forms one of the highest maintenance costs in 

Lactococcus lactis. Microbiology 160, 1501–1512 (2014).
 75. Russell, J. B. & Cook, G. M. Energetics of bacterial growth: balance of anabolic and catabolic reactions. Microbiol. Rev. 59, 48–62 

(1995).
 76. Lin, K., Simossis, V. A., Taylor, W. R. & Heringa, J. A simple and fast secondary structure prediction method using hidden neural 

networks. Bioinformatics 21, 152–159 (2005).
 77. Kaczmarczyk, A., Vorholt, J. A. & Francez-Charlot, A. Markerless gene deletion system for Sphingomonads. Appl. Environ. 

Microbiol. 78, 3774–3777 (2012).
 78. Kaczmarczyk, A., Vorholt, J. A. & Francez-Charlot, A. Synthetic vanillate-regulated promoter for graded gene expression in 

Sphingomonas. Sci. Rep. 4, 6453 (2014).

Acknowledgements
We thank Catherine Aquino and Lennart Opitz from the Functional Genomics Center Zurich for next-generation 
sequencing and bioinformatics support. We thank Hans-Martin Fischer, Raphael Ledermann and Charlotte Carlström 
for fruitful discussions and Sebastian Dintner for experimental support in the initial phase of this project. This work 
was supported by a grant from the Swiss National Science Foundation (310030B-152835) and ETH Zurich.

Author Contributions
L.G. and J.A.V. conceived and designed the study. The experiments were performed by L.G., P.G. and M.B.M., 
the data were analyzed by L.G., P.G. and C.M.F. The manuscript was written by L.G. and J.A.V. with input from 
all authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45788-7.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-45788-7
https://doi.org/10.1038/s41598-019-45788-7
http://creativecommons.org/licenses/by/4.0/

	Complex general stress response regulation in Sphingomonas melonis Fr1 revealed by transcriptional analyses
	Results and Discussion
	Identification of EcfG-dependent genes under low stress conditions. 
	Identification of putative EcfG-binding sites. 
	Adaptation of the GSR after exposure to a stress mix. 
	Congruency and divergence of gene regulation by the GSR key regulators. 
	Identification of the novel negative feedback regulator NepR2. 

	Conclusion
	Experimental Procedures
	Mutant strain construction. 
	Plasmid construction. 
	Site-directed mutagenesis of nepR2 and nepR. 
	RNA sample preparation and sequencing. 
	EcfG-binding motif identification. 
	β-Galactosidase assays. 
	Salt sensitivity assays. 
	Co-immunoprecipitation. 

	Acknowledgements
	Figure 1 Regulation of the GSR.
	Figure 2 Search for direct target genes of EcfG.
	Figure 3 In vivo confirmation of the RNA sequencing results.
	Figure 4 Impact of stress mix exposure on the expression of EcfG-regulated genes.
	Figure 5 Comparison of the transcriptomes of PhyR, SdrG, and the Paks with that of EcfG.
	Figure 6 NepR2 is a negative feedback regulator of the GSR.
	Table 1 The top positively EcfG-regulated genes under low stress conditions.




