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The rhizosphere microbe Pseudomonas protegens FD6 possesses beneficial 

traits such as the production of antibiotics like pyoluteorin (Plt) and 

2,4-diacetylphloroglucinol (2,4-DAPG). The alternative RpoS (σ38 factor), as 

a master regulator, activates or inhibits the transcription of stationary phase 

genes in several biocontrol organisms. Here, we investigated the complicated 

function and regulatory mechanism of RpoS in the biosynthesis of 2,4-DAPG 

and Plt in strain FD6. Phenotypic assays suggested that ΔrpoS was impaired 

in biofilm formation, swimming motility, swarming motility, and resistance to 

stress, such as heat, H2O2 and 12% ethanol. The RpoS mutation significantly 

increased both 2,4-DAPG and Plt production and altered the transcription 

and translation of the biosynthetic genes phlA and pltL, indicating that 

RpoS inhibited antibiotic production by FD6 at both the transcriptional and 

translational levels. RpoS negatively controlled 2,4-DAPG biosynthesis and 

transcription of the 2,4-DAPG operon phlACBD by directly interacting with 

the promoter sequences of phlG and phlA. In addition, RpoS significantly 

inhibited Plt production and the expression of its operon pltLABCDEFG by 

directly binding to the promoter regions of pltR, pltL and pltF. Further analyzes 

demonstrated that a putative R147 mutation in the RpoS binding domain 

abolished its inhibitory activity on the expression of pltL and phlA. Overall, 

our results reveal the pleiotropic regulatory function of RpoS in P. protegens 

FD6 and provide the basis for improving antibiotic biosynthesis by genetic 

engineering in biocontrol organisms.
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Introduction

Pseudomonas spp., a group of more than 100 species, are 
widely abundant in soil and play an important role in the 
rhizosphere (Mulet et al., 2010). This group is well known as an 
effective biological control bacterium in various hosts, reducing 
disease incidence incited by air-borne plant pathogens and soil-
borne phytopathogenic fungi (Ligon et  al., 2000). The most 
common mechanisms of biological control by pseudomonades 
include the production of lytic exoenzymes, hydrogen cyanide 
(HCN), siderophores, cyclic lipopeptides and antibiotics. The 
antibiotics pyrrolnitrin (Prn), pyoluteorin (Plt), phenazine (Phz) 
and 2,4-diacetylphloroglucinol (2,4-DAPG) have been revealed as 
the main antifungal biocontrol substances produced by 
Pseudomonas spp. (Mishra and Arora, 2018; Keswani et al., 2020).

Some Pseudomonas spp., including P. protegens H78, Pf-5, 
FD6 and CHA0, produce both 2,4-DAPG and Plt, which is 
possibly involved in biological control (Bottiglieri and Keel, 2006; 
Yan et  al., 2017a; Liu et  al., 2018b; Zhang et  al., 2020). The 
biosynthetic locus of 2,4-DAPG consists of four structural genes, 
phlACBD, and several modifying genes (such as phlF and phlH) 
that are involved in the synthesis of 2,4-DAPG and its precursors. 
These four genes phlACBD transcribed together and constitute an 
operon (Bangera and Thomashow, 1999). PhlG is specifically 
involved in the degradation of 2,4-DAPG to 
monoacetylphloroglucinol, which displays less toxicity against 
phytopathogens (Bottiglieri and Keel, 2006). The 
2,4-diacetylphloroglucinol functioning as an autoinducer 
stimulates the transcription of the 2,4-DAPG locus (Schnider-Keel 
et  al., 2000). The synthesis of 2,4-DAPG initiates with the 
biosynthesis of phloroglucinol (PG) from three molecules of 
malonyl-coenzyme A by PhlD (Achkar et  al., 2005). PhlABC 
acetylates PG to form 2,4-DAPG (Bangera and Thomashow, 
1999). The Plt biosynthesis gene cluster consists of the structural 
gene pltLABCDEFG, transcriptional regulators pltR and pltZ, and 
transporter operon pltIJKNOP. PltR is a transcriptional activator 
and transcribes in a direction opposite to the pltLABCDEFG 
operon (Nowak-Thompson et  al., 1999). Recently, it has been 
reported that chlorinated phloroglucinols, intermediates in 
2,4-DAPG biosynthesis, function as cellular signals to induce 
pyoluteorin production (Yan et  al., 2017a). In addition, the 
synthesis of both 2,4-DAPG and Plt is typically controlled by a 
variety of complex regulatory systems, such as the GacA/GacS 
two–component system, quorum sensing and sigma factors 
(Dwivedi and Johri, 2003).

In bacteria, σ-factor is necessary for the RNA polymerase core 
enzyme to recognize gene promoters for transcription initiation. 
The stationary phase sigma σ38 (RpoS) belongs to the sigma 70 
family and was originally defined in Escherichia coli as a global 
regulator that modulates approximately 23% genes from the E. coli 
genome (Hengge-Aronis, 2000; Wong et al., 2017). Regarded as a 
master regulator, σ38 is involved in stress resistance, virulence and 
the production of antifungal metabolites in many gram-negative 
bacteria (Liu et al., 2019; Qin et al., 2020). In Pseudomonas species, 

RpoS was found to have an effect on secondary metabolism, 
particularly on antibiotic production (Suh et al., 1999; Yan et al., 
2009). However, the results vary according to the species and the 
antifungal metabolites in question. For example, a defect in rpoS 
not only decreased pyrrolnitrin production by P. fluorescens but 
also resulted in excess synthesis of pyoluteorin and 
2,4-diacetylphloroglucinol (Sarniguet et al., 1995). However, a 
mutation in rpoS leads to a decrease in phenazine-1-carboxamide 
production in P. chlororaphis PCL1391 (Girard et  al., 2006). 
Therefore, the different regulatory mechanism of RpoS in 
antibiotic biosynthesis is still unknown. RpoS consists of four 
functional domains, and the most highly conserved 2 domain is 
crucial for recognition of the-10-promoter region (Lévi-Meyrueis 
et  al., 2015). RpoS recognizes a consensus-10 box sequence 
(CTATACT) in P. aeruginosa; however, no distinctive-35 box 
sequence motif has been described for Pseudomonas spp. 
(Schuster et al., 2004; Hall et al., 2018).

P. protegens FD6 (previously named P. fluorescens) has been 
reported to simultaneously produce Plt, 2,4-DAPG and Prn, 
which efficiently inhibit airborne phytopathogenic fungi and soil-
borne plant pathogens (Chang et al., 2011; Zhang et al., 2021a). 
Our previous studies showed that these three antibiotics were 
negatively controlled by the hybrid sensor kinase RetS and the 
virulence factor regulator Vfr (Zhang et  al., 2015, 2016). 
Furthermore, Vfr may directly bind to promoter regions of the 
phlG and phlF (Zhang et al., 2021b). P. protegens FD6 shows strong 
antifungal activities, mainly due to the biosynthesis of antibiotics 
such as 2,4-diacetylphloroglucinol and pyoluteorin (Zhang et al., 
2020). The regulatory function of RpoS has been reported in many 
bacteria, the repression mechanism by which RpoS controls the 
biosynthesis of Plt and 2,4-DAPG in pseudomonades remains 
unclear. The objects of this paper were to reveal the regulatory role 
of RpoS in the strain FD6 and to perform a bioinformatic search 
to locate its possible target genes that could clarify the regulatory 
function of the RpoS protein. In addition, our point mutation 
experiments demonstrated that DNA binding to RpoS is necessary 
to repress the expression of phlA and pltL. These results suggest 
that RpoS plays a negative role in the production of 
2,4-diacetylphloroglucinol and Plt by binding to the upstream 
sequences of the phlA, phlG, pltR, pltL and pltF genes and 
positively regulating motility, stress resistance and 
biofilm formation.

Materials and methods

Strains, plasmids and growth conditions

The plasmids and bacterial strains used in this study are 
described in Supplementary Table S1. P. protegens FD6 was 
originally isolated from the canola rhizosphere (Chang et  al., 
2011). The complete genomic DNA of FD6 is available in the 
NCBI GenBank (accession no. CP031396; Zhang et al., 2020). All 
strains were routinely cultivated on Luria-Bertani (LB) medium 
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at 28°C. Escherichia coli DH5α was grown on LB at 
37°C. Antibiotics were added as follows: ampicillin 50 μg/ml, 
kanamycin 50 μg/ml, and tetracycline 20 μg/ml for E. coli or 30 μg/
ml for P. protegens strains, gentamycin 10 μg/ml for E. coli or 30 μg/
ml for P. protegens strains.

DNA manipulation and sequence analysis

The chromosomal DNA of P. protegens FD6 was isolated using 
the CTAB method as described previously (Sal et al., 1988). Small-
scale plasmid preparations were performed using a kit (Axygen, 
Corning Life Sciences China). Standard techniques for restriction, 
PCR amplification, gel extraction and transformation were 
performed following standard protocols (Sambrook and Russell, 
2001). Nucleotide sequencing was carried out by Nanjing Qing Ke 
Biological Technology Co., Ltd. (Nanjing, China).

Mutant construction

An rpoS in-frame deletion mutant was constructed by 
homologous recombinant. All PCRs were performed using 
PrimeSTAR Max DNA polymerase (TaKaRa, Japan). To 
generate the rpoS mutant, a 762-bp fragment was deleted in 
frame from the rpoS. The 1,209 bp and 674 bp fragments were 
amplified from chromosomal DNA of the wild-type (WT) 
strain of P. protegens FD6 by PCR using primers ropS422-F1/
ropS1695-R1 and ropS2482-F2/ropS3138-R2. In the second 
round of PCR, 20 ng of the above PCR products was used as a 
template for the third round of amplification using primers 
ropS422-F1 and ropS3138-R2.

The fusing fragment was digested with XbaI and SacI and 
cloned into the suicide vector p2P24 (Yan et al., 2017b). All 
constructs were transformed into E. coli DH5α and E. coli S17-1 
(Simon et al., 1983). Biparental matings were performed with 
the WT strain and transconjugants selected on LB with 
ampicillin and kanamycin. The ΔrpoS mutation was verified by 
PCR and sequencing. The ropS gene with its intact promoter 
was amplified with the primers ropS1239-F and ropS2650-R 
(Supplementary Table S2) and inserted into the wide-host 
vector pBBR1MCS-2 to generate pBBR-ropS for the 
complementation of the ΔropS mutant.

The rpoS allele in P. protegens FD6 was replaced by rpoSR147S 
via PCR site-directed mutagenesis. Briefly, the 1,008 bp rpoS PCR 
product was cloned into the pMD19-T vector to generate pMD-rpoS 
using the primers RpoS M-F and RpoS M-R. The R147S mutation 
was obtained from pMD-rpoS by PCR amplification with the 
primers RpoS-mut-F and RpoS-mut-R. After 35 cycles, the PCR 
products were digested with DpnI (Takara, Japan) to remove the 
parental plasmid and then purified with the Biospin PCR Purification 
Kit (Bioer Technology, China). The purified plasmids were 
transformed into E. coli DH5α to generate pMD-rpoSR147S, which was 
verified by DNA sequencing. The rpoS point mutation was amplified 

from pMD-rpoSR147S plasmid DNA by PCR using primers RpoS-
mut-pBBR-F and RpoS-mut-pBBR-R and cloned into the SalI and 
XbaI sites of the pBBR1MCS-2 to generate pBBR-rpoSR147S. This 
rpoSR147S mutation was introduced in ΔrpoS to generate the 
rpoSR147S mutant using electroporation for subsequent study.

Determination of the growth curve

Overnight bacterial suspensions were adjusted to an OD600 of 
0.5, and shaken at an agitation speed of 180 rpm under. 28°C  
with 180 rpm spin speed. The OD600 was measured every 3 h 
throughout the growth period. Each strain was tested with 
three replicates.

Construction of lacZ transcriptional 
fusions and β-galactosidase activity 
assays

To assay the regulatory functions of RpoS on 2,4-DAPG and Plt, 
the promoter regions of phlA and pltL were amplified with primers 
phlA6013-F-440/phlA6013-R27 and pltL6013-57F/ pltL6013-616R 
(Supplementary Table S2) and cloned into the pMD19-T vector. 
The recombinant plasmids were digested with PstI/EcoRI and 
cloned separately into the pME6522 plasmid ahead of a 
promoterless lacZ gene. The plasmid pME6013 with a tetracycline 
resistance marker was used to construct the lacZ translational  
fusions.

β-Galactosidase activities in P. protegens harboring the lacZ 
reporter gene were assayed by the Miller method (Miller, 1972). 
β-Galactosidase activities in P. protegens derivatives harboring the 
pME6522 empty vector were subtracted. All measurements were 
performed after inoculation of 20 ml LB with 20 μl overnight 
cultures and incubation at 28°C with constant shaking.

Phenotypic analysis of the RpoS mutant

Extracellular protease and biofilm formation were tested as 
described previously (Reimmann et al., 1997; O'Toole et al., 1999). 
To test swimming and swarming abilities, MMMF and SWM agar 
plates were used for the swimming and swarming tests, 
respectively (Taguchi and Ichinose, 2013).

Stress response assays

Stress response was assessed as previously described 
(Sarniguet et  al., 1995). Overnight cultures in LB broth were 
centrifuged, suspended in M9 liquid medium, and diluted to 
OD600 = 0.5. The suspensions supplemented with 12% ethanol and 
5 M H2O2 were cultured at 28°C for 15 min for ethanol and 
oxidative challenges. The suspensions supplemented with 2.4 M 
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NaCl at 28°C for 45 min for the osmotic challenge, and cultured 
at 45°C for 15 min for the high-temperature challenge.

Detection of antimicrobial activity

Radial diffusion assays were carried out to detect antifungal 
activity in vitro as described previously (Zhang et al., 2020). A 
5 mm plug of Monilinia fructicola, Phytophthora capsici or Botrytis 
cinerea was transferred to the center of a potato sucrose agar 
(PSA) plate, and 5 μl of overnight cultures was dropped onto the 
edge of the plate. The plates were placed at 25°C, and 
antimicrobial activity was determined after 5–10 d by gauging the 
width of the inhibitory zone. Similarly, to detect antagonistic 
activity against Ralstonia solanacearum, 3 μl overnight cultures of 
FD6 and its derivatives were spotted onto a TM (0.5 g/l beef 
extract, 10 g/l glucose, 5 g/l tryptone and 3 g/l yeast extract) plate 
that was already mixed with R. solanacearum. The plate was 
placed at 28°C, and inhibitory activity was detected 2 days later.

Quantification of Plt and 2,4-DAPG 
production

The quantification of 2,4-DAPG and Plt were performed via 
HITACHI L-2000 HPLC using a C18 reverse-phase column as 
previously described (Zhang et al., 2015). Three replicates were 
used for each treatment. The purified products Plt and 2,4-DAPG 
were selected as controls.

qRT–PCR analysis

qRT–PCR procedures were performed as described previously, 
and the primer sequences are listed in Supplementary Table S2 
(Zhang et al., 2015, 2020). The rrsB transcript used as an internal 
control for real-time PCR (Zhang et al., 2015). Experiments were 
carried out in three independent biological replicates. Relative fold 
change of each genes was determined according to the 2-ΔΔCt 
method (Livak and Schmittgen, 2001).

Bacterial one-hybrid assays

A bacterial one-hybrid system was reported in our recent 
report and used to determine potential interactions between 
RpoS protein and its target DNA (Zhang et  al., 2021b). The 
possible RpoS binding sequences were cloned into pBXcmT. The 
RpoS open reading frame was cloned into the plasmid pTRG, 
resulting in the recombinant construct pTRG-rpoS 
(Supplementary Table S1). The positive cotransformant pTvfr-
pBvfr was selected as a positive control as described recently 
(Zhang et al., 2021b). Transformant carrying empty pBXcmT 
and pTRG vectors was utilized as a negative control. All 

cotransformants were dropped onto selective media and 
cultured at 30°C for 4–5 days. The possible interactions between 
RpoS and its target gene promoters were identified on the 
selective medium described in a previous report (Xu et  al., 
2016). This nonselective medium was used to confirm that both 
vectors were successfully introduced into the target E. coli 
XL1-Blue MRF9 Kan strains.

RpoS purification

For the overexpression of RpoS with a C-terminal fused 
His-tag, the oligonucleotides RpoS-NdeI-F and RpoS-XhoI-R 
were used to amplify the rpoS coding sequence. The PCR 
product was digested with XhoI and NdeI and cloned into the 
pET22b (+) to give pET22b-rpoS. The recombinant RpoS 
protein was expressed from pET22b-rpoS in E. coli BL21 
(DE3). After induction with 1 mM IPTG at 16°C for 6 h, cells 
were collected and resuspended in suspension buffer (500 mM 
NaCl, 10% glycerol, 15 mM Tris–HCl, pH 6.5). After cells were 
sonicated with a JY92-IIDN Cell Disrupter, the soluble 
expressed protein was loaded onto High Affinity Ni-NTA 
Resin (GenScript), and purified following the manufacturer’s 
protocol. The recombinant His-RpoS protein was eluted by 
200 mM imidazole, and verified by SDS-PAGE. The 
concentration of the purified RpoS protein was assayed using 
the BCA Protein Assay Kit.

Electrophoretic mobility shift assays (EMSAs)

An EMSA was performed via the Beyotime EMSA/Gel-Shift 
kit (No. GS002) and the Chemiluminescent EMSA Kit (No. GS009) 
as recently described, with minor modifications (Zhang et  al., 
2021b). Binding assays were carried out by incubating 1 μmol 
chemiluminescent-labeled probes (Supplemental Table S2) with 
increasing amounts of purified recombinant RpoS. Competition 
experiments were performed with 100-fold cold probes (not biotin 
labeled). Free DNA and protein-bound DNA were applied to a 4% 
nondenaturing polyacrylamide gel in 0.5 × Tris-borate-EDTA 
buffer, pH 8.0. After electrophoresis, gels were blotted onto nylon 
membranes and crosslinked as described in the manufacturer’s 
instructions. A chemiluminescence detection method was utilized 
to determine the biotinylated DNA fragments and analyzed by 
Image Lab™ (BIO-RAD, United States).

Statistical analysis

The statistical analysis was performed using Student’s t test 
implemented in the GraphPad Prism software. In the present 
study, all experiments were carried out twice independently. Data 
are expressed as the average ± SD (standard deviation) of 
three replications.
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Results

Analysis of phenotypic characterization

To assay whether the growth of ΔrpoS was defective, the 
growth proficiency of ΔrpoS was compared with that of 
P. protegens FD6 using LB medium. The growth curves of these 
three strains suggested that the ΔrpoS was less than that of WT 
FD6 from 6 to 48 h, while the complementary strain ΔrpoSC 
could restore the growth rate to near wild-type levels 
(Supplementary Figure S1). The biofilm assay showed that the 
rpoS mutant had a hypobiofilm comparable to strain FD6 and 
its complementary strain ΔrpoSC, suggesting that RpoS 
positively regulates biofilm formation in P. protegens FD6 
(Supplementary Figure S2A). The phenotypic characterization 
showed that both the swimming and swarming motilities of 
ΔrpoS decreased significantly, suggesting that the motility of 
ΔrpoS is impaired (Supplementary Figure S2B).

RpoS is essential for stress resistance

The survival rates of wild-type FD6, ΔrpoS and the 
complementary strain ΔrpoSC in the stationary phase were 

assayed after exposure to diverse stress conditions, including 
45°C, 12% ethanol, 5 M H2O2 and 2.4 M NaCl (Figure 1). The 
survival rate of ΔrpoS cells exposed to 45°C or 12% ethanol 
was significantly lower than that of wild-type cells 
(Figures 1A,B). After exposure for 10 min, the survival rates 
of FD6 were 1.9 and 5 times that of ΔrpoS, respectively. After 
treatment with 5 M H2O2 for 45 min, the survival rate of FD6 
was 7.5 times that of ΔrpoS mutant (Figure  1C). For the 
osmotic stress (2.4 M NaCl), the survival rates of ΔrpoS is 
similar to that of the wild type (Figure 1D).

Effect of RpoS on antimicrobial activities 
in Pseudomonas protegens FD6

Four phytopathogens, B. cinerea, M. fructicola, P. capsici and 
R. solanacearum, were chosen to determine the effect of RpoS on 
the antimicrobial activity of P. protegens FD6. Mutation of the 
rpoS gene (ΔrpoS) resulted in increased inhibitory ability (1.78-, 
1.42-and 2.53-fold in B. cinerea, M. fructicola and P. capsici) 
compared with wild-type FD6. Furthermore, the color of the 
colonies darkened, which suggests that more specific metabolite 
production was associated with stronger antifungal activity 
(Figures  2A–C). The RpoS mutation also caused stronger 

A B

C D

FIGURE 1

Roles of rpoS in resistance to (A) heat, (B) 12% ethanol, (C) 5 M H2O2 or (D) 2.4 M NaCl. Cultures of Pseudomonas protegens FD6 strains were 
exposed to different stress conditions. The bacterial cells were resuspended in sterilized M9 liquid medium to test cell viability. The experiment 
was carried out in three biological replicates. Error bars represent ±standard deviation.
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antimicrobial activity of FD6 against R. solanacearum and 
produced a clear inhibition zone (Figure 2D).

Negative control of phlACBD operon 
expression and 2,4-DAPG biosynthesis by 
RpoS

The synthesis of 2,4-diacetylphloroglucinol was significantly 
increased in the rpoS-deleted strain. 2,4-DAPG production was 
elevated over 50 times in ΔrpoS (Figure 3A). The rpoS deletion 
mutant created a 1.40-to 3.08-fold increase in the transcriptional 
levels of most genes in the 2,4-DAPG biosynthetic gene cluster 
phlHGFACBD, as determined by qRT–PCR (Figure  3B). The 
β-galactosidase assays of the phlA-lacZ and phlA′-′lacZ fusions 
further confirmed that the expression of the phlACBD biosynthesis 
gene clusters was negatively regulated by RpoS at both the 
transcriptional and translational levels (Figures 3C,D).

Negative control of pyoluteorin gene 
cluster expression and Plt production by 
RpoS

The RpoS deletion mutation also led to the production of 
pyoluteorin being markedly enhanced by over 50-fold compared 
with the WT, as determined by HPLC (p < 0.01; Figure 4A). The 
complementary strain ΔrpoSC diminished significantly the level 
of Plt, whereas there is significant difference between ΔrpoSC and 
FD6. This showed that RpoS has a negative effect on the Plt 
production. The expression of the Plt gene cluster is negatively 
controlled by RpoS in the rpoS deletion mutant compared to 
P. protegens FD6. The rpoS deletion induced a 0.54- to 5.60-fold 
higher expression in the pltMRLABCDEFGZ operon (Figure 4B). 
Furthermore, the β–galactosidase data indicated that the rpoS 
mutation had a negative influence on pltL expression at both the 
transcript and translation levels (Figures 4C,D).

A B

C D

FIGURE 2

Effect of RpoS on the antagonistic ability of P. protegens FD6 against (A) Botrytis cinerea, (B) Monilinia fructicola, (C) Phytophthora capsici and 
(D) Ralstonia solanacearum. The antifungal abilities of FD6 and its derivatives were determined by measuring the inhibition zone of these 
phytopathogenic fungi on PSA plates. The antibacterial activities of FD6 and its derivatives against R. solanacearum were assessed on TM plates. 
The experiment was performed in three biological replicates.
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Confirmation of RpoS-DNA binding and 
the target sequence

RpoS usually binds to the promoter sequence of its target 
genes. Lévi-Meyrueis et  al. (2015) described the-10 RpoS 
binding motif as CTANNNT. To clarify the function of RpoS 
in antibiotic synthesis, we  used the possible consensus 
sequences recognized by RpoS to search for putative target 
genes and identified several genes encoding 
2,4-diacetylphloroglucinol and pyoluteorin biosynthetic gene 
clusters in the P. protegens FD6 genome (NZ_CP031396.1). 
Interestingly, we  found that 2 promoter regions of the 
2,4-DAPG operon and 3 promoter regions of the Plt operon 
contain the sequence CTANNNT, which closely coincides with 
the-10 element for RpoS binding (Figure 5A). To detect the 
interactions between protein-DNA, we  first performed 
bacterial one-hybrid experiments. Our previous study 
demonstrated that Vfr could bind to its own promoter. 
Therefore, we used the cotransformant with pTvfr/pBvfr as a 
positive control to test the above RpoS possible target genes 
via bacterial one-hybrid system assays. As displayed in 
Figure 5B, the strains with pTrpoS/pBphlA, pTrpoS/ pBphlG, 
pTrpoS/pBpltR, pTrpoS/pBpltL or pTrpoS/pBpltF grew well 

which is similar to the pTvfr/pBvfr. Furthermore, those strains 
with pTRG/pBphlA, pTRG/pBphlG, pTRG/pBpltR, pTRG/
pBpltL or pTRG/pBpltF failed to grow. We conclude that RpoS 
specifically binds with the promoter regions of phlA, phlG, 
pltR, pltL and pltF.

RpoS-DNA interactions determined with 
the EMSA

To confirm whether RpoS repressed the above five genes 
through direct binding, we  expressed and purified the RpoS 
protein fused with a C-terminal His-tag and then purified it with 
Ni-NTA resin (Figure 6A). The concentration of RpoS was 846 μg/
ml according to the BCA Protein Assay Kit. We performed an 
EMSA with purified RpoS and synthesized 25-bp DNA probes 
labeled with biotin. The EMSA revealed that RpoS bound to all 
five DNA probes to form protein–DNA complexes 
(Figures 6B–D), which is also in agreement with the bacterial 
one-hybrid data. Moreover, the RpoS–DNA complexes revealed 
stronger retarded bands with increasing amounts of the RpoS 
protein. The RpoS–DNA complexes disappeared or weakened, 
when unlabeled competitors were present (Figures 6B–D). These 

A B

C D

FIGURE 3

Negative modulation of 2,4-DAPG synthesis and operon expression by RpoS. (A) 2,4-DAPG biosynthesis was quantified using HPLC. (B) Effect of 
RpoS on the transcript level of the 2,4-DAPG synthesis genes in Pseudomonas protegens FD6. Gray and green indicate that these genes are 
involved in biosynthesis and regulation, respectively. (C,D) Deletion of rpoS significantly increased the expression of the phlA-lacZ and phlA′-′lacZ 
fusions. Error bars show mean ± standard deviation. ****p < 0.0001.
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FIGURE 4

Negative regulation of Plt production and the expression of gene cluster by RpoS. (A) HPLC analysis of Plt biosynthesis by FD6 and its derivatives. 
(B) Influence of RpoS on the transcript level of the Plt biosynthesis gene cluster in Pseudomonas protegens FD6. Gray and green indicate the same 
meanings. (C,D) Deletion of rpoS markedly increased the expression of the pltL-lacZ and pltL′-′lacZ fusions. Error bars represent the standard 
deviation of the mean. *p < 0.05, and ****p < 0.0001.

results suggest that these affinities of RpoS to DNA are 
highly specific.

DNA binding is necessary for the 
RpoS-mediated inhibition of phlA and 
pltL expression

The RpoS protein is composed of four functional regions: 
σ1.2, σ2, σ3 and σ4 (Figure 7A). The σ2 region is crucial for 
recognition of the-10 promoter element, which is the essential 
and most highly conserved promoter motif (Lévi-Meyrueis 
et al., 2015). Amino acid R147 was substituted for S147 in the 
σ2 region, which binds to the-10 promoter element of target 
genes (Figure 7A). To further explore the molecular mechanism 
by which RpoS affects 2,4-DAPG and Plt biosynthesis, RpoS-
inhibited lacZ fusions relating to the 2,4-DAPG and Plt operons 
were examined. Expression of the phlA′-′lacZ and pltL′-′lacZ 
translational fusions was also upregulated in the ΔrpoSM mutant 
compared to the complementary strain ΔrpoSC at 12 and 15 h. 
In particular, the ΔrpoSM mutant induced a significant increase 
in the translational levels of pltL genes compared to strain 
ΔrpoSC (Figures 7B,C). Genetic analysis suggested that DNA 
binding of RpoS is required for suppressing 2,4-DAPG and 
Plt biosynthesis.

Discussion

Sigma factors are ubiquitous in bacterial genomes. The 
P. fluorescens Pf-5 genome, which shares 98.7% similarity of 
nucleotide sequences with that of P. protegens FD6, has a total of 
33 sigma factors, including one σ54 and four σ70 (Kill et al., 2005; 
Zhang et al., 2020). The sigma factor RpoS has been reported as a 
global regulator of the cell functions in many gram-negative 
bacteria, including stress resistance, biofilm formation and 
antibiotic biosynthesis (Suh et al., 1999; Liu et al., 2016; Qin et al., 
2020). This present study showed that RpoS plays a pleiotropic 
role in the control of biocontrol-associated traits (Figure 8). RpoS 
is required for bacterial swimming and swarming motilities, and 
biofilm formation. This suggests that colonization ability of FD6 
may be impaired and need further study. Our results also showed 
that RpoS is involved in stress resistance, suggesting decreased 
ability of rpoS mutant to survive in different environmental 
stresses. In addition, the RpoS mutation resulted in overproduction 
of antibiotics 2,4-DAPG and Plt, and improved antimicrobial 
activity of FD6.

RpoS has been well reported as a global regulator of general 
stress resistance in E. coli, Pseudomonas spp. and Serratia 
plymuthica (Heeb et al., 2005; Liu et al., 2016, 2018a). Similarly, 
our results demonstrated that a rpoS mutation led to higher 
sensitivity to ethanol, oxidative stress and heat shock, while 
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osmotic stress was independent of RpoS in P. protegens FD6. 
Both P. protegens FD6 and spoilage bacterium P. fluorescens 
UK4 are similar in the resistance of RpoS to environmental 
stresses (Liu et al., 2018a). RpoS has been well characterized as 
a contributor to NaCl stress resistance in a number of 
pseudomonads (Suh et al., 1999; Wu et al., 2021); however, our 
data indicated that RpoS does not affect osmotic stress. Thus, 
the role of RpoS appears to vary in different 
Pseudomonas species.

Kidarsa et  al. (2013) studied the transcriptome between 
P. protegens Pf-5 and its rpoS mutant on seeds and identified 476 
genes under the control of RpoS. These genes are involved in 
iron homeostasis, secondary metabolism, cyclic diguanylate 
(c-di-GMP) signaling, biofilm formation, and antibiotic 

production. The RpoS mutation could alter the synthesis of the 
antifungal secondary metabolites pyrrolnitrin, pyoluteorin, 
phenazines and 2,4-DAPG (Sarniguet et al., 1995; Yan et al., 
2009; He et al., 2019). The RpoS mutation in P. protegens FD6 
also led to the increased yields of 2,4-DAPG and Plt. To 
understand whether yield changes in antibiotics correlate with 
related gene expression, the gene expression were compared in 
both the exponential and stationary phases of FD6 and the rpoS 
mutant. The qPCR data suggested that there was no significant 
difference both phlA and pltA expression in the ΔrpoS compared 
to that in the WT during the exponential growth phase. 
However, the expression of phlA and pltA was significantly 
changed (p < 0.001) during the stationary phase of ΔrpoS 
compared to that in FD6 (Supplementary Figure S3). Herein, 

A

B

FIGURE 5

RpoS and its target DNA-binding specificity assay. (A) Identification of the RpoS-10 consensus motif in the promoter regions of antibiotic 
biosynthetic genes in P. protegens FD6. (B) Direct interactions between RpoS with the promoter regions of its targets in P. protegens FD6. The E. 
coli XL1-Blue MRF’ Kan carrying pTvfr and pBvfr plasmids were used as a positive control on a selective screening medium plate.
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FIGURE 6

Direct interaction of RpoS with the promoter regions of antibiotic biosynthesis clusters. (A) Purification of the RpoS protein. M: Protein standard 
marker; 1–2 the pure RpoS (protein eluted with 200 mM and 250 mM imidazole). (B–D) An electrophoresis mobility shift assay was used to evaluate 
the interaction between RpoS and labeled DNA probes. The amount of RpoS used in this experiment is shown above each gel. The concentration 
of labeled probe was 1 μM. An excess of unlabeled probe was used in the competitive experiment.

we  compared the transcript levels of the phlHGFACBD and 
pltMRLABCDEFGZ operons of FD6 and ΔrpoS during the 
stationary growth phase. The antibiotic 2,4-DAPG and Plt 
biosynthetic gene clusters were upregulated in the ΔrpoS, which 
was in accordance with the overproduction of 2,4-DAPG and Plt 
in the ΔrpoS mutant. In particular, the biosynthetic genes 
pltMRLABCDEFGZ for Plt were highly controlled by RpoS, with 
pltA showing the greatest increase (−5.6-fold) in the 
ΔrpoS mutant.

Based on our data, we hypothesize that RpoS serves as a 
repressor in antibiotic production. The role of RpoS as a negative 
regulator of antibiotic genes was also revealed in other 
Pseudomonas species (Yan et al., 2009; Kidarsa et al., 2013; He 
et al., 2019). However, the potential repressive mechanism of 
RpoS in antibiotic production remains unclear in the biological 
control agent Pseudomonas spp. To reveal the regulatory model 
by which RpoS functions in biocontrol agent FD6, the antibiotic 
2,4-DAPG and Plt gene clusters were searched for the Salmonella 
enterica serovar Typhimurium RpoS binding motif (CTANNNT). 
We identified five putative RpoS binding motifs in the promoter 
regions of antibiotic-associated genes (phlG, phlA, pltR, pltL and 
pltF). PhlG hydrolase is associated with converting 2,4-DAPG to 
MAPG (Bottiglieri and Keel, 2006). However, RpoS does not 
appear to be  the exclusive regulon of phlG. Another global 
transcriptional regulator, Vfr, positively regulates phlG 

expression via direct binding to an DNA sequence in the phlG 
promoter region (Zhang et al., 2021b). The TetR family regulator 
phlH also binds to the promoter region of phlG to repress its 
transcription (Yan et al., 2017b). Multiple transcriptional factors 
present in the genome of P. protegens FD6 may contribute to this 
strain to survive in diverse environments. pltR, a lysR-type 
transcriptional regulator, plays a transcriptional activator role in 
the Plt operon pltLABCDEFG. Plt has been reported as a signal 
to activate the expression of PltR (Li et al., 2012). Moreover, 
PG-Cl2 is necessary for the activation of pltL expression mediated 
by PltR (Yan et al., 2017a). Pyoluteorin biosynthesis begins with 
the activation of L-proline by the PltF and its parter PltL carrier 
protein (Thomas et  al., 2002). Lévi-Meyrueis et  al. (2015) 
suggested that rpoS mutants lacking promoter DNA binding lost 
their repressor activity based on global genome expression 
analysis, indicating that DNA binding plays a crucial role in the 
downregulation of gene expression by RpoS. Our data suggest 
that the DNA binding activity of RpoS is required for the 
downregulation of phlA and pltL. Further experiments will 
be performed to understand how the interactions among RpoS, 
PhlG, PhlA, PltR, PltL and PltF have influence on the synthesis 
of Plt and 2,4-DAPG. Here we reveal that RpoS binds directly to 
the promoter regions of phlA, phlG, pltR, pltL and pltF, thereby 
promoting RpoS-regulated repressive role in 2,4-DAPG and 
pyoluteorin biosynthesis.
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This work focused on the functional analysis of the 
stationary-phase sigma factor RpoS in the biological agent 
P. protegens FD6. The results obtained from this study revealed 
that RpoS is involved in stress survival, biofilm formation and 
bacterial motility and mediates the biosynthesis of the 
antifungal metabolites 2,4-DAPG and Plt at both the 
transcriptional and translational levels. Moreover, transcription 
of the antibiotic biosynthetic genes phlG, phlA, pltR, pltL and 
pltF is under the control of RpoS, which directly binds to their 

promoter regions and inhibits the transcription initiation of 
these genes. This is the first report that DNA binding of RpoS 
is crucial for the suppression of 2,4-DAPG and Plt biosynthesis.
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FIGURE 7

Effect of ΔrpoS on the expression of phlA′-′lacZ and pltL′-′lacZ. (A) Schematic representation of the four regions of the RpoS protein and location 
of the R147 mutation in region 2, which binds to the-10 promoter of a target gene. (B,C) Differences in β-galactosidase expression in two reporter 
vectors, 6,013-pltL and 6,013-phlA, were determined between P. protegens FD6 derivatives grown for 12 h and 15 h in LB at 28°C. The plasmid 
pBBR1MCS-2, carrying the rpoS or rpoSR147S genes, was used in complementation experiments. The experiment was performed in three biological 
replicates. Error bars indicate ±standard deviation. ****p < 0.0001.

FIGURE 8

Proposed regulatory model of RpoS on biocontrol factors in P. protegens FD6. Arrows, positive regulation; lines with a flattened end, negative 
regulation.
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