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ABSTRACT Prodigiosin (PG), a red linear tripyrrole pigment normally secreted by
Serratia marcescens, has received attention for its reported immunosuppressive, anti-
microbial, and anticancer properties. Although several genes have been shown to be
important for prodigiosin synthesis, information on the regulatory mechanisms be-
hind this cellular process remains limited. In this work, we identified that the tran-
scriptional regulator RcsB encoding gene BVG90_13250 (rcsB) negatively controlled
prodigiosin biosynthesis in S. marcescens. Disruption of rcsB conferred a remarkably
increased production of prodigiosin. This phenotype corresponded to negative con-
trol of transcription of the prodigiosin-associated pig operon by RcsB, probably by
binding to the promoter region of the prodigiosin synthesis positive regulator Fl-
hDC. Moreover, using transcriptomics and further experiments, we revealed that
RcsB also controlled some other important cellular processes, including swimming
and swarming motilities, capsular polysaccharide production, biofilm formation, and
acid resistance (AR), in S. marcescens. Collectively, this work proposes that RcsB is a
prodigiosin synthesis repressor in S. marcescens and provides insight into the regula-
tory mechanism of RcsB in cell motility, capsular polysaccharide production, and acid
resistance in S. marcescens.

IMPORTANCE RcsB is a two-component response regulator in the Rcs phosphorelay
system, and it plays versatile regulatory functions in Enterobacteriaceae. However, in-
formation on the function of the RcsB protein in bacteria, especially in S. marcescens,
remains limited. In this work, we illustrated experimentally that the RcsB protein was
involved in diverse cellular processes in S. marcescens, including prodigiosin synthe-
sis, cell motility, capsular polysaccharide production, biofilm formation, and acid re-
sistance. Additionally, the regulatory mechanism of the RcsB protein in these cellular
processes was investigated. In conclusion, this work indicated that RcsB could be a
regulator for prodigiosin synthesis and provides insight into the function of the RcsB
protein in S. marcescens.

KEYWORDS regulator RcsB, prodigiosin synthesis, cellular processes, Serratia
marcescens

he Rcs phosphorelay system is one of the most complex two-component signal

transduction systems in bacteria (1-3). At the core of this system are three multi-
domain proteins, including the hybrid sensor kinase RcsC, the phosphotransfer protein
RcsD, and the response regulator ResB. In addition, the outer membrane lipoprotein
RcsF and the inner membrane protein IgaA (also known as GumB) are auxiliary proteins
for receiving extracellular signals (4). Previous studies have reported that the response
regulator RcsB controls expression of hundreds of bacterial genes associated with
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capsular polysaccharide biosynthesis (5, 6), flagellar biogenesis (7, 8), antibiotic resis-
tance (9, 10), biofilm formation (11, 12), and virulence (13, 14) in Enterobacteriaceae.
However, our understanding of the role of the regulator RcsB in bacteria, especially in
Serratia marcescens is still limited.

S. marcescens, a Gram-negative rod-shaped bacterium of the Enterobacteriaceae
family, is found in a wide range of environments, including soil, water, plants, insects,
and foods, and is used for production of many high-value products, including prodi-
giosin (15), althiomycin (16), serratamolide (17), acetoin (18), and 2,3-butanediol (19).
Prodigiosin (PG), a red linear tripyrrole pigment, has attracted attention due to its
antimalarial, antibacterial, antifungal, antiprotozoal, and immunosuppressant activ-
ities (15). Studies on the metabolic regulation network of prodigiosin biosynthesis in
S. marcescens have found that the enzymes related to prodigiosin production in this
bacterium could be divided into groups, namely, enzymes involved in the biosynthetic
pathway of prodigiosin synthesis and enzymes encoding transcriptional regulators. The
prodigiosin biosynthesis pathway in S. marcescens consists of the genes pigA to pigN, a total
of 14 genes, which are transcribed as a polycistronic mRNA from a promoter upstream of
pigA. The genes pigB, pigD, and pigE encode proteins sufficient for the biosynthesis of
2-methyl-3-n-amyl-pyrrole (MAP), while the genes pigA, pigF, pigG, pigH, pigl, pigJ, pigK, pigL,
pigM, and pigN are involved in the production of 4-methoxy-2,2"-bipyrrole-5-carbaldehyde
(MBQ). Finally, MAP and MBC condense to form prodigiosin via the terminal condensing
enzyme PigC (15). The synthesis of prodigiosin in S. marcescens is also directly or indirectly
controlled by transcriptional regulators, including the negative regulators MetR (20), SpnR
(21), CopA (22), CRP (23), HexS (24), RssB (25), ResB (26), and SmaR (27) and the positive
regulators EepR (28), PigP (29), GumB (30), FIhDC (31), and RbsR (32). Although these nearly
30 genes have been reported to be involved in prodigiosin production in S. marcescens,
knowledge of the regulatory mechanism behind prodigiosin biosynthesis in S. marcescens
is still limited.

In this study, S. marcescens JNB5-1, a prodigiosin-producing strain isolated from
soil samples (20), was used to investigate the regulatory mechanism behind pro-
digiosin synthesis in S. marcescens. By constructing a Tn5G insertion mutant library,
the transcription regulator RcsB was identified to negatively regulate prodigiosin
production in S. marcescens. Moreover, our study investigated the regulatory role of
the RcsB protein in swarming and swimming motilities, capsular polysaccharide
biosynthesis, biofilm formation, and acid resistance (AR) in S. marcescens. Our data
showed an important role for the highly conserved RcsB protein in influencing
prodigiosin production and investigated the mechanism by which RcsB regulates
prodigiosin biosynthesis.

RESULTS

Identification of a regulator, RcsB, that negatively controls prodigiosin syn-
thesis. To identify genes that regulate prodigiosin production in S. marcescens, a Tn5G
transposon insertion library was constructed using Escherichia coli/pRK2013 Tn5G as the
donor strain and S. marcescens JNB5-1 as the recipient strain, and a prodigiosin-
hyperproducing mutant, SK68, was isolated (Fig. 1A; see also Fig. S1 in the supplemen-
tal material). Shake flask fermentation analysis showed that the SK68 mutant could
synthesize 116.48 mg/liter of prodigiosin after 24 h of fermentation, which was 2.28
times that synthesized by wild-type strain JNB5-1 (51.01 mg/liter) (P < 0.001; Fig. 1B).

With inverse PCR, the insertion site of the Tn5G transposon in strain SK68 was
identified between bp 503 and 504 in the coding region of the BVG90_13250 gene,
which encodes a DNA binding response regulator. BVG90_13250 shares 100% identity
with a predicted transcriptional regulator, RcsB, of a sequenced S. marcescens strain,
Db11 (GenBank accession number NZ_HG326223) (Fig. 1C). Furthermore, the BVG90_
13250 protein, containing a signal receiver domain (REC) at its N terminus and a DNA
binding domain (DBD) at its C terminus, is 94.91%, 94.44%, 94.44%, 89.04%, and 92.13%
identical to proven RcsB proteins of Escherichia coli K-12 (CQR81717.1) (33), Klebsiella
pneumoniae ATCC 43816 (CEL83440.1) (5), Salmonella enterica subsp. enterica serovar
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FIG 1 Regulator RcsB represses prodigiosin biosynthesis in S. marcescens. (A) A prodigiosin-
hyperproducing mutant, SK68, was identified by Tn5G transposon insertion mutagenesis. (B) Shake flask
fermentation to determine the ability of JNB5-1, SK68, SK68/pXW1908, SK68/pUCP18, ARcsB, ARcsB/
pXW1908, ARcsB/pUCP18, ARcsA, ARcsC, ARcsD, ARcsF, and AlgaA strains to synthesize prodigiosin.
JNB5-1 is a wild-type S. marcescens strain, SK68 is an rcsB-disrupted mutant, ARcsB is an rcsB deletion
mutant, ARcsA is an rcsA deletion mutant, ARcsC is an rcsC deletion mutant, ARcsD is an rcsD deletion
mutant, ARcsF is an rcsF deletion mutant, AlgaA is an igaA deletion mutant, SK68/pXW1908 and
ARcsB/pXW1908 are rcsB complementary strains with plasmid pXW1908, and SK68/pUCP18 and ARcsB/
pUCP18 are recombinant strains with empty vector pUCP18. (B) The experiment was performed inde-
pendently three times. Error bars indicate standard deviations. One-way analysis of variance (ANOVA)
was used to examine the mean differences between the data groups. ****, P < 0.001; *, P < 0.05; ns, no
significant difference. (C) Genetic loci identified in mutant SK68. (Upper) Genetic map of the disrupted
gene BVG90_13250 and its surrounding genes. The transposon insertion site is indicated by the black
downward-pointing arrow. (Middle) Domain organization of the BVG90_13250 protein. (Lower)
BVG90_13250 is highly homologous to the RcsB protein.

Typhimurium strain ST4/74 (ADX18030.1) (34), Yersinia pestis KIM6+ (AKB89006.1) (35), and
Yersinia ruckeri QMIA0440 (ARZ00430.1) (36), respectively (see Fig. S2 in the supplemen-
tal material). Due to the high similarity to previously studied RcsB proteins from other
Enterobacteriaceae species, we therefore referred to the BVG90_13250 open reading
frame as RcsB. In the complementation experiment, the intact rcsB gene and the empty
vector pUCP18 were separately introduced into the SK68 mutant, and a complementary
strain, S. marcescens SK68/pXW1908, had significantly decreased prodigiosin produc-
tion compared to that of mutant SK68 and recombinant strain SK68/pUCP18. This result
demonstrated that RcsB was associated with the regulation of prodigiosin synthesis
(Fig. 1B). To further confirm the function of the rcsB gene, a mutant strain, ARcsB, with
the rcsB gene completely deleted was generated, and its ability to synthesize prodigi-
osin was analyzed. Results showed that prodigiosin production was significantly in-
creased in the rcsB deletion mutant ARcsB compared to that in strains JNB5-1 and
ARcsB/pXW1908 and was similar to that of rcsB-disrupted mutant SK68 (Fig. 1B).
Together, these results suggested that RcsB functions as a prodigiosin synthesis re-
pressor in strain JNB5-1.
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FIG 2 RcsB is a negative regulator for pig gene cluster transcription. (A) Growth curves of JNB5-1, SK68, and SK68/pXW1908
strains in LB medium. (B) Analysis of prodigiosin levels in JNB5-1, SK68, and SK68/pXW1908 strains. (C) Reverse
transcription-quantitative PCR (RT-qPCR) analysis of the pig gene cluster expression level in the SK68 and JNB5-1 strains
at an optical density at 600 nm (ODg,) of 6.0. (Upper) Structure of the pig gene cluster; these 14 genes were transcribed
as a polycistronic mRNA from a promoter upstream of the pigA gene. (Lower) Relative expression levels of the pig gene
cluster in the strain SK68 compared with those in the JNB5-1 strain. (D) Analysis of B-galactosidase activity of strains SK68
and JNB5-1 harboring the PpigA-lacZ, pig-lacZ, or pigA-lacZ reporter fusion at an ODg, of 5.0. PpigA-lacZ indicates that the
promoter of the pig operon was cloned upstream of the lacZ gene. pig-lacZ indicates that the upstream noncoding region,
including the operator and promoter of the pig operon, was cloned upstream of the lacZ gene. pigA-lacZ indicates that the
upstream noncoding region of the pig operon and coding sequences, except the termination codon of the pigA gene, was
cloned upstream of the lacZ gene. (Upper) Schematic of PpigA-lacZ, pig-lacZ and pigA-lacZ. A, B, M and N indicate genes
pigA, pigB, pigM, and pigN, respectively. (Lower) B-Galactosidase activity in strains SK68 and JNB5-1 harboring the
PpigA-lacZ, pig-lacZ, or pigA-lacZ reporter fusion. (A to D) The experiment was performed independently three times. Error
bars indicate standard deviations. Student’s t test was used to examine the mean differences between the data groups.

e P <0.001.

The Rcs pathway is composed of the proteins RcsA, ResC, ResD, ResF, and IgaA, and
it is involved in regulating the phosphorylation and dephosphorylation of response
regulator RcsB, thereby regulating the expression level of target genes (4). To study the
contributions of other Rcs components to prodigiosin production in S. marcescens, we
measured prodigiosin synthesis in several rcs mutants. Results showed that RcsC, ResD,
and RcsF conferred no significant effect on prodigiosin synthesis, while RcsA and IgaA
positively regulated prodigiosin production in strain JNB5-1 (P < 0.001) (Fig. 1B). The
result that IgaA positively regulates prodigiosin synthesis in S. marcescens was consis-
tent with a previous report (30), and how RcsA regulates prodigiosin synthesis will be
described elsewhere. Collectively, these results suggested that RcsB regulation of
prodigiosin synthesis in S. marcescens probably does not require RcsACDF.

RcsB negatively regulates prodigiosin-associated pig operon transcription. To
analyze the cause of the higher production of prodigiosin in rcsB-disrupted mutant
SK68, the cell growth of strains JNB5-1, SK68, and SK68/pXW1908 was determined.
Results showed that there was no significant difference in cell growth between these
three strains (Fig. 2A). Further analysis of single-cell synthesis of prodigiosin in these
three strains found that the rcsB-disrupted mutant SK68 had significantly enhanced
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prodigiosin production compared to that of strains JNB5-1 and SK68/pXW1908 (Fig. 2B).
These results indicated that the hyperproduction of prodigiosin in strain SK68 was
possibly due to the higher expression levels of the prodigiosin-related pig gene cluster
instead of to increased biomass.

The synthesis of prodigiosin in S. marcescens is controlled by the pigA, pigB, pigC,
pigD, pigE, pigF, pigG, pigH, pigl, pigJ, pigK, pigL, pigM, and pigN genes, which are
transcribed as a polycistronic mRNA from a promoter upstream of pigA (Fig. 2C). To
investigate how RcsB inhibits prodigiosin synthesis in JNB5-1, the expression levels of
these 14 genes in JNB5-1 and rcsB-disrupted mutant SK68 were determined by real-
time quantitative PCR (RT-qPCR) at the stationary phase (optical density at 600 nm
[ODgq0] of 6.0), at which prodigiosin began to be produced in large quantities (Fig. 1B).
As shown in Fig. 2C, compared to those in the wild-type strain, the expression levels of
the pigABCDEFGHIJKLMN genes were upregulated by 2.91-fold to 11.48-fold in mutant
SK68. In addition, a transcriptional reporter gene fusion of the pig operon was con-
structed by cloning the promoter region of the pig operon upstream of the lacZ gene,
and B-galactosidase activity in strains JNB5-1 and SK68 was determined. Results
showed that the level of transcription of the pig operon was significantly higher in the
resB-disrupted mutant SK68 than in its parent strain, JNB5-1 (P < 0.001) (Fig. 2D). To
further ascertain whether there is an indirect posttranscriptional regulation of the pig
operon expression by RcsB, a pig-lacZ fusion reporter plasmid was constructed by
cloning the upstream noncoding region, including the operator and the promoter of
the pig operon upstream of the lacZ gene (Fig. 2D). Also, a pigA-lacZ fusion reporter
plasmid was constructed by cloning the upstream noncoding region of the pig operon
and coding sequences, except for the termination codon of the pigA gene upstream of
the lacZ gene (Fig. 2D), and B-galactosidase activity in strains JNB5-1 and SK68 was
determined. Results showed that the presence of the operator region of the pig operon
or the coding sequences of the pigA gene had no significant effect on the expression
level of the lacZ gene in both strains JNB5-1 and SK68 (Fig. 2D). These results suggested
that the pig operon was not regulated by RcsB at the posttranscriptional level. To-
gether, these results indicated that RcsB probably inhibited prodigiosin production by
repressing the expression of the prodigiosin-associated pig operon at the transcrip-
tional level.

Transcriptome analysis of the rcsB mutant strain. It has been confirmed that the
RcsB regulator plays an important regulatory role in various bacterial metabolic path-
ways in Enterobacteriaceae (1, 4); however, our understanding of the role of RcsB in
S. marcescens is still limited. Hence, to investigate the roles of RcsB in the cellular
processes in S. marcescens, transcriptome sequencing (RNAseq) analysis was performed
to evaluate gene expression differences between the rcsB-disrupted mutant SK68 and
parent strain JNB5-1. Comparative transcriptomics data showed that the expression
levels of 210 genes, including those of regulator-encoding genes flhC, flhD, figM, cheR,
gutM, prpR, and galS, were significantly upregulated and 106 genes, including
regulator-encoding genes puuR and cadCl1, were significantly downregulated in the
resB-disrupted mutant SK68 (|log,[fold change {FC}]| = 1, P = 0.05) (Fig. 3A; see also
Tables S4, S5, and S6). Based on the annotation of KEGG_B_class, these 316 significantly
upregulated or downregulated genes were classified into 20 major cellular processes,
such as cell motility, carbohydrate metabolism, and signal transduction (Fig. 3B).
Moreover, these 316 genes could further be grouped using the Pathway Enrichment
Analysis tool Omicshare into several major metabolic pathways, including flagellar
assembly, two-component systems, and transcriptional factors, based on their annota-
tions described in the pathway classification (Fig. 3C). Collectively, transcriptomics data
suggested that RcsB possibly functions as a regulator controlling various cellular
processes, including prodigiosin synthesis in S. marcescens.

RcsB regulates the prodigiosin synthesis indirectly. To explore whether RcsB
directly controls the expression of the pig gene cluster, hence inhibiting prodigiosin
synthesis, the rcsB gene was cloned with an N-terminal His tag in the pET28a plasmid,
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FIG 3 Transcriptome analysis of strains JNB5-1 and rcsB-disrupted mutant SK68. (A) Genome-wide analysis of gene expression
differences between the rcsB-disrupted mutant SK68 and the wild-type strain JNB5-1 at an OD,, of 2.0. The x axis represents
the logarithmic transformation value of gene expression levels in strain JNB5-1. The y axis represents log,-transformed values
of gene expression fold changes between strains SK68 and JNB5-1. Light blue and green triangles represent the upregulated
and downregulated genes, respectively. Dark blue represents the regulator-encoding genes. (B) Genes significantly differen-
tially expressed by strains SK68 and JNB5-1 were classified into different cellular processes according to KEGG_B_class. (C)
Expression profiles of the genes belonging to the indicated metabolic pathways. (B and C) Genes with significantly elevated
and reduced expression levels in strain SK68 compared to strain JNB5-1 are shown in blue and green, respectively.

and the purified His-tagged RcsB was incubated with the 5’ noncoding region of the
pigA gene (located between nucleotide positions —1 and —406 relative to the trans-
lational start site of the pigA gene) and subjected to electrophoretic mobility shift assay
(EMSA). As shown in Fig. 4A, the result showed that the RcsB protein did not bind to
the promoter region of the pig gene cluster. Furthermore, with a transcriptional lacZ
reporter fusion, the expression level of the pig gene cluster was investigated in strains
DH5a/pXW1908 (containing RcsB from strain JNB5-1 [RcsBSm™]) and DH5a/pUCP18
(lacking RcsB from strain JNB5-1 [RcsBSm™—]) under the condition that strain DH5« has
a functional RcsB protein that is very likely to be functionally redundant. Results
showed that RcsB conferred no significant effect on pig gene cluster expression levels
in E. coli (Fig. 4B). Taken together, these results suggested a possible indirect regulatory
role of RcsB in prodigiosin synthesis genes.

FIhDC has been shown to activate prodigiosin synthesis in Serratia sp. ATCC 39006
(31). However, the role of FIhDC in the regulation of prodigiosin biosynthesis in S.
marcescens has not yet been tested. Transcriptome data showed that the expression
levels of the flhC and flhD genes were upregulated by 3.42-fold and 6.29-fold, respec-
tively, in the rcsB-disrupted mutant (Table S4). This result suggested that RcsB may
regulate the expression of the pig gene cluster by directly binding to the promoter
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production analysis of strains JNB5-1, SK68, JNB5-1AflhDC, JNB5-1/pXW1910, and SK68AfIhDC. JNB5-1 is a wild-type S. marcescens strain, SK68 is an
resB-disrupted mutant, JNB5-1AfIhDC is an flIhDC deletion mutant, JNB5-1/pXW1910 is an rcsB-overexpressing mutant, and SK68AfIhDC is an rcsB flhDC
double mutant. (D) EMSA for RcsB protein binding to the promoter region of the fThDC genes. (E) Putative RcsB binding sites in the promoter region of
flhDC genes in S. marcescens. The positions of the binding sites are numbered relative to the translational start site of the flhD gene. (F) EMSA results
revealed that RcsB could specifically bind to the binding site RcsB-1 in vitro. PIhDC, 45, a 288-bp DNA fragment from nucleotide positions —86 to —373
relative to the translational start site of flhD gene. Lane 1, PlhDC,4, without protein RcsB. Lane 2, PAINDC, g4 with 2.28 uM RcsB. Lane 3, PIhDC, g4 with
4.56 uM RcsB. Lane 4, PflhDC, 4, carrying mutations in positions TAA with protein RcsB. Lane 5, PAlhDC, 44 carrying mutations in positions TCC with protein
RcsB. Lane 6, PlhDC,g, with complete deletion of RcsB-1. (G) In vivo analysis of the S. marcescens flIhDC RcsB binding site by mutagenesis. The
transcription fusions PAhDC,g,-lacZ, PAINDCyg, (-245c-245c-247,-lacZ, PAINDC g (n-254p-2555-256-lacZ, PAhDCsgy (gespr—y-lacZ, PANDCsg,y (634635636 -lacZ, and
PAINDCsgy (pesso-)-lacZ were used in the S. marcescens strain JNB5-1. PflhDCs4,, DNA fragment containing the binding sites RcsB-1 and RcsB-2;
PAhDC g, (—245c-246c-247,, PINDCyg, carrying mutations in positions TAA; and PAINDC g, (a~2545-2554-256, PINDC,, carrying mutations in positions TCC; PAIRDC g, esp 1y
PfIhDC,5, with complete deletion of RcsB-1; PAIhDCog, (—634c-635--636, PAIhDCq, carrying mutations in positions TTA; and PfInDCyg; esp2—y PINDC,g, with complete
deletion of RcsB-2. (H) The regulatory network of RcsB controls prodigiosin synthesis in S. marcescens. The pigA to pigN operon includes genes pigABCDEFGHIJKLMN,
a total of 14 genes. ResB is an inhibitor for prodigiosin synthesis, and FIhDC is an activator for prodigiosin synthesis. X1 indicates an unknown prodigiosin synthesis
regulator controlled by RcsB. X2 indicates an unknown regulator which may be regulated by FInDC. Arrows indicate positive regulation, and T-shaped lines indicate
negative regulation. Dotted lines indicate additional pathways that influence RcsB or FIhDC control of prodigiosin production. (B and C) Experiments were performed
in biological triplicates. Error bars indicate the standard deviations. (B) Student’s t test was used for statistical analysis. (C) One-way ANOVA was used to examine the
mean differences between the data groups. ****, P < 0.001; *, P < 0.05.

region of the flhDC genes, hence affecting prodigiosin synthesis in strain JNB5-1.
To confirm this hypothesis, an flhDC deletion mutant, JNB5-1 AflhDC, and an flhDC-
overexpressing mutant, JNB5-1/pXW1910, were constructed, and the ability of strains
JNB5-1, JNB5-1 AflhDC, and JNB5-1/pXW1910 to synthesize prodigiosin was analyzed.
As shown in Fig. 4C, in strain JNB5-1, FIhDC was also an activator in prodigiosin
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synthesis. Furthermore, through analysis by EMSA of the interaction between RcsB and
the 5’ noncoding region of flhDC genes, located between nucleotide positions —1 and
—983 relative to the translational start site of the flhD gene, it was found that RcsB
could directly bind to the promoter region of the flhDC genes (Fig. 4D). This result was
consistent with the result that RcsBSm (RcsB from strain JNB5-1) significantly reduced
the expression of Pg,,.4.nc-lacZ in E. coli (Fig. 4B). The direct binding of RcsB to the fThDC
promoter has been also demonstrated previously in S. marcescens by Di Venanzio et al.
(37). These results indicated that the regulation of RcsB in prodigiosin synthesis in S.
marcescens probably depended on FIhDC.

A binding site for RcsB protein defined as “RcsB box,” with a consensus sequence
of TaAGaatatTCctA (uppercase letters indicate that the degree of conservation of
these bases in different RcsB binding sites was higher than 70%, while lowercase
letters show that the degree of conservation of these bases was higher than 50%
but lower than 70%), has been found in different species (1, 38). To further
characterize the target motif of the RcsB protein within the flThDC promoter region,
the FIMO tool of MEMEsuite (39) was used for the prediction of binding motifs in
the promoter region of flhDC genes at locations between positions —1 and —983
relative to the translational start site of the flhD gene. As shown in Fig. 4E, two
potential RcsB binding sites, ResB-1 (located between positions —245 to —258 relative to
the translational start site of the flhD gene) and RcsB-2 (located between positions —623 to
—636 relative to the translational start site of the flhD gene), were identified in the 5’
noncoding region of the flhD gene. Accordingly, the reconstituted 288-bp DNA fragment
PfIhDC,gg, spanning nucleotide positions —86 to —373 and containing the binding site
RcsB-1, and the reconstituted 134-bp DNA fragment PflhDC,,, spanning nucleotide posi-
tions —532 to —666 and containing the binding site RcsB-2, were retarded by ResB (Fig. 4F;
see also Fig. S3 in the supplemental material). The retardation was eliminated in fragments
PIDC,gg (25216247, PINDCLgg (a-254a-2554-256, and PAINDC,gg (mespq-y Carrying mutations
in three conserved positions or with complete deletion of the sequences of RcsB-1 (Fig. 4F),
and in fragment PAIhDC, 5, (c-ec-s35c-e3), Carrying mutations in three conserved positions of
binding site RcsB-2 (Fig. S3). These results demonstrated that the proposed sequences are
essential for the in vitro binding of the RcsB protein to the promoter of flhDC genes. More-
over, to analyze in vivo the S. marcescens flhDC RcsB binding site, transcriptional reporter
gene fusion of the flhDC operon was constructed by cloning the DNA fragment PflhDCyg;,
(DNA fragment containing the binding sites RcsB-1 and RcsB-2 spanning nucleotide posi-
tions —86 to —666), PﬂhDC581 (C 245246 247), PﬂhDC581 (A4 25577256, PﬂhDC581 (ResB-17 )
PIhDC g, (-s34c-e35c-s3, and PAINDCyg (gesp-2-) UPStream of lacZ, and B-galactosidase activity
in strain JNB5-1 was determined. Results showed that transcription of the flhDC operon was
significantly higher expression levels for the DNA fragments when RcsB-1 was mutated,
whereas the mutation of RcsB-2 had no significant effect on flhDC operon expression levels
(Fig. 4G). Together, these results demonstrated the importance of the identified binding site
RecsB-1 for the activation of flhDC expression and revealed that binding site RcsB-2 was
probably not involved in the regulation of flhDC expression.

Also, hundreds of genes had altered expression in the rcsB-disrupted mutant (Fig. 3),
suggesting that the increase in the prodigiosin synthesis in the mutant SK68 may
partially be dependent on FIhDC. To determine whether the effect of RcsB on prodi-
giosin synthesis is entirely dependent on FIhDC, an rcsB flhDC double mutant, SK68
AflhDC, was constructed, and the prodigiosin synthesis of strains JNB5-1, SK68, and
SK68 AflhDC was analyzed. Results showed that prodigiosin production by strain SK68
AflhDC was slightly higher than that in JNB5-1 (P < 0.05) (Fig. 4C) and significantly
lower than that of the mutant SK68 (P < 0.001) (Fig. 4C). These results indicated that
the regulation by RcsB of prodigiosin synthesis was largely or completely dependent
on FIhDC. Furthermore, to reveal the molecular regulatory mechanism of FIhDC in
the expression of the prodigiosin biosynthetic operon, RT-gPCR analysis, EMSA, and
B-galactosidase activity analysis in different strains were used. Results showed that
FIhDC positively regulates prodigiosin operon expression in strain JNB5-1. However, an
indirect regulation between the RcsB protein and the prodigiosin synthesis genes

January 2021 Volume 87 Issue 2 e02052-20

Applied and Environmental Microbiology

aem.asm.org 8


https://aem.asm.org

RcsB Controls Cellular Processes in S. marcescens

probably existed in strain JNB5-1 (see Fig. S4 in the supplemental material). Collectively,
our study supports our model that RcsB plays an inhibitory role on prodigiosin
synthesis mainly through negative regulation of the expression of the pig gene cluster,
probably by directly binding to the promoter region of the prodigiosin activator genes
flhDC, although additional pathways independent of FIhDC may exist that control
prodigiosin synthesis by RcsB (Fig. 4H). Also, an unknown regulator may be present in
strain JNB5-1, mediating the regulation between the FIhDC regulator and the prodigi-
osin synthesis pathways (Fig. 4H).

RcsB negatively regulates swimming and swarming motility. Based on the
transcriptomics data, the importance of RcsB for other selected phenotypes was
investigated. Swimming and swarming are two modes of motility found in S. marcescens,
and multiple cellular systems have been found to contribute to these two motilities,
especially the presence of functional flagella (40). To investigate the influence of RcsB on
cell motility and flagellar biosynthesis in S. marcescens, the transcriptomic data of rcsB
mutant SK68 and the wild-type strain JNB5-1 was analyzed. Results showed that the
flagellar synthesis-related genes flgBCDEFGHIJKLMN, flhABCD, fliIACDEFGHIJKLMNOPQRST,
and motAB were significantly upregulated in the SK68 strain (log,FC>1 and P
value < 0.05) (Fig. 5A and Table S5). These results correlated with our findings that RcsB
directly bound to the promoter region of the flagellar master regulator FIADC (Fig. 3D).
Furthermore, the differentially expressed genes (DEGs) flhD, flhC, motA, flhB, figk, and fliF
were selected, and the expression patterns of these genes in strains SK68 and JNB5-1 were
validated by RT-qPCR. As shown in Fig. 5B, the results revealed that the expression of all six
of these genes was significantly increased in the rcsB-disrupted mutant, indicating that RcsB
was probably involved in flagellar synthesis and cell motility in S. marcescens.

When testing the swimming motility of JNB5-1, SK68, ARcsB, SK68/pXW1908, and
ARcsB/pXW1908 strains with 0.3% semisolid agarose plates, it was found that the
swimming zone formed by the rcsB-disrupted mutant SK68 and the rcsB deletion
mutant ARcsB had significantly increased (P < 0.001) (Fig. 5C, upper, and Fig. 5D). For
the swarming test, the absence of RcsB in strains SK68 and ARcsB also significantly
increased the swarming motility of the wild-type strain JNB5-1 (P < 0.001) (Fig. 5C,
lower, and Fig. 5E). In the complementation assay, the intact rcsB gene decreased cell
motility significantly in the mutant SK68 and ARcsB (Fig. 5C to E). Collectively, these
data suggested that RcsB negatively regulates cell motility in S. marcescens by control-
ling flagellar biosynthesis.

RcsB is required for capsular polysaccharide biosynthesis and biofilm forma-
tion by S. marcescens. The regulator RcsB was first identified for its role in regulation
of capsular polysaccharide biosynthesis in E. coli (41). To confirm whether RcsB is also
necessary for capsular polysaccharide synthesis in S. marcescens, the ability of strains
JNB5-1, SK68, ARcsB, SK68/pXW1908, and ARcsB/pXW1908 to synthesize extracellular
polysaccharides (EPS), including capsular polysaccharide, was investigated. Results
showed that the rcsB mutants SK68 (0.99 mg/ml) and ARcsB (0.89 mg/ml) produced
significantly (P < 0.001) less extracellular polysaccharides than wild-type strain JNB5-1
(3.88 mg/ml) and complementary strains SK68/pXW1908 (3.73 mg/ml) and ARcsB/
pXW1908 (3.65 mg/ml) (Fig. 6A). These results suggested that RcsB was required for
extracellular polysaccharide synthesis in S. marcescens. At the same time, the expression
levels of the bacterial capsular polysaccharide synthesis-related genes galU, wza, neuB,
wzx, wzy, manC, and manB in strains JNB5-1 and SK68 were evaluated by RT-qPCR (Fig.
6C and D). Results showed that the expression levels of wza, neuB, wzx, wzy, manC, and
manB genes decreased by 24.43-, 7.87-, 5.04-, 12.98-, 6.55-, and 8.48-fold, respectively,
in the rcsB-disrupted mutant SK68 (Fig. 6D). Taken together, these results suggested
that RcsB positively regulated capsular polysaccharide biosynthesis in S. marcescens
through regulating the expression of capsular polysaccharide biosynthesis locus genes.

Extracellular polysaccharide is one of the three major components of biofilms. As
RcsB could suppress EPS formation, it may have an impact on biofilm formation. After
48 h of incubation in 96-well microtiter plates, biofilm production analysis showed that
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FIG 5 RcsB negatively controls flagellar gene expression and cell motility in S. marcescens. (A) Transcriptome data showed that the
expression level of genes related to flagellum synthesis was significantly increased in the RcsB-disrupted mutant SK68. (B) RT-gPCR
analysis of the relative expression levels of the target fliF, fliL, figk, figB, flhB, and motA genes in the rcsB-disrupted mutant SK68. (C)
Swimming motility and swarming motility tests for JNB5-1, SK68, SK68/pXW1908, ARcsB, and ARcsB/pXW1908 strains. (Upper)
Swimming motility assay. (Lower) Swarming motility assay. (D) Colony diameter of strains JNB5-1, SK68, SK68/pXW1908, ARcsB, and
ARcsB/pXW1908 in swimming assay. (E) Colony diameter of strains JNB5-1, SK68, SK68/pXW1908, ARcsB, and ARcsB/pXW1908 in
swarming assay. (B, D, and E) Experiments were performed in biological triplicates. Error bars indicate the standard deviations.
One-way ANOVA was used to examine the mean differences between the data groups. ****, P < 0.001.

the rcsB mutants SK68 and ARcsB synthesized more biofilm than did their parent
strain, JNB5-1, or complementary strains SK68/pXW1908 and ARcsB/pXW1908 (P <
0.001) (Fig. 6B), suggesting that RcsB was also required for S. marcescens biofilm
biogenesis.

RcsB contributes to acid resistance in S. marcescens. Adapting to acid resistance
is a common feature for almost all living bacteria. To determine whether RcsB is
required for acid resistance of S. marcescens, the strains JNB5-1, SK68, ARcsB, SK68/
pXW1908, and ARcsB/pXW1908 were spotted and grown on LB medium at pH 4.0 and
7.0. It was observed that the cells lacking the rcsB gene (strains SK68 and ARcsB)
showed significantly reduced growth at pH 4.0, whereas no significant difference in cell
growth was observed between these five strains at pH 7.0 (Fig. 7A). Furthermore, the
growth curves of these five strains at pH 4.0 were compared. Consistent with the results
of the spot assay shown in Fig. 7A, growth of the rcsB mutants SK68 and ARcsB was
much slower than that of the parent strain JNB5-1 (P < 0.001) (Fig. 7B). In the
complementation experiment, introduction of the rcsB gene into the SK68 and ARcsB
strains restored their cell growth at pH 4.0 (Fig. 7A and B). These data strongly
suggested that RcsB plays a vital role in the acid resistance of S. marcescens.
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FIG 6 RcsB contributes to capsular polysaccharide production (CPS) and biofilm formation by S. marcescens. (A) RcsB
positively controls CPS production in S. marcescens. (B) RcsB positively regulates biofilm formation by S. marcescens. (C)
Gene organization of the putative capsular polysaccharide biosynthesis gene clusters in S. marcescens. Arrows without
gene designations represent genes that encode hypothetical proteins. Genes belonging to the same operon are
represented by the same color, as indicated. (D) RT-qPCR analysis of the difference in expression of capsular polysaccharide
biosynthesis-related genes galU, wza, neuB, wzx, wzy, manC, and manB between strain SK68 and its parent strain JNB5-1.
(A, B, and D) Experiments were performed in biological triplicates. Error bars indicate the standard deviations. One-way

ANOVA was used to examine the mean differences between the data groups. ****, P < 0.001.

Bacteria have developed five acid resistance (AR) systems, AR1 to AR5, to enable
their survival in acidic environments (42). To reveal the mechanisms by which RcsB
regulates acid resistance in S. marcescens, RT-qPCR analyses were conducted to deter-
mine the expression levels of the arginine decarboxylase-encoding gene speA, agma-
tine deiminase-encoding gene SMDB11_RS08645, ornithine transcarbamylase-encoding
gene argF, and transcriptional activator CadC-encoding gene cadC in strains JNB5-1 and
SK68. It was found that the expression levels of the speA, SMDB11_RS08645, argF, and
cadC genes were decreased by 13.23-, 19.88-, 18.29-, and 8.24-fold, respectively, in the
SK68 strain (Fig. 7C). Collectively, these results indicated that RcsB potentially affected
acid resistance by regulating the expression of the speA, SMDB11_RS08645, argF, and
cadC genes in S. marcescens.

DISCUSSION

RcsB, a well-studied response regulator of the Rcs phosphorelay system, is at the
center of a complex network of regulatory inputs and outputs (4). As a global regulator,
RcsB has been identified as being related to a series of core cellular processes in
different microorganisms, such as the control of capsular polysaccharide production
(43), carbapenem resistance (9), biofilm formation (44), cell motility (45), acid resistance
(46), and heat resistance (47) in E. coli and the regulation of flagellar synthesis and
virulence in Y. ruckeri (7). It mediates capsular polysaccharide production (6) and acid
resistance (48) in Salmonella Typhimurium; inhibits cell motility (49) and cell elongation
and morphology (50) in Proteus mirabilis; modulates biofilm formation and cell motility
in Pantoea alhagi (8); is required for capsular polysaccharide production (5), acid
resistance (51), and hypermucoviscosity (5) in K. pneumoniae; and is responsible for the
type Il secretion system in Yersinia pseudotuberculosis (14). However, our understand-
ing of the function of the RcsB protein in bacteria, especially in S. marcescens, remains
limited. In S. marcescens, RcsB was identified to play roles in controlling the biosynthesis
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FIG 7 RcsB positively regulates acid resistance in S. marcescens. (A) Spot assays show that RcsB is required
for S. marcescens to grow under low-pH conditions (pH 4.0). (B) Growth curves of the JNB5-1, SK68,
SK68/pXW1908, ARcsB, and ARcsB/pXW1908 strains at pH 4.0. (C) Changes in acid resistance-related gene
expression in the rcsB-disrupted mutant SK68 compared with that in the parent strain JNB5-1 at pH 4.0.
The speA, SMDB11_RS08645, argF, and cadC genes encode arginine decarboxylase, agmatine deiminase,
ornithine transcarbamylase, and transcriptional activator CadC, respectively. (B and C) Experiments were
performed in biological triplicates. Error bars indicate the standard deviations. One-way ANOVA was used
to examine the mean differences between the data groups. ****, P < 0.001.

of the pore-forming toxin ShIA (37) and of outer membrane vesicles (52). In this work,
we confirmed that RcsB controls many unknown cellular processes in wild-type S.
marcescens, including negative regulation of prodigiosin production (Fig. 1B) and of
swimming and swarming motilities (Fig. 5C to E), as well as positive regulation of
capsular polysaccharide production (Fig. 6A), biofilm formation (Fig. 6C), and acid
resistance (Fig. 7A and B).

A number of transcription regulators have been identified as playing roles in
prodigiosin synthesis in S. marcescens, such as the prodigiosin synthesis positive
regulators EepR (28), PigP (29), GumB (30), FIhDC (31), and RbsR (32) and the prodigi-
osin synthesis negative regulators MetR (20), CopA (22), CRP (23), HexS (24), RssB (25),
SmaR (27), ResB (26), and SpnR (21). Among them, although regulator RcsB has been
reported to be involved in prodigiosin production in S. marcescens CMS4441 (a gumB
rcsB double mutant) (26), our understanding of the significance of this regulator in a
wild-type background and the regulatory mechanism behind prodigiosin biosynthesis
in S. marcescens is still limited. In this work, RcsB was identified as a negative regulator
of prodigiosin production in the wild-type strain S. marcescens JNB5-1 (Fig. 1B). The
molecular mechanism for negative regulation of prodigiosin production by RcsB was
investigated, and results showed that the hyperproduction of prodigiosin by the rcsB
mutant could probably be associated with RcsB repression of transcription of the pig
operon by directly binding to the promoter region of the flhDC genes (Fig. 2C and D
and Fig. 4). This direct binding of RcsB to the fThDC promoter has also been demon-
strated in S. marcescens (37), Pectobacterium carotovorum (53), S. enterica serovar
Typhimurium (54), and E. coli (55). Also, it remains possible that RcsB could interfere
with binding of FIhDC to the pigA promoter and hence influence prodigiosin produc-
tion in strain JNB5-1. More experiments are needed to further confirm this possibility.
Interestingly, through the transcriptome data of strains JNB5-1 and SK68 at an ODg,, of
2.0 (Table S6), it can be noted that the changes in pigABCDEFGHIJKLMN gene expression
elicited by mutation of rcsB are not particularly dramatic; there was only an 111.98% to
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255.76% increase in transcripts of these 14 genes. This is similar to what has been
reported for regulators PigP (56), RssB (25), SpnR (21), and HexS (24), which affect
prodigiosin, where minor changes in pig operon transcript levels have been shown to
confer major phenotypic differences. Additionally, the result that the rcsC, rcsD, and rcsF
mutants had no significant effect on prodigiosin production in strain JNB5-1 (Fig. 1B)
suggested that RcsB-dependent prodigiosin regulation is probably independent of the
classical Rcs phosphorelay cascade in S. marcescens.

Multiple cellular systems have been found to contribute to cell motility in bacteria,
especially the presence of functional flagella (40). Using transcriptomics, RT-qPCR
analysis, and EMSAs, we found that the RcsB protein directly bound to the promoter
region of the flagellar master regulator FIhDC encoding genes flhDC (Fig. 4D) and
repressed transcription of a variety of known flagellar synthesis-related genes in S.
marcescens (Fig. 5A and B). Moreover, in this work, data showed that RcsB negatively
regulated swarming and swimming motilities in S. marcescens (Fig. 5C to E). Collectively,
this work showed that RcsB plays an important role in cell motility in S. marcescens,
probably by controlling the transcription of flagellar synthesis-related genes.

The RcsB protein was first identified and named for its role in the regulation of
capsular polysaccharide synthesis in E. coli (41), and it is increasingly evident that the
RcsB proteins are required for normal capsular polysaccharide production in other
bacteria, such as K. pneumoniae (5), Erwinia amylovora (57), S. enterica (58), and Pantoea
stewartii (57). In this work, we found that RcsB also positively regulated capsular
polysaccharide synthesis in S. marcescens (Fig. 6A). The expression levels of the wza,
neuB, wzx, wzy, manC, and manB genes were decreased in the rcsB mutant, suggesting
that the decreased capsular polysaccharide in mutant SK68 was probably a conse-
quence of reduced expression of the biosynthetic genes (Fig. 6D). Importantly, the
RT-gPCR results also indicated that the regulatory mechanism of RcsB in capsular
polysaccharide synthesis by strain S. marcescens may differ from that of E. coli (41) and
K. pneumoniae (5) strains. In E. coli and K. pneumoniae, the galF gene plays an important
role in RcsB-dependent capsular polysaccharide synthesis. However, in S. marcescens,
the galF gene probably has no effect on RcsB-dependent capsular polysaccharide
synthesis (Fig. 6D).

Acid stress is an environmental stress that has important effects on microbial physiology
and plays an important role in the process of microbial fermentation. To survive in acidic
environments, microorganisms have evolved several distinct strategies (42). Also, a variety
of transcription regulators have been reported to play roles in acid resistance in different
microorganisms, such as transcriptional regulator GadR of Lactobacillus brevis (59), tran-
scriptional regulator PsrB of E. coli (60), transcriptional regulator YthA of Lactococcus lactis
(61), and transcriptional regulator RcsB of K. pneumoniae (51), S. Typhimurium (48), and E.
coli (46, 62). However, our understanding of the molecular mechanism behind acid resis-
tance in S. marcescens remains limited. In this work, we found that RcsB positively regulated
acid resistance in S. marcescens (Fig. 7A and B). RT-gPCR analysis showed that RcsB affected
the acid resistance in S. marcescens, likely by direct or indirect regulation of the expression
of the arginine decarboxylase-encoding gene speA, agmatine deiminase-encoding gene
SMDB11_RS08645, ornithine transcarbamylase-encoding gene argF, and transcriptional ac-
tivator CadC-encoding gene cadC (Fig. 7C), suggesting that the production of alkali prob-
ably plays an important role in acid resistance in S. marcescens.

As confirmed in our study, RcsB controls various cellular processes, including
prodigiosin synthesis, cell motility, acid resistance, biofilm formation, and exopolysac-
charide production in S. marcescens JNB5-1. Transcriptome data showed that RcsB
was involved in the regulation of 20 cellular processes in S. marcescens. Hence, further
research on RcsB and ResB-like proteins is necessary if they are widely conserved and
distributed in other bacteria. Therefore, a search for homologs of RcsBSm (RcsB protein
in S. marcescens JNB5-1) with an E value lower than 4E—139 was done. The top 1,000
proteins, showing similarities with RcsBSm ranging from 91.20% to 100%, were found
in Serratia spp., Salmonella spp. (mostly S. enterica), Escherichia spp. (mostly E. coli),
Klebsiella spp. (mostly K. pneumoniae), Yersinia spp. and other bacteria, including
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ResB and ResB-like proteins in
bacteria

Serratia sp. (30)
Salmonella sp. (360)
Escherichia sp. (186)
Klebsiella sp. (106)
Yersinia sp. (26)
Others (304)
SmRcsB (1)

>»1i0 10

FIG 8 Phylogenetic tree of the top 1,000 homologs of RcsB with E values lower than 3E—134 showing
that RcsB and RcsB-like proteins are widely distributed among bacteria. Colored rectangles indicate
different species. Dark blue triangle indicates the RcsB protein studied in this study. “Others” indicates
species not belonging to the indicated species.

Cronobacter malonaticus, Ewingella americana, Edwardsiella tarda, etc. (Fig. 8). The fact
that the RcsB-like proteins are highly homologous was consistent with the result that
RcsB or ResB-like proteins are functionally conserved, and it suggests that RcsB or
RcsB-like proteins in other bacteria probably control cellular processes similar to those
in S. marcescens. However, further studies need to be carried out to reveal the
molecular mechanism by which RcsB regulates these phenotypes in different species,
as in S. marcescens, the molecular mechanism of RcsB regulating the synthesis of
capsular polysaccharide is not completely consistent with that in E. coli (41) and K.
pneumoniae (5) strains.

In summary, this work describes a new regulator which regulates prodigiosin
synthesis, cell motility, biofilm formation, capsular polysaccharide synthesis, and acid
resistance in S. marcescens. Additionally, this work revealed the possible regulatory
mechanism of the RcsB protein in these cellular processes. Further research is needed
to understand the roles played by RcsB-like proteins in other bacteria.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. S. marcescens SK68 is a prodigiosin-
hyperproducing strain isolated from a Tn5G transposon insertion mutant library of strain JNB5-1. E. coli
strains were grown in LB medium at 37°C, and S. marcescens strains were grown in LB medium at 30°C.
Where needed, the appropriate antibiotics were added at defined concentrations, as follows. Spectino-
mycin at 25 ug/ml, streptomycin at 25 ug/ml, kanamycin at 50 wg/ml, ampicillin at 50 pwg/ml, or
gentamicin at 10 ug/ml was used for the cultivation of E. coli strains. Spectinomycin at 50 ug/ml,
streptomycin at 50 png/ml, ampicillin at 150 ng/ml, apramycin at 50 wg/ml, or gentamicin at 50 ug/ml
was used for the cultivation of S. marcescens strains. Bacterial strains and plasmids used in this work are
listed in Table 1.

Identification of the Tn5G inserted gene in mutant SK68. The Tn5G transposon was used to
mutate S. marcescens JNB5-1 to isolate the prodigiosin-hyperproducing mutant SK68 as described
previously (20). The Tn5G insertion site of the SK68 strain was identified by the inverse PCR method as
described previously (63). Briefly, genomic DNA of strain SK68 was digested by the restriction nuclease
Taq|, self-ligated, and amplified using the primers OTn1 and OTn2 (Table 2). The amplified DNA fragment
was then cloned into the pMD18T vector for sequencing, and the sequences obtained were compared
with the NCBI GenBank database to identify the insertion sites. The target gene identified was amplified
using the primers RcsB-F1 and RcsB-R1, listed in Table 2, and cloned into the pUCP18 plasmid to obtain
recombinant plasmid pXW1908. The recombinant plasmid was introduced into strains SK68 and ARcsB
for complementation experiments.

Construction of rcsA, resB, resC, resD, resF, igaA, and flhDC mutants. The rcsA, rcsB, resC, resD, resF,
igaA, and flhDC genes of strain JNB5-1 or SK68 were inactivated by using a gene replacement method
as described previously (20). In brief, the upstream and downstream fragments of target genes and aacC3
resistance gene DNA fragments were amplified. After integration of the aacC3 gene into the middle of
the upstream and downstream fragments of the target gene by overlap extension PCR, the PCR product
was cloned into a pUTKm vector. The resulting plasmid was transformed into E. coli S17-1 and then
introduced into the JNB5-1 or SK68 strain by conjugation to knock out the genes mentioned above.
These deletions removed M1 to S208 of the total 209 amino acids in RcsA, M1 to D216 of the total 216
amino acids in RcsB, M1 to Q944 of the total 953 amino acids in ResC, M1 to R890 of the total 900 amino
acids in ResD, M1 to K134 of the total 134 amino acids in RcsF, M1 to P709 of the total 711 amino acids
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TABLE 1 Strains and plasmids used in this study
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Strain or plasmid Description? Source

E. coli strains
DH5«a hsdR recA lacZYAF80 lacZAM15 BRL
BL21(DE3) F~ dcm ompT hsdSg(rg~ mg~) gal A(DE3) Laboratory collection
S17-1 F~ recA hsdR RP,_, (Tc:Mu) (Km:Tn7) lysogenized with Apir phage Laboratory collection

DH5a/pUCP18/pDN19lacQ)-PpigA
DH5a/pUCP18/pDN19lacQ)-PflhDC
DH5a/pXW1908/pDN19lac()-PpigA
DH5a/pXW1908/pDN19lac)-PflhDC
DH5a/pXW2005/pDN19lacQ-PpigA

S. marcescens strains
JNB5-1
SK68
SK68/pXW1908
SK68/pUCP18
ARcsB
ARcsB/pXW1908
ARcsB/pUCP18
ARcsA
ARcsC
ARcsD
ARcsF
AlgaA
JNB5-1AflhDC
SK68AflhDC
JNB5-1/pDN19lac()-PpigA
SK68/pDN19lac()-PpigA
JNB5-1AflhDC/pDN19lac)-PpigA

Plasmids
pRK2013Tn5G
pMD18T
pET28a
pXW1907
pUCP18
pXW1908
pXW2005
pDN19lacQ)
pDN19lacQ)-ppigA
pDN19lacQ-PflhDC
pUTKm

E. coli DH5« containing plasmids pUCP18 and pDN19lac{)-PpigA

E. coli DH5« containing plasmids pUCP18 and pDN19lacQ-PflhDC

E. coli DH5« containing plasmids pXW1908 and pDN19lac{)-PpigA

E. coli DH5a containing plasmids pXW1908 and pDN19lac{)-PflhDC
E. coli DH5« containing plasmids pXW2005 and pDN19lac{)-PpigA

S. marcescens wild-type strain

resB:Gm™ mutant of JNB5-1, prodigiosin-hyperproducing mutant
Mutant SK68 containing plasmid pXW1908

Mutant SK68 containing empty vector pUCP18

rcsB deletion mutant of S. marcescens JNB5-1

Mutant ARcsB containing plasmid pXW1908

Mutant ARcsB containing empty vector pUCP18

rcsA deletion mutant of S. marcescens JNB5-1

resC deletion mutant of S. marcescens JNB5-1

resD deletion mutant of S. marcescens JNB5-1

resF deletion mutant of S. marcescens JNB5-1

igaA deletion mutant of S. marcescens JNB5-1

flhDC deletion mutant of S. marcescens JNB5-1

rcsB flhDC double mutant of S. marcescens JNB5-1

S. marcescens JNB5-1 containing plasmid pDN19lac{)-PpigA

S. marcescens SK68 containing plasmid pDN19lacQ)-PpigA

S. marcescens JNB5-1AflhDC containing plasmid pDN19lac{)-PpigA

Tn5G-carrying plasmid, Km™ Gm®

Cloning vector, 2,692 bp, Ampr, lacZ

E. coli expression vector, Km"

rcsB gene cloned in pET28a for expression of RcsB protein in E. coli BL21(DE3)
Broad-host-range shuttle vector, Amp"

rcsB gene driven by Plac promoter cloned into pUCP18, Amp*
flhDC genes driven by Plac promoter cloned into pUCP18, Amp*
Promoterless lacZ fusion vector, Spr Smr Tc"

pig operon promoter cloned in pDN19lac(}, Sp Sm" Tc"

flhDC genes promoter cloned in pDN19lac(), Spr Sm" Tc"
Tn5-based delivery plasmid with Km™ Amp*

This study
This study
This study
This study
This study

20

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

67
TaKaRa
Laboratory collection
This study
68

This study
This study
69

This study
This study
56

aGm, gentamycin; Km, kanamycin; Amp, ampicillin; Sp, spectinomycin; Sm, streptomycin; Tc, tetracycline.

in IgaA, M1 to A192 of the total 193 amino acids in FIhC, and M1 to A116 of the total 116 amino acids
in FIhD. Primers used for gene deletion are listed in Table S3 in the supplemental material.

Growth curve assays. The growth curves of strains JNB5-1, SK68, and SK68/pXW1908 were deter-
mined as described previously (20). Exponential-phase cells (ODg,, of 0.8) of the indicated strains were

TABLE 2 Primers used in this study

Function Primer Primer sequence (5'-3')@
Identification of Tn5G in mutant SK68 OTn1 GATCCTGGAAAACGGGAAAG
OTn2 CCATCTCATCAGAGGGTAGT
Amplification of metR gene for complement expt RcsB-F1 CGCGAATTCATGAATAACCTGAACGTAATTATTGCTGATGACC
RcsB-R1 CGCGGATCCTTAGTCTTTGTCCAACGGCGTCATG
Overexpression of metR in plasmid pET28a RcsB-F2 CGCGGATCCATGAATAACCTGAACGTAATTATTGCTGATGACC
RcsB-R2 CGCAAGCTTTTAGTCTTTGTCCAACGGCGTCATG
Amplification of the pig operon promoter region PigA-F1 CGCGGATCCGTGTTATTTATACACAAAAATTTACATATAATAAAAATCTTAATTTGATC
PigA-R1 CGCGAATTCTTTTTCCTCCGGAATGCTCCTGC
Amplification of the pig operon promoter and PigA-F2 CGCGGATCCGACGAACTCCGCCATTGGGTTG
operator region PigA-R2 CGCGAATTCTTTTTCCTCCGGAATGCTCCTGC
Amplification of the pig operon promoter region, PigA-F3 CGCGGATCCTGCGCCTCCCCGCAGACC
operator region, and coding sequences of pigA PigA-R3 CGCGAATTCTTTTTCCTCCGGAATGCTCCTGC
Amplification of the flhDC gene promoter region FIhDC-F CGCGGATCCATTCCCCATCCCGACAGACTATG
FIhDC-R CGCGAATTCGCTGCTTGCGTTGAAAAACCG

aUnderlining indicates the added restriction enzyme sites.
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transferred into fresh LB medium at 3% inoculum and continuously incubated at 30°C. Optical densities
of cultures were measured at a wavelength of 600 nm at time intervals of 0, 2, 4, 6, 8, 10, 12, and 24 h.
The growth curves of these three strains were plotted as the values of OD, versus the incubation time.

Real-time quantitative PCR assay. The exponential-phase cells (ODg,, of 0.8) of strains JNB5-1 and
SK68 were grown in LB medium (pH 7.0) at 200 rpm and 30°C for 4 h to reach an ODg, of 2.0 before
collection to analyze the expression levels of cell motility-related genes and capsular polysaccharide
synthesis-related genes. The cultures of strains JNB5-1, SK68, and JNB5-1 AflhDC were collected after 12 h
of shake flask fermentation with an ODg,, of 6.0 to analyze the expression levels of prodigiosin
synthesis-related genes. To assess the expression levels of the acid resistance-related genes, the
exponential-phase cells (ODy,, of 0.8) of strains JNB5-1 and SK68 were inoculated into fresh LB medium
(pH 4.0) and incubated at 30°C and 200 rpm to reach an ODg,, of 1.0. Then, the collected cells were
subjected to total RNA extraction using an RNAprep Pure kit (Tiangen). After treating the total RNA with
DNase I, cDNA was synthesized using the HiScript Il Q RT SuperMix kit (Vazyme). Finally, the cDNA was
diluted to 200 ng/ul and subjected to RT-gPCR analysis using a ChamQ Universal SYBR qPCR mastermix
kit (Vazyme) with the primers listed in Table S2 in the supplemental material.

Construction of transcription reporters. The promoter regions of the pig gene cluster and the
flhDC genes were amplified by the primers listed in Table 2. Then, the 228-bp-long PCR products
upstream of the pig operon and the 983-bp-long PCR products upstream of the flhDC genes were cloned
into the lacZ-containing pDN19lac() vector to obtain the recombinant plasmids pDN19lacQ2-PpigA and
pDN19lacQ-PfIhDC, respectively. The resulting recombinant plasmids pDN19lac{)-PpigA and pDN19lac()-
PfIhDC were transformed into the indicated S. marcescens or E. coli strains by electroporation (Table 1).
The expression levels of the pigABCDEFGHIJKLMN genes and flhDC genes were determined by measuring
B-galactosidase activities of the transformants. To ascertain whether there is an indirect posttranscrip-
tional regulation by RcsB of the pig operon expression, a pig-lacZ fusion report plasmid was constructed
by cloning the upstream noncoding region of the pig operon upstream of the lacZ gene with the primer
pair PigA-F2/PigA-R2, as listed in Table 2. Also, a pigA-lacZ fusion report plasmid was constructed by
cloning the upstream noncoding region of the pig operon and coding sequences, except for the
termination codon of the pigA gene upstream of the lacZ gene, with the primer pair PigA-F3/PigA-R3, as
listed in Table 2. For analysis of the S. marcescens flhDC RcsB binding site in vivo, a transcriptional reporter
gene fusion of the flhDC operon was constructed by cloning the DNA fragments PflhDC;y, (DNA
fragment containing the binding sites RcsB-1 and ResB-2, spanning nucleotide positions —86 to —666
relative to the translational start site of the flhD gene), PAhDCyg, (—245.-246.-247, (carrying mutations in
positions TAA), PAInDCg, (a-2545-2555-256, (carrying mutations in positions TCC), PAhDC gy resp 1) (With a
complete deletion of RcsB-1), PAhDC,, (-s34c—635c-63, (carrying mutations in positions TTA), and
PAhDCyg; (resso—) (With @ complete deletion of RcsB-2) upstream of lacZ, respectively, with the primers
listed in Table S1 in the supplemental material, and B-galactosidase activity in the strain JNB5-1 was
determined.

Transcriptomic analysis by RNAseq. To reveal the roles of RcsB in the cellular processes of S.
marcescens, total RNA was isolated from the samples of JNB5-1 and SK68 cells of three biological
replicates, and transcriptome sequencing (RNAseq) analysis was performed to evaluate gene expression
differences between strains JNB5-1 and SK68 as previously described with slight modification (64). Briefly,
S. marcescens JNB5-1 and SK68 cells were grown in LB medium at 200 rpm and 30°C for 4 h to an ODg,,
of 2.0 before collection. One milliliter of the collected cells was treated with the RNAprep Pure kit
(Tiangen) to extract total bacterial RNA and delivered in dry ice to Genewiz (South Plainfield, NJ) for
RNAseq analysis. The rRNA in the total bacterial RNA was removed, and the obtained mRNA was used
as the template for cDNA synthesis. The cDNA library was sequenced using the Illumina HiSeq platform.
The genome of S. marcescens WW4 (GenBank accession number NC_020211.1) was used as a reference
for annotation. The genes that had significantly different levels of expression by SK68 and JNB5-1 were
determined using the standards of a P value of <0.05 and a fold change |log,FC| of =1. The Pathway
Enrichment Analysis tool Omicshare was used to classify genes at the level of KEGG_B_class and pathway
(https://www.omicshare.com/tools/Home/Soft/pathwaygsea).

Electrophoretic mobility shift assay. The EMSA method was performed as described previously
(65). Briefly, the rcsB gene was amplified with the primers RcsB-F2 and RcsB-R2, listed in Table 2, and
the PCR product was cloned into the pET28a expression vector for overexpression of a His-tagged
RcsB protein. To determine whether RcsB directly binds to the pig operon or flIhDC genes, the
promoters of the pig operon and flhDC genes were amplified with the primer pairs PigA-F2/PigA-R2
and FIhDC-F/FIhDC-R, respectively, listed in Table 2. For the analysis of RcsB cis elements in the
promoter region of the flhDC genes, DNA fragments PflhDC,y, and PflhDC,,, containing the
predicted RcsB binding sites RcsB-1 and RcsB-2 were amplified by the primer pairs FINDC,gq-F/
FIhDC,gq-R and FINDC, ,,-F/FINDC,;,-R, respectively, listed in Table S1 in the supplemental material.
DNA fragments PAhDC,gq (—245c-246c-247), PAINDC,gq (p-2545-2555-256), and PAINDC,gg (resp -y Carrying
mutations in three conserved positions or with complete deletion of the sequences of RcsB-1 (Fig.
4F), and DNA fragment PflhDC, ;, (—634c-635.-636,, Carrying mutations in three conserved positions of
binding site RcsB-2, were amplified by overlap extension PCR with the primers listed in Table S1.
Then, the purified DNA fragments were incubated with serial dilutions of the RcsB proteins and kept
at room temperature in 2X binding buffer (40 mM Tris-HCI, 4 mM MgCl,, 100 mM NaCl, 10% glycerol,
2 mM dithiothreitol [DTT], 0.2 mg/ml bovine serum albumin [BSA], and 1 mM EDTA) for 30 min.
Electrophoresis was performed on a 5% native PAGE gel, and to visualize the DNA bands, the gels
were stained with ethidium bromide.
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Swimming and swarming motility assays. For swimming and swarming assay, strains JNB5-1, SK68,
SK68/pXW1908, ARcsB, and ARcsB/pXW1908 were grown to an ODg, of 0.6, and 1 ul of the culture was
spotted onto 0.3% and 0.5% semisolid LB medium, respectively. After incubation at 30°C for 18 h and 10
h, respectively, the diameters of the swarming zones and swimming zones were measured.

Analysis of extracellular polysaccharide production. Extracellular polysaccharide, which included
capsular polysaccharide produced by strains JNB5-1, SK68, SK68/pXW1908, ARcsB, and ARcsB/pXW1908,
was measured as described previously (20, 30). Briefly, overnight cultures (18 h) of the indicated strains
were centrifuged at 12,000 rpm for 15 min to harvest the bacterial cells. Then, the pelleted cells were
resuspended with 30 ml phosphate-buffered saline (PBS) solution and 6 ml 1% Zwittergent 3-14 citric
acid solution (100 mM; pH 2.0) and incubated at 50°C for 20 min. After centrifugation at 12,000 rpm for
30 min, the supernatant cells were transferred to four 50-ml centrifugal bottles, and four volumes of cold
ethanol (—20°C) were added to each sample before incubation at —20°C overnight. After overnight
precipitation, the samples were centrifuged at 14,000 rpm and 4°C for 45 min, and the supernatants were
discarded. The exopolysaccharides in the sediment of each sample were air dried in a chemical fume
hood, and the exopolysaccharides were weighed.

Acid resistance assay. For the acid resistance assay, bacterial cultures of JNB5-1, SK68, SK68/
pXW1908, ARcsB, and ARcsB/pXW1908 were grown to an ODg,, of 0.6. An aliquot (1 ul) of the serially
diluted (10-fold) culture was then spotted onto LB plates at pH 4.0 and incubated at 30°C for 24 h. For
growth curve assays of strains JNB5-1, SK68, SK68/pXW1908, ARcsB, and ARcsB/pXW1908 under acidic
conditions (pH 4.0), exponential-phase cells (OD,, of 0.6) were inoculated into fresh LB medium at pH
4.0. Samples were taken at time intervals of 0, 2, 4, 6, 8, 10, 12, and 24 h, and the A4y, values were
recorded.

Biofilm analysis. Biofilm amounts for strains JNB5-1, SK68, SK68/pXW1908, ARcsB, and ARcsB/
pXW1908 were measured by the crystal violet staining method as described previously (66). In brief, 20 ul
exponential-phase culture (ODg,, of 0.6) was transferred into a 96-well microtiter plate (Corning, Corning,
NY) containing 200 ul 3-fold-diluted LB medium. After incubation at 37°C for 48 h without shaking,
the cultures in the wells were gently removed and washed three times with distilled water. Biofilm in the
walls was stained with 0.1% crystal violet solution for 15 min, and 95% ethanol was used to extract the
biofilm in the crystal violet. Optical density at a wavelength of 595 nm was measured using a BioTek
Epoch 2 microplate to determine the biofilm content.

Phylogenetic tree construction for RcsB-like proteins. Position-Specific Iterated BLAST (PSI-BLAST)
in the NCBI database was used to search the non-redundant protein sequence (nr) database and analyze
the distribution of RcsB homologues in microorganisms. The top 1,000 sequences homologous to the
RcsB protein studied in this work were selected, and the distance tree was generated by using BLAST
pairwise alignments in NCBI. Online iTOL software (http://itol.embl.de/) was used to modify the phylo-
genetic tree.

Statistical analysis. Each experiment in this study was performed independently three times, and
data are expressed as means and standard deviations (SDs). Student’s t test or one-way analysis of
variance (ANOVA) was used for comparing statistical differences between the groups of experiment data.

Data availability. The RNA-seq data were submitted to the GEO database of NCBI under accession
number GSE149400. Sequences of the rcsB gene from strain JNB5-1 were deposited in GenBank under
accession number MT385774.
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