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Improving prodigiosin
production by transcription
factor engineering and promoter
engineering in Serratia
marcescens

Xuewei Pan, Jiajia You, Mi Tang, Xian Zhang, Meijuan Xu,
Taowei Yang and Zhiming Rao*

Key Laboratory of Industrial Biotechnology of the Ministry of Education, Laboratory of Applied
Microorganisms and Metabolic Engineering, School of Biotechnology, Jiangnan University, Wuxi,
China

Prodigiosin (PG), a red linear tripyrrole pigment produced by Serratia marcescens,
has attracted attention due to itsimmunosuppressive, antimicrobial, and anticancer
properties. Although many studies have been used to dissect the biosynthetic
pathways and regulatory network of prodigiosin production in S. marcescens,
few studies have been focused on improving prodigiosin production through
metabolic engineering in this strain. In this study, transcription factor engineering
and promoter engineering was used to promote the production of prodigiosin in
S. marcescens JNB5-1. Firstly, through construing of a Tn5G transposon insertion
library of strain JNB5-1, it was found that the DNA-binding response regulator
BVG89_19895 (OmpR) can promote prodigiosin synthesis in this strain. Then,
using RNA-Seq analysis, reporter green fluorescent protein analysis and RT-gPCR
analysis, the promoter P17 (Pr,,;) was found to be a strong constitutive promoter in
strain INB5-1. Finally, the promoter P17 was used for overexpressing of prodigiosin
synthesis activator OmpR and PsrA in strain JNB5-1 and a recombinant strain
PG-6 was obtained. Shake flask analysis showed that the prodigiosin titer of this
strain was increased to 10.25g/L, which was 1.62-times that of the original strain
JINB5-1 (6.33g/L). Taken together, this is the first well-characterized constitutive
promoter library from S. marcescens, and the transcription factor engineering and
promoter engineering can be also useful strategies to improve the production of
other high value-added products in S. marcescens.

KEYWORDS

Serratia marcescens, prodigiosin, DNA-binding response regulator OmpR,
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Introduction

Prodigiosin (PG), a red linear tripyrrole pigment, is the most prominent member
of the prodiginine family and is mainly produced by Serratia marcescens. Due to its
important activities in antimalarial, antibacterial, antifungal, antiprotozoal and
immunosuppressant, prodigiosin has received widespread attention in the last few

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.977337﻿&domain=pdf&date_stamp=2022-08-03
https://www.frontiersin.org/articles/10.3389/fmicb.2022.977337/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.977337/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.977337/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.977337/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.977337/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.977337
mailto:raozhm@jiangnan.edu.cn
https://doi.org/10.3389/fmicb.2022.977337
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Pan et al.

decades (Williamson et al., 2006a). And compared with the
traditional chemical methods, the production of prodigiosin by
microbial fermentation is more economical and environmentally
friendly and hence has recently attracted lots of interest.
However, although many studies have been used to dissect the
biosynthetic pathways and regulatory network of prodigiosin
production in S. marcescens (Horng et al, 2002, 2010;
Coulthurst et al., 2006; Williamson et al., 2006b; Shanks et al.,
2013, 2017; Stella and Shanks, 2014; Lee et al., 2017; Stella et al.,
2018; Brothers et al., 2019; Pan et al., 2020, 2021, 2022), few
studies have been used to improve the efficiency of prodigiosin
synthesis through metabolic engineering in this strain.

In the past, in order to improve the ability of native
S. marcescens strains to synthesize of prodigiosin, lots of studies
were focus on the optimization of fermentation parameters such
as medium composition and pH (Chang et al., 2011; Fender et al.,
2012), temperature (Elkenawy et al., 2017) and incubation period
(Elkenawy et al., 2017), but it is still a challenge for high-efficiency
production of prodigiosin for commercial purposes. Hence, in
addition to the optimization of fermentation process, other
methods are also needed to identify the strains with high-yield
prodigiosin-producing. Promoter engineering is a method widely
used to enhance gene expression at the transcription level. And to
improve the yield of target products, numbers of homologous or
heterologous promoters have been developed for constitutive or
inducible gene expression in model strain such as Escherichia coli
(Song et al., 2015; Tang et al., 2020), Bacillus subtilis (Cui et al.,
2019; Fu et al,, 2022), and Corynebacterium glutamicum (Huang
et al,, 2021; Liu et al,, 2022) and non-model strain such as
Streptococcus thermophilus (Kong et al., 2019), Corynebacterium
ammoniagenes (Hou et al., 2019), and Schlegelella brevitalea
(Ouyang et al., 2020). However, the choice of strong constitutive
natural promoters in prodigiosin-producing strain S. marcescens
is still limited. Due to its efficient application in altering gene
transcription to obtain beneficial cellular phenotype, transcription
factor engineering has also been used to improve the yield of the
target product in recent years (Zhang et al., 2015; Li et al., 2018;
Deng et al,, 2021). And in our previous studies, we have identified
that the pig gene cluster essential for prodigiosin synthesis is
positively regulated by transcription factor PsrA in S. marcescens
(Pan et al,, 2022). Therefore, it probably can be improving the
prodigiosin production in S. marcescens strains through
transcription factor engineering and promoter engineering.

Serratia marcescens JNB5-1 was a strain isolated from soil
samples, and it produced a relatively large amount of prodigiosin
(Pan et al,, 2021). In this study, the prodigiosin production of
S. marcescens JNB5-1 was further improved by promoter
engineering and transcription factor engineering. Firstly, by
constructing a Tn5G transposon insertion mutant library, the
DNA-binding response regulator OmpR was identified to
positively regulates prodigiosin synthesis in strain JNB5-1.
Secondly, based on the systematic analysis of time-series
transcriptome data of the strain JNB5-1 in different conditions, a
strong constitutive promoter was identified. Finally, through
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improving the expression level of the transcription regulator
OmpR and PsrA using the identified P17 promoter, the synthesis
of prodigiosin was significantly enhanced in the recombinant
strain PG-6. Here the strong constitutive promoter identified and
the metabolic engineering strategy used should be valuable for the
optimization of pathways for the biosynthesis of other high value-
added products in S. marcescens.

Materials and methods

Bacterial strains, plasmids, and growth
conditions

Serratia marcescens JNB5-1 is a prodigiosin producing strain
isolated from soil samples (Pan et al., 2021). Mutant SK6-35, a
prodigiosin production mutant, was isolated from a Tn5G
transposon insertion mutant library of strain JNB5-1. PG-1, PG-2,
PG-3, PG-4, PG-5 and PG-6 are prodigiosin producing
recombinant strains constructed by overexpression of ompR and/
or psrA genes under the control of its own promoter or P17
promoter in strain JNB5-1. E. coli DH5a and S17-1Apair were
used for plasmid construction. The E. coli strains were grown in
LB medium at 37°C, and the S. marcescens strains were grown in
LB medium (yeast extract 0.5%, tryptone 1%, and NaCl 1%) or
fermentation medium (sucrose 2%, beef extract 1.5%, CaCl, 1%,
L-proline 0.75%, MgSO,-7H,0 0.02%, and FeSO,-7H,0 0.006%)
at 30°C. Whenever necessary, the medium was added at defined
concentrations as follows for strains cultivation. For the cultivation
of E. coli strains, ampicillin at 50 pg/ml, apramycin at 50 pg/ml or
gentamicin at 10pg/ml were used. For the cultivation of
S. marcescens strains, ampicillin at 150 pg/ml, apramycin at 50 pg/
ml, or gentamicin at 50 pg/ml were used. Bacterial strains and
plasmids used in this study are listed in Table 1.

Identification of the Tn5G insertion site in
mutant SK6-35

Tn5G transposon was used to mutate S. marcescens JNB5-1 to
identify prodigiosin-producing mutants and prodigiosin synthesis
regulator in strain JNB5-1 as described previously (Nunn and
Lory, 1992; Pan et al., 2020). In brief, as shown in Figure 1A E. coli/
pRK2013 Tn5G was used as the donor strain and S. marcescens
JNB5-1 was used as the recipient strain. After mating, the mutant
bank was plated onto LB agar medium with 50 pg/ml gentamicin
and 50pg/ml ampicillin, and a mutant strain SK6-35 with
significantly decreased prodigiosin production was isolated. Then,
to identify the Tn5G insertion site in the strain SK6-35, inverse
PCR method was performed as described previously (Wang et al.,
1996). In brief, as shown in Supplementary Figure S1, the genomic
DNA of strain SK6-35 containing Tn5G transposon was extracted,
and completely digested by the restriction nuclease Tagl. Then the
DNA molecules were subjected to self-ligation and amplified
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TABLE 1 Strains and plasmids used in this study.

10.3389/fmicb.2022.977337

Strain or plasmid Description Source

E. coli strains

DH5a hsdR recA lacZYAF80 lacZAM15 BRL

$17-1 F— recA hsdR RP4-2 (Tc:Mu) (Km::Tn7) lysogenized with Apir phage Laboratory collection

Serratia marcescens strains

JNB5-1 S. marcescens wild type strain Pan et al. (2020)
SK6-35 ompR:Gm® mutant of JNB5-1, prodigiosin producing mutant This study
SK6-35/pXW2010 Mutant SK6-35 containing plasmid pXW2010 This study
AOmpR ompR deleted mutant of S. marcescens JNB5-1 This study
AOmpR/pXW2010 Mutant AOmpR containing plasmid pXW2010 This study
PG-1 Prodigiosin producing recombinant strain constructed by overexpression of psrA gene under the control of  This study

its own promoter Py, in strain JNB5-1
PG-2 Prodigiosin producing recombinant strain constructed by overexpression of ompR gene under the control ~ This study

of its own promoter Pompr in strain JNB5-1
PG-3 Prodigiosin producing recombinant strain constructed by overexpression of ompR and psrA genes under This study

the control of their own promoters in strain JNB5-1
PG-4 Prodigiosin producing recombinant strain constructed by overexpression of psrA gene under the control of ~ This study

the promoter P17 (Py,y) in strain JNB5-1
PG-5 Prodigiosin producing recombinant strain constructed by overexpression of ompR gene under the control ~ This study

of the promoter P17 (Py,y) in strain JNB5-1
PG-6 Prodigiosin producing recombinant strain constructed by overexpression both of ompR and psrA genes This study

under the control of the promoter P17 (Py,y) in strain JNB5-1
Plasmids
pRK2013Tn5G Tn5G carrying plasmid, Km*Gm® Nunn and Lory (1992)
pMDI18T Cloning vector, 2,692bp, Ap®, lacZ TaKaRa
pXW2010 ompR gene driven by P, promoter cloned in pUCP18, Ap® This study
pUCP18 Broad-host-range shuttle vector, Ap* Schweizer (1991)
pUTKm Tn5-based delivery plasmid with Km®Amp® Herrero et al. (1990)
using the primers OTnl and OTn2 as listed in RNAprep pure kit (Tiangen) to extract total bacterial RNA, and

Supplementary Table S1. The PCR product was cloned into the
pMD18T vector for sequencing, and the sequence obtained were
compared with the NCBI GenBank database to identify the Tn5G
transposon insertion site. The domains of the DNA-binding
response regulator BVG89_19895 was identified using the online
software CD-search. For complementation experiments, the target
gene BVG89_19895 (ompR) identified was amplified, cloned into
the pUCP18 plasmid to obtain recombinant plasmid pXW2010
and introduced to strains SK6-35 and AOmpR.

Transcriptome analysis

Constitutive promoters should have the characteristics that
there has no significant difference in inducing gene expression at
different cell growth stages and under different conditions. Hence,
to identify strong constitutive promoters in S. marcescens, strain
JNB5-1 were grown to early logarithmic growth phase at 4h and
mid-logarithmic growth phase at 12h in LB medium and
fermentation medium prior to harvesting. A volume of 1 ml of the
collected cells was then frozen in liquid nitrogen, treated with
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delivered to Genewiz (Genewiz, South Plainfield, NJ) for
transcriptome resequencing analysis. With Ribo-Zero rRNA
Removal Kit (Illumina, San Diego, CA, United States), the total
RNA extracted from the bacteria was subjected to rRNA removal
to obtain mRNA. The obtained mRNA was used as the template
for DNA synthesis. [llumina HiSeq platform was used for cDNA
library sequencing. The genome of S. marcescens WW4
(NC_020211.1) was used as the reference for annotation. The
FPKM values were used to rank the genes within each sample
from highest to lowest expression, and the top 4.1% highly
expressed genes (200 genes) in each condition were chosen for
further expression analysis to identified strong constitutive
promoters in S. marcescens.

Construction of plasmids and strains for
promoter characterization

To characterize the identified promoters as shown in Table 2,

the promoter regions of these 32 strongly expressed genes under
both culturing conditions and the promoter of bla gene were
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FIGURE 1

(ACY90607.1), and Yersinia enterocolitica (AAO53554.1).

DNA-binding response regulator

OmpR is a prodigiosin synthesis activator in strain INB5-1. (A) A prodigiosin producing mutant SK6-35 was identified by Tn5G transposon insertion
mutation. (B) Prodigiosin production analysis of strains INB5-1, SK6-35, SK6-35/pXW2010, APsrA, and APsrA/pXW2010. JINB5-1 is a wild-type
Serratia marcescens, SK6-35 is an ompR disrupted mutant, AOmpR is an ompR deleted mutant, SK6-35/pXW2010 and AOmpR/pXW?2010 are
ompR complemented strains. The experiment was performed independently 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. (C) Genetic loci identified in
mutant SK6-35. (Upper) Genetic map of the disrupted gene BVG89_19895 (ompR) and its surrounding genes. The Tn5G insertion site is indicated
by black arrow points. (Middle) The domain organization of the BVG90_19895 protein. (Lower) BVG90_19895 is a DNA-binding response
regulator. (D) Multiple sequence alignment of OmpR homologies. The sequences used for analysis were OmpR homologies from S. marcescens
(ASM28381.1), E. coli (ANK03889.1), Klebsiella pneumoniae (WP_001157751.1), Salmonella enterica subsp. enterica serovar Typhimurium
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amplified by PCR. The PCR products were then cloned into the
pUCP18 plasmid harboring the egfp reporter gene using the
DNA assembler method to obtain recombinant plasmids
pUCP18-promoter-egfp and electroporated into strain JNB5-1 to
construct recombinant strains. Primers used for plasmid
construction and promoter characterization are listed in
Supplementary Table S1.

Measurement of fluorescence intensity
of eGFP

The fluorescence values of eGFP of different strains were
measured to further identify strong constitutive promoters in
S. marcescens as described previously (You et al., 2022). In brief,
strain JNB5-1/pUCP18 and recombinant strains containing
plasmids pUCP18-promoter-egfp were inoculated in sterile 96
black-well plates (corning 3603) containing 200 ul LB medium
and incubated at 37°C for 10h. Then eGFP fluorescence was
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determined at the end of the incubation with a microplate Multi-
Mode Reader (BIOTEK, Cytation 3) at the absorption wavelengths
of 490nm and 530 nm.

Promoter characterization via RT-gPCR
analysis

RT-qPCR assay was performed to further characterize the
identified strong constitutive promoters as described previously
(Ouyang et al., 2020; Pan et al., 2020). In brief, to confirm that the
promoters of cspC (P4), ompA (P11), rpl] (P17), rpsA (P20), rpsF
(P21), and rpsM (P22) genes are strong constitutive promoters in
S. marcescens, A volume of 1 ml of the cultures of strains JNB5-1
cultured in LB medium carrying the recombinant plasmids
pUCP18-promoter-egfp were collected at early logarithmic
growth phase at 4h, mid-logarithmic growth phase at 12h and
stationary growth phase at 24 h. Total RNA of the collected cells
was then extracted using the RNAprep pure Cell/Bacteria Kit
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TABLE 2 Identified genes with high level expression from RNA-seq data.

10.3389/fmicb.2022.977337

Gene Promoter Downstream product Average FPKM
ahpC 1 Alkyl hydroperoxide reductase 3612.45
clpp 2 ATP-dependent Clp protease 1151.7725
cpxP 3 Cpx response inhibitor 1919.7225
cspC 4 Stress protein, member of the CspA-family 8650.905
eno 5 Enolase 1959.8025
ftsZ 6 Cell division protein FtsZ 1703.47
gltA 7 Citrate synthase 12997.47
Ipp 8 Murein lipoprotein 6366.5075
IpxC 9 UDP-3-O-acyl N-acetylglucosamine deacetylase 2541.38
nlpl 10 Lipoprotein 1242.08
ompA 11 Outer membrane protein A 21640.7025
ompC 12 Outer membrane porin protein C 4732.635
ompN 13 Outer membrane pore protein 10778.6525
ompW 14 Outer membrane protein W 5126.42
ompX 15 Outer membrane protein X 6679.55
raiA 16 Cold shock protein 9965.2425
rpl] 17 508 ribosomal subunit protein L10 5684.93
rpoB 18 RNA polymerase, beta subunit 1454.715
rpoH 19 RNA polymerase, sigma H factor 1774.61
rpsA 20 30S ribosomal subunit protein S1 2618.3375
rpsF 21 308 ribosomal subunit protein S6 5404.0175
rpsM 22 30S ribosomal subunit protein S13 5304.5475
SMWW4_vIcl12140 23 Hypothetical protein 1975.2125
SMWW4_v1¢29250 24 Hypothetical protein 2818.635
sodB 25 Superoxide dismutase 2468.105
tpiA 26 Triosephosphate isomerase 2013.625
trxA 27 Thioredoxin 1 1508.045
uspG 28 Universal stress protein UP12 1753.1375
ybaY 29 Outer membrane lipoprotein 8141.1775
yecA 30 HfIBKC-binding inner membrane protein 1318.955
yfiD 31 Autonomous glycyl radical cofactor 3249.205
ygdl 32 Putative lipoprotein 2606.52

(Tiangen). After treating with DNase I (Promega) for 30 min at
room temperature, 0.5 pg of the total bacterial RNA was subjected
to reverse transcription to synthesize cDNA using the HiScript II
Q RT SuperMix Kit (Vazyme). To ensure that there was no
chromosomal DNA contamination in each RNA sample, a
no-reverse transcription control of each sample was carried out
and any samples with detected chromosomal DNA contamination
were excluded before experimentation. Then, cDNA of each
sample was mixed with forward and reverse primers and mixture
was subjected to RT-qPCR analysis using the ChamQ Universal
SYBR qPCR master mix kit (Vazyme). RNA from three biological
replicates were analyzed and three technical replicates were
performed. The 16S rRNA protein-encoding gene was used as an
internal control for promoter characterization. The expression
level of the egfp gene under promoters P4, P11, P17, P20, P21, and
P22 were normalized by the expression of the internal control.
Data were analyzed using 274 method.
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Construction of strains AOmpR, PG-1,
PG-2, PG-3, PG-4, PG-5, and PG-6

The ompR gene of strain JNB5-1 was deleted using a gene
replacement method as described previously (Pan et al., 2020). In
brief, after the upstream and downstream DNA fragments of ompR
gene and the DNA fragment of aacC3 resistance gene were
amplified, the aacC3 gene was integrated into the middle of the
upstream and downstream fragments of the ompR gene by overlap
extension PCR. The obtained PCR products were cloned into the
pUTKm vector to obtain recombinant plasmid. The resulted
plasmid was transformed into E. coli S17-1, and introduced into
the strain JNB5-1 by conjugation to knock out the ompR gene. To
construct prodigiosin producing strains PG-1, PG-2, PG-3, PG-4,
PG-5, and PG-6, the DNA fragments containing psrA and/or
ompR genes under the control of its own promoter or P17 promoter
were amplified by PCR. The obtained DNA fragments were then
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cloned into pUCP18 plasmid to obtain recombinant plasmids, and
the resulted plasmids were electroporated into JNB5-1 to construct
strain PG-1, PG-2, PG-3, PG-4, PG-5, and PG-6. Primers used for
ompR gene deletion and PG-1, PG-2, PG-3, PG-4, PG-5 and PG-6
strains construction are listed in Supplementary Table S1.

Prodigiosin production assays in shake
flask fermentation

The ability of strains JNB5-1, SK6-35, SK6-35/pXW2010,
AOmpR, AOmpR/pXW2020, PG-1, PG-2, PG-3, PG-4, PG-5 and
PG-6 to produce prodigiosin was determined in shake-flask
fermentation in LB medium or fermentation medium by acidified
ethanol and absorbance measurement as previously described (Pan
et al,, 2019). Briefly, after collecting samples at the indicated time
intervals, the amount of prodigiosin produced by different strains
was calculated according to the standard curve: Y=1.1936X —0.001
(Y indicates the wavelength of samples measured at As;5 after the
fermentation broth was dissolved in acid ethanol at pH 3.0; X
indicates the amount of prodigiosin produced by strains, for which
1 unit equals 10mg/L). Due to we have previously confirmed that the
strain JNB5-1 can obtain the highest production of prodigiosin in
LB medium and fermentation medium at 24h and 72 h, respectively
(Pan et al., 2019, 2020), the final fermentation end time of different
strains in LB medium and fermentation medium was 24h and 72h,
respectively. Experiments were independently replicated three times.

Statistical analysis

Experiments in this study were independently replicated at least
three times, and data are expressed as means and standard deviations
(SDs). Student’s t-test or one-way ANOVA was used for comparing
statistical difference between the groups of experimental data.

Results

Identification of a regulator OmpR that
positively controls prodigiosin synthesis
in Serratia marcescens JNB5-1

To identify genes that regulate prodigiosin production and
improve the efficiency of prodigiosin synthesis through metabolic
engineering in strain JNB5-1, a Tn5G transposon insertion library
was constructed using E. coli/pRK2013 Tn5G as the donor strain
and S. marcescens JNB5-1 as the recipient strain. As shown in
Figure 1A, a mutant SK6-35 with severely reduced prodigiosin
synthesis was isolated (Figure 1A). Furthermore, shake flask
fermentation analysis in LB medium showed that the SK6-35
mutant could synthesize 10.21 mg/L of prodigiosin after 24 h of
fermentation, which was only 0.20 times that synthesized by wild-
type strain JNB5-1 (51.22mg/L; p <0.001; Figure 1B).
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With inverse PCR and sequencing, the target gene inserted by
Tn5G transposon in strain SK6-35 was identified as BVG89_19895
encoding a DNA-binding response regulator of 240 amino acids
(Figure 1C). At the amino acid level, the identified gene
BVG89_19895 encoding protein BVG89_19895 shares 100% identify
with a predicted two-component system response regulator OmpR
of a sequenced S. marcescens strain, Db11 (HG326223.1). This
protein consists of a response regulator receiver (REC) domain at its
N terminus and a helix-turn-helix (HTH) domain at its C terminus
(Figure 1C), and is 99.58, 99.58, 99.58, and 96.23% identical to
proven OmpR proteins of E. coli O25b: H4 (ANK03889.1; Dupont
et al,, 2017), Klebsiella pneumoniae KPNIH1 (WP_001157751.1;
Ramage et al., 2017), Salmonella enterica subsp. enterica serovar
Typhimurium str. 14028S (ACY90607.1; Jayeola et al., 2020), and
Yersinia enterocolitica strain Ye9 (AAQ53554.1; Jaworska et al., 2018),
respectively (Figure 1D). Since the high similarity to previously
studied OmpR proteins from other bacterial genera, we therefore
referred to the BVG89_19895 open reading frame as OmpR. In the
complementation experiment, the intact ompR gene was introduced
into the SK6-35 mutant, and a complementary strain, S. marcescens
SK6-35/pXW2010 had increased prodigiosin synthesis significantly
in the mutant SK6-35 (Figure 1B). These results suggested that
OmpR was possibly associated with the regulation of prodigiosin
synthesis in strain JNB5-1.

To further confirm the function of the ompR gene in
prodigiosin synthesis in strain JNB5-1, a mutant strain AOmpR
completely deleted of the ompR gene was generated, and its ability
to synthesize prodigiosin in LB medium was analyzed. Results
showed that compared with wild-type strain JNB5-1, the
prodigiosin production of the mutant AOmpR was significant
decreased and was similar to that of ompR-disrupted mutant
SK6-35 (Figure 1B). Taken together, these results suggested that
OmpR functions as a prodigiosin synthesis activator in strain
JNB5-1, and how OmpR regulates prodigiosin synthesis in strain
JNB5-1 will be described elsewhere.

Rational selection of putative strong
constitutive promoters in Serratia
marcescens

Promoter engineering was widely used to enhance gene
expression at the transcription level and achieved high yields
production of target metabolites in different microorganisms
(Tang et al., 2020; Fu et al., 2022; Liu et al., 2022). To improve the
production of prodigiosin in S. marcescens, a panel of strong
promoters must be available for fine-tune gene expression in
S. marcescens. However, the choice of strong constitutive
promoters in S. marcescens is still limited. Recently, a method
based on transcriptome and biochemical experiments has been
developed to conveniently screening of strong constitutive
promoters in Schlegelella brevitalea (Ouyang et al, 2020),
C. ammoniagenes (Hou et al., 2019), S. thermophilus (Kong et al.,
2019), and Streptomyces albus (Luo et al., 2015). To address the
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problem that the available strong constitutive promoters are
rather limited in S. marcescens, the transcriptional profiles of all
4,907 genes in the genome of strain JNB5-1 was conducted by
RNA-seq analysis, and the promoters were sorted by their
expression levels to identify strong constitutive promoters based
on two target culturing mediums (LB medium and fermentation
medium) at two defined time points (4 and 12h; Figures 2A-E).
Results show that a total of 4,332 genes were identified from the
transcriptomic data (Figure 2A). Only the top 200 highly
expressed genes in each condition were chosen, and 61 genes
were identified that highly expressed under all four conditions
(Figure 2F; Supplementary Table S2). Furthermore, functional
analysis was performed to remove genes whose expression
profiles were potentially not stable, although these genes were
qualified according to our current conditions. One of the groups
was the regulators, whose expression profiles are usually
condition-dependent and influenced by a highly dynamic
complex regulatory network in bacterial (Fineran et al., 2005; Sun
etal., 2022). Also, in many cases, genes in the same operon have
different expression profiles, which means that there is a potential
risk of selecting the promoter of the operon as a constitutive
promoter. Hence, another group of the genes removed were the
genes that in the operon, and finally a total of 33 genes were kept
after removing the genes encoding regulators and the genes in the

10.3389/fmicb.2022.977337

operon. Among these 33 genes, the promoter region of the rpsE
gene is very short, hence a total of 32 promoter regions of the
genes as shown in Table 2 were cloned into the pUCP18 plasmid
harboring an egfp gene using recombineering (Table 2). In
addition, the promoter Py, previously used in strain JNB5-1
was cloned into the pUCP18 plasmid as control (Pan et al., 2021).
The promoter regions of these 33 genes are a defined region
between the highly expressed gene and its upstream gene. All of
the above constructed plasmids were validated by sequencing and
then transformed into S. marcescens strain JNB5-1.

Evaluation of the identified putative
strong constitutive promoters in Serratia
marcescens

To examine whether the putative strong constitutive
promoters obtained by systematic analyses were reliable, growth-
normalized fluorescence intensities of different strains were
measured using a microplate assay. As shown in Figure 3A, the
results showed that we successfully isolated 32 endogenous
promoters with different activities. Among them, 26 promoters
(P1, P4, P5, P6, P7, P8, P9, P10, P11, P12, P13, P14, P15, P16,
P17, P18, P19, P20, P21, P22, P24, P25, P26, P29, P31, and P32)
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FIGURE 3

Evaluation of the identified putative strong constitutive promoters
in strain INB5-1 via eGFP reporter and RT-gPCR analysis.

(A) Evaluation of the selected promoters using an eGFP reporter.
(B) RT-gPCR assays of the selected promoters. The promoters 1,
2,3,4,56,78,910, 11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30, 31, 32, and 33 indicates the promoter of
the ahpC, clpP, cpxP, cspC, eno, ftsZ, gltA, lpp, lpxC, nlpl, ompA,
ompC, ompN, ompW, ompX, raiA, rplJd, rpoB, rpoH, rpsA, rpsF,
rpsM, SMWW4_v1c12140, SMWW4_v1c29250, sodB, tpiA, trxA,
uspG, ybaY, yccA, yfiD, ygdl, and bla gene, respectively. For

(A) and (B), the experiment was performed independently 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.

showed increased activities with 2.38-to 10.14-fold enhancement
compared with that of promoter P33 (Py,r; Figure 3A). To the
best of our knowledge, this is the first well-characterized strong
constitutive promoter library in S. marcescens.

Furthermore, RT-qPCR analysis was used to quantified
gene expression levels to confirmed the promoter activities in
a time-course study. The 16S rRNA protein-encoding gene
was used as an internal control as described previously (Wilf
etal., 2011). Promoters P4, P11, P17, P20, P21, and P22 with
stronger activity than Py, and Pyx itself were used for
RT-qPCR experiment. All seven promoters were analyzed
under the LB medium at three different time points: 4h, 12h
and 24 h. Result showed that all six promoters showed higher
expression levels than Py,.x at all three time points (Figure 3B).
This result further confirmed that the strengths of these
promoters. Among them, consistent with the result of
fluorescence intensities test, the promoter P17 showed highest
strength in RT-qPCR experiment (Figures 3A,B). Hence, in
our next study, we will try to overexpress the key gene of
prodigiosin synthesis with promoter P17 to improve the ability
of strain JNB5-1 to synthesize prodigiosin.
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FIGURE 4

Prodigiosin production and cell growth curve of strains JNB5-1,
PG-1, PG-2, PG-3, PG-4, PG-5, and PG-6 in fermentation
medium. Red lines indicate the prodigiosin production and blue
lines indicate biomass (ODgq0). INB5-1 is a prodigiosin producing
strain isolated form soil samples. PG-1 is a prodigiosin producing
recombinant strain constructed by overexpression of psrA gene
under the control of its own promoter Py, via the plasmid
pUCP18 in strain INB5-1. PG-2 is a prodigiosin producing
recombinant strain constructed by overexpression of ompR gene
under the control of its own promoter Poqr Via the plasmid
pUCP18 in strain JNB5-1. PG-3 is a prodigiosin producing
recombinant strain constructed by overexpression of ompR gene
under the control of its own promoter P,z and psrA gene under
the control of its own promoter Peg, via the plasmid pUCP18 in
strain INB5-1. PG-4 is a prodigiosin producing recombinant
strain constructed by overexpression of psrA gene under the
control of the promoter P17 (Pg) via the plasmid pUCP18 in
strain INB5-1. PG-5 is a prodigiosin producing recombinant
strain constructed by overexpression of ompR gene under the
control of the promoter P17 (Pg,) via the plasmid pUCP18 in
strain INB5-1. PG-6 is a prodigiosin producing recombinant
strain constructed by overexpression both of ompR and psrA
genes under the control of the promoter P17 (Pg,y) via the
plasmid pUCP18 in strain INB5-1. PsrA and OmpR are two
prodigiosin synthesis activators in strain JINB5-1. The experiments
were performed in biological triplicates. Error bars indicate the
standard deviations. One-way analysis of variance (ANOVA) was
used to examine the mean differences between the data groups.
****p<0.001; ns, no significance difference.

Improving prodigiosin production by
transcription factor engineering and
promoter engineering in strain INB5-1

In recent years, transcription factor engineering has gained
much attention due to its efficient application in altering gene
transcription and improve the yield of target product (Li et al.,
2018, 2021; Deng et al,, 2021). PsrA (Pan et al., 2022) and OmpR
are two prodigiosin synthesis activators in strain JNB5-1 we have
identified by Tn5G transposon insertion mutation. To efficiently
production of prodigiosin, psrA and ompR genes, driven by its
own promoter, were cloned into pUCP18 plasmid, and
transformed into strain JNB5-1 to construct strain PG-1 and
PG-2, respectively. Shake flask fermentation in fermentation
medium showed that the yield of prodigiosin produced by
recombinant strains PG-1 and PG-2 was 8.36g/L and 7.92¢/L,
respectively. These yields were 132.07% and 125.12% that of wild-
type strain JNB5-1 (6.33 g/L), respectively (Figure 4). Furthermore,
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a recombinant strain PG-3 expression both the psrA and ompR
genes driven by their own promoter was constructed, and shake
flask fermentation analysis showed that the PG-3 strain could
production of 8.74 g/L of prodigiosin, which was 138.07% that of
strain JNB5-1 (Figure 4). These results further confirmed that
PsrA and OmpR are prodigiosin synthesis activators in strain
JNB5-1 and transcription factor engineering could improve the
yield of prodigiosin production.

As we can see, promoter engineering was widely used to
enhance target metabolites production in other microorganisms
(Dengetal., 2018; Ma et al., 2018; Liu et al., 2022). Hence, we then
tried to further improve the prodigiosin production in strain
JNB5-1 by promoter engineering. The strong promoter P17
identified in our study was selected to substitute the Py, and
Pompr promoters in strains PG-1, PG-2, and PG-3, and
recombinant strains PG-4, PG-5 and PG-6 were obtained,
respectively. Shake flask fermentation in fermentation medium
showed that identical with strains JNB5-1, PG-1, PG-2, and PG-3,
after 72h of fermentation, the yield of prodigiosin produced by
strains PG-4, PG-5, and PG-6 reached the highest value, of
9.36g/L, 9.05g/L, and 10.25g/L, respectively. Among them, the
strain PG-6 showed highest yield of prodigiosin, and was 161.93%
that of wild-type strain JNB5-1 (6.33g/L) and 117.28% that of
recombinant strain PG-3 (8.74 g/L; Figure 4). This result suggested
that using transcription factor engineering and promoter
engineering can simultaneously improve the prodigiosin
production in strain JNB5-1.

Discussion

Serratia marcescens, a Gram-negative rod-shaped bacterium
of the Enterobacteriaceae family, is found in a wide range of
ecological niches and can produce many high-value secondary
metabolites like prodigiosin (Williamson et al., 2006a),
althiomycin (Gerc et al., 2014), serratamolide (Shanks et al.,
2012), acetoin (Gao et al., 2014), and 2,3-butanediol (Rao et al.,
2012). Among them, prodigiosin has received widespread
attention due to its antimalarial, antibacterial, antifungal,
antiprotozoal and immunosuppressant activities (Williamson
etal., 2006a). Besides the well-studied pigA (encoding acyl-CoA
dehydrogenase PigA), pigB (encoding FAD-dependent
oxidoreductase PigB), pigC (encoding PEP-utilizing enzyme
PigC), pigD (encoding prodigiosin biosynthesis protein PigD),
pigE (encoding aminotransferase PigE), pigF (encoding
O-methyl transferase PigF), pigG (encoding peptidyl carrier
protein PigG), pigH (encoding aminotransferase PigH), pigl
(encoding L-prolyl-AMP ligase Pigl), pig/ (encoding beta-
ketomyristol-ACP synthase Pig]), pigK (encoding prodigiosin
PigK), pigL
4’-phosphopantetheinyl transferase PigL), pigM (encoding

biosynthesis protein (encoding
prodigiosin biosynthesis protein PigM), and pigN (encoding
oxidoreductase PigN) genes involved in the metabolic pathway

of the prodigiosin (Williamson et al., 2006a), lots of
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transcriptional regulator-encoding genes that play important
roles in prodigiosin synthesis in S. marcescens have also been
investigated, such as negative regulators MetR (Pan et al., 2020),
SpnR (Horng et al.,, 2002), CopA (Williamson et al., 2006b),
CRP (Stella and Shanks, 2014), RssB (Horng et al., 2010), RcsB
(Brothers et al., 2019; Pan et al., 2021), CpxR (Sun et al., 2020)
and SmaR (Coulthurst et al., 2006), and positive regulators
EepR (Shanks et al., 2017), PigP (Shanks et al., 2013), GumB
(Stella et al., 2018), RbsR (Lee et al., 2017), RpoS (Qin et al.,
2020), and PsrA (Pan et al., 2022). However, our understanding
of the regulatory mechanisms behind prodigiosin synthesis in
S. marcescens is still limited. In this study, through transposon
insertion mutation and genetic experiment (Figure 1),
two-component system response regulator OmpR was
confirmed to function as a prodigiosin activator in S. marcescens
JNB5-1. This consistent with the result that shake flask
fermentation analysis showed that the yield of prodigiosin
produced by ompR disrupted mutant SK6-35 (10.21 mg/L) was
only 0.20 times that synthesized by wild-type strain JNB5-1
(51.22mg/L) in LB medium and the yield of prodigiosin
produced by ompR overexpressed strain PG-2 (7.92 g/L) was
125.12% that synthesized by wild-type strain JNB5-1 (6.33 g/L)
in fermentation medium (Figures 1B, 4).

Also, due to its important antimalarial, antibacterial,
antifungal, antiprotozoal and immunosuppressant activities, lots
of studies have been done to improving prodigiosin production
of
S. marcescens in the past, such as media composition (Chang
etal, 2011) and pH (Fender et al., 2012), temperature (Elkenawy
et al., 2017), and incubation period (Elkenawy et al., 2017).
However, it is still a challenge for high-efficiency production of

through optimization of fermentation parameters

prodigiosin for commercial purposes. Promoter engineering and
transcription factor engineering are two methods widely used to
improve the yield of the target product in recent years, such as
3-aminopropionic acid (Song et al., 2015) and myo-inositol
(Tang et al., 2020) in E. coli, Menaquinone-7 in B. subtilis,
L-lysine (Huang et al., 2021), N-acetylglucosamine (Deng et al.,
2021) and L-proline (Liu et al., 2022) in C. glutamicum. In this
study, to increase the production of prodigiosin, endogenous
promoters from S. marcescens were screened using RNA-Seq
analysis, reporter green fluorescent protein analysis and
RT-qPCR analysis (Figures 2, 3). Results showed the promoter
P17 (Pyyy) of rpl] gene was found to be a strong constitutive
promoter in strain JNB5-1. Finally, promoter engineering and
transcription factor engineering was used to improving
prodigiosin production in S. marcescens JNB5-1, and a strain
PG-6 was obtained. Results showed the prodigiosin titer of this
strain was increased to 10.25 g/1, which was 1.62-times that of
the original strain JNB5-1 (6.33 g/I; Figure 4). As far as we know,
our study is the first well-characterized constitutive promoter
library from S. marcescens, and the transcription factor
engineering and promoter engineering can be also useful
strategies to improve the production of other high value-added
products in S. marcescens.
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In summary, this work describes a novel regulator OmpR
which controls prodigiosin synthesis in S. marcescens JNB5-1 and
shows a method improving prodigiosin production in
S. marcescens by transcription factor engineering and promoter
engineering. Further research is needed to reveal the molecular
mechanisms how OmpR regulate prodigiosin production in
S. marcescens JNB5-1.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding author.

Author contributions

XP performed the experiments and wrote the manuscript.
JY and MT helped to wrote the manuscript. XZ, MX, and TY
contributed to the analysis design and data interpretation. ZR
designed the experiments and wrote the manuscript. All
authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (32100055 and 31870066), the National Key

References

Brothers, K. M., Callaghan, J. D,, Stella, N. A., Bachinsky, J. M., Alhigaylan, M.,
Lehner, K. L., et al. (2019). Blowing epithelial cell bubbles with gum B: Shl A-family
pore-forming toxins induce blebbing and rapid cellular death in corneal epithelial
cells. PLoS Pathog. 15:¢1007825. doi: 10.1371/journal.ppat.1007825

Chang, C. C., Chen, W. C., Ho, T. E, Wu, H. S., and Wei, Y. H. (2011). Development
of natural anti-tumor drugs by microorganisms. J. Biosci. Bioeng. 111, 501-511. doi:
10.1016/j.jbiosc.2010.12.026

Coulthurst, S. J., Williamson, N. R., Harris, A. K. P, Spring, D. R,, and
Salmond, G. P. C. (2006). Metabolic and regulatory engineering of Serratia
marcescens: mimicking phage-mediated horizontal acquisition of antibiotic
biosynthesis and quorum sensing capacities. Microbiology 152, 1899-1911. doi:
10.1099/mic.0.28803-0

Cui, S. X, Ly, X. Q,, Wy, Y. K,, Li, J. H., Du, G. C.,, Ledesma-Amaro, R, et al.
(2019). Engineering a bifunctional Phr 60-Rap60-Spo0A quorum-sensing molecular
switch for dynamic fine-tuning of menaquinone-7 synthesis in Bacillus subtilis. ACS
Synth. Biol. 8, 1826-1837. doi: 10.1021/acssynbio.9b00140

Deng, C,, Li, ], Shin, H. D,, Du, G., Chen, J,, and Liu, L. (2018). Efficient
expression of cyclodextrin glycosyltransferase from Geobacillus stearothermophilus
in Escherichia coli by promoter engineering and downstream box evolution. J.
Biotechnol. 266, 77-83. doi: 10.1016/j.jbiotec.2017.12.009

Deng, C, Ly, X. Q,, Li, J. H,, Zhang, H. Z,, Liu, Y. E, Du, G. C,, et al. (2021).
Synergistic improvement of N-acetylglucosamine production by engineering
transcription factors and balancing redox cofactors. Metab. Eng. 67, 330-346. doi:
10.1016/j.ymben.2021.07.012

Dupont, H., Choinier, P,, Roche, D., Adiba, S., Sookdeb, M., Branger, C., et al.
(2017). Structural alteration of OmpR as a source of ertapenem resistance in a CTX-
M-15-producing Escherichia coli O25b:H4 sequence type 131 clinical isolate.
Antimicrob. Agents Chemother. 61, €00014-e00017. doi: 10.1128/AAC.00014-17

Frontiers in Microbiology

10

10.3389/fmicb.2022.977337

Research and Development Program of China (2021YFC2100900),
the Natural Science Foundation of Jiangsu Province
(BK20210464), the project funded by China Postdoctoral Science
Foundation (2021M691280), the Jiangsu Planned Projects for
Postdoctoral Research Funds (2021K296B), and the Fundamental
Research Funds for the Central Universities (JUSRP12119).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.977337/

full#supplementary-material

Elkenawy, N. M., Yassin, A. S., Elhifnawy, H. N., and Amin, M. A. (2017).
Optimization of prodigiosin production by Serratia marcescens using crude glycerol
and enhancing production using gamma radiation. Biotechnol. Rep. 14, 47-53. doi:
10.1016/j.btre.2017.04.001

Fender, J. E., Bender, C. M., Stella, N. A., Lahr, R. M., Kalivoda, E. J., and
Shanks, R. M. Q. (2012). Serratia marcescens quinoprotein glucose
dehydrogenase activity mediates medium acidification and inhibition of
prodigiosin production by glucose. Appl. Environ. Microbiol. 78, 6225-6235. doi:
10.1128/AEM.01778-12

Fineran, P. C.,, Everson, L., Slater, H., and Salmond, G. P. C. (2005). A GntR family
transcriptional regulator (PigT) controls gluconate-mediated repression and defines
anew, independent pathway for regulation of the tripyrrole antibiotic, prodigiosin,
in Serratia. Microbiology 151, 3833-3845. doi: 10.1099/mic.0.28251-0

Fu, G., Yue, ], Li, D. D, Li, Y. X,, Lee, S. Y., and Zhang, D. W. (2022). An operator-
based expression toolkit for Bacillus subtilis enables fine-tuning of gene expression
and biosynthetic pathway regulation. Proc. Natl. Acad. Sci. U. S. A. 119:¢2119980119.
doi: 10.1073/pnas.2119980119

Gao, S., Guo, W, Shi, L., Yu, Y., Zhang, C., and Yang, H. (2014). Characterization
of acetoin production in a budC gene disrupted mutant of Serratia marcescens G12.
J. Ind. Microbiol. Biotechnol. 41, 1267-1274. doi: 10.1007/s10295-014-1464-x

Gerc, A. J., Stanley-Wall, N. R., and Coulthurst, S. J. (2014). Role of the
phosphopantetheinyltransferase enzyme, PswP, in the biosynthesis of antimicrobial
secondary metabolites by Serratia marcescens Db10. Microbiology 160, 1609-1617.
doi: 10.1099/mic.0.078576-0

Herrero, M., De Lorenzo, V., and Timmis, K. N. (1990). Transposon vectors
containing non-antibiotic resistance selection markers for cloning and stable
chromosomal insertion of foreign genes in gram-negative bacteria. J. Bacteriol. 172,
6557-6567. doi: 10.1128/jb.172.11.6557-6567.1990

frontiersin.org


https://doi.org/10.3389/fmicb.2022.977337
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.frontiersin.org/articles/10.3389/fmicb.2022.977337/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fmicb.2022.977337/full#supplementary-material
https://doi.org/10.1371/journal.ppat.1007825
https://doi.org/10.1016/j.jbiosc.2010.12.026
https://doi.org/10.1099/mic.0.28803-0
https://doi.org/10.1021/acssynbio.9b00140
https://doi.org/10.1016/j.jbiotec.2017.12.009
https://doi.org/10.1016/j.ymben.2021.07.012
https://doi.org/10.1128/AAC.00014-17
https://doi.org/10.1016/j.btre.2017.04.001
https://doi.org/10.1128/AEM.01778-12
https://doi.org/10.1099/mic.0.28251-0
https://doi.org/10.1073/pnas.2119980119
https://doi.org/10.1007/s10295-014-1464-x
https://doi.org/10.1099/mic.0.078576-0
https://doi.org/10.1128/jb.172.11.6557-6567.1990

Pan et al.

Horng, Y. T, Chang, K. C,, Liu, Y. N., Lai, H. C,, and Soo, P. C. (2010). The RssB/
RssA two-component system regulates biosynthesis of the tripyrrole antibiotic,
prodigiosin, in Serratia marcescens. Int. J. Med. Microbiol. 300, 304-312. doi:
10.1016/1.ijmm.2010.01.003

Horng, Y. T,, Deng, S. C., Daykin, M., Soo, P. C., Wei, J. R,, Luh, K. T, et al. (2002).
The LuxR family protein SpnR functions as a negative regulator of N-acylhomoserine
lactone-dependent quorum sensing in Serratia marcescens. Mol. Microbiol. 45,
1655-1671. doi: 10.1046/j.1365-2958.2002.03117.x

Hou, Y, Chen, S., Wang, J., Liu, G., Wu, S., and Tao, Y. (2019). Isolating promoters
from Corynebacterium ammoniagenes ATCC 6871 and application in CoA synthesis.
BMC Biotechnol. 19, 76. doi: 10.1186/s12896-019-0568-9

Huang, J. W,, Chen, J. Z., Wang, Y., Shi, T., Ni, X. M., Pu, W,, et al. (2021).
Development of a hyperosmotic stress inducible gene expression system by
engineering the MtrA/MtrB-dependent NCgl1418 promoter in Corynebacterium
glutamicum. Front. Microbiol. 12:718511. doi: 10.3389/fmicb.2021.718511

Jaworska, K., Nieckarz, M., Ludwiczak, M., Raczkowska, A., and Brzostek, K.
(2018). OmpR-mediated transcriptional regulation and function of two heme
receptor proteins of Yersinia enterocolitica bio-serotype 2/0:9. Front. Cell. Infect.
Microbiol. 8:333. doi: 10.3389/fcimb.2018.00333

Jayeola, V., Mcclelland, M., Porwollik, S., Chu, W., Farber, J., and Kathariou, S.
(2020). Identification of novel genes mediating survival of Salmonella on low-
moisture foods via transposon sequencing analysis. Front. Microbiol. 11:726. doi:
10.3389/fmicb.2020.00726

Kong, L. H., Xiong, Z. Q.,, Song, X., Xia, Y. J., Zhang, N, and Aj, L. Z. (2019).
Characterization of a panel of strong constitutive promoters from Streptococcus
thermophilus for fine-tuning gene expression. ACS Synth. Biol. 8, 1469-1472. doi:
10.1021/acssynbio.9b00045

Lee, C. M., Monson, R. E., Adams, R. M., and Salmond, G. P. C. (2017). The LacI-
family transcription factor, RbsR, is a pleiotropic regulator of motility, virulence,
siderophore and antibiotic production, gas vesicle morphogenesis and flotation in
Serratia. Front. Microbiol. 8:1678. doi: 10.3389/fmicb.2017.01678

Li, X., Bao, T, Osire, T, Qiao, Z., Liu, J., Zhang, X, et al. (2021). MarR-type
transcription factor RosR regulates glutamate metabolism network and promotes
accumulation of L-glutamate in Corynebacterium glutamicum GO1. Bioresour.
Technol. 342:125945. doi: 10.1016/j.biortech.2021.125945

Li, P. S, Fu, X. E, Li, S. Z,, and Zhang, L. (2018). Engineering TATA-binding
protein Sptl5 to improve ethanol tolerance and production in Kluyveromyces
marxianus. Biotechnol. Biofuels 11:207. doi: 10.1186/s13068-018-1206-9

Liuy, J., Liu, M., Shi, T,, Sun, G., Gao, N., Zhao, X., et al. (2022). CRISPR-assisted
rational flux-tuning and arrayed CRISPRi screening of an L-proline exporter for
L-proline hyperproduction. Nat. Commun. 13:891. doi: 10.1038/s41467-022-
28501-7

Luo, Y., Zhang, L., Barton, K. W,, and Zhao, H. (2015). Systematic identification
of a panel of strong constitutive promoters from Streptomyces albus. ACS Synth. Biol.
4,1001-1010. doi: 10.1021/acssynbio.5b00016

Ma, Y., Cui, Y., Du, L., Liu, X., Xie, X., and Chen, N. (2018). Identification and
application of a growth-regulated promoter for improving L-valine production in
Corynebacterium glutamicum. Microb. Cell Factories 17, 185. doi: 10.1186/
$12934-018-1031-7

Nunn, D. N,, and Lory, S. (1992). Components of the protein-excretion apparatus
of Pseudomonas aeruginosa are processed by the type IV prepilin peptidase. Proc.
Natl. Acad. Sci. U. S. A. 89, 47-51. doi: 10.1073/pnas.89.1.47

Ouyang, Q., Wang, X., Zhang, N., Zhong, L., Liu, J., Ding, X,, et al. (2020).
Promoter screening facilitates heterologous production of complex secondary
metabolites in Burkholderiales strains. ACS Synth. Biol. 9, 457-460. doi: 10.1021/
acssynbio.9b00459

Pan, X, Sun, C,, Tang, M., Liu, C., Zhang, J., You, J., et al. (2019). Loss of serine-
type D-Ala-D-Ala carboxypeptidase DacA enhances prodigiosin production in
Serratia marcescens. Front. Bioeng. Biotechnol. 7:367. doi: 10.3389/fbioe.2019.00367

Pan, X. W, Sun, C. H,, Tang, M., You, J. ], Osire, T., Zhao, Y. X,, et al. (2020).
LysR-type transcriptional regulator MetR controls prodigiosin production,
methionine biosynthesis, cell motility, H,O, tolerance, heat tolerance, and
exopolysaccharide synthesis in Serratia marcescens. Appl. Environ. Microbiol. 86,
€02241-€02219. doi: 10.1128/AEM.02241-19

Pan, X. W, Tang, M., You, J. J., Liu, E, Sun, C. H,, Osire, T, et al. (2021). Regulator
ResB controls prodigiosin synthesis and various cellular processes in Serratia
marcescens JNB5-1. Appl. Environ. Microbiol. 87, €02052-e02020. doi: 10.1128/
AEM.02052-20

Pan, X,, Tang, M., You, J., Osire, T, Sun, C., Fu, W,, et al. (2022). PsrA is a novel
regulator contributes to antibiotic synthesis, bacterial virulence, cell motility and

Frontiers in Microbiology

11

10.3389/fmicb.2022.977337

extracellular polysaccharides production in Serratia marcescens. Nucleic Acids Res.
50, 127-148. doi: 10.1093/nar/gkab1186

Qin, H,, Liu, Y., Cao, X. Y,, Jiang, J., Lian, W. S., Qiao, D. R,, et al. (2020). RpoS is
a pleiotropic regulator of motility, biofilm formation, exoenzymes, siderophore and
prodigiosin production, and trade-off during prolonged stationary phase in Serratia
marcescens. PLoS One 15:€0232549. doi: 10.1371/journal.pone.0232549

Ramage, B., Erolin, R., Held, K., Gasper, J., Weiss, E., Brittnacher, M., et al. (2017).
Comprehensive arrayed transposon mutant library of Klebsiella pneumoniae
outbreak strain KPNIH]1. J. Bacteriol. 199, e00352-e00317. doi: 10.1128/JB.00352-17

Rao, B., Zhang, L. Y, Sun, J. A,, Su, G., Wei, D. Z., Chu, J,, et al. (2012).
Characterization and regulation of the 2,3-butanediol pathway in Serratia
marcescens. Appl. Microbiol. Biotechnol. 93, 2147-2159. doi: 10.1007/s00253-
011-3608-5

Schweizer, H. P. (1991). Escherichia-Pseudomonas shuttle vectors derived from
pUC18/19. Gene 97, 109-112. doi: 10.1016/0378-1119(91)90016-5

Shanks, R. M. Q., Lahr, R. M., Stella, N. A., Arena, K. E., Brothers, K. M.,
Kwak, D. H,, et al. (2013). A Serratia marcescens PigP homolog controls prodigiosin
biosynthesis, swarming motility and hemolysis and is regulated by cAMP-CRP and
HexS. PLoS One 8:¢57634. doi: 10.1371/journal.pone.0057634

Shanks, R. M. Q,, Stella, N. A., Lahr, R. M., Aston, M. A., Brothers, K. M.,
Callaghan, J. D, et al. (2017). Suppressor analysis of eepR mutant defects reveals
coordinate regulation of secondary metabolites and serralysin biosynthesis by EepR
and HexS. Microbiology 163, 280-288. doi: 10.1099/mic.0.000422

Shanks, R. M. Q,, Stella, N. A, Lahr, R. M., Wang, S. R., Veverka, T. L,
Kowalski, R. P, et al. (2012). Serratamolide is a hemolytic factor produced by
Serratia marcescens. PLoS One 7:€36398. doi: 10.1371/journal.pone.0036398

Song, C. W, Lee, J., Ko, Y. S, and Lee, S. Y. (2015). Metabolic engineering of
Escherichia coli for the production of 3-aminopropionic acid. Metab. Eng. 30,
121-129. doi: 10.1016/j.ymben.2015.05.005

Stella, N. A., Brothers, K. M., Callaghan, J. D., Passerini, A. M., Sigindere, C.,
Hill, P. J,, et al. (2018). An IgaA/UmoB family protein from Serratia marcescens
regulates motility, capsular polysaccharide biosynthesis, and secondary metabolite
production. Appl. Environ. Microbiol. 84, €02575-e02517. doi: 10.1128/AEM.
02575-17

Stella, N. A, and Shanks, R. M. Q. (2014). Cyclic-AMP inhibition of fimbriae and
prodigiosin production by Serratia marcescens is strain-dependent. Arch. Microbiol.
196, 323-330. doi: 10.1007/s00203-014-0970-6

Sun, D, Liu, W.],, Zhou, X. G, Ru, Y. R,, Liu, J. W,, Zhu, J. R, et al. (2022). Organic
hydroperoxide induces prodigiosin biosynthesis in Serratia sp. ATCC 39006 in an
OhrR-dependent manner. Appl. Environ. Microbiol. 88:¢0204121. doi: 10.1128/
aem.02041-21

Sun, Y., Wang, L., Pan, X,, Osire, T, Fang, H., Zhang, H., et al. (2020). Improved
prodigiosin production by relieving CpxR temperature-sensitive inhibition. Front.
Bioeng. Biotechnol. 8:344. doi: 10.3389/fbioe.2020.00344

Tang, E. ], Shen, X. L., Wang, J., Sun, X. X,, and Yuan, Q. P. (2020). Synergetic
utilization of glucose and glycerol for efficient myo-inositol biosynthesis. Biotechnol.
Bioeng. 117, 1247-1252. doi: 10.1002/bit.27263

Wang, J. Y., Mushegian, A., Lory, S., and Jin, S. G. (1996). Large-scale isolation of
candidate virulence genes of Pseudomonas aeruginosa by in vivo selection. Proc.
Natl. Acad. Sci. U. S. A. 93, 10434-10439. doi: 10.1073/pnas.93.19.10434

Wilf, N. M., Williamson, N. R., Ramsay, J. P, Poulter, S., Bandyra, K. J., and
Salmond, G. P. C. (2011). The RNA chaperone, Hfq, controls two luxR-type
regulators and plays a key role in pathogenesis and production of antibiotics in
Serratia sp. ATCC 39006. Environ. Microbiol. 13, 2649-2666. doi: 10.1111/j.1462-
2920.2011.02532.x

Williamson, N. R,, Fineran, P. C., Leeper, E J., and Salmond, G. P. (2006a). The
biosynthesis and regulation of bacterial prodiginines. Nat. Rev. Microbiol. 4,
887-899. doi: 10.1038/nrmicrol531

Williamson, N. R., Simonsen, H. T., Harris, A. K., Leeper, F J., and Salmond, G. P.
(2006b). Disruption of the copper efflux pump (CopA) of Serratia marcescens ATCC
274 pleiotropically affects copper sensitivity and production of the tripyrrole
secondary metabolite, prodigiosin. J. Ind. Microbiol. Biotechnol. 33, 151-158. doi:
10.1007/s10295-005-0040-9

You, J., Du, Y., Pan, X., Zhang, X., Yang, T, and Rao, Z. (2022). Increased
production of riboflavin by coordinated expression of multiple genes in operons in
Bacillus subtilis. ACS Synth. Biol. 11, 1801-1810. doi: 10.1021/acssynbio.1c00640

Zhang, F, Qian, X. H,, Si, H. M, Xu, G. C,, Han, R. Z,, and Nj, Y. (2015).
Significantly improved solvent tolerance of Escherichia coli by global transcription
machinery engineering. Microb. Cell. Fact. 14, 175. doi: 10.1186/s12934-015-0368-4

frontiersin.org


https://doi.org/10.3389/fmicb.2022.977337
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ijmm.2010.01.003
https://doi.org/10.1046/j.1365-2958.2002.03117.x
https://doi.org/10.1186/s12896-019-0568-9
https://doi.org/10.3389/fmicb.2021.718511
https://doi.org/10.3389/fcimb.2018.00333
https://doi.org/10.3389/fmicb.2020.00726
https://doi.org/10.1021/acssynbio.9b00045
https://doi.org/10.3389/fmicb.2017.01678
https://doi.org/10.1016/j.biortech.2021.125945
https://doi.org/10.1186/s13068-018-1206-9
https://doi.org/10.1038/s41467-022-28501-7
https://doi.org/10.1038/s41467-022-28501-7
https://doi.org/10.1021/acssynbio.5b00016
https://doi.org/10.1186/s12934-018-1031-7
https://doi.org/10.1186/s12934-018-1031-7
https://doi.org/10.1073/pnas.89.1.47
https://doi.org/10.1021/acssynbio.9b00459
https://doi.org/10.1021/acssynbio.9b00459
https://doi.org/10.3389/fbioe.2019.00367
https://doi.org/10.1128/AEM.02241-19
https://doi.org/10.1128/AEM.02052-20
https://doi.org/10.1128/AEM.02052-20
https://doi.org/10.1093/nar/gkab1186
https://doi.org/10.1371/journal.pone.0232549
https://doi.org/10.1128/JB.00352-17
https://doi.org/10.1007/s00253-011-3608-5
https://doi.org/10.1007/s00253-011-3608-5
https://doi.org/10.1016/0378-1119(91)90016-5
https://doi.org/10.1371/journal.pone.0057634
https://doi.org/10.1099/mic.0.000422
https://doi.org/10.1371/journal.pone.0036398
https://doi.org/10.1016/j.ymben.2015.05.005
https://doi.org/10.1128/AEM.02575-17
https://doi.org/10.1128/AEM.02575-17
https://doi.org/10.1007/s00203-014-0970-6
https://doi.org/10.1128/aem.02041-21
https://doi.org/10.1128/aem.02041-21
https://doi.org/10.3389/fbioe.2020.00344
https://doi.org/10.1002/bit.27263
https://doi.org/10.1073/pnas.93.19.10434
https://doi.org/10.1111/j.1462-2920.2011.02532.x
https://doi.org/10.1111/j.1462-2920.2011.02532.x
https://doi.org/10.1038/nrmicro1531
https://doi.org/10.1007/s10295-005-0040-9
https://doi.org/10.1021/acssynbio.1c00640
https://doi.org/10.1186/s12934-015-0368-4

	Improving prodigiosin production by transcription factor engineering and promoter engineering in Serratia marcescens 
	Introduction
	Materials and methods
	Bacterial strains, plasmids, and growth conditions
	Identification of the Tn5G insertion site in mutant SK6-35
	Transcriptome analysis
	Construction of plasmids and strains for promoter characterization
	Measurement of fluorescence intensity of eGFP
	Promoter characterization via RT-qPCR analysis
	Construction of strains ΔOmpR, PG-1, PG-2, PG-3, PG-4, PG-5, and PG-6
	Prodigiosin production assays in shake flask fermentation
	Statistical analysis

	Results
	Identification of a regulator OmpR that positively controls prodigiosin synthesis in Serratia marcescens JNB5-1
	Rational selection of putative strong constitutive promoters in Serratia marcescens 
	Evaluation of the identified putative strong constitutive promoters in Serratia marcescens 
	Improving prodigiosin production by transcription factor engineering and promoter engineering in strain JNB5-1

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	 References

