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Abstract

Serratia marcescens is a global opportunistic pathogen. In vitro cytotoxicity of this bacterium is mainly related to metalloprotease serralysin
(PrtS) activity. Proteolytic capability varies among the different isolates. Here, we characterized protease production and transcriptional
regulators at 37°C of two S. marcescens isolates from bronchial expectorations, HU1848 and SmUNAMS836. As a reference strain the insect
pathogen S. marcescens Db10 was included. Zymography of supernatant cultures revealed a single (SmUNAMS836) or double proteolytic
zones (HU1848 and Db10). Mass spectrometry confirmed the identity of PrtS and the serralysin-like protease SIpB from supernatant sam-
ples. Elevated proteolytic activity and prtS expression were evidenced in the HU1848 strain through azocasein degradation and qRT-PCR,
respectively. Evaluation of transcriptional regulators revealed higher eepR expression in HU1848, whereas cpxR and hexS transcriptional
levels were similar between studied strains. Higher eepR expression in HU1848 was further confirmed through an in vivo transcriptional
assay. Moreover, two putative CpxR binding motifs were identified within the eepR regulatory region. EMSA validated the interaction
of CpxR with both motifs. The evaluation of eepR transcription in a cpxR deletion strain indicated that CpxR negatively regulates eepR.
Sequence conservation suggests that regulation of eepR by CpxR is common along S. marcescens species. Overall, our data incorporates
CpxR to the complex regulatory mechanisms governing eepR expression and associates the increased proteolytic activity of the HU1848
strain with higher eepR transcription. Based on the global impact of EepR in secondary metabolites production, our work contributes to
understanding virulence factors variances across S. marcescens isolates.
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Introduction

Serratia marcescens is a rod-shaped Gram-negative
bacterium member of the family Yersiniaceae. This bac-
terium displays a ubiquitous distribution across the soil
and aquatic reservoirs. During the last decades, S. mar-
cescens has emerged as an important human oppor-
tunistic pathogen, causing nosocomial infections in
immunocompromised or critically ill individuals, par-
ticularly in surgery and intensive care units (Khanna
etal. 2013; Cristina etal. 2019). The most commonly
reported afflictions caused by this pathogen are kerati-
tis, surgical wound infections, pneumonia, meningitis,

and endocarditis (Mahlen 2011). Therapeutic manage-
ment and control of S. marcescens infections is chal-
lenging due to its intrinsic resistance to several classes
of antibiotics (Gales et al. 2012; Tavares-Carreon et al.
2023). Accordingly, S. marcescens was recently included
by the World Health Organization (WHO) in the top
ten list of resistant pathogens at the intensive care units
(Rello etal. 2019).

Besides intrinsic and acquired drug resistance deter-
minants, S. marcescens encodes different virulence fac-
tors that have been linked with its pathogenic capabili-
ties. Such factors encompass siderophores, hemolysin,
lipopolysaccharide, fimbriae, and different proteases
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(Kurz etal. 2003). S. marcescens secreted factors have
been reported to induce cytotoxic effects on cultured
mammalian cells, reducing the viability of cellular mon-
olayers (Carbonell et al. 1997). Proteolytic activity is the
primary factor associated with such cytotoxic effects
(Marty etal. 2002).

PrtS (also known as PrtA or serralysin), a RTX-
toxin family protein, is considered the main secreted
metalloprotease among S. marcescens isolates, and the
in vitro cell toxicity induced by this bacterium is mainly
attributed to PrtS (Marty et al. 2002; Shanks etal. 2015).
The optimal production of PrtS, as well as different
metabolites, including prodigiosin pigment, is reported
at low temperatures (<30°C), at post-exponential
growth (Williams etal. 1971; Petersen and Tisa 2012).
In this scenario, thermoregulation of prtS through the
two-component system (TCS) CpxAR is hypothesized
to prevent serralysin cytotoxicity toward mammalian
cells during colonization of regulated-body-tempera-
ture hosts (Bruna etal. 2018).

Depending on the Serratia isolate, up to four addi-
tional prtS homologues genes can be found encoded
within their genome and referred to as serralysin-like
proteases (Slps) from B to E. These Slps are considered
necessary for full cytotoxicity (Shanks etal. 2015). Not-
withstanding, their production and specific contribution
during S. marcescens pathogenesis is poorly understood.
In addition, serralysin homologues are encoded across
different genera, including Pseudomonas, Erwinia, and
Dickeya (Stocker etal. 1995). A type I secretion system
(T1SS) is commonly employed by bacteria secreting
RTX-toxins (Spitz etal. 2019). In S. marcescens, expres-
sion of lipBCD (T1SS) along with secondary metabo-
lites and degradative enzymes (including metallopro-
tease genes) are positively regulated by the TCS, EepRS
(Brothers etal. 2015; Stella etal. 2017). Regulation of
response regulator EepR and its downstream induced
phenotypes is tightly controlled. For instance, HexS
(a LysR family regulator) negatively regulates the
expression of eepR and secondary metabolites (includ-
ing prtS) (Tanikawa et al. 2006; Shanks et al. 2017). The
cAMP receptor protein (CRP) also limits pigment and
protease production (Kalivoda etal. 2010; Shanks et al.
2013), presumably through the direct transcription
inhibition of eepR (Stella etal. 2015).

Proteolytic activity varies significantly among
S. marcescens isolates (Shanks etal. 2015). Accordingly,
our group has previously described from a collection of
over 180 S. marcescens clinical isolates that strains from
the respiratory tract are predominantly characterized
for a higher proteolytic activity (Gonzalez et al. 2020a).
Here, we aimed to analyze this phenotype by using two
S. marcescens isolates from bronchial secretions at dif-
ferent Mexican health care institutions, SmUNAMS836
(Sandner-Miranda etal. 2016), and HU1848 (Gonzalez

etal. 2020b). As a reference strain, the well-character-
ized insect pathogenic model, S. marcescens Db10 was
included (Flyg et al. 1980; Kurz et al. 2003). Evaluations
were achieved at 37°C, a temperature known to restrict
protease due to the activation of the response regulator
CpxR (Bruna etal. 2018). Obtained data provide fur-
ther evidence supporting that contrasting proteolytic
activity between the evaluated S. marcescens strains cor-
relates with the eepR expression levels. It also incorpo-
rates CpxR as a direct negative regulator of eepR.

Experimental
Materials and Methods

Bacterial strains and growth conditions. S. mar-
cescens SMUNAMS836 (Sandner-Miranda etal. 2016);
HU1848 (Gonzalez etal. 2020b); and Db10 (Flyg et al.
1980), and Escherichia coli TOP-10; BL21 DE3 pLysS;
and BW25412 (Haldimann and Wanner 2001), were
routinely cultured in Lysogeny Broth (LB), 1% tryptone,
0.5% yeast extract and 1% NaCl. When required, LB
media were supplemented with 150 pg/ml ampicillin;
50 or 150 ug/ml kanamycin; 30 or 100 ug/ml chloram-
phenicol, for E. coli or S. marcescens strains, respectively.

In-frame deletion in cpxR was constructed by clon-
ing cpxR flanking regions into pTOX3 suicide plas-
mid (Lazarus etal. 2019). Upstream and downstream
(600-650bp) cpxR regions were PCR amplified with
the appropriate oligonucleotides (TableI), using as
template chromosomal DNA of S. marcescens HU1848.
PCR products were cloned by Gibson Assembly® (New
England BioLabs, USA) in a pTOX3 plasmid previ-
ously digested with EcoRV (New England BioLabs,
USA). Assembly reaction was electroporated into E. coli
BW25412 and resulting colonies were screened by
PCR using primers scTOXF and scTOXR (Table I).
Correct amplification was verified by sequencing at
IPICYT (Instituto Potosino de Investigacién Cienti-
fica y Tecnoldgica, Mexico). Resulting construction
pTOX3cpxR was electroporated into S.marcescens
HU1848 and PCR verified plasmid integration. A single
positive colony was grown in LB 2% glucose to an OD
of 0.2, washed twice with M9 minimal medium (BD
Difco™, USA), and plated on M9-agar supplemented
with 2% rhamnose. The resulting double-crossover
mutants were identified by PCR using primers XRscFw
and XRscRv (Table I).

Protease activity. Quantitative determination of
protease activity was measured from spent culture
supernatants using the colorimetric substrate azoca-
sein (Megazyme, Ireland) and following fabricant rec-
ommendations. Briefly, bacteria were grown for 18 h
at 37°C with aeration in LB, and cleared supernatants
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Table I
Oligonucleotides used in this study.

Primer 5’3’ primer sequence

Purpose

XRQFw | TGGAAGCCATGCATAAACTG

Internal pair for cpxR

XRQRv | TACGCTGCTGATGTTTCTGG

16SQFw | GAGCAAGCGGACCTCATAAAG

16SQRv | TGCGGTTGGATTACCTCCT

Internal pair for 16S

ERQFw |GGATTGGAAAACGTCAGCATG

Internal pair for eepR

ERQRv | GCCACGAAAAAGATGGCATC

HSQFw |CTTCCAGCAGATCGACCATC

HSQRv  |AGATCCTGCGCTTTAACGAC

Internal pair for hexS

SDQFw |CGCGATCCAAAAATTGTACG

Internal pair for sipD

SDQRv  |TCGTTCAGGTTGATCATCTG

PSQFw |GACCTGGTACAACGTCAAC

Internal pair for prtS

PSQRv GTAGCTCATCAGGCTGAAC

PREcoF |CCCTGAATTCCGTTTTTATTTGCGGCTG

Pair for eepR promoter cloning

PRXbaR |TGGGTCTAGATTGTTATCCATTTGTTCCTTCG

into pSEVA246

scSEVAF | AGCGGATAACAATTTCACACAGGA

Pair for pSEVA- based constructions

scSEVAR |CTTTCGGGAAAGATTTCAACCTGG

screening

scETFw | CCCTCAAGACCCGTTTAGAG

scETRv | CTCTTCCGAGGTGAAAACCG

Pair for pET- based constructions screening

xRNdeF |CGCGCATATGAACAAGATTCTGTTAG

Pair for cpxR amplification

xRBamR | TTTGGATCCAAACTGTTGATCATGTTGC

CRPFw | CCTGGTGCCGCGCGGCAGCCATGTTCTCGGCAAACCGCAAAC

CRPRv | CTGTCCACCAGTCATGCTAGCCATTAACGGGTGCCGTAGACG

Pair for crp amplification

HexSFw | CCTGGTGCCGCGCGGCAGCCACATGACAACTGCAAATCGTCC

Pair for hexS amplification

HexSRv | CTGTCCACCAGTCATGCTAGCCACGTTATTCTTCTTCGTCCAC

PeRFwl |CAATAAAAAACCGGGACCC

Forward for eepR promoter
(-358 nt from eepR start)

PeRFw2 | GCAGTCCRAGCGATGTG

Forward for eepR promoter
(-271 nt from eepR start)

PeRRv2 |TTTCYGCTGAAAAAGCCAC

Reverse primer for eepR promoter
(+45 nt from eepR start)

PeRRvl |TTGTTATCCATTTGTTCCTTCG

Reverse primer for eepR promoter
(-11 nt from eepR start)

recAFw | CAAGGCGAATGCCTGTAACT

Pair for EMSA negative control

recARv | GAGGATAGGCGCCACATAAA

(internal for recA)

UPxRFw |GGGTTTTTTCGCTGATCACGTACGATGCGCTGCTGATGTTTCTGG

Pair for cpxR upstream region

UPxRRv | GTTGCGCCAGCAGATACAGCAGCGAGGTCAACTCGCGGTC

DWxRFw | GACCGCGAGTTGACCTCGCTGCTGTATCTGCTGGCGCAAC

DWxRRv | GTACACCATGTGCACCGGTTCGAAGATGGTGACGATCAGCAGCAG

Pair for cpxR downstream region

scTOXF |CGCGACGGTTTCTTACAGTG

Pair for pTOX3- based construction

scTOXR | GCTTCCCGGTATCAACAGAG

screening

XRscFw | CCAGAAATTTGTTGCTCCATC

XRscRv | GGTCGGAACATCAGGTTGAT

Pair for cpxR deletion strain screening

Restriction endonuclease sites EcoRI, Xbal, Ndel and BamHI incorporated in the oligonucleotide sequences are underlined.

were obtained by centrifugation and filtration through
a 0.22 pm pore filter. An aliquot of 125 pl of superna-
tant was transferred into a clean tube, mixed 1:1 with
azocasein (2% w/v), and incubated for 30 min at 30°C.
Reactions were stopped by adding 750 pl of trichloro-

acetic acid solution (5% w/v). Tubes were centrifuged
at 8,000 x g for 5min, and 50 ul of supernatant were
mixed with 150 ul of 1 N NaOH into a 96-well plate.
The liberation of azo dye was measured at 440 nm with
a plate reader; values were normalized to the original
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culture growth at OD_ . Three independent biological
replicates were performed per strain.

Supernatant proteins precipitation. For secreted
protein precipitation, 100 ml of LB cultures (16h at
37°C) of S. marcescens SmMUNAMS836, HU1848, or Db10
were centrifuged at 12,000 x g for 20 min and filtered
through a 0.22 pm filter. Cleared supernatants were
then transferred to a beaker, and ammonium sulfate
was added slowly with constant stirring. After reach-
ing 70% ammonium sulfate saturation, samples were
incubated with stirring at 4°C for 30 min and centri-
fuged at 12,000 x g for 40 min at 4°C. Supernatants were
discarded, and pellets were resuspended with 200 ul of
PBS and dialyzed overnight against 1.51 of ultra-pure
water. Protein concentration was determined by the
BradFord ULTRA (BioRad, USA). Precipitated proteins
were analyzed by SDS-PAGE. For protein conservation,
glycerol was added (10% final concentration), and sam-
ples were stored at —20°C.

Gelatin zymography. For in gel activity, 1ug of
supernatant precipitated proteins was mixed with non-
reducing SDS-loading buffer and separated by 10%
SDS-PAGE in gels co-polymerized with 0.15% (w/v)
gelatin. Following electrophoresis, gels were washed
three times with washing buffer (50 mM Tris-HCl
pH?7.5,5mM CacCl,, 0.02% NaN,, 10 uM ZnCl,, 1.25%
Triton X-100). Then, gels were incubated with develop-
ing bufter (50 mM Tris-HCI, 5 mM CaClz, 0.02% NaN,,
10 uM ZnCl,, 0.02% Brij-35) for 1h at 30°C, when
required, 50 mM of EDTA was added to washing and
developing buffers. After incubation gels were stained
with Coomassie brilliant blue. Zones of proteolysis were
detected after de-staining with water.

Proteomic analysis. SDS-PAGE excised bands of
supernatant samples of S.marcescens HU1848 and
SmUNAMS836 grown at 37°C were submitted to the
LUP-UNAM proteomic facility in Mexico. Mass spec-
trometric data were obtained using an LTQ-Orbitrap
Velos (Thermo Fisher Scientific, Inc., USA) matrix-
assisted laser desorption ionization-time of flight
(MALDI-TOF)/TOF spectrometer. The resulting mass
spectra were used for identifying the proteins by the
Mascot search engine using the Uniprot-Serratia m
database with the software Proteome Discoverer 1.4.

Transcriptional analysis. Overnight LB cultures
of S. marcescens strains were subcultured into 8 ml of
fresh LB media to a starting OD, ,=0.05 and grown
at 37°C with shaking until they reach OD, =1.0. For
AcpxR strain complementation (see below) 1 mM arab-
inose was added to the culture. The RNA was extracted
using the Total RNA Purification Kit (Jena Bioscience,
Germany) following manufacturer recommendations.
Then, purified RNA was treated with DNase I (Jena
Bioscience, Germany) and later with a gDNA Removal
Kit (Jena Bioscience, Gemany). RNA concentration was

measured using a NanoDrop™ 2000c Spectrophotom-
eter (Thermo Fisher Scientific, Inc., USA). The absence
of chromosomal DNA contamination was verified by
qRT-PCR of an internal fragment of the the16S rRNA
gene (Table I). Synthesis of cDNA was performed using
SuperScript™ II Reverse Transcriptase (Invitrogen™,
USA). The qRT-PCR evaluation was performed using
qPCR GreenMaster (Jena Bioscience, Germany) fol-
lowing fabricant recommendations in a Rotor-Gene Q
(QIAGEN, Germany) and using internal oligonucleo-
tides for the indicated genes (Table I). The qRT-PCR
analysis was achieved using the 2T method (Schmitt-
gen and Livak 2008), and the C, value of each gene of
interest was normalized to the C_ value of the 165 rRNA
housekeeping control gene of individual strains.
Evaluation of eepR promoter transcriptional activ-
ity. A region consisting of 415 nucleotides upstream
of the eepR start codon was amplified by PCR using
genomic DNA of HU1848 or SmUNAMS836 strains and
primers PREcoF and PRXbaR (Table I). PCR products
were double-digested with EcoRI and Xbal (Invitro-
gen”, USA) and ligated with T4 DNA ligase (Roche,
Switzerland) into a similarly digested pSEVA246 plas-
mid (Martinez-Garcia etal. 2020). Ligation reactions
were electroporated into E. coli TOP-10. The resulting
colonies were screened by PCR using primers scSEVAF
and scSEVAR (Table I). Correct amplification of each
construction (pPeepR ... and pPeepR_ . ) was
verified by sequencing at IPICYT. Then, plasmids
pPeepR, ., and pPeepR_  ~ were electroporated
into S. marcescens HU1848 or SmUNAMS836. Lumi-
nescence activity was tested in LB cultures at 37°C as
previously reported (Gonzalez-Montalvo etal. 2021)
using a GloMax® (Promega, USA) plate reader.
Cloning of cpxR, crp, and hexS genes and pro-
tein purification. The cpxR, crp and hexS genes were
PCR amplified with the appropriate oligonucleotides
(Table I), using as template chromosomal DNA of
S. marcescens HU1848. Purified PCR product of cpxR
was double digested with Ndel and BamHI (Invit-
rogen™, USA) restriction enzymes and ligated into
a similarly digested pET19b (Novagen®, Merck KGaA,
Germany) plasmid using T4 DNA Ligase (Invitrogen™,
USA). The purified PCR products of crp and hexS were
assembled into a Ndel digested pET28 plasmid using
Gibson assembly (New England Biolabs, USA). Ligation
or assembly reactions were electroporated into E. coli
TOP-10. The resulting colonies were screened by PCR
using primers scETFw and scETRv (Table I). At least
one positive colony of each construction (pET19cpxR,
pET28crp, or pET28hexS) was sequenced as described
above. For AcpxR strain complementation, plasmid
PET19cpxR was double digested with Xbal and HindIl]I,
and the resulting cpxR gene was purified by gel extrac-
tion and ligated into a similarly digested pPBAD33 plas-
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mid yielding to pPBADcpxR. For gene over-expression,
pET-based constructions were mobilized into E. coli
BL21 DE3 pLysS. The induction of recombinant pro-
teins was achieved using LB cultures (200 ml at 37°C),
supplemented with kanamycin or ampicillin; once the
culture reached an OD 0o =0-5, 0.3mM of IPTG was
added, and incubation continued during 4 hr. Bacteria
were harvested by centrifugation, and resulting pel-
lets were resuspended in binding buffer (BB; 20 mM
Tris-HCl, pH 8.0, 0.5M NaCl) containing a protease
inhibitor cocktail (Jena Bioscience, Germany) and
lysed by sonication. Bacterial lysates were centrifuged
at 15,000 x g for 60 min at 4°C. The soluble fractions
were applied to a Ni-NTA resin (QIAGEN, Germany)
for 30 min at 4°C. After extensive washing with BB con-
taining 40 mM imidazole, the proteins were eluted with
200 ul of BB containing 300 mM. Purified recombinant
proteins were dialyzed for 6 h at 4°C against 11 of TND
buffer (50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM
dithiothreitol (DTT)). Purified proteins were analyzed
by SDS-PAGE and protein concentration was deter-
mined by the Bradford ULTRA (BioRad, USA).
Electrophoretic gel mobility shift assay (EMSA).
The regulatory region of eepR was PCR amplified
using the template chromosomal DNA of S. marcescens
HU1848 or SmUNAMS836, and the indicated oligonu-
cleotide pairs (Table I). Fifty nanograms of purified
PCR products were mixed with dialyzed His-tagged
CRP (0.05-0.4 uM); or HexS (0.5-4uM); or CpxR
(1 uM) in a buffer containing 40 mM HEPES (pH 8.0),
8 mM MgClz, 50 mM KCl, 1 mM DTT, 0.05% Igepal,
10% glycerol and 0.1 mg/ml BSA. Reaction mixtures
were incubated for 30 min at 30°C and subjected to
electrophoresis on 5% PAGE native gels at 4°C (for
CRP reaction buffer and polyacrylamide gel were sup-
plemented with 50 and 100 uM cAMP, respectively; and
for CpxR, when indicated the protein was pre-incu-
bated with 25 mM acetyl phosphate at 30°C for 30 min
before incubation with the DNA). Gels were visualized
in a UVP GelStudio (Analytik Jena GmbH + Co. KG,

Germany) after staining with 0.1% of ethidium bro-
mide. Each experiment was repeated at least two times,
yielding similar results.

Statistical analysis. Student’s ¢-test or Mann-Whit-
ney U-tests were used for statistical analyses using the
GraphPad Prism 8 software (www.graphpad.com) with
significance set to p<0.05.

Results and Discussion

In-gel proteolytic activity profile of S. marcescens
secreted proteins. To better characterize the proteolytic
activity displayed by S. marcescens strains, we examined
the electrophoretic patterns of their secreted proteins
in-gel zymography (Fig.1). Culture supernatants of
strains HU1848, SmUNAMS836, and Db10 grown at
37°C were filtered and concentrated through ammo-
nium sulfate precipitation (as described in Material and
Methods). Previous analysis of concentrated S. marces-
cens supernatants from saturated cultures reported null
or rare bacterial lysis (Di Venanzio et al. 2014; Lazzaro
etal. 2017). An equivalent amount of protein was sepa-
rated by SDS-PAGE and stained with Coomassie bril-
liant blue. In agreement with previous reports (Brothers
etal. 2015), protein bands above the 48-kDa-protein
marker were observed in the supernatant samples of
the three S. marcescens strains (Fig. 1A). Clear zones
due to hydrolysis of the substrate (gelatin) appeared in
the zymogram at the equivalent migration area (above
48kDa) (Fig. 1B). Moreover, a slightly higher (~55kDa)
second gelatin degradation zone was observed in super-
natant samples of HU1848 and Db10 strains, but not in
SmUNAMS836 (Fig. 1B). Serratia zymography pattern
is poorly defined, nonetheless obtained results with
HU1848 and Db10 resemble zymogram data of pio-
neer work in S. marcescens strain BG (Lyerly and Kreger
1979). In contrast, a unique proteolytic zone (similar to
SmUNAMS836) was also described in the supernatant of
the environmental strain AD-W2 (Chander etal. 2021).

A HU1848 SmUNAMS36 Db10 B HU1848 SMUNAMS36 Db10 C o4,
KDa a dekde
J *k
e 0.3
PHS p 63 B
glrésa"’ -— Qg 0.2
w48 3
o
0.1
o35
0_
HU1848 SmUNAMS36 Db10

Fig. 1. Zymography and proteolytic activity of Serratia marcescens strains.

A) SDS-PAGE of extracellular proteins precipitated by ammonium sulfate from bacterial cultures at 37°C (Coomassie stain). Identified proteins by
mass spectrometry are indicated at the left; B) Zymography following SDS-PAGE using gelatin as substrate from supernatant cultures grown at 37°C.
Arrowheads indicate gelatin degradation areas; C) Digestion of azocasein by normalized filtered supernatants.

Graphs represent the mean + SEM from three independent experiments (**p <0.01, ***p <0.001).
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Fig. 2. Transcriptional analysis of prtS and regulator genes in Serratia marcescens HU1848, SmUNAMS836 and Db10.
qRT-PCR analysis of gene expression of A) prtS, B) sipD, C) eepR D) cpxR, and E) hexS. RNA was extracted from bacterial cultures at 37°C.
The mRNA levels were normalized to the 16S rRNA gene. Relative expression was calculated by 27" method
Means + SEM from three independent experiments are shown (*p <0.05).

In order to correlate the protease identity with
observed substrate degradation zones, SDS-PAGE-
separated bands of HU1848 and SmUNAMS836 were
excised and subjected to LC-MS/MS. As expected,
the protein migrating just above the 48 kDa marker
was identified as PrtS (52.2 kDa) in both HU1848 and
SmUNAMS836, with a peptide coverage of 51% and 38%,
respectively (Fig. S1). In addition, SlpB (50.3 kDa) was
also identified in the same sample (~48 kDa) of strain
HU1848, albeit with low coverage (12%) (Fig. S1). This
was in agreement with a report of strain K904, a kerati-
tis isolate, indicating an equal in-gel migration of PrtS
and SlpB, as well as lower protein levels of SIpB (Shanks
etal. 2015). On the other hand, the SmMUNAMS836
genome does not encode SlpB.

Moreover, in the 55 kDa hydrolytic zone of HU1848,
PrtS was also identified by mass spectrometry with
a coverage of 43%. Based on prtS gene sequence, a pre-
cursor form of PrtS with an extended N-terminus is
considered to occur (Braunagel and Benedik 1990).
In addition, the same situation of two closely migrat-
ing proteases identified as PrtS after amino-terminal
sequencing was previously described in S. marcescens
ATCC® 25419™ (Schmitz and Braun 1985). Synthesis of
PrtS as a higher mass pre-protein is also supported by
two independent works showing that expression of prtS
in E. coli cells results in a slightly larger molecular weight
enzyme than the PrtS detected in Serratia (Nakahama
etal. 1986; Braunagel and Benedik 1990). No detection
of PrtS isoform in SmUNAMS836 by zymography might

result from nucleotide differences upstream to the puta-
tive prtS start codon (data not shown).

High proteolytic activity of S. marcescens HU1848
correlates with elevated prtS and eepR expression.
To continue characterizing the protease production
of S. marcescens isolates, their proteolytic activity was
assessed through azocasein hydrolysis using supernatant
samples from cultures at 37°C. Obtained results showed
a significantly higher (5.4 fold) proteolytic activity of
HU1848 compared to SmUNAMS836 (Fig. 1C). Protease
activity of HU1848 was comparable to the entomopath-
ogen strain Db10 (Fig. 1C). Then, to correlate protease
activity determination with protease gene expression,
we extracted RNA from the three strains grown at 37°C
and achieved qRT-PCR evaluations (Fig. 2). In agree-
ment, prtS transcript levels (Fig. 2A) were significantly
elevated in HU1848 (7.24-fold) and in Db10 (5.85-fold)
compared to SmMUNAMS836 (p=0.028). In contrast,
no significant differences were obtained in transcript
levels of the protease slpD (Fig. 2B). PrtS is defined as
the primary contributor to S.marcescens proteolytic
activity (Bruna etal. 2018). Accordingly, the deletion
of slpB only showed a slight reduction in the proteo-
Iytic capability of the keratitis isolate K904 (Shanks
etal. 2015). Thus, we associated the reduced azocasein
degradation in SmUNAMS836 with lower production of
PrtS rather than with the lack of SlpB.

To date, prtS expression has been reported to be
directly influenced by transcriptional regulators cpxR,
eepR, and hexS. (Shanks et al. 2017; Bruna etal. 2018).
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Fig. 3. Differential eepR promoter expression and direct regulation of eepR by CpxR.

A) Scheme representation of the Serratia marcescens region encoding eepRS. DNA fragments employed in transcriptional fusion or in EMSA
evaluations are depicted. White rectangles with asterisk indicate the two predicted CpxR binding sites. All nt positions are referred to eepR start
codon; B) eepR promoter activity expressed as RLU during bacterial culture grown at 37°C. Filled and open triangles HU1848 carrying pPeepR ...
or pSEVA26, respectively. Filled and open circles SmUNAM836 carrying pPeepR; .. or pSEVA26, respectively; C) EMSA using CRP (0, 0.05, 0.1,
0.2, 0.4 uM) and DNA region E1 amplified from SmUNAMS836 or HU1848; D) EMSA using CpxR (0, 0.5, 1, 2, 3uM) and the four DNA fragments
(E1-E4) containing eepR upstream sequence of strain HU1848, reactions pre-incubated with acetyl phosphate are indicated (AcP).
E) qRT-PCR analysis of eepR expression from the S. marcescens strain HU1848 (WT), AcpxR strain and AcpxR carrying pPBADcpxR plasmid.
Relative expression was calculated by 2-2“T method. Means + SEM from three independent experiments are shown (**p <0.01, *p <0.05).

Therefore, we decided to compare the transcript levels  points (Fig. 3B). In agreement with our qRT-PCR data,
of these three regulators. Our data indicated a 16.8 and  luminescence values showed a significantly elevated
15.9-fold eepR expression in HU1848 and Db10 strains,  eepR expression in HU1848 strain throughout culture
respectively, related to SmMUNAMS836 (p=0.019 and  growth compared to SmUNAMS836 (p <0.05) (Fig. 3B).
p=0.015, respectively) (Fig. 2C). In contrast, no signifi- ~ Control plasmids indicated negligible luciferase basal
cant differences were determined in transcript levels of  activity in both strains (Fig. 3B), confirming the higher
cpxR or hexS (Fig. 2D and 2E). In order to corroborate  transcriptional activity of eepR in strain HU1848.

the higher eepR transcription determined in HU1848, Our data suggest that the higher proteolytic activity,
we fused the eepR upstream region of HU1848 and  displayed by HU1848 and Db10 strains, is at least par-
SmUNAMS836 (Fig.3A) to the promoterless luxCD-  tially associated with elevated eepR expression. Thus, we
ABE operon in plasmid pSEVA246 (Martinez-Garcia  looked at the eepR upstream sequences. Several substi-
etal. 2020). The S.marcescens strains carrying eepR  tutions were noticed, including two at the CRP binding
transcriptional reporter were grown at 37°C and rela-  site and six at the immediate upstream region (Fig. S2).
tive luminescence was determined at different time Comparison with different S. marcescens isolates revealed
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that these nucleotide changes are shared by several rep-
resentative strains (Fig. S2). Moreover, two conserved
putative CpxR binding sites were identified within eepR
regulatory region (Fig. 3A and S2).

CRP has been described as an eepR repressor (Stella
etal. 2015; Shanks etal. 2017); based on the position
of the sequence differences within the eepR regula-
tory region of the studied strains, we cloned crp and
purified a recombinant CRP (Fig.S3A). However,
when we evaluated the interaction of CRP with the
eepR upstream sequence of SmMUNAM836 or HU1848
a similar migration was observed (Fig. 3C). A compa-
rable result was obtained using a recombinant HexS
(Fig. S$4). Interaction specificity was corroborated using
a DNA fragment lacking the predicted CRP binding
site or an unrelated DNA fragment (Fig. S4). Accord-
ing to these results, the differences in eepR expression
of studied strains are unlikely as a consequence of
CRP or HexS impaired recognition of eepR regulatory
region. Nonetheless, a more detailed genetic analysis is
needed to assess if the eepR upstream sequence differ-
ences (Fig. S2) modify the affinity of CRP or HexS (or
another transcriptional regulator), resulting in differen-
tial expression of eepR in S. marcescens strains.

In addition, other factors not necessarily defined by
the eepR regulatory sequence could indirectly impact
eepR transcriptional activity; for instance, unlike
SmUNAMS836, strains Db11 and HU1848 lack the luxI
gene responsible for N-acyl-L-homoserine lactone
(AHL) molecule, implicated in quorum sensing (QS)
signaling (Sakuraoka etal. 2019). In this regard, QS
signaling in the environmental species Serratia liquefa-
ciens MG1 and Serratia proteamaculans B5a was found
to be involved in the regulation of the T1SS lipBCD
and consequently affecting the exoenzymes secreted
through this system (Riedel etal. 2001; Christensen
etal. 2003), a phenotype that resembles a S. marcescens
eepR deletion strain (Brothers etal. 2015; Stella etal.
2017). Nonetheless, a direct impact of QS molecules
over eepR expression in AHL producer Serratia strains
remains to be investigated.

CpxR interacts with the eepR regulatory region
and negatively regulates its expression. Two putative
CpxR binding sites (greatly conserved between S. mar-
cescens species) were noticed within eepR upstream
sequence (Fig.3A and S2). To assess whether CpxR
directly contributes to the expression of eepR we puri-
fied a recombinant CpxR protein (Fig.S3C). It was
implemented in EMSA evaluations using different DNA
fragments containing or not the putative CpxR bind-
ing sequences (Fig. 3A and 3D). A clear interaction of
CpxR to eepR upstream sequence was noticed, particu-
larly when both binding sites were included (Fig. 3D;
El lane). CpxR interaction decreased when a single
site was present (Fig. 3D; E2 and E3 lanes), indicating

that CpxR binds to both motifs. Lastly, CpxR interac-
tion appears specific since it was lost when a fragment
lacking both recognition sequences was tested (Fig. 3D;
E4 line). In addition, CpxR binding was similar in the
absence of acetyl phosphate, suggesting that CpxR can
interact in vitro with eepR regulatory region regardless
of its phosphorylation (Fig. 3D).

Moreover, to evaluate the role of CpxR over tran-
scriptional regulation of eepR, a cpxR deletion strain
was constructed in the HU1848 background. Total RNA
was extracted from cultures at 37°C, a temperature at
which CpxR became more active (Bruna etal. 2018).
We found that eepR expression was 2.3-fold elevated
in the cpxR mutant (Fig. 3E, p=0.03) compared to the
parental strain. Also, the eepR mRNA values were low-
ered when the cpxR mutant was carrying the cpxR gene
in trans (Fig. 3E). Therefore, our data confirms a direct
role of CpxR operating as a negative regulator of eepR.

According to its direct positive role in producing
different exoenzymes, including PrtS (Stella et al. 2015),
EepR is considered a key regulator of host-pathogen
interactions promoting proinflammatory response
(Brothers etal. 2021). In this scenario, the induction of
prtS might further contribute to bacterial airway patho-
genicity through the activation of the epithelial sodium
channel (ENaC) (Butterworth et al. 2014). Also, exper-
imental models have shown that intranasal adminis-
tration of PrtS provokes a deleterious impact, leading
mouse lungs to be markedly susceptible to viral infec-
tion (Akaike etal. 1989). Nonetheless, elucidating an
early cytotoxicity might accelerate bacterial clearance,
preventing tissue colonization. Thus, negative ther-
moregulation of prtS by CpxR (at 37°C) is believed to
grant warm-blooded hosts colonization and to regulate
S. marcescens biofilm community (Bruna etal. 2018).

In summary, we have shown here that elevated
expression of EepR in the respiratory isolate HU1848
is associated with increased prtS levels and concomitant
proteolytic activity. Moreover, we described that CpxR
directly binds to the upstream region of eepR and inhib-
its the expression of this positive regulator. However,
further research is needed to understand the molecular
mechanisms relieving the eepR repression on particular
S. marcescens isolates.

ORCID
Faviola Tavares-Carreén https://orcid.org/0000-0002-5914-6640
Miguel A. Becerril-Garcia https://orcid.org/0000-0003-1329-7918
Rogelio J. Trevifio-Rangel https://orcid.org/0000-0002-4433-6556
Rodolfo Garcia-Contreras https://orcid.org/0000-0001-8475-2282
Angel Andrade https://orcid.org/0000-0001-8641-5482

Acknowledgements

We acknowledge M.Sc. José F. Espinosa and E. Perla Alvarado
for their expert technical assistance. Strain BW25412 was kindly
provided by Dr. Adrian Alvarez.



1 Serratia marcescens proteolytic activity 19

Funding

This research was supported by grants from Consejo Nacional de
Ciencia y Tecnologia (CONACYT): [FORDECYT-PRONACES/40760/
2020] to A.A., and [CF-2019/15020] to ET-C. K. De A-M and C.A.
are recipients of a graduate student scholarship from CONACYT
[No. 1004858 and 1233404, respectively].

Conflict of interest

The authors do not report any financial or personal connections
with other persons or organizations, which might negatively affect
the contents of this publication and/or claim authorship rights to
this publication.

Literature

Akaike T, Molla A, Ando M, Araki S, Maeda H. Molecular mecha-
nism of complex infection by bacteria and virus analyzed by a model
using serratial protease and influenza virus in mice. J Virol. 1989
May;63(5):2252-2259.
https://doi.org/10.1128/jvi.63.5.2252-2259.1989

Braunagel SC, Benedik MJ. The metalloprotease gene of Serratia
marcescens strain SM6. Mol Gen Genet. 1990 Jul;222(2-3):446-451.
https://doi.org/10.1007/BF00633854

Brothers KM, Harvey SAK, Shanks RMQ. Transcription factor
eepR is required for Serratia marcescens host proinflammatory
response by corneal epithelial cells. Antibiotics. 2021 Jun;10(7):770.
https://doi.org/10.3390/antibiotics10070770

Brothers KM, Stella NA, Romanowski EG, Kowalski RP,
Shanks RMQ. EepR mediates secreted-protein production, desic-
cation survival, and proliferation in a corneal infection model. Infect
Immun. 2015 Nov;83(11):4373-4382.
https://doi.org/10.1128/IA1.00466-15

Bruna RE, Molino MV, Lazzaro M, Mariscotti JF, Garcia Véscovi E.
CpxR-dependent thermoregulation of Serratia marcescens Prta met-
alloprotease expression and its contribution to bacterial biofilm for-
mation. ] Bacteriol. 2018 Apr;200(8):e00006-18.
https://doi.org/10.1128/]B.00006-18

Butterworth MB, Zhang L, Liu X, Shanks RM, Thibodeau PH.
Modulation of the epithelial sodium channel (ENaC) by bacterial
metalloproteases and protease inhibitors. PLoS One. 2014 Jun;9(6):
€100313. https://doi.org/10.1371/journal.pone.0100313

Carbonell GV, Alfieri AF, Alfieri AA, Vidotto MC, Levy CE,
Darini ALC, Yanaguita RM. Detection of cytotoxic activity on Vero
cells in clinical isolates of Serratia marcescens. Braz ] Med Biol Res.
1997 Nov;30(11):1291-1298.
https://doi.org/10.1590/50100-879X1997001100005

Chander D, Khosla JK, Koul D, Hossain MM, Dar MJ, Chaubey A.
Purification and characterization of thermoactive serratiopeptidase
from Serratia marcescens AD-W2. AMB Expr. 2021 Dec;11(1):53.
https://doi.org/10.1186/s13568-021-01215-7

Christensen AB, Riedel K, Eberl L, Flodgaard LR, Molin S, Gram L,
Givskov M. Quorum-sensing-directed protein expression in Ser-
ratia proteamaculans B5a. Microbiol. 2003 Feb;149(2):471-483.
https://doi.org/10.1099/mic.0.25575-0

Cristina M, Sartini M, Spagnolo A. Serratia marcescens infections
in neonatal intensive care units (NICUs). Int ] Environ Res Public
Health. 2019 Feb;16(4):610.
https://doi.org/10.3390/ijerph16040610

Di Venanzio G, Stepanenko TM, Garcia Véscovi E. Serratia marc-
escens ShlA pore-forming toxin is responsible for early induction of
autophagy in host cells and is transcriptionally regulated by ResB.
Infect Immun. 2014 Sep;82(9):3542-3554.
https://doi.org/10.1128/1A1.01682-14

Flyg C, Kenne K, Boman HG. Insect pathogenic properties of
Serratia marcescens: Phage-resistant mutants with a decreased resist-
ance to Cecropia immunity and a decreased virulence to Drosophila.
J Gen Microbiol. 1980 Sep;120(1):173-181.

Gales AC, Castanheira M, Jones RN, Sader HS. Antimicrobial
resistance among Gram-negative bacilli isolated from Latin Amer-
ica: Results from SENTRY Antimicrobial Surveillance Program
(Latin America, 2008-2010). Diagn Microbiol Infect Dis. 2012 Aug;
73(4):354-360. https://doi.org/10.1016/j.diagmicrobio.2012.04.007
Gonzalez GM, Andrade A, Villanueva-Lozano H, Campos-Cortés CL,
Becerril-Garcia MA, Montoya AM, Sanchez-Gonzalez A, Bonifaz A,
Franco-Cendejas R, Lopez-Jacome LE, et al. Comparative analysis
of virulence profiles of Serratia marcescens isolated from diverse
clinical origins in Mexican patients. Surg Infect (Larchmt). 2020a
Sep;21(7):608-612.

https://doi.org/10.1089/5ur.2020.029

Gonzalez GM, de ] Treviiio-Rangel R, Campos CL, Villanueva-
Lozano H, Bonifaz A, Franco-Cendejas R, Lopez-Jacome LE,
Bobadilla Del Valle M, Llaca-Diaz JM, Ayala-Gaytan JJ, etal.
Surveillance of antimicrobial resistance in Serratia marcescens in
Mexico. New Microbiol. 2020b Jan;43(1):34-37.
Gonzalez-Montalvo MA, Tavares-Carreon F, Gonzalez GM,
Villanueva-Lozano H, Garcia-Romero I, Zomosa-Signoret VC,
Valvano MA, Andrade A. Defining chaperone-usher fimbriae rep-
ertoire in Serratia marcescens. Microb Pathog. 2021 May;154:104857.
https://doi.org/10.1016/j.micpath.2021.104857

Haldimann A, Wanner BL. Conditional-replication, integration,
excision, and retrieval plasmid-host systems for gene structure-func-
tion studies of bacteria. ] Bacteriol. 2001 Nov;183(21):6384-6393.
https://doi.org/10.1128/JB.183.21.6384-6393.2001

Kalivoda EJ, Stella NA, Aston MA, Fender JE, Thompson PP,
Kowalski RP, Shanks RMQ. Cyclic AMP negatively regulates pro-
digiosin production by Serratia marcescens. Res Microbiol. 2010
Mar;161(2):158-167.

https://doi.org/10.1016/j.resmic.2009.12.004

Khanna A, Khanna M, Aggarwal A. Serratia marcescens- a rare
opportunistic nosocomial pathogen and measures to limit its spread
in hospitalized patients. ] Clin Diagn Res. 2013 Feb;7(2):243-246.
https://doi.org/10.7860/JCDR/2013/5010.2737

Kurz CL, Chauvet S, Andres E, Aurouze M, Vallet I, Michel GP,
Uh M, Celli J, Filloux A, De Bentzmann S, et al. Virulence factors
of the human opportunistic pathogen Serratia marcescens identified
by in vivo screening. EMBO J. 2003 Apr;22(7):1451-1460.
https://doi.org/10.1093/emboj/cdg159

Lazarus JE, Warr AR, Kuehl CJ, Giorgio RT, Davis BM, Waldor MK.
A new suite of allelic-exchange vectors for the scarless modifica-
tion of proteobacterial genomes. Appl Environ Microbiol. 2019
Aug;85(16):200990-19.

https://doi.org/10.1128/ AEM.00990-19

Lazzaro M, Feldman ME, Garcia Véscovi E. A transcriptional regu-
latory mechanism finely tunes the firing of type VI secretion system
in response to bacterial enemies. MBio. 2017 Sep;8(4):e00559-17.
https://doi.org/10.1128/mBi0.00559-17

Lyerly D, Kreger A. Purification and characterization of a Serratia
marcescens metalloprotease. Infect Immun. 1979 May;24(2):411-421.
https://doi.org/10.1128/iai.24.2.411-421.1979

Mabhlen SD. Serratia infections: from military experiments to cur-
rent practice. Clin Microbiol Rev. 2011 Oct;24(4):755-791.
https://doi.org/10.1128/CMR.00017-11

Martinez-Garcia E, Goiii-Moreno A, Bartley B, McLaughlin J,
Sanchez-Sampedro L, del Pozo HP, Hernandez CP, Marletta AS,
De Lucrezia D, Sanchez-Fernandez G, et al. SEVA 3.0: An update of
the Standard European Vector Architecture for enabling portability
of genetic constructs among diverse bacterial hosts. Nucleic Acids
Res. 2020 Apr;48(6):3395. https://doi.org/10.1093/nar/gkaal 14



20 De Anda-Mora K.L. etal. 1

Marty KB, Williams CL, Guynn L], Benedik M]J, Blanke SR.
Characterization of a cytotoxic factor in culture filtrates of Serratia
marcescens. Infect Immun. 2002 Mar;70(3):1121-1128.
https://doi.org/10.1128/1A1.70.3.1121-1128.2002

Nakahama K, Yoshimura K, Marumoto R, Kikuchi M, Lee IS,
Hase T, Matsubara H. Cloning and sequencing of Serratia protease
gene. Nucleic Acids Res. 1986;14(14):5843-5855.
https://doi.org/10.1093/nar/14.14.5843

Petersen LM, Tisa LS. Influence of temperature on the physiology
and virulence of the insect pathogen Serratia sp. strain SCBI. Appl
Environ Microbiol. 2012 Dec;78(24):8840-8844.
https://doi.org/10.1128/ AEM.02580-12

Rello J, Kalwaje Eshwara V, Lagunes L, Alves J, Wunderink RG,
Conway-Morris A, Rojas JN, Alp E, Zhang Z. A global priority list
of the TOp TEn resistant Microorganisms (TOTEM) study at inten-
sive care: a prioritization exercise based on multi-criteria decision
analysis. Eur J Clin Microbiol Infect Dis. 2019 Feb;38(2):319-323.
https://doi.org/10.1007/s10096-018-3428-y

Riedel K, Ohnesorg T, Krogfelt KA, Hansen TS, Omori K,
Givskov M, Eberl L. N-acyl-L-homoserine lactone-mediated reg-
ulation of the Lip secretion system in Serratia liquefaciens MGI.
] Bacteriol. 2001 Mar;183(5):1805-1809.
https://doi.org/10.1128/JB.183.5.1805-1809.2001

Sakuraoka R, Suzuki T, Morohoshi T. Distribution and genetic
diversity of genes involved in quorum sensing and prodigiosin bio-
synthesis in the complete genome sequences of Serratia marcescens.
Genome Biol Evol. 2019 Mar;11(3):931-936.
https://doi.org/10.1093/gbe/evz046

Sandner-Miranda L, Vinuesa P, Soberon-Chéavez G, Morales-
Espinosa R. Complete genome sequence of Serratia marcescens
SmUNAMS836, a nonpigmented multidrug-resistant strain iso-
lated from a Mexican patient with obstructive pulmonary disease.
Genome Announce. 2016 Feb;4(1):e01417-15.
https://doi.org/10.1128/genomeA.01417-15

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the
comparative C method. Nat Protoc. 2008 Jun;3(6):1101-1108.
https://doi.org/10.1038/nprot.2008.73

Schmitz G, Braun V. Cell-bound and secreted proteases of Serratia
marcescens. ] Bacteriol. 1985 Mar;161(3):1002-1009.
https://doi.org/10.1128/jb.161.3.1002-1009.1985

Shanks RMQ, Stella NA, Arena KE, Fender JE. Mutation of crp
mediates Serratia marcescens serralysin and global secreted protein
production. Res Microbiol. 2013 Jan;164(1):38-45.
https://doi.org/10.1016/j.resmic.2012.10.006

Shanks RMQ, Stella NA, Hunt KM, Brothers KM, Zhang L,
Thibodeau PH. Identification of SIpB, a cytotoxic protease from
Serratia marcescens. Infect Immun. 2015 Jul;83(7):2907-2916.
https://doi.org/10.1128/IA1.03096-14

Shanks RMQ, Stella NA, Lahr RM, Aston MA, Brothers KM,
Callaghan JD, Sigindere C, Liu X. Suppressor analysis of eepR
mutant defects reveals coordinate regulation of secondary metabo-
lites and serralysin biosynthesis by EepR and HexS. Microbiology.
2017 Feb;163(2):280-288.

https://doi.org/10.1099/mic.0.000422

Spitz O, Erenburg IN, Beer T, Kanonenberg K, Holland IB,
Schmitt L. Type I secretion systems — One mechanism for all?
Microbiol Spectr. 2019 Apr 12;7(2):7.2.12.
https://doi.org/10.1128/microbiolspec.PSIB-0003-2018

Stella NA, Callaghan JD, Zhang L, Brothers KM, Kowalski RP,
Huang JJ, Thibodeau PH, Shanks RMQ. SIpE is a calcium-depend-
ent cytotoxic metalloprotease associated with clinical isolates of
Serratia marcescens. Res Microbiol. 2017 Jul;168(6):567-574.
https://doi.org/10.1016/j.resmic.2017.03.006

Stella NA, Lahr RM, Brothers KM, Kalivoda EJ, Hunt KM,
Kwak DH, Liu X, Shanks RMQ. Serratia marcescens cyclic AMP
receptor protein controls transcription of EepR, a novel regulator of
antimicrobial secondary metabolites. ] Bacteriol. 2015 Aug;197(15):
2468-2478. https://doi.org/10.1128/JB.00136-15

Stocker W, Grams F, Reinemer P, Bode W, Baumann U, Gomis-
Riith F-X, Mckay DB. The metzincins - topological and sequential
relations between the astacins, adamalysins, serralysins, and matrix-
ins (collagenases) define a super family of zinc-peptidases. Protein
Sci. 1995 May;4(5):823-840.
https://doi.org/10.1002/pro.5560040502

Tanikawa T, Nakagawa Y, Matsuyama T. Transcriptional downregu-
lator HexS controlling prodigiosin and serrawettin W1 biosynthesis
in Serratia marcescens. Microbiol Immunol. 2006 Aug;50(8):587-596.
https://doi.org/10.1111/j.1348-0421.2006.tb03833.x
Tavares-Carreon E, De Anda-Mora K, Rojas-Barrera IC, Andrade A.
Serratia marcescens antibiotic resistance mechanisms of an oppor-
tunistic pathogen: A literature review. Peer]. 2023 Jan 05;11:e14399.
https://doi.org/10.7717/peer;j.14399

Williams RP, Gott CL, Qadri SMH, Scott RH. Influence of tem-
perature of incubation and type of growth medium on pigmentation
in Serratia marcescens. ] Bacteriol. 1971 May;106(2):438-443.
https://doi.org/10.1128/jb.106.2.438-443.1971

Supplementary materials are available on the journal’s website.



