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ABSTRACT Serratia marcescens, a member of the Enterobacteriaceae family, is an
opportunistic human pathogen and a frequent cause of urinary tract infections. Clinical
isolates often exhibit resistance to multiple antibiotics, posing challenges for success-
ful treatment. Understanding its pathogenic mechanisms is crucial for elucidating
new potential targets to develop effective therapeutic interventions and manage S.
marcescens infections. This work identifies urea-induced lactonase of Serratia (UilS),
a lactonase encoded in the S. marcescens RM66262 strain isolated from a patient
with a urinary tract infection. The study explores the bacterium’s response to urea,
a major component of urine, and its impact on uilS expression. We found that UilS
degrades acyl-homoserine lactones (AHL) autoinducers traditionally associated with
quorum sensing mechanisms. Surprisingly, UilS is able to degrade self and non-self
AHL, exhibiting quorum-quenching activity toward Pseudomonas aeruginosa. We found
that LuxR regulates uilS expression that is enhanced in the presence of AHL. In addi-
tion, urea-dependent induction of UilS expression is controlled by the transcriptional
response regulator CpxR. UilS confers fitness advantage to S. marcescens, especially in
the presence of urea, emphasizing the adaptive plasticity of strains to modulate gene
expression based on environmental signals and population density. We also discovered a
novel bacterial killing capacity of S. marcescens that involves UilS, indicating its impor-
tance in the interspecies interaction of Serratia. Finally, we found that a uilS mutant strain
displays attenuated colonization in a mouse model of catheter-associated urinary tract
infection. uilS is present in clinical but absent in environmental isolates, suggesting an
evolutionary adaptation to host-specific selective pressures.

IMPORTANCE This work reveals the acyl-homoserine lactonase urea-induced lactonase
of Serratia as a novel virulence factor of Serratia marcescens, unraveling a potential
target to develop antimicrobial strategies and shedding light on the complex regulatory
network governing pathogenicity and adaptation to host environments.
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B acteria are remarkable in their ability to sense the cell density of their proliferat-
ing populations and regulate gene expression accordingly. This sensing capacity
extends not only to homogeneous bacterial populations but also to mixed popula-
tions, where bacteria interact, enabling them to cooperate and share resources, or
to compete in a common ecological niche (1). This survival strategy relies on com-
munication mechanisms collectively known as quorum sensing (QS). The simplest QS
architecture consists of two key genes: one encoding a synthase enzyme, often of the
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Luxl-type, responsible for producing an autoinduction molecule, and another encoding a
transcriptional response regulator, typically a LuxR-type protein (2). The response
regulator is usually activated upon binding to the autoinducer, thereby amplifying
the QS response by stimulating the transcription of both luxR and lux/ genes, estab-
lishing an autoregulatory amplification cycle. In Gram-negative bacteria, the QS signal
molecules are classically acyl-homoserine lactones (AHLs), distinguished by the length
and chemical properties of their acyl side chains. AHLs can traverse the bacterial
envelope either through diffusion or by active transport, accumulating in the extracellu-
lar milieu (3). The concentration of AHL in the extracellular space equilibrates with the
intracellular concentration and is therefore a good indicator of a bacterial monoculture
population (4).

In addition to regulating QS-encoding genes, the response regulator modulates
the expression of other species-specific genes, such as those involved in sporulation,
conjugation, virulence, antibiotic production, and biofilm formation. QS signaling can be
downregulated when the AHL concentration falls below a defined threshold level due
to dilution or disruption of the signaling process (5). The disruption of QS signaling, also
known as quorum quenching (QQ), encompasses diverse mechanisms. Such mecha-
nisms include the enzymatic deactivation of AHL molecules by lactonases (that break
the lactone ring), acylases (that hydrolyze the acyl chain bound to the lactone ring),
reductases (that reduce oxo-chemical groups), or cytochrome oxidases (that oxidize the
acyl chain) (5, 6).

Serratia marcescens, an opportunistic pathogen within the Enterobacterales, is
associated with a wide range of pathologies that depend on the infection’s entry portal
and the patient’s immune condition (7). Additionally, clinical isolates of Serratia spp.
are often multidrug-resistant (8). Therefore, elucidating the underlying mechanisms
enabling this pathogen to adapt to the host’s environmental conditions is imperative,
along with exploring novel therapeutic strategies for treating Serratia infections.

S. marcescens strains possess QS systems encoded in their genomes and utilize
various homoserine lactones (HSLs), such as C4-HSL, C6-HSL, and C8-HSL, as signal
molecules to regulate the production of an extensive array of virulence factors, including
lipase, protease, chitinase, nuclease, siderophore, and biofilm formation (9-13). However,
up to the moment, QS and QQ regulatory circuits linked to S. marcescens virulence in
mammalian hosts have been poorly characterized.

S. marcescens is frequently isolated from patients with urinary tract infections. Indeed,
this pathogen ranks worldwide in the eighth position as an etiological agent of urinary
tract infections (14, 15). Taking into account that the main component of normal urine is
urea, in an average concentration of 0.33 M (16), we conducted a search for urea-modu-
lated gene expression using the strain S. marcescens RM66262 isolated from a patient
undergoing urinary tract infection in a public hospital setting (17, 18).

In this study, we identified an acyl-homoserine lactonase in S. marcescens, which
we termed urea-induced lactonase of Serratia (uilS), that showed increased expression
when grown in the presence of urea. We found that urea and AHL concentration are
input signals that induce UilS expression and determined that both CpxR and LuxR
transcriptional regulators are required to govern uilS expression in response to these
stimuli. Furthermore, we found that UilS provides S. marcescens with a fitness advantage
both in vitro and in a murine catheter-associated urinary tract infection (CAUTI) model.
Moreover, the phylogenetic analysis of the available whole-genomes of S. marcescens
strains revealed that uilS is conserved in the clinical ones, while uilS homologs are absent
in most environmental isolates.

RESULTS
uilS is a lactonase-encoding gene whose expression is modulated by urea

The S. marcescens RM66262 strain is non-pigmented and urease negative as its genome
lacks the enzymatic machinery responsible for the production of active urease (enco-
ded by the ureABIEFGH operon in urease-positive bacteria). Therefore, we hypothesized
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that urea could be used as environmental signal rather than a metabolic substrate.
To identify S. marcescens RM66262 genes regulated by urea, we first performed a
transcriptomic analysis of bacteria grown with and without urea. For the RNA-seq
analysis, we employed 0.4 M urea, which falls within the average concentration found in
normal urine (16). An false discovery rate (FDR)-adjusted P value of <0.05 and log2-fold
change >1 was considered as a differentially expressed gene (DEG). The complete data
set revealed 98 upregulated and 341 downregulated DEGs with 0.4 M urea [Fig. 1A
and see Table S1 at (https://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tutto-
bene-et-al-Table-S1.xIsx)]. From the upregulated genes, we chose a gene, annotated
as a dienelactone hydrolase by the RAST server (19), which we designated uilS for
urea-induced lactonase of Serratia. We prioritized this gene for further investigation as
its mRNA expression is induced twofold under 0.4 M urea-Luria-Bertani (LB) growth
conditions compared to LB alone (Fig. 1B). No previous dienelactone hydrolase has been
characterized in clinical S. marcescens isolates, potentially involved in acyl-homoserine
lactones hydrolysis and thus in quorum quenching mechanisms, which expression is
induced by a condition found in the human urinary tract (the environmental milieu from
where the RM66262 was isolated).

To validate the RNA-sequencing results, quantitative reverse transcription-PCR
(gRT-PCR) was performed for uilS under LB 0.4 M urea, as well as 50% or 99.9% human
urine (Fig. 1C and D). As control, the prtA gene, whose expression was observed to be
strongly repressed by urea, was employed (the S. marcescens PrtA serralysin-encoding
gene) (20, 21). Because these genes were also significatively affected in response to
urea, according to the RNA-seq analysis, the transcriptional expression levels of the
genes that encode for the SIpE (22) and SlpD (23) metalloproteases, the regulatory flhD
gene, the fliA gene that encodes for the FliA sigma factor (24), the fliC that encodes
for the flagellar component FliC, and genes that encode the LipBCD (25), a Type |
Secretion System (26) for protein export into the extracellular medium, were evaluated

A) B)

TOTAL DOWN up

LB Urea 0.4 M 439 341 98
vs LB

C) D)

== LB
mm LB 0.2 MUrea — L? o
w= LB 0.4 MUrea 1% LB 50 % urine
exx mm 0.1% LB 99.9 % urine
I P,

20 4- . -
1.5779
2.8978
15 1.2742 34
T 1.4221

0.6807 g 5543 1.2555

0.5067

0.3048

uils prtA uils prtA

luxi

luxRH

uilS*+

0.4 M Urea

Log,FC

mBio

FIG 1 Urea-dependent modulation of S. marcescens gene expression. (A) Results of RNA-seq indicate DEGs whose expression is modulated by 0.4 M urea. (B) The

heatmap outlines the differential expression of prtA, luxl, luxR, and uilS in the analyses. The scale goes from —3.5 to 3.5. The asterisks represent the DEGs (adjusted

P < 0.05) with log2fold change >1. (C and D) Quantitative reverse transcription-PCR (qRT-PCR) analysis of uilS and prtA of S. marcescens RM66262 cultured in LB
broth, LB broth supplemented with 0.2 or 0.4 M urea (C) or cultured in LB broth, 1% LB 50% urine, or 0.1% LB 99.9% urine (D). The data presented are the mean +

SD of normalized relative quantities (NRQs) derived from transcript levels calculated using the gBASE method. The mean NRQ values are shown above each bar.

Three independent samples were used, and two technical replicates were performed for each sample. Statistical significance was determined using a two-way

analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. Asterisks indicate the significance levels for the statistical analysis: *, P < 0.05; **, P

< 0.01; *#**, P < 0.001; and ****, P < 0.0001; the analysis was performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA). Data are presented as

mean = SD.
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by gRT-PCR. The increase in uilS transcriptional levels reached up to 3.2-fold when LB
was compared with LB + urine, while prtA expression was repressed up to ninefold in
LB + urine when compared with LB (Fig. 1D), verifying RNA-seq results. Expression of
fliA, fliC, fihD, splE, spID, lipB, and lipC genes corroborates the RNA-seq results (see Fig.
S1A and B at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-
al-Supplemental-Material.pdf). Compared with LB, between a 1.5- and sixfold decrease
was obtained for the 0.2 M urea condition, while between 4- and 100-fold reductions
were observed for 0.4 M urea. Finally, under conditions containing 50% or 99.9% natural
urine, between 1.2- and 2.5- (0.2 M urea) or 2- and 25-fold decrease (0.4 M urea)
were obtained, respectively, for the previously mentioned genes (see Fig. STA and B
at [http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-al-Supple-
mental-Material.pdf]).

uilS encodes a protein of 31.5 kDa predicted to contain an a-f fold hydrolase
domain (Conserved Domain Database, domain architecture ID 1002311). UilS amino acid
sequence shares 28% identity with AidA quorum quenching protein, an acyl-homoserine
lactonase from Acinetobacter baumannii (NCBI, Locus CAI6145363) (27). This prompted us
to investigate whether this enzyme could be involved in the degradation of AHLs. For
this, we employed the Agrobacterium tumefaciens NT1 (pZLR4) biosensor strain, which
produces 5,5'-dibromo-4,4'-dichloroindigo (blue color) when co-incubated with bacteria
that release AHLs of 6- to 12-carbon length (28). The assay was performed over a 24 h
time course, in the presence of a fixed concentration of exogenously added N-Decanoyl-
L-homoserine lactone (C10-AHL), with or without the addition of urea to the culture
medium. In contrast to the steady color intensity and size of the blue halo observed in LB
up to 24 h post-inoculation, in the presence of urea, the blue halo gradually diminished
in size over time, disappearing completely after 14 h post-inoculation (Fig. 2A and B). This
indicates the presence of a urea-activated, S. marcescens-dependent factor that degrades
C-10 AHL. It also shows that this factor increases its concentration or activity with the
increase in bacterial cell density.

Next, to assess whether UilS was responsible for the observed phenotype, the
A. tumefaciens biosensor traG-lacZ sensor plate-assay (28) was performed with an S.
marcescens RM66262-derived, uilS-deleted mutant strain. Bacteria were incubated for
6 h in LB or urea-LB medium and supplemented with exogenously added C10-AHL,
followed by the plate-biosensor assay (Fig. 2C and D). UilS-dependent urea-induced
degradation of AHL was lost in the uilS mutant (a steady blue halo not affected by
the addition of urea, similar to the negative control in which no bacteria was added
in the assay), and it was restored in the uilS complemented strain regardless of the
urea concentration used as it constitutively expresses uilS from the pSU36::.uilS plasmid
(Fig. 2D). No difference in growth capacity or rate was detected when comparing the
growth curves of the wild type, the uilS mutant, and the complemented strains, in LB,
LB added with urea or with urine (see Fig. S1C and D at http://ibr-conicet.gov.ar/wp-con-
tent/uploads/2024/09/mBio-Tuttobene-et-al-Supplemental-Material.pdf). Moreover, the
Escherichia coli TOP10 was used to assess the functionality of the UilS protein overex-
pressed from pSU36:uilS. UilS quorum quenching activity was confirmed using the
biosensor A. tumefaciens since the halo generated by the sole addition of C10-AHL
disappeared when the supernatant of the strain E. coli TOP10 pSU36:uilS was incuba-
ted with C10-AHL (see Fig. S2 at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/
mBio-Tuttobene-et-al-Supplemental-Material.pdf).

Endogenous production of AHL by either wild-type or uilS S. marcescens cul-
tures grown in LB with or without urea was also evaluated by employing filtered
supernatants of the bacterial cultures and either the A. tumefaciens biosensor or
the Chromobacterium violaceum VIRO7 biosensor. Strain VIRO7 is an AHL-deficient
mutant, which does not produce violacein unless long-chain AHLs (C10-C16) are
exogenously added but is inhibited by short-chain AHLs [C4-C8; (29)]. Neither the
blue halo or violacein was detected when these reporter strains were co-incuba-
ted with the S. marcescens wild-type strain, while the wuilS mutant produced strong
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FIG 2 AHLs degradation by urea-induced uilS expression. (A) Schematic protocol, S. marcescens RM66262 strain was
inoculated in LB broth supplemented with C-10 AHLs in the presence or absence of 0.4 M urea at 37°C 200 rpm. At the
indicated times (see in B), aliquots were taken, and the presence of AHLs was determined in the supernatant (SN) filtered
using the A. tumefaciens NT1 (pZLR4) biosensor (that produces 5,5"-dibromo-4,4’-dichloro-indigo as a result of the presence of
C6-C12 AHLs). (B) Results of the experiment described in A, after incubating the plates at 30°C for 24 h. (C) Schematic protocol,
bacterial cultures were incubated for 6 h shaking in LB or urea-LB medium supplemented with exogenously added C10-AHL
followed by the A. tumefaciens biosensor plate assay. (D) Results of the experiment described in C. AHLs were determined
using the biosensor assay in filtered SN of wt, uilS, and uilS pSU36:uilS strains grown in the presence of C-10 AHL and
supplemented without or with 0.2 or 0.4 M urea. The standard C-10 AHL was incubated in LB broth under the same conditions

as a negative control. Plates were inspected and photographed after 24 h at 30°C. Representative results of three independent

experiments are shown.
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purple or blue halos, respectively, depending on the biosensor strain (see Fig. S3A
through C at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-
al-Supplemental-Material.pdf). The results indicate that UilS is responsible for the
degradation of endogenous long-chain AHLs. It is of note that the lactonase produced by
the wild-type strain was able to completely degrade the endogenously produced AHLs,

in either the presence or absence of urea.
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To further investigate UilS action, bacteria-free culture supernatants obtained either
from the S. marcescens wild-type, uilS mutant, or pSU36:uilS-harboring strains were
tested. These supernatants were unable to degrade exogenously provided AHL (see Fig.
S3D and E at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-
al-Supplemental-Material.pdf), indicating cytoplasmic localization. This is in agreement
with a bioinformatics comparative analysis of bacterial QQ AHL acylases and lactonases,
indicating that, while acylases are predominantly periplasmic, lactonases are predicted
to be localized to the bacterial cytoplasm (30).

We also found that Serratia urea-induced uilS was able to degrade AHL pro-
duced by the Pseudomonas aeruginosa PAO1 strain (that produces N-(3-oxododeca-
noyl) homoserine lactone (3-O-C12-AHL) and N-butyryl homoserine lactone (C4-AHL)
(31) (Fig. 3A through C). This degradation followed the same kinetics as the one
observed for the degradation of exogenous AHL by S. marcescens (compare Fig.
S4A and B at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-
al-Supplemental-Material.pdf; with Fig. 2). On the other hand, the culture spent media
from the wild-type, uilS, wild-type/pSU36:uilS, or uilS/pSU36:uilS S. marcescens strains
were unable to degrade the AHL produced by P. aeruginosa, even when urea was
added to the culture. This strengthened the notion that the UilS lactonase is not
secreted (see Fig. S4C and D, at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/
mBio-Tuttobene-et-al-Supplemental-Material.pdf), and no other secreted exoenzyme
from Serratia is able to degrade these AHLs.

S. marcescens uilS is a member of the LuxR regulon

To investigate whether uilS forms part of the AHL-dependent quorum sensing system of
S. marcescens, we constructed uilS-, luxl-, and luxR-deleted strains. Transcriptional levels
of uilS expression were examined by the use of a reporter plasmid that contains the gfp
gene (that encodes green fluorescent protein) under the control of the uilS promoter
region (533 bp upstream of the uilS ATG translational start codon). The urea-dependent
induction profile of uilS expression (Fig. 4A) corroborated the results shown in Fig. 2A,
indicating an increasing expression level along the time-course of bacterial growth.
When the assay was performed in the lux/ background, urea induction was lost unless
either a supernatant from the wild-type strain culture or pure C10-AHL was exogenously
added to the culture medium (Fig. 4B). This result suggested that the role of /ux/ in this
regulatory mechanism is restricted to the synthesis and provision of AHL. In contrast,
although a basal uilS expression level is observed in the absence of luxR, the inability of
the luxR strain to induce uilS expression could not be compensated neither by the wild-
type strain spent supernatant nor by exogenously added C10-AHL (Fig. 4C). luxR
expression from the inducible pBB1-lac/*:luxR plasmid complemented the /uxR strain
phenotype for the capacity to activate wilS transcription in an urea concentration-
dependent fashion (Fig. 5A). This indicates that uilS expression levels are modulated by
an AHL-activated LuxR regulator. However, neither luxR nor lux! transcriptional expres-
sion was affected by the presence of urea in the growth medium (a result also observed
in the RNA-seq analysis, see Table S1 at https://ibr-conicet.gov.ar/wp-content/uploads/
2024/09/mBio-Tuttobene-et-al-Table-S1.xIsx, and Fig. 1) as verified by using gfp-based
reporters for both luxR and lux/ genes (Fig. 5B and C).

CpxR induces uilS expression in response to urea

Because neither LuxR nor Luxl transcriptional levels were altered by the presence of urea
in the growth medium, we investigated whether transcriptional response regulators
responsive to bacterial stress conditions, belonging to the EnvZ/OmpR, PhoQ/PhoP, Rcs
RssA/RssB, or CpxAR two-component systems (32-36), might be involved in the urea-
modulated uilS expression. While uilS expression was not affected by ompR, phoP, rcsB, or
rssB genetic backgrounds (see Fig. S5 at http://ibr-conicet.gov.ar/wp-content/uploads/
2024/09/mBio-Tuttobene-et-al-Supplemental-Material.pdf), the urea-dependent
phenotype was abrogated in the cpxR mutant strain (Fig. 6A).
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FIG 3 Urea-induced uilS degradation of AHL produced by P. aeruginosa. (A) AHLs produced by P. aeruginosa PAO1 strain
determined by A. tumefaciens biosensor assay. (B) Scheme of the protocol, S. marcescens strains were incubated for 6 h shaking
in LB or urea-LB medium supplemented with the filtered SN of PAO1 strain added followed by the A. tumefaciens biosensor
assay. (C) AHLs were determined using the biosensor assay using filtered SN of PAO1 preincubated with bacteria culture of wt,
uilS, wt pSU36::uilS, and wilS pSU36::uilS strains grown supplemented without or with 0.2 or 0.4 M urea. Plates were inspected
and photographed after 24 h at 30°C. Representative results of three independent experiments are shown.

This last result was also examined by monitoring the degradation of exogenously
added AHL produced by P. aeruginosa PAO1 strain by S. marcescens wild-type and mutant
strains with the A. tumefaciens traG-lacZ biosensor assay. In the wild type, the luxR, and
the luxR/pBB5::cpxR strains, the AHL halo decreased with the addition of urea to the
growth medium, indicating that LuxR is not the regulator that controls uilS expression in
response to urea (Fig. 6B). In contrast, the cpxR and cpxR/pSU36:/uxR strains could not
recover the wild-type urea-mediated induction of AHL degradation. While the cpxR luxR
double mutant strain lost the capacity to degrade AHL and equaled the uilS strain
inability to degrade AHL, in trans expression of cpxR from the pBB5::cpxR plasmid (but not
the luxR expression from pSU36::/uxR) recovered the urea-mediated induction of AHL
degradation (Fig. 6B). In sum, our results demonstrate that there is a basal uilS expression
level in the wild-type strain even in the absence of /uxR, that LuxR stimulates uilS
transcription in the presence of AHL, and that CpxR is the response regulator that
mediates the urea-dependent modulation of uilS expression.

To explore whether CpxR interacts directly with the putative regulatory region of uilS,
a DNA electrophoretic mobility shift assay (EMSA) was performed. A DNA oligonucleo-
tide that comprises 500 bp upstream the translational ATG of uilS and an affinity purified
His-tagged CpxR protein was co-incubated and resolved by PAGE. CpxR provoked a shift
in the mobility of the uilS promoter oligonucleotide, while no shift was observed when a
non-specific nucA oligonucleotide was used (Fig. 6C). The addition of the CpxR phos-
phate donor acetyl-phosphate further enhanced the mobility shift, suggesting that, as
previously described (37), the phosphorylated/activated form of CpxR would be able to
dimerize, and as a consequence, an enhanced affinity of CpxR for its target DNA would
be achieved. This result demonstrates that CpxR is able to directly recognize and
specifically interact with the promoter region of uilS.
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FIG 4 Transcriptional expression of uilS. Bacteria were grown for 18 h in LB or LB supplemented without or with 0.2 or 0.4 M urea, in 96-well microplates, at

37°C with agitation. Transcriptional activity was calculated as the ratio of green fluorescent protein (GFP) fluorescence values and OD600 measured from the

S. marcescens wild-type (wt; FU/OD600) (A) lux! strain supplemented with wt strain or with C-10 AHL, (B) luxR strain supplemented with filtered SN from the

wt or with C10-AHL, and (C) carrying the PuilS-gfp reporter plasmids. Means + SDs from three independent experiments performed in duplicate in each case

are shown. Statistical significance (P < 0.05) was determined by two-way ANOVA followed by Tukey’s multiple comparison test, comparing each mean (every

measured time) with the control LB condition. The last five points are shown. Significance was indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001

employing GraphPad Prism (GraphPad Software, San Diego, CA, USA).

UilS endows S. marcescens with fitness advantage and killing capacity

To examine whether UilS expression could confer fitness advantage to S. marcescens,
the wild-type strain was co-incubated in a 1:1 relationship with either the uilS, the luxl,
or the JuxR strains in LB, LB + AHL, LB + urea, or LB + urea + AHL and monitored at
6 h and at 24 h. Each strain was then selected by its distinctive antibiotic resistance,
and colony-forming units (CFUs) were quantified. The wild-type strain showed fitness
advantage over the uilS strain under all the conditions tested (Fig. 7A). The addition
of AHL, urea, or urea + AHL increased the augmented CFUs recovered in favor of the
wild-type strain, which is consistent with the conditions that stimulate uilS expression
(Fig. 7A). The luxR strain showed similar fitness disadvantages as the uilS strain, except
that, as can be expected, the addition of AHL did not alter the values observed in LB
or LB + urea (Fig. 7B). The ux/ strain shows fitness disadvantage with respect to the
wild type when AHL, urea, or the combination of the two are present in the culture
medium, and the difference is more marked when measured at 24 h (Fig. 7C). These last
results reinforce our previous observations, indicating that Luxl-dependent production
of the AHL signal induces uilS expression in a LuxR-dependent manner. Overall, our
observations indicate that the conditions that were previously shown to enhance uilS
expression augment the fitness of the wild-type strain over the strains that cannot fully
express UilS.
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FIG 5 Transcriptional expression of uilS, luxR, and luxl. Bacteria were grown for 18 h in LB or LB supplemented without or with 0.2 or 0.4 M urea, in 96-well

microplates, at 37°C with agitation. Transcriptional activity was calculated as the ratio of GFP fluorescence values and OD600 measured from the S. marcescens

luxR pBB1-lacl®:luxR (FU/OD600) carrying the PuilS-gfp reporter plasmids. (A) Wild-type S. marcescens carrying either the PluxR-gfp (B) or the Plux/-gfp reporter

plasmids (C). Means + SDs from three independent experiments performed in duplicate in each case are shown. Statistical significance (P < 0.05) was determined

by two-way ANOVA followed by Tukey’s multiple comparison test, comparing each mean (every measured time) with the control LB condition. The last five

points are shown. Significance was indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 employing GraphPad Prism (GraphPad Software, San Diego,

CA, USA).

Because the wild-type strain showed adaptive advantages over the uilS strain, we
also investigated whether uilS expression could be beneficial for S. marcescens when
antagonizing with other bacterial species. To this end, the wild-type and its derived-
mutant strains (attackers) were challenged in a killing assay with the P. aeruginosa PAO1
strain (pray), using a 5:1 or a 10:1 attacker-to-pray ratio, in the presence or absence
of urea. Wild-type Serratia was able to lower P. aeruginosa CFUs by 1.8-fold (Fig. 8),
and this killing capacity was enhanced 3.7-times in the presence of urea. The Type
6 Secretion System (T6SS) has the capacity to secrete and inject lethal effectors to
competitor strains, and it is, up to now, the major killing strategy described for S.
marcescens (38, 39). Neither the tssM (impaired in the expression of the T6SS) (39-41)
nor the rcsB strain (which we previously demonstrated cannot induce T6SS expression
in response to the challenge with competing bacteria) (39) lost the urea-dependent
increase in their capacity to kill the prey, indicating a T6SS-independent mechanism
involved. The expression level of the Hcp protein in the bacterial culture supernatant
reflects the active assembly of the T6SS; as analyzed by immunodetection, the Hcp
protein levels were not affected by the addition of urea or by the inactivation of
uilS, luxl, or luxR (see Fig. S6 at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/
mBio-Tuttobene-et-al-Supplemental-Material.pdf). These results indicated that urea has
no influence neither on the T6SS expression or assembly nor on the T65S-dependent
killing ability of S. marcescens. The killing capacity of the uilS or luxR strains was not
altered by the addition of urea to LB, while a minor effect was observed for the cpxR
mutant (Fig. 8). Because the CpxAR two-component system has been described to
regulate a vast array of genes in Enterobacterales (42), our results indicate that urea
would be a signal detected by CpxAR in S. marcescens. CpxR-dependent expression
of not yet characterized genes in addition to uilS might also contribute to the killing
capacity of Serratia (Fig. 8). We also verified that P. aeruginosa PAO1 viability was not
altered by the addition of urea to the LB medium (Fig. 8A and B, control). In sum, these
results indicate that the expression of the urea-induced lactonase UilS contributes not
only to S. marcescens fitness but also improves Serratia’s capacity to successfully cope
with an interspecies competition challenge.

UilS contributes to the pathogenic traits of S. marcescens

In light of the in vitro observed benefits conferred by UilS to S. marcescens, and con-
sidering that the S. marcescens RM66262 strain was originally isolated from a patient
with a urinary tract infection (17), we investigated the role of uilS in a murine model
of CAUTI (43). To induce CAUTI, mice underwent transurethral catheterization with a
sterile silicone tubing and were immediately inoculated with 1 x 10® CFUs of either
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FIG 6 CpxR-dependent urea-modulated induction of uilS expression. (A) Transcriptional expression of uilS in the ¢pxR mutant
strain. Bacteria were grown for 18 h in LB or LB supplemented with 0.2 or 0.4 M urea, in 96-well microplates, at 37°C with
agitation. Transcriptional activity was calculated as the ratio of GFP fluorescence values and OD600 (FU/OD600) measured
from the cpxR/PuilS-gfp strain. Means + SDs from three independent experiments performed in duplicate in each case are
shown. Statistical significance (P < 0.05) was determined by two-way ANOVA followed by Tukey’s multiple comparison test,
comparing each mean (every measured time) with the control LB condition. The last five points are shown. Significance was
indicated by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 employing GraphPad Prism (GraphPad software, San Diego,
CA, USA). (B) Degradation of the AHLs of P. aeruginosa PAO1 was determined using the biosensor assay using filtered SN from
this strain incubated with wt, uilS, luxR, luxR pBB5::cpxR, cpxR, cpxR pSU36:IuxR, cpxR luxR, cpxR luxR pSU36::luxR, and cpxR luxR
pBBS5::cpxR Serratia strains grown in LB or LB supplemented with 0.2 or 0.4 M urea (see the experiment scheme in the Fig.
3B). Plates were inspected and photographed after 24 h at 30°C. Representative results of three independent experiments
are shown. (C) Electrophoretic mobility shift assay (EMSA). Interaction between the DNA promoter region of uilS and the
CpxR protein is shown; increasing affinity is observed when acetyl phosphate (AcP) is added. No shift was detected when the
non-specific probe (NucA) was used.

the wild-type or uilS mutant strains. After 24 h of infection, mice were euthanized, and
catheters, bladders, and kidneys were aseptically excised for CFU quantification (Fig. 9A).
The mutant was attenuated 40 and 8.33 times in the catheter and bladder, respectively,
indicating that uilS expression plays a relevant role in the urinary tract infection of
Serratia, affecting both catheter and bladder colonization, but not in the spread to the
kidneys. To further analyze this UilS-dependent phenotype, a competitive index (Cl) was
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FIG 7 Fitness advantage conferred by UilS expression. Recovery of viable S. marcescens cells after 6 h or 24 h of co-culture between wild-type (wt) and uilS (A), wt
and luxR (B), and wt and /ux/ (C) at 37°Cin LB, LB 0.4 M urea, LB 10 uM C10-AHL, or LB 0.4 M urea 10 uM C10-AHL, with an initial ratio of 1:1. The fitness advantage
was calculated as the ratio as wild-type-to-mutant (CFU wt/CFU mutant) divided by the corresponding ratio in the inoculum. Results from three independent
experiments are shown. The mean values are shown above each bar. Statistical significance (P < 0.05) was determined by two-way ANOVA followed by Tukey’s
multiple comparison test, comparing each mean (every measured time) with the control LB condition. The last five points are shown. Significance was indicated
by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 employing GraphPad Prism (GraphPad Software, San Diego, CA, USA).

carried out by using the CAUTI model of infection and an inoculum of a 1:1 ratio of
wild-type and uilS strains. Either in catheter or in bladder, the competitive index value
obtained was below 0.5 (0.23 for catheter and 0.19 for bladder; Fig. 9E), reinforcing the
conclusion that uilS is involved in the pathogenicity of S. marcescens when colonizing the
urinary tract.

uilS homologs are present in S. marcescens clinical strains

The phylogenetic analysis based on the DNA sequences of 21 S. marcescens strains from
clinical and environmental sources whose whole-genome sequences are deposited in
the NCBI Genome website (https://www.ncbi.nlm.nih.gov/genome) shows that UilS
orthologs (amino acid sequences deduced from nucleotide sequences) are present in all
clinical strains analyzed and show between 97% and 100% identity with the UilS present
in the RM66262 strain genome.

Strikingly, uilS was absent in all but one of the environmental strains examined (Fig.
10). While only some strains harbor a lux/ gene with no apparent occurrence pattern with
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FIG 8 Interspecies killing. Recovery of viable P. aeruginosa PAO1 cells (prey) after 6 h of coculture with the indicated Serratia strain (attacker) at 37°C in LB or LB
supplemented with 0.4 M urea, with an initial ratio of 10:1 (A) or 5:1 (B) (attacker/pray). P. aeruginosa PAO1 mono-culture was used for controls. Average values
+ SD from three independent experiments are shown. Statistical significance was determined using a two-way ANOVA followed by Tukey’s multiple comparison
test. Asterisks indicate the significance levels for the statistical analysis: P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001; the analysis was performed using
GraphPad Prism (GraphPad Software, San Diego, CA, USA). A P < 0.05 was considered significant.
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FIG 9 uilS role in a mice CAUTI model of infection. Catheter-implanted mice were infected with ~1 x 10° CFU of S. marcescens
wild-type (wt) and uilS strains. (A) CFU of initial inoculum. Following 24 h of infection, total number of CFU recovered was
determined for catheters (B), bladders (C), and kidneys (D). In B and C, CFU was counted per organ. Each symbol represents
an individual mouse. The median with 95 confidence interval is shown. Statistical analyses were performed using the Mann-
Whitney U test performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA). A P < 0.05 was considered
significant. (E) CI between uilS and wild type. Cl was defined as the mutant-to-wild-type ratio (CFU mutant/CFU wild type)
within the output sample, divided by the corresponding ratio in the inoculum. Statistical significance was evaluated using the
one-sample Wilcoxon test using Graph Pad Prism. Asterisks indicate the significance levels for the statistical analysis: P < 0.05;
**, P <0.01; **x, P < 0.001; and **x*, P < 0.0001.

respect to the strain source, all of them contain a /uxR ortholog. The observed synteny of
uilS and luxR aids in the requirement of the LuxR response regulator to allow low levels of
uilS expression and respond to AHL stimuli, while Jux/, and thus endogenously produced
AHL, would be dispensable for the regulatory mechanism to take place. This observation
together with our previously shown results leads us to postulate that uilS has been
evolutionarily selected to favor the adaptation of the pathogen to conditions found in
the host.

The phylogenetic analysis also shows the classification of Luxl and LuxR homologs
also searched in the 21 S. marcescens strains analyzed. The results of the BLAST search
revealed that 11 of these 21 genomes contained a /ux/ homolog (Fig. 10).

DISCUSSION

S. marcescens RM66262 was isolated from a patient undergoing a urinary tract infection.
To successfully colonize the urinary tract, bacteria must overcome harsh environmental
conditions such as the presence of urine, which contains urea in an average concentra-
tion of 0.3 M. In this work, we found that uilS, encoding for a cytoplasmic lactonase able
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FIG 10 Phylogenetic tree based on the complete genomic sequences of 21 strains of S. marcescens. The phylogenetic tree was constructed with the aid of
REALPHY 1.13. The classification of /ux/, gene arrangement around the class | luxR homolog, presence of uilS gene, percentage of amino acid identity (% Ident.)
with strain RM66262, and the isolation source of strains is described on the right side of the tree. Based on the deduced amino acid sequences of the lux/
genes, Luxl homologs were divided into three classes according to an identity level of 95%, as previously described (37). Class | contains 8 Luxl homologs,
Class Il contains 2 Luxl homologs, and Class Il presents only one Luxl homolog in the AS-1 genome. GenBank database accession numbers for S. marcescens
strains genomes: AP013063 (SM39), CP053925 (12/2010), CP018923 (UMH9), CP012685 (SmUNAM836), NZ_JWLO00000000 (RM66262), CP027539 (AR_0099),
HG738868 (SMB2099), CP063238 (SCH909), CP047691 (C110), NZ_CP026050 (FDAARGOS_65), CP053572 (S7.1), CP003959 (WW4), CP027798 (KS10), CP053286
(FZSF02), CP092461 (RH10), CP072199 (ATCC 13880), AP019009 (AS-1), CP027300 (SGAir0764), HG326223 (Db11), NZ_CP091120 (CM2019_254), and CP085860
(MV-u1-SK1-0O).

to degrade AHL autoinducer molecules, is one of the most upregulated genes when S.
marcescens is exposed to 0.4 M urea.

QQ molecules, including the AHL lactonases, have been almost exclusively associ-
ated with the regulation of self or non-self autoinducer’s concentration, and as such,
they have been considered a component of QS mechanisms. We determined that UilS
possesses AHL degrading activity in the bacterial cytoplasm. Although UilS has the
capacity to degrade the AHL autoinducers produced by its own species, it is also able to
hydrolyze the AHL released to the extracellular medium by a non-related specie, i.e., P.
aeruginosa. Therefore, external AHLs should be imported to the bacterial cytosol to be
hydrolyzed by UilS. Although there is a basal LuxR-independent expression of uilS when
bacteria are grown in LB, the presence of AHL enhances uilS transcriptional expression in
a LuxR-dependent manner. In this context, we also show that lux/ is dispensable for the
LuxR-dependent induction of uilS expression when the AHL signal is provided from an
ex0genous source.

As expected for a canonical LuxR-regulated gene, expression of S. marcescens
AHL-degrading activity augmented with the increase in bacterial density. However, we
found that LuxR was not responsible for the urea-dependent increase of uilS transcrip-
tional levels. This became apparent as the luxR mutant strain, under urea stimulus, could
be induced to degrade the remnant exogenous AHL (Fig. 6B). In accordance with these
results, we determined that neither luxR nor lux!/ transcriptional levels were altered by the
presence of urea in the bacterial growth medium (Fig. 5).

Urea is a well-known chaotropic non-osmotic stressor. To assess the regulatory
mechanism involved in the urea-dependent response, we assayed the urea-dependent
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activation of wilS transcription in ompR, phoP, rcsB, rssB, or cpxR mutant strains back-
grounds. These genes encode five crucial transcriptional regulators within the two-
component family of signal transduction systems, governing adaptive responses to
environmental stresses in gram-negative bacteria. We found that only the inactivation
of ¢pxR abolished the urea-dependent induction of uilS expression. Cross-complemen-
tation assays by in trans expression of LuxR or of CpxR in either the luxR, cpxR, or
the JuxR cpxR mutant strains confirmed that CpxR is the regulator required for the
urea-dependent induction of UilS expression. By electrochemical mobility shift assays,
we determined that CpxR is able to specifically recognize and interact with the putative
regulatory region upstream of uilS, and this interaction was enhanced by the addition
of the acetyl-phosphate phosphoryl donor, which is known to favor the phosphorylated,
activated status of CpxR (21). This result confirmed the direct involvement of CpxR as a
key component in the regulatory cascade that governs uilS transcriptional regulation. In
sum, our results demonstrate that LuxR upregulates a basal-level expression of uilS in
response to either endogenous or exogenous AHL concentrations, while CpxR operates
by further enhancing uilS transcriptional levels in response to the concentration of urea
in the bacterial environment.

Because UilS expression is able to degrade exogenous AHL in response to auto-
inducer and urea signals, we further investigated UilS contribution to the ability of
S. marcescens to thrive in these conditions when forming part of a mixed bacterial
population. The competition between the wild-type and uilS strains showed a signifi-
cant disadvantage of the mutant when bacteria was exposed to urea. Moreover, this
fitness difference was strengthened when both urea and AHL were present in the
bacterial growth medium. A similar phenotype was determined when a co-culture of the
wild-type and the /uxR mutant stain was tested, although as expected, only urea but not
AHL altered the fitness ratios obtained, reinforcing the regulatory role of AHL-dependent
LuxR on uilS expression. Consistent with LuxR being the AHL-dependent transcriptional
regulator of Jux/ and Luxl being dispensable for uilS transcriptional induction, the fux/
strain exhibited fitness disadvantage compared to the wild-type strain when urea and
AHL were present. In any case, we cannot rule out the potential participation of other
LuxR-regulated genes which might also be playing a role in S. marcescens fitness.

The relationship between the ability to degrade AHL and bacterial fitness advant-
age can be explained by the adaptive superiority of a strain capable of modulating
gene expression based on simultaneous detection of stress environmental signals and
self-population density. This stands in contrast to bacteria where QS-dependent circuits
are disrupted by action of QQ agents, resulting in a loss of this adaptive mechanism.
In the interspecies interaction, we also demonstrated that when S. marcescens was
confronted with P. aeruginosa as prey, Serratia’s killing capacity was abrogated by the
deletion of either uilS, luxR, or cpxR. The contribution of LuxR- and CpxR-dependent
UilS expression to the killing ability of S. marcescens was similar to the killing capacity
conferred by the expression of the RcsB-dependent Type VI Secretion System when
compared to the loss of killing capacity by either the tssM or the rcsB mutant strains used
as control. To our knowledge, although we have not yet determined the fine mechanism
that underlies the UilS-dependent killing phenotype, this is the first report that shows a
bacterial interspecies killing mechanism that involves a QQ lactonase under the control
of both QS and external stress cues.

In light of these results, we propose that CpxR- and LuxR-dependent control of UilS
expression can introduce changes into a mixed population inhabited by S. marcescens
by conferring competitive advantage during the development of a complex commun-
ity. The ability of S. marcescens to customize adaptive responses based on the host
environment, particularly in the presence of urea (a dominant component encoun-
tered by the pathogen during urinary tract infections), provides S. marcescens with an
additional advantage for overcoming harsh conditions. Consistent with these observa-
tions, when testing S. marcescens in a mice model of CAUTI either by use of mono-inocu-
lation or by a competitive assay, the uilS mutant strain was attenuated in its pathogenic
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capacity, showing a marked disadvantage to colonize the indwelling tubing as well as
the host bladder. It has been recently shown that the composition of the urobiome can
contribute to recurrence of urinary tract infection (UTI) and also influence bladder cancer
development (44). The knowledge of the potential capacity of Serratia to modulate QS
signals and alter the interactions of the urobiome can provide new tools to prevent and
treat urinary tract diseases. In addition, and in contrast to antibiotics, inhibition of QS
by QQ agents such as UilS is anticipated to selectively suppress virulence mechanisms
in harmful bacteria without impeding their growth. Consequently, due to their low
likelihood of promoting antibiotic-resistant bacterial strains, QS inhibitors are being
considered as favorable candidates for combating bacterial infections.

Interestingly, by phylogeny analysis, it becomes apparent that UilS homologs (with
a deduced amino acid sequence identity in the 97%-100% range) are present in most
S. marcescens clinical isolates, while the genomes derived from environmental sources
lack a uilS gene. This strongly suggests that a host-associated powerful positive selective
pressure has evolutionarily operated to maintain uilS in the genome of pathogenic S.
marcescens strains. Moreover, although [uxR is present in 100% of the analyzed strains,
the presence or absence of luxl homologs does not appear to correlate with the presence
of luxR or luxl homologs, or with the strain source. This reinforces the concept that lux/
is not a necessary component in the regulatory cascade governing UilS expression. The
proposed regulatory circuit and the UilS-associated phenotypes examined in this work
are summarized in the scheme shown in Fig. 11.

In summary, our findings establish UilS as a key virulence factor in S. marcescens,
highlighting its potential as a novel target for developing alternative antimicrobial
strategies to combat infections caused by this pathogen.

Quorum quenching
(inter-bacterial) activity

-~

FIG 11 Proposed model for the AHL- and urea-dependent regulation of S. marcescens UilS expression and the resulting
bacterial phenotypes. uilS is expressed at a basal transcriptional level, and this expression can be enhanced by an AHL-
activated LuxR. When bacteria detect the presence of urea in the growth medium (probably by activation of CpxA, the
CpxR-cognate stress sensor of the CpxAR two-component system), uilS transcription is further upregulated by the binding of
an activated (phosphorylated) form of CpxR to the uilS promoter. UilS expression endows S. marcescens with the capacity of
(self and non-self) AHL degradation, augments the bacterial fitness and killing capacity, and favors bladder colonization in a

CAUTI mouse model of infection.
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MATERIALS AND METHODS
Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed in Table S2 (see
at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-al-Supple-
mental-Material.pdf). Bacteria were routinely grown in Miller's LB medium or on LB
agar plates overnight at 30°C or 37°C. The antibiotics used were ampicillin (100 pg/mL),
kanamycin (50 pg/mL), chloramphenicol (20 pg/mL), streptomycin (100 pg/mL), and
gentamicin (15 pg/mL).

S. marcescens RM66262 has been classified as a urease-negative strain by the
conventional Christensen urea agar test (45). The genome sequence search also revealed
the lack of homologs to the urease complex cluster genes ureABIEFGH (17).

RNA extraction, qRT-PCR, sequencing, and transcriptomic analysis

S. marcescens RM66262 was cultured in LB broth and incubated with agitation for 18 h at
37°C. Overnight cultures were then diluted 1:10 in fresh LB broth, LB broth supplemented
with 0.2 M and 0.4 M urea, 1% LB 50% human urine or 0.1% 99.9% human urine, and
incubated with agitation for 18 h at 37°C. A total of 250 uL of ice-cold 5% (vol/vol)
water-saturated phenol (pH 5.5) in ethanol was added to 1 mL of the cultures to stop the
degradation of RNA. Cells were centrifuged at 6,000 g for 5 min at 4°C and resuspended
in 100 pL of 10 mM Tris-HCl and 1 mM EDTA (pH 8.0). The RNA extraction was performed
using the Promega SV total RNA isolation kit, following the manufacturer’s instructions.
Samples were confirmed to have no DNA contamination through PCR amplification of
the 16S ribosomal DNA gene.

cDNA synthesis was performed using random hexamers, 2 mg of total RNA, and
1 U of SuperScript Il reverse transcriptase (Invitrogen). Five microliter of a 1/10 dilu-
tion of each ¢cDNA were used as the template for DNA amplification in gRT-PCR
(20 L), using primers for uilS, prtA, fliA, fliC, flhD, sIpE, slpD, lipB, and lipC (Table S3,
see at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-al-Sup-
plemental-Material.pdf). The reactions were carried out in the presence of HOT FIREPol
EvaGreen qPCR Mix Plus (ROX; SOLIS BIODYNE) and monitored in real-time with the
DLAB Accurate 96 real-time PCR system. The relative expression was calculated using the
BASE method (40). The gBASE method is a modification of the Ct method that considers
multiple reference genes (rpoD and gyrB) and gene-specific amplification efficiencies.
The average values were calculated from triplicate samples. Differences were determined
by analysis of variance followed by Tukey’s multiple comparison test (P < 0.05) using
GraphPad Prism (GraphPad software version 9.3.1, San Diego, CA, USA).

RNA sequencing was outsourced to Novegene (Novogene Corporation, Sacra-
mento,CA, USA), where the RNA-seq library preparation (lllumina, San Diego, CA, USA)
and HiSeq 2500 paired-end 150 bp sequencing were performed on three independent
biological replicates in the of each condition. Trimming of low-quality bases at the ends
of the reads to a minimum length of 100 bp and removing lllumina adaptor sequen-
ces was performed using Trimmomatic (46), yielding an average of 8.5 million paired
reads per sample. FastQC was used to assess the quality of the reads before and after
trimming. Burrows—Wheeler Alignment software was used to align the RNA-seq reads to
the genome of S. marcescens RM66262 (47). The alignments were visualized using the
Integrated Genome Viewer software (48). FeatureCounts (49) was used to calculate the
read counts per gene, and differential expression analysis was performed using DEseq2
(50). Features exhibiting FDR < 0.05 and log2fold change >1 were considered statistically
significant.

Genetic manipulations

Insertion mutation in uilS (RT90_RS06020) was constructed with the pKNOCK-Cm
suicide plasmid (51). An internal 500 bp region was amplified using primers uilS-
F.BamHI and uilS-R.Xhol (see Table S3 at http://ibr-conicet.gov.ar/wp-content/uploads/
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2024/09/mBio-Tuttobene-et-al-Supplemental-Material.pdf). The purified PCR product
was digested with the restriction enzymes indicated in the primer names and cloned
into the pKNOCK-Cm plasmid. The resulting plasmids were introduced into competent
E. coli SM10 Apir (52) cells by electroporation and then mobilized into S. marcescens
RM66262 by conjugation. Insertional mutants were selected from chloramphenicol-
resistant colonies, and chromosomal mutation was confirmed by PCR analysis using
primers uilS-Fw and uilS-Rv.

S. marcescens Aluxl and AluxR were constructed as follows. PCR was used
to generate 500 bp of DNA upstream of either fux/ (RT90_RS14900) or luxR
(RT90_RS14905) using primers luxI-A and luxI-B and luxR-A and luxR-B, respectively
(see Table S3 at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-
et-al-Supplemental-Material.zip), and ~500 bp of DNA downstream of Jux/ and luxR
using primers luxl-C and luxl-D and luxR-C and luxR-D, respectively (see Table
S4 at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-al-Sup-
plemental-Material.pdf). Through the splice by overlap extension (SOE)-PCR technique,
both fragments served as primers for each other to generate a 1,000 bp product.
The resulting DNA fragments were digested with the BamHI-Spel restriction enzymes
and ligated into the BamHI and Spel sites of pKNG101 (53). pKNG101:Alux/ and
pKNG101::AluxR recombinant plasmids, contents, respectively, in the donor strain E. coli
TOP10, were then mobilized into S. marcescens RM66262 by conjugation. Mutant strains
were selected with streptomycin, and then high sucrose [15% (wt/vol)] allowed the
isolation of mutants in which the deletion allele had replaced the wild-type copy. The
deletion of Jux/ and luxR was confirmed by PCR using primers luxIl-A and luxI-D, as well as
luxR-Fw and luxR-Rv.

For complementation of the S. marcescens uilS mutant strain, the uilS gene
was amplified by PCR from the S. marcescens wild-type strain chromosome
using primers C.uilS-Fw (BamHI site) and C.uilS-Rv (Hindlll site; see Table S3
at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-al-Supple-
mental-Material.pdf). The PCR product was cloned into the pSU36 plasmid (54) and
introduced into the competent E. coli TOP10 strain. The construction was mobilized into
S. marcescens RM66262 by electroporation.

For complementation of the S. marcescens luxR mutant strain, the /uxR gene
was amplified from the S. marcescens wild-type strain chromosome by PCR
using primers C.JluxR-Fw (Xhol site) and C.uxR-Rv (BamHI site; see Table S3
at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-al-Supple-
mental-Material.pdf). The PCR product was cloned into the pBB1-MCS1:lacl® plasmid
(55). Additionally, using primers C2.luxR-Fw (BamHI site) and C2.luxR-Rv (Hindlll site), the
PCR product was cloned into the pSU36 plasmid (54). The construction pBB1-lacl®:/uxR
was mobilized into S. marcescens RM66262 strains by conjugation, while the construction
pSU36::/uxR was mobilized by electroporation. Two different complementation plasmids
were used due to the incompatibility of the replication origins and resistance cassettes
they possess.

Transcriptional expression level analyses

To analyze the transcriptional levels of uilS, luxl, and [luxR, the promoter regions
of the genes were amplified by PCR using the primers PuilS-Fw and PuilS-Rv
or PuilS-Rv2, Pluxl-Fw and Pluxl-Rv, and PluxR-Fw and PluxRRv (see Table S3
at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-et-al-Supple-
mental-Material.pdf). The purified PCR products were digested with the Hindlll and Xbal
(or Sacl, when P.uilS-Rv2 was used) restriction enzymes and were ligated into the same
sites of pPROBE(NT) (or of pPROBE(KT) to obtain pPuilSi-gfp) (56). The resulting plasmids
were introduced into competent E. coli Top10 cells by transformation. The plasmids
PuilS-gfp, PuilSi-gfp, Pluxl-gfp, and PluxR-gfp were mobilized by conjugation into the S.
marcescens strains.
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uilS, luxl, and luxR gene expression assays

Cultures of S. marcescens strains carrying the pPuilS-gfp, pPuilSi-gfp, pPluxl-gfp, or
pPluxR-gfp reporter plasmids were grown with shaking overnight at 37°C. The bacterial
cultures were washed with 1x phosphate buffered saline (PBS). Next, 1/100 dilutions
were made in LB supplemented with kanamycin, and 100 pL volumes of the mixtures
were incubated in a 96-microwell plate at 37°C with agitation for 16 h. Optical density
at 600 nm (OD600) and GFP fluorescence [excitation wavelength (Aexcitation) of 485 nm
and emission wavelength (Aemission) at 528 nm] were determined using a 96-microwell
plate reader (Synergy 2). Transcriptional activity was calculated as the ratio of GFP
fluorescence and OD600 (FU/OD600). The means and SDs for three independent assays
performed in duplicate in each case were calculated.

Growth of S. marcescens on different supplemented LB broth

To test the ability of the S. marcescens wild type, uilS, and uilS pSU36::uilS to grow at 37°C
in agitation, 1/100 dilutions of overnight cultures grown in LB were inoculated in LB, LB
supplemented with 0.2 or 0.4 M urea, 1% LB 50% human urine, 0.1% LB 99.9% human
urine, and grown at 37°C and 200 rpm. For 18 h, OD600 nm was determined, determining
it every hour.

AHLs detection using biosensor strains

A. tumefaciens NT1 (pZLR4) was used to detect the presence of AHLs in filtered super-
natants of S. marcescens strains. The A. tumefaciens NT1 (pZLR4) AHL biosensor, which
contains a plasmid-localized traG-lacZ fusion (pZLR4) (57, 58), responds to AHLs of chain
lengths ranging from C6 to C12. Ten microliter of filtered supernatants was loaded
in a central well of LB 0.7% agar plates previously inoculated with 250 pL of the A.
tumefaciens culture and 30 pL of 20 mg/mL X-gal per 20 mL melted agar. The plates
were then incubated at 30°C for 24 h. C. violaceum VIR07 (59) was also used to detect
the presence of AHLs in S. marcescens strains. Violacein is inducible by compounds with
N-acyl side chains from C10 to C16 (59).

Determination of secreted Hcp protein levels by immunodetection

The determination of protein levels by immunodetection was performed as described
(60). Briefly, 10 mL of cultures was grown overnight with good aeration in LB at 37°C
and normalized by OD600. Cultures were centrifuged for 5 min at 5,000 g, and the
supernatant was separated. The supernatant was filtered with 0.2 um acetate-cellulose
filters, precipitated with 12% trichloroacetic acid for 2 h at 4°C, and centrifuged for
30 min at 30,000 g. The precipitated secreted proteins were resuspended in the protein
sample buffer. Twenty microgram of total protein was loaded onto 18% SDS-PAGE gels
and transferred to Hybond-ECL nitrocellulose membranes. The membranes were blocked
for 1 h with 5% non-fat milk and 0.1% Tris-Buffer Saline (TBS) and washed twice in TBS
for 10 min. Then, the blots were incubated with S. marcescens anti-Hcp rabbit polyclo-
nal antibodies, washed twice in TBS, and finally incubated with anti-rabbit secondary
antibody conjugated to the enzyme alkaline phosphatase (Sigma) at a 1/3,500 dilution
in TBS. This was followed by three washes of 10 min each with TBS. For development,
the membrane was incubated with 3 mL of the 100 mM Tris pH 9.0, 100 mM Nacl, and
25 mM MgCl; solution containing 0.15 mg/mL 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) and 0.3 mg/mL nitro blue tetrazolium (NBT) dissolved in 70% (vol/vol) N,N-dime-
thylformamide, until color development. The assay was repeated three times.

Expression and purification of CpxR-6His

Purification of CpxR-6His was done by recombinant expression of the tagged protein
followed by affinity purification protocols as described in Bruna et al. (21).
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Protein-DNA interaction analysis

To evaluate the interaction of CpxR with the promoter region of the uilS gene, EMSA
was performed as described by Bruna et al. (21). We used a probe containing 500 pb
upstream of ATG site of uils gene and 0.8 uM of purified CpxR-6xHis. The non-specific
DNA was assayed using a 441 bp PCR probe corresponding to the nucA gene from
S. marcescens. The primers used to amplify the Puils region and nucA are listed in
Table S4 (see at http://ibr-conicet.gov.ar/wp-content/uploads/2024/09/mBio-Tuttobene-
et-al-Supplemental-Material.pdf). After electrophoresis, the gels were stained with SYBR
green (Invitrogen). DNA and protein-DNA complexes were detected and captured using
a Typhoon FLA7000 laser scanner (GE Healthcare).

Fitness assay

Bacterial cells grown overnight were normalized to an optical density at 600 nm (OD600)
of 0.5 and mixed at a 1:1 ratio. Twenty-five microliter of this mixture was spotted onto
a prewarmed LB, LB 0.4 M urea, LB 10 uM C10-AHL, or LB 0.4 M urea 10 uM C10-AHL
agar plate and incubated at 37°C for 6 or 24 h, as indicated. Cells were recovered from
the spot and resuspended in T mL LB broth. Serial dilutions were plated out on antibiotic
selection medium. The recovery of viable cells is reported as the total number recovered
per coculture spot. The results for each experiment are the average values of an assay
performed in triplicate and independently repeated at least four times.

Antibacterial killing assay

Killing assays were performed as described previously (39), with modifications as follows.
Bacterial cells grown overnight were normalized to an optical density at 600 nm (OD600)
of 0.5 and mixed at a 5:1 or 10:1 (attacker/target) ratio as indicated in each figure
legend. Twenty-five microliter of this mixture was spotted onto a prewarmed agar plate
and incubated at 37°C for 6 h, as indicated. Cells were recovered from the spot and
resuspended in 1T mL LB broth. Serial dilutions were plated out on antibiotic selection
medium, using kanamycin for P. aeruginosa strain PAO1. Controls consisted of PAO1 strain
in LB. The recovery of viable cells is reported as the total number recovered per coculture
spot. The results for each experiment are the average values of an assay performed in
triplicate and independently repeated at least four times.

Murine model of S. marcescens CAUTI

Six- to 8-week-old female C57BL/6 mice were obtained from Charles River Laboratories.
Mice were transurethrally implanted with a small piece of silicone tubing (catheter
implant, 4 to 5 mm piece of RenaSil Silicone Rubber Tubing. SIL 025, 0.025 inches outer
diameter x 0.012 inches inner diameter) and inoculated as described (61, 62). Briefly,
mice were anesthetized by inhalation of 4% isoflurane, and a 4 to 5 mm piece of silicone
tubing (catheter) was placed in the bladder via transurethral insertion. S. marcescens
strains were prepared for inoculation as follows: static growth at 37°C 18 h followed by
centrifugation at 6,500 rpm for 5 min, washing twice in 1x PBS, and resuspension in
PBS to the final inoculum. When indicated, mice were infected immediately following
implant placement with ~1 x 10® CFUs bacteria in 50 L via transurethral inoculation.
At 24 h post-infection, mice were euthanized, and kidneys, bladders, and implants were
aseptically removed. Implants were placed in 1 mL PBS, and bacteria were detached
in an ultrasonic benchtop water bath. The bacterial load present in each tissue was
determined by homogenizing each organ in PBS and plating serial dilutions on LB agar
supplemented with antibiotics when appropriate. For competition studies, overnight
cultures of wild-type and mutant strains were mixed ~1:1 and enumerated by serial
dilution and agar plating in Kan 50 pg/mL or Cm 20 pg/mL plates to determine
input numbers. Bacterial enumeration from infected animals was similarly done to
determine output ratios to calculate the competitive index. The Cl was defined as the
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mutant-to-wild-type ratio (CFU mutant/CFU wild type) within the output sample, divided
by the corresponding ratio in the inoculum. Statistical significance was evaluated using
the One-sample Wilcoxon test using Graph Pad Prism. All CAUTI studies were performed
in accordance with the guidelines of the Washington University School of Medicine
Institutional Animal Care and Use Committee, and we have complied with all relevant
ethical regulations. Mice were housed with a cycle consisting of 12 h of light and dark
with access to standard food and water ad libitum.

Phylogenetic analysis

The 21 complete genome sequences of S. marcescens were retrieved from the NCBI
Genome website (https:// www.ncbi.nlm.nih.gov/genome) as of 11 October 2023. The
phylogenetic tree based on the whole-genome alignments was constructed using
REALPHY 1.13 (63). The classification of lux/ and gene arrangement around the class
| luxR homolog were performed according to the method published by Sakuraoka et
al. (64). The search of the amino acid identity percentage in relation to S. marcescens
RM66262 was carried through BlastP analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi?
PAGE=Proteins).
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