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ABSTRACT Bacteria can quickly adapt to constantly changing environments through
a number of mechanisms, including secretion of secondary metabolites, peptides, and
proteins. Serratia marcescens, an emerging pathogen with growing clinical importance due
to its intrinsic resistance to several classes of antibiotics, can cause an array of infections in
immunocompromised individuals. To better control the spread of S. marcescens infections, it
is critical to identify additional targets for bacterial growth inhibition. We found that
extracellular metabolites produced by the wild-type organism in response to peroxide
exposure had a protective effect on an otherwise-H,0,-sensitive AmacAB indicator strain.
Detailed analysis of the conditioned medium demonstrated that the protective effect was
associated with a low-molecular-weight heat-sensitive and proteinase K-sensitive metabo-
lite. Furthermore, liquid chromatography-tandem mass spectrometry analysis of the low-
molecular-weight proteins present in the conditioned medium led to identification of the
previously uncharacterized DUF1471-containing protein TBU67220 (SrfN). We found that
loss of the srfN gene did not have an impact on the production of extracellular enzymes.
However, the S. marcescens mutant lacking SrfN was significantly more sensitive to growth
in medium with a low pH and to exposure to oxidative stress. Both defects were fully res-
cued by complementation. Thus, our results indicate that SrfN, a low-molecular-weight
DUF1471-containing protein, is involved in S. marcescens SM6 adaptation to adverse environ-
mental conditions.

IMPORTANCE Serratia marcescens is ubiquitous in the environment and can survive
in water, soil, plants, insects, and animals, and it can also cause infections in humans. In
the face of disturbances such as oxidative or low-pH stress, bacteria adapt, survive, and
recover through several mechanisms, including changes in their secretome. We show that
a hydrogen peroxide-exposed S. marcescens milieu contains a small previously uncharac-
terized DUF1471-containing protein similar to the SrfN protein in Salmonella enterica serovar
Typhimurium, and we illustrate the role of this protein in bacterial survival during acid and
oxidative stresses.
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proteases. These enzymes play important roles in access to nutrients and destruction of
competitors (1-6).

A family of low-molecular-weight secreted proteins with a conserved domain of unknown
function, DUF1471, was discovered over 20 years ago (7). However, the small size of these pro-
teins, with less than 100 amino acids in their composition, makes their detection and the fol-
low-up analysis more challenging compared to that for larger proteins. Several studies have
focused on the identification of the role/s these proteins may play in the biological processes
of bacteria. Currently, the DUF1471 family includes several hundred known or predicted pro-
teins, all of which are found in bacteria from the order Enterobacterales. Many of these bacterial
species contain several genes encoding paralogs of the DUF1471 domain-containing proteins
in their genome. To better understand the function of DUF1471-containing proteins, three
representative Salmonella enterica serovar Typhimurium proteins (SrfN, YahO, and SssB) were
selected by the Northeast Structural Genomics Consortium for detailed structural characteriza-
tion. This analysis showed that the first 21 amino acid residues from the N terminus of each of
these proteins are cleaved during export to the periplasm via a Sec-dependent mechanism.
All analyzed proteins had a common fold and contained several beta-sheets and alpha-helices
(8). Proteins with the DUF1471 domain are often synthesized under stress conditions (oxida-
tive stress or stress or caused by a decrease of pH in the nutrient medium), as well as during
colonization of various surfaces (including the formation of biofilms) (9-15). The exact role(s)
the DUF1471-containing proteins play in bacterial survival under stress conditions is unclear,
but it was proposed to be related to a change in the characteristics of the cell surface (8).

Here, we show that the wild-type Serratia marcescens SM6 secretes a low-molecular-weight
heat-sensitive and proteinase K-sensitive metabolite(s) that is sufficient to rescue the H,O,-
mediated killing of the AmacAB indicator strain exposed to peroxide. We also show that a
small hypothetical protein, TBU67220, is present in medium preconditioned by growth of
wild-type S. marcescens. We propose to name this protein SrfN, based on its amino acid
homology, predicted structure similarity, and the evolutionary conservation to the previously
characterized DUF1471-containing SrfN protein in Salmonella Typhimurium. We show that
S. marcescens SrfN does not have an impact on the production of extracellular enzymes.
Nevertheless, we show that the mutant strain lacking srfN is more sensitive to exposure to
the low-pH conditions and to peroxide-containing medium required for S. marcescens fitness
during acid and oxidative stresses. Both defects were fully restored by complementation.
We conclude that the DUF1471-containing protein SrfN, identified in the medium precondi-
tioned by growth of the peroxide-exposed wild-type strain, is required for S. marcescens fitness
during acid and oxidative stresses.

RESULTS

Serratia marcescens secretes metabolites needed for bacterial growth in the presence
of hydrogen peroxide. Bacteria use a number of strategies to survive adverse environ-
mental conditions. Recent studies in Salmonella have shown that bacterial survival during
oxidative stress requires not only the presence of anti-H,0, enzymes (catalases and peroxi-
dases) (16) but also secretion of low-molecular-weight metabolites (17, 18). To determine
whether secreted metabolites are also needed for growth of Serratia marcescens, another
bacterium from the order Enterobacterales, we first evaluated the growth of wild type and
the peroxide-sensitive AmacAB mutant strain in minimal medium M9 containing various
amounts of hydrogen peroxide. The mutant lacking the MacAB efflux pump cannot sur-
vive peroxide exposure in rich LB broth (19). Similar to these previous experiments per-
formed with LB broth (19), wild-type S. marcescens remained viable after 3 h of growth in
minimal medium containing 6 mM H,O, (Fig. 1A). In stark contrast, approximately 80% of
bacteria in the AmacAB mutant culture were killed within 1 h of growth in the medium
containing 3 mM peroxide. Furthermore, the viability of this mutant strain was completely
lost after 3 h of growth in the presence of 6 mM H,0, (Fig. 1B).

Next, we obtained a cell-free minimal medium preconditioned by 4-h cultivation of wild
type bacteria in the presence of peroxide supplemented with fresh 6 mM H,0O,, and we
used this resulting broth to test growth of the AmacAB mutant. We found that the puta-
tive metabolites present in the preconditioned medium were able to support growth of
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FIG 1 Metabolites present in the minimal medium preconditioned by S. marcescens wild type supported growth of the
peroxide-sensitive AmacAB mutant strain in the presence of H,0,. (A and B) Overnight cultures of the wild type (A) and
the peroxide-sensitive AmacAB mutant strain (B) were grown in LB broth, washed, and used for inoculation of glycerol-
containing minimal M9 broth containing 0, 3, 4, 5, or 6 mM H,0,. Aliquots were collected hourly, serially diluted, and
plated. (C) An overnight culture of the AmacAB mutant strain was grown in LB broth, washed, and used for inoculation
of M9 broth containing 0 mM (white circles) or 6 mM (black circles) hydrogen peroxide. In addition, the preconditioned
M9 medium was prepared by the growth of wild-type S. marcescens in the presence of 6 mM H,0O, for 4 h, followed by
centrifugal supernatant separation with subsequent filtration using a 0.2-um filter. The collected preconditioned medium
was supplemented with 6 mM H,O, and used for growth of the AmacAB mutant strain (red circles). (D) The
preconditioned medium from panel C was either boiled for 10 min (circle with a dot) or treated with proteinase
K (red circle with an X). After each treatment, medium was supplemented with 6 mM H,0, and used for growth
of the AmacAB mutant strain. Aliquots were collected hourly, serially diluted, and plated. Data represent the survival
means from three independent experiments and standard errors. *, P < 0.05 (unpaired t test).

the AmacAB indicator strain (Fig. 1C). Interestingly, both heat and proteinase K treatments
completely abolished the ability of preconditioned medium to rescue growth of the AmacAB
mutant strain (Fig. 1D). Thus, we concluded that wild-type S. marcescens secretes a heat- and
proteinase K-sensitive metabolite(s) that helps bacteria survive the oxidative stress.

The metabolite(s) supporting growth of the indicator AmacAB strain during
oxidative stress has a low molecular weight. Because the conditioned medium sup-
ported growth of an otherwise-peroxide-sensitive AmacAB indicator strain, we next investi-
gated whether this protection was associated with the presence of molecules of a particular
size. Using centrifugal filters with different molecular weight cutoffs, we separated conditioned
medium into four fractions based on the molecular sizes of metabolites: fraction 1 (metabolites
with a molecular weight of <3 kDa); fraction 2 (metabolites with a molecular weight between
3 and 10 kDa); fraction 3 (metabolites with a molecular weight between 10 and 30 kDa); frac-
tion 4 (metabolites with a molecular weight of >30 kDa). Each fraction was tested for its ability
to rescue peroxide sensitivity of the AmacAB indicator strain. We found that fractions contain-
ing metabolites with molecular sizes less than 3 kDa (fraction 1) and between 3 and 10 kDa
(fraction 2) resulted in a complete and a partial restoration, respectively, of the AmacAB
mutant growth in the presence of peroxide (Fig. 2). These results indicated that the
metabolite(s) needed for the growth of the peroxide-sensitive S. marcescens strain has a
relatively low molecular weight (<10 kDa).

DUF1471-containing protein is present in the low-molecular-weight fraction of the
precondition medium. Since secreted S. marcescens metabolites with peroxide-protective
properties are sensitive to heat and proteinase K treatment, we looked for the presence
of extracellular proteins in the preconditioned medium fraction with a molecular weight

November/December 2022 Volume 7 Issue 6 10.1128/msphere.00212-22 3


https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00212-22

SrfN Is Involved in Adaptation to Acid and Oxidative Stresses

1000
-8~ Less than 3 kDa
100 - 3-10kDa
= B - 10-30 kDa
s ! : - Over 30 kDa
S o0
=]
o 0.01
0.001
0.0001

Time (Hrs)

FIG 2 Growth of the indicator AmacAB strain in peroxide-containing medium was supported by low-
molecular-weight (<10-kDa) metabolites. Preconditioned M9 medium, prepared as described for Fig. 1,
was separated into four fractions by using Amicon Ultra centrifugal filter units with a 3-, 10-, or 30-kDa
molecular weight cutoff. Each fraction was supplemented with 6 mM H,0, and used for growth of the
AmacAB mutant strain. Aliquots were collected hourly, serially diluted, and plated. Data represent the
survival means from three independent experiments and the standard errors.

of <10 kDa by using electrospray ionization-quadrupole time-of-flight mass spectrome-
try (ESFQUAD-TOF/MS). Only two proteins were unambiguously identified in our sample,
OsmY and a previously uncharacterized hypothetical protein (Table 1). Analysis of the amino
acid sequence of the latter protein indicated that it corresponded to the Serratia marcescens
SM6 TBU67220 protein. Evaluation of conserved domains within the TBU67220 amino acid
sequence showed that this protein belongs to the family of DUF1471-containing proteins
(Fig. 3A). Analysis of its amino acid sequence using the SignalP 5.0 prediction server (20) also
suggested the presence of a signal peptide cleavage site between amino acid residues 22
and 23. Therefore, the mature TBU67220 protein is expected to consist of 72 amino acids.
We prepared additional fractions of spent medium preconditioned by 4-h cultivation of
wild-type bacteria in the presence or absence of peroxide (with molecular sizes of <3 kDa
and >3 kDa) and analyzed them by multiple reaction monitoring (VIRM) using a hybrid tri-
ple-quadrupole-linear ion trap (Q-TRAP) mass spectrometer. We found that TBU67220 was
also present in the peroxide-exposed preconditioned medium fraction with a molecular
weight of <3 kDa, likely due to partial leaking during centrifugal filtration, as shown for
other proteins (21). Importantly, TBU67220 was not detected in the medium preconditioned
by cultivation of wild-type S. marcescens in the absence of peroxide. Protein modeling using
the Phyre2 server (22) showed that the TBU67220 protein fold closely resembles the three-
dimensional model of the two previously structurally characterized DUF1471-containing pro-
teins from Salmonella Typhimurium, SrfN and YahO (8) (Fig. 3B). The TBU67220 protein
shared 47% identity and 68% similarity to S. Typhimurium SrfN and 42% identity and 62%
similarity to the amino acid sequence of S. Typhimurium YahO proteins. Further evaluation
of evolutionary relationship between all DUF1471-containing proteins present in Serratia
marcescens SM6 (23), Salmonella Typhimurium LT2 (24), Escherichia coli K-12 (25, 26), and
Yersinia pestis KIM (27) using MEGA11 (28) showed that TBU67220 appears to be more
closely related to S. Typhimurium SrfN than to YahO (Fig. 3C). Therefore, we propose to
name the previously uncharacterized low-molecular-weight DUF1471-containing S. mar-
cescens SM6 protein TBU67220 SrfN, and we will use this name hereafter.

The loss of srfN does not have an impact on the activity of extracellular enzymes.
The available limited experimental data on DUF1471-containing proteins suggest that they

TABLE 1 Proteins identified in the low-molecular-weight fraction of the preconditioned medium using ESI-QUAD-TOF/MS

mSphere

MASCOT  Swiss-Prot SMé6 Protein Mature protein

Protein name score accessionno. M, (Da) proteinID  SM6 protein name size (aa) size (aa)
Hypothetical protein 996 BAC53662 10,111 TBU67220  DUF1471 domain-containing protein 94 72
Hypothetical protein 156 AOATL6QL48 10,096
Hypothetical protein 142 EZQ60896 10,110
Putative periplasmicor 186 AGB80957 21,826  TBU67655  Molecular chaperone OsmY 204 178

secreted lipoprotein
Periplasmic protein 128 AGE16453 21,147
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FIG 3 Low-molecular-weight secreted protein TBU67220 (SrfN) belongs to the DUF1471 superfamily. (A) SrfN
domain architecture. Amino acid positions of the signal peptide and the DUF1471 domain are indicated. (B) SrfN
structure prediction using the Phyre2 server, shown in comparison to the structures of Salmonella Typhimurium
SrfN and YahO DUF1471-containing proteins. Protein structures are visualized using EzMol 2.1 (52). (C) The evolutionary
history analysis of TBU67220 (SrfN) in comparison with other DUF1471-containing proteins from S. marcescens SM6
(Sma), Salmonella Typhimurium LT2 (STM), Escherichia coli K-12 (Ec), and Yersinia pestis KIM (Yp) was conducted in
MEGA11 (28). The evolutionary distances were computed using the minimum evolution method (53) with the Poisson
correction method and are shown in units of number of amino acid substitutions per site.

may play a role in stress response and in surface colonization. S. marcescens is known to pro-
duce an array of extracellular enzymes (1, 29) attributed to the adaptation to new environments
(2, 30). To test the involvement of the DUF1471-containing protein SrfN in the assortment of
extracellular enzymes produced by this bacterium, we created a AsrfN mutant lacking the cod-
ing region of the gene and tested this strain for the production of an extracellular nuclease and
proteases in a plate assay in comparison to the isogenic wild-type S. marcescens (Fig. 4). We
found that both strains, the AsrfN mutant and the isogenic wild-type strain, were able to grow
indistinguishably on plates containing DNA as the sole source of carbon and produced halos of
comparable sizes. These data indicated that the growing colonies produced and secreted the
active nuclease enzyme (Fig. 4A). Similarly, both strains secreted protease enzymes that were
able to hydrolyze casein present in the skim milk agar plates, leading to the formation of a clear
zone of a comparable size around mutant and wild type colonies (Fig. 4B). Thus, production of
two classes of extracellular enzymes was not affected by elimination of the DUF1471-containing
protein SrfN.

SrfN is involved in S. marcescens adaptation to growth in low-pH medium. Since
expression of some DUF1471-containing proteins is activated in response to a low-pH

A

FIG 4 The loss of srfN does not impact activity of extracellular enzymes. (A) Nuclease activity of the wild type
and the AsrfN mutant strains was tested on DNA-containing plates. Secretion of nuclease was detected by the
formation of a halo around growing colonies. (B) Proteolytic activity of the wild type and the AsrfN mutant strains was
tested on skim milk-containing agar plates. The clear zone around growing colonies corresponds to casein hydrolysis by
secreted proteases. In both experiments, the overnight cultures of tested strains were normalized by the ODg,, and used
for spotting on the agar medium. Pictures were taken after incubation at 37°C for 24 h (A) or 48 h (B).
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FIG 5 S. marcescens SrfN is involved in adaptation to growth in low-pH medium. Overnight LB-grown
cultures of the wild type, the AsrfN mutant, and the AsrfN psrfN mutant strains were washed and subcultured
at a 1:100 ratio in the MgM broth at pH 7.0 (A) or pH 5.0 (B). Aliquots were collected at the indicated time
intervals, serially diluted, and plated. Data represent the number of generations from four independent
experiments and the standard errors. *, P < 0.05 (unpaired t tests).

environment (31), we asked whether the mutant cells lacking srfN would be less fit in
the low-pH medium compared to the wild type. In order to test our hypothesis, we grew
the wild type, the AsrfN mutant, and the complemented AsrfN strain bearing a wild-type
copy of the srfN gene on a plasmid, in a glycerol-containing MgM medium at neutral pH
(pH 7) or low pH (pH 5). We found that all three strains were able to grow indistinguishably
in the MgM medium at pH 7 (Fig. 5A). Furthermore, the wild-type Serratia strain was also
able to multiply in the MgM medium at pH 5, albeit at a lower rate than in the same me-
dium at neutral pH (Fig. 5B). In sharp contrast, while the AsrfN mutant was able to grow at pH
5 initially (after 6 h of incubation), the number of viable bacteria significantly declined after
overnight growth. This growth defect was fully restored by complementation of the AsrfN mu-
tant with a plasmid-borne srfN gene (Fig. 5B). We conclude that SrfN, a DUF1471-containing
protein, is involved in S. marcescens adaptation to the acid stress.

SrfN plays a role in S. marcescens protection from oxidative stress. Given that
SrfN protein was identified in the minimal medium preconditioned by the growth of S.
marcescens SM6 exposed to peroxide, we evaluated growth of the wild type and the
AsrfN mutant in the medium containing H,O,. To ensure that the presence of the SrfN in
the culture supernatant is not medium-dependent, we used rich LB broth supplemented
with 10 mM hydrogen peroxide. As expected (19), the wild-type S. marcescens strain can
tolerate this concentration of peroxide without changes in viability (Fig. 6A). The AsrfN mutant,

A. Single cultures B. Mixed cultures
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FIG 6 Wild-type-secreted SrfN restores growth of the AsrfN mutant in mixed S. marcescens cultures.
(A) Overnight cultures of the wild type and the AsrfN mutant strains were subcultured in LB broth
supplemented with 10 mM H,0,. (B) Individually grown overnight cultures of the wild type and the AsrfN
mutant strains were mixed in an equal ratio, and the resulting mixture was subcultured in peroxide-
containing LB broth. In both experiments, aliquots were collected hourly, serially diluted, and plated. Data
represent the survival means from three independent experiments and the standard errors. *, P < 0.05
(unpaired t test).
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FIG 7 SrfN is involved in S. marcescens survival in the presence of peroxide. Overnight cultures of the wild
type (black circles), the AsrfN mutant (white circles), and the AsrfN psrfN mutant (gray circles) strains were
subcultured at a 1:100 ratio in LB broth containing no peroxide (A) or 10 mM H,O, (B). Aliquots were
collected hourly, serially diluted, and plated. Data represent the survival means from three independent
experiments and the standard errors. *, P < 0.05 (unpaired t test).

however, was significantly more sensitive to H,O, than the wild type. In contrast to the single
cultures grown in peroxide, the presence of wild-type S. marcescens in the mixed culture
experiment supported survival of the AsrfN mutant in 10 mM H,0, (Fig. 6B).

Next, to directly assess the role of the DUF1471-containing SrfN protein in the ability
of S. marcescens to withstand oxidative stress, we compared growth of the wild type, the
AsrfN mutant, and the AsrfN strain bearing a plasmid-borne copy of the srfN gene in LB
broth with or without 10 mM H,0.. All tested strains grew similarly in the absence of peroxide
(Fig. 7A). However, exposure to H,0, caused the AsrfN mutant bearing an empty vector to
lose approximately 80% of its original population. Viability of the AsrfN mutant was fully
restored by providing the intact copy of the srfN gene in trans (Fig. 7B).

Finally, we used chemically synthesized SrfN lacking signal peptide to address the
question of whether peroxide protection is concentration dependent. We tested growth of
the wild type and the AsrfN mutant in the medium containing H,O, and increasing concen-
trations of the mature SrfN protein. We noticed that the addition of 0.1 wg/mL SrfN to the
growth medium provided an additional protection from oxidative stress to the peroxide-re-
sistant wild-type strain (Fig. 8A). Interestingly, exogenous SrfN also protected the AsrfN mutant
from H,0O, damage in a dose-dependent manner. The addition of 0.001 or 0.01 g/mL SrfN to
the medium significantly improved AsrfN mutant survival at 2 h of growth in the presence
of peroxide. Moreover, addition of 0.1 ug/mL SrfN fully protected the AsrfN mutant strain
from the H,0, toxicity. Interestingly, a further increase of exogenous SrfN to 1 ng/mL did not

A WT B. AsrfN
1000-§ 1ooo—§ - 10MMH,0,
5 + -0 10mM H,0, 0.001ug/ml SriN
i; 3 i . x -0~ 10mM H,0, 0.01ug/ml SriN
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FIG 8 Exogenous SrfN protein is sufficient for S. marcescens AsrfN survival in the presence of peroxide. Overnight
cultures of the wild type (A) and the AsrfN mutant strain (B) were subcultured at a 1:100 ratio in LB broth containing
10 mM H,0, and 0 ug/mL (black circles), 0.001T wg/mL (white circles), 0.01 wg/mL (light gray circles), 0.1 wg/mL (red
circles), or 1 wg/mL (gray circles) SrfN protein. Aliquots were collected hourly, serially diluted, and plated. Data represent
the survival means from five independent experiments and the standard errors. *, P < 0.05 (unpaired t test).
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confer any significant benefits for AsrfN mutant strain survival in peroxide-containing medium

(Fig. 8B), suggesting that the amount of available SrfN protein is important for its function.
Taken together, these data support the conclusion that the low-molecular-weight

DUF1471-containing protein SrfN is involved in S. marcescens adaptation to oxidative stress.

DISCUSSION

Bacteria employ several mechanisms to avoid and overcome oxidative stress. These mech-
anisms include a direct degradation of reactive oxygen species (ROS) by enzymes, including
superoxide dismutases (SODs), catalases, and peroxidases. SODs convert superoxide anion
into hydrogen peroxide. In turn, H,0, is further degraded by catalases and peroxidases (16).
In addition to the enzymatic ROS scavengers, catecholate siderophores and their derivatives
have been reported to protect bacteria from oxidative stress (17, 32-34). The anti-H,0, pro-
tection of Salmonella Typhimurium was recently proposed to be dependent on the secretion
of a thermostable metabolite later identified as a linearized siderophore, enterobactin
(17, 18). Here, we found that the supernatant of peroxide-exposed wild-type S. marcescens
SM6 also harbored a metabolite(s) needed for growth of the extremely H,0,-sensitive
mutant lacking a MacAB pump. Interestingly, the additional analysis of thermostability
indicated that the antiperoxide protective effect of this S. marcescens-conditioned me-
dium disappeared after boiling. This unexpected result highlighted the potential differ-
ences in anti-H,0, protection mechanisms between distantly related bacterial species.
Furthermore, the anti-H,O, protective effect was also sensitive to proteinase K treat-
ment, suggesting that the unknown metabolite(s) is likely a protein.

Liquid chromatography-tandem mass spectroscopy (LC-MS/MS) analysis of the low-
molecular-weight (<10 kDa) fraction of the conditioned medium resulted in identifica-
tion of only two polypeptides, OsmY and DUF1471-containing protein TBU67220.
OsmY was originally identified in E. coli as a periplasmic protein induced in response to
osmotic stress (35). It contains two BON domains (bacterial OsmY nodulation domains)
and functions as a molecular chaperone involved in the biogenesis of autotransporters
(36). Detection of OsmY in the S. marcescens extracellular milieu is not surprising, as
the presence of this protein in the E. coli supernatant was reported previously (37). The
second protein identified in our analysis, TBU67220, harbors a DUF1471 domain. The
DUF1471 family consists of hundreds of proteins found only in bacteria from the order
Enterobacterales; all of them are characterized by a small size (around 100 amino acids)
and the presence of a signal peptide. Interestingly, a typical bacterium harbors multi-
ple paralogs of DUF1471-containing proteins. For example, the genome of Salmonella
Typhimurium contains 11 such genes, while the S. marcescens genome contains 14
genes coding for DUF1471-containing proteins (8, 23). However, our understanding of
the role of the DUF1471-containing proteins in bacterial processes is very limited. To
date, most studies have been related to a handful of S. Typhimurium proteins, namely,
SrfN, YahO, and SssB (8). Those previous studies proposed that the function of these
proteins could be related to the resilience of bacteria to environmental stress, to colo-
nization of surfaces, or to their role in virulence. The Salmonella virulence program is
controlled by a number of master regulators, including SPI-2 (Salmonella pathogenicity
island 2) regulator SsrB (38). S. Typhimurium srfN was originally identified in a search
for SsrB-dependent genes needed for bacterial fitness during systemic infection in
mice (39) and was later shown to be translocated to the cytosol of infected macro-
phages by an unknown, type Ill secretion system-independent mechanism (40). More
recently, srfN expression was also shown to be increased in a lettuce extract-containing
medium (41). The role of DUF1471-containing proteins in the physiology of S. marces-
cens is currently unknown.

We have created a mutant strain lacking the production of TBU67220 (SrfN) and
used it to identify phenotypes associated with the loss of this protein in S. marcescens.
Serratia is known for a production of an array of extracellular enzymes with hydrolytic
activities, including nuclease and proteases (2, 4, 5). The exact biological role of these
enzymes is not completely understood, but it was hypothesized to be important for
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TABLE 2 Strain list

Strain Description Reference
LMB1 S. marcescens SM6 wild type 23
LMB71 S. marcescens SM6 AmacAB:CmR 19
LMB457 S. marcescens SM6 AsrfN:Kan This study
LMB430 S. marcescens SM6 pBAD30, Amp* 19
LMB458 S. marcescens SM6 AsrfN::Kan pBAD30, Amp* This study
LMB459 S. marcescens SM6 AsrfN::Kan pBAD30-srfN, AmpF This study

adaptation to a new niche (2, 30). Since the DUF1471-containing proteins can also be
involved in colonization of new environments, we compared the production of nucle-
ase and proteases by the AsrfN mutant and by the wild-type S. marcescens strain using
plate assays. However, we could not detect any changes in the activities of extracellular
enzymes between the two strains.

Expression of the S. Typhimurium yahO gene encoding a DUF1471-containing protein
was previously found to be upregulated in poor medium with low pH (31). The bacterial
acid stress response is focused on the prevention of a drop in intracellular pH. This could be
achieved via three major mechanisms: through enzymatic reactions that consume protons,
such as decarboxylation of amino acids; through production of pH-neutralizing compounds
(production of ammonia from urea); and finally, through proton removal by F,F-ATPase. In
addition to these main mechanisms, bacteria can protect themselves from acid stress
through modification of the lipid composition of the cytoplasmic membrane or through
protein refolding (42). The exact role of DUF1471-containing proteins in bacterial adapta-
tion to low pH is yet to be defined, but our data indicate that the S. marcescens AsrfN
mutant was less fit in the minimal MgM medium at pH 5, and this growth defect was res-
cued by complementation.

Finally, the SrfN DUF1471-containing protein identified in our study was present in the
extracellular milieu of S. marcescens exposed to peroxide. Several other DUF1471-containing
proteins have also been reported to be associated with bacterial resistance to oxidative stress
(9, 11-13). Our experiments confirmed that the mutant lacking SrfN was more sensitive to per-
oxide than the wild-type strain, and this phenotype was reverted by coculture with wild-type
S. marcescens, by complementation in trans, and by addition of the chemically synthesized
protein to the growth medium.

In conclusion, our study identified a new, previously uncharacterized DUF1471-containing
protein in Serratia marcescens that is needed for adaptation of this bacterium to acid and
oxidation stress.

MATERIALS AND METHODS

Bacterial strains, media, and growth. All S. marcescens strains used in this study are listed in Table 2.
Strains were grown in LB broth (10 g tryptone, 5 g yeast extract, 5 g NaCl per liter) or a minimal M9 medium
(6.77 g Na,HPO,, 3 g KH,PO,, 1 g NH,Cl, 0.5 g NaCl, 2% glycerol per liter; pH 7.0). When needed, antibiotics
were used at the following concentrations: 50 mg/liter kanamycin, 100 mg/liter carbenicillin. Bacteria were grown
at 30°C with shaking (250 rpm) unless stated otherwise.

Sensitivity of S. marcescens strains to hydrogen peroxide. Overnight cultures of the wild type or
the AmacAB mutant strain (19) were grown in LB, washed twice with phosphate buffer (pH 7.0), and sub-
cultured at a 1:100 ratio in M9 glycerol-containing medium with 0, 3, 4, 5, or 6 mM H,0, (AppliChem). For com-
plementation studies, cultures of the wild type carrying an empty pBAD30 plasmid, the AsrfN pBAD30 strain, and
the AsrfN psrfN mutant strains were grown overnight in LB and subcultured at a 1:100 ratio in fresh LB broth con-
taining either no peroxide or 10 mM H.,0, (AppliChem). The resulting cultures were incubated at 37°C with shak-
ing. Aliquots were collected hourly, serially diluted, and plated for CFU enumeration. Results are expressed as the
percent survival [CFU(t,)/CFU(t,)] x 100 over time; CFU(t,) is the CFU recovered at specific time point n, and CFU
(t,) is the starting CFU inoculum at time zero. Experiments were done on at least three separate occasions.

Preparation of Serratia marcescens SM6-conditioned medium. Overnight culture of the wild-type
strain was grown in LB, washed twice with phosphate buffer (pH 7.0), subcultured in M9 glycerol-containing
medium at a 1:100 ratio containing 6 mM H,O, (AppliChem), and incubated at 37°C for 4 h with shaking.
Conditioned medium was separated from cells by 20 min of centrifugation at 10,000 rpm, 4°C (Hermle) fol-
lowed by filtration through 0.2-um-pore-size filters (Corning) to remove any remaining bacteria. The resulting
metabolite-containing medium was supplemented with 6 mM H,0O, and used for growth of a peroxide-sensi-
tive AmacAB indicator strain prepared as described above. Additional tubes containing M9 medium with no
peroxide or with 6 mM H,0, were inoculated with the AmacAB mutant strain as positive and negative controls
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for bacterial growth, respectively. Bacterial cultures were incubated at 37°C with shaking. Aliquots were col-
lected hourly, serially diluted, and plated for CFU enumeration. Results are expressed as the percent survival
[CFU(t,)/CFU(t,)] x 100 over time. Experiments were done on at least three separate occasions.

Heat and proteinase K treatment. S. marcescens SM6-conditioned medium was prepared as described
above. The resulting preconditioned medium was divided into three tubes. One tube’s contents were boiled
for 10 min and cooled on ice. The content of the other tube was incubated with 50 wg/mL proteinase K
(ThermoFisher) for 3 h at 55°C. The remaining tube was left untreated. After treatment, 6 mM peroxide was
added to each tube and used to determine growth of the AmacAB mutant strain. Bacterial cultures were incu-
bated at 37°C with shaking. Aliquots were collected hourly, serially diluted, and plated for CFU enumeration.
Results are expressed as the percent survival [CFU(t,)/CFU (t,)] x 100 over time. Experiments were done on at
least three separate occasions.

Fractionation of S. marcescens SM6-conditioned medium. Overnight culture of the wild-type
strain was grown in LB, washed twice with a phosphate buffer (pH 7.0), and subcultured in 1 liter of M9 medium
containing 6 mM H,0, at a 1:100 ratio. After 4 h of incubation at 37°C with shaking, preconditioned medium was
prepared as described above. Filtered metabolite-containing medium was further stepwise separated using
Amicon Ultra centrifugal filters with molecular weight cutoffs of 3, 10, and 30 kDa. The resulting fractions contain-
ing metabolites with a molecular weight of <3 kDa (fraction 1), 3 to 10 kDa (fraction 2), 10 to 30 kDa (fraction 3),
and >30 kDa (fraction 4) were supplemented with 6 mM H,0, and used for growth of a peroxide-sensitive
AmacAB indicator strain prepared as described above. Bacterial cultures were incubated at 37°C with shaking.
Aliquots were collected hourly, serially diluted, and plated for CFU enumeration. Results are expressed as the per-
cent survival [CFU(t )/CFU (t,)] x 100 over time. Experiments were done on at least three separate occasions.

Identification of low-molecular-weight proteins in S. marcescens SM6-conditioned medium.
Metabolite-containing medium was prepared as described above. Low-molecular-weight proteins (<10 kDa)
were collected using an Amicon Ultra centrifugal filter with a molecular weight cutoff of 10 kDa. The protein con-
centrations were measured by the Lowry method with bicinchoninic acid (43). One hundred micrograms of pro-
tein was used for separation on the polyacrylamide gel and stained with Coomassie blue G-250. The protein-con-
taining band was excised from the gel and separated into 1- by 1-mm sections. The dye was removed from the
samples by washing them twice with 100 mM ammonium bicarbonate-50% acetonitrile solution (vol/vol) at
50°C for at least 30 min until the color disappeared. Gel fragments were dehydrated by a 20-min incubation in
100% acetonitrile followed by overnight trypsin treatment (1 mg enzyme/50 mg protein) at 37°C. The reaction
was stopped with 0.1% trichloroacetic acid (TCA), and the peptides were recovered from the gel by sonication in
an ultrasonic bath (530 Elmasonic, Elma). Peptide solution was transferred to a clean tube and extracted from the
gel with 70% acetonitrile in water. Peptide-containing supernatant was collected and dried on a centrifugal evap-
orator (Eppendorf) at 45°C. Samples were reconstituted in 100 uL of solvent A (5% acetonitrile-0.1% formic acid
[FA] in water) and used for the LC-MS/MS. The resulting peptides were separated on an AcclaimPepMap C,q col-
umn (2-um pore size; 100 A; 75 um by 15 cm [Thermo Scientific]) and analyzed on a Dionex Ultimate 3000
system (Thermo Scientific) coupled with a maXis impact mass spectrometer (Bruker) as described previously
(44), with modifications. The mobile phase consisted of 5% acetonitrile-0.1% FA in water (solvent A) and
94.9% acetonitrile-0.1% FA in water (solvent B). Chromatographic separation was performed in the following
steps: 0 to 5 min, 2% solvent B; 5 to 60 min, 2 to 45% gradient solvent B; 60 to 61 min, 90% solvent B; 71 to
75 min, 90 to 2% gradient solvent B; 75 to 80 min, 2% solvent B, with a flow rate of 300 nL/min at 40°C. A spec-
trum of positively charged ions was collected using a 3-liter/min gas flow rate, 1,600 V at 150°C with a 50 to
2,200 m/z detection range, 10-Hz sampling frequency, and automatic ion fragmentation in MS/MS mode.

Obtained mass spectra were processed using DataAnalysis 4.1. Proteins were identified using Mascot 2.4.0
against the Serratia marcescens NCBI database, based on the detection of at least two unique peptides with a
score >35.

TBU67220 (SrfN) detection in S. marcescens SM6-conditioned medium. Metabolite-containing
media samples used for growth of the wild-type strain in the presence or in absence of 6 mM H,0O, were pre-
pared as described above. Low-molecular-weight proteins (<3 kDa) were separated from larger proteins by
using an Amicon Ultra centrifugal filter with a molecular weight cutoff of 3 kDa. The protein concentration in
each sample was determined as described above. Proteins were digested with ProteaseMAX surfactant
(Promega) according to the manufacturer’s recommendations. The resulting peptides were separated on the
Titan C,g column (1.9 um by 10 cm by 2.1 mm; Supelco) and analyzed on an Infinity 1290 system (Agilent)
coupled with a Q-TRAP 6500 mass spectrometer (AB Sciex). The mobile phase consisted of 5% acetonitrile-
0.1% FA in water (solvent A) and 94.9% acetonitrile-0.1% FA in water (solvent B). Chromatographic separation
was performed in the following steps: 0 to 17 min, 3 to 40% gradient solvent B; 17 to 18 min, 40 to 95% gradi-
ent solvent B; 18 to 21.5 min, 95% solvent B; 21.5 to 23 min, 95 to 3% gradient solvent B; 23 to 25 min, 3% sol-
vent B, with a flow rate of 0.4 mL/min at 40°C.

The Turbo V lonDrive ion spray source was set at 5,200 V, and 500°C was used for electrospray ionization.
The instrument was operated in positive ion mode with a curtain gas set at 35 Ib/in? nebulizer gas set at 60 Ib/in?
and auxiliary gas of the mass spectrometer set at 60 Ib/in The collision energy (CE) and declustering potential
(DP) for TBU67220 (SrfN)-specific peptides were determined using Skyline 21.2 software. TBU67220-specific pep-
tides GGQYYVILAGR and FSAIAEVYK were monitored by MRM with mass transitions from m/z 598.824 to m/z
668.303/791.477/628.414 at CE of 304 V and DP of 74.8V, and m/z 514.276 to m/z 619.308/718.377/881.440 at
CE of 27.4 V and DP of 68.6. Collected chromatograms were analyzed using MultiQuant 3.0.2 software.

Generation of S. marcescens AsrfN deletion mutant. The AsrfN mutant was generated by lambda
red recombinase-mediated homologous recombination (45-47) using primers srfN-KO-Fwd (GGTTAGTGTCATG
AAATCATTGAAGATGATTATTGCAGCGGCAGTGCTGGGGCTGGAGCTGCTT), srN-KO-Rev (CGTTCAAGGCTTATTGTTT
GTCTTTGTAAACTTCGGCGATGGCGCTGAATGAATATCCTCCTTAG), and a template plasmid, pCLF4 (45). The resulting
mutant clones were confirmed by PCR.
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Plasmid construction. A complementing plasmid carrying the srfN gene was generated as follows.
A DNA fragment containing the full-length open reading frame with 500 bp upstream of srfN was amplified
by PCR using genomic DNA of S. marcescens SM6 and primers Xbal-srfN-Fwd (5'-ACTCTAGAAGATCCT
GCGCACCGCCG-3') and Hindlll-srfN-Rev (5'-ATAAGCTTTTAGTGGTGATGGTGATGATGTTGTTTGTCTTTGTAAA
CTTC-3'), respectively. PCR product was digested with Xbal and Hindlll and used for ligation into vector
PBAD30 (48) previously treated with the same enzymes. Clones with the correct insertion were confirmed
by restriction digestion and sequencing.
Plate assay for extracellular enzyme activities. To test the ability of the AsrfN mutant strain to
secrete an active nuclease, overnight cultures of the wild type and the AsrfN mutant strain were grown in
LB broth, normalized to the optical density at 600 nm (ODy,,), and washed once with 0.9% NaCl solution.
Five microliters of each strain was spotted on agar plates containing 300 mg bovine spleen DNA (Reachim,
Russia), 1% agar, 0.1% 0.01 M CaCl,, 1% NaCl, and 0.3% 0.1 M toluidine blue (49). The nuclease secretion led
to a color change around the bacterial colonies. The zone diameters were measured after 24 h of incubation at
37°C.
The ability of the AsrfN mutant strain to secrete an active protease was tested on skim milk agar (1%
tryptone, 0.5% yeast extract, 1% NaCl, 3% skim milk, 2% agar) (50). Overnight cultures of the wild type
and the AsrfN mutant strain were prepared as described above, and 5 L of each strain was spotted on
skim milk agar plates and incubated for 48 h at 37°C. The production of proteases led to the formation
of a transparent zone around the growing bacterial colony. The diameter of this zone was measured after 24 and
48 h of incubation. Experiments were done in triplicate.
S. marcescens growth in medium with low pH. Overnight cultures of wild type carrying an empty
pPBAD30 plasmid and AsrfN pBAD30 and AsrfN psrfN mutant strains were grown in LB broth, washed twice with
a minimal MgM medium [100 mM Tris-HCl (pH 7), 5 mM KCl, 7.5 mM (NH,),SO,, 0.5 mM K,SO,, 1 mM KH,PO,,
8 uM MgCl,, 2% glycerol, and 0.1% Casamino Acids] (51) and subcultured at a 1:100 ratio in fresh MgM medium,
pH 5. In parallel, the same bacterial cultures were inoculated at a 1:100 ratio in the MgM medium, pH 7. Aliquots
were collected at 0, 6, and 24 h of growth at 37°C, serially diluted, and plated on LB agar for CFU enumeration.
Data were expressed as the number of generations calculated using the following equation: [log,(CFUg,..) —
10g,(CFU,.,))/10g,,(2). The experiment was done in four replicates.
Hydrogen peroxide sensitivity of mixed cultures in cross-complementation studies. Overnight
cultures of wild type and AsrfN mutant strains were grown in LB broth and combined at a 1:1 ratio. The
resulting mixed culture was diluted 1:100 in fresh LB broth supplemented with 10 mM H,0O, and incu-
bated at 37°C with shaking. Aliquots were collected hourly, serially diluted, and plated on LB agar sup-
plemented with appropriate antibiotics for CFU enumeration. Results were expressed as percent survival
[CFU(t,)/CFU (t,)] x 100 over time. Experiments were done on at least three separate occasions.

Hydrogen peroxide sensitivity of the AsrfN mutant in the presence of exogenous SrfN protein.
The mature version of the SrfN protein lacking signal peptide was chemically synthesized by Biomatik
Corporation. Overnight cultures of the wild-type and the AsrfN mutant strains were grown in LB broth and
diluted 1:100 in fresh LB broth supplemented with 10 mM H,0, and 0, 0.001, 0.01, 0.1, or 1 wg/mL SrfN protein.
The resulting cultures were incubated at 37°C with shaking. Aliquots were collected hourly, serially diluted, and
plated for CFU enumeration. Results were expressed as percent survival [CFU(t,)/CFU(t,)] x 100 over time.
Experiments were done on at least five separate occasions.
Data analysis. Statistical significance (P < 0.05) was determined using the unpaired t test with Welch corre-
lation. Analyses were performed using GraphPad Prism v.9.2.0.

ACKNOWLEDGMENTS
This work was supported in part by the Kazan Federal University Strategic Academic
Leadership Program (PRIORITY-2030) and the WV-INBRE (NIH grant P20GM103434). We
are grateful to the Interdisciplinary Center for Collective Use (ID RFMEFI59414X0003),
which is sponsored by the Ministry of Education and Science of the Russian Federation.
A.A.E. was supported by the Russian Foundation for Basic Research (project number 20-
34-90049). Russian Science Foundation project number 21-74-00032 supported the
AmacAB peroxide sensitivity analysis by T.V.S. L.V.K. was supported by a scholarship of
the President of the Russian Federation for young scientists and graduate students.

REFERENCES

1.

2.

Mahlen SD. 2011. Serratia infections: from military experiments to current prac-
tice. Clin Microbiol Rev 24:755-791. https://doi.org/10.1128/CMR.00017-11.
Benedik MJ, Strych U. 1998. Serratia marcescens and its extracellular nucle-
ase. FEMS Microbiol Lett 165:1-13. https://doi.org/10.1111/j.1574-6968.1998
b13120x.

. Li X, Tetling S, Winkler UK, Jaeger KE, Benedik MJ. 1995. Gene cloning, sequence

analysis, purification, and secretion by Escherichia coli of an extracellular lipase
from Serratia marcescens. Appl Environ Microbiol 61:2674-2680. https://doi.org/
10.1128/aem.61.7.2674-2680.1995.

. Nakahama K, Yoshimura K, Marumoto R, Kikuchi M, Lee IS, Hase T, Matsubara

H. 1986. Cloning and sequencing of Serratia protease gene. Nucleic Acids Res
14:5843-5855. https://doi.org/10.1093/nar/14.14.5843.

November/December 2022 Volume 7 Issue 6

. Zhang L, Morrison AJ, Thibodeau PH. 2015. Interdomain contacts and the

stability of serralysin protease from Serratia marcescens. PLoS One 10:¢0138419.
https://doi.org/10.1371/journal.pone.0138419.

. Akatsuka H, Kawai E, Omori K, Shibatani T. 1995. The three genes lipB, lipC, and

lipD involved in the extracellular secretion of the Serratia marcescens lipase
which lacks an N-terminal signal peptide. J Bacteriol 177:6381-6389. https://doi
.0rg/10.1128/jb.177.22.6381-6389.1995.

. Rudd KE, Humphery-Smith |, Wasinger VC, Bairoch A. 1998. Low molecular

weight proteins: a challenge for post-genomic research. Electrophoresis
19:536-544. https://doi.org/10.1002/elps.1150190413.

. Eletsky A, Michalska K, Houliston S, Zhang Q, Daily MD, Xu X, Cui H, Yee A,

Lemak A, Wu B, Garcia M, Burnet MC, Meyer KM, Aryal UK, Sanchez O, Ansong

10.1128/msphere.00212-22 1


https://doi.org/10.1128/CMR.00017-11
https://doi.org/10.1111/j.1574-6968.1998.tb13120.x
https://doi.org/10.1111/j.1574-6968.1998.tb13120.x
https://doi.org/10.1128/aem.61.7.2674-2680.1995
https://doi.org/10.1128/aem.61.7.2674-2680.1995
https://doi.org/10.1093/nar/14.14.5843
https://doi.org/10.1371/journal.pone.0138419
https://doi.org/10.1128/jb.177.22.6381-6389.1995
https://doi.org/10.1128/jb.177.22.6381-6389.1995
https://doi.org/10.1002/elps.1150190413
https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00212-22

SrfN Is Involved in Adaptation to Acid and Oxidative Stresses

20.

21.

22.

23.

24,

25.

C, Xiao R, Acton TB, Adkins JN, Montelione GT, Joachimiak A, Arrowsmith CH,
Savchenko A, Szyperski T, Cort JR. 2014. Structural and functional characteriza-
tion of DUF1471 domains of Salmonella proteins SrfN, YdgH/SssB, and YahO.
PLoS One 9:e101787. https://doi.org/10.1371/journal.pone.0101787.

. Deng K, Wang S, Rui X, Zhang W, Tortorello ML. 2011. Functional analysis

of ycfR and ycfQ in Escherichia coli O157:H7 linked to outbreaks of illness
associated with fresh produce. Appl Environ Microbiol 77:3952-3959.
https://doi.org/10.1128/AEM.02420-10.

. Salazar JK, Deng K, Tortorello ML, Brandl MT, Wang H, Zhang W. 2013.

Genes ycfR, sirA and yigG contribute to the surface attachment of Salmo-
nella enterica Typhimurium and Saintpaul to fresh produce. PLoS One 8:
e57272. https://doi.org/10.1371/journal.pone.0057272.

. Kyle JL, Parker CT, Goudeau D, Brandl MT. 2010. Transcriptome analysis of

Escherichia coli O157:H7 exposed to lysates of lettuce leaves. Appl Environ
Microbiol 76:1375-1387. https://doi.org/10.1128/AEM.02461-09.

. Wang S, Deng K, Zaremba S, Deng X, Lin C, Wang Q, Tortorello ML, Zhang

W. 2009. Transcriptomic response of Escherichia coli O157:H7 to oxidative
stress. Appl Environ Microbiol 75:6110-6123. https://doi.org/10.1128/AEM
.00914-09.

. Wang S, Phillippy AM, Deng K, Rui X, Li Z, Tortorello ML, Zhang W. 2010.

Transcriptomic responses of Salmonella enterica serovars Enteritidis and
Typhimurium to chlorine-based oxidative stress. Appl Environ Microbiol
76:5013-5024. https://doi.org/10.1128/AEM.00823-10.

. Weber MM, French CL, Barnes MB, Siegele DA, McLean RJ. 2010. A previ-

ously uncharacterized gene, yjfO (bsmA), influences Escherichia coli biofilm for-
mation and stress response. Microbiology (Reading) 156:139-147. https://doi
.0rg/10.1099/mic.0.031468-0.

. Zhang XS, Garcia-Contreras R, Wood TK. 2007. YcfR (BhsA) influences Esche-

richia coli biofilm formation through stress response and surface hydrophobic-
ity. J Bacteriol 189:3051-3062. https://doi.org/10.1128/JB.01832-06.

. Imlay JA. 2008. Cellular defenses against superoxide and hydrogen perox-

ide. Annu Rev Biochem 77:755-776. https://doi.org/10.1146/annurev
.biochem.77.061606.161055.

. Bogomolnaya LM, Tilvawala R, Elfenbein JR, Cirillo JD, Andrews-Polymenis HL.

2020. Linearized siderophore products secreted via MacAB efflux pump pro-
tect Salmonella enterica serovar Typhimurium from oxidative stress. mBio 11:
€00528-20. https://doi.org/10.1128/mBi0.00528-20.

. Bogomolnaya LM, Andrews KD, Talamantes M, Maple A, Ragoza Y, Vazquez-

Torres A, Andrews-Polymenis H. 2013. The ABC-type efflux pump MacAB pro-
tects Salmonella enterica serovar Typhimurium from oxidative stress. mBio 4:
€00630-13. https://doi.org/10.1128/mBi0.00630-13.

. Shirshikova TV, Sierra-Bakhshi CG, Kamaletdinova LK, Matrosova LE,

Khabipova NN, Evtugyn VG, Khilyas IV, Danilova IV, Mardanova AM,
Sharipova MR, Bogomolnaya LM. 2021. The ABC-type efflux pump MacAB
is involved in protection of Serratia marcescens against aminoglycoside
antibiotics, polymyxins, and oxidative stress. mSphere 6. https://doi.org/
10.1128/mSphere.00033-21.

Almagro Armenteros JJ, Tsirigos KD, Sonderby CK, Petersen TN, Winther
O, Brunak S, von Heijne G, Nielsen H. 2019. SignalP 5.0 improves signal
peptide predictions using deep neural networks. Nat Biotechnol 37:
420-423. https://doi.org/10.1038/s41587-019-0036-z.

Johnsen E, Brandtzaeg OK, Vehus T, Roberg-Larsen H, Bogoeva V, Ademi
O, Hildahl J, Lundanes E, Wilson SR. 2016. A critical evaluation of Amicon
Ultra centrifugal filters for separating proteins, drugs and nanoparticles in
biosamples. J Pharm Biomed Anal 120:106-111. https://doi.org/10.1016/j
jpba.2015.12.010.

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. 2015. The Phyre2
web portal for protein modeling, prediction and analysis. Nat Protoc 10:
845-858. https://doi.org/10.1038/nprot.2015.053.

Khilyas IV, Tursunov KA, Shirshikova TV, Kamaletdinova LK, Matrosova LE,
Desai PT, McClelland M, Bogomolnaya LM. 2019. Genome sequence of
pigmented siderophore-producing strain Serratia marcescens SM6. Micro-
biol Resour Announc 8. https://doi.org/10.1128/MRA.00247-19.
McClelland M, Sanderson KE, Spieth J, Clifton SW, Latreille P, Courtney L,
Porwollik S, Ali J, Dante M, Du F, Hou S, Layman D, Leonard S, Nguyen C,
Scott K, Holmes A, Grewal N, Mulvaney E, Ryan E, Sun H, Florea L, Miller
W, Stoneking T, Nhan M, Waterston R, Wilson RK. 2001. Complete genome
sequence of Salmonella enterica serovar Typhimurium LT2. Nature 413:
852-856. https://doi.org/10.1038/35101614.

Blattner FR, Plunkett G, Ill, Bloch CA, Perna NT, Burland V, Riley M, Collado-
Vides J, Glasner JD, Rode CK, Mayhew GF, Gregor J, Davis NW, Kirkpatrick HA,
Goeden MA, Rose DJ, Mau B, Shao Y. 1997. The complete genome sequence
of Escherichia coli K-12. Science 277:1453-1462. https://doi.org/10.1126/science
.277.5331.1453.

November/December 2022 Volume 7 Issue 6

26.

27.

28.

30.

31.

32

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

mSphere

Hayashi K, Morooka N, Yamamoto Y, Fujita K, Isono K, Choi S, Ohtsubo E,
Baba T, Wanner BL, Mori H, Horiuchi T. 2006. Highly accurate genome
sequences of Escherichia coli K-12 strains MG1655 and W3110. Mol Syst
Biol 2:2006.0007. https://doi.org/10.1038/msb4100049.

Deng W, Burland V, Plunkett G, Ill, Boutin A, Mayhew GF, Liss P, Perna NT,
Rose DJ, Mau B, Zhou S, Schwartz DC, Fetherston JD, Lindler LE, Brubaker
RR, Plano GV, Straley SC, McDonough KA, Nilles ML, Matson JS, Blattner FR,
Perry RD. 2002. Genome sequence of Yersinia pestis KIM. J Bacteriol 184:
4601-4611. https://doi.org/10.1128/JB.184.16.4601-4611.2002.

Tamura K, Stecher G, Kumar S. 2021. MEGA11: molecular evolutionary
genetics analysis version 11. Mol Biol Evol 38:3022-3027. https://doi.org/
10.1093/molbev/msab120.

. Petersen LM, Tisa LS. 2013. Friend or foe? A review of the mechanisms

that drive Serratia towards diverse lifestyles. Can J Microbiol 59:627-640.
https://doi.org/10.1139/cjm-2013-0343.

Lyerly DM, Kreger AS. 1983. Importance of Serratia protease in the patho-
genesis of experimental Serratia marcescens pneumonia. Infect Immun
40:113-119. https://doi.org/10.1128/iai.40.1.113-119.1983.

Manes NP, Gustin JK, Rue J, Mottaz HM, Purvine SO, Norbeck AD, Monroe
ME, Zimmer JS, Metz TO, Adkins JN, Smith RD, Heffron F. 2007. Targeted
protein degradation by Salmonella under phagosome-mimicking culture
conditions investigated using comparative peptidomics. Mol Cell Proteo-
mics 6:717-727. https://doi.org/10.1074/mcp.M600282-MCP200.

Achard ME, Chen KW, Sweet MJ, Watts RE, Schroder K, Schembri MA,
McEwan AG. 2013. An antioxidant role for catecholate siderophores in
Salmonella. Biochem J 454:543-549. https://doi.org/10.1042/BJ20121771.

. Adler C, Corbalan NS, Peralta DR, Pomares MF, de Cristobal RE, Vincent

PA. 2014. The alternative role of enterobactin as an oxidative stress pro-
tector allows Escherichia coli colony development. PLoS One 9:e84734.
https://doi.org/10.1371/journal.pone.0084734.

Peralta DR, Adler C, Corbalan NS, Paz Garcia EC, Pomares MF, Vincent PA.
2016. Enterobactin as part of the oxidative stress response repertoire.
PLoS One 11:e0157799. https://doi.org/10.1371/journal.pone.0157799.
Yim HH, Villarejo M. 1992. osmY, a new hyperosmotically inducible gene,
encodes a periplasmic protein in Escherichia coli. J Bacteriol 174:3637-3644.
https://doi.org/10.1128/jb.174.11.3637-3644.1992.

Yan Z, Hussain S, Wang X, Bernstein HD, Bardwell JCA. 2019. Chaperone
OsmyY facilitates the biogenesis of a major family of autotransporters. Mol
Microbiol 112:1373-1387. https://doi.org/10.1111/mmi.14358.

Qian ZG, Xia XX, Choi JH, Lee SY. 2008. Proteome-based identification of fusion
partner for high-level extracellular production of recombinant proteins in Esch-
erichia coli. Biotechnol Bioeng 101:587-601. https://doi.org/10.1002/bit.21898.
Fass E, Groisman EA. 2009. Control of Salmonella pathogenicity island-2
gene expression. Curr Opin Microbiol 12:199-204. https://doi.org/10.1016/j
.mib.2009.01.004.

Osborne SE, Walthers D, Tomljenovic AM, Mulder DT, Silphaduang U,
Duong N, Lowden MJ, Wickham ME, Waller RF, Kenney LJ, Coombes BK.
2009. Pathogenic adaptation of intracellular bacteria by rewiring a cis-regula-
tory input function. Proc Natl Acad Sci U S A 106:3982-3987. https://doi.org/
10.1073/pnas.0811669106.

Yoon H, Ansong C, McDermott JE, Gritsenko M, Smith RD, Heffron F,
Adkins JN. 2011. Systems analysis of multiple regulator perturbations
allows discovery of virulence factors in Salmonella. BMC Syst Biol 5:100.
https://doi.org/10.1186/1752-0509-5-100.

Jechalke S, Schierstaedt J, Becker M, Flemer B, Grosch R, Smalla K, Schikora A.
2019. Salmonella establishment in agricultural soil and colonization of crop
plants depend on soil type and plant species. Front Microbiol 10:967. https://
doi.org/10.3389/fmicb.2019.00967.

Lund PA, De Biase D, Liran O, Scheler O, Mira NP, Cetecioglu Z, Fernandez EN,
Bover-Cid S, Hall R, Sauer M, O'Byrne C. 2020. Understanding how microorgan-
isms respond to acid pH is central to their control and successful exploitation.
Front Microbiol 11:556140. https://doi.org/10.3389/fmicb.2020.556140.
Goldring JP. 2015. Spectrophotometric methods to determine protein
concentration. Methods Mol Biol 1312:41-47. https://doi.org/10.1007/978
-1-4939-2694-7_7.

Ulyanova V, Shah Mahmud R, Laikov A, Dudkina E, Markelova M, Mostafa
A, Pleschka S, llinskaya O. 2020. Anti-influenza activity of the ribonuclease
binase: cellular targets detected by quantitative proteomics. Int J Mol Sci
21:8294. https://doi.org/10.3390/ijms21218294.

Santiviago CA, Reynolds MM, Porwollik S, Choi SH, Long F, Andrews-
Polymenis HL, McClelland M. 2009. Analysis of pools of targeted Salmonella
deletion mutants identifies novel genes affecting fitness during competitive
infection in mice. PLoS Pathog 5:€1000477. https://doi.org/10.1371/journal
.ppat.1000477.

10.1128/msphere.00212-22 12


https://doi.org/10.1371/journal.pone.0101787
https://doi.org/10.1128/AEM.02420-10
https://doi.org/10.1371/journal.pone.0057272
https://doi.org/10.1128/AEM.02461-09
https://doi.org/10.1128/AEM.00914-09
https://doi.org/10.1128/AEM.00914-09
https://doi.org/10.1128/AEM.00823-10
https://doi.org/10.1099/mic.0.031468-0
https://doi.org/10.1099/mic.0.031468-0
https://doi.org/10.1128/JB.01832-06
https://doi.org/10.1146/annurev.biochem.77.061606.161055
https://doi.org/10.1146/annurev.biochem.77.061606.161055
https://doi.org/10.1128/mBio.00528-20
https://doi.org/10.1128/mBio.00630-13
https://doi.org/10.1128/mSphere.00033-21
https://doi.org/10.1128/mSphere.00033-21
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1016/j.jpba.2015.12.010
https://doi.org/10.1016/j.jpba.2015.12.010
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1128/MRA.00247-19
https://doi.org/10.1038/35101614
https://doi.org/10.1126/science.277.5331.1453
https://doi.org/10.1126/science.277.5331.1453
https://doi.org/10.1038/msb4100049
https://doi.org/10.1128/JB.184.16.4601-4611.2002
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1139/cjm-2013-0343
https://doi.org/10.1128/iai.40.1.113-119.1983
https://doi.org/10.1074/mcp.M600282-MCP200
https://doi.org/10.1042/BJ20121771
https://doi.org/10.1371/journal.pone.0084734
https://doi.org/10.1371/journal.pone.0157799
https://doi.org/10.1128/jb.174.11.3637-3644.1992
https://doi.org/10.1111/mmi.14358
https://doi.org/10.1002/bit.21898
https://doi.org/10.1016/j.mib.2009.01.004
https://doi.org/10.1016/j.mib.2009.01.004
https://doi.org/10.1073/pnas.0811669106
https://doi.org/10.1073/pnas.0811669106
https://doi.org/10.1186/1752-0509-5-100
https://doi.org/10.3389/fmicb.2019.00967
https://doi.org/10.3389/fmicb.2019.00967
https://doi.org/10.3389/fmicb.2020.556140
https://doi.org/10.1007/978-1-4939-2694-7_7
https://doi.org/10.1007/978-1-4939-2694-7_7
https://doi.org/10.3390/ijms21218294
https://doi.org/10.1371/journal.ppat.1000477
https://doi.org/10.1371/journal.ppat.1000477
https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00212-22

SrfN Is Involved in Adaptation to Acid and Oxidative Stresses

46.

47.

48.

49.

Kamaletdinova LK, Nizamutdinova EK, Shirshikova TV, Skipina IM, Bogomolnaya
LM. 2016. Inactivation of chromosomal genes in Serratia marcescens. BioNanoSci
6:376-378. https://doi.org/10.1007/512668-016-0249-2.

Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci
U S A 97:6640-6645. https://doi.org/10.1073/pnas.120163297.

Guzman LM, Belin D, Carson MJ, Beckwith J. 1995. Tight regulation, modulation,
and high-level expression by vectors containing the arabinose Py, promoter. J
Bacteriol 177:4121-4130. https://doi.org/10.1128/jb.177.14.4121-4130.1995.
Lachica RV, Genigeorgis C, Hoeprich PD. 1971. Metachromatic agar-diffu-
sion methods for detecting staphylococcal nuclease activity. Appl Micro-
biol 21:585-587. https://doi.org/10.1128/am.21.4.585-587.1971.

November/December 2022 Volume 7 Issue 6

50.

51.

52.

53.

mSphere

Petersen LM, Tisa LS. 2014. Molecular characterization of protease activity
in Serratia sp. strain SCBI and its importance in cytotoxicity and virulence.
J Bacteriol 196:3923-3936. https://doi.org/10.1128/JB.01908-14.

Beuzon CR, Banks G, Deiwick J, Hensel M, Holden DW. 1999. pH-depend-
ent secretion of SseB, a product of the SPI-2 type Il secretion system of
Salmonella typhimurium. Mol Microbiol 33:806-816. https://doi.org/10
.1046/j.1365-2958.1999.01527 x.

Reynolds CR, Islam SA, Sternberg MJE. 2018. EzMol: a web server wizard for
the rapid visualization and image production of protein and nucleic acid struc-
tures. J Mol Biol 430:2244-2248. https://doi.org/10.1016/jjmb.2018.01.013.
Rzhetsky AaN M. 1992. A simple method for estimating and testing mini-
mum evolution trees. Mol Biol Evol 9:945-967.

10.1128/msphere.00212-22 13


https://doi.org/10.1007/s12668-016-0249-2
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1128/jb.177.14.4121-4130.1995
https://doi.org/10.1128/am.21.4.585-587.1971
https://doi.org/10.1128/JB.01908-14
https://doi.org/10.1046/j.1365-2958.1999.01527.x
https://doi.org/10.1046/j.1365-2958.1999.01527.x
https://doi.org/10.1016/j.jmb.2018.01.013
https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00212-22

	RESULTS
	Serratia marcescens secretes metabolites needed for bacterial growth in the presence of hydrogen peroxide.
	The metabolite(s) supporting growth of the indicator &#x0394;macAB strain during oxidative stress has a low molecular weight.
	DUF1471-containing protein is present in the low-molecular-weight fraction of the precondition medium.
	The loss of srfN does not have an impact on the activity of extracellular enzymes.
	SrfN is involved in S. marcescens adaptation to growth in low-pH medium.
	SrfN plays a role in S. marcescens protection from oxidative stress.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains, media, and growth.
	Sensitivity of S. marcescens strains to hydrogen peroxide.
	Preparation of Serratia marcescens SM6-conditioned medium.
	Heat and proteinase K treatment.
	Fractionation of S. marcescens SM6-conditioned medium.
	Identification of low-molecular-weight proteins in S. marcescens SM6-conditioned medium.
	TBU67220 (SrfN) detection in S. marcescens SM6-conditioned medium.
	Generation of S. marcescens &#x0394;srfN deletion mutant.
	Plasmid construction.
	Plate assay for extracellular enzyme activities.
	S. marcescens growth in medium with low pH.
	Hydrogen peroxide sensitivity of mixed cultures in cross-complementation studies.
	Hydrogen peroxide sensitivity of the &#x0394;srfN mutant in the presence of exogenous SrfN protein.
	Data analysis.

	ACKNOWLEDGMENTS
	REFERENCES

