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Abstract: The whole-genome sequencing (WGS) of eighteen S. marcescens clinical strains isolated
from 18 newborns hospitalized in the Neonatal Intensive Care Unit (NICU) at Pescara Public Hospital,
Italy, was compared with that of S. marcescens isolated from cradles surfaces in the same ward. The
identical antibiotic resistance genes (ARGs) and virulence factors were found in both clinical and
environmental S. marcescens strains. The aac(6′)-Ic, tetA(41), blaSRT-3, adeFGH, rsmA, and PBP3 (D350N)
genes were identified in all strains. The SRT-3 enzyme, which exhibited 10 amino acid substitutions
with respect to SST-1, the constitutive AmpC β-lactamase in S. marcescens, was partially purified
and tested against some β-lactams. It showed a good activity against cefazolin. Both clinical and
environmental S. marcescens strains exhibited susceptibility to all antibiotics tested, with the exception
of amoxicillin/clavulanate.

Keywords: WGS; S. marcescens; antibiotic resistance genes

1. Introduction

Serratia marcescens is a Gram-negative bacterium that has been considered, for a long
time, to be an environmental organism because of its ability to survive in surfaces, soil, and
aquatic reservoirs [1]. Chromosomal-encoded genetic factors such as efflux pump systems,
porins, virulence factors, and the capacity to acquire antibiotic resistance genes (ARGs)
by horizontal transfer facilitate the survival of S. marcescens in different environments,
causing nosocomial infections [2–5]. Additionally, S. marcescens has been found as bacterial
contaminant of the blood donors, after venipuncture, or of blood platelet concentrates [6].
Over the last decades it has emerged as clinical pathogen in different hospital settings, in
particular in intensive care units (ICUs) and neonatal intensive care units (NICUs) [7–12].
S. marcescens is responsible for a wide range of asymptomatic and severe clinical manifesta-
tions such as respiratory, urinary, and bloodstream infections, meningitis, sepsis, keratitis,
conjunctivitis, and surgical wound infections [13,14]. S. marcescens outbreaks in NICUs
are responsible for newborn morbidity and mortality [15]. The last European Centre for
Disease Prevention and Control (ECDC) report indicates that in 2017, Serratia spp. was in
6th and 9th place in European ICU-acquired pneumonia episodes, ICU-acquired blood-
stream infection, and ICU-acquired urinary tract infection episodes, respectively [16]. Most
clinical S. marcescens showed resistance to different classes of antibiotics and, especially,
to many extended-spectrum β-lactams [17,18]. In S. marcescens multidrug resistance could
be intrinsic or plasmid acquired, and the most common mechanism of resistance was
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that mediated by serine-β-lactamases, such as AmpC, TEM-type, KPC-type, GES-type,
and metallo-β-lactamases [18–24]. Carbapenemases-producing S. marcescens strains are
more frequently found [25], and they represent a serious risk because this organism is
intrinsically resistant to colistin, which is considered the last drug option for carbapenem
resistant infections [26]. Simultaneous outbreaks of S. marcescens and ESBLs-producing
Enterobacterales (i.e., K. pneumoniae) have also been described as a situation of greater
risk [27,28].

In the present study we have correlate the genetic background of clinical and envi-
ronmental S. marcescens strains during an outbreak occurred in the period February–July
2021 at the NICU of the Pescara Public Hospital (central Italy). The ARGs and virulence
factors were examined by whole-genome sequencing. The isolation, partial purification,
and kinetic characterization of the SRT-3, AmpC β-lactamases, was also performed.

2. Materials and Methods
2.1. Clinical Strains

From February to July 2021, eighteen S. marcescens clinical strains were isolated from
ear, pharyngeal, and rectal swabs of eighteen newborns recovered in NICU of Pescara
Public Hospital, central Italy. The NICU is equipped with eight bed stations for the
management of the critically ill newborns. The swabs were inoculated in Brain Heart
Infusion broth medium (BHI) (Liofilchem, Roseto degli Abruzzi, Italy) and incubated
overnight at 37 ◦C. 100 µL of the overnight cultures were plated on MacConkey agar
(Liofilchem s.r.l, Roseto degli Abruzzi, Italy) and incubated at 37 ◦C for 18 h. One single
and pure colony, for each sample, was used to identify S. marcescens by Matrix-Assisted
Laser Desorption Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF, MS) (Bruker
Daltonics, Billerica, MA, USA).

2.2. Environmental Sampling

Environmental samples were collected from numerous surfaces within NICU: doors
and door handles, walls, floors, cradles, shelves, benches, hoods, sinks, ventilators, milk
collecting devices, medical records, trolleys, stethoscopes, and other personal medical
devices. Samples from all environmental surfaces were obtained with a cotton swab wet
with a sterile saline solution. The swabs were then inoculated in BHI and then incubated
overnight at 37 ◦C. The procedure was repeated every week for five months. The bacte-
ria identification was performed following the same procedure used for clinical strains,
as described in the previous paragraph.

2.3. Testing for Antimicrobial Susceptibility

The antimicrobial activity of S. marcescens isolates was tested against the routinely
clinical antibiotics such as amikacin, amoxicillin/clavulanate, piperacillin/tazobactam,
cefepime, cefotaxime, ceftazidime, ciprofloxacin, ertapenem, meropenem, fosfomycin,
gentamicin, and colistin using the Phoenix Automated Microbiology System (BD Diag-
nostic Systems, Sparks, MD, USA). For antimicrobial susceptibility, each bacterial culture
was adjusted to a 0.5–0.6 McFarland standard in order to obtain a final inoculum of
5 × 105 CFU/mL. Results for antimicrobial susceptibility were interpreted in accordance
with EUCAST guidelines [29].

2.4. Whole-Genome Sequencing (WGS)

Total nucleic acid was extracted from S. marcescens liquid cultures using a modified
protocol of MagMAX Microbiome Ultra Nucleic Acid Isolation kit (Applied Biosystems,
ThermoFisher Scientific, Monza, Italy) [30]. Genomic libraries were prepared using Swift 2S
Turbo DNA Library kit (Swift Biosciences, Ann Arbor, MI, USA) as previously reported [31].
The WGS was performed on an Illumina MiSeq platform using v3 reagent kits generating
2 × 300 bp paired-end reads (Illumina, San Diego, CA, USA) [32,33]. Raw data from
paired-end sequencing were quality checked with the FastQC tool (v.0.11.6) and assembled
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with Velvet de novo Assembly (v.1.0.0) [34]. Antimicrobial resistance genes were detected
using the Comprehensive Antibiotic Resistance Database (CARD) (https://card.mcmaster.
ca/analyze/rgi, accessed on 10 February 2022). Genes correlated to the main virulence
factors of S. marcescens were identified using DFAST annotation and NCBI BLAST (https:
//blast.ncbi.nlm.nih.gov/Blast.cgi, access on 1 March 2022).

2.5. SRT-3 Extraction and β-Lactamase Activity

An overnight culture of S. marcescens SM_PE/1 in 1 L of BHI broth was harvested
by centrifugation at 2500× g (4 ◦C) for 15 min, then washed twice with 50 mM sodium
phosphate buffer pH 6.5. The crude extract was obtained by sonication using a probe of
3 mm in diameter (5 times for 1 min with 2 min off, on ice, at 60 Watt). The cell debris
was removed by high-speed centrifugation at 105,000× g for 40 min. SRT-3 enzyme was
purified in FPLC system using cation exchange Sepharose S FF equilibrated in 50 mM
sodium phosphate buffer pH 6.5. The fractions containing SRT-3 were eluted in a linear
gradient of NaCl 1 M in the same buffer. The β-lactamase activity was performed following
the hydrolysis of some β-lactams (cefazolin, cefotaxime, ceftazidime, cefepime, meropenem)
at 25 ◦C in 25 mM sodium phosphate buffer (pH 7.0). Data were collected with a Perkin-
Elmer Lambda 25 spectrophotometer (Perkin-Elmer Italia, Monza, Italy). Km and Vmax were
determined under initial-rate conditions using the Hanes-linearization method and the
Origin Pro 8.5.1 program to generate Michaelis–Menten curves [35,36].

3. Results
3.1. Epidemiological Outbreak

S. marcescens clinical strains were isolated from 18 newborns (eight boys and ten girls):
15 born preterm (gestational age from 25 to 36 weeks) and 3 born at term. All newborns
were hospitalized in the NICU for an average time of 41.4 days. Namely, at birth, all
newborns underwent ear, pharyngeal, and rectal swabs, which were found to be positive
for S. marcescens. Two newborns (gestational age: 25 weeks) were symptomatic and were
treated with antibiotics until a negative swab was obtained, with good clinical conditions
at the end of the treatment. The antibiotic therapy was meropenem 20 mg/Kg every 12 h
for infants younger than 8 days and every 8 h hours for infants older than 8 days. The
remaining 16 newborns were asymptomatic, and the swabs were repeated approximately
once a week until a negative swab was obtained.

From fifty environmental samples analyzed, one swab, collected from cradle surfaces,
was positive for S. marcescens. All other medical devices and surfaces analyzed were
found to be negative. Immediately after environmental samples microbiological analysis,
a sanitation procedure was started, reinforcing all recommended measures such as hand
washing with alcohol-based solutions, glove use for assisting and caring newborns, and
routine renewal of water and air filters [37]. The last environmental sampling carried out at
the beginning of July 2021 yielded negative results.

3.2. Antimicrobial Susceptibility

All S. marcescens strains, 18 clinical and 1 environmental isolate, were analyzed against
a large panel of antibiotics routinely used in the Clinical Microbiology and Virology Unit
of Pescara Public Hospital. The S. marcescens analyzed showed the same susceptibility
profile (Table 1) exhibiting susceptibility to all antibiotics tested, with the exception of
amoxicillin/clavulanate association (MIC > 16 mg/L) and colistin (MIC > 8 mg/L).

https://card.mcmaster.ca/analyze/rgi
https://card.mcmaster.ca/analyze/rgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 1. Antimicrobial susceptibility of S. marcescens clinical and environmental strains.

Antibiotics
S. marcescens Clinical Strains (18 Isolates)

S. marcescens Environmental Strain (1 Isolate)

MIC (mg/L) Interpretation

Amoxicillin/clavulanate >16 R
Piperacillin/tazobactam <4 S
Cefepime <0.12 S
Cefotaxime <0.12 S
Ceftazidime <0.12 S
Ertapenem <0.12 S
Meropenem <0.12 S
Ciprofloxacin <0.12 S
Amikacin <1 S
Gentamicin <1 S
Fosfomycin 32 S
Colistin >8 R

3.3. WGS Analysis

Thus, S. marcescens clinical strains of eighteen newborns and one S. marcescens isolated
from cradle surface were included in the study in order to characterize their WGS. On the
basis of bioinformatic analysis, the nineteenth S. marcescens showed the genome size ranging
from 4.864.007–4.876.696 bp (Table 2). A minor part of the genome was, undoubtedly, loss
during library preparation. In all S. marcescens, including clinical and environmental strains,
no plasmids were identified. However, both clinical and environmental strains showed
the same ARGs and virulence factors profile. The aac(6′)-Ic, tetA(41), and blaSRT-3 genes
were identified in all strains. Regarding virulence factors, the clinical and environmental
S. marcescens strains possessed adeFGH, rsmA, CRP elements, and penicillin binding protein-
3 gene (PBP3) with D350N amino acid substitution.

Table 2. Resistome and virulome analysis of clinical and environmental S. marcescens.

Strains
(n. Isolates) Genome Size (bp) B-Lactamase

Genes Other ARGs Virulence
Factors

S. marcescens
(18) 4.864.007–4.876.696 blaSRT-3

aac(6′)-Ic
tetA(41)
qacG

adeFGH
CRP
rsmA
PBP3 (D350N)

S. marcescens
(1) cradles 4.874.964 blaSRT-3

aac(6′)-Ic
tetA(41)
qacG

adeFGH
CRP
rsmA
PBP3 (D350N)

3.4. Characterization of SRT-3 β-Lactamase

The blaSRT-3 is a β-lactamase gene of 1137 bp encoding for chromosomal class C
β-lactamase. The SRT-3 enzyme showed three conserved elements as all serine-β-lactamases.
As shown in Figure 1, in SRT-3, the first element, with the active serine, is represented by
64S*LSK73 residues (64S* is the active serine), the second element is the loop 150YSN152,
and the third element is 315KTG317. The SRT-3 enzyme exhibited 10 amino acid substitu-
tions with respect to SST-1, which is the constitutive AmpC β-lactamase in S. marcescens.
The amino acid substitutions are as follows: N86S, R91H, Q168R, T171I, R185S, V242A,
H246Q, A247P, T253A, and A264V.
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In order to verify the kinetic behavior of the SRT-3, the enzyme was extracted by
S. marcescens SM_PE/1 and purified by one chromatographic step. The molecular mass
and isoelectric point of 41 kDa and 9.2, respectively, were determined for SRT-3. The
hydrolysis of SRT-3 was monitored spectrophotometrically against some cephalosporins
and one carbapenem. In detail, we have tested cefazolin (2nd generation cephalosporin),
cefotaxime and ceftazidime (3rd generation cephalosporins), cefepime (4th generation
cephalosporin), and meropenem (carbapenem). Cefazolin was well hydrolyzed by SRT-3
with Vmax = 10.5 µmol/s/mg and Km = 170 µM. On the contrary, cefotaxime, ceftazidime
cefepime, and meropenem were not hydrolyzed by SRT-3 enzyme.

4. Discussion

S. marcescens infections represent a serious problem in hospital settings, in particular
in NICUs and ICUs, which are considered the high-risk wards. Our study described an out-
break occurred at NICUs of Pescara Public Hospital (central Italy) involving 18 newborns,
two of which were symptomatic. The early etiological diagnosis allowed neonatologists to
treat the two symptomatic newborns with a specific antibiotic therapy. Luckily, the outbreak
was limited to a small number of cases and none of newborns died. The average time
during which the 18 infants were admitted to the NICU was 41.4 days and this probably
contributed to an increase of the risk factor for the acquisition of S. marcescens infection.
It is well known that bacterial colonization in preterm newborns is widespread because
their intestinal microbiota has not yet been established [38,39] and their immune system is
immature [40,41]. Other risk factors for S. marcescens outbreaks are represented by length
of stay of newborns in NICU and the broad spectrum administered empirically [42,43].

The extensive collection of environmental samples showed the presence of S. marcescens
strain only in one cradle, while the other investigated samples yielded negative results. In
early 2011, in the same hospital, an outbreak of S. marcescens which involved six neonates
and the environmental reservoir was represented by two soap dispensers [44]. This is a
confirmation that S. marcescens outbreak, in the same ward, is a recurring problem. Similar
studies have been conducted in other Italian regions [45–48]. Casolari et al. described
two consecutive S. marcescens outbreaks in a NICU of a North Italy hospital in a period of
10 years with an overall mortality of 7% [47].

The 19 S. marcescens analyzed in the present study showed the typical resistance to
colistin and amoxicillin-clavulanate association, but they are susceptible to meropenem
which was chosen as preferred antibiotic for therapy. The molecular characterization
of both clinical and environmental S. marcescens was performed using a next-generation
sequencing platform in order to obtain the WGS of each strain. All strains sequenced
exhibited the same ARGs and virulence factors profile. The virulence factors ade-FGH,
rsmA, CRP, and PBP3, found in our strains, are likely responsible for resistance to various
antimicrobials. In particular, the adeFGH is one of the three parts which compose the RND
efflux pumps (i.e., AdeABC, AdeFGH, and AdeIJK) that contribute to antibiotic resistance in
several pathogens [49,50]. The rsmA and CRP belong to the RND antibiotic efflux pump
and it contributed to antibiotic resistance in particular to fluoroquinolone and macrolide
resistance [51]. The PBP3 is an essential protein involved in many interactions within the di-
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visome of the bacteria [52] and, as well as other penicillin-binding proteins, represents major
targets for β-lactam antibiotics [53]. The substitution D350N in PBP3 has also been found
in other bacterial species (i.e., Haemophilus influenzae) [54]. Concerning the other resistance
genes found in this study, the aac(6′)-Ic was identified in 1992 in S. marcescens strains and
it represents an intrinsic acetyltransferase, which may play a role in primary metabolism
of bacterium. The aac(6′)-Ic is a chromosomal gene which confers resistance to aminogly-
cosides (i.e., gentamycin, tobramycin, netilmicin, and amikacin) [55,56]. The tetA(41) is a
tetracycline efflux pumps protein found in environmental and clinical S. marcescens [57,58].
It is most closely related to tet(39) protein of Acinetobacter [59]. Some ARGs and virulence
genes identified in our strains can be commonly found in S. marcescens [6].

The SRT-3 enzyme belongs to the SRT AmpC family, which is characteristic of S. marcescens
clinical isolates [60]. β-lactamases are the commonest cause and the most efficient mech-
anism of bacterial resistance to β-lactam antimicrobial agents. As confirmed in the last
standard numbering scheme [61], three conserved elements have been identified in class C
β-lactamases: the first element is the active site with the catalytic serine at position 64 and
downstream one helix-turn is located a lysine residue (K67) whose side-chain also points
into the active site; the second element 150YSN152 is located on a short loop in the all α
domains where it forms one side of the catalytic cavity. The side-chains of the first and third
residues point to the active-site cleft; the third element, 315KTG317, is on the innermost
strand of the β-sheet (α/β domain) and forms the opposite wall of the catalytic cavity [62].
In the present study, we have characterized the SRT-3 enzyme which showed a narrow
spectrum of substrate. Indeed, it was able to hydrolyze only cefazolin, a 2nd generation of
cephalosporins. Based on our knowledge, in literature, there are no kinetic data related to
SRT-3 enzyme. Similarly, to SST-1, which showed more than 97% of amino acid homology,
the SRT-3 is an AmpC enzyme able to hydrolyze only old generation cephalosporins. The
S. marcescens strains, isolated during the outbreak at NICU of Pescara Public Hospital, did
not harbor plasmids or genes encoding for extended-spectrum β-lactamasases or carbapen-
emases. Thus, all ARGs found in the genome of S. marcescens strains were constitutive and
not acquired by gene horizontal transfer. We suppose this is due to the fact that, during the
same period, no other antibiotic resistant bacteria were identified in NICU.

5. Conclusions

In the present study we have described the second S. marcescens outbreak that occurred
at NICU of Pescara General Hospital in the period 2011–2021. Fortunately, in the recent
outbreak only two newborns were symptomatic, and the total number of cases were small.
However, ongoing surveillance and infection control programs are necessary to identify
the possible infection reservoir in order to adopt, as quickly as possible, the appropriate
containment measures.

Author Contributions: Conceptualization, M.P., F.B. and A.P.; methodology, S.C., A.P. and A.S.;
investigation, A.P., S.C. and F.B.; data curation, A.P., P.F., S.D.V., V.C., L.P. and M.P.; writing—original
draft preparation, M.P., A.P., F.B. and V.C.; writing—review and editing, M.P., L.P. and A.P.; visualiza-
tion, A.P., F.B., S.C., P.F., A.S., S.D.V., V.C. and L.P.; supervision, M.P. and A.P.; funding acquisition,
A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by University of L’Aquila, grant number (07_PROGETTO_RICERCA_
ATENEO).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank Anna Toso (Toronto Catholic District School Board,
Toronto, ON, Canada) for the language revision of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Diagnostics 2022, 12, 2180 7 of 9

References
1. Keck, N.; Dunie-Merigot, A.; Dazas, M.; Hirchaud, E.; Laurence, S.; Gervais, B.; Madec, J.Y.; Haenni, M. Long-lasting nosocomial

persistence of chlorhexidine-resistant Serratia marcescens in a veterinary hospital. Vet. Microbiol. 2020, 245, 108686. [CrossRef]
[PubMed]

2. Fernández, L.; Hancock, R.E. Adaptive and mutational resistance: Role of porins and efflux pumps in drug resistance. Clin.
Microbiol. Rev. 2012, 25, 661–681. [CrossRef]

3. Sunenshine, R.H.; Tan, E.T.; Terashita, D.M.; Jensen, B.J.; Kacica, M.A.; Sickbert-Bennett, E.E.; Noble-Wang, J.A.; Palmieri, M.J.;
Bopp, D.J.; Jernigan, D.B.; et al. A multistate outbreak of Serratia marcescens bloodstream infection associated with contaminated
intravenous magnesium sulfate from a compounding pharmacy. Clin. Infect. Dis. 2007, 45, 527–533. [CrossRef]

4. Åttman, E.; Korhonen, P.; Tammela, O.; Vuento, R.; Aittoniemi, J.; Syrjänen, J.; Mattila, E.; Österblad, M.; Huttunen, R. A Serratia
marcescens outbreak in a neonatal intensive care unit was successfully managed by rapid hospital hygiene interventions and
screening. Acta Paediatr. 2018, 107, 425–429. [CrossRef]

5. Voelz, A.; Müller, A.; Gillen, J.; Le, C.; Dresbach, T.; Engelhart, S.; Exner, M.; Bates, C.J.; Simon, A. Outbreaks of Serratia marcescens
in neonatal and pediatric intensive care units: Clinical aspects, risk factors and management. Int. J. Hyg. Environ. Health 2010, 213,
79–87. [CrossRef] [PubMed]

6. Greco-Stewart, V.S.; Brown, E.E.; Parr, C.; Kalab, M.; Jacobs, M.R.; Yomtovian, R.A.; Ramírez-Arcos, S.M. Serratia marcescens
strains implicated in adverse transfusion reactions form biofilms in platelet concentrates and demonstrate reduced detection by
automated culture. Vox Sang. 2012, 102, 212–220. [CrossRef] [PubMed]

7. Martineau, C.; Li, X.; Lalancette, C.; Perreault, T.; Fournier, E.; Tremblay, J.; Gonzales, M.; Yergeau, É.; Quach, C. Serratia marcescens
outbreak in a neonatal intensive care unit: New insights from next-generation sequencing applications. J. Clin. Microbiol. 2018, 56,
e00235-18. [CrossRef]

8. Moles, L.; Gomez, M.; Moroder, E.; Jimenez, E.; Escuder, D.; Bustos, G.; Melgar, A.; Vila, J.; Del Campo, R.; Chaves, F.; et al.
Serratia marcescens colonization in preterm neonates during their neonatal intensive care unit stay. Antimicrob. Resist. Infect.
Control 2019, 8, 135. [CrossRef]

9. da Silva, K.E.; Rossato, L.; Jorge, S.; de Oliveira, N.R.; Kremer, F.S.; Campos, V.F.; da Silva Pinto, L.; Dellagostin, O.A.; Simionatto,
S. Three challenging cases of infections by multidrug-resistant Serratia marcescens in patients admitted to intensive care units.
Braz. J. Microbiol. 2021, 52, 1341–1345. [CrossRef]

10. Yeo, K.T.; Octavia, S.; Lim, K.; Lin, C.; Lin, R.; Thoon, K.C.; Tee, N.W.S.; Yung, C.F. Serratia marcescens in the neonatal intensive
care unit: A cluster investigation using molecular methods. J. Infect. Public Health 2020, 13, 1006–1011. [CrossRef]

11. Muyldermans, A.; Crombé, F.; Bosmans, P.; Cools, F.; Piérard, D.; Wybo, I. Serratia marcescens outbreak in a neonatal intensive care
unit and the potential of whole-genome sequencing. J. Hosp. Infect. 2021, 111, 148–154. [CrossRef] [PubMed]

12. Cristina, M.L.; Sartini, M.; Spagnolo, A.M. Serratia marcescens infections in Neonatal Intensive Care Units (NICUs). Int. J. Environ.
Res. Public Health 2019, 16, 610. [CrossRef]

13. Al Jarousha, A.M.; El Qouqa, A.; El Jadba, A.H.; Al Afifi, A.S. An outbreak of Serratia marcescens septicaemia in neonatal intensive
care unit in Gaza City, Palestine. J. Hosp. Infect. 2008, 70, 119–126. [CrossRef] [PubMed]

14. Su, L.H.; Ou, J.T.; Leu, H.S.; Chiang, P.C.; Chiu, Y.P.; Chia, J.H.; Kuo, A.J.; Chiu, C.H.; Chu, C.; Wu, T.L.; et al. Extended epidemic
of nosocomial urinary tract infections caused by Serratia marcescens. J. Clin. Microbiol. 2003, 41, 4726–4732. [CrossRef] [PubMed]

15. Arslan, U.; Erayman, I.; Kirdar, S.; Yuksekkaya, S.; Cimen, O.; Tuncer, I.; Bozdogan, B. Serratia marcescens sepsis outbreak in a
neonatal intensive care unit. Pediatr. Int. 2010, 52, 208–212. [CrossRef] [PubMed]

16. European Centre for Disease Prevention and Control. Healthcare-Associated Infections in Intensive Care Units—Annual Epidemiological
Report for 2017; ECDC: Stockholm, Sweden, 2019.

17. Iguchi, A.; Nagaya, Y.; Pradel, E.; Ooka, T.; Ogura, Y.; Katsura, K.; Kurokawa, K.; Oshima, K.; Hattori, M.; Parkhill, J.; et al.
Genome evolution and plasticity of Serratia marcescens, an important multidrug-resistant nosocomial pathogen. Genome Biol. Evol.
2014, 6, 2096–2110. [CrossRef]

18. Luzzaro, F.; Perilli, M.; Migliavacca, R.; Lombardi, G.; Micheletti, P.; Agodi, A.; Stefani, S.; Amicosante, G.; Pagani, L. Repeated
epidemics caused by extended-spectrum β-lactamase-producing Serratia marcescens strains. Eur. J. Clin. Microbiol. Infect. Dis.
1998, 17, 629–636. [CrossRef]

19. Pérez-Viso, B.; Hernández-García, M.; Ponce-Alonso, M.; Morosini, M.I.; Ruiz-Garbajosa, P.; Del Campo, R.; Cantón, R. Charac-
terization of carbapenemase-producing Serratia marcescens and whole-genome sequencing for plasmid typing in a hospital in
Madrid, Spain (2016-18). J. Antimicrob. Chemother. 2021, 76, 110–116. [CrossRef]

20. Messaoudi, A.; Mansour, W.; Tilouche, L.; Châtre, P.; Drapeau, A.; Chaouch, C.; Azaiez, S.; Bouallègue, O.; Madec, J.Y.; Haenni, M.
First report of carbapenemase OXA-181-producing Serratia marcescens. J. Glob. Antimicrob. Resist. 2021, 26, 205–206. [CrossRef]

21. Bielli, A.; Piazza, A.; Cento, V.; Comandatore, F.; Lepera, V.; Gatti, M.; Brioschi, P.; Vismara, C.; Bandi, C.; Perno, C.F. In vivo
acquisition and risk of inter-species spread of bla(KPC-3)-plasmid from Klebsiella pneumoniae to Serratia marcescens in the lower
respiratory tract. J. Med. Microbiol. 2020, 69, 82–86. [CrossRef]

22. Cai, J.C.; Zhou, H.W.; Zhang, R.; Chen, G.X. Emergence of Serratia marcescens, Klebsiella pneumoniae, and Escherichia coli Isolates
possessing the plasmid-mediated carbapenem-hydrolyzing β-lactamase KPC-2 in intensive care units of a Chinese hospital.
Antimicrob. Agents Chemother. 2008, 52, 2014–2018. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vetmic.2020.108686
http://www.ncbi.nlm.nih.gov/pubmed/32456825
http://doi.org/10.1128/CMR.00043-12
http://doi.org/10.1086/520664
http://doi.org/10.1111/apa.14132
http://doi.org/10.1016/j.ijheh.2009.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19783209
http://doi.org/10.1111/j.1423-0410.2011.01550.x
http://www.ncbi.nlm.nih.gov/pubmed/21967170
http://doi.org/10.1128/JCM.00235-18
http://doi.org/10.1186/s13756-019-0584-5
http://doi.org/10.1007/s42770-021-00477-4
http://doi.org/10.1016/j.jiph.2019.12.003
http://doi.org/10.1016/j.jhin.2021.02.006
http://www.ncbi.nlm.nih.gov/pubmed/33581246
http://doi.org/10.3390/ijerph16040610
http://doi.org/10.1016/j.jhin.2008.06.028
http://www.ncbi.nlm.nih.gov/pubmed/18723246
http://doi.org/10.1128/JCM.41.10.4726-4732.2003
http://www.ncbi.nlm.nih.gov/pubmed/14532211
http://doi.org/10.1111/j.1442-200X.2009.02934.x
http://www.ncbi.nlm.nih.gov/pubmed/19664012
http://doi.org/10.1093/gbe/evu160
http://doi.org/10.1007/s100960050146
http://doi.org/10.1093/jac/dkaa398
http://doi.org/10.1016/j.jgar.2021.06.004
http://doi.org/10.1099/jmm.0.001113
http://doi.org/10.1128/AAC.01539-07
http://www.ncbi.nlm.nih.gov/pubmed/18332176


Diagnostics 2022, 12, 2180 8 of 9

23. de Vries, J.J.; Baas, W.H.; van der Ploeg, K.; Heesink, A.; Degener, J.E.; Arends, J.P. Outbreak of Serratia marcescens colonization and
infection traced to a healthcare worker with long-term carriage on the hands. Infect. Control Hosp. Epidemiol. 2006, 27, 1153–1158.
[CrossRef] [PubMed]

24. Bagattini, M.; Crispino, M.; Gentile, F.; Barretta, E.; Schiavone, D.; Boccia, M.C.; Triassi, M.; Zarrilli, R. A nosocomial outbreak of
Serratia marcescens producing inducible Amp C-type β-lactamase enzyme and carrying antimicrobial resistance genes within a
class 1 integron. J. Hosp. Infect. 2004, 56, 29–33. [CrossRef] [PubMed]

25. Miao, M.; Wen, H.; Xu, P.; Niu, S.; Lv, J.; Xie, X.; Mediavilla, J.R.; Tang, Y.W.; Kreiswirth, B.N.; Zhang, X.; et al. Genetic diversity of
carbapenem-resistant Enterobacteriaceae (CRE) clinical isolates from a tertiary hospital in Eastern China. Front. Microbiol. 2019, 9,
3341. [CrossRef] [PubMed]

26. Iovene, M.R.; Pota, V.; Galdiero, M.; Corvino, G.; Di Lella, F.M.; Stelitano, D.; Passavanti, M.B.; Pace, M.C.; Alfieri, A.; Di Franco,
S.; et al. First Italian outbreak of VIM-producing Serratia marcescens in an adult polyvalent intensive care unit, August-October
2018: A case report and literature review. World J. Clin. Cases 2019, 7, 3535–3548. [CrossRef]

27. Crivaro, V.; Bagattini, M.; Salza, M.F.; Raimondi, F.; Rossano, F.; Triassi, M.; Zarrilli, R. Risk factors for extended-spectrum
β-lactamase-producing Serratia marcescens and Klebsiella pneumoniae acquisition in a neonatal intensive care unit. J. Hosp. Infect.
2007, 67, 135–141. [CrossRef]

28. Casolari, C.; Pecorari, M.; Fabio, G.; Cattani, S.; Venturelli, C.; Piccinini, L.; Tamassia, M.G.; Gennari, W.; Sabbatini, A.M.; Leporati,
G.; et al. A simultaneous outbreak of Serratia marcescens and Klebsiella pneumoniae in a neonatal intensive care unit. J. Hosp. Infect.
2005, 61, 312–320. [CrossRef]

29. The European Committee on Antimicrobial Susceptibility Testing (EUCAST) Breakpoint Tables for Interpretation of MICs and
Zone Diameters. Version 9.0. 2019. Available online: https://www.eucast.org/clinical_breakpoints/ (accessed on 2 March 2022).

30. Piccirilli, A.; Perilli, M.; Piccirilli, V.; Segatore, B.; Amicosante, G.; Maccacaro, L.; Bazaj, A.; Naso, L.; Cascio, G.L.; Cornaglia, G.
Molecular characterization of carbapenem-resistant Klebsiella pneumoniae ST14 and ST512 causing bloodstream infections in ICU
and surgery wards of a tertiary university hospital of Verona (northern Italy): Co-production of KPC-3, OXA-48, and CTX-M-15
β-lactamases. Diagn. Microbiol. Infect. Dis. 2020, 96, 114968.

31. Piccirilli, A.; Cherubini, S.; Azzini, A.M.; Tacconelli, E.; Lo Cascio, G.; Maccacaro, L.; Bazaj, A.; Naso, L.; Amicosante, G.; Ltcf-
Veneto Working Group; et al. Whole-genome sequencing (WGS) of carbapenem-resistant K. pneumoniae isolated in Long-Term
Care Facilities in the Northern Italian Region. Microorganisms 2021, 9, 1985. [CrossRef]

32. Cherubini, S.; Perilli, M.; Azzini, A.M.; Tacconelli, E.; Maccacaro, L.; Bazaj, A.; Naso, L.; Amicosante, G.; LTCF-Veneto Working
Group; Lo Cascio, G.; et al. Resistome and virulome of multi-drug resistant E. coli ST131 isolated from residents of Long-Term
Care Facilities in the Northern Italian Region. Diagnostics 2022, 12, 213. [CrossRef]

33. Cherubini, S.; Perilli, M.; Segatore, B.; Fazii, P.; Parruti, G.; Frattari, A.; Amicosante, G.; Piccirilli, A. Whole-Genome Sequencing of
ST2 A. baumannii causing bloodstream infections in COVID-19 patients. Antibiotics 2022, 11, 955. [CrossRef]

34. Zerbino, D.R. Chapter 11—Using the Velvet de novo assembler for short-read sequencing technologies. In Current Protocols in
Bioinformatics; John Wiley & Sons, Inc: Hoboken, NJ, USA, 2010; Unit 11.5.

35. Segel, I.H. Biochemical Calculations, 2nd ed.; John Wiley & Sons: New York, NY, USA, 1976; pp. 236–241.
36. Bottoni, C.; Perilli, M.; Marcoccia, F.; Piccirilli, A.; Pellegrini, C.; Colapietro, M.; Sabatini, A.; Celenza, G.; Kerff, F.; Amicosante,

G.; et al. Kinetic Studies on CphA Mutants Reveal the Role of the P158-P172 Loop in Activity versus Carbapenems. Antimicrob.
Agents Chemother. 2016, 60, 3123–3126. [CrossRef] [PubMed]

37. World Health Organization. WHO Guidelines on Hand Hygiene in Health Care: First Global Patient Safety Challenge Clean Care is Safer
Care; World Health Organization: Geneva, Switzerland, 2009.

38. Moles, L.; Gómez, M.; Jiménez, E.; Fernández, L.; Bustos, G.; Chaves, F.; Cantón, R.; Rodríguez, J.M.; Del Campo, R. Preterm
infant gut colonization in the neonatal ICU and complete restoration 2 years later. Clin. Microbiol. Infect. 2015, 21, 936. [CrossRef]
[PubMed]

39. Faith, J.J.; Guruge, J.L.; Charbonneau, M.; Subramanian, S.; Seedorf, H.; Goodman, A.L.; Clemente, J.C.; Knight, R.; Heath, A.C.;
Leibel, R.L.; et al. The long-term stability of the human gut microbiota. Science 2013, 341, 1237439. [CrossRef]

40. Melville, J.M.; Moss, T.J. The immune consequences of preterm birth. Front. Neurosci. 2013, 7, 79. [CrossRef] [PubMed]
41. Escribano, E.; Saralegui, C.; Moles, L.; Montes, M.T.; Alba, C.; Alarcón, T.; Lázaro-Perona, F.; Rodríguez, J.M.; Sáenz de Pipaón,

M.; Del Campo, R. Influence of a Serratia marcescens outbreak on the gut microbiota establishment process in low-weight preterm
neonates. PLoS ONE 2019, 14, e0216581. [CrossRef] [PubMed]

42. Friedman, N.D.; Kotsanas, D.; Brett, J.; Billah, B.; Korman, T.M. Investigation of an outbreak of Serratia marcescens in a neonatal
unit via a case-control study and molecular typing. Am. J. Infect. Control. 2008, 36, 22–28. [CrossRef]

43. David, M.D.; Weller, T.M.; Lambert, P.; Fraise, A.P. An outbreak of Serratia marcescens on the neonatal unit: A tale of two clones.
J. Hosp. Infect. 2006, 63, 27–33. [CrossRef]

44. Polilli, E.; Parruti, G.; Fazii, P.; D’Antonio, D.; Palmieri, D.; D’Incecco, C.; Mangifesta, A.; Garofalo, G.; Del Duca, L.; D’Amario, C.;
et al. Rapidly controlled outbreak of Serratia marcescens infection/colonisations in a neonatal intensive care unit, Pescara General
Hospital, Pescara, Italy, April 2011. Euro. Surveill. 2011, 16, 19892. [CrossRef]

45. Buttinelli, E.; Ardoino, I.; Domeniconi, G.; Lanzoni, M.; Pugni, L.; Ronchi, A.; Mosca, F.; Biganzoli, E.; Castaldi, S. Epidemiology
of Serratia marcescens infections in NICU of a teaching and research hospital in northern Italy. Minerva Pediatr. 2017. [CrossRef]

http://doi.org/10.1086/508818
http://www.ncbi.nlm.nih.gov/pubmed/17080370
http://doi.org/10.1016/j.jhin.2003.07.004
http://www.ncbi.nlm.nih.gov/pubmed/14706268
http://doi.org/10.3389/fmicb.2018.03341
http://www.ncbi.nlm.nih.gov/pubmed/30697205
http://doi.org/10.12998/wjcc.v7.i21.3535
http://doi.org/10.1016/j.jhin.2007.07.026
http://doi.org/10.1016/j.jhin.2005.03.005
https://www.eucast.org/clinical_breakpoints/
http://doi.org/10.3390/microorganisms9091985
http://doi.org/10.3390/diagnostics12010213
http://doi.org/10.3390/antibiotics11070955
http://doi.org/10.1128/AAC.01703-15
http://www.ncbi.nlm.nih.gov/pubmed/26883708
http://doi.org/10.1016/j.cmi.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26086569
http://doi.org/10.1126/science.1237439
http://doi.org/10.3389/fnins.2013.00079
http://www.ncbi.nlm.nih.gov/pubmed/23734091
http://doi.org/10.1371/journal.pone.0216581
http://www.ncbi.nlm.nih.gov/pubmed/31112570
http://doi.org/10.1016/j.ajic.2006.12.012
http://doi.org/10.1016/j.jhin.2005.11.006
http://doi.org/10.2807/ese.16.24.19892-en
http://doi.org/10.23736/S0026-4946.17.04856-3


Diagnostics 2022, 12, 2180 9 of 9

46. Montagnani, C.; Cocchi, P.; Lega, L.; Campana, S.; Biermann, K.P.; Braggion, C.; Pecile, P.; Chiappini, E.; de Martino, M.; Galli,
L. Serratia marcescens outbreak in a neonatal intensive care unit: Crucial role of implementing hand hygiene among external
consultants. BMC Infect. Dis. 2015, 15, 11. [CrossRef] [PubMed]

47. Casolari, C.; Pecorari, M.; Della Casa, E.; Cattani, S.; Venturelli, C.; Fabio, G.; Tagliazucchi, S.; Serpini, G.F.; Migaldi, M.;
Marchegiano, P.; et al. Serratia marcescens in a neonatal intensive care unit: Two long-term multiclone outbreaks in a 10-year
observational study. New Microbiol. 2013, 36, 373–383. [PubMed]

48. Perotti, G.; Bernardo, M.E.; Spalla, M.; Matti, C.; Stronati, M.; Pagani, L. Rapid control of two outbreaks of Serratia marcescens in a
Northern Italian neonatal intensive care unit. J. Chemother. 2007, 2, 56–60. [CrossRef] [PubMed]

49. Li, H.; Wang, X.; Zhang, Y.; Zhao, C.; Chen, H.; Jiang, S.; Zhang, F.; Wang, H. The role of RND efflux pump and global regulators
in tigecycline resistance in clinical Acinetobacter baumannii isolates. Future Microbiol. 2015, 10, 337–346. [CrossRef]

50. Yoon, E.J.; Balloy, V.; Fiette, L.; Chignard, M.; Courvalin, P.; Grillot Courvalin, C. Contribution of the Ade resistance–nodulation–cell
division-type efflux pumps to fitness and pathogenesis of Acinetobacter baumannii. MBio 2016, 7, e00697-16. [CrossRef]

51. Vakulskas, C.A.; Potts, A.H.; Babitzke, P.; Ahmer, B.M.; Romeo, T. Regulation of bacterial virulence by Csr (Rsm) systems.
Microbiol. Mol. Biol. Rev. 2015, 79, 193–224. [CrossRef]

52. Wissel, M.C.; Weiss, D.S. Genetic analysis of the cell division protein FtsI (PBP3): Amino acid substitutions that impair septal
localization of FtsI and recruitment of FtsN. J. Bacteriol. 2004, 186, 490–502. [CrossRef]

53. Sauvage, E.; Kerff, F.; Terrak, M.; Ayala, J.A.; Charlier, P. The penicillin-binding proteins: Structure and role in peptidoglycan
biosynthesis. FEMS Microbiol. Rev. 2008, 32, 234–258. [CrossRef]

54. Jakubu, V.; Malisova, L.; Musilek, M.; Pomorska, K.; Zemlickova, H. Characterization of Haemophilus influenzae strains with
non-enzymatic resistance to β-lactam antibiotics caused by mutations in the PBP3 gene in the Czech Republic in 2010–2018. Life
2021, 11, 1260. [CrossRef]

55. Bolourchi, N.; Noori Goodarzi, N.; Giske, C.G.; Nematzadeh, S.; Haririzadeh Jouriani, F.; Solgi, H.; Badmasti, F. Comprehensive
pan-genomic, resistome and virulome analysis of clinical OXA-48 producing carbapenem-resistant Serratia marcescens strains.
Gene 2022, 822, 146355. [CrossRef]

56. Shaw, K.J.; Rather, P.N.; Sabatelli, F.J.; Mann, P.; Munayyer, H.; Mierzwa, R.; Petrikkos, G.L.; Hare, R.S.; Miller, G.H.; Bennett,
P.; et al. Characterization of the chromosomal aac(6′)-Ic gene from Serratia marcescens. Antimicrob. Agents Chemother. 1992, 36,
1447–1455. [CrossRef] [PubMed]

57. Agersø, Y.; Guardabassi, L. Identification of Tet 39, a novel class of tetracycline resistance determinant in Acinetobacter spp. of
environmental and clinical origin. J. Antimicrob. Chemother. 2005, 55, 566–569. [CrossRef] [PubMed]

58. Thompson, S.A.; Maani, E.V.; Lindell, A.H.; King, C.J.; McArthur, J.V. Novel tetracycline resistance determinant isolated from an
environmental strain of Serratia marcescens. Appl. Environ. Microbiol. 2007, 73, 2199–2206. [CrossRef] [PubMed]

59. Matsumura, N.; Minami, S.; Mitsuhashi, S. Sequences of homologous β-lactamases from clinical isolates of Serratia marcescens
with different substrate specificities. Antimicrob. Agents Chemother. 1998, 42, 176–179. [CrossRef] [PubMed]

60. Yu, W.L.; Ko, W.C.; Cheng, K.C.; Chen, H.E.; Lee, C.C.; Chuang, Y.C. Institutional spread of clonally related Serratia marcescens
isolates with a novel AmpC cephalosporinase (S4): A 4-year experience in Taiwan. Diagn. Microbiol. Infect. Dis. 2008, 61, 460–467.
[CrossRef]

61. Mack, A.R.; Barnes, M.D.; Taracila, M.A.; Hujer, A.M.; Hujer, K.M.; Cabot, G.; Feldgarden, M.; Haft, D.H.; Klimke, W.; van den
Akker, F.; et al. A standard numbering scheme for Class C β-Lactamases. Antimicrob. Agents Chemother. 2020, 64, e01841-19.
[CrossRef]

62. Perilli, M.; Celenza, G.; Pellegrini, C.; Amicosante, G. Chapter 13—β-Lactamases as major mechanism of resistance in Gram-
negative bacteria. In Multidrug Resistance: A Global Concern; Khan, A.U., Zarrilli, R., Eds.; Bentham Science Publishers: Sharjah,
United Arab Emirates, 2012; pp. 210–226.

http://doi.org/10.1186/s12879-014-0734-6
http://www.ncbi.nlm.nih.gov/pubmed/25582674
http://www.ncbi.nlm.nih.gov/pubmed/24177299
http://doi.org/10.1080/1120009X.2007.11782448
http://www.ncbi.nlm.nih.gov/pubmed/18073184
http://doi.org/10.2217/fmb.15.7
http://doi.org/10.1128/mBio.00697-16
http://doi.org/10.1128/MMBR.00052-14
http://doi.org/10.1128/JB.186.2.490-502.2004
http://doi.org/10.1111/j.1574-6976.2008.00105.x
http://doi.org/10.3390/life11111260
http://doi.org/10.1016/j.gene.2022.146355
http://doi.org/10.1128/AAC.36.7.1447
http://www.ncbi.nlm.nih.gov/pubmed/1354954
http://doi.org/10.1093/jac/dki051
http://www.ncbi.nlm.nih.gov/pubmed/15761075
http://doi.org/10.1128/AEM.02511-06
http://www.ncbi.nlm.nih.gov/pubmed/17308196
http://doi.org/10.1128/AAC.42.1.176
http://www.ncbi.nlm.nih.gov/pubmed/9449282
http://doi.org/10.1016/j.diagmicrobio.2008.03.010
http://doi.org/10.1128/AAC.01841-19

	Introduction 
	Materials and Methods 
	Clinical Strains 
	Environmental Sampling 
	Testing for Antimicrobial Susceptibility 
	Whole-Genome Sequencing (WGS) 
	SRT-3 Extraction and -Lactamase Activity 

	Results 
	Epidemiological Outbreak 
	Antimicrobial Susceptibility 
	WGS Analysis 
	Characterization of SRT-3 -Lactamase 

	Discussion 
	Conclusions 
	References

