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ABSTRACT Serratia marcescens is an environmental bacterium that is commonly as-
sociated with outbreaks in neonatal intensive care units (NICUs). Investigations of S.
marcescens outbreaks require efficient recovery and typing of clinical and environmental
isolates. In this study, we investigated how the use of next-generation sequencing appli-
cations, such as bacterial whole-genome sequencing (WGS) and bacterial community
profiling, could improve S. marcescens outbreak investigations. Phylogenomic links and
potential antibiotic resistance genes and plasmids in S. marcescens isolates were investi-
gated using WGS, while bacterial communities and relative abundances of Serratia in en-
vironmental samples were assessed using sequencing of bacterial phylogenetic marker
genes (16S rRNA and gyrB genes). Typing results obtained using WGS for the 10 S. marc-
escens isolates recovered during a NICU outbreak investigation were highly consistent
with those obtained using pulsed-field gel electrophoresis (PFGE), the current standard
typing method for this bacterium. WGS also allowed the identification of genes associ-
ated with antibiotic resistance in all isolates, while no plasmids were detected. Sequenc-
ing of the 16S rRNA and gyrB genes both showed greater relative abundances of Serra-
tia at environmental sampling sites that were in close contact with infected babies.
Much lower relative abundances of Serratia were observed following disinfection of a
room, indicating that the protocol used was efficient. Variations in the bacterial commu-
nity composition and structure following room disinfection and among sampling sites
were also identified through 16S rRNA gene sequencing. Together, results from this
study highlight the potential for next-generation sequencing tools to improve and to fa-
cilitate outbreak investigations.

KEYWORDS amplicon deep sequencing, bacterial community profiling, NICU, next-
generation sequencing, outbreak investigation, Serratia marcescens, whole-genome
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Newborns admitted to neonatal intensive care units (NICUs) are at high risk of
contracting health care-associated infections (HAIs) due to the immaturity of their

immune systems and the intensity of medical interventions required. Serratia marc-
escens is a Gram-negative bacterium that is commonly associated with HAI outbreaks
in NICUs. In a recent review of the literature on NICU outbreaks, S. marcescens was
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associated with 5 of 39 outbreaks (1), with a broad clinical spectrum, including
septicemia, conjunctivitis, pneumonia, urinary tract infections, and meningitis.

S. marcescens is ubiquitous in the environment, and previously identified sources of
contamination included the hands of health care workers, medical devices, soap, sinks,
and milk (2–4). Although environmental sampling occasionally led to the isolation of S.
marcescens, the source of contamination remained unidentified in most outbreaks (5,
6). In NICUs, S. marcescens gastrointestinal carriage was identified as a potential
reservoir (5, 7) and was associated with greater prematurity, use of antibiotics, and
mechanical ventilation (7).

Previous investigations showed that generally more than one clone can be identi-
fied during S. marcescens outbreak investigations (2, 5, 8, 9). Typing of bacterial isolates
can be particularly challenging and relies on the use of molecular biology tools such as
pulsed-field gel electrophoresis (PFGE), multilocus sequence typing (MLST), and ri-
botyping. PFGE is the more commonly used typing technique and was applied previ-
ously to the investigations of S. marcescens outbreaks in NICUs (2, 10, 11). Although
PFGE is still the gold standard for most bacterial species, whole-genome sequencing
(WGS) is a promising and increasingly used tool for strain typing, often providing higher
resolution than other tools (12–14).

Other recently developed next-generation sequencing (NGS) tools, such as targeted
amplicon sequencing of bacterial phylogenetic marker genes, could improve outbreak
investigations, allowing investigators to profile the microbial community composition
in environmental samples and improving our understanding of microbial spread and
colonization of the hospital environment (15–17). In this study, we describe how the
use of advanced molecular biology tools, such as bacterial WGS and sequencing of
amplicons from environmental DNA, is challenging but can provide crucial information
in the context of a NICU S. marcescens outbreak.

MATERIALS AND METHODS
Study population and sample collection. The McGill University Health Centre (MUHC) has a 52-bed

level III NICU, with approximately 900 admissions annually from both in-born and referred populations,
as it serves as a reference center for other hospitals in the province of Quebec. During the outbreak,
specimens from symptomatic newborns were collected and cultured; screening of all babies in the NICU
(using nasal and rectal swabs, as well as tracheal samples for intubated or tracheotomized babies) was
implemented following the detection of the first 3 cases. Measures for infection prevention and control
included contact precautions (patients were all in single rooms) with eye protection during aspiration,
discarding of all material and equipment upon discharge of the patient, enhancement of environmental
cleaning, and reinforcement of hand hygiene compliance among parents. A disinfection protocol using
hydrogen peroxide was implemented. This protocol was applied daily to all rooms but was repeated
twice for in-depth cleaning following discharge of a patient.

Environmental sampling was performed upon detection of S. marcescens in clinical samples, first on
day 27 of the outbreak investigation from 3 rooms with cases (positive rooms) and 1 control room that
had been decontaminated prior to sampling following discharge of a case. Environmental samples were
collected from different sites in each room (around the bed [outside the isolette] and from the drain,
table cart, ventilator/infusion pump, wipe bottle/disinfectant pump, bench, and computer keyboard
[outside the room]). Two swabs were collected from each sampling site, one for bacterial culture and the
other for DNA extraction. Both swabs were moistened with saline and streaked on 25-cm2 surfaces (or
the entire surface, for �25-cm2 surfaces). Swabs for cultures were placed in Amies medium, while swabs
for DNA extraction were placed in universal transport medium (Copan Diagnostics, Murrieta, CA, USA),
and all swabs were frozen at �80°C until tested. The same 3 positive rooms were sampled again on day
59 of the outbreak investigation, along with 2 additional rooms hosting newly infected babies; a single
swab per site was collected for bacterial culture.

Strain isolation and identification. Samples collected from patients and the environment were
inoculated on culture media (Columbia blood agar and MacConkey agar) and incubated at 37°C for 24
h. Isolates were identified with the Vitek 2 system (bioMérieux, Marcy l’Etoile, France) by the hospital
laboratory and submitted to the provincial public health laboratory (Laboratoire de Santé Publique du
Québec [LSPQ]) for typing.

Strain typing by PFGE. Colonies from 24-h growth on blood agar plates were harvested in cellular
suspension buffer (100 mM Tris [pH 8.0], 100 mM EDTA [pH 8.0]) with proteinase K (0.1 mg/ml). SeaKem
Gold agarose (Lonza, Basel, Switzerland) was added, and the final mixture was transferred into a well of
the plug mold. The solidified plug was transferred in lysis buffer (50 mM Tris [pH 8.0], 50 mM EDTA [pH
8.0], 1% Sarkosyl) with proteinase K and incubated at 55°C for 1 h, with agitation. The plug was rinsed
and sliced, and the DNA was digested with 150 �l of 40 U of SpeI solution (Roche, Canada) and incubated
at 50°C for a minimum of 2 h. The digested slice was loaded onto a 1% SeaKem Gold PFGE agarose gel.
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Electrophoresis was performed in Tris-borate-EDTA (TBE) buffer at 14°C for 19.5 h at 6 V/cm, using switch
times of 5.3 to 42 s. Gels were stained in GelRed (Cedarlane, Canada). The SpeI patterns were interpreted
using the standards described by Tenover et al. (18). Band position tolerances of 0.8% and optimization
values of 1% were used for all analyses. Similarity coefficients were obtained within BioNumerics v6.5 by
calculating Dice coefficients. Cluster analysis was performed with the unweighted pair group method
with arithmetic averages (UPGMA), using 80% similarity to assign a cluster. PFGE patterns were consid-
ered similar visually according to the criteria described by Tenover et al. (18). Letters identified the
different PFGE patterns.

Whole-genome sequencing. Genomic DNA for WGS of bacterial isolates was extracted using the
MagAttract DNA Mini M48 kit on the BioRobot M48 automated platform (Qiagen, Toronto, ON, Canada)
and was quantified using the Qubit double-stranded DNA (dsDNA) high-sensitivity assay (Thermo Fisher
Scientific, Mississauga, ON, Canada). Sequencing libraries were prepared with the Nextera XT library
preparation kit (Illumina, Inc., San Diego, CA, USA), following the manufacturer’s instructions, and
sequenced on the Illumina MiSeq platform, using MiSeq v3 reagent kits (600 cycles, paired-end reads).
The quality of the raw sequence reads was verified using FastQC (http://www.bioinformatics.babraham
.ac.uk/projects/fastqc).

Strain typing by hqSNV. Phylogenomic links between isolates were investigated using a core
genome high-quality single-nucleotide variant (hqSNV) analysis pipeline (19) implemented in a Galaxy
workflow (20). Briefly, reads were mapped to a reference genome (GenBank accession number
CP018923.1) using Smalt (http://www.sanger.ac.uk/science/tools/smalt-0). hqSNV sites were identified
with FreeBayes (https://github.com/ekg/freebayes) and SAMtools/BCFtools (21, 22). A filtering step was
then applied to mask regions with single-nucleotide variants (SNVs) occurring at densities of 2 or more
within a moving window of 20 bp (default settings) or 500 bp (higher stringency) (19). The remaining
hqSNV sites were concatenated to produce a pseudo-multiple-sequence alignment. This alignment was
finally used as the input to infer a maximum likelihood tree with PhyML (23) and to generate other
output files needed to construct a minimum spanning tree with PhyloViz (24).

Genome assembly and annotation. SPAdes v3.7.0 (25) was used with default settings to assemble
the reads into contigs. The resulting assemblies were filtered with an in-house Python script in which
contigs with coverage of �5� and lengths of �500 bp were kept. Genome annotation was added by
the NCBI prokaryotic annotation pipeline (v4.2 [May 2017]) following sequence deposition in GenBank.
Antibiotic resistance genes were further investigated using the Resistance Gene Identifier (RGI) of the
Comprehensive Antibiotic Resistance Database (CARD) (26). The presence of plasmids was detected
using PlasmidFinder, with the threshold set at 90% identity (27).

Sequencing of bacterial 16S rRNA and gyrB genes. Genomic DNA extraction of environmental
swab samples was performed using the NucliSENS EasyMAG automated platform, with input and elution
volumes of 500 �l and 100 �l, respectively. A negative control (diethyl pyrocarbonate [DEPC]-treated
water) was included in each extraction run and processed with the samples. A PCR negative control (i.e.,
DEPC-treated water added to the PCR mixture) was also included to PCR runs. Primers 343F (5=-TACG
GRAGGCAGCAG-3=) and 803R (5=-CTACCAGGGTATCTAATCC-3=) were used for PCR amplification of the V3
to V4 regions of the 16S rRNA genes of bacteria (not archaea). The use of these primers generated
�460-bp amplicons that allowed the identification of bacteria at the genus level. A second set of primers,
gyrB_aF64 (5=-MGNCCNGSNATGTAYATHGG-3=) and gyrB_aR353 (5=-ACNCCRTGNARDCCDCCNGA-3=) (28),
was used to amplify an �290-bp portion of the bacterial gyrB gene, which was previously described as
a genetic marker that allowed the identification at the species level of bacteria of the Enterobacteriaceae
family, such as Serratia marcescens (28–30). PCR amplification with the HotStarTaq DNA polymerase
(Qiagen) was carried out for 32 cycles (16S) or 40 cycles (gyrB), at annealing temperatures of 55°C (16S)
or 60°C (gyrB). A mock bacterial community composed of a mixture of genomic DNA from 20 bacterial
strains containing different rRNA operon counts (1,000 to 1,000,000 operons per organism per �l)
(BEI783D; BEI Resources, Manassas, VA, USA) was used as a positive control. Library preparation for
Illumina sequencing was performed according to the manufacturer’s instructions (31). Sequencing was
performed on the Illumina MiSeq platform using MiSeq v3 reagent kits (600 cycles, paired-end reads).

16S rRNA and gyrB gene sequence processing. The 16S rRNA gene sequences were analyzed
through a custom rRNA short amplicon analysis pipeline, as described previously (32). Briefly, reads were
filtered, merged with their overlapping paired ends, and clustered at 97% identity. Taxonomy was then
assigned to each cluster based on the SILVA taxonomy (33), and an operational taxonomic unit (OTU)
table was generated, filtered to exclude eukaryotes and chloroplasts, and normalized as described
previously (34). This normalized OTU table was used for downstream analysis and for computing of beta
diversity metrics. Taxonomy tables were also generated for both the gyrB and 16S rRNA gene sequences
using MiniKraken (35), a tool that was initially designed for the taxonomic classification of shotgun
metagenomic sequence reads that can be applied to amplicon sequencing data (36, 37). In this case,
relative abundances were calculated by dividing the number of sequences belonging to a taxonomic
group by the total number of bacterial sequences within each sample.

Statistical analyses. All statistical analyses were performed in R v3.4.2 (The R Foundation for
Statistical Computing). Data normality was tested prior to analysis of variance (ANOVA) using the
shapiro.test function. Data were transformed (transformTukey function, with the rcompanion library)
when necessary to meet parametric ANOVA assumptions. ANOVA and the post hoc Tukey honestly
significant difference (HSD) test were then carried out using the aov and TukeyHSD functions, respec-
tively. Spearman linear correlation analysis was performed using the cor.test function. Principal-
coordinate analysis (PCoA) was carried out on weighted UniFrac matrices (38) using the pcoa function of
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the ape package (39). Effects of the sampling site on the community structure were also tested using
permutational multivariate ANOVA (PERMANOVA) (Adonis function, with the vegan library).

Accession number(s). Raw sequence data produced from S. marcescens isolates were deposited in
NCBI under BioProject accession number PRJNA430250 and Sequence Read Archive (SRA) accession
number SRP129857. Annotated genomes are available under GenBank accession numbers
PQOB00000000 to PQOK00000000. Raw sequence data produced from environmental swab samples
were deposited in NCBI under BioProject accession number PRJNA432186 and SRA accession number
SRP131754.

RESULTS
Patient and strain characteristics. Twelve isolates were collected during the study

period, which lasted 101 days in 2016, with 9 isolates being collected from 7 patients
and 3 isolates being collected from the environment (2 on day 27 and 1 on day 59)
(Table 1). Isolates were recovered from various types of samples, including sputum, eye,
blood, surgical wound, rectal swab, nasal swab, and endotracheal aspirate samples. All
patients stayed in different rooms (Fig. 1). Two patients were female. The median
chronological age at the onset of first infection was 45 days (interquartile range [IQR],14
to 74 days); corrected gestational age and corrected age data can be found in Table S1
in the supplemental material. One patient had a birth weight equal to 750 g, 4 had birth
weights between 751 and 1,000 g, and 2 had birth weights of more than 2,500 g. The
median length of NICU stay was 117 days (IQR, 114 to 279 days). One patient died at
10 days of life; death was considered to be directly related to the infection.

PFGE results. Two isolates (1 from patient 4 and 1 from the room 3 drain) were not
sent to the reference laboratory and could not be included in further analyses. PFGE
analysis of the 10 remaining isolates identified 5 different banding patterns (patterns A
to E) (Table 1). Four isolates shared the same PFGE pattern (pattern A); 3 isolates were
from 3 patients and 1 was from the environment (around the bed) in the room of a
patient with banding pattern A. All isolates with banding pattern A were recovered
from closely located rooms (Fig. 1). PFGE banding pattern E was identified for 2 isolates
collected from the same patient and 1 isolate collected from a nearby room (drain). The
remaining 3 PFGE banding patterns were represented by single patient isolates.

hqSNV results. Analysis of the 43,628 or 55 hqSNV positions obtained using density
filtering cutoff values of 2 SNVs/20 bp and 2 SNVs/500 bp, respectively, showed that the
4 isolates associated with PFGE pattern A had 0 hqSNVs between them (Fig. 2). The 2
isolates from the same patient (PFGE pattern E) also had 0 hqSNVs, and both isolates
were separated by 5 hqSNVs (cutoff value of 2 SNVs/20 bp) or 0 hqSNVs (cutoff value
of 2 SNVs/500 bp) from the environmental isolate sharing the same PFGE banding
pattern. All of the other isolates were more distantly related to each other, with the
closest isolates at 16,550 to 18,155 hqSNV positions with a density filtering cutoff value
of 2 SNVs/20 bp and 13 to 16 hqSNV positions with a density filtering cutoff value of
2 SNVs/500 bp.

Plasmid and resistance genes. Following sequence assembly with SPAdes, the
number of contigs obtained for each isolate varied between 34 and 84, with average

TABLE 1 Characteristics of the S. marcescens isolates recovered in this study

Isolate no. Patient or environment no. Outbreak investigation day Collection site Room no. PFGE pattern

ID148137 Patient 1 1 Blood 2 A
NAa Patient 4 1 Eye 3 NA
ID148138 Patient 2 17 Blood 4 (control room)b A
ID147729 Patient 3 21 Tracheal sputum 1 B
ID147728 Patient 4 24 Endotracheal aspirate 3 A
ID148299 Environment 1 27 Around bed 2 A
NA Environment 2 27 Drain 3 NA
ID147991 Patient 5 31 Eye 5 C
ID148587 Patient 6 52 Surgical wound (abdomen) 6 D
ID148696 Environment 3 59 Drain 5 E
ID149856 Patient 7 101 Pus (rectal swab) 7 E
ID149855 Patient 7 101 Nasal swab 7 E
aNA, not applicable; the isolate was not sent to the public health laboratory for further characterization.
bRoom 4 was decontaminated twice with H2O2 following discharge of the patient and was used as a control room during the first environmental sampling.

Martineau et al. Journal of Clinical Microbiology

September 2018 Volume 56 Issue 9 e00235-18 jcm.asm.org 4

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA430250
https://www.ncbi.nlm.nih.gov/sra/?term=SRP129857
https://www.ncbi.nlm.nih.gov/nuccore/PQOB00000000
https://www.ncbi.nlm.nih.gov/nuccore/PQOK00000000
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA432186
https://www.ncbi.nlm.nih.gov/sra/SRP131754
http://jcm.asm.org


coverage of 38� to 52�. Contigs of the 10 bacterial isolates were screened for plasmids
and antibiotic resistance genes (Table 2). Four genes associated with antibiotic resis-
tance were identified in all isolates, with percentages of identity to sequences in the
CARD database varying between 90.95% and 100%. No plasmids were identified.

Relative abundance of Serratia in environmental samples. The relative abun-
dance of Serratia in environmental samples varied between 0.0% and 25.6%, depending
on the target gene (16S or gyrB), the method used for taxonomic assignment (custom
pipeline or Kraken), and the sampling site (Fig. 3). The relative abundance of Serratia in
the extraction and PCR negative controls varied between 0.0% and 0.25% (Fig. 3).
Correlation analyses of Serratia (for 16S) or S. marcescens (for gyrB) relative abundances
showed overall good agreement between the methods, with significant correlations
between all data sets being identified (gyrB Kraken versus 16S Kraken, Spearman � �

0.68, P � 0.001; gyrB Kraken versus 16S custom pipeline, Spearman � � 0.64, P � 0.001;
16S Kraken versus 16S custom pipeline, Spearman � � 0.94, P � 0.001).

The relative abundance of Serratia was higher in rooms with a patient positive for
Serratia than in the control room, although the statistical significance of these differ-
ences could not be tested because of the lack of a replicate for the control room. Within
positive rooms, however, the sampling site had a significant effect on the relative
abundance of Serratia sequences (gyrB Kraken, P � 0.006; 16S Kraken, P � 0.048; 16S

FIG 1 Map of the NICU. Rooms in which S. marcescens isolates were recovered from the environment and/or from patients are identified in red font, along with
the date of infection onset and the PFGE results. The control room (identified in green font) was decontaminated twice with hydrogen peroxide prior to
sampling, following discharge of a case. Pink shading identifies rooms in which the dominant clone of the outbreak was identified.
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custom pipeline, P � 0.0046), with higher values around beds and on ventilator/
infusion pumps and lower values in drains and on computer keyboards located outside
the rooms (Fig. 3).

Bacterial community composition and structure. The accuracy of the three
bacterial amplicon sequencing methods (i.e., gyrB analyzed with Kraken, 16S analyzed
with Kraken, and 16S analyzed with the custom pipeline) for taxonomic assignment at
the genus level was assessed by comparing the results obtained with each method to
theoretical results for a mock community DNA mixture composed of 20 bacterial
species from 17 genera (see Fig. S1 and S2 in the supplemental material). The 16S rRNA
gene sequencing combined with the custom pipeline was identified as the most
accurate method and was selected for further bacterial community analyses (Fig. S1
and S2).

FIG 2 Graphic representation of the minimum spanning trees resulting from WGS typing of the 10 isolates
recovered during the outbreak investigation, using core genome hqSNV analysis with density cutoff values
of 2 SNVs/20 bp (A) or 2 SNVs/500 bp (B). The numbers on the branches denote the numbers of hqSNV
differences. Isolates ID149855 and ID149856 are from the same patient.
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The bacterial community composition and structure of the control room were
clearly distinct from those of the positive rooms for several sampling sites (around the
bed, the table cart, and the drain) (Fig. 4 and 5), although these observations could not
be statistically confirmed. In positive rooms, PERMANOVA showed that the bacterial
community structures were significantly different among environmental sampling sites
(P � 0.001). Drain community structures were highly distinct, compared to other
sampling sites, as shown in the PCoA ordination plot (Fig. 4). These samples were
characterized by large proportions of sequences related to bacteria of the genera
Methylobacterium and Elizabethkingia (Fig. 5). In other samples, Streptococcus and
Staphylococcus were generally dominant (Fig. 5). Together with Serratia, other bacteria
commonly associated with outbreaks in NICUs, such as Enterobacter, Neisseria, and
Pseudomonas, were among the top 20 most abundant bacterial genera detected
throughout the samples (Fig. 5). Environmental bacteria with no known clinical impact
(e.g., Tumebacillus, Acidovorax, and Aquabacterium) were also identified at high relative
abundances in some samples, as well as in the extraction negative control, indicating
that these sequences might be from contaminants. The PCR negative control had a
more distinct bacterial community profile (Fig. 4 and 5), although some bacterial taxa
detected (Haemophilus and Acinetobacter) were also found in swab samples.

DISCUSSION

NGS tools have great potential for use in clinical microbiology and outbreak
investigations (40, 41). Here, WGS of bacteria and amplicon sequencing of environ-
mental samples were applied to the characterization of a NICU S. marcescens outbreak.

FIG 3 Relative abundance of Serratia in environmental samples from positive rooms of a NICU S. marcescens outbreak, as
determined by different targeted amplicon sequencing protocols. gyrB, gyrB gene analyzed with Kraken; 16S (K), 16S rRNA
gene analyzed with Kraken; 16S (C), 16S analyzed with the custom pipeline. Error bars represent the standard error of the
mean. Different letters within a series indicate significant differences according to Tukey’s test (P � 0.05). InfPump, infusion
pump; Neg ctrl ext, negative control for DNA extraction; Neg ctrl PCR, negative control for PCR.
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WGS was mainly used for strain typing, using a core genome hqSNV bioinformatics
approach (19). hqSNV was used previously for typing of other members of the Enter-
obacteriaceae family (12, 42, 43), as well as other groups of bacteria (13, 14, 44), but this
is the first report, to our knowledge, of its use for the investigation of a S. marcescens
outbreak. Good correlation was found between PFGE and hqSNV results, with between
0 and 5 SNV positions being identified for isolates sharing the same PFGE profile; higher

FIG 4 Results from the PCoA of weighted UniFrac distances between swab samples, calculated from 16S rRNA gene sequencing data. Each point represents
a single swab sample, and the distances between points illustrate how the bacterial community differed from one sample to another. Colors correspond to the
sampling sites and shapes represent the different rooms, as indicated. InfPump, infusion pump; neg ctrl, negative controls.

FIG 5 Relative abundances of the 20 most abundant bacterial genera throughout the samples, as assessed by 16S rRNA gene sequencing. Numbers following
the name of the sampling site indicate the room number. ctrl, control room; InfPump, infusion pump; Neg ctrl ext, negative control for extraction; Neg ctrl PCR,
negative control for PCR.
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numbers of SNVs were identified for isolates with distinct PFGE patterns. Previous
studies found that the numbers of SNVs among isolates from the same outbreak can
vary depending of the bacterial taxon analyzed. Using the same bioinformatics ap-
proach, the numbers of SNVs identified among isolates from the same outbreak varied
from 0 to 4 for Salmonella enterica serovar Heidelberg (12), from 0 to 3 for Salmonella
enterica serovar Enteritidis (45), from 0 to 5 for Escherichia coli O157 (46), and from 0 to
2 for Vibrio cholerae (47). As reported here, the use of a SNV density filtering step at
different cutoff values has a strong effect on the number of hqSNVs identified among
clusters (19). Although the supporting epidemiological information and the number of
isolates tested were not sufficient to define the SNV density and the numbers of core
hqSNVs that should be used as cutoff values to identify isolates belonging to an
outbreak, the results showed the clear potential for using WGS for S. marcescens typing.

Both PFGE and core hqSNV identified multiple clones during this NICU S. marcescens
outbreak investigation, a phenomenon reported previously (2, 5, 8). Strains isolated
from patients belonged to 5 different PFGE banding patterns and hqSNV clusters, but
only 1 of those was identified in more than 1 patient (PFGE pattern A). Similarly,
implementation of S. marcescens screening procedures in the NICU of a German
hospital led to the identification of isolates corresponding to 8 different PFGE patterns
over a 3-month period, with 6 of the patterns occurring in the same unit and 1
dominant strain leading to multiple cases (8). These results indicate that multiple
sources could be involved in S. marcescens contamination of hospitalized neonates and
that screening procedures implemented during outbreak investigations might have
detected S. marcescens strains that would have gone undetected under normal con-
ditions.

Environmental sampling led to the isolation of 2 strains from drains and 1 strain
from around a bed. Previous studies identified S. marcescens in drains (48–51), although
in some cases there was no link between the isolates and the outbreak under inves-
tigation (48, 49). Drains might have been one of the contamination sources here; 1
drain isolate had a matching PFGE banding pattern and a distance of 0 to 5 hqSNVs in
comparison with 2 isolates from the same patient. The other drain isolate was collected
from the room of a patient infected with the dominant clone of this outbreak, but
unfortunately the isolate was lost prior to typing. It is impossible to know which event
came first, i.e., the drain microbiota colonizing the patient or the patient microbiota
colonizing the environment.

While allowing for strain typing, the use of WGS in outbreak investigations can
provide extended information about outbreak isolates, such as the presence of antibi-
otic resistance genes and plasmids. In this case, no plasmid was detected but 4
chromosomal genes associated with antibiotic resistance were identified in all strains,
2 of which are known to be linked to aminoglycoside and �-lactam resistance in S.
marcescens (52, 53). Although determining the presence of antibiotic resistance genes
was not clinically relevant and could not be related to phenotypes, due to the absence
of antibiotic susceptibility testing data, these results showed the potential of WGS for
the investigation of resistant strains of S. marcescens, as reported for other bacteria
(reviewed in reference 54).

Metagenomic sequencing will become essential for outbreak investigations as
culture-based methods are increasingly replaced by molecular assays for diagnostic
purposes in clinical microbiology laboratories (55). Here, we used a high-throughput
targeted amplicon sequencing approach in order to characterize the bacterial commu-
nities and to evaluate the relative abundance of Serratia in swabs collected from
different sampling sites in positive and negative rooms during a NICU S. marcescens
outbreak. In contrast to shotgun metagenomics, in which the total DNA contained in
a sample is sequenced, the amplicon metagenomic approach includes a step involving
PCR amplification of a phylogenetic marker gene, usually the 16S rRNA gene for
bacteria. Although it is less informative than shotgun metagenomics and provides
taxonomic information only, marker gene amplicon sequencing might be better suited
as a diagnostic tool because it is faster, cost-effective, and applicable to low-biomass
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samples such as the environmental swabs collected in this study. However, results have
to be interpreted with caution since, as reported previously and exemplified here,
low-biomass samples are prone to contamination with exogenous DNA from various
sources, including reagents and human skin (56). Although strategies to filter contam-
inants have been proposed (57), parsing sequences of contaminants from sequences of
microbes truly belonging to the sample remains a challenge that needs to be ad-
dressed in order to facilitate the use of amplicon sequencing in clinical settings.
Selection of reagents with less contaminating DNA could help to circumvent the
problem. Although the gyrB sequencing protocol allowed the identification of Serratia
marcescens at the species level in environmental samples, further optimization will be
required for accurate bacterial community profiling, since the method failed to detect
several bacterial genera in a mock community. This finding might be linked to the
primers that were used, which were highly degenerate and could fail to amplify certain
groups of bacteria.

Whereas culture only allowed the detection of S. marcescens in 3 environmental
samples, metagenomic sequencing of the 16S and gyrB genes identified sequences
related to Serratia in most of the samples tested, with greater proportions being
observed around beds and in ventilator/infusion pumps, indicating that these sites are
potential reservoirs for this bacterium. These sampling sites were directly in contact
with babies infected or colonized by S. marcescens, in contrast to the other surfaces
tested. A previous NICU study based on 16S rRNA gene amplicon sequencing also
reported greater relative abundances of outbreak-related bacteria in samples collected
from neonate-associated surfaces, compared with other environmental samples (17). In
this outbreak, 1 S. marcescens isolate was recovered from around 1 bed, and the
particular isolate was of the same genotype as 3 isolates from newborns, supporting
the metagenomic findings. The presence of S. marcescens around beds might be linked
to the presence of this bacterium in the gastrointestinal tract of newborns, which
represents an important reservoir for cross-contamination (5–7).

The relative abundances of Serratia were low in all samples collected in the control
room, indicating that the disinfection protocol used to eliminate potential sources of
contamination following discharge of a case was efficient. Interestingly, the community
composition and structure at several sampling sites in the control room were also
clearly distinct from those of the positive rooms, illustrating the strong effects of
disinfection on bacterial communities, as described previously (17). Further testing
would be required to confirm these observations, since a single disinfected control
room was available for this study.

Low relative abundances of Serratia sequences were detected in the drains of
positive rooms, while 2 of 3 environmental isolates were recovered from those sam-
pling sites. This phenomenon illustrates a potential limitation of the use of relative
abundances in gene-targeted metagenomic studies; although the relative abundance
of Serratia in drains was low, the total numbers of Serratia cells might still be higher
than on dry surfaces, due to the massive amounts of biomass colonizing drains, which
could have facilitated the recovery of S. marcescens isolates from those sites. This issue
could be circumvented in further studies by using quantitative PCR to estimate the
bacterial load in each sample (58) or by spiking exogenous bacteria prior to sample
processing (59).

While providing sensitive and informative data regarding the environmental spread
of a causative agent during an outbreak, as exemplified here in the context of a S.
marcescens outbreak, sequencing of bacterial taxonomic marker genes facilitates better
overall understanding of bacterial communities in hospitals. Projects such as the
Hospital Microbiome Project specifically aim to identify factors that modulate microbial
population development in health care environments through extended surface, air,
staff, and patient sampling (15). One trend observed in a recent publication from that
project was that surfaces in patients’ rooms, especially bedrails, harbored microbial
communities resembling those of the skin of the current patient (60). Although we
could not confirm such a trend, as no such samples were collected from patients,
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bacterial genera previously identified as dominant in the skin microbiome of newborns
(61), such as Streptococcus and Staphylococcus, were found at high relative abundances
in NICU surface samples. However, these findings have to be interpreted with caution,
since DNA from skin bacteria tend to be found everywhere and are often detected as
contaminants, as discussed above. Interestingly, Serratia was detected at low relative
abundances in the negative controls and was not identified as a dominant member of
bacterial communities on surfaces in previous NICU metagenomic studies (16, 17),
indicating that the high relative abundances observed here at newborn-affected sites
might be directly linked to the S. marcescens outbreak. However, those studies reported
the presence of several bacterial genera commonly linked to NICU outbreaks, as was
the case in our study.

In conclusion, outbreak investigations of hospital-acquired infections are challeng-
ing but necessary in order to control and to limit the burden of this increasing threat.
In this study, we described how the use of high-throughput sequencing applications,
such as bacterial WGS and targeted amplicon sequencing, can provide new tools that
have the potential to contribute to outbreak investigations. Links between S. marc-
escens isolates and potential antibiotic resistance genes and plasmids were assessed by
WGS, while sequencing of bacterial phylogenetic marker genes (16S rRNA and gyrB
genes) was used to map the distribution of Serratia strains and to describe bacterial
communities in hospital rooms. Although we applied these tools to a specific NICU
outbreak, they could easily be used for investigations of outbreaks caused by other
bacteria, with the potential to improve our knowledge of bacterial ecology and
transmission pathways in the hospital environment, which in turn could support and
provide evidence for the development and evaluation of strategies for infection
prevention and control.
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