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Lay Abstract

This study looked at a group of bacteria called the Serratia marcescens complex, which can
cause infections in hospital patients. To better understand whether these bacteria spread
between patients — something that could change infection control policies — we collected
samples from infected patients in six Canadian hospitals over two years. Using advanced genetic
tests, we found that although standard laboratory methods identified all infections as being
caused by a single Serratia species, many different species were involved. Most cases did not
appear to be spread between patients, but two possible cases of transmission were found. Our
findings suggest that current laboratory tools may not be accurate enough to fully identify these

bacteria, and that improvements are needed.
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Abstract

Background: Serratia marcescens is a Gram-negative opportunistic pathogen associated with
outbreaks in healthcare settings. It produces an AmpC beta-lactamase, conferring resistance to
many antibiotics and contributing to morbidity and mortality, particularly in intensive care units.
The extent of S. marcescens transmission between hospitalized patients and its implications for
infection control are not well understood.

Methods: From January to December 2022 and from January to June 2024, we prospectively
identified and enrolled consecutive specimens taken from patients for routine bacterial culture at
six hospitals. We collected relevant patient characteristics using retrospective chart review. Only
the first isolate of Serratia marcescens from a patient that was identified via conventional
bacteriologic culture was included, and the identification was confirmed by bioMérieux matrix-
assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). We
performed whole genome sequencing using the lllumina NextSeq 2000 platform and used
Genome Taxonomy Database Toolkit (GTDB-Tk) taxonomies to construct a maximum-likelihood
phylogenetic tree. We queried assembled genomes against the Comprehensive Antibiotic
Resistance Database (CARD) to predict determinants of antimicrobial resistance. Potential
transmission was assessed by calculating average nucleotide identity (ANI) between isolates from
different patients on the same ward within one month.

Results: Of 147 identified isolates, 125 met study inclusion criteria. MALDI-TOF MS and genome-
based species identification were discordant in 64 (51.2%) cases, indicating the involvement of
multiple species within the recently described S. marcescens complex in both community- and
hospital-associated infections. Two isolate pairs had a putative spatiotemporal link, with one pair
meeting the ANI threshold for possible transmission.

Conclusions: Possible transmission of S. marcescens complex between hospital inpatients was
rare. Current MALDI-TOF MS methods cannot reliably distinguish between S. marcescens

complex members; laboratory reporting should therefore identify isolates to the complex level.

iv
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Improved species-level identification may refine infection prevention efforts by informing decisions

on whether to investigate temporally clustered cases as potential outbreaks.
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Dr. W.G. Sebald, Kapitel VI, Die Ringe des Saturn (1995)
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Chapter 1. Background

1.1 Serratia marcescens

The Venetian pharmacist Bartolomeo Bizio first described Serratia marcescens in 1823
as the cause of “bleeding polenta”, spoilage of a boiled cornmeal dish ubiquitously eaten in
northern Italy (1, 2). A member of the order Enterobacterales, Serratia marcescens is a Gram-
negative bacillus that is common in the environment and is known to cause opportunistic disease
in humans (2). In the environment, S. marcescens is frequently found in water, soil, and plant
material (3). In veterinary medicine and agriculture, Serratia marcescens is known as a common
cause of mastitis in dairy cattle and is known to promote plant growth through interactions with
rhizomes (4). It is a frequent colonizer of the gastrointestinal, genitourinary, and respiratory
mucosae as well as the epidermis in humans (1). Serratia marcescens are facultative anaerobic
bacteria that are motile by virtue of the peritrichous flagellae present on most strains (1). The
bacilli ferment glucose, sucrose, mannitol, and trehalose, and give positive reactions on citrate,
ortho-nitrophenyl-3-D-galactoside, and Voges-Proskauer tests (2, 5). S. marcescens is among the
few members of the order Enterobacterales to produce DNase, gelatinase, and lipase enzymes
(2). Many strains produce colonies on agar media that exhibit a characteristic red colour from the
production of prodigiosin (2).

The role of S. marcescens in causing human disease was not well established until the
1970s, partially due to the misattribution of many infections in the early 20" century to a pigment-
producing “Chromobacterium group” of organisms: the red pigment of many S. marcescens
strains likely underlies this errant historical classification as Chromobacter prodigiosum (2). Since
being identified as a causative agent of human infection, Serratia marcescens has been found to
be responsible for cases of bacteremia, pneumonia, meningitis, urinary tract infections, and
intraabdominal infections. Canadian surveillance data from Calgary, Alberta between 2000 and
2005 showed an annual population incidence of 10.8 per 100,000, with no seasonal pattern to

infection acquisition (6). Survey data from the Madigan Army Medical Center in the United States
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illustrates that Serratia marcescens infections in humans mirror the likely anatomical sites of
colonization, with respiratory specimens being the most common site of infection, followed by
urinary and skin sources (2). Surveillance data from the late 1990s in North and South American
countries shows Serratia marcescens to be the 12" most common organism in bloodstream
infections (1.4% of isolates overall), and the 7'" most commonly isolated pathogen in pneumonia,
accounting for 3.5% of all hospitalized cases (7, 8).

Recently, whole genome sequencing data has cast doubt over the cohesion of the
historical species Serratia marcescens, which may help explain the phenotypic variation observed
between different S. marcescens isolates such as those lacking in characteristic pigmentation. S.
marcescens was previously thought to be closely related taxonomically to S. ureilytica, first
described in 2005 (9), and S. nematodiphila, first described in 2009 (10). However, a wider
species complex, termed “Serratia marcescens complex” has recently been proposed which
includes Serratia bockelmannii, S. marcescens sensu stricto, S. nematodiphila, S. nevei, and S.
ureilytica (10-13). This re-classification is based on granular whole genome sequencing data
which shows the remarkable diversity of the species that were formerly all classified taxonomically
simply as Serratia marcescens. Genomics data highlights that within the Serratia marcescens
complex, there is a remarkable diversity of lineages which correspond to host adaptation and
ecological niche specialization: certain lineages harbour the majority of environmental isolates,
while human-adapted lineages have high plasmid diversity and carry antimicrobial resistance
determinants (14). To maintain consistency throughout this manuscript, when referring to the
constitutive member of the newly described Serratia marcescens complex, we will use the term
“Serratia marcescens sensu stricto”, whereas when referencing historical data which may — or
may not — include all members of the newly described Serratia marcescens complex, we will use

the terminology “Serratia marcescens’.
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1.2 Outbreaks and transmission dynamics

Nosocomial outbreaks remain the most well-described phenomenon of Serratia
marcescens in the medical literature (15). In a recent review of neonatal intensive care unit
(NICU) outbreaks, S. marcescens accounted for 12.8% (n=5/39) of outbreaks overall (16). A 2005
outbreak described in a NICU in Gaza City, Palestinian Territories had a 44% mortality rate,
demonstrating the potential for this organism to have severe consequences in vulnerable patients
in healthcare settings (17). Predominantly environmental sources for NICU outbreaks have been
described, with contaminated medical devices (18, 19), disinfectants and soaps (20, 21), sinks
(22, 23), and air conditioning units (24) implicated as reservoirs. As early as 1976, studies have
implicated the role of healthcare workers in propagating Serratia spp. in the healthcare
environment, with hand hygiene lapses frequently pointed to as contributors to spread (17, 25-
27).

The transmission of microorganisms takes place across both space and time: we will use
the term “spatiotemporal dynamics” to describe this phenomenon throughout this thesis. The
spatiotemporal dynamics of members of the Serratia marcescens complex continue to be poorly
understood in medical practice. For example, a 2021 outbreak in Norway was believed to be a
common-source outbreak of nosocomial origin, whereas a wider epidemiologic investigation
revealed the outbreak had a community origin and was national in its scope (28). The outbreak
investigation was eventually halted by the public health authority in this case, without a common
source being identified, due to a decrease in reported cases. Most outbreaks occurring on a large
geographical scale that have had their common source identified have been related to
contaminated medical devices, as was the case with a 2005 multistate American outbreak from
contaminated magnesium sulphate solutions (29), and both a 2008 multistate American outbreak

and a 2009 outbreak in China traced to contaminated prefilled heparin syringes (30, 31). Serratia
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marcescens isolates implicated in outbreaks tend to be resistant to many antimicrobials, further

exacerbating the severity of outbreaks and their ultimate impact on patients when they occur (2).

1.3 AmpC beta-lactamases

Serratia marcescens is notable for possessing an AmpC (-lactamase enzyme, which is a
type of enzyme encoded by Enterobacterales that catalyze p-lactam antimicrobials such that they
are rendered ineffective. B-lactam antimicrobials target peptidoglycan, a component of the
bacterial cell wall. Peptidoglycan is composed of alternating N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM) amino sugars, with a pentapeptide of L-alanine, y-D-glutamic acid, L-
lysine, D-alanine, and D-alanine residues linked to the NAM amino sugar (32). These
pentapeptide units are cross-linked during bacterial cell wall growth by a bacterial enzyme known
as penicillin binding protein (PBP)(32). PBP recognizes the terminal D-alanine-D-alanine
dipeptide of peptidoglycan, cross-linking it to another pentapeptide through its catalytic adenyl-
alanine endopeptidase activity. In so doing, PBP reinforces the growing peptidoglycan layer of the
bacterial cell wall, strengthening it and conferring osmotic pressure resistance (32). Penicillin, the
prototypical B-lactam antimicrobial, possesses a structure similar to the terminal D-alanine-D-
alanine dipeptide of peptidoglycan, rendering it functionally indistinguishable to PBP (32). When
penicillin is bound by the PBP enzyme, it inhibits cell wall crosslinking, eventually leading to
cessation of cell wall synthesis and bacterial cell death from osmotic stress (32).

The Ambler classification is a method of categorizing B-lactamases based on their
mechanism of active site catalysis and primary structures, placing enzymes into one of four
classes A through D (33). Class A enzymes include narrow- and extended-spectrum [3-
lactamases with serine active site catalysis; Class B enzymes are broad-spectrum
carbapenemase enzymes with zinc ion-mediated catalysis at the active site; Class C enzymes are
cephalosporinase enzymes with serine active site catalysis; and Class D enzymes catalyze

oxacillin hydrolysis through serine-mediated catalysis (33).

4
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The AmpC B-lactamase of S. marcescens contains a serine at its catalytic active site and
is an Ambler class C enzyme (34). AmpC enzymes are located in the periplasm between the
inner and outer lipid bilayers of the Gram-negative cell membrane. AmpC enzymes are active on
penicillins, cephamycins (e.g., cefoxitin, cefotetan), oxyimino cephalosporins (e.g., ceftriaxone,
ceftazidime), and monobactams; in addition, they are generally stable to B-lactamase inhibitors
such as clavulanic acid, tazobactam, and sulbactam (34, 35). There are three primary
mechanisms resulting in AmpC-mediated resistance to the aforementioned antimicrobials:
chromosomally encoded ampC genes causing inducible resistance phenotypes; plasmid-encoded
ampC genes; or promoter/regulator mutations or deletions resulting in permanent de-repression
of ampC (35, 36).

The induction of AmpC-mediated resistance is a complex phenomenon. AmpR, a
member of the LysR transcriptional regulator family, typically regulates the basal expression of
AmpC, reducing it to low levels when no environmental stressors are present (36, 37). Exposure
to a B-lactam antimicrobial disrupts cell wall biosynthesis as previously described, resulting in the
accumulation of NAG-1,6-anhydro-NAM moieties that are ultimately broken down into 1,6-
anhydro-NAM oligopeptides (35). These 1,6-anhydro-NAM oligopeptides compete with uridine
diphosphate (UDP)-NAM oligopeptides for a binding site on AmpR: when UDP-NAM is displaced
by the cell wall degradation oligopeptide byproducts, it induces a conformational change in AmpR,
resulting in increased ampC transcription and, thus, gene expression (35, 36). Other important
proteins in AmpC regulation include the AmpG inner membrane permease, which transports the
aforementioned oligopeptide byproducts into the cytosol (38). A cytoplasmic N-acetyl-muramyl-L-
alanine amidase, AmpD, cleaves peptides off NAG-1,6-anhydro-NAM and 1,6-anhydro-NAM,
allowing their recycling into the cell wall synthesis pathway while reducing their ability to bind
AmpR (35, 39). However, once AmpD is saturated by degradation products in the cell and is no
longer able to efficiently cleave them — as would occur with persistent B-lactam stimulus — the

remaining oligopeptides in the cytosol are free to exert their effect binding AmpR, thus increasing
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ampC gene expression (36). Under typical circumstances, when the B-lactam stimulus is
removed, the expression of ampC returns to basal levels.

Permanent (also termed “stable”) de-repression of AmpC typically results from mutations
or loss of function of one of the regulatory components of AmpC: ampD, ampR, or ampG, in
decreasing order of frequency (39, 40). When permanent de-repression occurs, hyperproduction
of AmpC persists even in the absence of a 3-lactam trigger — and despite the fitness cost to the
bacterium from the accumulation of cell wall degradation byproducts in the cytoplasm (36). AmpC
hyperproduction is typical of ampD or ampR mutants (39, 40). Mutations in the AmpG inner
membrane permease may also result in permanent de-repression of AmpC, but typically at a
much lower level of gene expression than ampD or ampR mutants (35).

It is important to discuss how — and which — antimicrobials can act as inducers and
substrates of the AmpC pathway to better understand the pathway itself. Being a substrate and/or
an inducer are inherent properties of the antibiotic (Table 1). Induction refers to the property of an
antimicrobial to act as a substrate for AmpC. A potent inducer is an antimicrobial which
significantly upregulates AmpC expression, whereas a weak inducer still upregulates AmpC, but
to an appreciably lesser extent. Substrate refers to the property of an antimicrobial to act as a
molecule upon which the AmpC enzyme can itself act, facilitating the catalytic reaction that
renders the antimicrobial ineffective. A poor substrate is one whose chemical structure renders it
relatively stable to hydrolysis by the AmpC B-lactamase, while a good substrate is an
antimicrobial that is readily hydrolyzed (35, 36, 41). Examples of potent inducers are ampicillin,
the first generation cephalosporins, and cefoxitin; while imipenem is a potent inducer of AmpC, it
forms a stable acyl-enzyme complex, thus protecting it from hydrolysis (42). The time to AmpC
induction varies significantly based on the antimicrobial exposure: for example, imipenem induces
AmpC expression within 180 minutes (43). An in vitro model in the Gram-negative bacillus
Escherichia coli showed that promoter mutations occurred by day 2 of exposure to amoxicillin

(44). When AmpC hyperproduction occurs, this results in an increase in the minimum inhibitory
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concentration (MIC) for weak inducers, whereas the MICs of strong inducers shows relatively little

change in de-repressed isolates (35).
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Table 1. Antimicrobials Acting as Inducers and Substrates of the AmpC enzyme

Potent inducers

Weak inducers

Good substrates Ampicillin* Aztreonam*
Cefadroxil Cefotaxime*
Cefazolin* Ceftazidime*
Cefotetan* Ceftriaxone*
Cefoxitin* Piperacillin*
Cephalexin* Ticarcillin

Poor substrates Imipenem* Cefepime*

Meropenem*

* Denotes antimicrobials with a clinical breakpoint (or for which another agent acts as a

surrogate) for Enterobacterales including S. marcescens in the Clinical and Laboratory Standards

Institute (CLSI) document M100, 35™ edition (45).
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Clinical data have demonstrated that some Enterobacterales organisms are at higher risk
of permanent de-repression of the ampC operon than others. For example, Citrobacter freundii,
Enterobacter cloacae, and Klebsiella aerogenes have mutation rates 50- to 150-fold higher than
S. marcescens, thus conferring a much higher risk of clinically-relevant AmpC permanent de-
repression in those organisms (46). AmpC expression rates are also approximately ten-fold lower
for de-repressed S. marcescens compared to C. freundii or E. cloacae (36, 46). In a study by Choi
and colleagues examining 42 patients with Serratia marcescens bloodstream infections which
tested susceptible to cephalosporins, only 3 patients (7%) developed resistance to expanded-
spectrum cephalosporins on therapy (47). Compared with similar data for Enterobacter cloacae
showing between 19-67% of isolates demonstrated emergence of resistance on cephalosporin
therapy (48-51), the relative risk of inducible AmpC-mediated resistance in Serratia marcescens is
significantly lower. This creates two divergent categories amongst Enterobacterales with
chromosomally encoded ampC genes: the “low risk” and “high risk” species, of which Serratia
marcescens may be categorized among the former. Recent clinical guidance from the Infectious
Diseases Society of America states that antimicrobial selection for the treatment of infection in S.
marcescens should be selected based on antimicrobial susceptibility testing results, and suggests
against the selection of ampicillin and first- and second-generation cephalosporins due to basal
AmpC production rendering S. marcescens intrinsically resistant to these agents (52).

Antimicrobial susceptibility testing profiles differ for Serratia marcescens based on the
level of AmpC B-lactamase expression. Antimicrobial susceptibility testing in the clinical laboratory
is typically performed using a variety of different techniques, with the most common approach
being broth microdilution. In broth microdilution, a known number of bacteria are incubated in a
microtitre plate well containing a fixed volume of nutrient broth media with an antimicrobial
solution in increasing geometric concentrations (53). After a standardized incubation period, each
microtitre well is checked for bacterial growth. The lowest concentration of antimicrobial required
to achieve bacterial killing of the isolate in vitro and is associated with a high likelihood of clinical

therapeutic success is termed the minimum inhibitory concentration (MIC) (54). A clinical
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breakpoint, set by a national or international laboratory standards organization, is then used to
determine whether an isolate is susceptible to the antimicrobial based on the measured MIC
value. Setting a clinical breakpoint requires pharmacokinetic and pharmacodynamic knowledge of
the antimicrobial in question, data showing the wild-type normal distribution of MICs in the
population, and clinical outcome data for patients in whom the antimicrobial has been used (54).
Antimicrobial susceptibility testing with and without the presence of an inhibitory substance such
as cloxacillin or boronic acid can be used to confirm AmpC production (36). Phenotypic testing,
however, cannot provide information regarding whether constitutive AmpC expression is a result
of chromosomal de-repression or a plasmid-borne AmpC operon (36). Antimicrobials for which S.
marcescens has clinical breakpoints that have been determined by the Clinical and Laboratory
Standards Institute (CLSI) are highlighted in Table 1.

A recent analysis by Aracil-Gisbert and colleagues defined three antimicrobial
susceptibility phenotypes for Serratia marcescens complex based on AmpC production: in “basal-
type” AmpC expression, which would correspond to the wild-type in absence of an external
antimicrobial stimulus, amoxicillin-clavulanate, cefoxitin, and a third-generation cephalosporin test
susceptible; in “inducible” AmpC expression, third-generation cephalosporins remain susceptible
while amoxicillin-clavulanate and cefoxitin test resistant; lastly, de-repressed isolates test resistant
to amoxicillin-clavulanate, cefoxitin, third-generation and fourth generation cephalosporins, with
variable susceptibility to carbapenems (55). These susceptibility patterns differ from other ESBL-
producing organisms because AmpC producers are consistently resistant in vitro to cephamycins

such as cefoxitin and cefotetan, whereas ESBL producers are not.

1.4 Contrasting AmpC and extended-spectrum B-lactamase infection control practices

Gram-negative bacilli of the order Enterobacterales are common intestinal flora; in some
patients, ESBL-producing Enterobacterales colonize the intestine (56). Clinical infections resulting

from ESBL producers, as with AmpC producers, carry significant morbidity and mortality because
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these infections require broader spectrum antimicrobials for clinical cure (57, 58). Many ESBL
genetic elements are mobilized on plasmids and constitutively expressed, in contrast to AmpC
operons, which tend to be chromosomally encoded and more commonly expressed in an
inducible manner, as previously described. The transmission of ESBL-producing organisms in the
hospital setting is well established in the literature both via direct or indirect contact between
patients colonized with these organisms (59-61). Direct contact occurs when an individual that is
not colonized comes into contact with fecal material from an ESBL-colonized individual, whereas
indirect contact occurs via transfer of ESBL-producing Enterobacterales from colonized
individuals to a susceptible host via fomites or healthcare workers (62).

Wastewater drainage systems have become increasingly recognized as an important
environmental reservoir in the hospital environment for ESBL- and carbapenemase-producing
Enterobacterales (CPE) (63-66). The use of sinks and showers in patient rooms as a means of
disposal for human effluent contributes to the seeding of plumbing systems with bacterial biofilms:
if human effluent contains ESBL producers or CPE, this serves as an important environmental
reservoir for ESBL/CPE spread (67). As most ESBL and carbapenemase enzymes are
mobilizable, this allows for the efficient spread of resistance among different constituent members
of the biofilm. After the establishment of a bacterial biofilm, subsequent use of the sink or shower
can result in the generation of droplets containing resistant bacteria, which then transfer onto
humans using the sink or shower, thus allowing propagation of the bacterium throughout the
hospital environment (68, 69).

A number of practices are implicated in the prevention of transmission of ESBL and CPE
organisms, namely hand hygiene, environmental cleaning, and standardized administrative
policies and procedures (62). The universal use of additional precautions such as the use of
gowns and gloves — termed “contact precautions” — for all contact with the patient environment,
particularly for ESBL producers, remains controversial. In a systematic review by Hagiya and
Otsuka, they found 18 studies looking at the impact of discontinuing contact precautions on ESBL

producers (70). While this review lacked a sufficient quantity of studies to extend their findings to
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pediatric units, geriatric units, or ICUs, it showed that discontinuing contact precautions for ESBL-
producing Enterobacterales had a minimal effect on the incidence of ESBL acquisition (70).

The use of contact precautions for patients colonized with CPE is somewhat less
controversial, in part because evidence shows these controls decrease colonization rates and in
part based on the precautionary principle, since treatment options for CPE are limited and
mortality rates with invasive infection have been reported to be as high as 56.7% in a study
performed in India (71, 72). In the province of Ontario, Canada, the Provincial Infectious Diseases
Advisory Committee on Infection Prevention and Control (PIDAC-IPC) provides evidence-based
advice to Public Health Ontario, a Crown corporation involved in the provision of healthcare at a
provincial level. The PIDAC-IPC recommendations for the use of precautions for ESBL producers
and CPE reflect these data, advising that contact precautions may be initiated for ESBL
producers but should be initiated when CPE are isolated (62).

In contrast to ESBL producers and CPE, the role — if any — of contact precautions in
AmpC producing Enterobacterales is incompletely defined. One study in Lebanon assessed the
use of contact precautions to control the spread of plasmid-borne AmpC Enterobacterales and
showed that the introduction of contact precautions significantly reduced the transmission of
plasmid-mediated AmpC resistance (73). Chromosomal-mediated AmpC resistance is not
conventionally thought to transmit readily between patients because it is not located on a
mobilizable genetic element. As a result, while the use of routine practices in the hierarchy of
controls is encouraged, such as environmental cleaning, hand hygiene, and standardized
administrative policies and procedures for AmpC producers, guidance stops short of
recommending routine gown and glove use for all contact with the patient and the patient
environment (62). Until recently, however, little attention has been paid in the literature to
systematically studying whether significant transmission of AmpC-producing Enterobacterales

exists in the hospital environment.
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1.5 Studying bacterial transmission in the hospital setting

If multiple cases of an organism are identified within a discrete geographical unit (e.g., a
hospital ward, a community, etc.) over a period of time above an established baseline rate of
cases, the possibility of an outbreak may be raised. In order to assess whether an outbreak is
occurring, it is necessary to establish a case definition (i.e., relating to period, subject, and setting
of interest) which can then be used to perform descriptive epidemiology by identifying and
confirming cases that meet the definition to create a line list, as well as gathering demographic,
risk factor, and clinical data (74). The time of onset of iliness or disease may then be used to
graphically summarize case data in an epidemic curve, which in turn provides information
regarding the possible exposure, incubation period, and transmission mode of the infection (74).
In the hospital context, dot density plots can also be used to plot infections in physical space —
such as a hospital ward — to help understand the evolving infectious outbreak. Analytical
epidemiology is then applied by generating and testing hypothesis about the exposures that lead
to disease, typically using cohort or case-control designs to answer research questions (74).

When an outbreak is suspected within the hospital environment, a number of
technologies may be used to help determine the genetic relatedness of organisms isolated from
individual patients being investigated for colonization or infection with the organism of interest.
The reference standard method is pulsed-field gel electrophoresis (PFGE), which creates
deoxyribonucleic acid (DNA) “fingerprints” by harnessing the ability of restriction enzymes to
cleave genomic DNA at specific sites, using an alternating electrical field pulsed through an
agarose gel to separate out DNA fragments into specific banding patterns that can be visualized
using fluorescent dyes (75). In recent years, the use of nucleic acid sequence-based techniques
have largely supplanted PFGE as the methodologies of choice, since PFGE is a low-resolution
method that is labour-intensive and has a prolonged turnaround time relative to newer techniques.
One such technique is multi-locus sequence typing (MLST), which uses the genome sequences

of specific “housekeeping” genes and the allelic differences between organisms to establish
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sequence types, which are then compared between patient isolates (75). Finally, whole genome
sequencing (WGS) has been recognized as an important tool in outbreaks, particularly as its cost
per genome has significantly decreased over the past decade, rendering it a viable alternative to
PFGE and MLST. WGS has the added advantage of being the highest resolution method to
discriminate between isolates, allowing comparison of single nucleotide variants (SNVs) across
the entire genome.

A study that systematically approaches invasive infections with Serratia marcescens
could contribute to the evidence in a meaningful way by analyzing the genetic relatedness of
invasive infections using WGS. In the event that chromosomal AmpC organisms transmit between
patients via direct or indirect contact, this would result in the identification of multiple patients
whose isolates were found to be genetically related to each other, but which had not been
uncovered by the current surveillance techniques employed by IPAC practitioners at the
institutions in question. In the event that chromosomal AmpC organisms do not appreciably
transmit between patients via direct or indirect contact, none — or a small number — of patients
would be found to have genetically related bacterial isolates: this finding would add to the
evidence base for the current use of routine practices without the use of gowns and gloves during
interaction with the patient infected or colonized with Serratia marcescens and/or their hospital

environment.

1.6 Research question

We conducted a multicentre cohort study to answer the following research question: in
patients with clinical infections caused by Serratia marcescens, using whole genome sequencing
and subsequent determination of genomic relatedness of bacterial isolates, can we identify

whether transmission of S. marcescens occurs between patients?
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Chapter 2. Study Methods

2.1 Methodological Considerations

After formulating hypotheses regarding a possible infectious disease outbreak, there are
multiple study designs that may be used in order to perform analytical epidemiology and formally
test said hypotheses (76). While these strategies were briefly outlined in Chapter 1, we will further
discuss the rationale for the design chosen for our study here. In analytical epidemiology, the
most common study designs for hypothesis testing are case-control and cohort designs. In a
case-control design, a relevant health outcome is identified by the investigators, such as the
presence of a disease state. Within the paradigm of the present study, this health outcome would
correspond to the presence of Serratia marcescens recovered from the bacterial culture of a
patient. Two groups of study participants are then identified: those who have the outcome, which
are termed “cases”, and those who do not have the outcome, which are termed “controls” (76).
The case definition used to assign patients must be sufficiently stringent and detailed with respect
to the population, intervention (where applicable), setting, and time period of interest so as to
ensure no incorrect categorization of participants occurs in the study, as this would introduce a
classification bias (77). A case-control design then obtains data retrospectively on both cases and
controls to determine whether a relevant exposure occurs more frequently in cases versus
controls (76). Within the paradigm of the present study, this exposure could include cases having
been exposed to a specific intervention (i.e., surgery performed in the same operating theatre) or
setting (i.e., being admitted to the same hospital ward) that puts them at higher risk than the
controls of achieving the outcome of interest.

While case-control studies are typically simple and efficient to perform, they come with a
number of distinct disadvantages, in particular their inability to study disease incidence, their
inherent risk of biased findings, and the possibility of confounders distorting the association
between the exposure and outcome of interest (76). A confounder is a variable, either measured
or unmeasured, which acts on both the exposure and the outcome and is causally related to

neither entity (78). This stands in contrast to a mediator, which is a variable on the causal
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pathway between exposure and outcome: viz., the exposure causes the mediator, which then
causes the outcome (78). Confounders are important to identify in case-control studies: without
adequately controlling for a confounder, the researcher may come to spurious and incorrect
conclusions in their study (76).

We decided that a case-control design for this study would be inappropriate for a number
of reasons. The goal of the present study was to determine whether transmission of S.
marcescens occurs outside of known outbreak settings, which renders a case-control design
fruitless. Furthermore, establishing a case definition would be difficult and render the conduct of
this study unlikely, as this would require a priori knowledge of groups of patients in which S.
marcescens had transmitted, in order to be appropriately compared to those that did not. In such
a study, the primary goal would be establishing risk factors for transmission, which would have
required a design in which patients were regularly swabbed for colonization. One group of
patients that could fulfil this criterion are those identified as part of a Serratia marcescens
outbreak. As previously described, such outbreaks are known to occasionally occur in hospital
settings. Post hoc, it is possible to confirm that this case-control design would have been
unfeasible to complete during the study period 2022-2024, as no detected Serratia outbreaks
occurred over the given period.

As such, we performed a hybrid cohort study design with both prospective and
retrospective elements. In a retrospective cohort study, the outcome of interest has already
occurred, so patient data is extracted and reviewed after the fact to determine whether there is a
common exposure in the study population (79). In contrast, in a prospective study, the exposure
is determined at study enrolment and patients are followed to determine if they achieve the
outcome of interest (79). A prospective study typically has a lower risk of biased data collection,
since researchers have greater control over how variables of interest are measured and collected
(79). However, prospective studies require prospective patient enrolment, thus increasing the

effort expended and — as a consequence — costs. Increased costs can lead to budgetary
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constraints insofar as the number of patients one is able to enrol in the study in question. We
therefore chose a retrospective cohort design to minimize costs and maximize patient recruitment.

One component of data acquisition, however, was required to be prospective for practical
purposes: specimen identification and banking. Clinical microbiological specimens may be
classified as retrievable or irretrievable based on the specimen type, the method of collection, or
the timing of collection (80). For example, a cerebrospinal fluid collected before antimicrobial
administration in a suspected Serratia marcescens meningitis would be considered irretrievable
because the specimen requires an invasive procedure to retrieve the specimen; repetition of the
invasive procedure may expose the patient to undue harm; and specimens collected after
effective antimicrobials have been administered may not isolate the organism of interest. In
contrast, retrievable specimens are those which can be easily recollected or were taken from
typically non-sterile sites (e.g., skin, nasopharyngeal swabs, sputum, urine, blood). Clinical
microbiology laboratories operate with environmental constraints on specimen storage
capabilities, leading to the institution of retention times for various specimen types based on their
retrievability prior to their disposal in accordance with biosafety rules and regulations.

Since the present study was not limited to a specific specimen type, instead allowing any
invasive infection to be included, the eligible specimen types included both retrievable and
irretrievable specimens with varying retention times. If the patient specimens were identified
retrospectively in the same manner as the patient data was extracted, it is likely that the majority
of eligible patients would have had their Serratia marcescens isolates discarded, thus rendering
them excluded from the study. Therefore, the only feasible way in which the study could proceed
was by prospectively identifying patients with appropriate specimen types positive for Serratia
marcescens growth in the laboratory, retaining these specimens until the end of the study period,
and then retrospectively collecting patient data from their charts as well as analyzing the whole
genome sequences of the retained isolates.

As previously described, confounders are important variables to control for in non-

randomized study designs. The non-randomized nature of the present study allows for
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imbalances in prognostic factors between exposed and unexposed patients (81). There are a
number of possible confounders identified in this study, including hospital ward, patient length of
stay, congregate living, prior hospitalization, and antimicrobial exposure. A directed acyclic graph
is a method that can be used to easily visualize possible confounders when estimating causal
effects in a pathway (82). A directed acyclic graph of the possible confounders and how they may
relate to putative Serratia marcescens transmission is found in Figure 1. The geographical unit of
the hospital ward is a possible confounder because it is a unit of natural geographical clustering
that may result in patients sharing environmental exposures that affect both the presence of
Serratia marcescens in the patient and the risk of developing invasive Serratia marcescens
infection. Similarly, length of stay is a form of time-modified confounding, as it affects the possible
exposure time to the hospital environment, increasing the likelihood of both exposure and
outcome (83). Congregate living, such as occurs in long-term care facilities or prisons, can affect
the risk of colonization with a pathogen and introduces the possibility of shared environmental

exposures that can confound the association between exposure and outcome.
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Figure 1. Directed Acyclic Graph lllustrating the Possible Relationships between Confounders and
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relationships on a putative causal pathway from spatiotemporal overlap to clinical Serratia

marcescens infection, investigated by the present study.
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Confounding can be addressed in multiple ways in observational studies, at the design or
the analysis stage (81). In the design stage, restriction or matching can be used as
methodological strategies (79, 84). In applying restriction, the researcher uses specific inclusion
criteria to limit the characteristics of included patients to minimize the variability of factors that
may confound the association between exposure and outcome. In our study, we felt that this
approach was feasible, and we restricted isolates to the first Serratia marcescens identified on
culture during a given hospitalization. For example, if a patient was hospitalized for a long period
of time such as one year and had two Serratia marcescens invasive infections over that time
period, it is entirely possible that changes in the patient’s hospital ward or cumulative antimicrobial
exposure may confound the possible association being studied. As a disadvantage, however,
restriction decreases the likelihood that the findings are generalizable. Restriction to the first
isolate reduces the risk of confounding by avoiding within-patient correlations, thus ensuring only
independent observations are measured and analyzed, as well as reducing time-varying
confounding. Matching was not felt to be feasible for the present study because there are many
possible confounders identified, and this technique can only be done for a limited number of
variables.

At the analysis stage, statistical techniques including stratification, regression, or
propensity score matching may be used to help control the influence confounding has on study
results (81, 84). Of these approaches, stratification was the most likely to be operationally
feasible. However, with a number of possible confounders and a low number of included patients,
introducing stratification would decrease statistical power and lead to an increased risk of biased
results. Multivariable regression modelling was felt to be a suboptimal approach because the
number of putative transmission events was expected to be rare and having fewer than ten
events per variable included in a model leads to biased parameter estimates (85). Finally,
propensity score matching was also felt to be inappropriate to address the study question.
Propensity score matching is an attempt to balance observed covariates among exposed and

unexposed groups by computing a score, typically using multivariable logistic regression
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modelling, by which study participants may be adjusted (86). As the covariates which we would
be adjusting for are not necessarily known to be true or potential confounders — since the
underlying research question is to assess whether transmission is occurring at all — this would be
difficult to implement in practice.

Yet another important methodological aspect to discuss with respect to the present study
relates to how transmissions were defined. The terminology “spatiotemporal dynamics” introduced
in the previous chapter contains two discrete elements: transmission across space and across
time. The discrete unit of space is much more easily and intuitively defined in this expression by
the geographical “hospital unit” in which patients are housed and share communal exposures
such as equipment, washrooms, healthcare staff, etc. This stands in contrast to the definition of
transmission across time: in examining a heretofore unstudied hypothesis, one is required to
make an assumption regarding the period of time over which transmission of an organism
between patients is likely. Since there is no evidence upon which this assumption is grounded,
this methodological choice by the researcher may introduce bias into the findings. One way in
which the researcher can further explore whether this methodological choice influenced the
overall study conclusions is through the use of sensitivity analysis. A sensitivity analysis is one
which seeks to determine whether research findings are robust to changes in the analysis
methods or assumptions made — viz., whether altering assumptions changes the underlying study
conclusions (87). If the overall study conclusions are congruent between the primary and
sensitivity analyses, the researcher may be reassured that their methodological choices were
unlikely to influence the underlying results and, thus, the conclusions drawn from them (87).

As discussed in chapter 1.5, there are multiple technologies that can be used to study
microbial isolates that are suspected of being transmitted in hospital. The typical methods used
contemporarily include Sanger sequencing, MLST, PFGE, and whole genome sequencing.
Sanger sequencing uses a mixture of normal deoxynucleotides and chain-terminating
dideoxynucleotides to sequence a DNA strand complimentary to the template strand (88). The

DNA sequence being interrogated is separated into four separate reactions, containing all
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deoxynucleotides but only one of each dideoxynucleotide. Over multiple rounds of DNA template
extension, this creates fragments of varying sizes because the chain-terminating
dideoxynucleotide is added at varying places during extension. Resulting DNA fragments are
separated by capillary gel electrophoresis, and a fluorophore moiety attached to the
dideoxynucleotides is excited by a light source to determine which nucleotide represents a given
position on the DNA strand. While Sanger sequencing has high base accuracy 299.0%, long read
lengths, and is cost effective for small numbers of targets or samples (89), it is labour intensive
and low throughput, rendering it impractical for a large study of over 100 isolates such as ours.
MLST provides some distinct advantages over Sanger sequencing, including the ability to support
phylogenetic analysis with its moderate resolution using housekeeping genes and the ability to
determine sequence types for included organisms. However, a recent analysis of Salmonella
enterica serovar Schwarzengrund isolates showed MLST has poor discriminatory power in clonal
outbreaks or when clonally dominant endemic strains are present (90). Another distinct
disadvantage of MLST is that it analyzes highly conserved genes and does not offer any
information regarding antimicrobial resistance determinants, precluding it from being useful in our
study. PFGE is the historical reference standard for outbreak investigations, which examines
genome-wide restriction enzyme polymorphisms with well-established interpretation criteria first
published by Tenover and colleagues in 1995 (91). Distinct disadvantages of PFGE include its
laborious nature, high cost, and limited resolution for closely-related isolates (90). Whole genome
sequencing offers unparalleled resolution at a single nucleotide level, also allowing the detection
of resistance determinants that was necessary for this study’s primary outcome.

Multiple platforms and sequencing chemistries exist with which to perform whole genome
sequencing. The choice of a sequencing platform or chemistry may be pragmatic in nature — it
can often be partially based on the infrastructure already available in a laboratory, given the high
start-up costs to bring a platform online. However, in general, whole genome sequencing may be
split into short- and long-read sequencing, based on the read lengths. Whereas short-read

platforms typically sequence lengths of up to 1000bp, long-read platforms can sequence from
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10kb to 1Mb lengths of DNA (88). Long-read sequencing has higher per-read error rates than a
short-read platform such as the lllumina NextSeq 2000, with typically more complex library
preparation and, thus, costs (88, 92). However, long-read sequencing is also thought to be better
able to ensure accurate plasmid assembly because they result in higher overall assembly scores,
likely because most assembled plasmids from long-read platforms contain single contigs (93). A
long-read sequencing platform was considered for this study, because of the ability to better
resolve plasmids in the event that resistance determinants were primarily plasmid-borne;
however, short-read sequencing was ultimately chosen for its ease-of-use, lower cost, lower error
rates, and the availability of ubiquitous and well-established bioinformatics pipelines for quality
control and sequence alignment.

An important methodological assumption that was made during the study was with
respect to spatiotemporal dynamics. To be considered a possible transmission event, isolates
from different patients had to be isolates within the same hospital ward and within one month of
each other to be considered possibly linked. Furthermore, the nucleotide sequences needed to be
sufficiently similar when compared between patients. To our knowledge, there is no scientific
evidence base with which to support this spatiotemporal assumption: as a result, while making
this assumption was necessary to perform the research at hand, it may have the unintended
consequence of biasing our conclusions if a sensitivity analysis was not undertaken. As outlined
later in this chapter, we decided to perform a sensitivity analysis using two- and three-month time
cutoffs in order to determine whether our definition of transmission across time may have
influenced the study results. If the number of possible transmissions between patients is similar
amongst the analyses where the time cut point was set at one, two, and three months, this
provides confidence that this methodological choice did not unduly influence the study’s ultimate

conclusion.

2.2 Study Design
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We conducted a cohort study whereby patient specimens with growth of Serratia
marcescens in bacterial culture were prospectively identified and stored until the cut-off dates at
the end of each study period. Observational patient-level data was then extracted retrospectively
via chart review. This study was reported according to the Strengthening of Reporting of

Observational Studies in Epidemiology (STROBE) guidelines (94).

2.3 Patient Population

The study population consisted of adults and children, with no age restriction, who had
clinical specimens submitted to the microbiology laboratory at participating hospitals for the
diagnosis of active infection which were ultimately identified as Serratia marcescens using
conventional microbiological techniques as defined in laboratory standard operating procedures

(further elaborated in Section 2.7 to follow).

2.4 Study Setting

We conducted the study at three adult tertiary care sites, two secondary care sites, and
one pediatric tertiary care site in Hamilton, Ontario, Canada. The participating hospitals included:
Hamilton General Hospital, Juravinski Hospital, the McMaster University Medical Centre, St.
Joseph’s Healthcare Hamilton, St. Peter's Hospital, and West Lincoln Memorial Hospital. These
hospitals represent a total of 2800 beds in the Greater Toronto-Hamilton geographical area in
southwestern Ontario. Specimens were prospectively identified over two time periods: January to
December 2022, and January to June 2024. These time periods were chosen to ensure that the
study spanned multiple years in the event that a possible outbreak of invasive Serratia
marcescens infections was identified, and in order to account for the possibility of time-modifying
covariates as discussed previously in Section 2.1. Each time period represented consecutive

patients.
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2.5 Study Inclusion and Exclusion Criteria

Specimens were included if they were submitted to the microbiology laboratory in order to
diagnose active infection in a patient over the study period. Specimens were included from any
anatomical site, from both hospital inpatients and outpatients at the eligible hospital sites. In order
to minimize possible biases in the study design phase (see Section 2.1 for a methodological
explanation), we restricted included isolates to the first isolate from a given hospital admission. If
a patient was admitted twice to the same or different hospitals over the study period and met all
other inclusion criteria, only the first isolate from each admission would be included.

Specimens were excluded if they were submitted for infection prevention and control
surveillance purposes to diagnose rectal colonization of Serratia marcescens or for point-

prevalence surveys, as would be typical for rectal swabs.

2.6 Study Outcome

The study’s primary outcome was to identify whether transmission of S. marcescens
occurs between patients with clinical infections caused by Serratia marcescens, using whole
genome sequencing and subsequent determination of genomic relatedness of bacterial isolates.
The study was insufficiently powered to examine clinical outcomes such as associations of AmpC
resistance mechanisms with clinical outcomes, or associations between carbapenem use and

clinical outcomes.

2.7 Laboratory Methods

The laboratory methods and workflow are summarized in Figure 2. Upon receipt in the

microbiology laboratory, specimens were accessioned, processed, inoculated onto solid agar or
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liquid growth media, and incubated as per standard operating procedures inherent to the
specimen type submitted by the requesting physician. Once bacterial colonies were identified on
nutrient media after incubation under appropriate conditions, multiple representative colonies with
the same morphology — i.e., size, colour, shape, and margin — were selected from a pure culture
using a sterile wooden applicator and applied to a target plate. The colonies are mixed with an
organic, proprietary compound known as matrix, which co-crystallizes the bacterial sample within
it upon drying. Isolates then underwent confirmatory identification using MALDI-TOF MS on a
VITEK MS® instrument (bioMérieux, Marcy-I'Etoile, France) using the VITEK MS® V.3.2
database to assign species identifications.

The MALDI-TOF MS functions by using a fixed wavelength laser beam to ionize the
sample-matrix complex, leading to desorption of the analyte from the target plate and the
generation of cationic protein fragments (95). The protonated ions are then accelerated through a
vacuum flight tube at a fixed potential towards a detector and the ions separate in a predictable
way based on their mass-to-charge (m/z) ratio (95). A time-of-flight analyzer determines an ion’s
m/z ratio based on the time it took to travel from the target plate to the detector (95). Once all
protonated molecules have reached the detector, it is able to generate a peptide mass fingerprint
which is then queried against a database of microbial spectra of known isolates (95). If the
database returns a match of sufficiently high similarity between query sequence and the
database, the MALDI-TOF MS assigns a genus and/or species name to the analyte alongside a

quality score.
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Figure 2. Laboratory Methods Workflow Diagram
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We used the VITEK® 2 system (bioMérieux, Marcy-I'Etoile, France) to perform
antimicrobial susceptibility testing (AST) on the isolates after identification. The VITEK® 2 system
is an automated system using closed-system incubation and is based off a miniaturized broth
microdilution platform (96). Isolates are tested using cards that contain increasing concentrations
of antibiotics, monitoring growth throughout incubation using broth turbidity to measure bacterial
growth by monitoring percent change in raw transmittance units (96). Isolate MIC data is
determined algorithmically by comparing the growth of the test isolate against that of an organism
with a known MIC (96). We used the VITEK® 2 system’s AST-N390 card specific to Gram-
negative pathogens to test all study isolates. Interpretative breakpoints were assigned for the
MICs in accordance with the CLSI M100 guideline used in the clinical laboratory at the time of
specimen analysis for clinical care (45). After clinical testing was completed for the purposes of
patient care, samples were prospectively identified by study staff and frozen at -80°C in a 25%
glycerol stock solution.

We used the Wizard Genomic DNA Purification Kit (Promega, Madison, United States of
America) to purify genomic DNA according to the manufacturer’s product insert. We subsequently
quantified the genomic DNA to ensure that a minimum concentration of 30 ng/uL was present for
downstream applications. We quantified the DNA using the PicoGreen dsDNA Assay
(ThermoFisher Scientific, Waltham, United States of America). We then prepared individually
barcoded short-read libraries using the NEBNext Ultra Il FS DNA Library Prep Kit (New England
Biolabs, Ipswich, United States of America) and enriched for insert sizes of approximately 1000
base-pairs (bp) using the ProNex Size-Selective Purification System (Promega, Madison, United
States of America). We used the Illlumina NextSeq 2000 to sequence the genomic DNA library,
generating 2x150bp paired-end reads from an average of 3.2 million clusters (range: 0.6-5.6
million clusters).

lllumina platforms are an example of sequencing-by-synthesis technologies. Small
fragments of genomic DNA that have had molecular adaptors ligated onto the 5’ and 3’ ends of

the DNA strands (97). Regularly spaced DNA sequences complementary to the ligated genomic
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DNA adaptors are immobilized on a glass slide, allowing genomic DNA to bind to the flow cell
(97). This arrangement allows DNA synthesis to occur in many millions of clusters over a flow cell
in parallel. A proprietary labelled deoxynucleoside triphosphate (ANTP) molecule is added to the
growing nucleic acid chain in a synthetic reaction to create a complementary DNA sequence to
that which is immobilized on the flow cell (97). The dNTP molecules serve as chain terminators
for DNA polymerization, allowing a fluorophore label to emit fluorescence that can be detected
after each base incorporation (97). Base calling — the process by which the incorporated
nucleotide is determined to represent adenine, guanine, thymine, or cytosine — occurs based on
the relative fluorescence, after which the fluorescent moiety is cleaved, effectively “unblocking”
the complementary DNA molecule for a further round of DNA synthesis via base incorporation
and calling (97). This recurs until the entire DNA strand is sequenced. The resulting genomic DNA

sequences can then be used for downstream bioinformatics analyses.

2.8 Bioinformatics

The bioinformatics workflow is summarized in Figure 3. We used Trimmomatic v.0.38 (98)
to filter and trim adapter sequences from the raw lllumina platform sequencing reads; we
specified a minimum read-length of 36bp and a quality score cut-off of 3. We then used Unicycler
v.0.5.1 (99) to assemble the filtered reads, and used Quast v.5.2.0 (100) to evaluate genome
assembly quality and calculate whole genome guanine-cytosine (GC) content. Quast aligns whole
genome assemblies to a reference genome, allowing contig size and other functional genomic
elements to be evaluated. A contig is a set of DNA sequences that have been aligned such that
there is sufficient overlap to assemble a contiguous stretch of DNA without any gaps (101). A
typical representation of the genome assembly quality is the N50 statistic, which is a weighted
median of the contig lengths (102). The N50 is computed by ordering contigs by length, then
summing the contig length until the cumulative length reaches 50% of the total assembled

nucleotide sequence length: the shortest contig length amongst those summed is the N50 (102).
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A high N50 is suggestive of fewer gaps in the assembled genome, which is desirable because it
reflects a more “complete” assembly. The “"correctness” of the genome assembly is also assessed
by Quast via detection of misassemblies or errors in the consensus alignment (100). We then
used Bakta v.1.5.0 (103) to annotate contigs in order to identify relevant genes. To predict
plasmids, we used the Solu cloud-based platform v.1.0.251 (104) to run MOB-Suite v.3.1.9 (105).
MOB-Suite is a software tool that allows the reconstruction and typing of plasmids from whole
genome sequencing data and allows visualization of putative plasmids (105).

After genes have been annotated in the assembled contigs, the resistome was predicted
by querying the Comprehensive Antibiotic Resistance Database (CARD, v.3.3.0)'s Resistance
Gene Identifier (RGI) tool (106, 107). We allowed only “Perfect” and “Strict” hits in the database,
where a perfect match is one that is 100% identical to the wild-type reference protein sequence
along its entire length, while a strict match has a Basic Local Alignment Search Tool Protein
(BLASTP) expectation value used to infer homology which is above the database cut-off but
which may or may not contain a relevant mutation (106). We used the -include nudge argument in
RGI main so that any “Loose” hits in the database with 295% sequence identity are “nudged” into
the “Strict” hit category (106). RGI v.5.2.1 was used to summarize the output using rgi heatmap
(106).

Finally, we focussed on taxonomic assignment and inference of phylogeny. We
determined an isolate’s taxonomic assignment using the Genome Database Taxonomy (GTDB)'’s
GTDB-Tk software v. 2.4.0 (108), which assigns each genome to a domain-specific reference tree
and ascribes taxonomy based on the genome’s relative evolutionary divergence and average
nucleotide identity. We then used IQ-TREE v.2.2.6 (109) to infer a maximum-likelihood

phylogenetic tree, visualizing said tree using iToL v.7 (110).
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Figure 3. Bioinformatics Methods Workflow Diagram
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2.9 Data Collection

We collected patient-level data at two times during the study period, at the end of each
prospective sample identification period — i.e., in December 2022 and July 2024. We performed a
retrospective chart review to gather patient demographic and microbial isolate data. We piloted
the chart review process on the first five included patients to ensure all relevant characteristics
were being collected and also in order to minimize the risk of a high proportion of missing or
incomplete data undermining the study’s validity.

We collected the following patient-level data from the medical chart: patient age; patient
sex; hospital; ward; whether the patient was a resident of a congregate setting; the number of
hospitalizations in the past year; the principal admission diagnosis; the length of stay at time of
specimen collection; whether the patient was receiving antibiotics at specimen collection; which
antibiotics were being received at specimen collection (if any); which antibiotics were used to treat
the infection; treatment duration; patient outcome; and whether hospital discharge summary
included infection as a cause of death, if relevant. Many of the aforementioned variables were
collected as they are both epidemiologically relevant and because they may be possible
confounders or mediators of the association between exposure and outcome, as discussed in
greater detail in Section 2.1 previously.

In terms of microbiologically relevant data from the medical chart, we extracted the
following variables: specimen site, specimen collection date, species identified by MALDI TOF-
MS, percent certainty of MALDI TOF-MS identification >95%, minimum inhibitory concentrations

(MIC) and interpretative breakpoints for all antimicrobials tested.
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2.10 Epidemiological and Sensitivity Analyses

We combined whole genome sequences and conventional epidemiological approaches to
determine if Serratia marcescens complex isolates were spatiotemporally linked with each other.
We considered there to be a possible epidemiological link between patients if a pair of patients’
Serratia marcescens complex isolates visually clustered together on the maximum-likelihood
phylogenetic tree and the following criteria were met: patients overlapped temporally by one
month, using the specimen collection date as an indicator of this, and; patients overlapped
spatially (i.e., were admitted to the same hospital ward), and/or; patients shared an exposure to
the same procedure (e.g., bronchoscopy, colonoscopy, lumbar puncture).

If patients fulfilled the above criteria, we then calculated pairwise average nucleotide
identity (ANI) using OrthoANIu (111). We considered an ANI value 299.0% to be significant. While
an ANI >95% is typically sufficient for species-level identification, recent evidence suggests an
ANI value 299.0% is required for sufficiently granular intra-species strain determination and
differentiation (112).

As discussed in Section 2.1 previously, the decision to define temporal overlap as one
month in length was an arbitrary one, since there is no literature to inform the choice of a
threshold. As a result, we performed a sensitivity analysis by re-evaluating the primary outcome
using temporal thresholds of two and three months to determine whether the arbitrary choice of

threshold affected our primary analysis.

2.11 Sample Size

Given the a priori assumption that chromosomal ampC-producing Enterobacterales are
not hospital-transmissible pathogens, an event rate of 0 is presumed. For the purposes of sample
size calculation, as an event rate of 0 is not mathematically permissible, a correction of 0.5% is

applied. Assuming 5% of isolates identified are found to be spatiotemporally linked and whole
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genome sequencing analysis shows possible relatedness, with an a of 0.05 and a § of 0.2, we
determined that 51 samples were required to be adequately powered to determine whether
unrecognized transmission was occurring between patients in hospital. With a projected attrition
rate of 10% for contaminated or improperly stored samples, we calculated that 60 included

samples were required for statistical validity.

2.12 Statistical Analysis

We used descriptive statistics to summarize the characteristics of patients and their
Serratia marcescens complex isolates. To calculate relevant statistics, we used command-line
tools for genome annotation and R, version 4.4.2 (R Foundation for Statistical Computing,
Vienna). Figures and data visualizations for this study were created using the packages ggplot2

(113), dplyr (114), diagrammeR (115), and ComplexHeatmap (116).

2.13 Data Transparency

Genomic DNA sequences and their linked antimicrobial MIC data are available under the

NCBI BioProject #PRJNA1232785 (https://www.ncbi.nim.nih.gov/bioproject/).

2.14 Ethics Approval

This study received ethical approval from the Hamilton Integrated Research Ethics Board
under project number 13873. Individual patient consent was not required for this study, as it
utilized residual specimen from testing ordered by attending physicians for routine clinical care
that would otherwise have been discarded. The study underwent one protocol amendment to

narrow the scope of organisms from Serratia, Enterobacter, and Citrobacter species to Serratia

34



MSc Thesis — Adam S. Komorowski; McMaster University — Health Research Methodology

marcescens only, and to modify the whole genome sequencing methodology and analytical

techniques to reflect contemporary in silico tools.

2.15 Funding
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and laboratory testing from the Department of Pathology and Molecular Medicine at McMaster
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Ministry of Health for a Clinician-Investigator Program Fellowship, as well as the Master of
Science Studentship Award from the Research Institute of St. Joseph’s Healthcare Hamilton.

The funders did not have any role in the design, data acquisition, or data analysis

performed in this work.
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Chapter 3. Results

3.1 Patient Characteristics

During the periods January to December 2022 and January to June 2024, we identified
147 eligible patients with invasive Serratia marcescens infections from participating hospital sites.
During the study period, no outbreaks of Serratia marcescens complex were detected by standard
of care IPAC surveillance or were otherwise known to have occurred. We excluded 22 eligible
patient isolates from the study: 20 identified isolates were subsequent — i.e., duplicate — isolates
from an included patient’s same hospital admission; one isolate failed whole genome sequencing;
and one isolate was in fact Aeromonas caviae. The A. caviae isolate was erroneously frozen
during specimen banking from a patient with a mixed Serratia marcescens and A. caviae

infection. Figure 4 illustrates the study flow with respect to participants.
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Figure 4. Participant Flow Diagram
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Patient demographic and clinical data are summarized in Table 2. The majority of
included patients were male (n=88/125, 70.4%), with the median age among study patients being
69.0 years (interquartile range (IQR): 57.0-76.0). Figure 5 shows the distribution of cases of
Serratia marcescens complex infections, categorized by sex and age in deciles. Peak incidence
among both males and females occurred between age 70-79. In males, there was a higher
incidence of cases in the age deciles 0-9 and 10-19 years, when compared to females. Eleven of
125 (8.9%) included patients lived in a congregate setting.

Roughly one-third of isolates (32.0%, n=40/125) likely represented microbial colonization
at the time of specimen collection, as patients did not receive documented antimicrobial treatment
for their Serratia marcescens complex culture result. While only 4.0% of patients (n = 5/125)
received empiric carbapenem therapy, 28.8% (n = 36/125) received a carbapenem as definitive
therapy for their Serratia marcescens infection. Of those patients who received antimicrobials, the
median duration of treatment for all indications was 7.0 days (IQR: 7.0-14.0). Seventeen of 125
patients (13.6%) died during the study period, with the majority of those deaths (n = 11/17, 64.7%)
attributable to Serratia marcescens infection upon review of hospital discharge summary
documentation.

Stratification of patient demographics by study year revealed key differences in these
subpopulations with respect to the use of carbapenem antimicrobials and the proportion of
patients who did not receive treatment for the organisms isolated. Interestingly, the proportion of
patients receiving empiric therapy with a carbapenem was higher in the 2022 cohort compared to
the 2024 cohort (3.2% vs. 1.8%, respectively), but among those who did receive treatment,
definitive therapy with a carbapenem was less common in 2022 than in 2024 (23.9% vs. 35.2%,

respectively).
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Table 2. Demographics of Included Patients with Serratia marcescens complex Infections

Patient characteristic

All included
patients (n=125), n
(%)

Patients identified
in 2022 (n=71), n

(%)

Patients identified
in 2024 (n=54), n

(%)

Median age in years, n

69.0 (57.0-76.0)

67.0 (59.5-76.0)

69.5 (51.5-78.5)

positive culture result, n (%)

(IQR)

Female, n (%) 37 (29.6) 21 (29.6) 16 (29.6)
Congregate setting, n (%) 11 (8.9) 5(7.0) 6 (11.1)
Median hospitalizations in 0 (0-1.0) 1.0 (0-1.0) 0 (0-1.0)

past year, n (IQR)

Hospital length of stay at 1.0 (0-10.0) 1.0 (0-7.0) 2.0 (1.0-20.00)
specimen collection, median

n days (IQR)

Receipt of antimicrobials 62 (49.6) 36 (50.7) 26 (48.1)
prior to specimen collection,

n (%)

Receipt of carbapenem as 5(4.0) 4 (3.2) 1(1.8)
empiric treatment, n (%)

Receipt of carbapenem as 36 (28.8) 17 (23.9) 19 (35.2)
definitive treatment, n (%)

Median treatment duration, 7.0 (7.0-14.0) 7.0 (7.0-14.0) 7.0 (7.0-10.7)
n days (IQR)

Patients not treated for 40 (32.0) 16 (22.5) 24 (44.4)

39




MSc Thesis — Adam S. Komorowski; McMaster University — Health Research Methodology

Patient deceased, n (%) 17 (13.6) 12 (16.9) 5(9.3)

Of deceased, infection as 11 (64.7) 6 (50.0) 5(100.0)
attributable cause of death,

n (%)
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Figure 5. Distribution of Serratia marcescens Cases by Patient Age and Sex
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Patient cases of invasive Serratia marcescens infection at six Hamilton area hospitals identified

from January to December 2022 and January to June 2024 by routine bacteriological culture and

confirmed with MALDI-TOF MS, categorized according to patient age and sex.
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3.2 Specimen and Microbial Characteristics

Serratia marcescens was isolated from multiple anatomical sites in included patients, with
an itemized accounting of the specimen sources found in Table 3. The three most common
specimen sources were urine (n =49, 39.2%), sputum (n =22, 17.6%), and blood (n = 18,
14.4%), corresponding with the most common sites of mucosal Serratia marcescens colonization
discussed previously in Chapter 1.1. The median hospital length of stay at time of specimen
collection was 1.0 days (IQR: 0-10.0 days). Figure 6 shows the number of days from
hospitalization to specimen acquisition, stratified by prior hospitalization status. Approximately half
(n = 62/125) of included patients had received antimicrobials at the time of specimen collection.

All patient isolates underwent MALDI-TOF MS confirmatory identification using the VITEK
MS®, as described in Section 2.7 previously. All (n = 125/125) isolates were identified as Serratia
marcescens using VITEK MS®.

AST performed on the microbial isolates suggested two major AmpC-mediated resistance
profiles: resistance to amoxicillin-clavulanate and cefoxitin, with susceptibility to ceftriaxone,
suggestive of inducible AmpC expression; and resistance to all three aforementioned agents,
suggestive of de-repression. The proportion of isolates with AST suggestive of AmpC-mediated
resistance is shown in Table 4. The MIC distributions and interpretative breakpoints for all

antimicrobials tested are summarized for the study population in Figures 7 and 8, respectively.
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Table 3. Site of Specimen Collection for Patient Isolates with Serratia marcescens complex

Infections

Specimen source

Patients, n (%)

Blood 18 (14.4)
Body fluid 8 (6.4)
Bronchoalveolar lavage fluid 6 (4.8)
Sputum 22 (17.6)
Tissue 5(4.0)
Urine 49 (39.2)
Wound swab 17 (13.6)
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Figure 6. Days from Hospitalization to Sample Acquisition
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Table 4. Antimicrobial susceptibility patterns of Serratia marcescens complex isolates suggestive

of AmpC-mediated resistance.

Phenotypic Expected antimicrobial resistance Number of specimens,
expression profile n (%)
Basal (wild-type) | Amoxicillin-clavulanate susceptible 0 (0)

Cefoxitin susceptible

Ceftriaxone susceptible

Inducible Amoxicillin-clavulanate resistant 109 (87.2)

Cefoxitin resistant

Ceftriaxone susceptible

De-repressed Amoxicillin-clavulanate resistant 12 (9.6)

Cefoxitin resistant

Ceftriaxone resistant

Not applicable One or more of amoxicillin-clavulanate, 4(3.2)

cefoxitin, or ceftriaxone not tested; or

One or more of amoxicillin-clavulanate,

cefoxitin, or ceftriaxone tested intermediate
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Figure 7. Distribution of Antimicrobial Minimum Inhibitory Concentrations for Serratia marcescens

complex isolates.
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Figure 8. Distribution of Antimicrobial Interpretative Breakpoints for Serratia marcescens complex

isolates.
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3.3 Whole Genome Sequencing

We performed whole-genome sequencing on all 125 unique clinical isolates. The median
genome size of the sequenced Smc isolates was 5.10 megabases (range: 4.34-5.74 Mb) with a
median guanine-cytosine content of 59.8% (range: 58.5-60.3%). The median contig number was
36 (range: 17-1501), with a median largest contig length per genome of 760 kilobases (kb)
(range: 38-2380) and a median N50 statistic of 317 kb. The average sequencing coverage per

base was 197-fold (range: 37-330).

Table 5 illustrates the discrepancies between species-level identification using the VITEK
MS® compared to those using whole genome sequencing with GTDB-Tk-assigned taxonomy.
When comparing the species-level identification provided by the MALDI-TOF MS used routinely in
the clinical laboratory to those assigned by sequencing-informed taxonomic assignment, we noted
stark differences: roughly one-half (n=64/126, 51.2%) of the isolates were not Serratia
marcescens sensu stricto. In fact, we found 19 to be S. bockelmannii, 4 to be S. nematodiphila,

19 to be S. nevei, and 22 to be S. ureilytica.
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Table 5. Species-level Identification of Serratia marcescens complex by matrix-assisted laser

desorption-ionization time-of-flight mass spectrometry compared to whole genome sequencing

Identification technique

Species identified

Number of specimens, n (%)

Matrix-assisted laser Serratia marcescens 125 (100.0)

desorption-ionization time-of-

flight mass spectrometry

(MALDI-TOF MS)

Whole genome sequencing Serratia bockelmannii 19 (15.2)

(WGS) Serratia marcescens 61 (49.2)
sensu stricto
Serratia nematodiphila 4(3.2)
Serratia nevei 19 (15.2)
Serratia ureilytica 22 (17.6)
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3.4 Resistome Prediction

We identified 21 different predicted resistance determinants in the 125 sequenced
isolates. Fifteen genes were found in a majority of sequenced isolates: emrR, a fluoroquinolone
efflux pump (n=124/125, 99.2%); PBP3, a B-lactamase (n=124/125, 99.2%); adeF, a
fluoroquinolone and tetracycline efflux pump (n=123/125, 98.4%); ArnT, a phosphoethanolamine
transferase affecting peptide antimicrobials (n=123/125, 98.4%); CRP, a macrolide,
fluoroquinolone, and penam antimicrobial efflux pump (n=123/125, 98.4%); FosA8, a fosfomycin
thiol transferase (n=123/125, 98.4%); the nitroimidazole efflux pump msbA (n=123/125, 98.4%);
AAC(6’)-Ic, which produces the aminoglycoside N-acetyltransferase enzyme (n=122/125, 97.6%);
KpnF, a multidrug efflux pump (n=123/125, 98.4%); qacG, an antiseptic efflux pump (n=122/125,
97.6%); rsmA, a fluoroquinolone, diaminopyrimidine, and phenicol antibiotic efflux pump
(n=122/125, 97.6%); vanG, which confers vancomycin resistance by altering peptidoglycan
precursor structure (n=121/125, 96.8%); KpnH, a multidrug efflux pump (n=119/125, 95.2%);
SRT-2, a B-lactamase (n=90/125, 72.0%); and tet(41), a tetracycline efflux pump (n=74/125,
59.2%). We found a predicted AmpC B-lactamase in 124 of 125 sequenced isolates (99.2%). All
isolates except isolate 138 harboured either a predicted SST-1, SRT-2, or SRT-3 class C B-
lactamase. Notably, this isolate still retained an antimicrobial susceptibility pattern suggestive of
induced AmpC expression, suggesting that an AmpC (-lactamase was present but not predicted
using RGI criteria.

Figure 8 shows a heat map with the presence or absence of resistance genes in each

isolate clustered by CARD RGI gene family ontology.
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Figure 8. Resistance Gene Identifier Heat Map of Predicted Resistomes
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Resistance determinants are mapped on the heat map as follows: the left-hand column shows the
gene family according to the CARD RGI ontology; the right-hand axis labels show the gene
names corresponding to the heatmap rows. The binary heat map shows either the presence of a
resistance determinant for a given isolate in red, or the absence of said resistance determinant in

black. The numerical isolate number is found on the x-axis of the heatmap.
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3.5 Plasmid Prediction

In total, 42 (33.6%) of 125 isolates harboured 63 total plasmids; among those with
plasmids, the median plasmid number per isolate was 1 (IQR: 1-2). The most common plasmid
identified belonged to MOB cluster AB960 and is a non-mobilizable Serratia marcescens plasmid
with a Mash nearest neighbour being NCBI Reference Sequence #CP042515.1 isolated in
Australia in 2017. This plasmid occurred in 20 of 42 isolates (47.6%).

We found evidence of 13 antimicrobial resistance genes that were plasmid-borne in our
patient population. Notably, there was no evidence of plasmid-borne AmpC operons or
carbapenemase genes amongst predicted plasmid assemblies in our patient population. The
most common resistance determinant found was adef, a multidrug efflux pump affecting
fluoroquinolones and tetracyclines, in 6 of 63 plasmids (9.5%). Other antimicrobial resistance
genes that were found in multiple isolates include: soxS, the global regulator of E. coli acrAB
multidrug efflux genes (n=3/63, 4.7%); Mycobacterium tuberculosis ndh mutant G313R conferring
isoniazid resistance (n=3/63, 4.7%); M. tuberculosis kasA mutant D66N conferring isoniazid
resistance (n=3/63, 4.7%); tet(35), a tetracycline efflux pump (n=2/63, 3.2%); 0gxA, a
fluoroquinolone efflux pump (n=2/63, 3.2%). Predicted resistance genes that only occurred once
(n=1/63, 1.6%) in the patient population include: tetA(58), a tetracycline efflux pump; evgA and
evgS, which regulate mdtEF and emrKY efflux pump expression; mdtG, which increases
fosfomycin resistance when overexpressed; vanH, which decreases vancomycin binding affinity
to peptidoglycan, and its transcriptional regulator vanR; and H-NS, a histone-like protein involved
in the repression of RND-type transporters.

A heatmap of the collective set of plasmids in the study population, or the plasmidome, is
found in Figure 9. We identified four plasmids that have not been previously described in the
literature amongst our sequenced clinical isolates. Plasmid maps showing the reconstructed

plasmids with gene annotations visible are found in Figures 10 through 13.
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Novel plasmid AKI1 (NCBI Biosample SAMN47405310) is a 14-kilobase pair (kbp)
conjugative plasmid found in a Serratia bockelmannii isolate (Figure 10). Plasmid AKI1 is a
replicon type Incl1, relaxase type MOBF, and mating pair formation (mpf) type MPF_T plasmid.
Its Mash nearest neighbour is NCBI Reference Sequence #NC_015972, a Serratia marcescens
plasmid isolated from environmental sampling in Russia.

Novel plasmid AKI7 (NCBI Biosample SAMN47405316) is a 5.2-kbp mobilizable plasmid
found in a Serratia nevei isolate (Figure 11). Plasmid AKI7 is a replicon type Col(Ye4449),
relaxase type MOBP plasmid. Its Mash nearest neighbour is Genbank #CP040890.1, a Leclercia
adecarboxylata plasmid isolated from patient stool in Hangzhou Province, China.

Novel plasmid AKI10 (NCBI Biosample SAMN47405319) is a 24-kbp conjugative plasmid
found in a Serratia marcescens sensu stricto isolate (Figure 12). Plasmid AKI10 is a relaxase type
MOBC, mpf type MPF_T plasmid. Its Mash nearest neighbour is Genbank #AP012552.1, a
plasmid from a symbiont of the stink bug Plautia stali isolated in Japan.

Finally, novel plasmid AKI23 (NCBI Biosample SAMN47405332) is a 58-kbp conjugative
plasmid found in a Serratia marcescens sensu stricto isolate (Figure 13). Plasmid AKI23 is a
replicon type Incl1, relaxase type MOBF, and mating pair formation (mpf) type MPF_F plasmid.
Its Mash nearest neighbour is Genbank #CP027301.1, a plasmid isolated from environmental

sampling in Singapore.
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Figure 9. Heat Map of Predicted Plasmidome.
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Predicted plasmids are mapped on the heat map as follows: the y-axis shows the MOB type of
the predicted plasmids; the x-axis labels show the numerical isolate number for those isolates
which had predicted plasmids, only. The binary heat map shows either the presence of a

predicted plasmid for a given isolate in red, or the absence of said predicted plasmid in black.
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Figure 10. Plasmid map of novel plasmid AKI1 identified from Serratia bockelmannii isolate
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Plasmid map showing novel 14-kilobase pair conjugative plasmid sequenced from isolate 1, found
on whole genome sequencing to be Serratia bockelmannii. Open reading frames labelled using
arrows, with guanine-cytosine (GC) content labelled in blue, positive GC skew labelled in red, and
negative GC skew labelled in green. Sequence data available under NCBI Bioproject

PRJNA1232785, Biosample SAMN47405310.
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Figure 11. Plasmid map of novel plasmid AKI7 identified from Serratia nevei isolate
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Plasmid map showing novel 5.2-kilobase pair mobilizable plasmid sequenced from isolate 7,
found on whole genome sequencing to be Serratia nevei. Open reading frames labelled using
arrows, with guanine-cytosine (GC) content labelled in blue, positive GC skew labelled in red, and
negative GC skew labelled in green. Sequence data available under NCBI Bioproject

PRJNA1232785, Biosample SAMN47405316.
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Figure 12. Plasmid map of novel plasmid AKI10 identified from Serratia marcescens sensu stricto
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Plasmid map showing novel 24-kilobase pair conjugative plasmid sequenced from isolate 10,
confirmed by whole genome sequencing to be Serratia marcescens sensu stricto. Open reading
frames labelled using arrows, with guanine-cytosine (GC) content labelled in blue, positive GC
skew labelled in red, and negative GC skew labelled in green. Sequence data available under

NCBI Bioproject PRINA1232785, Biosample SAMN47405319.
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Figure 13. Plasmid map of novel plasmid AKI23 identified from Serratia marcescens sensu stricto
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3.6 Epidemiological and Phylogenetic Analyses

We plotted an epidemic curve to help examine and determine whether undetected
transmission and/or an unrecognized outbreak of Serratia marcescens complex had occurred
(Figure 14). We stratified the epidemic curve by specimen type and year to determine whether
there were any differences between these variables. The baseline monthly case rate was
approximately 2-3 cases/month, with increases above the baseline particularly notable in the
spring months in both 2022 and 2024. Based on the shape of the epidemic curve, there was no
point or propagated source. There are multiple peaks present during the periods of study,
suggesting likely intermittent exposures or periods of risk. The use of phylogenetic analysis can
further help differentiate whether these intermittent exposures are independent or possibly linked.

Figure 15 shows the inferred maximum-likelihood phylogenetic tree. Of 125 isolates, 16
pairs (n=32, 25.6%) were collected from the same hospital ward within 30 days of each other and
were identified as Serratia marcescens by MALDI-TOF MS. When using whole genome
sequencing-informed taxonomic identification, however, only two isolate pairs met the
spatiotemporal linkage definition. Thus, most isolates did not, in fact, share a spatiotemporal link.
For example: isolates 54 and 93 were clustered together phylogenetically and were spatially
linked but not temporally linked, so we did not consider a putative transmission event to have
occurred between these patients because the present study did not include environmental
sampling to help inform said linkage. Taken together, this suggests that the possible intermittent
exposure pattern to the epidemic curve is a result of independent exposures rather than a disease
outbreak.

As mentioned above, isolate 50 and 56, as well as isolate 106 and 113 appeared to
cluster together phylogenetically and overlap spatiotemporally.

For isolates 50 and 56, both of these Serratia nevei isolates were collected within one
month of each other in July and August 2024, respectively. Both isolates were collected on post-

admission day one. We performed a pairwise USEARCH alignment using the OrthoANIu tool,
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which showed 98.80% ANI over an average aligned length of 3.74 Mb (isolate 50 genome
coverage 70.41%, isolate 56 genome coverage 68.64%). Notably, this isolate pair did not
therefore meet the prespecified ANI cutoff of 299.0%. Isolate 56 had an additional predicted
resistance determinant, EF-Tu, conferring elfamycin resistance, compared to isolate 50 (Figure
8). The phenotypic AST data for both isolates is identical, save for piperacillin-tazobactam (isolate
50 MIC = 8 mgl/L, isolate 56 MIC < 4 mg/L) and ciprofloxacin (isolate 50 MIC = 0.12 mg/L, isolate
56 MIC < 0.06 mg/L).

For isolates 106 and 113, both of these Serratia nevei isolates were collected in March
2024 within 10 days of each other, with each isolate collected on post-admission day one. We
performed a pairwise USEARCH alignment using the OrthoANIu tool, which showed 99.27% ANI
over an average aligned length of 3.77 Mb (isolate 106 genome coverage 75.53%, isolate 113
genome coverage 76.29%). Both isolates shared an identical predicted resistome (Figure 8). The
phenotypic AST data for both isolates is identical, save for cefoxitin (isolate 106 MIC = 16 mg/L,

isolate 113 MIC <4 mg/L) and cefixime (isolate 106 MIC = 0.5 mg/L, isolate 113 MIC < 0.25 mg/L).
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Figure 14. Epidemic Curve of Serratia marcescens Invasive Infections
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Epidemic curve showing the number of new invasive Serratia marcescens cases identified on a

weekly basis, stratified by year of occurrence as well as by specimen type.
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Figure 15. Phylogenetic tree of sequenced Serratia marcescens complex clinical isolates
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Phylogenetic tree visualized using iToL, v. 7 (110). Each tree node has an associated length
showing the distance from its nearest neighbour. Adjacent nodes are labelled in red if patients
had spatiotemporal overlap. Each node has a unique specimen code assigned to it in the format
“x-y.z", where x is the numeric study identification number, y is the anonymized numeric code for
the hospital where the specimen originated, and z is the anonymized letter code for the ward

where the specimen originated.
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3.7 Sensitivity Analysis

We performed a sensitivity analysis by expanding the definition of temporal overlap
between Serratia marcescens complex isolates from one month to two and three months to
determine whether setting this arbitrary cut-off had an unintended effect on our primary analysis.
On visual inspection of the phylogenetic tree (Figure 15), we identified the following isolate pairs
that clustered closely together with spatial overlap: isolates 3 and 61; 33 and 132; and 54 and 93.
None of the three isolate pairs identified met the definition of spatiotemporal overlap in either
sensitivity analysis, suggesting that the methodological choice to use one month as the temporal
cutoff to define possible transmission was unlikely to have had an impact on the study’s overall

conclusions.
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Chapter 4. Discussion

4.1 Summary of findings

In this retrospective cohort study with prospective specimen identification, we evaluated
the molecular epidemiology of clinical infections caused by Serratia marcescens complex in a
large hospital system using whole genome sequencing and bioinformatics analytical techniques.
This multi-year study of Canadian patients over two periods from 2022 to 2024 in six hospitals
including adult and pediatric tertiary and secondary care centres sheds light on numerous facets
of medical care, including the identification and reporting of Serratia marcescens complex
infections in the clinical microbiology laboratory, and infection prevention and control practices
relevant to this species complex.

This study represents — to our knowledge — the largest multi-year, multi-hospital survey of
Serratia marcescens complex infections that uses whole genome sequencing to analyze clinical
isolates. A key finding of our study from a clinical laboratory perspective was the significant
species-level discordance between traditional identification methods using MALDI-TOF MS and
whole genome sequencing with GTDB-Tk-assigned taxonomic identification. Approximately half
(51.2%) of isolates initially identified by MALDI-TOF MS as Serratia marcescens were found to be
other species of the genus Serratia belonging to the newly described Serratia marcescens
complex, which includes S. bockelmannii, S. marcescens sensu stricto, S. nematodiphila, S.
nevei, and S. ureilytica (10-13). This is in spite of MALDI-TOF MS identification showing a high
(295%) certainty of species-level identification to Serratia marcescens for all included study
isolates. The VITEK® MALDI- TOF MS United States Food and Drug Administration 501(k)-
cleared database, version 3.2, does not contain S. bockelmannii, S. nematodiphila, S. nevei, or S.
ureilytica, which explains the misidentification of multiple isolates as Serratia marcescens
(117). This discrepancy highlights a substantial limitation in standard clinical laboratory

identification techniques, as the current mass spectrum databases used by MALDI-TOF MS
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instruments do not adequately reflect contemporary knowledge of the genetic diversity of the
Serratia marcescens complex.

Our study also confirms the presence and coexistence of multiple members of the
Serratia marcescens complex in hospitalized patients. This finding has significant implications for
the investigation of possible outbreaks of Serratia marcescens complex in hospital settings. If the
clinical microbiological techniques used to identify Serratia marcescens complex in the laboratory
are insufficiently granular to differentiate amongst constituent members of the complex, it may
lead isolates identified by MALDI-TOF MS during outbreak investigations to be erroneously
included in line lists.

For example, suppose a point prevalence survey is conducted during a period where
infection control practitioners noted a higher than baseline incidence of invasive Serratia
marcescens infections in a NICU. During the survey, two patients are identified as being
colonized with Serratia marcescens based on chromogenic agar identification and subsequent
MALDI-TOF MS confirmation and added to a line list during the possible outbreak investigation;
these patients would be subject to enhanced control measures including environmental cleaning
and contact precautions inter alia while the outbreak is being investigated. If accurate MALDI-TOF
MS databases with sufficient granularity were available in the laboratory and showed that these
patients were colonized with different organisms — for example, Serratia nevei and Serratia
bockelmannii — it would obviate the need for significant infection prevent and control measures to
be enacted, possibly reducing hospitalization costs, length of stay, efc. MALDI-TOF MS
manufacturers must urgently update their mass spectra databases to reflect the taxonomic shifts
in Serratia marcescens complex to reflect these realities and prevent undue downstream
consequences.

Another finding from our study which is germane to infection prevention and control
practices is that putative transmission events between patients are likely rare. Only two pairs of
isolates showed spatiotemporal overlap, which just one pair meeting the stringent ANI threshold

we set to determine possible transmission events. While there were slight differences in
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phenotypic AST profiles in the single pair of isolates with 299.0% ANI, we note the isolates had an
identical CARD RGI resistome prediction profile. This suggests that possible patient-to-patient
transmission of Serratia marcescens complex infections in hospitals is likely uncommon, and
most infections likely represent sporadic, independent events. Further evidence to support this
conclusion is the fact that the sole pair of isolates with spatiotemporal overlap and 299.0% ANI
were sampled on post-admission day one, making nosocomial transmission less likely.
Furthermore, these findings provide an evidence base for the current use of routine infection
control practices without gowns and gloves during interaction with the patient infected or
colonized with Serratia marcescens complex organisms and/or their hospital environment. Given
the common underlying mechanism of resistance shared with other AmpC-producing
Enterobacterales, this finding is likely generalizable to Enterobacter spp., Citrobacter freundii,

Morganella morganii, and Providencia spp.

4.2 Comparison to prior literature

The question of whether appreciable nosocomial transmission of AmpC-producing
Enterobacterales exists has not been significantly investigated in the medical literature. Recently,
Aracil-Gisbert and colleagues reported a study of 1432 environmental isolates of Serratia spp.
from environmental sampling of ICU sinks as well as 99 clinical isolates from a large hospital in
Spain (55). They noted multiple unique findings in their isolates, including a basal AmpC
expression pattern amongst many environmental isolates which also lacked prodigiosin
pigmentation, carrying blaviu-10r blaoxa-4s on IncL/pB77-CPsm plasmids persistent since 2017,
suggesting that environmental reservoirs serve as milieux for the propagation and dissemination
of carbapenemases amongst Serratia marcescens isolates (55). These findings help explain the
likely mechanism of propagation of AmpC-producing Enterobacterales in hospital outbreaks
through the use of a source-sink dynamic model, where the contact with the static environmental

reservoir “source” allows the transmission of the organism to the transient patient “sink” (55).
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Contrary to the findings of Aracil-Gisbert and colleagues, we did not identify a
subpopulation of Serratia marcescens complex organisms in our study displaying a basal AmpC
expression profile with susceptibility to amoxicillin-clavulanate, cefoxitin, and a third-generation
cephalosporin. We posit this may be due to a lack of environmental sampling in our study, since
there is less externally applied selective pressure on the Serratia marcescens complex organisms
in the environment than in the hospitalized human host. It is also possible that AmpC expression
plays a role in adaptation to non-host environments and altered gene expression may lead to a
basal-type susceptibility pattern (55). In our present study, we only found evidence of inducible or
de-repressed AmpC expression, based on the characteristic AST patterns of included isolates
described previously in section 3.2. We found only 9.6% of our isolates exhibited AmpC de-
repression, in line with Infectious Diseases Society of America guidelines that designate Serratia
marcescens a “low risk” AmpC Enterobacterales organism with respect to de-repression potential
(52). Of note, in contrast to Aracil-Gisbert and colleagues, we also did not identify any predicted
carbapenemases amongst our study isolates.

With respect to laboratory identification of members of the Serratia marcescens complex,
our findings corroborate those of Harch et al., who examined the similarly poor correlation of the
other major MALDI-TOF MS platform marketed by Bruker Corporation (Billerica, United States of
America) with whole genome sequencing-based identification of Serratia marcescens complex
constituent members (118). In their study, Harch and colleagues compared 19 Serratia
marcescens isolates identified as such by MALDI-TOF MS with whole genome sequencing-based
identification followed by a comparison of Kraken2 and ribosomal MLST tools for species
assignment (118). They found that ribosomal MLST showed a superior ability to assign species-
level identification, likely due to the lack of inclusion of Serratia bockelmannii in the database
software version used, and the difficulty of assigning species identifications from the lack of
insufficiently unique k-mers — sequences of consecutive nucleotides of length kK — amongst the

constituent species of the Serratia marcescens complex (118).
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4.3 Study strengths

This study has several strengths. A major methodological strength of this study is its
evaluation of over 100 clinical isolates, which allowed a determination of whether appreciable
Serratia marcescens transmission occurred in the hospital setting. The study population consisted
of both adult and pediatric patients, with predominant specimen types mirroring the most common
sites of colonization of Serratia marcescens complex in the human body. Unique among current
literature, this study was also a multicentre analysis over multiple years, with two discrete
sampling periods. The use of a robust bioinformatics pipeline, including sophisticated tools such
as GTDB-Tk for accurate taxonomic assignment and CARD for detailed resistome prediction
helped provide high-quality genomic data analysis.

From a methodological perspective, the study used consecutive patient samples to
reduce the risk of bias by including only independent observations. There was low risk of attrition
bias, as only two non-duplicate specimens were excluded from the study. In addition, the study
minimized the risk of incomplete data by using a pre-piloted data extraction process that ensured

the reliability and robustness of the data collection process.

4.4 Study limitations

This study has several limitations worth mentioning. The most notable limitation of the
study’s methodology was the lack of concomitant and prospective environmental sampling, which
severely restricts the ability to establish definitive causal relationships for samples with possible
spatiotemporal overlap. Without environmental data, the present study was unable to identify
potential reservoirs or vectors, thus limiting interpretations to putative transmission events rather
than conclusive mechanistic findings. This approach using only clinical isolates also significantly

limits the ability to fully understand possible outbreaks if transmission had indeed occurred.
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Furthermore, the fact that the median time to specimen collection was on day 1 post-admission
suggests that many isolates were likely community-acquired infections, rather than nosocomial.

As a retrospective cohort study with a chart review component, this study is also prone to
misclassification bias and is susceptible to confounding by unmeasured variables. We used a pre-
piloted data collection form and identified consecutive patients over multiple time periods to
minimize this. However, in spite of these efforts, residual confounding may persist. In addition, it
was not feasible to perform statistical techniques including stratification, multivariable logistic
regression, or propensity score matching, to adjust for possible confounders; stratification would
have resulted in a decrease in statistical power, whereas multivariable logistic regression may
have rendered imprecise estimates with low event numbers, as seen in the study, and propensity
score matching would not be appropriate given it is unclear which measured variables are true or
potential confounders.

An additional limitation of the study is the study was powered to detect transmission
between patients and was not powered to assess clinical outcomes. As a result, the study cannot
assess whether certain AmpC expression profiles are associated with risk of putative
transmission, whether specific species within the Serratia marcescens complex or indeed whether
certain AmpC expression profiles are associated with increased risk of morbidity and/or mortality.

Finally, the study’s definition of a one-month temporal threshold to define putative
transmission events was arbitrary in nature, as no literature-guided timeframe existed for Serratia
marcescens complex. We attempted to limit the introduction of bias into our study from this
methodological choice by performing a sensitivity analysis, which showed no increase in the
number of putative transmission events when a threshold of two or three months was used to

define temporal overlap between cases.
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4.5 Study implications

The study findings hold significant implications for infection prevention and control
practices: the infrequent observations of putative transmission events in the hospital environment
suggests that widespread implementation of stringent contact precautions and enhanced
environmental cleaning is unlikely to be warranted for Serratia marcescens complex infections,
with the important exception of suspected or confirmed outbreaks. These findings thus add
empirical evidence to a practice that was heretofore largely defined by a low theoretical risk of
transmission due to the lack of abundance of resistance determinants on mobile genetic
elements. While we noted a number of isolates with plasmids harbouring resistance determinants,
we did not find any plasmid AmpC operons or carbapenemase genes amongst our patient cohort.

Our results suggest that current mass spectrum databases for both major manufacturers
do not offer sufficient granularity within the Serratia marcescens complex to provide a species-
level identification. While the clinical relevance of the constituent species of the Serratia
marcescens complex continue to be elucidated, laboratory reporting and MALDI-TOF MS
databases should identify isolates only to the level of “Serratia marcescens complex”. Until such
time as MALDI-TOF MS databases are accurately updated, to reflect current taxonomic
understanding, it may be necessary to rely on costlier whole genome sequencing or MLST to
characterize isolates in a suspected clinical outbreak rather than relying on conventional clinical
species-level identification provided by MALDI-TOF MS. Continued reliance on traditional MALDI-
TOF MS may result in misattribution of infections to the incorrect species: in the event that
infection rates are above a perceived baseline threshold, this may trigger additional infection
prevention and control investigations and interventions that would be otherwise unneeded if
updated taxonomic identification was able to be applied clinically. Therefore, whole genome
sequencing may be necessary in infection prevention and control investigations of possible
Serratia marcescens complex outbreaks until such time as other techniques are able to provide

the appropriate resolution to serve this clinical purpose.
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4.6 Directions for future research

Future studies of Serratia marcescens complex and its transmission dynamics in the
nosocomial setting should focus on the generation of large datasets that are prospectively
collected and followed. Such studies should include environmental sampling and may also wish to
be powered to assess clinical outcomes, such as whether AmpC expression levels alter the risk of
transmission in the rare occasions that it occurs, and whether specific species within the Serratia
marcescens complex are associated with increased risk of morbidity and/or mortality.

While anticipating higher quality prospective studies with sufficient power to analyze the
aforementioned outcomes, our present study adds to the literature by showing that current
laboratory techniques offer insufficient species-level granularity within the Serratia marcescens
complex, and — while limited by the lack of environmental sampling — suggests that transmission

of Serratia marcescens complex infections between hospital patients is rare.
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Abstract

Background

Serratia marcescens is an opportunistic AmpC beta-lactamase-producing Enterobacterales
associated with intensive care unit outbreaks causing high morbidity and mortality. The
spatiotemporal dynamics of Serratia species and their implications for infection prevention and
control practices in hospital remain understudied.

Methods

We prospectively identified patient culture specimens in a multi-hospital academic healthcare
system from 2022-2024. We included first-time isolates of Serratia marcescens identified via
conventional culture and confirmed by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS). Isolates underwent whole genome sequencing on the
lllumina NextSeq 2000 platform. We queried assembled genomes using the Comprehensive
Antibiotic Resistance Database to identify resistance genes and predict resistomes. We
constructed a maximum-likelihood phylogenetic tree using GTDB-Tk-assigned taxonomies. We

determined possible links between patient isolates if there was a spatiotemporal overlap between
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patients and the average nucleotide identity (ANI) of their Serratia genome sequences was
>99.0%. We used retrospective chart review to collect relevant patient characteristics and
analyzed Serratia infections using descriptive statistics.

Results

We identified 147 patient isolates and included 125. Phenotypic testing revealed either inducible
or de-repressed AmpC expression in all isolates. Whole genome sequencing found discordant
species-level identification compared to MALDI-TOF MS in 64 (51.2%) isolates, suggesting the
presence of multiple members of the recently described Serratia marcescens complex (Smc)
causing hospital- or community-associated infections. We identified one isolate pair with a
spatiotemporal link and ANI >99.0%, only.

Conclusions

Current MALDI-TOF MS-based identification methods are insufficient to identify Smc and
laboratory reporting should be modified to report only to the level of the complex. Taxonomic

changes within Smc may affect infection prevention and control efforts.

Background

Serratia species are opportunistic Gram-negative bacterial pathogens of the order
Enterobacterales (1). Among Serratia species, S. marcescens is particularly well-known as a
cause of significant morbidity and mortality, particularly in neonatal intensive care unit (NICU)
outbreaks (2, 3). It is a frequent colonizer of the epidermis, as well as the gastrointestinal, urinary,
and respiratory tracts in humans, and has been found to persist on medical equipment and sinks
in the hospital environment (4-6). Recent evidence suggests that Serratia marcescens, while
causing most human infections within the genus, is but one constituent species of a wider Serratia
marcescens complex (Smc). S. bockelmannii, S. marcescens sensu stricto, S. nematodiphila, S.
nevei, and S. ureilytica have been proposed as constituent Smc members (7, 8).

Smc species possess an Ambler class C B-lactamase, known as AmpC enzymes, which catalyze

most B-lactams, cephalosporins, and B-lactam/B-lactamase inhibitor combinations through serine-
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mediated hydrolysis of the B-lactam ring (9). AmpC activity can occur either through
chromosomally encoded inducible resistance, stable de-repression via mutations in regulatory
genes, or constitutive expression on mobile genetic elements such as plasmids (9-11). Other
Enterobacterales such as Enterobacter cloacae, Klebsiella aerogenes, or Citrobacter freundii are
at significantly higher risk of inducible AmpC production, with mutation rates favouring AmpC de-
repression being 50 to 150-fold higher among these “high-risk” species than in S. marcescens
(12). Inducible chromosomal AmpC expression results from the use of aminopenicillins,
cephalosporin, and cephamycin antimicrobials, thus liberating oligopeptide residues during
bacterial cell lysis that compete with uridine disphosphate-N-acetylmuramic acid to bind AmpR,
the negative regulator of AmpC expression (13). Conformational changes in AmpR caused by
oligopeptide binding result in increasing AmpC production, leading to risk of treatment failure with
the use of B-lactams, cephalosporins, and B-lactam/B-lactamase inhibitors (9).

Enterobacterales with constitutively expressed, plasmid-borne extended-spectrum B-lactamases
(ESBLs) are widely recognised as significant causes of morbidity and mortality that are
transmitted in healthcare settings, primarily through person-to-person contact and environmental
persistence (14, 15). Gowns and gloves may be used during contact with the patients and/or their
environments for those known to be colonized with ESBLs and enhanced environmental cleaning
may be instituted to prevent colonization and subsequent infection of other patients (16). Such
infection prevention and control recommendations are not routinely in place for AmpC-producing
Enterobacterales like Smc. The recent work of Aracil-Gisbert and colleagues suggested, however,
that environmental reservoirs may play a role in the endemicity of AmpC-producing Smc isolates
in an intensive care unit environment in Spain (8). For example, they showed that environmental
reservoirs of Smc can serve as milieux for the propagation of plasmids containing
carbapenemase genes (8). It is conceivable that Smc may propagate and persist in the wider
hospital environment, particularly given its predilection for water reservoirs (17), and contribute to
patient infections. In this study, we aimed to assess whether unrecognized transmission of Smc

may be occurring within our hospital system by determining the genomic relatedness of patient
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specimens that tested positive for Serratia marcescens by conventional clinical microbiological
identification techniques.

Methods

Study design

We prospectively identified clinical specimens with Serratia marcescens from three adult tertiary
care sites, two secondary care sites, and one pediatric tertiary care site (a total of 2,800 beds)
from one city in Ontario, Canada, from January to December 2022, and again from January to
June 2024. These specimens with Serratia marcescens identified from culture were confirmed
using the VITEK® matrix-assisted laser desorption ionization time-of-flight mass spectrometer
(MALDI-TOF MS, bioMérieux, Marcy-I'Etoile, France). The time periods in the study represented
a convenience sample of consecutive patients.

Specimens were included if they were submitted to diagnose active infection; those submitted to
the laboratory to diagnose microbial colonization (i.e., rectal swabs) for the purposes of infection
prevention and outbreak control were excluded from the analysis. Specimens sampled from any
anatomical site, from hospital inpatients and outpatients at the eligible hospital sites were
included. Only the first Serratia marcescens isolate from each hospital admission was included.
At the end of each prospective specimen identification period (e.g., December 2022, July 2024), a
retrospective chart review was undertaken to identify patient characteristics and provide critical
epidemiologic information. The data extraction process was piloted on the first five identified
isolates to ensure all relevant variables were being collected. Microbiologic data extracted from
the patient chart were as follows: specimen site, specimen collection date, species identified by
MALDI TOF-MS, percent certainty of MALDI TOF-MS identification >95%, minimum inhibitory
concentrations (MIC) and interpretative breakpoints for all antimicrobials tested. Epidemiological
data extracted from patient medical charts included: patient age; patient sex; hospital; ward;
whether the patient was a resident of a congregate setting; the number of hospitalizations in the
past year; the principal admission diagnosis; the length of stay at time of specimen collection;

whether the patient was receiving antibiotics at specimen collection; which antibiotics were being
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received at specimen collection (if any); which antibiotics were used to treat the infection;
treatment duration; patient outcome; and whether hospital discharge summary included infection
as a cause of death, if relevant.

The primary objective of the study was to determine, using whole genome sequencing combined
with epidemiological data, whether clinically unrecognized clusters of transmission of Serratia
marcescens are occurring in the hospital setting.

Laboratory methods

In the clinical microbiology laboratory, specimens were identified as per local standard operating
procedures using conventional bacterial media and incubation conditions appropriate to the
various specimen types submitted by requesting physicians. All isolates underwent final
confirmatory identification using the VITEK® MALDI TOF-MS (bioMérieux, Marcy-I'Etoile, France)
using the V.3.2 database to assign species identifications, and antimicrobial susceptibility testing
(AST) using the VITEK® 2 system (bioMérieux, Marcy-I'Etoile, France), which performs
miniaturized broth microdilution MIC testing using an automated Gram-negative AST-N390 card.
MICs were interpreted by the VITEK® 2 system according to the Clinical and Laboratory
Standards Institute (CLSI) M100 guideline currently used in the laboratory at the time of testing
(18). Bacterial isolates were frozen at —80°C in a 25% glycerol stock solution and transported for
whole genome sequencing.

We purified genomic DNA (gDNA) using the Wizard Genomic DNA Purification Kit (Promega,
Madison, WI) as per manufacturer instructions and subsequently quantified using the PicoGreen
dsDNA Assay (ThermoFisher) to ensure a minimum gDNA concentration of 30 ng/uL was
available for downstream applications. Individually-barcoded short-read libraries were enriched for
~1000bp insert sizes using the NEBNext Ultra Il FS DNA Library Prep Kit (NEB, Ipswich, MA) and
the ProNex Size-Selective Purification System (Promega, Madison, WI). The library was
sequenced on the lllumina NextSeq 2000 to generate 2x150bp paired-end reads from an average
of 3.2 million clusters (range: 0.6-5.6 million).

Bioinformatics
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To filter and trim adapter sequences from the raw reads, we used Trimmomatic v.0.38 (19)
specifying a quality score cut-off of 3 and a minimum read-length of 36 base pairs. We then
assembled filtered reads using Unicycler v.0.5.1 (20). We evaluated genome assembly quality
and calculated whole-genome guanine-cytosine content using Quast v.5.2.0 (21). To annotate
contigs to identify relevant genes, we used Bakta v.1.5.0 (22). We then queried the
Comprehensive Antibiotic Resistance Database (CARD, v.3.3.0)’s Resistance Gene Identifier
(RGI) tool (23, 24) to predict the resistomes of patient isolates from the assembled contigs using
the -include nudge argument in rgi main. RGI v.5.2.1 was used to summarize the output using rgi
heatmap.

We used the Genome Database Taxonomy (GTDB)'s GTDB-Tk software v. 2.4.0 (25) to assign
each genome to a domain-specific reference tree and subsequently use each genome’s relative
evolutionary divergence and average nucleotide identity to determine its taxonomic assignment.
We inferred a maximum-likelihood phylogenetic tree using IQ-TREE v.2.2.6 (26) and visualized
phylogenetic relationships using iToL v.7 (27). We used the Solu cloud-based platform v.1.0.251
(28) to run MOB-Suite v.3.1.9 (29) for typing, reconstruction, and visualization of predicted
plasmids.

Analysis

We performed a retrospective chart review to extract aforementioned patient and microbiological
variables of interest. We used conventional epidemiology combined with WGS data to determine
if isolates from different patients were spatiotemporally linked. If patients overlapped within one
month and/or space (i.e., admitted to same ward) and/or exposure to procedures and their
Serratia isolates clustered together on visual inspection of the phylogenetic tree, we considered
there to be a possible epidemiological link between patients. We then calculated pairwise average
nucleotide identity (ANI) for possibly linked specimens using OrthoANIu (30); we considered an
ANI 299.0% to be significant. We used descriptive statistics to summarize the characteristics of
patients and their Smc isolates. We used command-line tools for genome annotation and R,

version 4.4.2 (R Foundation for Statistical Computing, Vienna) to calculate relevant statistics. We

93



MSc Thesis — Adam S. Komorowski; McMaster University — Health Research Methodology

used the packages ggplot2 (31), dplyr (32), diagrammeR (33), and ComplexHeatmap (34) to
create data visualizations.

Sequencing data

Whole genome sequences for all Smc isolates included in the study and their linked antimicrobial
MIC data are publicly available under NCBI BioProject PRINA1232785.

Results

We identified 147 microbial isolates as Serratia marcescens by our clinical microbiology
laboratory during the study period. No suspected nosocomial Smc outbreaks occurred during the
study period at the participating institutions. Of these 147 isolates, 125 unique isolates were
included in the analysis (Figure 1). 22 patient isolates were excluded for the following reasons: 20
isolates were duplicates, one isolate failed WGS, and one sequenced isolate was identified as
Aeromonas caviae (the initial patient specimen was identified as a mixture of Serratia marcescens
and Aeromonas caviae, and the incorrect isolate was frozen for study inclusion). Most included
patients were male (n=88/125, 70.4%) and the majority were community-dwelling (n=114/125,
90.5%). Patient demographic data are further described in Table 1. Of note, 49.6% (n=62/125) of
the included patients were receiving empiric antimicrobials at the time of specimen collection;
however, 32.0% (n=40/125) did not receive a definitive treatment course after cultures had
resulted, suggesting that these isolates were assessed by the treating clinician to be indicative of
microbial colonization. Seventeen patients died during their hospital admission, with mortality
attributable to Smc infection in 64.7% (n=11/17). For all individual patient-level demographic and
microbial isolate data that were extracted as part of the study, including MICs for all tested
antimicrobials, please see data freely accessible via the Open Science Framework (35).

We identified S. marcescens from various specimen types, including urines, tissues, fluids,
swabs, and sputa (Table 2). All (n=125/125) included microbial isolates were identified as S.
marcescens by the clinical microbiology laboratory’s VITEK® MALDI-TOF MS. AST using the
VITEK® 2 instrument demonstrated two major phenotypic patterns of AmpC expression in our

clinical Smc isolates: firstly, resistance to amoxicillin-clavulanate and cefoxitin, with susceptibility
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to ceftriaxone, suggestive of inducible AmpC expression; secondly, resistance to all three
aforementioned agents, suggestive of de-repression. Most isolates (n=109/125, 87.2%) had an
inducible AmpC expression, whereas only 9.6% (n=12/125) exhibited a constitutive de-repression
phenotype using the definition of Aracil-Gisbert et al (8). No included isolates exhibited a “basal-
like” AmpC phenotype with susceptibility to all three agents. The distributions of MIC values and
CLSI interpretative breakpoints for all tested antimicrobials are seen in Figures 3 and 4.

We performed whole genome sequencing on all 125 unique clinical isolates. The median genome
size of the sequenced Smc isolates was 5.10 Mb (range: 4.34-5.74 Mb) with a median guanine-
cytosine content of 59.8% (range: 58.5-60.3%). The median contig number was 36 (range: 17-
1501), with a median largest contig length per genome of 760 kb (range: 38-2380) and a median
N50 statistic of 317 kb. The average sequencing coverage per base was 197-fold (range: 37-
330).

When comparing the species-level identification between the VITEK® MALDI-TOF MS used in
the clinical laboratory and those assigned based on the whole genome sequences using GTDB-
Tk, we found roughly one-half (n=64/125, 51.2%) to be discordant. Of the discordant
identifications, all were found to be members of the Smc, with 19 S. bockelmannii, 4 S.
nematodiphila, 19 S. nevei, and 22 S. ureilytica isolates.

The inferred maximum-likelihood phylogenetic tree is shown in Figure 2. While many isolates
clustered together phylogenetically (e.g., isolates 43, 57, 130), most did not share a
spatiotemporal link. In instances where isolates clustered together phylogenetically and were
isolated from patients on the same hospital ward, we did not consider them putatively linked if
there was no temporal overlap (e.g., isolates 54 and 93) because the study did not include
environmental sampling to help inform a putative link. However, two pairs of isolates appeared to
cluster together phylogenetically and overlap spatiotemporally: isolate 50 and 56; and isolate 106
and 113.

For isolates 50 and 56, both of these Serratia nevei isolates were collected within one month of

each other in July and August 2024, respectively, on post-admission day one. We performed a
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pairwise USEARCH alignment using the OrthoANIu tool, which showed 98.80% ANI over an
average aligned length of 3.74 Mb (isolate 50 genome coverage 70.41%, isolate 56 genome
coverage 68.64%). This isolate pair did not therefore meet the prespecified ANI cutoff of 299.0%.
For isolates 106 and 113, both of these Serratia nevei isolates were collected in March 2024
within 10 days of each other, with each isolate collected on post-admission day one. A pairwise
USEARCH alignment performed using the OrthoANIu tool showed 99.27% ANI over an average
aligned length of 3.77 Mb (isolate 106 genome coverage 75.53%, isolate 113 genome coverage
76.29%). A comparison of the phenotypic AST data for isolates 106 and 113 shows identical
phenotypic MICs for all antimicrobials tested, save for cefoxitin (isolate 106 MIC = 16 mg/L,
isolate 113 MIC <4 mg/L) and cefixime (isolate 106 MIC = 0.5 mg/L, isolate 113 MIC < 0.25 mg/L).
We identified 21 different predicted resistance determinants in the 125 sequenced isolates. The
following genes were found in a majority of sequenced isolates: emrR, a fluoroquinolone efflux
pump (n=124/125, 99.2%); PBP3, a B-lactamase (n=124/125, 99.2%); adeF, a fluoroquinolone
and tetracycline efflux pump (n=123/125, 98.4%); ArnT, a phosphoethanolamine transferase
affecting peptide antimicrobials (n=123/125, 98.4%); CRP, a macrolide, fluoroquinolone, and
penam antimicrobial efflux pump (n=123/125, 98.4%); FosA8, a fosfomycin thiol transferase
(n=123/125, 98.4%); the nitroimidazole efflux pump msbA (n=123/125, 98.4%); AAC(6’)-Ic, which
produces the aminoglycoside N-acetyltransferase enzyme (n=122/125, 97.6%); KpnF, a multidrug
efflux pump (n=123/125, 98.4%); gacG, an antiseptic efflux pump (n=122/125, 97.6%); rsmA, a
fluoroquinolone, diaminopyrimidine, and phenicol antibiotic efflux pump (n=122/125, 97.6%);
vanG, which confers vancomycin resistance by altering peptidoglycan precursor structure
(n=121/125, 96.8%); KpnH, a multidrug efflux pump (n=119/125, 95.2%); SRT-2, a B-lactamase
(n=90/125, 72.0%); and tet(41), a tetracycline efflux pump (n=74/125, 59.2%).

A heat-map of CARD RGI predictions is found in Figure 5A for all included isolates. The majority
of isolates (n=114, 91.2%) harboured AAC(6')-Ic, which inactivates aminoglycoside antibiotics;
however, notably, only one isolate (0.8%) tested resistant to gentamicin and tobramycin

phenotypically. Similarly, there was near-universal presence of multiple multidrug efflux pumps
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with fluoroquinolone targets; however, only 8 isolates (6.4%) demonstrated phenotypic resistance
to ciprofloxacin. Of note, isolates 106 and 113 shared an identical predicted resistome (Figure
5A).

A heat-map of those isolates which had predicted plasmids found in Figure 5B In total, 42 isolates
(33.6%) of 125 harboured plasmids; among those with plasmids, the median plasmid number per
isolate was 1 (IQR: 1-2). The most common plasmid identified belonged to MOB cluster AB960
and is a non-mobilizable Serratia marcescens plasmid occurring in 20 of 42 isolates (47.6%). We
identified four novel plasmids (NCBI Biosample SAMN47405310, SAMN47405316,
SAMN47405319, and SAMN47405332), of which three were found to be conjugative. Plasmid
maps for the novel predicted plasmids are found on the Open Science Framework (35). Notably,
no predicted plasmids harboured AmpC operons.

Discussion

This multi-year study of patients at six Canadian hospitals from 2022-2024 with invasive
specimens identified as Serratia marcescens by the clinical microbiology laboratory sheds light on
the epidemiology of Smc infections in the hospital context. This study represents the largest
known multi-year, multi-hospital survey of Smc populations to use whole genome sequencing in
its analysis. We found significant genotypic and phenotypic heterogeneity amongst Smc isolates,
corroborating recent findings (7, 8, 36). Our study confirms the presence and coexistence of
multiple members of the Smc in hospitalized patients. Our findings have significant implications
for the laboratory diagnosis and clinical prevention of infections with Smc organisms.

We found that VITEK® MALDI-TOF MS provides poor species-level discrimination of Smc
isolates despite a high (295%) certainty of species-level identification in all (n=125, 100%)
included isolates, when compared to the WGS taxonomic identification. The VITEK® MALDI-TOF
MS United States Food and Drug Administration 501(k)-cleared database, version 3.2, (37) does
not contain S. bockelmannii, S. nematodiphila, S. nevei, or S. ureilytica, which explains the
misidentification of multiple isolates as Serratia marcescens. This corroborates a recent report by

Harch et al. showing the similarly poor correlation of the Bruker MALDI-TOF MS platform’s
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identification with WGS for Smc (36). The failure of multiple commercial MALDI-TOF MS
platforms to accurately call Smc isolates to the species level suggests that, while the clinical
relevance of each species within Smc is being further elucidated, laboratory reporting and MALDI-
TOF MS databases should identify isolates only to the level of “Serratia marcescens complex”.
This finding is likely due to the mass spectrum databases used in commercial MALDI-TOF MS
being insufficiently granular: while the number of strains incorporated in these commercial
databases are not publicly available, the current 501(k)-cleared bioMérieux database only
includes Serratia marcescens amongst the Smc. It may also have significant relevance for
infection prevention and control efforts, as it may be necessary to rely on costlier whole genome
sequencing or multi-locus sequence typing to characterize Smc isolates in a suspected outbreak
rather than the conventional clinical species-level identification provided by MALDI-TOF MS.
Interestingly, we found one pair of isolates over the study period that originated from the same
hospital and ward within 10 days of each other, both sampled on post-admission day 1. While
there were slight differences in phenotypic AST profiles, we note the isolates had an identical
CARD RGI resistome prediction profile. Without concomitant environmental sampling, we are
unable to establish a higher-certainty causal link. However, the presence of >99.0% ANI and
spatiotemporal linkage suggests that the hospital environment or patient-to-patient transmission
may have contributed to, or played a clinically unrecognized role in, these particular infections.
While one other isolate pair had spatiotemporal linkage, it did not have a sufficiently similar ANI
value to be termed a putative transmission event. No further cases with spatiotemporal linkage or
sufficiently similar ANI were identified over the remainder of the study period originating from the
same hospital ward, suggesting that in-hospital transmission remains rare overall.

Contrary to the recent findings of Aracil-Gisbert and colleagues, we did not identify a
subpopulation of Smc organisms in our study displaying a basal AmpC expression profile with
susceptibility to amoxicillin-clavulanate, cefoxitin, and a third-generation cephalosporin (8). Our
study population revealed susceptibility profiles consistent with inducible and de-repressed AmpC

expression only, though this difference may be explained by our lack of environmental isolates. It
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is possible that AmpC expression plays a role in adaptation to non-host environments and altered
gene expression may lead to a basal-type susceptibility pattern (8). In line with current Infectious
Diseases Society of America clinical guidelines denoting Smc a “low-risk” AmpC-producing
Enterobacterales (38), only 9.6% of our isolates had a susceptibility profile consistent with de-
repression. Our microbial isolates also lacked any predicted carbapenemases.

Our study has several limitations worth mentioning. Most notably, the methodology used cannot
establish a causal link for pathogen spread between patients, particularly since our analysis did
not include prospectively collected environmental samples because of its retrospective analytic
nature. In addition, our study was powered for infection prevention and control-related outcomes
(i.e., transmission); therefore, no reliable conclusions can be made regarding clinical outcomes in
this cohort, which would require a larger sample size. The retrospective chart review of patient
data is prone to misclassification bias and is susceptible to confounding from unmeasured
variables; we attempted to minimize this risk by using a pre-piloted data extraction form and
identifying consecutive patients over multiple time periods. Our analyses should thus be
interpreted with caution and awareness of the context in which they were produced.

In conclusion, this study represents the largest known multi-year, multi-hospital survey of Smc
infections. Our work implies that current MALDI-TOF MS-based identification methods in the
clinical laboratory insufficiently reflect the granularity of Smc species constituents, which may
have important implications for the investigation of (suspected) hospital outbreaks for infection
control practitioners. Over our study period, we identified only one pair of Smc isolates from
distinct patients with a spatiotemporal link and a significant average nucleotide identity value. The
role of environmental niches within the hospital system should continue to be elaborated upon in

future research, to help inform infection prevention and control efforts for Smc.
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Figure 1 — Participant flow chart and exclusion criteria.
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Figure 2 — Phylogenetic tree of Serratia marcescens complex clinical isolates
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Each node on the phylogenetic tree has been assigned a unique identifier of the format “x-y.z”, where x is
the numeric study identification number, y is the anonymized numeric code for the hospital where the
specimen originated, and z is the anonymized letter code for the ward where the specimen originated.
Adjacent nodes are labelled in red if patients had spatiotemporal overlap. Node lengths are labelled

directly on the tree. Tree visualized using iToL, v. 7 (27).
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11 Figure 3 — Distribution of antimicrobial minimum inhibitory concentrations for Serratia marcescens

12 complex isolates
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14  Figure 4 — Distribution of antimicrobial interpretative breakpoints for Serratia marcescens complex

15 isolates
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17  Figure 5A — Heat map of Comprehensive Antimicrobial Resistance Database (CARD) Resistance
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Figure 5B — Heat map of Comprehensive Antimicrobial Resistance Database (CARD) Resistance

Gene Identifier (RGI) Resistome Prediction

Panel B: Resistance determinants are mapped on the heat map as follows: the y-axis shows the
MOB type of the predicted plasmids; the x-axis labels show the numerical isolate number for
those isolates which had predicted plasmids, only. The binary heat map shows either the
presence of a resistance determinant for a given isolate in red, or the absence of said resistance

determinant in black.
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Table 1 — Demographics of patients with Serratia marcescens complex infections

Patient characteristic

All included
patients
(n=125)

Patients identified
in 2022
(n=71)

Patients identified
in 2024
(n=54)

Median age in years, n (IQR)

69.0 (57.0-76.0)

67.0 (59.5-76.0)

69.5 (51.5-78.5)

infection as attributable cause of

mortality

Female, n (%) 37 (29.6) 21 (29.6) 16 (29.6)
Congregate setting, n (%) 11 (8.9) 5(7.0) 6 (11.1)
Median hospitalizations in past 0 (0-1.0) 1.0 (0-1.0) 0 (0-1.0)
year, n (IQR)

Hospital length of stay at 1.0 (0-10.0) 1.0 (0-7.0) 2.0 (1.0-20.0)
specimen collection, median n

days (IQR)

Receipt of antimicrobials prior to | 62 (49.6) 36 (50.7) 26 (48.1)
specimen collection, n (%)

Receipt of carbapenem as 5(4.0) 4(3.2) 1(1.8)
empiric treatment, n (%)

Receipt of carbapenem as 36 (28.8) 17 (23.9) 19 (35.2)
definitive treatment, n (%)

Median days of treatment 7.0 (7.0-14.0) 7.0 (7.0-14.0) 7.0 (7.0-10.7)
duration, n (IQR)

Patients not treated for positive | 40 (32.0) 16 (22.5) 24 (44.4)
culture result, n (%)

Patient deceased, n (%) 17 (13.6) 12 (16.9) 5(9.3)

Of deceased, n (%) with 11 (64.7) 6 (50.0) 5(100.0)

IQR = interquartile range
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Table 2 — Microbiological specimen characteristics for patient isolates with Serratia marcescens

complex infections

Microbiological characteristic All included patients
(n=125)
Specimen source, n (%)

Bronchoalveolar lavage fluid 6 (4.8)

Blood 18 (14.4)

Body fluid 8 (6.4)

Sputum 22 (17.6)

Tissue 5(4.0)

Urine 49 (39.2)

Wound swab 17 (13.6)
Species identification by MALDI, n (%)

Serratia marcescens 125 (100.0)
Discordant species-level identification, MALDI vs. | 64 (51.2)
WGS, n (%)

Species identification by NGS, n (%)

Serratia bockelmannii 19 (15.2)

Serratia marcescens 61 (48.8)

Serratia nematodiphila 4(3.2)

Serratia nevei 19 (15.2)

Serratia ureilytica 22 (17.6)
Antimicrobial susceptibility profiles, n (%)

Basal AmpC expression’ 0 (0)

Inducible AmpC expression? 109 (87.2)

De-repressed AmpC expression? 12 (9.6)

Not applicable* 4(3.2)

MALDI = matrix-assisted laser desorption ionization time-of-flight mass spectrometry; WGS =
whole genome sequencing

' Defined as testing susceptible to amoxicillin-clavulanate, cefoxitin, and a third-generation
cephalosporin using the VITEK® 2 antimicrobial susceptibility testing instrument.

2Defined as testing resistant to amoxicillin-clavulanate, cefoxitin, and susceptible a third-
generation cephalosporin using the VITEK® 2 antimicrobial susceptibility testing instrument.

4 In the event that one of the three antimicrobials used to predict AmpC resistance profile was not

tested or tested intermediate, a value of “Not applicable” was assigned
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