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Whole-Genome Based Molecular Characterization of Stenotrophomonas
maltophilia: An Emerging Human Pathogen

Asalia Ibrahim

ABSTRACT

Stenotrophomonas maltophilia is a rod-shaped Gram-negative emerging opportunistic
pathogen. It causes community and nosocomial infections and is most often recovered
from respiratory infections. The organism infects severely ill or immunocompromised
individuals and is intrinsically resistant to multiple antibiotics along with the
development of acquired resistance through horizontal gene transfer. In this study, we
used whole-genome sequencing (WGS), for the in depth molecular characterization of
six clinical S. maltophilia isolates collected from hospitals in Lebanon during 2018-
2019. Disk diffusion assay was used to determine resistance patterns which were
confirmed through in silico detection of relevant genes. All the isolates were resistant to
tetracycline, ticarcillin, and imipenem. The p-lactamase bla.1, and the aminoglycoside
aac(6’)-1z and aph(3°)-1lc resistance determinants were detected in the studied isolates.
Nucleotide sequences for virulence determinants were downloaded from NCBI and
blasted against the isolates whole-genomes. Results showed the presence of a number of
extracellular enzymes and other virulence factors (VFs) such as hemolysins and
siderophores. The IslandViewer database was used to detect the number of genomic
islands (Gls) and the gene pool. Isolates were found to harbor between 20 and 29 Gls

each. The Gls were highly diverse and carried multiple VFs. The relatedness between
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the isolates was investigated through multi-locus sequence typing (MLST), whole
genome SNP-based analysis, and pulse field gel electrophoresis (PFGE). We reported
three novel STs (ST639, ST640, and ST641). Two quorum sensing rpfF gene variants
were detected and which were found to control biofilm formation. Our study is the first
of its type in Lebanon and it helped in characterizing and identifying at the molecular
level resistance and virulence patterns of an important globally emerging human
pathogen. Prevention of related infections depends on establishing and developing

infection-control strategies while controlling antibiotic use and environmental reservoirs.

Keywords: Stenotrophomonas maltophilia, WGS, PFGE, MLST, SNPs, MDR.
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Chapter One

Introduction

1.1 Nomenclature and Primary Characteristics

S. maltophilia is a rod-shaped Gram-negative bacterium that inhabits diverse
niches like water and soil (Zheng et al; 2016). It’s an environmental bacterium found in
rhizospheres mainly as part of animals’ microflora as well as in food (Adegoke et al;
2017). They are aerobic, glucose non-fermentative, Gram negative bacilli that are
oxidase negative and catalase positive, motile due to their polar flagella, and react
positively with extracellular DNase (Mukherjee & Roy, 2016). S. maltophilia was first
isolated from pleural effusion and was designated as Bacterium bookeri in 1943 (Hugh
& Leifson, 1963), and later as Pseudomonas maltophilia or Xanthomonas maltophilia
(Senol, 2004). In the following years, other species appeared such as S. rhizophila, S.
terrae, S. humi, and S. pavanii. In 1997 S. africana was identified as a new species, and
later renamed to be S. maltophilia (Adamek et al, 2011). In 2008, the first two complete
genome sequences of S. maltophilia were released and subsequently named as the
“newly emerging superbug” due to the several chromosomal resistance determinants
(Johnson & Duckworth, 2008). S. maltophilia has a large core genome, and the
distribution of virulence genes is similar among clinical and environmental isolates (Lira

et al; 2017).



Stenotrophomonas species share a common ancestor with Xanthomonas citri and
has since then diverged to become more evolved from the progenitor of the

Xanthomonas genus (Figure 1) (Pieretti et al., 2009).

Tree scale: 0,001 ——

; »“ﬁ“ Stenotrophomonas rhizophifa strain JC1
. Xanthomonas gardneri
E: — Xanthomonas arboricola pv. pruni MAFF-301427
R . Xanthomonas oryzae pv. oryzae strain MAI1
I_mm—r“m e I S Burkholderia cenocepacia J2315
L a— Pseudomonas aeruginosa PAS6

Stenotrophomonas maltophilia D457
Stenotrophomonas maltophilia K279a

Xanthomanas citr strain LM199

M[“ 5 “f Stenawoptamones mtoptita (2.
Figure 1. Phylogenetic tree describing the evolution of S. maltophilia from the
Xanthomonas ancestor.

S. maltophilia grows on numerous types of media, and appears as faint lavender
colonies on blood agar, opaque gray/yellow colonies on nutrient agar, and being non-
lactose fermenter appears as colorless colonies on MacConkey agar (Abbott et al.,

2011). The transmission of S. maltophilia is through direct contact with the host
(Schable et al., 1991), and it’s the 6 most common cause of respiratory tract diseases,
and the second most common cause of bacteremia (Chang et al, 2015). Other disorders
include endocarditis, meningitis, and cutaneous infections (Adegoke et al; 2017).
Malignancy, immunosuppressant therapy, cystic fibrosis (CF), and exposure to
antibiotics are however, considered risk factors for S. maltophilia infections (Chang et
al, 2015). Other predispositions include hemodialysis, HIV infection, prolonged hospital
inpatient stay, indwelling devices such as catheters, pacemaker wires, and lenses (Abbott

etal., 2011). In hospitalized patients, the most common isolation site is the respiratory
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tract (Pathmanathan, 2005), recovered along with P. aeruginosa from CF patients’
respiratory tract (Brooke, 2012). It was also linked to arthritis in dogs, mastitis in cows,
lymphadenitis in goats, and recovered from trachea of horses with chronic coughs (Ucan

etal., 2019).

1.2 Resistance Patterns

Antibiotic resistance is a global concern, it is acquired through horizontal gene
transfer (transduction, transformation, and conjugation) of mobile genetic elements
(plasmids, transposons, integrons, and insertion sequences), or it could be intrinsic
(Sultan et al., 2018). Both acquired and inherent antibiotic resistant genes contributed to
the high antibiotic resistance profile of S. maltophilia (Alonso, 2004). S. maltophilia can
increase its resistance via horizontal gene transfer of plasmids or via recombinations
with genomic islands, transposons, and integrons (Brooke et al., 2012). Plasmids capture
and disseminate resistance genes and as a result act as resistance vehicles (Bennett,
2009).

Intrinsic factors are very common and are mediated by several different mechanisms
such as low membrane permeability, multi-drug (MDR) efflux pumps, and antibiotic-
modifying enzymes (Cho et al., 2012). S. maltophilia is intrinsically resistant to
aminoglycosides, carbapenems, and 3-lactams (Cho et al., 2012). Antibiotic resistance in
S. maltophilia was mainly linked to quinolone resistance, and the presence of the class 1
integrons, efflux pumps, and B-lactamase production (Chang et al, 2015). The Smqgnr
gene, which mediates resistance to quinolones, was detected in S. maltophilia, and is the

homologue of the gnr gene (Shimizu et al., 2008; Sanchez and Martinez, 2008).



B-lactamase enzymes hydrolyze the amide bond of the four membered B-lactam
rings (Tooke et al., 2019). These enzymes are divided into different classes, three of
which (A, C, D) are the active serine B-lactamases, while class B includes the metallo -
lactamases (MBLs) or the zinc-dependent B-lactamases (Tooke et al., 2019). L1 and L2
are the main B-lactamases in S. maltophilia (Avison et al., 2001), along with TEM-2
which is carried on a Tnl-like transposon (Chang et al., 2015), and CTX-M (Peleg et al.,
2015). L1 is a zinc-dependent metalloenzyme, it hydrolyzes penicillins, carbapenems,
cephalosporins, and mainly all B-lactams, while L2 is a serine cephalosporinase (Avison
etal., 2001). L1 and L2 are usually located on an approximately 200kb plasmid in
clinical S. maltophilia (Avison et al., 2001).

S. maltophilia, like other non-fermentative bacteria, is intrinsically resistant to
penicillin G, cefazolin, glycopeptides, fusidic acid, lincosamides, rifampicin, linezolid,
cefamandole, macrolides, and daptomycin (Abbott et al., 2011). The intrinsic resistance
of this bacterium is mediated by chromosomally encoded efflux pumps such as SmeYZ,
SmeDEF, and SmeABC , with their overexpression leading to increased resistance
(Garcia-Leon et al., 2015). Overexpression of the efflux pumps SmeVWX, SmeDEF,
and SmQnr in S. maltophilia also led to fluoroquinolone resistance (Wu et al., 2019).

On the other hand, six resistance genes including the floRv genes which encodes
phenicol resistance and other conferring resistance to tetracycline, streptomycin, and
sulfonamides were found to be located in a novel genomic island in S. maltophilia (He et
al., 2014). Furthermore, the sull, sul2 and dfrA genes which confer resistance to
trimethoprim/sulfamethoxazole (SXT) were located on a 7.3kb plasmid-mediated class 1

integron in S. maltophilia (Hu et al., 2011). The acquisition of sull or sul2 can lead to



sulfonamide resistance in Gram-negative bacteria, whereas the resistance to

trimethoprim is conferred via dihydrofolate reductase (dfr) genes (Gales et al., 2001).

1.3 Virulence and Pathogenesis

As S. maltophilia is considered a low-grade pathogen, its pathogenesis could involve
a great deal of virulence factors besides the ability of these bacterial cells to form
biofilms on host tissues and abiotic surfaces (Trifonova and Strateva, 2018). The
virulence factors of S. maltophilia include small colony variant, pilli/fimbriae, quorum
sensing, and extracellular enzymes (Adegoke et al; 2017). The host being
immunocompromised or not is what determines the pathogenesis of this bacterium (Lira
et al; 2017). S. maltophilia colonizes hospital settings fluids and invasive medical
devices causing nosocomial diseases (de Oliveira-Garcia et al., 2003).

The small colony variant (SCV) phenotype is distinguished from the wild type by
less growth on agar media, has a smaller colony size, and by being unable to give results
for their susceptibility tests at standard conditions as described by the CLSI (Anderson et
al., 2007).

Additionally, S. maltophilia are characterized by specific flagellar filaments which
are made of a 38-kDa subunit known as S. maltophilia SMegLic having an amino acid N-
terminus sequence similar to the flagellins of other organisms such as Serratia
marcescens, Escherichia coli, Proteus mirabilis, Shigella sonnei, and P. aeruginosa (de
Oliveira-Garcia et.al, 2002).

S. maltophilia uses quorum sensing and quorum quenching (the disruption of

guorum sensing) to respond and sense its environment (Heudo et al, 2018). Quorum



sensing depends on the diffusible signal factor synthesis and sensing which varies
between the rpfl and rpf2 variants (Heudo et al, 2018). Moreover, the N-acyl
homoserine lactone system and the Ax21 protein also have a role in quorum sensing in
S. maltophilia (Heudo et al, 2018). The existence of two different alleles of the rpfF
gene is vital for the synthesis of the diffusible signal factor (DSF) (Lira et al., 2017). The
DSF of S. maltophilia can affect other bacterial species such as Burkholderia
cenocepacia and P. aeruginosa (Ryan and Dow, 2011), which are usually found in the
lungs of cystic fibrosis patients (Twomey et al., 2012). The rpfF gene through DSF
signaling was found to regulate factors that contribute to the virulence of this organism
via biofilm formation and motility (An & Tang, 2018). Besides the rpfF gene, rmlA and
spgM are involved in biofilm formation (Zhuo et al, 2014).

Another potential virulence determinant is the O-specific polysaccharide, which is
a part of the lipopolysaccharide (LPS), this factor aids the bacterium in adapting to a
specific niche (Steinmann et al., 2018). rmlA, rmIC, and xanB are coupled to the
biosynthesis of LPS in S. maltophilia (Huang et al, 2006). Additionally, outer membrane
vesicles (OMVs) secreted by S. maltophilia have a role in virulence through quorum
sensing (Devos et al, 2015). OMVs contain the chromosomally encoded L1 metallo and
L2 serine B-lactamases in addition to the Ax21 homologs which are associated with
biofilm formation. The secretion levels of OMVs and the Ax21 are controlled by the
DSF system (Devos et al, 2015).

The pathogenesis of S. maltophilia is also facilitated through Stenotrophomonas
maltophilia serine protease (StmPrl) cytotoxic activities. This serine protease along with

others, such as StmPr2 and StmPr3 were found to be the substrates for the Xps-type 11



secretion system in S. maltophilia K279a strain and hence contributed to the virulence of
S. maltophilia. StmPr1 and the other proteases could activate the human lung epithelial
cells to produce IL-8 via the protease activated receptor 2, causing inflammation. They
could also cause tissue damage in the lungs (DuMont & Cianciotto, 2017).

The positively charged surface of S. maltophilia also functions as a virulence factor
as it mediates resistance to antiseptics and disinfectants, which bind to the negatively
charged membranes and cell walls of bacteria. In addition, the melanin-like pigment
(encoded by gene mel) protects the cell from environmental insult (Abbott et al., 2011).

Most of the bacteria acquire all nutrients required for its survival such as nitrogen,
phosphates, and amino acids, except for iron since it’s not freely available in the host
(Ratledge and Dover, 2000). Iron is well known for its role in cell growth, proliferation
and development, and pathogenicity (Kalidasan et al., 2018). Iron is a signal that has an
effect on extracellular enzymes production, DSF and siderophore production, and
oxidative stress response in S. maltophilia (Kalidasan et al., 2018). Iron was also found
to have a role in the virulence of S. maltophilia strains. When it infects an
immunocompromised host it will be deprived of iron, and iron limitation was found to
improve biofilm formation (Garcia et al., 2015). Biofilm formation is a virulence factor
embedded within extracellular polymeric substances whose production is in turn
regulated by iron limitation (Garcia et al., 2015). The expression of two iron acquisition
systems in S. maltophilia enables this bacterium to acquire iron for its cellular process.
S. maltophilia has two different iron uptake systems: a siderophore and heme-mediated
system. When iron is limited, the regulators of S. maltophilia are the fur and sigma

factors (Kalidasan et al., 2018).



1.4 S. maltophilia and the environment

S. maltophilia could be isolated from the environment and from other sources as
well. It was recovered from leafy green vegetables such as kale, parsley, and sweet basil
in Singapore (Li et al,. 2019). Several studies have shown the isolation of this bacterium
from tap water (Amoli et al., 2017), soil (Bollet et al., 1995), and even from dairy milk
(El-Prince et al., 2019), but most importantly from plant rhizosphere (Messiha et al.,
2007).

S. maltophilia plays a significant role in plant fungal disease control, in
bioremediation, and in plant growth promotion (Suckstorff et al, 2003). It acquires DNA
from environmental bacteria, which has severe implications on the transfer of genes
within microbial environmental communities such as wastewater (Brooke et al., 2012).
S. maltophilia has as well been reported to transfer resistance genes to other MDR
bacteria with which it was found in association, such as P. aeruginosa and members of
Enterobacteriaceae (Brooke et al., 2012). Interestingly, the efflux pump SmeDEF was
found to mediate plant colonization of S. maltophilia, with the plants producing
flavonoids that induce SmeT, which regulates the efflux pump (Garcia-Leon et al.,
2014). On the other hand, S. maltophilia, B. cepacia, and A. xylosoxidans share
significant environmental benefits, and are used in agriculture and bioremediation, due
to their ability to degrade pollutants and protect plants through promoting the growth
and health of these plants (An & Berg, 2018).

The rpf/DSF system controls several genes that are responsible for S. maltophilia
plant growth promotion and plant colonization via biofilm formation, chemotaxis, cell

motility, and efflux pumps (Alavi et al, 2013).



1.5 S. maltophilia and the immune system

S. maltophilia plays distinct roles in the host immune response. In the case of CF
patients for example, it contributes to an inflammatory process that compromises the
respiratory function (Di Bonaventura et al., 2010), and induces the production of
proinflammatory cytokines such as IL-6 and IL-8 and tumor necrosis factor alpha
(Hartel et al., 2013; Waters et al., 2007). Moreover, it enhances the expression of the
latter cytokines in macrophages (Di Bonaventura et al., 2010). This bacterium also
induces dendritic cell (DC) maturation and the expression of DC surface maturation
markers (Roscetto et al.; 2015). Furthermore, S. maltophilia fimbriae (SMF) has a role in
stimulating immune response in the bladder via pro-inflammatory cytokine production
and neutrophil infiltration (Zgair and Al-Adressi, 2012). Similarly, flagellin stimulates

the innate immunity as detected in the lungs of mice (Zgair and Chhibber, 2010).

1.6 Treatment

The first line of treatment is trimethoprim-sulfamethoxazole (SXT), even though
resistance to this antibiotic was reported (Chang et al, 2015). SXT resistance rates are
generally less than 10% (Gales et al., 2001), and it is recommended to be given at high
doses because of its bacteriostatic action (Zelenitsky et al., 2005). Along with SXT,
ticarcillin and clavulanic acid are also being considered as primary drugs of choice
against S. maltophilia since clavulanic acid inhibits the L2 B-lactamase (Kataoka et al.,
2004). Similarly, aztreonam was also reported to inhibit L2 B-lactamase (Sanchez et al.,

1997), and it is used in combination with clavulanic acid (Kataoka et al, 2004).
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Moreover, the newest fluoroquinolones, such as moxifloxcin, act against biofilms
(Korakianitis et al., 2010), and are preferred due to their in vitro activity (Sobottka et al.,
2002). Other alternatives include colistin, chloramphenicol, and derivatives of
tetracycline (minocycline, tigecycline) (Abbott et al., 2011).

In case of severe sepsis, polymicrobial infections, or neutropenia, combination
therapy is the best to be employed. Due to the bacteriostatic action of most drugs,
combination therapy diminishes the risk of forming antibiotic resistance during the
treatment (Nicodemo et al., 2007). The most commonly used combinations include
ceftazidime, ciprofloxacin, and ticarcillin-clavulanic acid, and these are for infections

that can’t be treated by SXT (Falagas et al., 2008).

1.7 Objectives of this study

In this study, we sought to conduct an in-depth whole-genome molecular
characterization and comparative genome analysis of six clinical S. maltophilia isolates
recovered from patients hospitalized in two different hospitals in Lebanon in 2018 and
2019. We used whole-genome sequencing to elucidate their clonal relatedness, virulence
and antimicrobial resistance profiles. Genomes of the isolates were used to build a
genomic landscape and were put into a comprehensive context via comparative analysis

with global isolates from various clinical source.
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Chapter Two

Materials and Methods

2.1 Bacterial Isolate Collection

A total of six S. maltophilia isolates were collected between 2018 and 2019 from the
American University of Beirut Medical Center (AUBMC) and Makassed General
Hospital (MGH) and were designated as AST1-3 and AST6-8. The isolates were
recovered from various body parts including: diagnostic tracheal aspirate (DTA), throat,
and ear. Patients’ age range was 23-87, with a 1:1 male to female ratio (Table 1).

Table 1. Isolate metadata and accession numbers.

# Isolate Date Age Specimen Sex Accession Number
1 AST 1 2018 23 DTA M GCA_004522355.1
2 AST 2 2018 84 DTA F GCA_004522395.1
3 AST 3 2018 87 DTA F GCA_004522405.1
4 AST 6 2018 39 DTA M GCA_008080405.1
5 AST 7 2019 70 Throat M WKLG00000000
6 AST 8 2019 71 Ear Cult F WLYO00000000

2.2 DNA Extraction

DNA was extracted using the NucleoSpin® Tissue DNA extraction kit (Macherey-
Nagel, Germany) following the manufacturer’s instructions. The extracted DNA was

stored at -20 °C after being quantified using the NanoDrop spectrophotometer.
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2.3 Antibiotic Susceptibility Testing

Antimicrobial susceptibility testing was performed by the disk diffusion technique
on Mueller-Hinton agar and it included a panel of 8 antibiotic disks
(Trimethoprim/Sulfamethoxazole, Tetracycline, Amikacin, Ticarcillin, Imipenem,
Ceftazidime, Levofloxacin, and Minocycline) belonging to 7 classes (sulfonamides,
tetracyclines, penicillins, cephalosporins, quinolones, aminoglycosides and
carbapenems). The obtained data was interpreted according to the CLSI guidelines

(CLSI, 2017)

2.4 Biofilm assay

A freshly prepared bacterial culture was used to inoculate LB broth and was
incubated at 37°C overnight. After incubation, the optical density was set to 2 using a
wavelength of 600 nm. The cultures were diluted 1:10 and 1:100 folds using LB broth.
100 pL of the diluted bacteria were added to a 96-well plate (each dilution in a separate
plate) and incubated 18 h at 37°C. Growth was first determined via measuring the OD at
600 nm, followed by 2-3 washes with water then the addition of 95% ethanol. The
resulting aliquot was loaded into a new fresh 96-well plate, and the absorbance was
measured at 540 nm. All tests were done in triplicates. A negative control was used

which was fresh LB broth.

2.5 Pulse Field Gel Electrophoresis

PFGE fingerprinting was performed using the Xbal restriction enzyme
(ThermoScientific, Waltham, MA, USA), 1% SeaKem agarose gel, and the universal
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laboratory standard Salmonella enterica subsp. enterica serovar Braenderup (ATCC®
BAA664™) according to the standard PulseNet protocol

(http://www.pulsenetinternational.org). Electrophoresis was performed using the Bio-

Rad laboratories CHEF DR-I111 system (Bio-Rad Laboratories, Bio-Rad Laboratories
Inc., Hercules, CA, USA) with a run time of 21 h and the first-block switch time was 5
to 15 s for 10 h, and the second-block switch time was 15 to 60 s for 11 h (Shueh et al.,
2013). Gels were stained with ethidium bromide. PFGE profiles were analyzed with the
BioNumerics software version 7.6.1 (Applied Maths, Sint-Martens-Latem, Belgium),
with profiles assigned as different pulsotypes if three or more bands were different
(Tenover et al., 1995). Pulsotypes were clustered based on the BioNumerics software
analysis through dice correlation coefficients with an optimization of 1.5% and tolerance

of 1.5%.

2.6 Multi-Locus Sequence Typing

MLST 2.0 database (MLSTfinder) available on the Center for Genomic

Epidemiology (CGE) (www.genomicepidemiology.org) was used for the in silico

determination of the sequence types (STs) for the isolates (Larsen et al, 2012). Novel
STs were submitted to the pubMLST database for new ST designations

(https://pubmlst.org/), and included AST1, AST3, and ASTS.

2.7 Whole Genome based virulence and resistance profiling

FastQC was used to check the quality of the raw reads (Andrews, 2010). The

presence of different virulence determinants was revealed using nchiBLAST, by blasting
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the gene sequences against the isolates’ whole-genomes

(https://blast.ncbi.nlm.nih.gov/Blast.cai). PHASTER (a phage search tool) was used to

identify intact phages (Arndt et al, 2016). BioNumerics software version 7.6.1 was used
for genome comparisons and alignments. IslandViewer 4 was used to detect genomic
islands (Bertelli et al., 2017). Uniprot database was used to download protein sequences

(https://www.uniprot.org/).

2.8 Genome assembly and annotation

Genomes were assembled then annotated using the RAST online server

(http://rast.nmpdr.org) (Aziz et al, 2008). Resistance genes were detected in silico using

the ResFinder 3.0 (Zankari et al., 2012) available on the Center for Genomic

Epidemiology website (www.genomicepidemiology.org).

2.9 Recombination and pangenome analysis

The annotation of S. maltophilia genomes was performed using Prokka version
1.13 (Seemann, 2014). The resulting annotated .gff files were then submitted to Roary
through the terminal (Page et al, 2015). Snippy pipeline was used to generate a SNP tree
which classifies the isolates based on SNP similarities (Seeman, 2015). Snippy tree was

generated using the interactive tree of life (iTOL) https://itol.embl.de/ (Letunic & Bork,

2016). Gubbins was used to detect loci with base substitutions that are indicative of
horizontal gene transfer (Croucher et al., 2015). The Gubbins output was submitted to

Phandango (Hadfield et al., 2018).
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Chapter Three

Results

3.1 Antibiotic Susceptibility Test

The disk diffusion assay conducted showed that all S. maltophilia isolates were
susceptible to trimethoprim/sulfamethoxazole and minocycline. All, however, were
resistant to tetracycline, ticarcillin, and imipenem, 66.7% to amikacin, 83.3% to

ceftazidime, and 33.3% to levofloxacin.

The B-lactamase resistance gene bla.: was detected in 66.7% of the isolates, the
aminoglycoside resistance genes aac(6’)-1z and aph(3’)-11c were detected in 50% and

83.3% of the isolates, respectively.

The disk diffusion assay results and the resistance genes detected using CGE’s

Resfinder are summarized in Table 2.

Table 2. Antibiotic susceptibilities, in silico detected resistance genes using Resfinder
and isolates’ metadata. Light blue: sensitive; Dark Blue resistant; DTA: deep tracheal
aspirate; F: female; M: male; SXT: Trimethoprim/Sulfamethoxazole; TE: Tetracycline;
AKN: Amikacin; TIC: Ticarcillin; IPM: Imipenem; CAZ: Ceftazidime; LVX:

Levofloxacin; MIN: Minocycline.
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3.2 Biofilm assay

The results were interpreted by comparing the cut-off value ODc with the average
of the triplicates of every sample. The ODc is defined as three standard deviations above

the mean of the negative control:
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ODC = ODnegative control + (3 X Unegative control)

The strains were classified as follows:

® ODgtrqin < 0D, = no biofilm producer (0)

® 0D, < ODgtrqin < 2 X 0D, = weak biofilm producer (+ or 1)

® 2 X 0D, < ODgtrain < 4 x 0D, = moderate biofilm producer (++ or 2)
® 4 X 0D, < ODg4rqin = Strong biofilm producer (+++or 3)

Accordingly, all the tested isolates could be classified as being strong biofilm producers.

3.3 SNP Analysis

A neighbor-joining (NJ) phylogenetic tree was constructed between our isolates and
the clinical (pink) as well as the environmental (green) reference genomes uploaded from
NCBI (Figure 1). Two of our isolates AST2 (from DTA) and AST8 (from ear cult) were
found to cluster together along with the two environmental reference genomes, which
were namely: S. maltophilia CSM2 (from the laboratory sink) and S. pavanii DSM (from

stems of sugar cane).

17



[ ]

Geographical - Collection

=
—

—EAll

Izolate MLAT Source Jocation e Accession #
§ pavanii DSM ST309 Stems of suzar cane China 017 GCA 0014313651
AST! ST39 DTA Lehanon 018 GCA 0313051
ASTS ST8d1 Ear Cult Lehanon 019 WLYO0000mM0
CR\n ST338 Laboratory sink Mexico 2016 GCA 0028473831
i Nearest STz 112.109.218 Rizosmhers Branl NA  GCA 0002138831
D43] Unlmown Resniratorv secretion Spain NA  GCA 0002843051
NCIC10230 51230 NA UK 1961 GCA 9006369031
AB330 51219 Water Australia 016 GCA 0021893432
ET 5T Unine Snam 1993 GCA 0027992351
ASTL 5T63 DTA Lehanon 018 GCA OM3R3551
ASTS ST&d0 DTA Lehanon 2018 GCA (043224031
E73¢ Neareat STz 18234 Soufum Snam 1993 GCA 0027992251
[ShMS2 Nearest 5T: 344 Bleod US4 013 GCA 0012746551
[SMMSIR ST Bload 54 013 GCA 0012746751
R3313 514 Endozhere (Gemany NA  GCA (0000208631
SJTL3 ST10 Wasterwater China 017 GCA 0032038331
QUC E=l0 Nearest 5T5: 218231 Sail China 013 GCA 21334151
SITHI Nearest 8Tz 204150 Wasterater China 017 GCA 0030064351
NCIC13014 ST NA Uk 007 GCA 906366331
STLS Sewaze (Gemany 1990 GCA 0027989451
Wig 51303 (0] contammated sal China 2012 GCA 0030309831
X 5T183 Aerobi sramlarsludee Chima 017 GCA 0069741251
[ShS3 Nearest 5T: 344 Bload 54 013 GCA (012743931
AAL Unbnown-no bt formufM. Zea mavs root 54 012 GCA 0020236051
K270s% STl Bload UK 1998 GCA 0000724851
FDAARGOS 307 Nearest ST 231 Soufum. CF 54 015 GCA 0038120831
FDAARGOS 92 ST28 Resniratorv secretion US4 013 GCA 002951115
NCTC10237 STl Mouth UK 1961 GCA 9001863651
NCTC1023§ Nearest 5T5: 13891 Cerebrosomal flud Uk 1961  GCA 9004734051
FDAARGOS 313 ST46 Eve 54 015 GCA 0022088832
FDAARGOS 449 Nearsst STx: 281190 Climeal zolate /54 NA  GCA 0086939851
ASTS ST4 DTA Lehanon 2019 GCA 0080804051
ASTT7 sT31 Throat Lehanon 2019 WELGO00G0000
NCTC10498 ST31 (Orocharvnseal swab UE 1957 GCA 9004736851

Figure 2. SNPs based neighbor-joining (NJ) phylogenetic tree. 1000 bootstrap values

were used. Pink: clinical isolates; green: environmental isolates; bold: isolates sequenced
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in this study; * reference genome. NA: not available; CF: cystic fibrosis; DTA: deep
tracheal aspirate.
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Figure 3. Roary pan-genome similarity matrix. Maximum likelihood phylogenetic tree,
based on the alignment of accessory genomes, was generated using FastTree 2 (Price et
al, 2010). Pan-genome was constructed using Roary based on the core and accessory genes
showing phylogenetic relatedness of the isolates. Blue: present; White: absent fragments

(Page et al, 2015). Fragments distinguishing the isolates were numbered as 1 to 11.

Figure 2 is divided into two parts, the core genome that represents the genes common to
all S. maltophilia isolates, depicted as a dark blue chunk on the left side of Figure 2. The
right part represents the accessory genome which are the genes that are characteristic to
each isolate and are correlated with virulence and other functions. The isolates were
grouped based on the shared genes in the phylogenetic tree on the very left side of Figure
2. The main virulence genes found in each numbered fragment were summarized in Table

5.

Table 3. Features related to virulence/resistance in each fragment.
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Frapment (Important Genes Involved References

1 Fe(3+) ions import ATP-binding protein FbpC, Sensor histidine kinase ResC |Dhungana et al, 2005; Wanget al,, 2011

) Sensor histidine kinase DesK, Cobalt-zinc-cadmium resistance protein CzcA, |Hunger et al , 2004; Nies, 1995; Lee & Young, 1996;

- Stress response kinase A, Porin B Lewis etal., 2003

3 Putative nmltidrug resistance protein MdiD, Beta-lactamase Toho-1, Type  |Nagakubo etal,, 2002; Yagietal, 1997; Kerretal,,
IV secretion system protein virB2, Metallo-beta-lactamase L1 type 3 2010; Avison et al , 2000

s Sensory/regulatory protein RpfC, Virdence sensor protein BvgS, Biofim Huedo et al., 2018; Beter et al., 1995; Gumarfes et al ,
growth-associated repressor BigR, Purine ribonucleoside effux pump Nepl |2011; Gronskiy et al., 2005

5 Fimbrial proFem fimA, Multidrug resistance protein Stp, Type Il secretion Klemm et al. 1984: Chen et 2 2004: Cianciott, 2005
system protein F

6 Tl_x,'pe .W secreltlonl system protein vitB10, Type II secretion system protein F, Kerr et al., 2010; Ciancotto, 2005: Al & Matick, 1997
Fimbrial protein pilE

; Type II secretion system protein F, Fimbrial protein pilA, Type IV secretion |Cianciotto, 2005; Alm & Mattick, 1997; Kerret al
system protein virB10, CFA/] fimbrial subunit E 2010; Jordi et al., 1992

8 Type Il secretion system protein F Cianciotto, 2005

g Multidrug resistance protein MdtA. Cobalt-zinc-cadmfum resistance protein | Nagakubo etal , 2002; Nies, 1995; Brimer & Montie,
CzcB, A-type flagellin fiC, Multidrug export protein MepA 1998; Kaatz et al, 2006

10 Chromosomal, Multidrug resistance protein MdtC, Effux pump periplasmic | Nagakubo et al., 2002; Truttman et al,, 2010; Kaatz et
linker BepF, Multidrug export protein MepA al., 2006

- 5 — 3

11 T}'pe.I\ secljehctn S}'Slf_‘]].] protein virB2 and b10, Type II secretion system Yagietal, 1997: Ciancioto, 2005; Schmofl et al, 1987
protein F, Fimbrial protein pilA

3.5 Phages

The PHASTER database was used to detect the phages present in our isolates. Only

the intact phages were reported, these include S. maltophilia phages in addition to phages

from other organisms such as Burkholderia and Pseudomonas, all summarized in Table 4

below.

Table 4. List of the intact phages found in some S. maltophilia isolates along with their

GC% using the PHASTER database.
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Isolate Intact Phage GC% of Phage

AST2  |Burkholderia phage KS9 PHAGE Burkho K59 NC 013055(5) 64.45%

AST3  |Mesorhizobium phagevB_MIoP_LoSR7ANS|PHAGE_Mesorph_phagevB_MIoP_LoSR7ANS_NC_025431(12)|64.67%
Stenotrophomonas phage Smp131 PHAGE Stenot Smp131 NC 023583(38) 64.67%

AST6  |Stenotrophomonas phage phiSHP2 PHAGE Stenot phiSHPZ NC 015586(3) 61.18%
Pseudomonas phage vB_Pae$ PM105  |PHAGE Pseudo vB PaeS PM105 NC 028667(20) 64.74%

3.6 SNP-based phylogenetic analysis

The isolates were studied through core genome SNP based phylogenetic analysis
using the reference strain S. maltophilia K279a (accession number: GCF_000072485.1).
Figure 3 demonstrates the clustering of the isolates into two main clades. AST6 and
AST7 that clustered together, were more closely related to the clinical reference genome
(S. maltophilia K279a) than the other ones. In the second clade, we had isolates AST1
AST2, AST3, and AST8 all clustering together. The core genome consisted of 4851126
bp. The percentage covered by the core genome for each isolate was: AST1: 75%,

AST2: 73.5%, AST3: 74%, AST6: 87%, AST7: 88.4%, and AST8: 69.5%.

Tree scale: 0.01 —————i ASTE

AST7

Reference
— AST8
L .Asm2

AST1
I: AST3

Figure 4: Snippy tree generated from iTOL. The reference genome used is

Stenotrophomonas maltophilia K279a (accession number: GCF_000072485.1).

3.7 Virulence factors
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Nucleotide sequences for virulence determinants were downloaded from NCBI and
blasted against the isolates whole-genomes. Results showed the presence of a number of
extracellular enzymes such as: esterases, lipases/hydrolases, phospholipases and
nucleases (DNase and RNase) and heparinases. Moreover, other virulence factors such as
haemolysins and siderophores were detected in all of the isolates. The virulence
genes/proteins are summarized in Table 5 below.

Table 5. Virulence determinants shared by all the S. maltophilia isolates.

Virulence Factors Present in all isolates
Gene/Protein Gene/Protein Name
Proteases StmPrl, StmPr2, and StmPr3
Lipopolysaccharide (LPS) genes  |vanB, xand, etfd, et/B, rmiB, rmld, rmIC. rmiD, IpsI IpsJ, and waaE
Type IV pili virulence genes \pild, pilC, pilE, pilN, pilM, pilO, pilP, and pilQ
Fimbriae gene smf-1
Afimbrial adhesion genes bmaC, upaG, ehaG
Flagella genes \fThA, fihB, fILF, fihQ

Virulence genes associated with quorum sensing/biofilm formation were also detected in
the studied isolates and included: spgM 83.3%, rpfF-1 66.7%, rpfF-2 33.3%, bsmR 66.7%,

and Ax21 100%.

3.8 Genomic Islands

The IslandViewer database was used to detect the number of genomic islands and the
gene pool. Isolates were found to harbor between 20 and 29 Gls each. The Gls were highly
diverse and carried multiple VVFs. Tetracycline resistance encoded by tetA was also

detected on a common Gl found in AST2 (GI2.13) and in AST6 (G16.29). Isolates AST1
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and AST3 shared two conserved Gls, 10,513 bp and 5,797 bp in size, while 3 Gls were

shared between AST6 and AST7 (19,778 bp, 13,352 bp and 11,674 bp).

3.9 PFGE

Pulse field gel electrophoresis was performed to study the isolates’ genetic
relatedness (Figure 4). All the isolates had different STs and pulsotypes. However, it is
noteworthy that isolates recovered from the same hospital clustered together; AST1,

AST2, and AST3 (AUBMC) versus AST6, AST7, and AST8 (Makassed).

f.5.8 8 3 Isolate | Hospital Source 5T
| —: | | | | | | || H Stenot | ASTL 1 STH39
ST I TR T VT N 1 e I e

- L] || || stens |_AST3 1 $T640

S L LI T LI | senod | AsTE 2 T4
| | | | ]| ] stenot | ASTE ) STedl

— [ | [l | L] ]| steno? | asT7 ) T

Figure 5. Pulse Field Gel Electrophoresis (PFGE) results. 1: AUBMC, 2: Al Makassed

Hospital.
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Chapter Four

Discussion

Antimicrobial resistance contributes to elevated mortality and morbidity (Osman
et al., 2019). The faulty diagnosis, the irrational consumption and misuse of antibiotics,
and improper prescription are all reasons behind the elevated resistance of bacteria
nowadays (Chamoun et al., 2016). Chamoun et al (2016) showed that AMR increased the
costs of healthcare in Lebanon. The world health organization (WHO) has classified S.
maltophilia as one of the leading MDR organisms in clinical settings (Brooke et al., 2013).
S. maltophilia was previously detected in Lebanon in 2015 in a water canal and among 20
household water tap samples (Hamieh et al., 2015). With time, it became a major
opportunistic nosocomial pathogen associated with high rates of mortality, especially in
people who are immunocompromised or debilitated (Liu et al., 2017).

This study aimed at the molecular characterization of six clinical S. maltophilia isolates
collected between 2018 and 2019 from two hospitals. As the sequencing technologies are
advancing, a shift to WGS-based phylogenetic core single nucleotide polymorphism
approaches is needed especially when it involves closely related emerging opportunistic
pathogens such as S. maltophilia (Steinmann et al., 2018). A SNP based approach was
used and it showed the relatedness of the clinical and environmental Stenotrophomonas
sp. isolates. It is assumed that antibiotic resistance originated in the environment through

gene exchange between clinical and environmental isolates (Perry & Wright, 2013). The
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environmental resistome undergoes selective pressure linked to human activities, which
in turn impacts resistance patterns and gene transfer events (Perry & Wright, 2013).

S. maltophilia is intrinsically resistant to aminoglycosides and B-lactams. aac(6’)-
Iz and aph(3’)-llc were the only two detected aminoglycoside resistance genes detected
genes. Li (2003), previously reported that aac(6’)-1z gene was found in 57% of clinical
isolates and contributed to the resistance to tobramycin (an aminoglycoside) .The aac(6’)-
Iz codes for aminoglycoside acetyltransferase, whereas the chromosomal intrinsic gene
aph(3’)-1lc encodes for an aminoglycoside phosphotransferase. aph(3’)-llc was also
detected in the reference S. maltophilia K279a genome (Okazaki & Avison, 2006), which
we used as a reference genome. aph(3’)-llc contributed to the increase in the minimum
inhibitory concentrations (MICs) of many aminoglycosides when expressed in other
bacteria (Okazaki & Avison, 2006).

On the other hand, S. maltophilia are intrinsically resistant to imipenem. The intrinsic
resistance to imipenem is due to the production of L1 zinc-metalloenzyme with
carbapenemase activity (Howe et al, 1997), encoded by the B-lactamase L1 (blar1) gene,
and which was detected in this study. Similarly, Yang et al (2014) showed that all S.
maltophilia isolates recovered in China harbored the bla 1 gene (Yang et al., 2014). The
expression of this B-lactamase L1 is linked or triggered by the use of B-lactam antibiotics
(Abbott et al., 2011).

All the studied isolates were susceptible to trimethoprim/sulfamethoxazole (SXT).
SXT inhibits folate synthesis and is as a result bacteriostatic (Denton & Kerr, 1998). SXT
is not always well tolerated due to hyperkalemia, lactic acidosis, myelosuppression, and

bone marrow suppression (Abbott et al., 2011). Moreover, the resistance of S. maltophilia
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to SXT is increasing as well as the diseases linked to nosocomial infections (Li et al.,
2019; Hu et al., 2016). The sul genes (sull and sul2) encoding for dihydropteroate
synthases were linked to SXT resistance (sulfonamide) in isolates recovered in Korea
(Radstrom et al., 1988; Chung et al., 2015), United Kingdom (Toleman et al., 2007), and
Mexico (Herrera-Heredia et al., 2017). SXT resistance could also be through dihydrofolate
reductase encoded for by dfrA gene (Hue et al., 2011). dfr and sul genes could be both
present in isolates showing high level SXT resistance (Hu et al., 2016). No SXT resistance
related genetic determinants was detected in our study isolates. Alternative treatment
options however, are needed as strains with low or full resistance to SXT were detected
in other studies in Korea (Chung et al., 2013). One such alternative could be levofloxacin
(Falagas et al., 2008). But, even levofloxacin resistant S. maltophilia (LRSM) are
emerging worldwide (Wang et al., 2020), and three of our isolates (AST1, AST7, and
AST8) showed resistance to it. Another alternative is minocycline, which is characterized
by its rapid penetration into the lungs and improved tolerability (Hand et al., 2016).
Recently, it was shown that all S. maltophilia were susceptible to minocycline and the
majority (80%) to SXT, which was in accordance to our results (Gallo et al., 2016;

Magrum et al., 2020).

The LPS synthesis associated gene spgM interferes with the bacterial envelope
structure and alters the susceptibility to p—lactam antibiotics (Liaw et al., 2010). Yet,
spgM, was previously shown to be correlated with resistance to ceftazidime (Liaw et al.,
2010), which was detected in all of our isolates (except AST8) which were also

phenotypically resistant to ceftazidime.
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Three novel STs, namely ST639, ST640, and ST641, were detected in this study.
AST1, AST3, and AST8 had an altered loci patterns for the seven housekeeping genes
used in determining the MLST type, and consequently were tagged as being new. The
other STs in this study were ST319 (AST2), ST31 (AST7), and ST4 (AST6). ST4 and
ST31 were previously detected in China, France, and Serbia (Yang et al., 2014; Madi et
al., 2016; Corlouer et al., 2017).

Extracellular enzymes such as lipases, gelatinases, proteinases, lecithinases,
DNases, and haemolysins, which were detected in all the study isolates, contributed to S.
maltophilia pathogenicity and helped the bacterium to evade the innate immune response
of the host (Thomas et al., 2014). These enzymes cause damage to the host tissues
rendering it permissive to infection through mediating cell to cell spread and adhesion
(Thomas et al., 2014).

In this study we also tested our isolates’ ability to form biofilms, and all were positive.
Biofilm production helps avoid antimicrobial agents, and promotes bacterial attachment
to surfaces (Abbott et al., 2011). Different factors play a role in the formation of biofilms
including the flagella, pili, afimbrial adhesion, and the outer membrane LPS layer (Abbott
et al., 2011). Some of the genetic determinants linked to biofilm formation are the spgM,
rmlA, and the rpf genes (Zhuo et al., 2014). Having detected all the three genes in all our
isolates, supports our observation of all being strong biofilm formers, which is an
important element enhancing virulence capabilities and resistance towards the used
antimicrobial treatment options.

The quorum sensing system (QS) in S. maltophilia is controlled by the synthesis of
DSF. This synthesis functions via the rpfF-1 and rpfF-2 variants. rpfF-1 positive strains

produce detectable diffusible signal factor (DSF) (Huedo et al., 2015). Unlike the rpfF-1
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strains, the rpfF-2 strains have a permanently repressed DSF synthesis under wildtype
conditions, and gets activated only upon having exogenous DSF (Heudo et al, 2018).
AST2 and AST8 harbored rpfF-2 while the other isolates were rpfF-1 positive. A similar
finding was reported in a S. maltophilia study by Huedo et al (2014) where the rpfF-1
variant was found in 60.26% of the isolates and the rpfF-2 variant in the rest (Huedo et
al., 2014).

The uptake of external DNA by horizontal gene transfer (HGT) as well as gene loss
are considered main factors in bacterial evolution along with phage excision and
integration (Lee et al, 2014). We detected several different bacteriophages in this study.
One intact phage was the Stenotrophomonas phage Smp131 (detected in AST6) with a
length of 33,525-bp and 47 open reading frames (Lee et al, 2014). Smp131 was only found
to infect S. maltophilia, although it has sequence homology with Xanthomonas prophages,
and with other phages, such as phiSMA7, phiSHP1, and phiSMA (Lee et al, 2014).

To our knowledge, this is the first comprehensive study of an important emerging
human pathogen linked to nosocomial infections in Lebanon. The abundance of virulence
factors, especially those associated with quorum sensing and biofilm formation, and the
resistance determinants to p—lactams and aminoglycosides highlights the important health
impacts of S. maltophilia. As future plans, we are planning to study in depth the quorum
sensing mechanism in our isolates, and to dig into the molecular characteristics of the rpf
genes. Our plans include checking for lost transmembrane proteins when we have the
rpfF-2  variant, checking if we also have two rpfC variants, inducing
mutations/deletions/knockouts in the rpf genes and studying their effects, and studying the
3D structures of these proteins to detect any difference that renders one more specific than

the other. Additionally, we also need to study quorum sensing via co-culturing our S.
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maltophilia isolates with other organisms such as P. aeruginosa and study experimentally
the rpf variant system and other proteins of the quorum sensing system (Ax21, AHL,

luxR).

This study aimed at the molecular characterization of S. maltophilia which has a low
abundance in Lebanon. The organism is a global emerging opportunistic and multi-drug
resistant human pathogen. S. maltophilia has emerged as an important opportunistic
pathogen in immunosuppressed individuals. S. maltophilia has emerged as an important
opportunistic pathogen. Prevention depends upon establishing and developing infection-
control strategies while emphasizing the need to control antibiotic use and environmental

reservoirs.

30



References

Abbott, I., Slavin, M., Turnidge, J., Thursky, K., & Worth, L. (2011). Stenotrophomonas
maltophilia: emerging disease patterns and challenges for treatment. Expert Review
of Anti-Infective Therapy, 9(4), 471-488. doi: 10.1586/eri.11.24

Adamek, M., Overhage, J., Bathe, S., Winter, J., Fischer, R., & Schwartz, T. (2011).
Genotyping of Environmental and Clinical Stenotrophomonas maltophilia Isolates
and their Pathogenic Potential. Plos ONE, 6(11), e27615. doi:
10.1371/journal.pone.0027615

Adegoke, A., Stenstrom, T., & Okoh, A. (2017). Stenotrophomonas maltophilia as an
Emerging Ubiquitous Pathogen: Looking Beyond Contemporary Antibiotic
Therapy. Frontiers in Microbiology, 8. doi: 10.3389/fmicb.2017.02276

Alavi, P., Muller, H., Cardinale, M., Zachow, C., Sanchez, M., Martinez, J., & Berg, G.
(2013). The DSF Quorum Sensing System Controls the Positive Influence of
Stenotrophomonas maltophilia on Plants. Plos ONE, 8(7), e67103. doi:
10.1371/journal.pone.0067103.

Alm, R. and Mattick, J., 1997. Genes involved in the biogenesis and function of type-4
fimbriae in Pseudomonas aeruginosa. Gene, 192(1), pp.89-98.

Alonso, A. (2004). Overexpression of the multidrug efflux pump SmeDEF impairs
Stenotrophomonas  maltophilia  physiology. Journal of  Antimicrobial
Chemotherapy, 53(3), 432-434. doi: 10.1093/jac/dkh074

Amoli, R., Nawroozi, J., Sabokbar, A., & Fatahi, S. (2017). Isolation of Stenotrophomonas
maltophilia from water and water tap. Biomedical Research. doi: 28 (20): 8750-
8754

An, S., & Berg, G. (2018). Stenotrophomonas maltophilia. Trends in Microbiology, 26(7),
637-638. doi: 10.1016/j.tim.2018.04.006

31



An, S., & Tang, J. (2018). Diffusible signal factor signaling regulates multiple functions
in the opportunistic pathogen Stenotrophomonas maltophilia. BMC Research
Notes, 11(1). doi: 10.1186/s13104-018-3690-1

Anderson, S., Stapp, J., Burns, J. and Qin, X., 2006. Characterization of Small-Colony-
Variant Stenotrophomonas maltophilia Isolated from the Sputum Specimens of
Five Patients with Cystic Fibrosis. Journal of Clinical Microbiology, 45(2), pp.529-
535.

Andrews. (2010). Babraham Bioinformatics - FastQC A Quality Control tool for High
Throughput ~ Sequence  Data.  Retrieved June 10, 2019, from
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Arndt, D., Grant, J. R., Marcu, A., Sajed, T., Pon, A, Liang, Y., & Wishart, D. S. (2016).
PHASTER: a better, faster version of the PHAST phage search tool. Nucleic acids
research, 44(W1), W16-W21

Avison, M., Higgins, C., von Heldreich, C., Bennett, P., & Walsh, T. (2001). Plasmid
Location and Molecular Heterogeneity of the L1 and L2 Beta -Lactamase Genes
of Stenotrophomonas maltophilia. Antimicrobial Agents and Chemotherapy,
45(2), 413-419. doi: 10.1128/aac.45.2.413-419.2001

Aziz,R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A. ... & Meyer,
F. (2008). The RAST Server: rapid annotations using subsystems technology.
BMC genomics, 9(1), 75.

Beier, D., Schwarz, B., Fuchs, T. and Gross, R., 1995. In Vivo Characterization of the
Unorthodox BvgS Two-component Sensor Protein of Bordetella pertussis. Journal
of Molecular Biology, 248(3), pp.596-610.

Bennett, P. (2009). Plasmid encoded antibiotic resistance: acquisition and transfer of
antibiotic resistance genes in bacteria. British Journal of Pharmacology, 153(S1),
S347-S357. doi: 10.1038/sj.bjp.0707607

Bertelli, C., Laird, M., Williams, K., Lau, B., Hoad, G., Winsor, G., & Brinkman, F.
(2017). IslandViewer 4: expanded prediction of genomic islands for larger-scale
datasets. Nucleic Acids Research, 45(W1), W30-W35. doi: 10.1093/nar/gkx343

32


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Bollet, C., Davin-Regli, A., & De Micco, P. (1995). A Simple Method for Selective
Isolation of Stenotrophomonas maltophilia from Environmental Samples. Applied
and Environmental Microbiology, 61(4), 1653-1654. doi: 10.1128/aem.61.4.1653-
1654.1995

Brimer, C. and Montie, T., 1998. Cloning and Comparison of fliC Genes and
Identification of Glycosylation in the Flagellin ofPseudomonas aeruginosa a-Type
Strains. Journal of Bacteriology, 180(12), pp.3209-3217.

Brooke, J. (2012). Stenotrophomonas maltophilia: an Emerging Global Opportunistic
Pathogen. Clinical Microbiology Reviews, 25(1), 2-41. doi: 10.1128/cmr.00019-
11

Brooke, J. (2013). New strategies againstStenotrophomonas maltophilia: a serious
worldwide intrinsically drug-resistant opportunistic pathogen. Expert Review of
Anti-infective Therapy, 12(1), pp.1-4.

Chamoun, K., Farah, M., Araj, G., Daoud, Z., Moghnieh, R., & Salameh, P. et al. (2016).
Surveillance of antimicrobial resistance in Lebanese hospitals: retrospective
nationwide compiled data. International Journal of Infectious Diseases, 46, 64-70.
doi: 10.1016/j.ijid.2016.03.010

Chang, Y., Lin, C., Chen, Y., & Hsueh, P. (2015). Update on infections caused by
Stenotrophomonas maltophilia with particular attention to resistance mechanisms
and  therapeutic  options.  Frontiers in  Microbiology, 6. doi:
10.3389/fmicb.2015.00893

Chen, B., Jin, F., Lu, P., Lu, X., Wang, P., Liu, Y., Yao, F. and Wang, S., 2004. Effect of
mitogen-activated protein kinase signal transduction pathway on multidrug
resistance induced by vincristine in gastric cancer cell line MGC803. World Journal
of Gastroenterology, 10(6), p.795.

Cho, H., Sung, J., Kwon, K., & Koo, S. (2012). Expression of Sme Efflux Pumps and
Multilocus Sequence Typing in Clinical Isolates ofStenotrophomonas maltophilia.
Annals of Laboratory Medicine, 32(1), 38. doi: 10.3343/alm.2012.32.1.38

33



Chung, H., Kim, K., Hong, S., Hong, S., Lee, K. and Chong, Y. (2015). ThesullGene in
Stenotrophomonas maltophilia ~ With High-Level Resistance to
Trimethoprim/Sulfamethoxazole. Annals of Laboratory Medicine, 35(2), p.246.

Chung HS, Hong SG, Kim YR, Shin KS, Whang DH, Ahn JY, et al. Antimicrobial
susceptibility of Stenotrophomonas maltophilia isolates from Korea, and the
activity of antimicrobial combinations against the isolates. J Korean Med Sci
2013;28:62-6

Cianciotto, N., 2005. Type Il secretion: a protein secretion system for all seasons. Trends
in Microbiology, 13(12), pp.581-588.

Corlouer, C., Lamy, B., Desroches, M., Ramos-Vivas, J., Mehiri-Zghal, E., Lemenand,
O., Delarbre, J., Decousser, J., Aberanne, S., Belmonte, O., Blondiaux, N., Cattoir,
V., Dekeyser, S., Delarbre, J., Desroches, M., Jaouen, A., Laurens, E., Lemenand,
0., Mehiri-Zghal, E., Parisi Duchene, E., Pangon, B., Plassart, C., Picot, S., Vachee,
A. and Ramos-Vivas, J., 2017. Stenotrophomonas maltophilia healthcare-
associated infections: identification of two main pathogenic genetic backgrounds.
Journal of Hospital Infection, 96(2), pp.183-188.

Croucher, N., Page, A., Connor, T., Delaney, A., Keane, J., & Bentley, S. et al. (2014).
Rapid phylogenetic analysis of large samples of recombinant bacterial whole
genome sequences using Gubbins. Nucleic Acids Research, 43(3), e15-e15. doi:
10.1093/nar/gkul196

de Oliveira-Garcia, D., Dall’Agnol, M., Rosales, M., Azzuz, A. C. G. S., Alcantara,
N.,Martinez,M.B.,etal.(2003).Fimbriae and adherence of Stenotrophomonas
maltophilia to epithelial cells and to abiotic surfaces.Cell.Microbiol.5,625-636.
doi: 10.1046/].1462-5822.2003.00306.x

de Oliveira-Garcia D, Dall'Agnol M, Rosales M, Azzuz ACGS, Martinez MB, Giron JA.
(2002). Characterization of flagella produced by clinical strains of
Stenotrophomonas maltophilia. Emerg Infect Dis [serial online] Available from
http://wwwnc.cdc.gov/eid/article/8/9/01-0535 DOI:10.3201/eid0809.010535

Denton, M., & Kerr, K. (1998). Microbiological and Clinical Aspects of Infection
Associated with Stenotrophomonas maltophilia. Clinical Microbiology Reviews,
11(1), 57-80. doi: 10.1128/cmr.11.1.57

34



Devos, S., Van Oudenhove, L., Stremersch, S., Van Putte, W., De Rycke, R., & Van
Driessche, G. et al. (2015). The effect of imipenem and diffusible signaling factors
on the secretion of outer membrane vesicles and associated Ax21 proteins in
Stenotrophomonas  maltophilia. ~ Frontiers in  Microbiology, 6. doi:
10.3389/fmicb.2015.00298

Dhungana, S., Anderson, D., Mietzner, T. and Crumbliss, A., 2005. Kinetics of Iron
Release from Ferric Binding Protein (FbpA): Mechanistic Implications in Bacterial
Periplasm-to-Cytosol Fe3+Transportt. Biochemistry, 44(28), pp.9606-9618.

Di Bonaventura G, Pompilio A, Zappacosta R, Petrucci F, Fiscarelli E, et al. (2010) Role
of excessive inflammatory response to Stenotrophomonas maltophilia lung
infection in DBA/2 mice and implications for cystic fibrosis. Infection and
Immunity 78: 2466-2476.

DuMont, A., & Cianciotto, N. (2017). Stenotrophomonas maltophilia Serine Protease
StmPrl Induces Matrilysis, Anoikis, and Protease-Activated Receptor 2 Activation
in Human Lung Epithelial Cells. Infection and Immunity, 85(12). doi:
10.1128/iai.00544-17

El-Prince, E., Amin, W., Thabet, S., Hanna, M. (2019). Stenotrophomonas species in milk
and some dairy products. Journal of Advanced Veterinary Research. Doi: J. Adv.
Vet. Res. (2019), 9 (1),11-13

Falagas ME, et al. Therapeutic options for Stenotrophomonas maltophilia infections
beyond co-trimoxazole: a systematic review. Antimicrobial Chemotherapy.
2008;62:889-94.

Gales, A., Jones, R., Forward, K., Lifares, J., Sader, H., & Verhoef, J. (2001). Emerging
Importance of Multidrug-Resistant Acinetobacter Species and Stenotrophomonas
maltophilia as Pathogens in Seriously Il Patients: Geographic Patterns,
Epidemiological Features, and Trends in the SENTRY Antimicrobial Surveillance
Program (1997-1999). Clinical Infectious Diseases, 32(s2), S104-S113. doi:
10.1086/320183

35



Gallo, S., Figueiredo, T., Bessa, M., Pagnussatti, V., Ferreira, C. and Oliveira, S. (2016).
Isolation and Characterization of Stenotrophomonas maltophilia Isolates from a
Brazilian Hospital. Microbial Drug Resistance, 22(8), pp.688-695.

Garcia, C., Alcaraz, E., Franco, M., & Passerini de Rossi, B. (2015). Iron is a signal for
Stenotrophomonas maltophilia biofilm formation, oxidative stress response, OMPs
expression, and virulence.  Frontiers In  Microbiology, 6. doi:
10.3389/fmicbh.2015.00926

Garcia-Ledn, G., Hernandez, A., Hernando-Amado, S., Alavi, P., Berg, G., & Martinez,
J. (2014). A Function of SmeDEF, the Major Quinolone Resistance Determinant of
Stenotrophomonas maltophilia, Is the Colonization of Plant Roots. Applied And
Environmental Microbiology, 80(15), 4559-4565. doi: 10.1128/aem.01058-14

Gronskiy, S., Zakataeva, N., Vitushkina, M., Ptitsyn, L., Altman, I., Novikova, A. and
Livshits, V., 2005. The yicM(nepl) gene of Escherichia coli encodes a major
facilitator superfamily protein involved in efflux of purine ribonucleosides. FEMS
Microbiology Letters, 250(1), pp.39-47.

Groschel, M., Meehan, C., Barilar, 1., Diricks, M., Gonzaga, A., Steglich, M., Conchillo-
Solé, O., Scherer, I., Mamat, U., Luz, C., De Bruyne, K., Utpatel, C., Yero, D.,
Gibert, 1., Daura, X., Kampmeier, S., Rahman, N., Kresken, M., van der Werf, T.,
Alio, 1., Streit, W., Zhou, K., Schwartz, T., Rossen, J., Farhat, M., Schaible, U.,
Nibel, U., Rupp, J., Steinmann, J., Niemann, S. and Kohl, T. (2019). The global
phylogenetic landscape and nosocomial spread of the multidrug-resistant
opportunist Stenotrophomonas maltophilia. doi: https://doi.org/10.1101/748954

Guimaraes, B., Barbosa, R., Soprano, A., Campos, B., de Souza, T., Tonoli, C., Leme,
A., Murakami, M. and Benedetti, C., 2011. Plant Pathogenic Bacteria Utilize
Biofilm Growth-associated Repressor (BigR), a Novel Winged-helix Redox
Switch, to Control Hydrogen Sulfide Detoxification under Hypoxia. Journal of
Biological Chemistry, 286(29), pp.26148-26157.

Hadfield, J., Croucher, N., Goater, R., Abudahab, K., Aanensen, D., & Harris, S. (2017).
Phandango: an interactive viewer for bacterial population genomics.
Bioinformatics, 34(2), 292-293. doi: 10.1093/bioinformatics/btx610

Hand, E., Davis, H., Kim, T., & Duhon, B. (2016). Monotherapy with minocycline or
trimethoprim/sulfamethoxazole for treatment of Stenotrophomonas maltophilia

36



infections. Journal Of Antimicrobial Chemotherapy, 71(4), 1071-1075. doi:
10.1093/jac/dkv456

Hértel, C., Scholz, T., Kuhn, M., Bendiks, M., Gépel, W., Lauten, M., & Herting, E.
(2013). Innate immune responses to Stenotrophomonas maltophilia in
immunocompromised pediatric patients and the effect of taurolidine. Journal Of
Microbiology, = Immunology And Infection, 46(2), 115-120. doi:
10.1016/j.jmii.2012.04.002

He, T., Shen, J., Schwarz, S., Wu, C. and Wang, Y., 2014. Characterization of a genomic
island in Stenotrophomonas maltophilia that carries a novel floR gene variant.
Journal of Antimicrobial Chemotherapy. doi: 10.1093/jac/dku491

Herrera-Heredia, S., Pezina-Cantl, C., Garza-Gonzélez, E., Bocanegra-lbarias, P.,
Mendoza-Olazaran, S., Morfin-Otero, R., Camacho-Ortiz, A., Villarreal-Trevifio,
L., Rodriguez-Noriega, E., Palau-Davila, L., Maldonado-Garza, H. and Flores-
Trevifio, S. (2017). Risk factors and molecular mechaxnisms associated with
trimethoprim—sulfamethoxazole resistance in Stenotrophomonas maltophilia in
Mexico. Journal of Medical Microbiology, 66(8), pp.1102-1109.

Howe, R. (1997). Susceptibility testing of Stenotrophomonas maltophilia to carbapenems.
Journal of Antimicrobial Chemotherapy, 40(1), 13-17. doi: 10.1093/jac/40.1.13

Hu, L., Chang, X., Ye, Y., Wang, Z., Shao, Y., Shi, W., Li, X. and Li, J. (2011).
Stenotrophomonas maltophilia resistance to trimethoprim/sulfamethoxazole
mediated by acquisition of sul and dfrA genes in a plasmid-mediated class 1
integron. International Journal of Antimicrobial Agents, 37(3), pp.230-234.

Hu, L., Chen, G., Kong, Q., Gao, L., Chen, X., Ye, Y. and Li, J. (2016). Increase in the
Prevalence of Resistance Determinants to Trimethoprim/Sulfamethoxazole in
Clinical Stenotrophomonas maltophilia Isolates in China. PLOS ONE, 11(6),
p.e0157693.

Hunger, K., Beckering, C. and Marahiel, M., 2004. Genetic evidence for the temperature-
sensing ability of the membrane domain of the Bacillus subtilis histidine kinase
DesK. FEMS Microbiology Letters, 230(1), pp.41-46.

37



Huang, T. P., and Lee Wong, A. C. (2007). A cyclic AMP receptor proteinregulated cell-
cell communication system mediates expression of a FecA homologue in
Stenotrophomonas maltophilia. Applied Environmental Microbiology. 73, 5034—
5040. doi: 10.1128/AEM.00366-07

Huang, T., Somers, E., & Wong, A. (2006). Differential Biofilm Formation and Motility
Associated with Lipopolysaccharide/Exopolysaccharide-Coupled Biosynthetic
Genes in Stenotrophomonas maltophilia. Journal of Bacteriology, 188(8), 3116-
3120. doi: 10.1128/jb.188.8.3116-3120.2006

Huedo, P., Coves, X., Daura, X., Gibert, I., & Yero, D. (2018). Quorum Sensing Signaling
and Quenching in the Multidrug-Resistant Pathogen Stenotrophomonas
maltophilia. Frontiers in Cellular and Infection Microbiology, 8. doi:
10.3389/fcimb.2018.00122

Huedo, P., Yero, D., Martinez-Servat, S., Estibariz, 1., Planell, R., Martinez, P., Ruyra,
A., Roher, N., Roca, I., Vila, J., Daura, X. and Gibert, I., 2014. Two Different rpf
Clusters Distributed among a Population of Stenotrophomonas maltophilia Clinical
Strains Display Differential Diffusible Signal Factor Production and Virulence
Regulation. Journal of Bacteriology, 196(13), pp.2431-2442.

Huedo, P., Yero, D., Martinez-Servat, S., Ruyra, A., Roher, N., Daura, X. and Gibert, I.,
2015. Decoding the genetic and functional diversity of the DSF quorum-sensing
system in Stenotrophomonas maltophilia. Frontiers in Microbiology, 6.

HUGH, R., & LEIFSON, E. (1963). A description of the type strain of Pseudomonas
maltophilia. International Bulletin of Bacteriological Nomenclature And
Taxonomy, 13(3), 133-138. doi: 10.1099/0096266x-13-3-133

Johnson, A., & Duckworth, G. (2008). The emergence of Stenotrophomonas maltophilia.
BMJ, 336(7657), 1322-1322. doi: 10.1136/bmj.a226

Jordi, B., Dagberg, B., de Haan, L., Hamers, A., van der Zeijst, B., Gaastra, W. and Uhlin,
B., 1992. The positive regulator CfaD overcomes the repression mediated by
histone-like protein H-NS (H1) in the CFA/I fimbrial operon of Escherichia coli.
The EMBO Journal, 11(7), pp.2627-2632.

38



Juhas, M., van der Meer, J., Gaillard, M., Harding, R., Hood, D., & Crook, D. (2009).
Genomic islands: tools of bacterial horizontal gene transfer and evolution. FEMS
Microbiology Reviews, 33(2), 376-393. doi: 10.1111/j.1574-6976.2008.00136.x

Kaatz, G., DeMarco, C. and Seo, S., 2006. MepR, a Repressor of the Staphylococcus
aureus MATE Family Multidrug Efflux Pump MepA, Is a Substrate-Responsive
Regulatory Protein. Antimicrobial Agents and Chemotherapy, 50(4), pp.1276-
1281.

Kalidasan, V., Joseph, N., Kumar, S., Awang Hamat, R., & Neela, V. (2018). Iron and
Virulence in Stenotrophomonas Maltophilia: All We Know So Far. Frontiers in
Cellular And Infection Microbiology, 8. doi: 10.3389/fcimb.2018.00401

Kataoka, D., & Tanaka, Y. (2004). The combination of aztreonam and cefozopran against
Stenotrophomonas maltophilia. Journal of Infection And Chemotherapy, 10(1), 62-
64. doi: 10.1007/s10156-003-0288-9

Kerr, J. and Christie, P., 2010. Evidence for VirB4-Mediated Dislocation of Membrane-
Integrated VirB2 Pilin during Biogenesis of the Agrobacterium VirB/VirD4 Type
IV Secretion System. Journal of Bacteriology, 192(19), pp.4923-4934.

Klemm, P., 1984. The fimA gene encoding the type-1 fimbrial subunit of Escherichia coli.
Nucleotide sequence and primary structure of the protein. European Journal of
Biochemistry, 143(2), pp.395-399.

Korakianitis, 1., Mirtsou, V., Gougoudi, E., Raftogiannis, M., & Giamarellos-Bourboulis,
E. (2010). Post-antibiotic effect (PAE) of moxifloxacin in multidrug-resistant
Stenotrophomonas maltophilia. International Journal Of Antimicrobial Agents,
36(4), 387-389. doi: 10.1016/j.ijantimicag.2010.06.006

Larsen, M. V., Cosentino, S., Rasmussen, S., Friis, C., Hasman, H., Marvig, R. L., ... &
Lund, O. (2012). Multilocus sequence typing of total-genome-sequenced bacteria.
Journal of clinical microbiology, 50(4), 1355-1361.

Lee, C., Tseng, T., Chang, H., Lin, J., & Weng, S. (2014). Genomic sequence of temperate
phage Smpl131 of Stenotrophomonas maltophilia that has similar prophages in
xanthomonads. BMC Microbiology, 14(1), 17. doi: 10.1186/1471-2180-14-17

39



Lee, J. and Young, P., 1996. Role of CSBP/p38/RK stress response kinase in LPS and
cytokine signaling mechanisms. Journal of Leukocyte Biology, 59(2), pp.152-157.

Letunic, I., & Bork, P. (2016). Interactive tree of life (iTOL) v3: an online tool for the
display and annotation of phylogenetic and other trees. Nucleic Acids Research,
44(W1), W242-W245. doi: 10.1093/nar/gkw290

Lewis, L., Vu, D., Vasudhev, S., Shaughnessy, J., Granoff, D. and Ram, S., 2013. Factor
H-Dependent Alternative Pathway Inhibition Mediated by Porin B Contributes to
Virulence of Neisseria meningitidis. mBio, 4(5).

Li, D., Wong, C., Seet, M., & Kuan, N. (2019). Isolation, Characterization, and
Inactivation of Stenotrophomonas maltophilia From Leafy Green Vegetables and
Urban  Agriculture  Systems.  Frontiers in  Microbiology, 10. doi:
10.3389/fmich.2019.02718

Li, S., Peng, Y. and Rui, Y. (2019). Multiplex real-time PCR assays to detect
Stenotrophomonas maltophilia carrying sull, sul2, and sul3 genes. Journal of
Microbiological Methods, 156, pp.52-59.

Li, X. (2003). Role of the acetyltransferase AAC(6")-1z modifying enzyme in
aminoglycoside resistance in Stenotrophomonas maltophilia. Journal of
Antimicrobial Chemotherapy, 51(4), pp.803-811.

Liaw, S., Lee, Y. and Hsueh, P. (2010). Multidrug resistance in clinical isolates of
Stenotrophomonas  maltophilia:  roles of integrons, efflux  pumps,
phosphoglucomutase (SpgM), and melanin and biofilm formation. International
Journal of Antimicrobial Agents, 35(2), pp.126-130.

Lira, F., Berg, G., & Martinez, J. (2017). Double-Face Meets the Bacterial World: The
Opportunistic Pathogen Stenotrophomonas maltophilia. Frontiers In Microbiology,
8. doi: 10.3389/fmicb.2017.02190

Liu, W., Tian, X., Wei, J., Ding, L., Qian, W., Liu, Z., & Wang, F. (2017). BsmR degrades
c-di-GMP to modulate biofilm formation of nosocomial pathogen

40



Stenotrophomonas maltophilia. Scientific Reports, 7(1). doi: 10.1038/s41598-017-
04763-w

Madi, H., Luki¢, J., Vasiljevié, Z., BioCanin, M., Koji¢, M., Jov¢i¢, B., & Lozo, J. (2016).
Genotypic and Phenotypic Characterization of Stenotrophomonas maltophilia
Strains from a Pediatric Tertiary Care Hospital in Serbia. PLOS ONE, 11(10),
e0165660. doi: 10.1371/journal.pone.0165660

Magrum, B., Elefritz, J., hanks, C., Murphy, C. and Stevenson, K. (2020). 599. Critical
Care Medicine, 48, p.280.

Messiha, N., van Diepeningen, A., Farag, N., Abdallah, S., Janse, J., & van Bruggen, A.
(2007). Stenotrophomonas maltophilia: a new potential biocontrol agent of
Ralstonia solanacearum, causal agent of potato brown rot. European Journal of
Plant Pathology, 118(3), 211-225. doi: 10.1007/s10658-007-9136-6

Mukherjee, P., & Roy, P. (2016). Genomic Potential of Stenotrophomonas maltophilia in
Bioremediation with an Assessment of Its Multifaceted Role in Our Environment.
Frontiers In Microbiology, 7. doi: 10.3389/fmicb.2016.00967

Nagakubo, S., Nishino, K., Hirata, T. and Yamaguchi, A., 2002. The Putative Response
Regulator BaeR Stimulates Multidrug Resistance of Escherichia coli via a Novel
Multidrug Exporter System, MdtABC. Journal of Bacteriology, 184(15), pp.4161-
4167.

Nas, M., White, R., DuMont, A., Lopez, A., & Cianciotto, N. (2019). Stenotrophomonas
maltophilia Encodes a VirB/VirD4 Type IV Secretion System That Modulates
Apoptosis in Human Cells and Promotes Competition against Heterologous
Bacteria, Including Pseudomonas aeruginosa. Infection and Immunity, 87(9). doi:
10.1128/iai.00457-19

Nas, M. Y., and Cianciotto, N. P. (2017). Stenotrophomonas maltophilia produces an
EntC-dependent catecholate siderophore that is distinct from enterobactin.
Microbiology 163, 1590-1603. doi: 10.1099/mic.0.000545

41



Nicodemo, A., & Paez, J. (2007). Antimicrobial therapy for Stenotrophomonas
maltophilia infections. European Journal Of Clinical Microbiology & Infectious
Diseases, 26(4), 229-237. doi: 10.1007/s10096-007-0279-3

Nies, D., 1995. The cobalt, zinc, and cadmium efflux system CzcABC from Alcaligenes
eutrophus functions as a cation-proton antiporter in Escherichia coli. Journal of
bacteriology, 177(10), pp.2707-2712.

Osman, M., Al Mir, H., Rafei, R., Dabboussi, F., Madec, J., Haenni, M., & Hamze, M.
(2019). Epidemiology of antimicrobial resistance in Lebanese extra-hospital
settings: An overview. Journal Of Global Antimicrobial Resistance, 17, 123-129.
doi: 10.1016/j.jgar.2018.11.019

Okazaki, A., & Avison, M. (2006). Aph(3')-llc, an Aminoglycoside Resistance
Determinant from Stenotrophomonas maltophilia. Antimicrobial Agents and
Chemotherapy, 51(1), 359-360. doi: 10.1128/aac.00795-06

Page, A. J., Cummins, C. A,, Hunt, M., Wong, V. K., Reuter, S., Holden, M. T., ... &
Parkhill, J. (2015). Roary: rapid large-scale prokaryote pan genome analysis.
Bioinformatics, 31(22), 3691-3693.

Pathmanathan, A., 2005. Significance of positive Stenotrophomonas maltophilia culture
in acute respiratory tract infection. European Respiratory Journal, 25(5), pp.911-
914.

Peleg, A., & Abbott, I. (2015). Stenotrophomonas, Achromobacter, and Nonmelioid
Burkholderia Species: Antimicrobial Resistance and Therapeutic Strategies.
Seminars In Respiratory And Critical Care Medicine, 36(01), 099-110. doi:
10.1055/s-0034-1396929

Perry, J. and Wright, G., 2013. The antibiotic resistance “mobilome”: searching for the
link between environment and clinic. Frontiers in Microbiology, 4.

Pieretti, I., Royer, M., Barbe, V., Carrere, S., Koebnik, R., Cociancich, S., Couloux, A.,
Darrasse, A., Gouzy, J., Jacques, M., Lauber, E., Manceau, C., Mangenot, S.,
Poussier, S., Segurens, B., Szurek, B., Verdier, V., Arlat, M. and Rott, P., 2009.

42



The complete genome sequence of Xanthomonas albilineans provides new insights
into the reductive genome evolution of the xylem-limited Xanthomonadaceae.
BMC Genomics, 10(1), p.616.

Pompilio, A., Savini, V., Fiscarelli, E., Gherardi, G. and Di Bonaventura, G. (2020).
Clonal Diversity, Biofilm Formation, and Antimicrobial Resistance among
Stenotrophomonas maltophilia Strains from Cystic Fibrosis and Non-Cystic
Fibrosis Patients. Antibiotics, 9(1), p.15.

Price, M., Dehal, P., & Arkin, A. (2010). FastTree 2 — Approximately Maximum-
Likelihood Trees for Large Alignments. Plos ONE, 5(3), €9490. doi:
10.1371/journal.pone.0009490

Radstrom, P. and Swedberg, G. (1988). RSF1010 and a conjugative plasmid contain sulll,
one of two known genes for plasmid-borne sulfonamide resistance dihydropteroate
synthase. Antimicrobial Agents and Chemotherapy, 32(11), pp.1684-1692.

Ratledge, C., and Dover, L. G. (2000). Iron metabolism in pathogenic bacteria. doi:
10.1146/annurev.micro.54.1.881

Roscetto, E., Vitiello, L., Muoio, R., Soriano, A., lula, V., & Vollaro, A. et al. (2015). In
vitro interaction of Stenotrophomonas maltophilia with human monocyte-derived
dendritic cells. Frontiers in Microbiology, 6. doi: 10.3389/fmicb.2015.00723

Ryan, R., & Dow, J. (2011). Communication with a growing family: diffusible signal
factor (DSF) signaling in bacteria. Trends in Microbiology, 19(3), 145-152. doi:
10.1016/j.tim.2010.12.003

Sanchez, M. and Martinez, J. (2015). The Efflux Pump SmeDEF Contributes to
Trimethoprim-Sulfamethoxazole Resistance in Stenotrophomonas maltophilia.
Antimicrobial Agents and Chemotherapy, 59(7), pp.4347-4348.

Sanchez, M., Hernandez, A., Rodriguez-Martinez, J., Martinez-Martinez, L. and
Martinez, J., 2008. Predictive analysis of transmissible quinolone resistance
indicates Stenotrophomonas maltophilia as a potential source of a novel family of
Qnr determinants. BMC Microbiology, 8(1), p.148.

43



Schable B, Villarino ME, Favero MS, Miller JM. Application of multilocus enzyme
electro- phoresis to epidemiologic investigations of Xanthomonas maltophilia.
Infection Control Hospital Epidemiology 1991;12(3):163-7.

Schmoll, T., Hacker, J. and Goebel, W., 1987. Nucleotide sequence of the sfaA gene
coding for the S-fimbrial protein subunit of Escherichia coli. FEMS Microbiology
Letters, 41(3), pp.229-235.

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics,
30(14), 2068-2069.

Seemann, T. (2015). Snippy: fast bacterial variant calling from NGS reads. Retrieved
from https://github.com/tseemann/snippy

Senol, E. (2004). Stenotrophomonas maltophilia: the significance and role as a nosocomial
pathogen. Journal of Hospital Infection, 57(1), 1-7. doi: 10.1016/j.jhin.2004.01.033

Shimizu, K., Kikuchi, K., Sasaki, T., Takahashi, N., Ohtsuka, M., Ono, Y. and Hiramatsu,
K., 2008. Smgnr, a New Chromosome-Carried Quinolone Resistance Gene in
Stenotrophomonas maltophilia. Antimicrobial Agents and Chemotherapy, 52(10),
pp.3823-3825.

Shueh, C., Neela, V., Hussin, S. and Hamat, R., 2013. Simple, time saving pulsed-field
gel electrophoresis protocol for the typing of Stenotrophomonas maltophilia.
Journal of Microbiological Methods, 94(2), pp.141-143.

Sobottka, 1., Cachovan, G., Stiirenburg, E., Ahlers, M., Laufs, R., Platzer, U. and Mack,
D., 2002. In Vitro Activity of Moxifloxacin against Bacteria Isolated from
Odontogenic Abscesses. Antimicrobial Agents and Chemotherapy, 46(12),
pp.4019-4021.

Steinmann, J., Mamat, U., Abda, E., Kirchhoff, L., Streit, W., & Schaible, U. et al. (2018).
Analysis of Phylogenetic Variation of Stenotrophomonas maltophilia Reveals
Human-Specific ~ Branches.  Frontiers in  Microbiology, 9.  doi:
10.3389/fmicbh.2018.00806

44


https://github.com/tseemann/snippy

Suckstorff, 1., & Berg, G. (2003). Evidence for dose-dependent effects on plant growth by
Stenotrophomonas strains from different origins. Journal of Applied Microbiology,
95(4), 656-663. doi: 10.1046/j.1365-2672.2003.02021.x

Sultan, I., Rahman, S., Jan, A., Siddiqui, M., Mondal, A., & Haqg, Q. (2018). Antibiotics,
Resistome and Resistance Mechanisms: A Bacterial Perspective. Frontiers in
Microbiology, 9. doi: 10.3389/fmicb.2018.02066

Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE, Persing DH, et al.
Interpreting chromosomal DNA restriction patterns produced by pulsed-field gel
electrophoresis: criteria for bacterial strain typing. J Clinical Microbiology. 1995
Sep;33(9):2233-9.

Thomas, R., Hamat, R., & Neela, V. (2014). Extracellular enzyme profiling
ofStenotrophomonas maltophiliaclinical isolates. Virulence, 5(2), 326-330. doi:
10.4161/viru.27724

Tooke, C., Hinchliffe, P., Bragginton, E., Colenso, C., Hirvonen, V., Takebayashi, Y. and
Spencer, J., 2019. B-Lactamases and -Lactamase Inhibitors in the 21st Century.
Journal of Molecular Biology, 431(18), pp.3472-3500.

Toleman, M., Bennett, P., Bennett, D., Jones, R. and Walsh, T. (2007). Global Emergence
of Trimethoprim/Sulfamethoxazole Resistance in Stenotrophomonas maltophilia
Mediated by Acquisition of sul Genes. Emerging Infectious Diseases, 13(4),
pp.559-565.

Trifonova, A. and Strateva, T., 2018. Stenotrophomonas maltophilia — a low-grade
pathogen with numerous virulence factors. Infectious Diseases, 51(3), pp.168-178.

Truttmann, M., Rhomberg, T. and Dehio, C., 2010. Combined action of the type IV
secretion effector proteins BepC and BepF promotes invasome formation of
Bartonella henselae on endothelial and epithelial cells. Cellular Microbiology,
13(2), pp.284-299.

Twomey, K., O'Connell, O., Harrison, M., McCarthy, Y., Dow, J., Plant, B., & Ryan, R.
(2012). WS11.9 Bacterial cis-2-unsaturated fatty acids found in the cystic fibrosis
(CF) airway play a role in bacterial interspecies signalling during polymicrobial

45



infection of the CF lung. Journal of Cystic Fibrosis, 11, S26. doi: 10.1016/s1569-
1993(12)60083-6

Ugan, U., Mohammed, B., & Yigit, M. (2019). Antibiotic Resistance of
Stenotrophomonas maltophilia Strains Isolated from Horses. Kocatepe Veterinary
Journal. doi: 10.30607/kvj.583479

UniProt: a worldwide hub of protein knowledge. (2018). Nucleic Acids Research, 47(D1),
pp.D506-D515.

Wang, C., Yu, C., Hsu, S., & Wu, R. (2020). Levofloxacin-resistant Stenotrophomonas
maltophilia: risk factors and antibiotic susceptibility patterns in hospitalized
patients.  Journal ~ Of  Hospital Infection, 104(1), 46-52. doi:
10.1016/j.jhin.2019.09.001

Wang, D., Zhao, Y. and Korban, S., 2011. Comparative analysis of the rcsc sensor kinase
from erwinia amylovora and other enterobacteria. Acta Horticulturae, (896),
pp.165-171.

Waters, V., Gomez, M., Soong, G., Amin, S., Ernst, R. and Prince, A., 2007.
Immunostimulatory Properties of the Emerging Pathogen Stenotrophomonas
maltophilia. Infection and Immunity, 75(4), pp.1698-1703.

Wu, C., Lu, H,, Lin, Y., Zhang, M., Li, L., & Yang, T. (2019). Substantial Contribution
of SmeDEF, SmeVWX, SmQnr, and Heat Shock Response to Fluoroquinolone
Resistance in Clinical Isolates of Stenotrophomonas maltophilia. Frontiers In
Microbiology, 10. doi: 10.3389/fmicb.2019.00822

Yagi, T., Kurokawa, H., Senda, K., Ichiyama, S., Ito, H., Ohsuka, S., Shibayama, K.,
Shimokata, K., Kato, N., Ohta, M. and Arakawa, Y., 1997. Nosocomial spread of
cephem-resistant Escherichia coli strains carrying multiple Toho-1-like beta-
lactamase genes. Antimicrobial Agents and Chemotherapy, 41(12), pp.2606-2611.

Yang, Z., Liu, W, Cui, Q., Niu, W., Li, H., Zhao, X., Wei, X., Wang, X., Huang, S., Dong,
D., Lu, S, Bai, C,, Li, Y., Huang, L. and Yuan, J., 2014. Prevalence and detection
of Stenotrophomonas maltophilia carrying metallo-12-lactamase blaL1 in Beijing,
China. Frontiers in Microbiology, 5.

46



Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, S., Lund, O., ... &
Larsen, M. V. (2012). Identification of acquired antimicrobial resistance genes.
Journal of Antimicrobial Chemotherapy, 67(11), 2640-2644.

Zelenitsky, S., lacovides, H., Ariano, R., & Harding, G. (2005). Antibiotic combinations
significantly more active than monotherapy in an in vitro infection model of
Stenotrophomonas maltophilia. Diagnostic Microbiology And Infectious Disease,
51(1), 39-43. doi: 10.1016/j.diagmicrobio.2004.09.002

Zgair, A. and Al-Adressi, A., 2012. Stenotrophomonas maltophilia fimbrin stimulates
mouse bladder innate immune response. European Journal of Clinical
Microbiology & Infectious Diseases, 32(1), pp.139-146.

Zgair, A. and Chhibber, S., 2010. Stenotrophomonas maltophilia flagellin induces a
compartmentalized innate immune response in mouse lung. Journal of Medical
Microbiology, 59(8), pp.913-919.

Zheng, L., Wang, F., Ren, B., Liu, W., Liu, Z., & Qian, W. (2016). Systematic Mutational
Analysis of Histidine Kinase Genes in the Nosocomial Pathogen Stenotrophomonas
maltophilia Identifies BfmMAK System Control of Biofilm Development. Applied
And Environmental Microbiology, 82(8), 2444-2456. doi: 10.1128/aem.03951-15

Zhuo, C., Zhao, Q., & Xiao, S. (2014). The Impact of spgM, rpfF, rmIA Gene Distribution
on Biofilm Formation in Stenotrophomonas maltophilia. Plos ONE, 9(10),
€108409. doi: 10.1371/journal.pone.0108409

47



