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Abstract

Stenotrophomonas maltophilia is a ubiquitous Gram-negative, multidrug resistant, opportunistic
bacterial pathogen that causes various infections in humans. Recently, the use of bacteriophages
as therapeutic agents, has gained interest as an alternative to traditional antibiotics. This thesis
describes the isolation, purification, and characterization of S. maltophilia bacteriophage Bfi2 and
discusses its activity against related, and often co-isolated, bacterial pathogens. Amplification of
the phage resulted in clear, well-defined plaques and a titer of 1.73 + 0.38 x 10! PFU/ml. Bfi2
demonstrated the ability to lyse 55% of the S. maltophilia strains tested, suggesting that it has a
moderate host range. However, the phage did not show cross taxonomic order infectivity, as the
other bacterial species tested were not susceptible to infection. Efficiency of plating (EOP) assays
shown Bfi2 to be nearly half as effective against another susceptible strain of S. maltophilia,
F7221, compared to the host strain. Digestion of Bfi2 nucleic acid by type Il restriction
endonucleases, and visualization of products by agarose gel electrophoresis, indicated that the
phage contained a dsDNA genome with an estimated size of 66.5 kb. Electron microscopy
determined that Bfi2 has an icosahedral capsid 75.3 + 3.3 nm by 69.6 + 3.9 nm and a flexible, non-
contractile tail 154.2 + 4.6 nm by 9.3 £ 0.5 nm. Together, electron microscopy and genomic
analysis suggests that Bfi2 likely belongs to the family Siphoviridae, with a B1 morphotype. Bfi2
was found to be stable at a temperature of 30°C. However, Bfi2 became increasingly unstable at
50°C over time, and quickly lost activity at 60°C. Moreover, Bfi2 was found to be stable at pH 5,
7, and 9. The kinetics of Bfi2 adsorption to host cells were determined. Bfi2 was found to have a
relatively high adsorption efficiency, where ~97% of phages were adsorbed to host cells after 15
minutes of incubation. The adsorption rate constant (k) of Bfi2 was calculated to be ~2.15 + 0.06
x 10° ml mint at a multiplicity of infection (MOI) of 0.05. Bfi2 may be suitable for future

therapeutic applications based on its lytic activity and moderate host range.
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l. Introduction

Due to increasing concerns over antibiotic resistance, the use of bacteriophages (phages),
viruses that infect bacteria, is being examined as a promising alternative strategy for the treatment
of multi-drug resistant (MDR) bacterial pathogens. In the past few decades, there have been
renewed interests in the therapeutic applications of phages. Exploration into the application of
phages in Western countries slowed soon after the introduction of antibiotics. However, several
Eastern European countries have continued to make advancements in this field. Institutions within
these countries have provided personalized phage therapy to patients with chronic antibiotic-
resistant infections that have not been responsive to traditional regimens (Chanishvili, 2012, 2016;

Gorski et al., 2018; Hausler, 2006; Kutateladze, 2015; Kutateladze and Adamia, 2008, 2016).

Gram-negative bacterial pathogens are of clinical interest, often possessing high levels of
antibiotic resistance due to inherent structural or functional characteristics (Kidd et al., 2018).
Gram-negative pathogens, such as Stenotrophomonas maltophilia, often display several acquired
and intrinsic mechanisms of antibiotic resistance (Alonso and Martinez, 1997; Barbolla et al.,
2004; Brooke, 2012; Sanchez, 2015). This bacterium has emerged as an important global and
nosocomial (hospital-acquired) pathogen, particularly for the immunocompromised, and its
frequency of isolation is increasing (Brooke, 2012; Sanyal and Mokaddas, 1999). Consequently,
the treatment of S. maltophilia infections is thwarted by this bacterium’s resistance to most drugs,

which has forced clinicians to pursue novel and effective treatment strategies.

Despite growing support from primary scientific research and early phase clinical trials, phage
therapy is struggling to develop in Western countries (Brives and Pourraz, 2020). Compared to
antibiotics, phages possess a fundamentally different mode of antimicrobial activity, where they

have shown the ability to bypass bacterial cell walls and the extracellular matrix of biofilms en
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route to infection of the host (Chang et al., 2019; Forti et al., 2018; Loessner, 2005; Waters et al.,
2017). To date, only a limited number of phages with activity against S. maltophilia have been
reported and characterized for their therapeutic potential (McCutcheon and Dennis, 2021; Peters
etal., 2020). If phage therapy is to become a valuable alternative for the treatment of drug-resistant
bacterial pathogens, particularly S. maltophilia, more research is required to expand the collection

of documented phages and to fully characterize their biological activity both in vitro and in vivo.

It was hypothesized that a phage with activity against S. maltophilia could be isolated from the
environment and that its biological properties can be characterized in vitro. This thesis research
describes the isolation of a S. maltophilia bacteriophage, characterizes its biological properties in
vitro, and discusses its activity against S. maltophilia strains and related and co-isolated bacterial
pathogens. The bacteriophage was isolated from soil samples through conventional enrichment
techniques and double-layer plaque assays (Gill and Hyman, 2010; Hyman, 2019; Hyman and
Abedon, 2009). Transmission electron microscopy (TEM) and ultrastructure measurements
suggests the isolated phage belongs to the family Siphoviridae, with a B1 morphotype. Phage host
range and relative lytic efficiency were determined through conventional spot tests and efficiency
of plating (EOP) assays. Nucleic acid isolation and analysis provided valuable information on the
composition and size of the phage genome. Moreover, phage structural stability in response to pH
and temperature was assessed. Additional characterization of phage growth kinetics, including
adsorption efficiency and adsorption rate constant (k), were determined. This study concludes that
the isolated phage may be a suitable candidate for therapeutic applications against S. maltophilia
due to desirable traits such as its lytic nature and moderate host range. However, further
investigation into its genome content, stability, anti-biofilm activity, in addition to efficacy and

safety in vivo is necessary for the phage to be considered as a candidate for phage therapy.
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Preliminary biofilm assays (data not shown) revealed that the isolated phage described in this
thesis has the ability to inhibit biofilm formation of S. maltophilia strain K279a. For the purpose
of discussion and comparison, the phage described herein will be referred to as Bfi2 (Biofilm

formation inhibition 2), due to its anti-biofilm activity.

Il. Literature Review

The Global Problem of Multi-drug Resistant Bacteria

The concern over multi-drug resistant (MDR) bacteria has become widespread and recently
the World Health Organization (WHO) declared the issue of antimicrobial resistance a global crisis
(Shrivastava et al., 2017). Reviews have attributed the rising rates of MDR infections as a
consequence of several compounding factors including the prolonged use of antibiotic drugs,
acquisition of resistance genes, and selection of ‘hypermutator’ strains (Kidd et al., 2013, 2018;
Ng et al., 2020; Vidigal et al., 2014). Mechanisms of acquired resistance and a lack of rigid control
measures (through the cross infection of MDR strains) have allowed these bacteria to effectively
become pan-resistant to all currently available antibiotic drugs (Crossman et al., 2008; Fothergill
et al., 2012; Johansen et al., 2008; Mesaros et al., 2007; Ng et al., 2020; Parkins et al., 2014;

Salunkhe et al., 2005).

Several limitations, including the development of drug allergy and toxicity, still confront
the long-term use of antimicrobial drugs for the treatment of MDR infections (Gao et al., 2017;
Kalghatgi et al., 2013; Levison and Levison, 2009). These limitations, coupled with the emergence
of MDR pathogens, are often correlated with lengthier hospitalizations and higher rates of re-
admittance (Ng et al., 2020). The detriments of long-term antibiotic regimes make the treatment
of chronic MDR bacterial infections especially difficult for aging and immunocompromised

populations (DeNegre et al., 2019).
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S. maltophilia is an Opportunistic Pathogen

S. maltophilia is an aerobic, non-fermenting, Gram-negative bacterium (Brooke, 2012). It
is ubiquitous in nature and has emerged as a concerning opportunistic pathogen due to its profile
of multi-drug resistance (Brooke, 2012). Exposure of S. maltophilia to humans can occur both in
and outside clinical settings (Brooke, 2012). In clinical settings, MDR isolates of S. maltophilia
have been recovered from several sources including, hemodialysate, tap water, and treated water

samples (Arvanitdou et al., 2003; Brooke, 2012).

This pathogen’s tolerance and inherent broad resistance to antibacterial drugs, including
most, if not all, B-lactams, have allowed it to become an important opportunistic pathogen (Brooke,
2012; Denton and Kerr, 1998). As a result, S. maltophilia’s incidence in the cause of bacteremia
(infections of the bloodstream) by Gram-negative bacteria is second only to that of Pseudomonas
aeruginosa (Gales et al., 2006; Jones et al., 2003; Sader and Jones et al., 2005; Sanyal and
Mokaddas, 1999). Like that of P. aeruginosa, S. maltophilia has been identified as a significant
pathogen in the immunocompromised population (Baumrin et al., 2017; Brooke, 2012; Kim et al.,
2019). Particularly, S. maltophilia has been isolated from individuals suffering from cystic fibrosis
(CF) and is estimated to infect 10-18% of CF patients in Western countries such as Australia,

Canada, and the United States (Parkins and Floto, 2015; Salsgiver, et al., 2016).

Infections associated with S. maltophilia
It is important to note that S. maltophilia is not solely a nosocomial pathogen (Brooke,

2012). The variety of S. maltophilia infections in humans include but are not limited to: bacteremia
(Jang et al., 1992; Lai et al., 2004, 2006; Papedakis et al., 1995; Victor et al., 1994), biliary sepsis
(infection of the organs and ducts that produce and store bile) (Papedakis et al., 1995), catheter-

related bacteremia (Lia et al, 2006), cellulitis (infection of the skin) (Downhour et al., 2002),
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chronic obstructive pulmonary disease (COPD) (Ewig et al., 2000; Nseir et al., 2006),
endophthalmitis/keratitis (Akcakaya et al., 2011; Chen et al., 2010), meningitis (Nguyen and
Nuder, 1994), pneumonia (Ewig et al., 2000; Fujita, 1996; Sefcick et al., 1999), osteomyelitis
(Landrum et al., 2005), urinary tract infections (Vartivarian et al., 1994), as well as other infections

of the skin and soft tissues (Bin Abdulhak et al., 2009; Sakhnini et al., 2002).

Reports have identified S. maltophilia as being associated with community-acquired (CA)
infections (Brooke, 2012). CA infections for both children and adults include bacteremia, ocular
infections, respiratory tract infections, and cellulitis (Falagas et al., 2009). There has been a notable
rise in community-acquired S. maltophilia infections; this may mirror the overall trend of

increasing CA opportunistic infections by MDR bacteria (Brooke, 2012; Falagas et al., 2009).

Antibiotic Treatment of S. maltophilia
Currently, trimethoprim-sulfamethoxazole (TMP-SMX) is the recommended antibiotic for

S. maltophilia infections (Chang et al., 2015). However, resistance rates of S. maltophilia to TMP-
SMX have been reported to be higher in patients with cancer and CF, highlighting the concern
over the emergence of resistance within the immunocompromised community (Al-Jasser, 2006;
Canton et al., 2003; Micozzi et al., 2000; Saiman et al., 2002; San Gabriel et al., 2004; Valenza et
al., 2008; Vartivarian et al., 1994). Though surveillance studies of TMP-SMX are few, the
geographic distribution of higher rates of TMP-SMX resistance in S. maltophilia suggests that
resistance to this drug is increasing worldwide (del Toro et al., 2002; Flores-Trevifio et al., 2014;
Gulmez and Hascelik 2005; Hotta et al., 2014; Lai et al., 2004; Memish et al., 2012;
Rattanaumpawan et al., 2013; Rhee et al., 2013; Valdezate et al., 2001; Walkty et al., 2014; Wang
et al., 2014; Wu et al., 2012; Zhanel et al., 2013). The occurrence of medical contradictions,

toxicity, and the emergence of resistance to these drugs in S. maltophilia has reignited investigation
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into the development of novel alternative treatment strategies (Brooke, 2012, 2014; Ho and

Juurlink, 2011).

Mechanisms of Antibiotic Resistance in S. maltophilia

The emergence of multi-drug resistance in S. maltophilia is not solely a consequence of
antibiotic misuse. This bacterium possesses both innate and acquired resistance mechanisms,
including chromosomally encoded fB-lactamases, aminoglycoside-modifying enzymes, multi-drug
efflux pumps, and the presence of mobile genetic elements (MGE) (Alonso and Martinez, 1997;
Barbolla et al. 2004; Breijyeh et al., 2020; Chung et al., 2015; Huang et al., 2015; Lin et al., 2014,
2015; Ruppé et al., 2015; Sanchez, 2015). These MGEs include plasmids, transposons, and
autonomously integrating gene cassettes termed integrons (Chung et al., 2015; Domingues et al.,
2012; Hall and Collis, 1995; Hu et al., 2011; Skold et al., 2001; Toleman et al., 2006, 2007). Strains
of S. maltophilia have been reported as resistant to all known B-lactams, aminoglycosides,
quinolones, tetracyclines, as well as chloramphenicol, rifampin, and TMP-SMX (Al-Jasser, 2006;
Alonso and Martinez, 1997; Traub et al., 1998). The major antibiotic resistance mechanisms

identified in S. maltophilia are presented in Table 1.

Mechanism Type Conferred Resistance Reference
B-lactamases L1, L2 B-lactams (Huang et al., 2010; Okazaki and
Avison, 2008)
Efflux pumps ABC, MFS, RND, Fusaric Aminoglycosides, B-lactams, (Alonso and Martinez, 2000; Alonso
acid chloramphenicol, macrolides, et al., 2000; Chang et al., 2004;
quinolones, sulfonamides, Chang et al., 2015; Lin et al., 2014,
tetracyclines, and TMP-SMX 2015)
Aminoglycoside-modifying Aminoglycoside Aminoglycosides (Li et al., 2003; Okazaki and Avison,
enzymes phosphotransferase, 2007)
aminoglycoside N-
acetyltransferase
Quinolone-resistance protein  SmQnr Quinolones (Chang et al., 2011; Garcia-Ledn et
al., 2014, 2015; Sanchez and
Martinez, 2010)
Mobile Genetic Elements Integrons, ISCR, Plasmids, TMP-SMX (Chung et al., 2015; Huang et al.,
Transposons 2015; Hu et al., 2011; Skdld, 2001;
Toleman et al., 2006, 2007)

Table 1: Major Mechanisms of Antibiotic Resistance in S. maltophilia.
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Biofilms of S. maltophilia

In addition to the mechanisms of acquired resistance, S. maltophilia is recognized for its
innate ability to form biofilms on both abiotic and biotic surfaces (Brooke, 2012; Vidigal et al.,
2014; Steinmann et al., 2018; Pompilio et al, 2010). A bacterial biofilm is defined as an assemblage
of bacterial cells that are irreversibly adhered to a surface and enclosed within a matrix composed
of extracellular polymeric substances (EPS) (Donlan, 2002) (Figure 1). This EPS matrix
predominantly consists of polysaccharides; but is also known to associate with DNA, lipids, or
proteins, and is the main structural component of the biofilm (Donlan, 2002; Flemming et al.,

2000).

* Cycle of Biofilm Formation

Early Biofilm Formation Maturation New Biofilm

) _/’/
‘-,/jr \
Motility Adhesion Maturation Dispersion Colonization
Free-floating Attachment Secretion of extracellular Release of Colonization of
planktenic to surface polymeric substances (EPS), biofilm new surfaces

cells quorum sensing, horizontal aggrega __
gene transfer Created in BioRender.com bio

Figure 1: Steps of Biofilm Formation. Adapted from ‘Biofilm template’, BioRender (2022).

As depicted in Figure 1, biofilm formation occurs in sequential steps beginning with the
adherence of bacterial cells to a solid surface (Figure 1, ‘Adhesion’). Once adhered, aggregates of
bacterial cells coordinate through quorum sensing (QS) (regulation of gene expression through the

detection and response to cell population density) and begin to produce EPS (Figure 1, ‘Adhesion-
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Maturation’) (Donlan, 2002). Cells enclosed within the EPS matrix continue to share resources
and divide until biofilm maturation is complete (Figure 1, ‘Maturation’). Upon maturation, cells
within the biofilm may be dispersed, where they have the potential to colonize new surfaces

(Figure 1, ‘Dispersion-Colonization’).

Biofilms are important microbial structures that enable the establishment of persistent
infections (Donlan, 2002). Once matured, the interior of a biofilm creates concentration gradients
that provide optimal microhabitats, allows for the exchange of genes, and facilitates cell-cell
communication (Stewart, 2003). Furthermore, biofilms may be dispersed by the shedding of
actively dividing daughter cells, detachment as a result of QS, or by shearing of biofilm cells due
to continuous flow effects (Donlan, 2002). Complete eradication of biofilms is difficult, as the
dispersal of cells from the matrix can increase the persistence of an infection when aggregates of
the biofilm travel to and colonize new areas (Donlan, 2002). The structure of biofilms, and their
organization through QS, allow bacterial pathogens such as S. maltophilia to persist despite current
and aggressive treatment regimens (Ferriol-Gonzélez and Domingo-Calap, 2020; Solano et al.,
2014). The biofilms and antibiotic resistance of S. maltophilia have necessitated the development
or re-visiting of novel antibacterial strategies. Phage therapy, the clinical and selective use of

bacteriophages to target and lyse specific bacterial cells, has experienced renewed interest.

Bacteriophages
Phages are self-replicating entities and their replication within bacterial hosts can quickly

increase phage abundance at the site of the infection. After infection, phages appropriate the
cellular machinery of their host to produce progeny virions, a process that ends with lysis of the
bacterial cell (Principi et al., 2019; Young, 2013). The mechanisms used by phages to lyse host

cells are effective against antibiotic-resistant bacteria, especially those that are Gram-negative.
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Specifically, phages can bypass the structural defenses of host bacteria through the production of
enzymes such as depolymerases (Fernandes and S&o-José, 2018; Knecht et al., 2020). These
enzymes enable the breakdown of polysaccharides on the surface of bacterial cells. Therefore,
depolymerase activity can make bacterial cell walls accessible for the injection of phage genomes
into host cells during infection (Fernandes and Sao-José, 2018; Hyman, 2019; Jonge et al., 2019;

Knecht et al., 2020).

The specific species or strains of bacteria that a bacteriophage can infect are considered to
be within the phage’s host range (Ross et al., 2016). Phages are limited to infecting a particular
breadth of bacterial hosts that are often related or members of the same species (Hyman, 2019;
Hyman and Abedon, 2009; Ross et al., 2016). The high specificity of phages towards their bacterial
hosts is governed primarily by the interaction between phage receptor-binding proteins (RBPS)
and bacterial cell surface receptors (Hyman, 2019; Jonge et al., 2019). The specific host range of
phages enables a precise and targeted treatment strategy, without disruption of the patient’s normal
commensal and symbiotic microorganisms, even in the case of serotypes (distinct variants within

a species of bacteria) (Lu and Breidt, 2015).

Bacteriophages are often categorized into one of two groups according to their lifecycle.
Phages are classified as either lytic (virulent) or lysogenic (temperate) (Ambroa et al., 2020; Clokie
et al., 2011). Strictly lytic phages are preferred for therapeutic applications, due to their ability to
infect and lyse target bacteria (Figure 2). The detailed life cycle of lytic and temperate phages are

depicted in Figure 2.
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Figure 2: Phage Life cycle. Adapted from Campbell, (2003).

Opposed to the direct lysis of a bacterial host through lytic pathways, temperate phages are
unique in their ability to enter a lysogenic cycle. During lysogeny, a phage will integrate its genome
into the host chromosome to be replicated vertically along with the bacterium in the form of a
prophage (Figure 2). Bacterial host cells that carry an integrated prophage are termed ‘lysogens’
due to the potential for phage induction and lysis (Casjens, 2003) (Figure 2). Lysogenic conversion
genes, those that are expressed from the donating prophage, can modify the properties of the host
bacterium (Brussow et al., 2004; Casjens et al, 2003; Casjens and Hendrix, 2003). The horizontal
transfer of lysogenic conversion genes is of concern and may impart determinants of resistance
that enhance the virulence of recipient bacterial hosts (Boyd and Brissow, 2002; Casjens, 2003).
On some occasions, cells containing a prophage may release intact phage virions through the lytic
cycle in a process referred to as induction (Casjens, 2003) (Figure 2). Induction of prophages may

occur spontaneously and randomly, but is often ascribed to specific environmental cues, including
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changes in nutrient availability, osmolarity, and temperature (Casjens, 2003; Lunde et al., 2005;

Matos et al., 2013).

Phage Therapy
The use of phage therapy in humans has been successful (Duplessis et al., 2018; Fish et al.,

2018, 2018b; Khawaldeh et al., 2011; McCallin et al., 2019; McCutcheon and Dennis, 2021). The
safety of phage therapy application has been documented, with few side effects or immune
responses reported during or after administration of phage (Rhoads et al., 2009; Wright et al.,
2009). Phage treatments in animal models of infection have shown to be more effective, exhibit
little or no toxicity, and are cheaper due to shorter treatment periods, compared to antibiotic
regimens (Alemayehu et al., 2012; Agarwal et al., 2018; de Oliveira et al., 2020). Recent animal
models and clinical trials have shown phage therapy to be a potential treatment for infections
caused by MDR bacteria (Peters et al., 2020; Wright et al., 2009; Zhang et al., 2013). Several
requirements, including FDA approval for the use of phages, are requisite to implement such a

strategy in clinical trials (Parracho et al., 2012; Wienhold et al., 2019).

It is essential that all phages be fully characterized before being considered for therapeutic
applications. Thorough description of a phage’s biological properties is generally accomplished
through complete genome sequencing, functionality testing, host range analysis, and microscopic
imaging. Screening of a newly isolated bacteriophage must demonstrate that the phage possesses
certain properties suitable for therapy (Abedon and Thomas-Abedon, 2010; Hyman, 2019). These
include features such as the ability to lyse target bacterial pathogens through a lytic lifecycle. As
previously mentioned, characterization of the bacteriophage genome is also necessary to ensure
that phages are non-hazardous and unable to contradict the efficacy of therapy through horizontal

gene transfer (Hyman, 2019; Lee et al., 2014; Peters et al., 2018, 2019, 2020; Petrova et al., 2014).
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S. maltophilia Bacteriophages
Several lytic phages characterized against S. maltophilia have been isolated from
environmental sources, including soil (McCutcheon et al., 2020; Peters et al., 2015; Peters et al.,
2018; Peters et al., 2019, Peters et al., 2020) and sewage (Chang et al., 2005; Chen et al., 2007;
Fan et al., 2012; Garcia et al., 2008; Huang et al., 2012; Zhang et al., 2021). In addition, temperate
S. maltophilia phages have been isolated from prophage induction (Garcia et al., 2008; Hagemann
et al., 2006; Petrova et al., 2014). Use of temperate S. maltophilia phages is limited based on their
potential to form stable prophages, transfer resistance determinants, and enhance the virulence of
bacterial hosts. Yet, characterization of temperate phages remains valuable, and researchers are
investigating the prospects of genetic manipulation to enhance their utility in phage therapy (Gill

and Hyman 2010; Hyman, 2019).

The first report of a phage isolated against S. maltophilia, pSMAS5, was published in 2005
(Chang et al., 2005). Since the isolation of @SMAS, increases in the prevalence of S. maltophilia
infections and rising drug resistance have created a demand for the identification of additional
phages targeting this bacterium. To date, S. maltophilia has shown susceptibility to a relatively
small number of known phages; at the time of writing, none of these phages have been used in
therapy against infections caused by S. maltophilia (McCutcheon and Dennis, 2021). As the
demand for alternative antimicrobial strategies remains high, documentation of S. maltophilia
phages, and the expansion of this collection, are necessary to spearhead the clinical translation of

phage therapy.
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[1l.  Materials and Methods

Materials

Unless otherwise stated, all media used for the cultivation of bacteria were either Luria-
Bertani (LB) broth or LB agar (Fisher BioReagents™, Lennox) and both media were obtained from
Fisher Scientific (ThermoFisher, Waltham, MA, USA). Restriction enzymes and other reagents
used for DNA isolation, purification, and analysis were from Invitrogen (Invitrogen Corp.,
Carlsbad, CA, USA), Norgen Biotek (Norgen Biotek Corp., Thorold, Ontario, Canada) or Promega
(Promega Corp., Madison, WI, USA) and obtained through Fisher Scientific. All other general
reagents used in media preparation were obtained through Fisher Scientific or Sigma-Aldrich
(Sigma, St. Louis, MO, USA).
Bacterial Growth Conditions

All S. maltophilia cultures were grown in % LB broth or on % LB agar plates unless
otherwise specified. Stains of other bacterial species used in host range analysis were grown
similarly in LB broth or on LB agar plates. Bacterial cultures were grown overnight for 18 h in LB
medium at 37°C, with agitation of 225 rpm. Using a spectrophotometer (DU 530, Beckman, Brea,
CA, USA), overnight cultures were standardized to an optical density (ODsao) of 1.0 by dilution
with fresh LB. Aliquots of standardized cultures then were added to fresh LB and grown at 37°C
with agitation of 225 rpm, until a logarithmic growth stage was reached. Overnight cultures of S.
maltophilia were prepared in this manner unless otherwise noted and were used for the isolation
of bacteriophage, phage purification, high titer enumeration, host range analysis, efficiency of

plating (EOP), stability experiments, and adsorption assays.
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Isolation of Bacteriophage

Samples of soil and root material were collected and used for the isolation of
bacteriophages. Samples were examined for the presence of S. maltophilia bacteriophages using a
modified phage enrichment technique (Seed and Dennis, 2005; Garcia et al., 2008). To isolate
phages from the environment, a 10 g sample of soil was suspended in 15 ml of LB broth and
dispersed by shaking for 30 min at 30°C. The soil particles were allowed to settle, removed by
centrifugation at 4,000 x g for 30 min, and the supernatant filter-sterilized using a Millex-HA 0.45
um syringe-driven filter unit (Syringe: Luer- Lok Tip, BD Falcon, NJ, USA; Filter: Whatman, GE
Healthcare, Buckinghamshire, UK). Two milliliter aliquots of the filtrate were added to three ml
LB medium, along with 25 pl of an S. maltophilia K279a overnight culture as an enrichment. This
mixture was then incubated statically for 18 h at 30°C (stability of the phage at 37°C was not yet
determined). The bacterial cells were then removed by centrifugation at 4,000 x g for 30 min and
the supernatant filter-sterilized (0.45 um). The enriched phage sample was used for corresponding
plaque assays using the double-layer agar method (Peters et al., 2015; Seed and Dennis, 2005).
Plaque Assays

Plaque assays were performed by adding 200 ul of phage filtrate to 100 ul of a standardized
S. maltophilia K279a culture grown to logarithmic phase. Mixtures were incubated for 15 min at
room temperature to facilitate attachment of phage. The soft agar overlay technique was used for
plating of bacterial-phage mixtures to obtain isolated plaques on lawns of target bacteria (Seed and
Dennis, 2005). After 15 min of incubation, mixtures were added to four ml of sterile, molten LB
soft agar (0.7% agar), swirled, overlaid on LB agar plates, and left to solidify at room temperature

(Seed and Dennis, 2005). Bacteriophage plaques were identified after incubation for 24 h at 37°C.
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Plaque Purification

Isolated plaques were identified and picked for purification to obtain a uniform phage
stock. A single isolated plaque was picked by touching a sterile glass Pasteur pipette to it and

submerging the pipette tip into 1.5 ml of suspension media (SM) (50 mM Tris/HCI, pH 7.5, 100

mM NaCl, 10 mM MgSQa) (Peters et al., 2015; Seed and Dennis, 2005). Twenty microliters of
chloroform (CHCI3) were added to the suspension and left for one hour at room temperature to

kill any remaining bacteria (Seed and Dennis, 2005). This suspension was stored at 4°C and used
in subsequent plaque assays. Three rounds of picking plaques, followed by double-layer plaque

assays, were performed to produce a pure homogenous stock of Bfi2.

Generation of High Titer Phage Stock
High titer phage stocks were prepared by adding 100 pL of a standardized K279a culture

grown to logarithmic phase, to 400 pL of purified phage stock, followed by incubation at room
temperature for 15 min to facilitate phage attachment. Double-layer plaque assays were performed
to produce plates with confluent lysis (Peters et al., 2015; Seed and Dennis, 2005). Plates with
confluent lysis, where bacterial growth had been completely inhibited by Bfi2, were identified

after incubation for 24 h at 37°C.

High titer stocks of Bfi2 were generated from overlays displaying confluent lysis by adding
10 ml of SM (50 mM Tris/HCL, pH 7.5, 100 mM NacCl, 10 mM MgSO4) and mixing for 2 h on a

platform rocker (Stovall, Belly Dancer) at room temperature with light shaking. The lysate was
recovered, centrifuged for five min at 10,000 x g, filter-sterilized (0.45 um), and stored at 4°C for
use as a working phage stock (Peters et al., 2015). The titer for the phage stock was determined
from plaque assays using serial dilutions of the high titer phage stock into SM to obtain countable

numbers of plaque-forming units (PFU). High titer phage stocks were stored long-term at -80°C
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for future use. Titers were calculated from plaque assays performed in experimental and biological

triplicate. Phage stock titer (PFU/mI) was calculated using the following equation:

PFU/mI = ((Number of plaques counted) (Dilution factor))/ (Volume plated (ml))

Host Range Analysis
Host range analysis of Bfi2 was performed using the spot test method (Garcia et al., 2008;

Peters et al., 2015, 2020). Spot tests were conducted against a panel of ten S. maltophilia strains
of clinical and environmental origin (Table 2). Extended host range analysis was also performed
against a collection of P. aeruginosa, Staphylococcus aureus, and Escherichia coli strains (Table
2). For spot tests, each test strain was cultured overnight, standardized, and grown to logarithmic
phase as previously described. Sterile wooden cotton swabs were used to spread a uniform layer
of bacterial culture onto LB agar plates. A total of four 5 UL drops of high titer phage stock (10*!
PFU/mI) were individually placed at each corner of the agar plate. Aliquots of phage stock were
allowed to absorb into the agar at room temperature and plates were then incubated for 24 h at
37°C. Plates were inspected for zones of clearing, indicating successful infection by Bfi2. Spot

tests for each test strain were performed in biological and experimental triplicate.



25

Bacteral Strains

S. maltophilia
ATCC 13637
ATCC 17807
F6466

F7221
H59296

IB 10-15

IB 12-23
K279a
S18202
X26332

P aeruginosa
PAOIL

ATCC 22580
ATCC 27583

ATCC 27853
E. coli

IM109

ATCC 25922
S. aureus

ATCC 29213
ATCC 25923

Table 2: Bacterial Strains Used in Spot Tests for Host Range Analysis.

Efficiency of Plating (EOP) Analysis
The efficiency of plating (EOP) of the phage was performed using double-layer plaque

assays according to a previously described protocol, with modifications (de Melo et al., 2019;
Khan Mirzaei and Nilsson, 2015). Plaque assays were performed to quantify phage Bfi2 titers
against various S. maltophilia strains found to be susceptible during spot tests. EOP values were
calculated as the ratio of average phage titer formed on the test strain against the average titer on
the host strain K279a (Khan Mirzaei and Nilsson, 2015). The EOP of Bfi2 against each test strain
was reported on a relative scale, with the host strain K279a assigned an EOP value of 1.0. The

isolated phage was tested in biological and experimental triplicate against each S. maltophilia
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strain found to be susceptible during the preliminary host range spot tests. Data were analyzed

using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA).

Electron Microscopy
Phage ultrastructure was analyzed at the Imaging Facility of Loyola University, at the

Chicago Health Sciences campus, Maywood, lllinois. High titer phage samples (10! PFU/mI)
were concentrated using Amicon-100 centrifuge filtration units (Bio-Rad, Techview, Singapore)
and washed three times with modified SM (50 mM Tris/HCL, pH 7.5, 10 mM MgSO,) (Yang et

al., 2010). Samples of phage were prepared for imaging using carbon-coated 200 mesh copper
grids (Ted Pella Inc., Redding, CA, USA). Copper grids were treated with 0.002% alcian blue in
0.03% acetic acid (Electron Microscopy Sciences, Hatfield, PA, USA) for five min to increase

grid hydrophobicity. Grids were then washed by incubation with distilled water for five min,

incubated with a high titer phage stock (10'* PFU/mI), and then stained with 1% (wt/vol) uranyl

acetate. Phage samples were imaged using a Philips CM120 transmission electron microscope
(Voltage= 80kV) equipped with an AMT Biosprint camera. Images of eleven individual virions
were used for the measurements of the Bfi2 ultrastructure. Measurements for the diameter of the
capsid head, along with the phage tail length and width were taken using ImageJ software

(Schneider et al., 2012).

Bacteriophage DNA Analysis
Bfi2 phage DNA was isolated using the Phage Genomic DNA lIsolation Kit according to

the manufacturer’s instructions (Norgen Biotek Company, Thorold, Canada). The concentration
of the isolated DNA was determined using a Nanodrop 2000c (ThermoFisher). Purified phage
DNA was subjected to restriction enzyme digestion with type Il endonucleases (Table 3), based

on their ability to digest double-stranded (ds) DNA. Approximately 150-200 ng of purified phage
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DNA was used to prepare each digest. Digested DNA was then separated on an agarose (1.0%)
(ThermoFisher) gel at a constant current of 125 mA for 1.5 h (Powerpac Basic, Bio-Rad,
Techview, Singapore). Visualization of digests was performed on an Odyssey Fc Imager with an
exposure time of 2 min at the 600 nm channel (LI-COR Biosciences, Lincoln, NE, USA). The gel
was then analyzed using ImageJ software and the size of phage genomic DNA was estimated based

on comparisons to a standard curve of the molecular weight (MW) marker (1kb).

Restriction Enzymes (REs)
Bglll Pvull
Clal Smal
EcoRI Sall
HindIII Xbal
Pstl Xhol

Table 3: Type Il Restriction Enzymes Used to Digest Phage Bfi2 DNA.

SDS-PAGE
Bfi2 Phage proteins were characterized by SDS-PAGE using 10% Mini-Protean GTX

precast gels (Bio-Rad, Techview, Singapore). Phage samples (101! PFU/mI) were purified using

Amicon-100 centrifuge filtration units and washed three times with modified SM buffer (50 mM
Tris/HCL, pH 7.5, 10 mM MgSO0.) (Yang et al., 2010). Aliquots of concentrated phage (12.5 pl),
containing ~3 pg of total phage protein, were mixed 1:1 with 2x sample buffer (2X Laemmli, 5%
B-mercaptoethanol, Bio-Rad, Techview, Singapore), boiled for 5 min, and loaded for a final
volume of 25 pl/well. Conversely, 5 ul MW marker, containing ~3 g of total protein, was loaded
into the appropriate wells (Unstained SDS-PAGE Standards, broad range, 200 pl, Bio-Rad,

Techview, Singapore). Proteins were separated at a constant voltage of 100V for 30 min, followed
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by continued separation at a constant current of 85 mA for 1 h (Powerpac Basic, Bio-Rad,
Techview, Singapore). Separated protein bands were visualized by staining with Coomassie
Brilliant Blue G-250. The gel was then de-stained overnight (glacial acetic acid, methanol) and
imaged using an Odyssey FC imager (LI-COR Biosciences, Lincoln, NE, USA) on a white-light
background. The sizes of separated proteins were estimated using ImageJ software based on

comparisons to a standard curve of the MW marker (6.5 - 200 kDa).

Sensitivity of Phage to pH and Temperature
The sensitivity of Bfi2 to different storage conditions was assessed according to previously

described protocols (Danis-Wlodarczyk et al., 2015; Gallagher et al., 2005; Yang et al., 2010).
Sensitivity to heat was determined by incubation of dilutions of high titer phage stock

(10 PFU/mI) at temperatures of 30°C, 50°C, and 60°C at a standard pH of 7.5. Samples were

taken at 30 min intervals over the course of two hours for 30 and 50°C. Conversely, samples were
taken at 5 min intervals over the course of 20 min for 60°C. After each interval, phage samples
were taken and titers determined through plaque assays performed with the host strain K279a, as
previously described. Phage sensitivity to pH was determined by incubation of high titer phage

stock (10 PFU/mI) dilutions in modified SM (50 mM Tris/HCL, pH 7.5, 10 mM MgSO4)

prepared at pH of 5, 7, and 9 (pH adjusted with HCI). Samples of phage incubated in each pH
condition were taken at 30 min intervals over the course of 2 h at room temperature. Phage titers
were determined through plaque assays with the host strain K279a, as previously described. All
experiments were performed in biological and experimental triplicate. Data were analyzed using
GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA). Two-Way ANOVAs were
used to compare mean phage titer in response to temperatures of 30°C, 50°C, and 60°C, as well as

at pH 5, 7, and 9, over time. One-way ANOVAs were used to compare the differences in mean
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phage titer over the duration of the experimental conditions at 30°C, 50°C, and 60°C, respectively.
Dunnett’s multiple comparisons were used to compare significant differences between

experimental groups to the control (Phage titer at time zero).

Adsorption Assay
The kinetics of phage adsorption to the host strain S. maltophilia K279a were determined

following a previously outlined protocol, with modifications (Ahern et al., 2014; Chang et al.,
2005; Shao and Wang, 2008). Liquid cultures of logarithmically growing S. maltophilia K279a
cells were infected with phage at a multiplicity of infection (MOI) of ~0.05. The bacterial-phage
mixtures were incubated at 30°C with shaking and samples (500 pL) were taken at five-min
intervals for 15 min. At each time interval, samples were immediately diluted to halt adsorption
and then centrifuged at 12,000 x g for 2 min to remove attached phage. Titers of unadsorbed phage
were determined from centrifuged samples through plaque assays as previously described.
Adsorption curves were generated from two independent experiments performed in triplicate and

the amount of unadsorbed phage was averaged and reported as a percentage of initial phage titer.

The adsorption rate constant (k) was also determined and calculated according to
established technique (Ahern et al., 2014; Shao and Wang, 2008). The rate of phage disappearance
can be defined using the equation dP/dt = —kBP, where B is the concentration of bacteria, P is the

concentration of phage at any time (t), and the adsorption rate constant (k) is expressed in ml min™*

(Ahern et al., 2014; Schwartz, 1976). Adsorption rate constants have traditionally been estimated
by fitting a linear regression line to curves of experimentally determined phage concentrations.
Therefore, the slope of the regression line is a product of the phage adsorption rate constant (k)

and bacterial cell concentration (B). Assuming constant cell density, the adsorption rate constant
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was estimated by dividing the product of the slope by the bacterial cell concentration (Shao and

Wang, 2008).

IVV. Results

Isolation of S. maltophilia Bacteriophage

The bacteriophage (Bfi2) was obtained from soil samples containing root material from the
surrounding Chicago, Illinois area. Bfi2 was propagated using conventional enrichment techniques
and isolated with standard double-layer plaque assays (Hyman and Abedon, 2009; Kropinski et
al., 2009; Seed and Dennis, 2005). S. maltophilia strain K279a was used as the host strain for
isolation and purification. Bfi2 produced clear plaques with well-defined morphology on lawns of
S. maltophilia K279a (Figure 3). Measurements of 10 individual plaques from the initial plate of

isolation with the host strain revealed an average plaque diameter of ~1.2 mm.

Figure 3: Plaques Formed by Bfi2 during the First Round of Isolation. Plaques formed by Bfi2 on lawns of S.
maltophilia strain K279a after 18 h incubation at 37°C. Arrows designate typical plaques of Bfi2. Scale bar = 10 mm.
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Plaque Morphology and Enumeration of Phage Titer

Double-layer plaque assays with dilutions of purified phage stock were performed to
determine viral titer. The titer of the purified phage stock was calculated using the aforementioned
equation (See Materials and Methods: Generation of High Titer Phage Stock) and estimated to be
~1.73 % 0.38 x 10! PFU/mI. Plaque assays with S. maltophilia strain K279a and preparations of

purified phage resulted in different plaqgue morphology at 30°C and 37°C, with larger plaques
formed at 30°C (t . 2.45, P <0.05) (Figure 4). Measurements of 20 individual plaques were

taken from two separate plates after overnight incubation at each temperature. Bfi2 was found to

form plagues with an average diameter of ~1.23 mm at 37°C, compared to ~1.46 mm at 30°C.

‘ L L
10mm 10 mm

Figure 4: Plaque Morphology of Phage Bfi2. Plaque morphology on lawns of S. maltophilia strain K279a at 30°C
(left) and 37°C (right) after 18 h incubation. Scale bar = 10 mm.

Host Range Analysis

Direct Spot Tests
The host range of Bfi2 was assessed through direct spot tests using a collection of bacterial

strains including S. maltophilia, P. aeruginosa, E. coli, and S. aureus (Table 4). These pathogens
are frequently co-isolated with S. maltophilia or associated with respiratory infections in humans,
and were used to assess the phage’s ability to infect bacteria across taxonomic orders (Brooke,
2012; Peters et al., 2015, 2017; McCutcheon et al., 2020). Phage Bfi2 demonstrated a moderate

host range across the S. maltophilia strains tested, with the ability to infect and form zones of
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clearing on six of the 11 (55%) strains during spot tests (Table 4). Dependent on the strain, Bfi2
was initially shown to form clear (4/11) and turbid plaques (2/11) on strains of S. maltophilia.
Later assays determined that Bfi2 could reliably form plaques on only two of the six susceptible
S. maltophilia strains, K279a and F7221. It is possible that strain-specific differences in the
structure and expression of cell surface receptors account for the turbid plaques formed by Bfi2.
This reduction in plaquing ability has been observed for other phages and may also be explained
by the repeated propagation of a phage on its host strain (Peters et al., 2020). The propagation of
Bfi2 on a single host strain may have selected for phage variants that are optimized to K279a over
time. Bfi2 showed the ability to infect both clinical and environmental isolates of S. maltophilia.
However, Bfi2 did not show cross-taxonomic order infectivity and was unable to form zones of
clearing in the lawns of the other Gram-positive and Gram-negative bacterial species tested (Table

4).
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Host Range Analysis
Strain Phage Infection Plaque Morphology
S. maltophilia
ATCC 13637 + clear
ATCC 17807 + turbid
F64644 . NA
F7221 + clear
H46033 - NA
H59296 + clear
JB 10-15 - NA
JB 12-23 - NA
K279a + clear
S18202 + turbid
X26332 ) NA
P aeruginosa
ATCC 22580 -
ATCC 27853 - N4
PAO1 -
E. coli
ATCC 25922 - NA
JM109 -
S. aureus
ATCC 25923 - NA
ATCC 29213 -
Infection=(+) ; No Infection= (=)

Table 4: Host Range Analysis of Phage Bfi2 against a Collection of S. maltophilia Strains and Co-isolated Pathogens.
Results are representative of host range spot tests performed in experimental and biological triplicate; plates were
incubated for 18 h at 37°C and observed for zones of clearing. NA, not applicable.

Efficiency of Plating (EOP)
The efficiency of plating (EOP) was used to quantify the ability of the isolated phage to

infect different S. maltophilia isolates, which provided a more accurate representation of relative
Iytic activity. EOP for Bfi2 was tested via plaque assays with S. maltophilia strains that were found
to be susceptible during initial spot tests. Yet, plaque formation was observed only on lawns of
two clinical strains of S. maltophilia, K279a and F7221, during preliminary EOP assays. EOP
values were obtained by comparison of phage titer observed on the test strain to the titer on the

host strain K279a (EOP value of 1.0). These assays shown Bfi2 to be nearly half as effective
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against F7221 (EOP value of 0.48) compared to the host strain K279a used for initial isolation

(Figure 5).
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Figure 5: Phage Bfi2 Efficiency of Plating (EOP) Analysis. Phage titers were obtained from EOP assays between S.
maltophilia strain F7221 and host strain K279a. EOP values were calculated as the ratio of Bfi2 titer against the test
strain to the titer observed on the host strain (value of 1.0), reported on a relative scale.

Transmission Electron Microscopy (TEM)

Micrographs of Bfi2 revealed an icosahedral capsid with well-defined edges that measured
75.3 £ 3.3 nm in length and 69.5 £+ 3.9 nm in width. The phage tail was flexible, non-contractile,
and measured 154.2 + 4.6 nm in length and 9.3 + 0.5 nm in width. Morphological analysis of
individual phages suggests that Bfi2 ultrastructure is consistent with members of the family
Siphoviridae. Based on the International Committee on Taxonomy of Viruses (ICTV)
classification scheme, Bfi2 may be further be identified as a B1 morphotype within the family
Siphoviridae due to its relative dimensions, isometric capsid, flexible non-contractile tail, and

absence of tail fibers (Ackermann, 1998; Ackermann and Eisenstark, 1974; Chibani et al., 2019).
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Figure 6: Transmission Electron Micrograph of Phage Bfi2 Morphology. Prepared phage lysate was added to carbon
coated copper grids and negatively stained with 1% uranyl acetate. TEM images were obtained at magnifications of
a) 35,000x, b) 17,000x, ¢) 22,000x, and d) 28,000x. Phage ultrastructure measurements of capsid length, capsid width,
tail length, and tail width were taken as the average from individual virions (n = 11). Scale bar = 100 nm. e)
Morphotypes of phages within the family Siphoviridae; Adapted from Ackermann, 1998.

Phage Genome Analysis
Phage nucleic acid was isolated and purified, subjected to restriction enzyme digestion,

and products were visualized by agarose gel electrophoresis. The Bfi2 genome was confirmed to
be composed of DNA based on the ability of type Il endonucleases to digest double-stranded (ds)
DNA. Only two (EcoRI and Pvull) of the ten tested restriction enzymes [Bglll, Clal, EcoRl,
HindllIl, Pstl, Pvull, Smal, Sall, Xbal, Xhol] were able to digest the DNA of Bfi2 (Table 5, Figure
7). However, digestion with EcoRI and Pvull produced clear and well-separated bands (Figure 7).
The size of the Bfi2 genome from each restriction reaction was calculated by summation of the
DNA fragments. The size of the Bfi2 phage genome was determined using the average from the

two successful RE digests and was estimated to be approximately 66.5 kbp (Table 5). However,



36

due to the preliminary nature of this data, complete genome sequencing is necessary to confirm

this estimate.

Band EcoRlI (bp) Pvull (bp)
1 11814 12171
2 8769 10486
3 7784 9308
4 6706 6909
5 5128 5952
6 4552 4552
7 3586 4289
8 3183 3922
9 2363 3586
10 2097 2826
11 1862 1862
12 1511 1652
13 1190 1155
14 910 761
15 717 472
16 532
17 445

Total 63158 69910

Average 66534

Table 5: Phage Bfi2 DNA Fragment Sizes from Restriction Enzyme Digests. Isolated Phage DNA was subjected to
RE digestion with EcoRI and Pvull at 37°C for 1 h. Digested DNA was separated on a 1.0% agarose gel at a constant
current of 125 mA for 1.5 h. Fragment band sizes were estimated from comparisons to a standard curve of the MW

marker (1kb).
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Figure 7: Visualization of Isolated Phage DNA Restriction Enzyme Digests. Lanes are as follows: (1) 1 kb ladder, (2)
Uncut phage DNA, (3) EcoRl, (4) Kpnl, (5) Pvull, (6) Smal, (7) Sphl, (8) 1 kb ladder.

SDS-PAGE
To further characterize Bfi2 phage, structural proteins were isolated and analyzed by SDS-

PAGE (10% polyacrylamide gel) and stained with Coomassie blue. At least four distinct protein
bands were visualized (P1-P4), with an estimated 12-kDa protein being the most abundant
component of the Bfi2 phage particle (Figure 8; P3). Two additional protein bands of low intensity,
P2 and P4, were estimated to be approximately 23-kDa and 8-kDa, respectively. A faint protein

band of larger size was also visible and estimated to be approximately 86-kDa (Figure 8; P1).
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Figure 8: Analysis of Phage Bfi2 Structural Proteins by SDS-PAGE. Approximately 3 pg of total phage protein was
loaded into the appropriate wells. Conversely, 5 pl MW marker was loaded into the appropriate wells (Unstained
SDS-PAGE Standards, broad range, 200 ul, Bio-Rad). Lanes are as follows: (1) MW marker, (2) concentrated phage
proteins.

Structural Stability of Phage in Response to Environmental Conditions

Phage Stability in Response to Temperature
Thermal stability assays were performed to analyze the structural stability of Bfi2 in

response to heat at a standard pH of 7.5. Phage thermostability was assessed by double-layer
plaque assays over the course of a two-hour incubation period at temperatures of 30°C, 50°C, and
60°C (Figure 9). Preliminary studies revealed phage activity to decrease drastically after 30
minutes of incubation at 60°C (Figure 9a). Therefore, stability assays at 60°C were amended to
cover a 20-minute incubation period (Figure 9b). A one-way ANOVA was used to compare the
effect of time on phage titer after incubation at 60°C. Time was found to significantly affect phage
titer after incubation at 60°C over the duration of the experiment (F (137, 10.99) = 83.11, P < 0.0001)
(Figure 9b). Posthoc Dunnett’s multiple comparisons on the effect of time at 60°C revealed a

significant difference between phage titer at 5 minutes (P < 0.0001), 10 minutes (P < 0.0001), 15
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minutes (P < 0.0001), and 20 minutes (P < 0.0001), compared to the control (Titer at time zero)
(Figure 9b). Moreover, phage titer decreased by > 1.5 log units (~17%) after 20 minutes of

incubation at 60°C, compared to the control (Titer at time zero) (Figure 9b).

A two-way ANOVA was used to compare mean phage titer after incubation at 30°C, 50°C,
and 60°C. A significant effect of the interaction between temperature and time (F (g, 95) = 76.97, P
< 0.0001) on phage titer was observed after incubation at 30°C, 50°C, and 60°C. Due to the
significant interaction between these variables, it is difficult to interpret the individual effect of

temperature treatment on phage titer.

One-way ANOVAs were then used to independently compare the effects of time on phage
titer after incubation at each respective temperature. Analysis determined that time did not
significantly affect phage titer at 30°C during the incubation period (F (166, 13.3) = 2.419, P > 0.05).
However, a one-way ANOVA determined that time significantly affected phage titer after
incubation at 50°C over the duration of the experiment (F (2.26, 18.1) = 79.48, P < 0.0001). Posthoc
Dunnett’s multiple comparisons of the time effect at 50°C showed no significant difference in
phage titer after 30 minutes of incubation compared to the control (P > 0.05) (Titer at time zero)
(Figure 9a). Yet, time appears to drive the effect of temperature, as Dunnet’s multiple comparisons
revealed a significant effect of time on phage titer after 60 minutes (P < 0.0001), 90 minutes (P <
0.0001), and 120 minutes (P < 0.0001) of incubation at 50°C, compared to the control (Titer at
time zero) (Figure 9a). Moreover, after two hours of incubation at 50°C, phage titer decreased <

1.0 log units (~8%) compared to the control (Titer at time zero).
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Figure 9: Stability of Phage Bfi2 in Response to Temperature. The data points are representative of phage mean titer
against S. maltophilia K279a after incubation at each temperature a) 30°C, 50°C, and 60°C for the appropriate time
interval (0-120 min) b) 60°C for the appropriate time interval (0 - 20 min). Error bars represent standard deviation. *P
< 0.05, ***P < 0.0005, ****P < 0.0001 indicates a significant difference between this group and the control (Titer at
time zero).

Phage Stability in Response to pH
Stability assays were performed to analyze the structural stability of the Bfi2 in response

to pH at room temperature for up to two hours. The stability of Bfi2 at pH 5, 7, and 9 in modified-
SM buffer was determined by analyzing phage titer in 30-minute intervals by double-layer plaque
assays (Figure 10). A two-way ANOVA was used to compare mean phage titer after incubation at
pH 5, 7, and 9. No significant effect of pH environment on phage titer was found after incubation
at pH 5, 7, and 9 for up to two hours (F 2, 24)= 1.720, P > 0.05) (Figure 10). While not statistically
significant, Bfi2 titer decreased < 1.0 log unit (~10%) during the incubation period in all pH

conditions.
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Figure 10: Stability of Phage Bfi2 in Response to pH. Data points are representative of mean phage titer against S.
maltophilia K279a after incubation in pH buffered modified-SM for the appropriate time interval (0 - 120 min). Error
bars represent standard deviation.

Phage Adsorption Assay
Adsorption assays were performed to determine the efficiency of Bfi2 to attach to host cells

of S. maltophilia K279a, and the rate constant (k) of phage adsorption. Early log-phase S.
maltophilia K279a cultures were infected with phage at a MOI of 0.05, and phage titers were
quantified in five-minute intervals over the course of a 15 minute incubation period. The duration
of this assay was chosen to simulate the standard incubation period promoting phage attachment
to host cells prior to plating via the double-layer agar technique (See Materials and Methods:
Isolation of Bacteriophage). After five minutes, the percent of unadsorbed phage was measured to
be ~6.4 + 1.2% (Figure 11). The percentage of unbound phage remained consistent from 5-10
minutes, with ~6.8 + 1.8% of phage unadsorbed after 10 minutes of incubation. Yet, the percentage
of unadsorbed phage decreased by about half from 10 to 15 minutes, where ~3.3 £ 0.5% of phage
remained unbound after 15 minutes of incubation. The percentage of unadsorbed phage can be
used to estimate the percentage of adsorbed phage at each time point. After 15 minutes of

incubation, ~97% of phages were bound to host cells.
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In addition, the phage adsorption rate constant (k), which defines phage affinity for a
bacterial host, can be described using the equation dP/dt = -kBP (See Materials and Methods:

Adsorption Assays) (Ahern et al., 2014; Shao and Wang, 2008). Following this method, the

adsorption rate constant (k) of the isolated phage was estimated to be ~ (2.15 + 0.06) x 10° ml
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Figure 11: Adsorption Curve of Phage Bfi2 Attachment to Host Cells. The amount of unadsorbed phage was
expressed as a percentage of the initial phage titer (~7.0 x 10° PFU/ml). Data points are representative of means from
two independent experiments performed in triplicate. Error bars represent standard deviation.
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V. Discussion

Isolation of Phage

It is a necessity that phages used for medical applications must be carefully selected and
fully characterized prior to consideration. Only exclusively lytic phages should be applied and
phages showing poor adsorption, replication, or distribution should be excluded from use in phage
therapy (Abedon and Thomas-Abedon, 2010). This discussion will focus on the comparison
between the biological characteristics of Bfi2 with those of other S. maltophilia phages described
within the literature. An emphasis will be placed on comparisons to S. maltophilia phages of the
family Siphoviridae due to the taxonomic classification of Bfi2. S. maltophilia phages belonging
to other families with the order Caudovirales will be discussed when applicable. However, when
little to no data are available for phages against S. maltophilia, phages against related, or often co-

isolated, bacterial pathogens will be reviewed.

During initial isolation from the environment, Bfi2 was found to form clear and regular
plagues ~1.2 mm in diameter on a lawn (confluent growth) of S. maltophilia K279a after
incubation at 30°C. Other S. maltophilia phages have been observed to form plaques of smaller
size (Chang et al., 2005; Peters et al., 2015; McCutcheon et al., 2020). S. maltophilia phages of
the family Siphoviridae including DLP1 and AXL3, formed plaques approximately 0.7 mm and
0.78 mm in diameter, respectively (Peters et al., 2015; McCutcheon et al., 2020). Another
temperate phage against S. maltophilia, DLP5, formed plagques approximately 0.5 mm in diameter
(Peters et al., 2018). Based on these comparisons, the plague range of Bfi2 is larger than expected

for phages of the family Siphoviridae.

It was also interesting to observe that Bfi2 formed larger plaques at 30°C than at 37°C,

with diameters of ~1.46 mm and 1.23 mm, respectively (Figure 4). Yet, the average plaque
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diameter of Bfi2 at 37°C is more comparable to that of the other S. maltophilia siphophages
described. Altered plague morphology with regard to temperature has not been emphasized within
the literature for S. maltophilia phages. Although more investigation is required, variations in Bfi2
plague morphology may be explained by differences in bacterial growth rate and/or differential
expression of cell surface receptors with respect to temperature (Clementz et al., 1996; Kawahara

et al., 2002; Matsuura, 2013).

Moreover, plague morphology appears to vary between lytic and temperate phages against
S. maltophilia (Lee et al., 2014; Peters et al., 2018; Wu et al., 2021). Temperate S. maltophilia
Siphoviridae phages have been reported to form diffuse or turbid plaques with irregular borders
(Peters et al., 2018; Wu et al., 2021). It may be assumed that Bfi2 is not temperate, due to its ability
to form clear and regular plaques on two separate strains of S. maltophilia. However, as
recommended for all published S. maltophilia phages, further investigation into the phage lifestyle,
as well as complete genomic sequencing, is required to confirm lytic nature. (McCutcheon and
Dennis, 2021). Phage lifestyle can be confirmed by screening phage-resistant bacterial isolates for
the presence of phage genomic DNA, which would indicate the formation of a lysogen or prophage
(Peters et al., 2020). Investigation into the lifestyle of Bfi2, along with genomic sequencing, would

be necessary to confirm the preliminary classification of this phage as Iytic.

Aside from the determination of phage lifestyle, the additional characterization of phages
allows for their classification within taxonomic orders and families based on shared similarities.
Taxonomic classification and naming of virus taxa has been maintained by the International
Committee on Taxonomy of Viruses (ICTV) (Adams et al., 2017; Chibani et al., 2019) and the
Bacterial and Archaeal Subcommittee (BAVS) within the ICTV (Chibani et al., 2019).

Classification of phages is contingent on the evaluation of a variety of properties including host
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range, pathogenicity, composition of the viral genome (ss/dsDNA, RNA, and size), morphology,

presence of an envelope, and sequence similarities (Chibani et al., 2019).

Host Range Analysis
The identification of phages with a broad host range is advantageous to limit the need for

pathogen detection and screening that would be required to match the pathogen to a phage with
specific activity (Hyman and Abedon, 2009, 2010; Weinhold et al., 2019). Use of the term “broad”
to describe host range could refer to a phage’s ability to infect multiple species of bacteria, or the
ability to infect several strains within a species (Hyman, 2019; Ross et al,. 2016). For phage
therapy, the use of broad host range phages that can infect many strains of a given species is

preferable to keep normal microflora intact (Hyman, 2019).

At the time of writing, Bfi2 is the first phage to be isolated using S. maltophilia strain
K279a as the host. Bfi2 showed the ability to infect six of 11 (55%) of the S. maltophilia strains
tested during host range spot tests. Bfi2 possesses a moderate host range compared to the other S.
maltophilia phages described in the literature. While the number of S. maltophilia strains used in
this study is limited, several other virulent phages against this bacterium have shown a similar host
range (Petersetal., 2017, 2018). DLP4, atemperate phage and member of the family Siphoviridae,
showed the ability to infect 14/27 (52%) of the clinical S. maltophilia strains tested (Peters et al.,
2018). In addition, a phage of the family Myoviridae, DLP6, was also found to have a moderate
host range and could infect 13/27 (48%) of the clinical S. maltophilia strains tested (Peters et al.,

2017).

A few S. maltophilia phages have been reported to possess a comparatively broad host
range. A temperate S. maltophilia phage of the family Siphoviridae, DLP3, was observed to have

a broad host range with the ability to infect 22/29 (76%) of S. maltophilia strains (Peters et al.,
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2020). This is an interesting finding given the temperate nature of DLP3. The host range of DLP3
is one of the broadest described for any known S. maltophilia phage, certainly amongst those
classified as a members of the family Siphoviridae (Chang et al., 2005; McCutcheon et al., 2020;
Peters et al., 2020). For phage ¢SMAS5, a member of the family Myoviridae, spot tests shown the
phage to form clear and turbid zones of clearing on 61/87 (70%) and 21/87 (24%) of S maltophilia
strains tested, respectively. To date, this is the broadest host range observed for any S. maltophilia
phage, where only five strains were not susceptible to SMAS infection (Chang et al., 2005).
Another recently isolated phage of the family Myoviridae, Ps15, displayed a broad host range and
was able to infect 22/24 (90%) of S. maltophilia isolates associated with ocular infections

(Damnjanovi¢ et al., 2022).

Phages DLP1 and DLP2, isolated against S. maltophilia, were found to have a relatively
narrow host range (Peters et al., 2015). DLP1 and DLP2 were able to infect approximately eight
(30%) and nine (33%) of the 27 S. maltophilia strains tested, respectively. However, DLP1 and
DLP2 are the only S. maltophilia phages reported to be capable of infecting bacteria across
taxonomic orders, where each phage could lyse two separate strains of P. aeruginosa (Peters et
al., 2015). The ability to infect multiple species of bacteria is a rare characteristic amongst phages
but this phenomenon may have important implications for therapy. Although Bfi2 was unable to
infect the other species of bacteria tested, P. aeruginosa is often a co-colonizing pathogen
associated with S. maltophilia infections (Moore et al., 2003; Rajan and Saiman, 2002). A phage
that targets both of these species is highly desirable for the reduction of bacterial load in
polymicrobial infections. However, it is important to recognize that phages with too broad a host
range, that extends to include non-pathogenic bacteria, could be detrimental to therapeutic

outcomes.
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Efficiency of Plating (EOP) Analysis
It is worth mentioning that reviews have detailed the discrepancy between host range spot
tests and efficiency of plating (EOP) assays for the determination of phage host range (Khan
Mirzaei and Nilsson, 2015). Spot tests involve the administration of phage aliquots directly onto
the surface of bacterial lawns. Conversely, EOP analyses typically utilize plague assays to quantify
a phage’s ability to form plaques on susceptible strains of the target bacterium. Direct spot tests
are prone to overestimation of phage host range and may not accurately predict the ability of a
phage to form plaques on lawns of susceptible bacteria (Khan Mirzaei and Nilsson, 2015). Simply
put, spot tests provide a qualitative measure of a phage’s lytic activity. In contrast, the number of
plaques obtained from EOP assays give a quantitative measure of a phage’s relative lytic activity
against bacterial test strains. Therefore, our research sought to implement both direct spot tests and

EOP assays for the characterization of Bfi2 host range.

The overestimation of host range from spot tests was evident for Bfi2, where positive spot
tests on lawns of S. maltophilia did not fully predict plaque formation during EOP assays. EOP
analysis showed that Bfi2 could only form plaques on 2/6 (33%) (F7221 and K279a) of the S.
maltophilia strains that were initially found to be susceptible from spot tests. It is interesting to
note that plaque formation occurred only on lawns of clinical S. maltophilia strains during EOP
assays. Moreover, EOP analysis showed the phage to be approximately half as effective against

the test strain F7221 compared to the host strain K279a used for propagation (Figure 5).

Similar discrepancies between spot tests and efficiency of plating have been observed for
some S. maltophilia phages. The recently characterized phage BUCT598 was found to infect 9/11
(82%) S. maltophilia strains during direct spot tests (Han et al., 2022). Yet, EOP analysis of

BUCT598 revealed that the phage could form plaques on only 33% of the nine S. maltophilia
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strains that were previously shown to be susceptible during host range spot tests (Han et al., 2022).
Similarly, phage DLP3 was reported to form zones of clearing on 22/29 (76%) of S. maltophilia
strains tested when low dilutions of phage were applied. However, EOP analysis showed that
DLP3 had a high efficiency (clearing at high dilutions of phage) against only 17.2% of the 29 S.
maltophilia strains tested (Peters et al., 2020). Based on the data obtained for Bfi2 and other S.
maltophilia phages, it is clear that a combination of spot tests and EOP assays should be performed

to accurately assess phage host range.

Genomic Analysis
Genomic analysis confirmed the isolated phage to be composed of ds (double-stranded)

DNA. To the best of our knowledge, all phages isolated and characterized against S. maltophilia
have similarly been shown to possess DNA genomes (McCutcheon and Dennis, 2021). However,
it is important to note that not all S. maltophilia phages have dsDNA genomes. Genomes composed
of single-stranded (ss) DNA have been reported for some tailed S. maltophilia phages and for all
filamentous phages, belonging to the family Inoviridae (Hagemann et al., 2006; Liu et al., 2012;
Petrova et al., 2014; Wu et al., 2021) (Table 6). DNA agarose gel electrophoresis and restriction
fragment length polymorphism (RFLP) analysis estimated the Bfi2 phage genome to be ~66.5 kb
in size. The size of the phage genome is consistent with those of several S. maltophilia phages
belonging to the family Siphoviridae (Table 6). However, complete genomic sequencing is

necessary to confirm this estimate.

Two (EcoRI and Pvull) of ten restriction enzymes (REs) were shown to digest DNA
isolated from Bfi2 (Figure 7). The panel of REs used in this study was limited and the genomes of
other S. maltophilia phages have been subjected to larger collection of endonucleases (Table 5)

(Chang et al., 2005; Chen et al., 2007; Peters et al., 2018, 2020). Genomic analyses of several S.
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maltophilia phages have shown phage DNA to be completely refractory to RE digestion (Chang
etal., 2005; Chen et al., 2007; Garcia et al., 2008; Peters et al., 2020), or partially refractory (Peters
et al., 2018) to RE digestion. Moreover, the genomes of a few S. maltophilia phages have been
sequenced and analyses have confirmed the presence of modified nucleotide bases or uncommon
base analogs (Chang et al., 2005; Chen et al., 2007; Peters et al., 2018, 2020). It has been suggested
that modification of nucleotide bases in phage DNA may provide protection against degradation
by host REs during replication (Casjens, 2003). Modified bases may also protect temperate phages
during integration of the phage genome into the bacterial host chromosome (Casjens, 2003; Peters
et al., 2020). A list of genomic features for published S. maltophilia phages is presented in Table

6.



Genomic Characteristics of Published S. maltophilia Phages
Phage S. maltophilia Genome Type Genome Size Origin Country of Reference
Host Strain (bp) Isolation
AXL3 DI1585 dsDNA 47,545 Soil (garden) Canada| (McCutcheon et al., 2020),
BUCTS548 No. 824 dsDNA 62,354 Hospital Sewage China (Zhang et al., 2021)
BUCTS55 No. 1207 dsDNA (linear) 39,440 Hospital Sewage China (Han et al., 2021)|
BUCTS598 No. 824 dsDNA (linear) 43, 581 Hospital Sewage China (Han et al., 2022)
DLPI DI1585 dsDNA 42,887 Soil (river sediment) Canada (Peters et al., 2015),
DLP2 DI1585 dsDNA 42,593 Soil (blue flax) Canada (Peters et al., 2015)
DLP3 D1571¢ dsDNA 96,852 Soil (prisine) Canada (Peters, et al., 2020)
DLP4 DI1585 dsDNA 63,945 Soil (asparagus) Canada (Peters et al., 2019)
DLPS DI614 dsDNA 96,542 Soil (garden) Canada (Peters et al., 2018),
DLP6 D1571¢ dsDNA (linear) 168,489 Soil (planter) Canada (Peters et al., 2017),
IME13 Clinical dsDNA (circular) 162,327 Hospital Sewage China (Beijing) (Fan et al., 2012)|
IME15 Clinical dsDNA (linear) 38,513 Hospital Sewage China (Beijing) (Huang et al., 2012)
IME-SM1 na dsDNA (lincar) 159,514 Hospital Sewage China (Liu et al., 2015)
Marzo ATCC 17807¢ |dsDNA (linear) 159384 Sludge (wastewater plant, TX) TX, USA (Patel et al., 2022)
Mendera ATCC 17807¢ |dsDNA (linear) 159,961 Wastewater (Navasota, TX) TX, USA] (Garza et al., 2020)
Moby ATCC 17807¢ |dsDNA 159,365 Wastewater (Bryan, TX) TX, USA (Vicary et al., 2020)
phiSHP1 p2¢ ssDNA (circular) 6,867 S. maltophilia strain P2¢ China (Liu et al., 2012)
phiSHP3 C31 ssDNA (linear) 37,611 S. maltophilia strain C31 China (Wuet al, 2021)
phiSMAS T39¢ dsDNA 250,000 Hospital Sewage China (Chang et al., 2005)
phiSMA6 TC79¢ ssDNA 7,648 S. maltophilia strain Khak84* Russia (Petrova et al., 2014)]
phiSMA7 TC79¢ ssDNA 7,069 S. maltophilia strain Khak84¢ Russia (Petrova et al., 2014)
phiSMA9 Cs ssDNA (circular) 6,907 S. malt strain C5 Germany (Hagemann et al., 2006)
Pokken ATCC 17807¢ |dsDNA (linear) 76,259 Freshwater (Franklin, TX) TX, USA (Hayden et al., 2019),
Ponderosa ATCC 17807¢ |dsDNA (linear) 42,612 River water sample (Zimbabwe) TX, USA (Marquez et al., 2019)
Ps15 AP1438 dsDNA 161,350 Wastewater (Cleveland, OH) Australia| (Damnjanovic et al., 2022)
Sl CECT 4793¢ |dsDNA 40,287 S. maltophilia strain A1¢ Spain (Garcia et al., 2008)
S2 E999¢ na na S. maltophilia strain E539¢ Spain (Garcia et al., 2008)
S3 ES539¢ dsDNA (refractory) (33,000 Sewage Spain (Garcia et al., 2008)
S4 F227 dsDNA (refractory) (200,000 Sewage Spain (Garcia ct al., 2008)
Salva clinical dsDNA (linecar) 60,789 Wastewater (Cincinnati, OH) TX, USA] (Jefferson et al., 2021),
Sml na dsDNA 50,000 Hospital Sewage China (Zhang and Li, 2013)
smpl31 T16 dsDNA 33,525 S. maltophilia strain T16 Taiwan (Lee et al., 2014)
smpl4 T14 dsDNA (refractory) |[160,000 Hospital Sewage Taiwan (Chen et al., 2007)

Table 6: Genomic Characteristics of S maltophilia Phages; Strains: ©, Clinical; ¢, Environmental.

Transmission Electron Microscopy
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Transmission electron microscopy (TEM) imaging allowed for morphological analysis and

measurement of the Bfi2 ultrastructure. Most importantly, Bfi2 was found to possess an

icosahedral capsid with dimensions of 75.3 £ 3.3 nm in length and 69.5 + 3.9 nm in width (Figure

6). A flexible, non-contractile tail was determined to be 154.2 + 4.6 nm in length and 9.3 £ 0.5 nm
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in width (Figure 6). Based on the relative dimensions, presence of a non-contractile tail, and
absence of tail fibers, the phage could be classified as a member of the order Caudovirales within
the family Siphoviridae (Figure 6). As have been reported for other S. maltophilia phages, the
isometric capsid of Bfi2 suggests that this phage could be classified as a B1 morphotype (where
the length and width of the icosahedral capsid are of similar size) within this taxonomic family
(Ackermann, 1998; Ackermann and Eisenstark, 1974; Demuth et al., 1993; McCutcheon et al.,

2020; Peters et al., 2018).

TEM in combination with complete genome sequencing have allowed several S.
maltophilia phages to be classified as members of the family Myoviridae (Chang et al, 2005; Chen
et al., 2007; Damnjanovi¢ et al., 2022; Fan et al., 2012; Huang et al., 2012; Garcia et al., 2008;
Garzaetal., 2020; Lee et al., 2014; Peters et al., 2016; Vicary et al., 2020), Siphoviridae (Jefferson
et al., 2021; McCutcheon et al., 2020; Peters et al., 2015, 2018, 2019, 2020), Podoviridae ( Han et
al., 2021, 2022; Hayden et al., 2019; Marquez et al., 2019), and Inoviridae (Hagemann et al., 2006;
Liu et al., 2021; Petrova et al., 2014). A list of phage ultrastructure measurements and taxonomic
classifications for lytic S. maltophilia phages is presented in Table 7. A similar list of
measurements and classifications for temperate S. maltophilia phages is presented in Table 8. It is
clear that Bfi2 is likely a member of the family Siphoviridae due to its similarity with other S.

maltophilia phages belonging to this taxonomic classification.
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Morphology of Lytic S. maltophilia Phages
Phage S. maltophilia Family Ultrastructure Source
Host Strain
Capsid Tail
AXL3 DI1585 Siphoviridae 64.3+3.2nmx 63.3+4.3 nm 1453+ 54 nm| (McCutcheon et al., 2020)
BUCT3548 No. 824 Siphoviridae 50 nm 138 nm (Zhang et al., 2021)
BUCTS55 No. 1207 Podoviridae 45 nm 8 nm (Han et al., 2021)
BUCTS598 No. 824 Podoviridae 51.77 £ 2.70 nm 9.95 + 0.95 nm (Han et al., 2022)
DLP1 D1585 Siphoviridae 70 nm 175 nm (Peters et al., 2015)
DLP2 DI585 Siphoviridae 70 nm 205 nm (Peters et al., 2015)
DLP6 DI571¢ Myoviridae 99 nm 144 nm x 23 nm (Peters etal., 2017)
IME-SM1 na Ackermannviridae na* na* (Liu, X, et al., 2015)
IMEI3 Clinical Myoviridae na* na* (Fan et al., 2012)
IMELS Clinical Podoviridae na* na* (Huang et al., 2012)
Marzo ATCC 17807¢ | Myoviridae na* na* (Patel et al., 2022)
Mendera ATCC 17807¢  |Myoviridae na* na* (Garza et al., 2020)
Moby ATCC 17807¢  |Myoviridae na* na* (Vicary et al., 2020)
phiSMA T39 Myoviridae 90 nm 90 nm (Chang et al., 2005)
Psl5 AP143S Myoviridae 85+ 2 nm 110nm x 17 nm| (Damnjanovic et al., 2022)
Pokken ATCC 17807¢  |Podoviridae na* na* (Hayden et al., 2019)
83 E539¢ Myoviridae 8292+ 1.25nm| 136.920.59nm x 21.43 £ 0.0 nm (Garcia et al., 2008)
Salva ATCC 17807¢  |Siphoviridae na* na* (Jefferson et al., 2021)
Sml na Myoviridae na na (Zhang and Li. 2013)
Smpl4 T14 Myoviridae 87 nm x 77 nm| 129 nm x 18 nm (Chen et al., 2007)

Table 7: Morphology and Ultrastructure Measurements of Lytic S. maltophilia Phages; na, not available; *, genome
announcement only; Strains: €, Clinical; ¢, Environmental.

Morphology of Temperate and Filamentous S. maltophilia Phages
Phage S. maltophilia Family Ultrastructure Reference
Host Strain
Capsid Tail
DLP3 D1571¢ Siphoviridae 928+4.1x84.0+2.8nm 202.2 + 5.7 nm (Peters et al., 2020)
DLP4 D1585 Siphoviridae 92 nm x 63 nm 139 nm (Peters et al., 2019)
DLP5 DI1614 Siphoviridae na* na* (Peters et al., 2018)
phiSHPI1 p2¢ Inoviridae 2.1 pm in length na (Liu et al., 2012)
phiSHP3 C31 Siphoviridae na na (Wu etal., 2021)
phiSMAG TC79¢ Inoviridae na na (Petrova et al., 2014)
phiSMA7 TC79¢ Inoviridae na na (Petrova et al., 2014)
phiSMA9 Cs Inoviridae na na| (Hagemann et al., 2006)
S1 CECT 4793¢ | Siphoviridae 61.4+1.35nm 129.2+ 1.3 nm x 9.93 £ 0.66 nm (Garcia et al., 2008)
s2 E999¢ Siphoviriae na na (Garcia et al., 2008)
S4 F227 Siphoviridae na na (Garcia et al., 2008)
smpl31 T16 Myoviridae 60 nm 100-120 nm x 20-30nm (Lee et al., 2014)

Table 8: Morphology and Ultrastructure Measurements of Temperate S. maltophilia Phages; na, not available; *,
genome announcement only; Strains: €, Clinical; ¢, Environmental.
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Analysis of Phage Proteins

To investigate the composition of the Bfi2 viral particle, isolated phage proteins were
analyzed by SDS-PAGE. Based on the preliminary experimental data, it is difficult draw
conclusions on the structural proteins of the virion. It is also important to note that the techniques
used to concentrate and purify Bfi2 phage proteins may need future refinement to ensure sufficient
recovery of most, if not all, phage proteins. A total of four protein bands, ranging from 8 - 86 kDa
in size, were observed after visualization of the SDS-PAGE gel (Figure 8). The number of
structural proteins isolated from Bfi2 is smaller than those observed for other S. maltophilia phages

(Chang et al., 2005; Han et al., 2021; Peters et al., 2020).

Protein analysis of phage $SMAS5 by SDS-PAGE revealed a virion composed of at least
25 proteins, with the most abundant protein being approximately 43 kDa in size (Chang et al.,
2005). Analysis of DLP3 structural proteins by high-performance liquid chromatography-mass
spectrometry (HPLC-MS) identified a total of 21 proteins, with the major capsid protein as the
most abundant protein (33.7 kDa) isolated (Peters et al., 2020). The major capsid protein serves as
the main structural component of the virion capsid (Hendrix and Johnson, 2012). Moreover, a total
of nine proteins from the BUCT555 virion were identified by SDS-PAGE and ranged from 19 -
89 kDa in size (Han et al., 2021). HPLC-MS of isolated BUCTS555 proteins confirmed that the
most abundant structural protein (34.8 kDa) corresponded to the major capsid protein of the phage

particle (Han et al., 2021).

In this thesis research, the most abundant protein of Bfi2 visualized was estimated to be
approximately 12 kDa in size (Figure 8). Based on its relative abundance, it is possible that this 12
kDa protein may correspond to the phage major capsid protein of Bfi2. Yet, further research is

required to more closely examine the protein composition of the Bfi2 virion.
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Phage Stability in Response to Temperature and pH
The lytic activity of phages may be affected by physiological conditions such as

temperature and pH. As biological agents, bacteriophages are subjected to varying
microenvironments in vivo such that their activity and stability in a wide range of pH and
temperatures may impact the outcome of phage treatments or therapeutic interventions. At the time
of writing, only a single study has investigated the structural stability of an S. maltophilia phage
in response to both temperature and pH (Han et al., 2021). Therefore, additional characterization

sought to determine the stability and overall activity of Bfi2 in a range of environmental conditions.

Temperature stability experiments and statistical analyses determined that Bfi2 was stable
at 30°C for up to two hours in the assayed conditions. (Figure 9a). At 50°C, Bfi2 titer decreased <
1.0 log unit (~ 8%) after two hours. The significant reduction in phage titer after incubation at
50°C suggests that Bfi2 may not be stable at this temperature. Yet, ~92% of Bfi2 virions remained
active after two hours of incubation at 50°C, which may indicate some level of structural stability
at this temperature (Figure 9a). Moreover, Bfi2 became increasing unstable at 60°C and phage titer
significantly decreased after 20 minutes of incubation at 60°C (Figure 9b). Compared to initial
titer, Bfi2 titer decreased by > 1.5 log units (~17%) after 20 minutes of incubation at 60°C. The
rapid rate of degradation at 60°C, where ~83% of phages remained active after 20 minutes,
suggests that Bfi2 is intolerant to temperatures of 60°C and above. Bfi2 is stable at 30°C, and based
on the slow rate of phage inactivation at 50°C, may be suitable for applications that require stability
in physiological temperatures (30 - 37°C). Furthermore, the high stability of Bfi2 in neutral and
basic pH conditions, further suggest that the phage could be useful in medical applications or
therapy. For example, Bfi2 is stable in temperature and pH conditions that mirror those found

within the human body.
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The stability of Bfi2 in response to pH was assessed and statistical analyses revealed no
significant effect of pH environment on phage titer after incubation at pH 5, 7, and 9 for up two
hours. Bfi2 was found to be relatively stable at the tested pH values, as phage titer remained
relatively consistent in the assayed conditions. Compared to initial titer, a < 1.0 log unit reduction
(~10%) in Bfi2 titer was observed after the incubation period in all pH conditions (Figure 10).
Based on these results, Bfi2 could remain stable in areas that are commonly affected or associated
with S. maltophilia infections, such as the blood (pH 7.4), respiratory tract (pH 6.6), and skin (pH
4.7 - 5.0) (Fischer and Widdicombe, 2006; Lambers et al., 2006). As briefly mentioned, S.
maltophilia is a significant colonizer in the cystic fibrosis (CF) respiratory tract (pH 2.9 - 6.5)
(Cowley et al., 2015; Parkins and Floto, 2015; Pompilio et al., 2011). Although the stability of
Bfi2 has yet to be determined in conditions lower than pH 5, the acidification of the CF airways
could cause therapeutic preparations of Bfi2 to become increasingly unstable. Regardless of the
mode of phage application, repeated doses of Bfi2 preparations to areas of mild acidity may be

able to retain sufficient therapeutic phage concentrations at the site of infection.

Until recently, only ¢SMAS5 had been evaluated for its stability in response to low
temperatures, where the phage was found to be stable after long-term storage at 4°C for up to 16
months (Chang et al., 2005). Interestingly, the newly isolated podovirus, BUCT598, showed
stability in response to a broad range of pH conditions, stable between pH 1 - 11 and highly stable
between pH 2 - 10 (Han et al., 2021). Similar to Bfi2, BUCT598 was also thermostable between
4°C - 45°C, with significant decrease in titer at 60°C and complete inactivation at 75°C (Han et

al., 2021).

The stability of Bfi2 parallels those reported for three Myoviridae phages isolated against

P. aeruginosa (Aghaee et al., 2021). Phages PA6, PA32, and PA45 were found to remain stable at
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temperatures of 30°C - 50°C, with phage viability significantly decreasing at temperatures of 60°C
and 70°C) (Aghaee et al., 2021). These phages were also stable at pH 6 - 8 but lytic activity was
observed to decrease slightly at pH 5 and 9 (Aghaee et al., 2021). It should be noted that recent
research has begun to assess the stability of isolated phages in response to salinity (Scarascia et
al., 2018; Srichaisupakit et al., 2021). Future research on Bfi2 should characterize its stability in

response to additional environmental and storage conditions.

Adsorption of Phage to Host
An important factor for the phage infection process, and production of new virions, is the

initial adsorption of a phage to a host bacterial cell. At least under in vitro conditions, the
adsorption efficiency of a phage to its host is governed by the affinity of phage receptor binding
proteins (RBPs) for the bacterial surface receptor (Rakhuba et al., 2010). The affinity for a host
surface receptor is a functional characteristic of phage populations and experiments aimed at

determining adsorption efficiency give insight into this crucial interaction (Storms et al., 2010).

While not available for all S. maltophilia phages, the adsorption efficiency of Bfi2 was
determined and the adsorption rate constant (k) was calculated. Only S. maltophilia phages
belonging to the family Myoviridae have been subjected to adsorption assays (Chang et al., 2005;
Chenetal., 2007; Damnjanovi¢ et al., 2022; Han et al., 2021). Of these phages, only S. maltophilia

phage Ps15 has had its adsorption rate constant (k) reported (Damnjanovi¢ et al., 2022).

Adsorption assays with Bfi2 determined that ~97% of phages were bound to host cells after
15 minutes of incubation (Figure 11). This finding contrasts the long adsorption period described
for $SMADS5, where only 80% of phages attached to host cells after 80 minutes of incubation
(Chang et al., 2005). Similarly, adsorption curves of phage BUCT555 revealed an adsorption

efficiency of ~90% after six minutes, remaining consistent until 15 minutes after incubation (Han
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et al., 2021). Moreover, it was shown that 85% of smp14 virions adsorbed to host cells after five
minutes of incubation, gradually rising to 95% after 30 minutes (Chen et al., 2007). However, the
adsorption efficiency of Bfi2 is lower than that of the recently isolated S. maltophilia phage Ps15.
It was found that 90% of Ps15 virions were adsorbed to host cells after five minutes, with 98 - 99%
of phages adsorbed after 10 minutes of incubation (Damnjanovi¢ et al., 2022). The adsorption
efficiency of Bfi2 indicates that the phage has a high affinity for the primary receptor on its target

host.

While adsorption efficiency is an inherent property of the phage, the adsorption rate
constant is highly dependent on the growth condition and concentration of the bacterial host
population (Storms et al., 2010). The adsorption rate constants (k) of phages against S. maltophilia
and co-isolated pathogens are presented in Table 9. The adsorption rate constant (k) for Bfi2 was
calculated to be ~2.15 + 0.06 x 10° ml min*. This adsorption rate constant is lower than the rate
constant for phage Ps15 (Damnjanovi¢ et al., 2022) (Table 9). In comparison to Ps15, Bfi2 would
adsorb to host cells at a slower rate, with more time required for Bfi2 to bind an equal number of

host cells.

Similar rate constants have been observed for other phages against co-isolated pathogens
including E. coli and P. aeruginosa (Moldovan et al., 2007; Yu et al., 2015) (Table 9). The rate
constants (k) of E. coli lambda phages were found to range on the order of 102° to 10° ml min at
37°C when assayed in different growth media (Moldovan et al., 2007) (Table 9). Two P.
aeruginosa phages with interspecies and interorder infectivity, PX1 and PEf1, were found to have
rate constants lower than that observed for Bfi2 (Yu et al., 2015) (Table 9). In comparison to these
P. aeruginosa phages, Bfi2 has a higher adsorption rate constant and will adsorb to host cells at a

faster rate, at least under idealized conditions.
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Phage Host Strain Adsorption Rate Constant (k) (ml min!) Reference
Bfi2 S. maltophilia K279a 2.15 £0.06 x 10 | This Thesis
Psl15 S. maltophilia AP14S 9.13 x 108 | (Damnjanovi¢ et al., 2022)
X (cI857, sam7) E. coli K12 (Ymel) 9.6 x 1010-1.56 x 10 | (Moldovan et al., 2007)
PEf1 P aeruginosa PAO1 853 x 1010 (Yu et al., 2015)
PX1 P aeruginosa PAO1 3.63x 10710 (Yuet al.,, 2015)

Table 9: Adsorption Rate Constants (k) of Phages against S. maltophilia and Co-isolated Bacterial Pathogens.

Consideration of a phage’s adsorption efficiency and adsorption rate constant are important
for assessing therapeutic potential. Phage therapy applications necessitate that phages are able to
reach the target pathogen in sufficient numbers and that newly produced phages are able to travel
to all infected sites (Nilsson, 2019). Low adsorption efficiency and a slow adsorption rate may
negatively impact the ability of a phage to properly adsorb to bacteria in vivo and result in titers
significantly lower than expected (Nilsson, 2019). Moreover, the additional time required for
phages with poor adsorption to find and replicate within a host will prolong the release of new
virions, which may impact their success in therapeutic applications (Shao and Wang, 2008). Future

research is required to characterize the growth kinetics of Bfi2.

Future Directions

Treatment of S. maltophilia Biofilms
At the time of writing, no phage against S. maltophilia has been investigated for its ability

to remove biofilms. Phages have been shown to penetrate the biofilm matrices of pathogens such
as Enterococcus faecalis, Klebsiella pneumoniae, P. aeruginosa and S. aureus, due to their
production of extracellular polymeric substance (EPS)-degrading enzymes (Adnan et al., 2020;
Ferriol-Gonzélez and Domingo-Calap, 2020; Pei and Lamas-Samanamud, 2014; Verma et al.,

2010).



59

Recent in vitro research has demonstrated the ability of phages to eliminate biofilms of
closely related and co-isolated pathogens, particularly P. aeruginosa (Chang et al., 2019; Chegini
et al., 2020; Forti et al., 2018; Waters et al., 2017). In addition, in vivo experiments have
determined that phages can inhibit biofilm formation of P. aeruginosa and phage treatment of
preformed P. aeruginosa biofilms can significantly reduce biomass (Alemayehu et al., 2012;
Chang et al., 2019; Forti et al., 2018; Waters et al., 2017). Additional characterization of Bfi2
should focus on the phage’s ability to inhibit biofilm formation, as well as its ability to eliminate
preformed biofilms of S. maltophilia.

Combination Therapies

A natural progression of phage therapy may be the combination of phage with antibiotic
drugs. It has been shown that antibiotics may enhance the effectiveness of phages to clear infection
and in the removal of bacterial biofilms (Chegini et al., 2020; Davis et al., 2021; Lin et al., 2021;
Sharahi et al., 2019; Tkhilaishvili et al., 2019; Verma et al., 2010). In the case of P. aerguniosa,
the effect of phage application was synergistically enhanced when phages were combined with
antibiotics (Chang et al., 2019, Forti et al., 2018; Henriksen et al., 2019). In comparison to
individual phages, phage cocktails have shown efficacy in eliminating P. aeruginosa biofilms in

vitro and in vivo (Forti et al., 2018).

Phage administration may result in the development of bacterial resistance to phage
infection in the form of bacteriophage-insensitive mutants (BIMs) (Clokie et al., 2011; Ormala and
Jalasvuori, 2013). Phage cocktails, consisting of several phages with activity against a certain
bacterial species, could reduce the probability that the pathogen will develop resistance to
treatment. It is still unknown how the emergence of BIMs may impact the therapeutic outcome of

phage therapy and more research is required to determine the virulence of resistant phenotypes
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(Ormél& and Jalasvuori, 2013). Future research on Bfi2 should attempt to quantify the frequency
of BIMs and characterize the phenotypic variations that confer resistance to phage infection.
Host Cell Surface Receptors

To date, five S. maltophilia phages isolated from soil have had their receptors characterized
(McCutcheon et al., 2018, 2020; Peters et al., 2019, 2020). All five of these phages were found to
bind the type IV pilus as the bacterial cell surface receptor (McCutcheon et al., 2018, 2020; Peters
et al., 2019, 2020). As Bfi2 was isolated from soil, it may be possible that the phage binds to the
type IV pilus on the surface of S. maltophilia K279a cells. Yet, future research is required to
identify and characterize the host receptor used for Bfi2 infection.
In vivo Model Systems

As mentioned briefly, characterization of phages in vivo is necessary to ensure that their
administration does not elicit a host immune response or cause adverse side effects. The efficacy
and safety of phage administration must be demonstrated in animal models and in simulated
infection environments. At this time, only two S. maltophilia phages, DLP3 and Sm1, have been
subjected to in vivo experimentation (Peters et al., 2020; Zhang and Li, 2013). Phage Sm1 has been
the first and only S. maltophilia phage to be used in a murine model, where it provided protection
against S. maltophilia infection (Zhang and Li, 2013). The effects of Bfi2 administration should
be investigated in vivo.
Phage Receptor Engineering and Phage-Derived Enzymes

The moderate host range of Bfi2, and the resistance of some S. maltophilia strains to
infection, may limit its use in therapy. However, studies have attempted to circumvent the
development of phage resistance and have proposed techniques to manipulate host range through

engineering of phage receptor binding proteins (RBPs) (Lin et al., 2012; Yehl et al., 2019). Using
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site-directed mutagenesis, T3 E. coli phages were engineered as part of an expanded library with
high levels of diversity in phage tail fiber RBPs. It was also shown that resistance did not develop
against the engineered phages over an extended period of time (Yehl et al., 2019). A study by Lin
et al., 2012 showed that engineered T3 E. coli phages, that contained partial regions of a T7 phage
tail fiber genes, had expanded host range and higher adsorption efficiency compared to wild types.
These results warrant further investigation, and more research is needed to evaluate the practicality

of engineering phage RBPs.

Several other areas of phage biology could be exploited as alternative treatment strategies
for MDR pathogens. Phage-derived enzymes have been known to have lytic and cell wall-
degrading activity. Depolymerases and endolysins have important roles in the successful infection
and lysis of host bacteria by phage (Cahill and Young, 2019; Knecht et al., 2020; Loessner, 2005).
Studies have identified several phage-derived enzymes and have characterized their therapeutic
potential in vitro against S. maltophilia and P. aeruginosa (Briers et al., 2011; Chen et al., 2019;
Dongetal., 2015; Liuetal., 2013; Walmagh et al., 2013). As studies by Mi et al., 2019 and Schmitz
et al., 2010 have shown, the sequencing and annotation of bacterial genomes have identified

possible endolysins; this approach can be used with newly isolated S. maltophilia strains.

V1. Conclusion

In summary, Bfi2 was found to possess several desirable characteristics that suggest this phage
could be used in future therapeutic applications to control S. maltophilia. Although future research
is required, the lytic activity, moderate host range, and anti-biofilm activity of Bfi2 indicate that
the phage may be suitable for the treatment of some S. maltophilia infections. The in vitro stability

of Bfi2 in response to temperature and pH conditions similar to those found in vivo further suggests
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that this phage may be a likely candidate for use in phage therapy. Moreover, the relatively high
adsorption efficiency and fast adsorption rate constant (k) of Bfi2 under in vitro conditions warrant
additional research to determine the infection efficacy of the phage in vivo. Biological studies of
the interactions between Bfi2 and S. maltophilia are important as they will contribute to the
development of new antimicrobial strategies against infections caused by this MDR bacterial

pathogen.
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