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and were multi-drug resistant. However, there was no evidence of substantial genetic or phenotypic changes within isolates from their respective countries.
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Abstract

Pseudomonas aeruginosa causes both contact lens and non-contact lens-related keratitis
(corneal infection). This opportunistic bacterium naturally has the ability to resist the
mechanism of action of many antibiotics which are used for treatment. P. aeruginosa
resistance patterns and the mechanism of resistance in isolates from keratitis are not well
understood. This thesis described the phenotypic and genotypic patterns of antimicrobial
resistance and compared these between ocular isolates of P. aeruginosa from Australia
(contact lens) and India (non-contact lens). Changes in the antimicrobial susceptibility

between isolates over time were also analysed.

Susceptibility to antibiotics, multipurpose disinfecting solutions and disinfectants was analysed
for twenty-seven Australian isolates from contact lens-related keratitis and forty non-contact
lens-related isolated from India. The whole genomes of fourteen Australian (historical and
recent) and twelve Indian isolates were sequenced using lllumina® MiSeq®. Computational
analysis of the genomes was performed to analyse their core and pan genomes and these
were examined for the presence of acquired resistance genes, virulence genes, gene

mutations, and these compared to their phenotypic resistance to antibiotics.

Indian isolates possessed large pan genomes with more acquired resistance (30) genes and
larger numbers of genetic variations. The Indian isolates contained clones of three sequence
types ST308, ST316 and ST491, whereas Australian isolates contained only one sequence
type ST233. Isolates with larger gene variations had mutations in the DNA mismatch repair

system. Most multi-drug resistant Indian (non-contact lens) isolates were exoU +.

Indian isolates had large accessory genes compared to Australian isolates and this increased
the pan genome size of the Indian isolates. The number of core genome mutations were larger
in the Indian isolates a median of 50006 (IQR=26967-50600) compared to Australian isolates

a median of 26317 (IQR=25681-33780).



There were differences between isolates from Australia and India with respect to their
antibiotic resistance and associated genes. Indian strains had more genetic diversity and were
multi-drug resistant. However, there was no evidence of substantial genetic or phenotypic

changes within isolates from their respective countries.
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Thesis structure

This thesis is presented in a series of seven chapters including three publications and one
manuscript under review. There is a possibility of repetition in the methods of these chapters
however, each chapter has been written as a stand-alone separate publication. The results
are presented in this thesis from chapter 2-6. Chapter 2 is a combination of a published article
with additional unpublished data. Chapter 3 contains unpublished data but chapter 4, 5, 6 are

all published or under review.

CHAPTER 1 summarises the introduction and literature background consisting of resistance
mechanisms of P. aeruginosa and its reported resistance in keratitis from different regions. It
also explains the genomic diversity of this bacterium in terms of resistance and pathogenesis

in the eye infections particularly.

CHAPTER 2 presents the comparative susceptibility of ocular P. aeruginosa isolates from
contact lens related infection from Australia. The first half of the chapter is comprised of a
published article which included the antibiotic susceptibilities of historical isolates collected in
2001-2006. The second half included the recent contact lens related isolates from Australia
collected in 2018-2019 which were compared for the antibiotic susceptibilities to the historical

isolates to analyse the differences over time.

CHAPTER 3 compared the antibiotic susceptibilities of isolates from Australia (contact lens
related isolates) India (non-contact lens related isolates). The comparison was conducted to
analyse the phenotypic differences in the antibiotic susceptibilities in two distinct regions with

different antibiotic prescribing regulations.

CHAPTER 4 investigated the genomic differences in the ocular clones of sequence type 308

of P. aeruginosa over time. The ST308 isolates of P. aeruginosa of this study were compared

XV



to the clones of previously published study. The isolates were compared because they shared

sequence type 308 isolated from same place in India but twenty years later.

CHAPTER 5 presents the acquired resistance of fluoroquinolones. Fluoroquinolones are
considered as first drug of choice for keratitis treatment and usually the reported resistance is
due to mutations in the chromosomal genes. However, novel fluoroquinolone resistance

genes were found in ocular P. aeruginosa isolates.

CHAPTER 6 presents the comparison of genomic resistance characteristics of ocular P.
aeruginosa isolates from Australia and India. The whole genomes of the isolates were
evaluated from both regions. Isolates were compared for acquired resistance genes, single
nucleotide polymorphism, mutations in the DNA mismatch repair system genes, core genome

and pangenome.

CHAPTER 7 discussed and summarized the findings from Chapters 2-6 and suggested future

directions.
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Chapter 1

1 Introduction and literature review

1.1 Infections caused by Pseudomonas aeruginosa

P. aeruginosa is a cause of both community-acquired and hospital-acquired (nosocomial)
infections. Corneal infections (or microbial keratitis, mostly due to contact lens use), otitis
externa (commonly found in immunocompromise such as diabetes mellitus) and infections of
skin and soft tissues (for example patients with diabetic foot infections) are examples of
community-acquired infections. Hospitalized patients may be colonized with P.
aeruginosa more easily because these bacteria are isolated from many places within hospitals
(Bodey et al., 1983, Jones et al., 2002, Jackson et al., 1951, Bennett, 1974). According to a
Centre for Disease Control and Prevention, P. aeruginosa is liable for 8% of nosocomial
infections and usually these are caused by carbapenem resistant multidrug resistant isolates
(2%) (Sievert et al., 2013). However, in intensive care units the percentage of P. aeruginosa
infections varies between 13.2 and 22.6% (Erbay et al., 2003, Lizioli et al.,, 2003). P.
aeruginosa infections commonly acquired during a hospital stay include surgical site infection,
bloodstream infection, pneumonias, urinary tract infection, and skin infection in burn wounds.
Chronic sinopulmonary colonization and repeated lung infections from P. aeruginosa are seen
in patients with cystic fibrosis (Rello et al., 2002, Kollef et al.,, 2005). Patients with
immunodeficiencies, for example infection with human immune deficiency virus and cases of
organ transplants (heart, lung, bone-marrow etc.), are more prone to develop P. aeruginosa

infections resulting in septicaemia and bacteraemia (Lee et al., 2006, Vidal et al., 1999).
1.2 Microbial keratitis

The ocular surface (cornea, conjunctiva and tear film) protects the internal parts of the eye
from entry and invasion by microorganisms. Infection of the cornea, called microbial keratitis,
can be caused by microorganisms including bacteria, fungi, viruses and parasites. Bacteria

are considered the major cause of microbial keratitis worldwide (Bharathi et al., 2009, Pens et
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al., 2008, Verani et al., 2009, Green et al., 2008) accounting for 60-70% of infections. Bacterial
keratitis is associated with predisposing factors (Musch et al., 1983) such as prior surgery,
corneal scars, epithelial defects, corneal oedema, dry eye, glaucoma, lagophthalmos,
blepharitis and contact lens wear (Gopinathan et al., 2009, Dart et al., 1991) and can result in
loss of vision, even blindness (McLeod et al., 1995, Keay et al., 2006b). Keratitis leads to

corneal transplantation in 20% of patients (Hoddenbach et al., 2014).

Contact lenses have been used for decades for refractive, cosmetic and therapeutic purposes.
However, there are complications associated with contact lens use. Corneal infection is rare
but is the most severe complication of contact lens wear, occurring in around 4 per 10000
wearers per year (Cheng et al., 1999, Poggio et al., 1989, Stapleton et al., 2008a) and can
cause visual loss in 10-15% cases (Cheng et al., 1999, Stapleton et al., 2008b, Choy et al.,
2008). The estimated annual incidence of MK per 10,000 CL wearers, ranges between 1.2,
for daily wear rigid gas permeable (RGP) lenses and 25.4 for extended wear of silicon hydrogel
lenses (Stapleton et al., 2008a). Contact lens wear is a major cause of keratitis in developed
countries (Fleiszig, 2006, Liesegang, 1997, Stapleton, 2020). According to recently published
statistics by Centre for Disease Control and Prevention, 45 million people in the USA are
contact lens wearers. As one, now fairly old, estimate suggests there are 140 million contact
lens wearers in the world, (Nichols et al., 2013), which results in significant numbers of wearers
with disease and vision loss (Stapleton et al., 2008b). While the incidence is unchanged, the
number cases of contact lens-related keratitis has increased due to the elevated use of

cosmetic lenses (Hedayati et al., 2015).

1.2.1 Signs and symptoms of microbial keratitis

The clinical diagnosis of microbial keratitis depends on the patient history, risk factors and the
morphological features of the corneal lesion (Saini et al., 2003). Initial symptoms include
discomfort and foreign body sensation and progressive pain is considered a hallmark of

disease (Keay et al., 2009). In contact lens related microbial keratitis, the pain is progressive
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following lens removal (Keay et al., 2009). During acute disease, photophobia and lid swelling

are common (Keay et al., 2009).

Generally corneal infection presents with a corneal infiltrate and overlying epithelial defect.
Eye care practitioners use clinical clues to recognize ocular surface infections (Rietveld et al.,
2004), but some differential signs may help to predict whether the infection is bacteria, fungal,
viral or amoebic (Theodore et al., 1985, Thomas et al., 2005). For example, keratitis caused
by Pseudomonas sp. and Acanthamoeba sp. can appear to be similar upon initial presentation,

which limits diagnosis (Dahlgren et al., 2007).

More severe microbial keratitis is associated with vision loss, prolonged disease duration and
high cost to treat (Dart et al., 2008, Stapleton et al., 2008b, Keay et al., 2008). Somewhat
counterintuitively, one study has shown a longer disease duration in culture negative cases
compared to culture positive cases, however surgical intervention is more common in culture

positive cases (Bhadange et al., 2015).

Laboratory diagnosis for microbial keratitis is recommended (Jones, 1981) but this does
increase the time and cost to diagnosis (McDonnell, 1996). As it is critical to start antimicrobial
treatment as soon as possible (Keay et al., 2006a), initial therapy is almost always empirical
(Norina et al., 2008, Dart et al., 2008, Stapleton et al., 2008a). Viable culture may be used to
confirm the causative organism however, 50% of cases are culture negative (Bhadange et al.,

2015). Misdiagnosis can result in longer use of topical medications (Bhadange et al., 2015).

1.2.2 Risk factors for contact lens related microbial keratitis

Often the failure to follow hygiene and compliance instructions has been hypothesised as
underlying contact lens complications (Abdelkader, 2014). Risk factors for keratitis include
overnight wear of soft contact lenses (Stapleton et al., 2008a, Cheng et al., 1999, Dart et al.,
2008), improper contact lens handling including hygiene practices and replacement frequency
of storage cases (Lim et al., 2016, Keay et al., 2007, Stapleton et al., 2012). Other risk factors
include poor compliance with contact lens disinfection and cleaning of accessories (Panthi et

3
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al., 2014, Stapleton et al., 2008b), smoking, higher socioeconomic class and purchase of the
contact lenses through the internet (Stapleton et al., 2008a). Use of disinfecting solution for
longer times then recommended by the manufacturers, cosmetic contact lens wear, and the
use of certain contact lens multipurpose disinfection solutions are also important risk factors

(Sauer et al., 2016, Sharma et al., 2003, Lim et al., 2016).

The risk factor responsible for non-CL related microbial keratitis in a working age population
is mostly ocular trauma (Sethi et al., 2010, Keay et al., 2006a). Ocular trauma includes ocular
injury (when eye is scratched), surgery or trauma from vegetation or associated with
contaminated water (Chidambaram et al., 2018). Non-CL related microbial keratitis with
contaminated water is more common in developing countries (Srinivasan et al., 1997, Ung et

al., 2019).

1.2.3 Pseudomonas aeruginosa keratitis

Pseudomonas aeruginosa is the most commonly isolated bacterium from microbial keratitis
associated with contact lens wear, (Sharma et al., 2013, Dart et al., 1991, Galentine et al.,
1984, Schein et al., 1989, Green et al., 2008, Fong et al., 2007) accounting for 60—-70% of
culture-proven cases (Cheng et al., 1999, Dart et al., 1991, Stapleton et al., 2007). This may
be because it adheres well to contact lenses (Dutta et al., 2012) and lens cases, and can
develop a biofilm,(Szczotka-Flynn et al., 2009, McLaughlin et al., 1998) which makes it is less
susceptible to most disinfecting regimens (Vijay et al., 2015, McLaughlin et al., 1998,
Szczotka-Flynn et al., 2009). Contamination of contact lens accessories and disinfecting
solutions has been implicated in Pseudomonas aeruginosa keratitis (Boost and Cho, 2005,
Mayo et al., 1987). P. aeruginosa also causes non-contact lens-related microbial keratitis, but

at a lower rate of 2-7% of cases per year (Hooi and Hooi, 2005, Green et al., 2008).

1.2.4 Prevention of Microbial keratitis
Approaches to help reduce the incidence of microbial keratitis include limiting contact lens

contamination and ocular trauma in CL-related and non-CL related keratitis respectively.
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Different multipurpose disinfecting solutions (MPDS) are used to disinfect daily wear contact
lenses. Multipurpose disinfecting solutions are formulated to contain combinations of various
disinfectants to prevent growth of bacteria, including P. aeruginosa, and fungi. The
International Organization for Standardization (ISO) has established requirements and
methods for testing the efficacy of lens care products (ISO, 2014) (Rosenthal et al., 2002).
However, the efficacy of MPDS against P. aeruginosa can vary based on the formulation of
MPDS (Laxmi Narayana et al., 2018). The efficacy of MPDS can be reduced due to structural
or defensive mechanisms in bacteria such as formation of biofilms (Szczotka-Flynn et al.,
2009). There are reports that bacteria can become resistant to the disinfectants used in MPDS

(Russell, 1999, Abjani et al., 2017).

1.2.5 Management of P. aeruginosa keratitis

1.25.1 Treatment and diagnostics

Corneal infection is secondary only to cataract as a leading cause of ocular morbidity and
blindness worldwide (WHO, 1973)
https://www.who.int/blindness/causes/priority/en/index8.html.  Effective  therapy, using
appropriate antimicrobials, and timely identification of the causative agent is necessary for the

proper treatment of keratitis (McLeod et al., 1995).

Intensive topical antibiotic therapy is commenced immediately after diagnosis. The frequency
of drops is reduced with the improvement in clinical response (Upadhyay et al., 2015, Gokhale,
2008) but usually does not reduce to below four times per day. Ciprofloxacin monotherapy is
often the first choice of treatment (Gokhale, 2008) for mild keratitis (McAllum et al., 2003,
Green et al.,, 2019, Daniell, 2003). For severe keratitis cases, ciprofloxacin or ofloxacin
monotherapy may not be effective, and other options may be prescribed including later
generation fluoroquinolones or combination fortified therapy (McAllum et al., 2003, Amer Awan

et al., 2010), such as 5% cefazolin and 1.4% tobramycin or gentamicin (Gokhale, 2008).
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However, there are increasing reports on the emergence of fluoroquinolone resistance from
various regions in the world (Alexandrakis et al., 2000, Garg et al., 1999, Subedi et al., 2018b).
The use of inappropriate antibiotics, variations in clinical practice and availability of antibiotics
in different countries are some of the possible reasons behind elevated resistance to antibiotic
(Ventola, 2015). The variation in the antibiotic susceptibility P. aeruginosa keratitis isolates in
different countries (Zhang et al., 2008, Oldenburg et al., 2013, Garg et al., 1999, Kowalski et
al., 2003, Green et al., 2019, Kowalski et al., 2001) might be due to the possession and
acquisition of multiple resistance mechanisms by this bacterium (Poole, 2001, Livermore,
2002). The development of multi-drug resistant P. aeruginosa in the eye can be devastating,
as this may result in more cases of vision loss due to scaring or perforation (Egrilmez and

Yildirim-Theveny, 2020).

1.3 Antimicrobial resistance

Antimicrobial resistance (AMR) is now the biggest barrier to successful treatment of many
infections. The main causes behind AMR are the excessive use of antibiotics in animals and
humans, sale of antibiotics over the counter, poor hygiene and release of nonmetabolized
antibiotics or their residues through waste/manure (Aslam et al., 2018). A rising concern is the
predicted increased usage of antibiotics in food animals up to 67% by 2030 (Van Boeckel et
al., 2015). Antibiotic resistance has been described as a global health crisis (Ventola, 2015).
According to the Centre for Disease Control and Prevention in the United States, at least 2.8
million people develop an antibiotic resistant infection and more than 35,000 people die each
year. It is estimated that by 2050 about 444 million people will be infected with AMR bacteria
(Aslam et al., 2018). The World Health Organisation has listed resistance development by
several microbes as a major global health problem (WHO, 2017). Microbes of concern include
the ESKAPE pathogens, which consist of Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and

Enterococcus species (Rice, 2008).
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1.3.1 Resistance in ocular P. aeruginosa strains

P. aeruginosa keratitis caused by antibiotic resistant isolates has been reported from different
countries (Table 1-1). Overall, P. aeruginosa susceptibility to either ciprofloxacin or
moxifloxacin is around 80% from included studies (Kaliamurthy et al., 2013, Oldenburg et al.,
2013, Lichtinger et al., 2012). However, resistance in South Asian countries (Vazirani et al.,
2015, Fernandes et al., 2016a, Subedi et al., 2018b) is rising. Resistance to ciprofloxacin (100%
of strains in one study) was highest in India (Garg et al., 1999). A recent study from India found
that some ocular P. aeruginosa isolates were resistant to all classes of antibiotics including,

fluoroquinolones, aminoglycosides, beta-lactams and polymyxin B (Subedi et al., 2018b).



Table 1-1 Resistance mechanisms of ocular P. aeruginosa strains.
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Resistance phenotype
(frequency)

Region

Resistance
genotype

Reference

Chloramphenicol (100%)

Singapore

Not provided

(Tan et al., 1995)

Ciprofloxacin (100%)
Cefazolin (100%)
Chloramphenicol (90%)
Norfloxacin (72%) Gentamicin
(63%) Amikacin (10 %)

India

Not provided

(Garg et al., 1999)

Ciprofloxacin (15%)

India

Not provided

(Kunimoto et al., 1999)

Ciprofloxacin & Ofloxacin (2
%) Gentamicin & Tobramycin
(0.6%)

South Florida

Not provided

(Alexandrakis et al.,
2000)

Ciprofloxacin (3.3%)

India, United
Kingdom

GyrA, par C

(Lomholt and Kilian,
2003)

Ciprofloxacin (23%)
Amikacin (6%)
Ofloxacin (16%) Norfloxacin
(15%) Neomycin (23%)
Gentamicin (7%) Tobramycin
(5%) Chloramphenicol
(53%)

South America

Not provided

(Chalita et al., 2004)

Gatifloxacin (13.2%)
Ciprofloxacin (10.5%)
Ofloxacin (13.2%)  Fusidic
acid (100%) Gentamicin
(10.5%) Chloramphenicol
(100%)

Europe

Not provided

(Morrissey et al., 2004)

Ciprofloxacin (9%) Ofloxacin
(836%)  Amikacin (24%)
Gentamicin (30%)
Tobramycin (25%)

India

Not provided

(Smitha et al., 2005)

Ceftazidime (4%) Gentamicin
(2 %) Ciprofloxacin (4%)

USA

Not provided

(Yeh et al., 2006)

Fluoroquinolones (11%)

Australia, India

Not provided

(Choy et al., 2008)

Ciprofloxacin (7%) Ofloxacin
(7%) Levofloxacin (3%)
Tobramycin (10%)

China

Not provided

(zZhang et al., 2008)
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Resistance phenotype

Resistance

Ceftazidime (8%)
Amikacin (2%)
Gentamicin (9%) Tobramycin
(5%)

Region Reference
(frequency) genotype
Chloramphenicol (>50%) United Kingdom Not provided (Shalchi et al., 2011)
Moxifloxacin (35%) South India Not provided (Oldeg%lir??) etal,
Ciprofloxacin (29%)
Gatifloxacin (7%)
Ofloxacin (9%)
I 0,
Cefotaxime (12%) India Not provided (Borkar et al., 2014)

Neomycin (44%)
Sulfasoxazole (94%)
Tobramycin (6%) Gentamicin
(6%) Moxifloxacin (3%)
Ciprofloxacin (2 %)
Ceftazidime (2 %) Polymyxin
(2 %)

San Francisco

Not provided

(Peng et al., 2018)

Ciprofloxacin (61%)

moxifloxacin (53%)

Levofloxacin (46%)
Gentamicin (53%) Imipenem

(69%) Polymyxin (30%)
Cefepime (38%) Ceftazidime
(76%) Ticarcillin (92%)
Aztreonam (23%)

India

Multiple acquired
genes reported
including
blaOXA-50,
blaPAO, aph(3’)-
1Ib, aph(3”)-Ilb,
aph(6)-Id

(Subedi et al., 2018b)

Chloramphenicol (>50%)
Moxifloxacin (>80%)

United Kingdom

Not provided

(Lee et al., 2019)

1.3.2 Resistance mechanisms in Pseudomonas aeruginosa

After the discovery of the first antibiotic, it was assumed that the mortality and morbidity
associated with infections would have resolved. However, it quickly became apparent that
some microbes were resistant to antibiotics. Resistance mechanisms appeared to be
inherently present in Pseudomonas aeruginosa which is naturally resistant to beta-lactams
(including cephalothin and ampicillin) due to the possession of an inducible AmpC beta-

lactamase (Livermore, 2002).
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P. aeruginosa, along with S. maltophilia and Burkholderia spp. are becoming more clinically
important because of their high-level multi-drug resistance (Poole, 2001). P. aeruginosa has
become notoriously difficult to treat with antibiotics and disinfectants because of its innate
resistance mechanisms and its ability to acquire new resistance mechanisms (Hancock, 1998).
Its intrinsic resistance mechanisms include low cell wall permeability and active efflux pumps
and production of antibiotic inactivating enzymes (Lambert, 2002). P. aeruginosa can also
acquire resistance via several mechanisms such as gene mutation and horizontal gene
transfer (Breidenstein et al., 2011). This bacterium uses different mechanisms to resist each
antibiotic. However, it confers resistance to an individual antibiotic via multiple mechanisms.
For example, penetration of the cell by fluoroquinolones can be blocked. Additionally, targets

can also be modified to avoid the action of fluoroquinolones.

Traditional resistance mechanisms of P. aeruginosa, intrinsic, acquired and adaptive
resistance are shown in Figure 1-1. Other than these more traditional resistance mechanisms
of P. aeruginosa, this bacterium can develop phenotypic resistance by forming biofilms. The
lungs of cystic fibrosis patients become rapidly colonised by P. aeruginosa which form large
biofilms (Moreau-Marquis et al., 2008). These biofilms can make even sensitive strains of P.
aeruginosa 1000 times resistant to antibiotics (Rasmussen and Givskov, 2006). Also, bacterial
cells in biofilms are able to transfer resistant genes, so exacerbating the transmission of
resistance (Rasmussen and Givskov, 2006, Stalder and Top, 2016). Resistance mechanisms

for different classes of antibiotics in P .aeruginosa are discussed in the sections below.

10
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Efflux pump Blocked penetration
« fluoroquinolones * B-lactams

* aminoglycosides « tetracyclines

« tetracyclines \ / « fluoroquinolones

* B-lactams

» macrolides

Target modification
« fluoroquinolones

Inactivation of enzymes * rifamycins

* B-lactams « vancomycin

« aminoglycosides * B-lactams

» macrolides » macrolides

* rifamycins « aminoglycosides

Figure 1-1 Antibiotic resistance mechanisms of Pseudomonas aeruginosa.

The figure is reproduced from https://courses.lumenlearning.com/microbiology/chapter/drug-resistance/
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1.3.3 Intrinsic resistance

Intrinsic resistance refers to mechanisms which are present in the average strain of a given
species irrespective of prior antibiotic exposure or the growth conditions. The outer membrane
of gram-negative bacteria acts as a semipermeable barrier to various antibiotics and other
molecules as it allows the entry into cells of small hydrophilic molecules and excludes larger
molecules (Nikaido and Hancock, 1986). For example, quinolones which are hydrophilic
molecules have restricted entry into cells through water-filled porins in the outer-membrane.
Intrinsic resistance is often due to outer membrane permeability or possession of efflux pumps
(Hancock, 1998), and these can work together to increase resistance. Indeed, the major
mechanism for intrinsic resistance is believed to be a reduction in outer membrane
permeability which results in slow penetration of antibiotic into cells (Hancock, 1998). In cases
where efflux is not involved in resistance, for example with beta-lactams, production of
antibiotic-modifying enzymes, such as beta-lactamases, can also confer intrinsic resistance

(Hancock and Bell, 1988).

1.3.3.1 Outer membrane permeability

Membrane barriers that regulate permeability are involved in intrinsic resistance (Livermore,
1984). Almost all gram-negative bacteria possess these cell membrane resistance
mechanisms, but P. aeruginosa appears to have a very high level of intrinsic resistance as it
has ~12-100-fold less cell membrane permeability than Escherichia coli (Nikaido and
Hancock, 1986). The possession of outer membrane proteins in P. aeruginosa called porins
is a major resistance mechanism (Fernandez and Hancock, 2012). P. aeruginosa produces
several different types of porins with OprF being the major porin present in all strains
(Brinkman et al., 2000). Different types of P. aeruginosa porins are listed in Table 1-2. Porins

can combine with other membrane proteins to form efflux pumps.

Intrinsic antimicrobial resistance owes much to the presence of efflux systems in P. aeruginosa
(Poole, 2001). Efflux pumps can mediate resistance to multiple antibiotics (Nikaido, 1998).

Often, intrinsic resistance in P. aeruginosa involves antimicrobial efflux systems that use the

12
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three proteins, MexA, MexB and OprM (Poole et al., 1993). Mutations in these proteins can
lead to increased susceptibility to quinolones, beta-lactams (excluding imipenem),
tetracyclines and chloramphenicol (Poole et al.,, 1996a, Poole et al., 1996b, Bianco et al.,
1997). These efflux pumps are regulated and expressed by specific genes (Poole, 2001) and

are therapeutic targets for Pseudomonas infections (Poole, 2001).

1.3.3.1.1 MexAB-OprM

The possession of these porin proteins results in intrinsic resistance to fluoroquinolones, beta-
lactams, tetracycline, macrolides, chloramphenicol, novobiocin, trimethoprim and
sulphonamides (Poole, 2001). Beta-lactams are poor substrates for MexAB-oprM and its
expression is usually only related to resistance to meropenems (Li et al., 1994). The oprM
gene is highly conserved in P. aeruginosa and contributes to antimicrobial resistance in most
strains (Poole et al., 1996b, Bianco et al., 1997). Possession of MexAB-OprM may also be
important for the resistance of biofilm-grown P. aeruginosa to certain antimicrobials (Brooun
et al., 2000). A repressor protein MexR negatively regulates the expression of mexAB-oprM.
Additionally, MexR also negatively autoregulates the mexR (nalC) regulatory gene (Srikumar
et al., 2000) which in turn controls the expression of nalB. Mutations in the nalB result in
resistance to fluoroquinolones, tetracycline and chloramphenicol (Jalal et al., 1999, Jalal and

Wretlind, 1998, Alonso et al., 1999).

1.3.3.1.2 MexCD-OprJ

MexCD-OprJ was initially detected as a determinant of fluroquinolone resistance (Poole et al.,
19964, Hirai et al., 1987). However, it also mediates resistance to other antimicrobial agents
including macrolides, chloramphenicol, novobiocin, tetracycline, trimethoprim and some beta-
lactams (Srikumar et al., 1997, Kohler et al., 1996). Initially, MexCD-OprJ was believed to be
involved in resistance to only 4" generation beta-lactams such as cefpirome and cefepime but

later its ability to accommodate other beta-lactams such as cefoperazone and ceftazidime has

13
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been proven (Srikumar et al., 1997). MexCD-OprJ works in a similar may to MexAB-OprM to
expel antibiotics, but unlike MexAB-oprM it can be used to export beta-lactams such as
carbenicillin and aztreonam (Srikumar et al., 1997). The expression of this efflux system is

regulated by mutations in nfxB (Masuda et al., 1995).

1.3.3.1.3 MexEF-OprN

MexEF-OprN is usually dormant in wild type strains of P. aeruginosa (Kohler et al., 1997).
However, after mutations in nfxC, it becomes active (Masuda et al., 1995, Kohler et al., 1997).
Generally, in nfxC mutants where MexEF-OprN is expressed, strains are resistant to
fluoroquinolones, chloramphenicol, and trimethoprim. OprN can be repressed by various

substances such as salicylate which results in resistance to imipenem (Ochs et al., 1999).

1.33.14 MexXY-OprM

MexXY lacks a specifically linked outer membrane protein but utilizes OprM (Mine et al., 1999),
especially in strains lacking MexAB. In P. aeruginosa, expression of MexXY-OprM produces
resistance to aminoglycosides, tetracyclines, erythromycin (Aires et al., 1999, Li and Poole,
2001) and fluoroquinolones (Mine et al., 1999, Aires et al., 1999). Elimination of the regulatory
gene mexY leads to susceptibility of MexXY-OprM isolates to aminoglycosides and
fluoroquinolones (Masuda et al., 2000). An additional gene mexZ (also known as amrR)
represses the expression of mexXY and deletion of this gene enhances mexXY transcription

in P. aeruginosa strains (Aires et al., 1999).

1.3.3.15 OprD

Resistance to imipenem is often due to a decrease of the outer membrane protein OprD. OprD
is a specialized porin which has a specific role in the uptake of positively charged amino acids
such as lysine. Loss of OprD is frequently associated with resistance to imipenem, which

requires this porin to cross the outer membrane (Quale et al., 2006). Interestingly, unlike for
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imipenem, resistance to meropenem is not affected by loss of oprD, indicating that these
carbapenems cross the outer membrane by different channels (Lynch et al., 1987). MexT

decreases the transcription of oprD (Kdhler et al., 1999).
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Table 1-2 Efflux pumps in Pseudomonas aeruginosa involved in antibiotics resistance.

Efflux components Regulatory Target antibiotics References
genes
MFP RND Porin (OEP)
Fluoroquinolones, beta-lactams, chloramphenicol, (Poole et al., 1993,
tetracycline, novobiocin, trimethoprim, sulphonamides, Li et al., 1995)
MexA MexB OprM mexR macrolides
Fluoroquinolones, beta-lactams, chloramphenicol, (Poole et al.,
tetracycline, novobiocin, trimethoprim, macrolides, 1996a)
MexC MexD Oprd nfxB
Fluoroquinolones, trimethoprim, chloramphenicol (Kohler et al.,
1997)
MexE MexF OprN mexT
Fluoroquinolones, aminoglycoside, tetracyclines, (Mine et al., 1999,
erythromycin Aires et al., 1999)
MexX MexY OprM mexZ

MFP= membrane fusion protein, RND= resistance nodulation-division, OEP=outer efflux protein.
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1.3.4 Acquired antibiotic resistance

The mechanisms of acquired resistance to various antibiotics are listed in Table 1-3. In
addition to intrinsic resistance, P. aeruginosa can also become resistant to antibiotics through
acquired resistance. Acquired resistance is comprised of two types: mutations of genes and

horizontal gene transfer.

1.34.1 Mutational resistance

Spontaneous mutations in genes can lead to resistance to antibiotics. The mutation frequency
varies between different genes that mediate resistance to different antibiotics (Breidenstein et
al., 2011). Various conditions can enhance mutations, such as growth in the presence of a
DNA-damaging agents (Tanimoto et al., 2008) or even growth as biofilms (Driffield et al., 2008).
Mutational frequencies differ between strains of P. aeruginosa with some becoming
hypermutators that have the ability to mutate large number of genes and so acquire resistance
to multiple antibiotics (Macia et al., 2005). Similarly, hypermutations in the regulatory genes of
various efflux pumps in P. aeruginosa also leads to resistance to several antibiotics. 36% of
128 P. aeruginosa strains isolated from the lungs of 30 cystic fibrosis patient were
hypermutated because of mutations in mutL and mutS regulating MutS and MutL respectively

in the DNA mismatch repair system (Oliver et al., 2000).

An important resistance mechanism is mutations in genes encoding mexR and nfxB, the
regulators of the efflux pumps MexAB—-OprM and MexCD-OprJ respectively (Stickland et al.,
2010). These mutations often confer resistance to multiple antibiotics. Mutations in OprD can
reduce the uptake of imipenem and therefore lead to resistance (Ochs et al., 1999). Similarly,
mutations in the targets of antibiotics can also lead to resistance. For example, mutations
in gyrA and gyrB (DNA gyrases) as well as parC and parE (topoisomerase 1V) can reduce
fluoroquinolone binding affinity, which leads to resistance (Dunham et al., 2010). Mutations to
penicillin binding proteins are associated with P. aeruginosa resistance to beta-lactams
(Srikumar et al., 1999). Beta-lactamases, enzymes that can destroy beta-lactam antibiotics,

are regulated by chromosomal genes inherent in P. aeruginosa. When these chromosomal
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genes are mutated or over-expressed, the enzymes are over-expressed which leads to rapid

modification of the antibiotics (Giwercman et al., 1990).

Table 1-3. Mechanisms of action and resistance to antibiotics commonly used for treatment of P.
aeruginosa infections.

Mechanism
Class Antibiotics of action Resistance mechanisms
Ticarcillin De-repression of chromosomal beta-
Carbenicillin Cell Wa_II lactamase. Overgxpressmn of the
. synthesis MexAB-OprM multi-drug efflux pump
Penicillin Tazobactam inhibition due to a NalB mutation. Specific
plasmid-mediated beta-lactamases.
Piperacillin De-repression of chromosomal beta-
Ceftazidime lactamase. Overgxpressmn of the
Cell wall MexAB-OprM multl-_drug efflux pump
Cefoperazone synthesis due to a NalB mutation. For the fourth
Cephalosporin Cefepime inhibition generatipn cephalosporins c_:efepime
and cefpirome, overexpression of the
Cefpirome MexCD-OprJ multi-drug efflux pump
due to an NfxB mutation.
Gentamicin Overexpression of the MexXY efflux
_ _ Tobramycin Protein pump in imper_meability type resistance
Aminoglycosides synthesis | due to a mutation in the regulatory gene
Amikacin inhibition MexZ. Plasmid-mediated production of
modifying enzymes.
Target site mutations in the GyrA (or
DNA sometimes the GyrB) topoisomerase
Fluoroquinolone | Ciprofloxacin synthesis subunit; Overexpression of multi-drug
inhibition efflux pumps due to NalB, NfxB or NfxC
mutations.
Cell
Polymyxin Polymyxin B membrar_we Outer membrane LPS changes_due to
synthesis PhoP/PhoQ regulatory mutations.
inhibition
Imipenem Loss of specific outer membrane porin
channel, OprD; Reduction in levels of
Cell wall OprD due to a Nf_xC mutati_on that also
Carbapenem synthesis upregulates multi-drug resistance due
Meropenem inhibition to MexEF-QprN; For meropenem
overexpression of the MexAB-OprM
multi-drug efflux pump due to a NalB
mutation.

DNA= deoxyribose nucleic acid, LPS= lipopolysaccharide
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1.3.4.2 Horizontally acquired resistance

Horizontally acquired resistance occurs by the transfer of genes across strains and species
and is a key source of genetic diversity in bacterial populations, resulting in adaptation and
evolution. This transfer is commonly mediated by mobile genetic elements (MGEs) which
include plasmids, transposons, integrons, prophages and resistance islands. These MGEs
can harbour resistance genes and can be acquired and transferred via conjugation,
transformation or transduction (Breidenstein et al., 2011). Conjugation is a process
that transfers DNA through direct physical contact between donor and recipient cells (Arber,
2014). Transduction is the transfer of DNA from one bacterium to another that is mediated
by infection with bacteriophages. During transformation, bacteria take up free fragments of

DNA and incorporate it into their own genome (Pang et al., 2019, Arber, 2014).
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Figure 1-2 Mechanisms of horizontal gene transfer in P. aeruginosa.
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(Recreated from Pang Z, Raudonis R, Glick BR, Lin TJ, Cheng Z. Antibiotic resistance in
Pseudomonas aeruginosa: mechanisms and alternative therapeutic strategies. Biotechnol
Adv. 2019;37(1):177-192. doi:10.1016/j.biotechadv.2018.11.013).

The transfer of genes on plasmids can increase antibiotic resistance and confer resistance to
multiple antibiotics, as plasmids often harbour multiple gene cassettes, some of which contain
resistance genes (Rozwandowicz et al., 2018). Multiple plasmids can be acquired by bacteria
and plasmids can interact with other mobile genetic elements, causing persistence in the host
(Dionisio et al., 2019). Horizontal transfer of resistance genes via integrons occurs by insertion
of mobile gene cassettes into specific genetic sites via site-specific recombination. Integrons
play a critical role in dissemination of antibiotic resistance among P. aeruginosa strains
(Rowe-Magnus and Mazel, 2002). Different types of acquired resistance genes of P.

aeruginosa are listed in Table 1-4.

1.3.5 Mobile genetic elements

Ten percent of the P. aeruginosa genome is defined as a flexible genome which can be
composed of genomic islands (GIs). Integrons, plasmids, transposons, insertion sequences
and bacteriophages are also a part of the flexible genome in P. aeruginosa and are referred
to as mobile genetic elements (MGEs) (Hacker and Carniel, 2001), (Partridge et al., 2018).
MGEs promote intracellular DNA mobility which support the acquisition and dissemination of
resistance genes (Kung et al., 2010a). Transposons and insertion sequences are detached
DNA segments which can move freely to different locations of a cell’'s DNA (Al-Nayyef et al.,
2015). Integrons carry genes to specific sites, plasmids are involved in exchange genes by
conjugation, and bacteriophages can add additional gene by transduction. Additionally,
extracellular DNA segments can also be up taken by the bacterial genomes directly. All these
interactions of MGEs underpin the process of evolution and aiding the development of multi-

drug resistant strains (Partridge et al., 2018).

In P. aeruginosa, one or more MGEs can be involved in the resistance of P. aeruginosa

isolated from different infections (Labuschagne et al., 2008, Boonkerd et al., 2009, Subedi et
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al., 2018c). Integrons in P. aeruginosa obtain gene cassettes and convert them into functional
genes by site specific recombination. Usually, integrons carry multiple resistance genes
(Belotti et al., 2015, Subedi et al., 2018c). There are three main classes of integrons class 1,2,
and 3 (Mazel et al., 1998, Mazel, 2004). Class 1 and 2 have been found in P .aeruginosa
carrying resistance genes from different infections, including keratitis (Subedi et al., 2018c).
Involvement of transposons in the dissemination of resistance gene has also been reported in
P. aeruginosa keratitis isolates (Subedi et al., 2018c) and from other infections (Abril et al.,
2019, Chopra et al., 2003). Insertion sequences have been associated with antibiotic
resistance in P. aeruginosa (Evans and Segal, 2007, Fowler and Hanson, 2014). Similarly,
plasmids carrying multiple antibiotic resistance genes either alone or in association with
transposons and integrons have been reported (Botelho et al., 2017). Plasmids contribute
towards bacterial fithess by encoding functional genes for virulence, resistance, metabolism

and other functions (Frost et al., 2005).

1.35.1 Acquired genes responsible for resistance to specific antibiotics:

1.35.1.1 Beta-lactam resistance genes

Other than inducible beta-lactamases located on its chromosome, some P. aeruginosa strains
acquire integron related genes which can hydrolyse beta-lactams (Poirel et al., 2001a) and
plasmids encoding new beta-lactamases, that confer resistance to penicillins and
cephalosporins (Livermore, 1995a). The extended spectrum beta-lactamases (confer
resistance to most beta-lactam antibiotics) carried on plasmids are of great concern, along
with metallo beta-lactamases which inactivate cephalosporins (Bush, 2010). The PER-1 beta-
lactamase was the first extended spectrum beta-lactamase identified in P. aeruginosa from a
Turkish patient hospitalised in Paris, France in 1991 (Vahaboglu et al., 1997). Six types of P.
aeruginosa metallo beta-lactamases (MBLs), which belong to class B beta-lactamases
that hydrolyze most beta-lactam-based antibiotics, have been described. These include

imipenemase (IMP), Verona integron-encoded metallo beta-lactamase (VIM), Sao Paulo
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metallo beta-lactamase (SPM), Germany imipenemase (GIM), New Delhi metallo beta-
lactamase (NDM) and Florence imipenemase (FIM) (Hong et al., 2015). These genes, which
can be carried by genetic elements such as integrons and plasmids (Yan et al., 2006, Pang et
al., 2019), and have been identified in P. aeruginosa from various infections and countries

(Nordmann and Naas, 1994, Yu et al., 2006).

1.351.2 Aminoglycoside resistance genes

The enzymatic modification of aminoglycosides by aminoglycoside-acetyltransferases (AAC),
aminoglycoside-adenyl transferases (AAD) and aminoglycoside-phosphotransferases (APH)
can confer resistance to aminoglycosides in P. aeruginosa. These enzymes can be coded on
mobile genetic elements such as integrons, transposons, plasmids, genomic islands, and
other genetic structures (Ramirez et al., 2013, Teixeira et al., 2016). The associated
modifications to the aminoglycosides can lead to reduced affinity for the 30S bacterial
ribosomal subunit, the main target of aminoglycosides (Vakulenko and Mobashery, 2003).
Two aminoglycoside resistance genes in P. aeruginosa clinical isolates, aacA29a and
aacA29b, can be located at the 5’ and 3' end of the carbapenem-hydrolyzing beta-lactamase
VIM-2 gene cassette in a class | integron (Poirel et al., 2001a). Other acquired aminoglycoside
resistance genes encode methylases, and the first 16SrRNA methylase was discovered in a
Japanese P. aeruginosa clinical isolate carrying rmtA in 2003 (Yokoyama et al., 2003) and
another was identified in South Korea in 2009 (Jin et al., 2009). The other variants of rmt, rmtD

(Tada et al., 2018) and rmtB (Ge et al., 2011), also mediate resistance to aminoglycosides.

1.35.1.3 Fluoroquinolone resistance genes

In P. aeruginosa, resistance to fluoroquinolones has been commonly associated with
chromosomal mutations in genes encoding topoisomerase IV or gyrase (Nouri et al., 2016) or
mutations in the regulation of efflux pumps (Nikaido, 1998, Srikumar et al., 1999). However,

during the past decade, acquired resistance genes for fluoroquinolones such as crpP (Chavez-

22



Chapter 1

Jacobo et al., 2018, Chavez-Jacobo et al., 2019) and gnrVCL1 (Kocsis et al., 2019) genes have
been identified in P. aeruginosa. CrpP can be carried on the plasmid pUC-crpP and confers
resistance to ciprofloxacin in Escherichia coli (Chavez-Jacobo et al., 2019). In P. aeruginosa,
crpP is associated with resistant to ciprofloxacin and low level resistance to norfloxacin. In P.
aeruginosa, crpP can be carried on the pUM505 plasmid (Chavez-Jacobo et al., 2018).
Another acquired fluoroquinolone resistance gene of P. aeruginosa is qnrVC1, which can be
carried on an integron (Kocsis et al., 2019). However, none of these fluoroquinolone resistance

determinants have been reported in ocular P. aeruginosa isolates.

13514 Polymyxin resistance genes

Resistance to polymyxins through the chromosomal mutations was believed to be the only
mechanism in almost all the bacteria prior to 2016. Since then, there has been the emergence
of plasmid-mediated resistance via the mcr-1 gene in the E. coli strain SHP45 (Liu et al., 2016).
Later, another plasmid-mediated gene mcr-2 was found in E.coli, and the prevalence of mcr-
2 has been reported to be higher than mcr-1 (Xavier et al., 2016). Mcr-2-mediated resistance
to polymyxins has also been reported internationally (Skov and Monnet, 2016, Perreten et al.,
2016, Bernasconi et al., 2016, Fernandes et al., 2016b). The major epidemiological concern
is the potential for mcr genes to spread into health care-associated extensive drug-resistant
(XDR) pathogens, including P. aeruginosa, which would lead to truly untreatable
infections. Recently, mcr-1 has been reported in P. aeruginosa from Pakistan (Hameed et al.,

2019).
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Table 1-4. Acquired genes found in P. aeruginosa.

Gene Variant Source and Year Country Reference
infection type
Urinary tract infection 1993 France (Nordmann et al.,
1993)
Intensive care units 2005 Turkey (Kolayli et al.,
2005)
Intensive care units 2000 Belgium (Claeys et al.,
2000)
Intensive care units 2001 Italy (Luzzaro et al.,
Class A extended PER-1 2001)
speclggtrgnl]aeta— Multiple hospital 2007 Poland (Empel et al.,
infections 2007)
Hospital 2008 Hungry (Libisch et al.,
2008a)
Hospital 2008 Serbia (Libisch et al.,
2008a)
Hospital 2011 Tunisia (Ktari et al., 2011)
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Gene Variant Source and Year Country Reference
infection type
Hospital 2006 Japan (Yamano et al.,
2006)
Hospital 2014 China ing et al., 2014
bR p (Qing )
Not specified 2012 Greece (Ranellou et al.,
2011)
Burn patients 2010 Iran (Mirsalehian et al.,
2010)
PER-2 Hospital 2006 Bolinvia (Celenza et al.,
2006)
Class A extended
spectrum beta- VEB-3 Clinics 2006 China (Jiang et al., 2006)
lactam
Wound infection 2004 Brazil (Castanheira et
al., 2004)
Respiratory tract 2002 France (Chopra et al.,
GES-1 infection 2003)
Hospital 2005 Argentina (Pasteran et al.,
2005)
GES-8 (IBC-2) Urinary tract infection 2001 Greece (Mavroidi et al.,
2001)
GES-9 Rectal swab 2009 France (Poirel et al.,
2005a)
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Gene Variant Source and Year Country Reference
infection type
GES-13 Respiratory tract 2010 Greece (Kotsakis et al.,
infection 2010)
Respiratory tract 1999 France (Naas et al., 1999)
infection
SHV-2a
Hospital 2009 Tunisia (Mansour et al.,
2009a)
SHV-5 Hospital 2004 Greece (Poirel et al.,
2004)
Class A extended
spectrum beta- Hospital 2001 Thailand (Chanawong et
lactam al., 2001)
SHV-12
Burn patient 2010 Japan (Uemura et al.,
2010)
TEM-4 Hospital 1999 France (Poirel et al.,
1999)
TEM-21 Hospital 2002 France (Chopra et al.,
2003)
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Gene Variant Source and Year Country Reference
infection type
TEM-24 Hospital 2000 France (Marchandin et al.,
2000)
TEM-42 Hospital 1996 France (Mugnier et al.,
1996)
CTX-M-1 Cystic fibrosis 2006 Netherlands (al Naiemi et al.,
2006)
Pneumonia 2009 Brazil (Picéo et al.,
2009b)
CTX-M-2
Hospital 2006 Bolivia (Celenza et al.,
Class A extended 2006)
spectrum beta- . - -
lactam CTX-M-3 Hospital 2014 China (Qing et al., 2014)
CTX-M-14 Hospital 2014 China (Qing et al., 2014)
CTX-M-15 Hospital 2014 China (Qing et al., 2014)
CTX-M-43 Hospital 2006 Bolivia (Celenza et al.,
2006)
BEL-1 Hospitals 2005 Belgium (Poirel et al.,
2005b)
BEL-2 Urinary tract infection 2010 Belgium (Poirel et al.,
2010a)
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Gene Variant Source and Year Country Reference
infection type
Class A extended BEL-3 Hospital 2010 Spain (Juan et al., 2010)
spectrum beta-
lactam PME-1 Hospital 2011 USA (Tian et al., 2011)
IMP-1 Hospital 2009 Japan (Zhao et al., 2009)
Hospital 2003 South Korea (Lee et al., 2003)
Hospital 2007 Brazil (Martins et al.,
2007)
Hospital 2009 China (Qu et al., 2009)
IMP-1 Hospital 2007 Turkey (Ozgumus et al.,
2007)
Class B metallo
beta-lactamases Hospital 2004 Singapore (Koh et al., 2004)
Hospital 2009 Thailand (Boonkerd et al.,
2009)
Hospital 2007 Japan (Ohara et al.,
2007)
IMP-2 Hospital 2007 Japan (Ohara et al.,
2007)
IMP-4 Hospital 2011 Malaysia (Khosravi et al.,

2011)
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Gene Variant Source and Year Country Reference
infection type
IMP-4 Hospital 2005 Australia (Peleg et al.,
2005)
IMP-5 Hospital 2006 Portugal (Brizio et al.,
2006)
Hospital 2012 South Korea (Yoo et al., 2012)
IMP-6 Hospital 2014 China (Chen et al., 2014)
Hospital 2002 Canada (Gibb et al., 2002)
Peritonitis 2002 Malaysia (Ho et al., 2002)
Class B metallo
beta-lactamases Hospital 2007 Slovakia (Ohlasova et al.,
2007)
Pneumonia 2007 Japan (Kouda et al.,
2007)
Hospital 2004 Singapore (Koh et al., 2004)
IMP-7
Sepsis 2009 Czech Republic (Hrabak et al.,
2009)
Hospital 2015 Denmark (Hammerum et al.,

2015)
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Gene Variant Source and Year Country Reference
infection type
IMP-9 Hospital 2006 China (Xiong et al.,
2006)
IMP-10 Urine and stool 2002 Japan (lyobe et al., 2002)
IMP-11 Not available Not available Japan Accession
no. AB074437
Hospital 2005 Italy (Pagani et al.,
2005)
Hospital 2009 Austria (Duljasz et al.,
2009)
IMP-13 Hospital 2012 France (Fournier et al.,
Class B metallo 2012)
beta-lactamases
Hospital 2011 Belgium (Naas et al., 2011)
IMP-14 Hospital 2012 Thailand (Piyakul et al.,
2012)
Respiratory infection 2010 Mexico (Quinones-Falconi
et al., 2010)
Hospital 2013 Spain (Gilarranz et al.,
IMP-15 2013)
Hospital 2014 Germany (Castanheira et
al., 2014)
IMP-16 Hospital 2004 Brazil (Mendes et al.,

2004)

30



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AB074437

Chapter 1

Gene Variant Source and Year Country Reference
infection type
Tracheal aspirant of 2006 USA (Hanson et al.,
accident victim 2006)
Hospital 2008 Mexico (Garza-Ramos et
IMP-18 al., 2008)
Hospital 2009 Puerto Rico (Wolter et al.,
2009a)
IMP-19 Not available Not available Japan Accession
no. AB184876
Urinary tract infection 2013 Italy (Pollini et al.,
Class B metallo 2013)
beta-lactamases :
IMP-20 Not available Not available Japan Accession
no. AB196988
IMP-21 Not available Not available Japan Accession
no. AB204557
Hospital 2009 Austria (Duljasz et al.,
2009)
IMP-22
Hospital 2009 Italy (Pellegrini et al.,
2009)
IMP-25 Not available Not available China Accession

no. EU352796



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AB184876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AB196988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=AB204557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=EU352796

Chapter 1

Gene Variant Source and Year Country Reference
infection type
2013 Malaysia (Kim et al., 2013)
IMP-26 Hospital 2010 Singapore (Koh et al., 2010)
IMP-29 Intensive care unit 2012 France (Jeannot et al.,
patient 2012)
IMP-30 Hospital 2013 Russia (Pegg et al., 2013)
IMP-31 Not available Not available Germany Accession
no. KF148593
IMP-33 Hospital 2013 Italy (Deshpande et al.,
Class B metallo 2013)
beta-lactamases
IMP-35 Hospital 2013 Germany (Pournaras et al.,
2013)
IMP-37 Not available Not available France Accession
no. JX131372
IMP-40 Not available Not available Japan Accession
no. AB753457
IMP-41 Not available Not available Japan Accession
no. AB753458
IMP-43 Hospital 2013 Japan (Tada et al., 2013)
IMP-44 Hospital 2013 Japan (Tada et al., 2013)
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Gene Variant Source and Year Country Reference
infection type
IMP-45 Canine origin 2014 China (Wang et al.,
2014)
Not available Not available USA Accession
no. KM087857
Hospital 1999 Italy (Lauretti et al.,
1999)
Hospital 2006 France (Corvec et al.,
IMP-48 2006)
Hospita 2000 Greece (Tsakris et al.,
Class B metallo 2000)
beta-lactamases . .
Hospital 2014 Germany (Castanheira et
al., 2014)
Hospital 2013 Italy (Pollini et al.,
2013)
Hospital 2009 Tunisia (Mansour et al.,
2009b)
Hospital 2012 Thailand (Piyakul et al.,
2012)
VIM-2 Hospital 2009 Austria (Duljasz et al.,
2009)
Respiratory infection 2010 Mexico (Quinones-Falconi
et al., 2010)
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Gene Variant Source and Year Country Reference
infection type
Hospital 2012 Thailand (Piyakul et al.,
2012)
Hospital 2009 India (Castanheira et
al., 2009)
Hospital 2008 Kenya (Pitout et al.,
2008)
Hospital 2008 Hungry (Libisch et al.,
2008b)
Class B metallo . . -
beta-lactamases Hospital 2010 Malaysia (Khosravi et al.,
VIM-2 2010)
Hospital 2005 South Korea (Walsh et al.,
2005)
Hospital 2005 Japan (Walsh et al.,
2005)
Hospital 2005 France (Walsh et al.,
2005)
Hospital 2005 Greece (Walsh et al.,
2005)
Hospital 2005 Italy (Walsh et al.,
2005)
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Gene Variant Source and Year Country Reference
infection type
Hospital 2005 Portugal (Walsh et al.,
2005)
Hospital 2005 Spain (Walsh et al.,
2005)
Hospital 2005 Croatia (Walsh et al.,
2005)
Hospital 2005 Poland (Walsh et al.,
2005)
Hospital 2005 Chile (Walsh et al.,
Class B metallo VIM-2 2005)
beta-lactamases .
Hospital 2005 Venezuela (Walsh et al.,
2005)
Hospital 2005 Argentina (Walsh et al.,
2005)
Hospital 2005 USA (Walsh et al.,
2005)
Hospital 2005 Belgium (Walsh et al.,
2005)
Hospital 2005 Germany (Walsh et al.,
2005)
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Gene Variant Source and Year Country Reference
infection type
VIM-2 Hospital 2005 Turkey (Walsh et al.,
2005)
VIM-3 Hospital 2001 Taiwan (Yan et al., 2001)
Hospital 2005 Greece (Walsh et al.,
2005)
Class B metallo .
beta-lactamases Hospital 2005 Sweden (Walsh et al.,
2005)
Hospital 2005 Poland (Walsh et al.,
2005)
VIM-4 Hospital 2004, 2008 Hungary (Libisch et al.,
2008b (Libisch,
2004 #1188))
Hospital 2014 France (Castanheira et
al., 2014)
OXA-2 Hospital 1997 Turkey (Danel et al.,
1997)
OXA-10 Burn infection 1993 Turkey (Hall et al., 1993)
Class D beta-
lactamases OXA-1 or OXA-31 Hospital 2001 France (Aubert et al.,
2001)
OXA-56 or OXA-128 Hospital 2010 China (Liu et al., 2010)
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Gene Variant Source and Year Country Reference
infection type
OXA-18 Hospital 1997 France (Philippon et al.,
1997)
OXA-45 Hospital 2003 North America (Toleman et al.,
Class D beta- 2003)
lactamases
OXA-40 Hospital 2009 Spain (Sevillano et al.,
2009)
OXA-198 Ventilator associated 2011 Belgium (El Garch et al.,
pneumonia 2011)
GES-2 Nosocomial 2001 South Africa (Poirel et al.,
pneumonia 2001b)
Burn and wound 2006 China (Wang et al.,
infection 2006)
Hospitals 2008 South Africa (Labuschagne et
Carbapenemases GES-5 al., 2008)
Blood stream 2009 Brazil (Picéo et al.,
infection 2009a)
Hospital 2014 Turkey (Iraz et al., 2014)
GES-18 Respiratory tract 2013 Belgium (Bebrone et al.,

infection

2013)

37




Chapter 1

Gene Variant Source and Year Country Reference
infection type
Hospital 2011 Columbia (Cuzon et al.,
2011)
Hospital 2009 Puerto Rico (Wolter et al.,
2009a)
Hospital 2009 Trinidad and Tobago (Akpaka et al.,
2009)
Hospital 2010 USA (Poirel et al.,
Carbapenemases 2010b)
KPC-2 . . -
c Intensive care unit 2011 China (Ge et al., 2011)
Hospital 2013 Argentina (Ramirez et al.,
2013)
Intensive care unit 2012 Brazil (JAcome et al.,
2012)
KPC-5 Hospital 2009 Puerto Rico (Wolter et al.,

2009b)
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1.3.6 Adaptive resistance

Adaptive resistance is a type of resistance that bacteria develop to survive in stressed
environments, such as in the presence of antibiotics, which results in alterations in gene or
protein expression. This alteration is usually temporary and can be reversed upon removal of
the stimulus (Sandoval-Motta and Aldana, 2016). P. aeruginosa may alter its normal growth
and function to limit the expression of targets for antibiotics. Once the antibiotic concentration
is lowered the organisms will resume its normal growth patterns (Lewis, 2010). In P.
aeruginosa, the major adaptive resistance mechanisms are biofilm formation (Costerton et al.,

1999) or production of drug persister cells (or drug tolerant cells) (Balaban et al., 2013).

In P. aeruginosa, adaptive resistance to polycationic antibiotics occurs after pre-exposure.
The polycationic antibiotics pass through the outer membrane via self-promoted uptake
(Hancock and Bell, 1988) and displace divalent cations from LPS (Hancock, 1998). This
results in disruption of the membrane and cell death. Upon pre-exposure to the antibiotics, the
operon arnBCADTEF is activated and this mediates the addition of 4-aminoarabinose to the
Lipid A of LPS (Olaitan et al., 2014). This blocks self-promoted uptake leading to resistance
(Hancock, 1998). Induction of beta-lactamases is another adaptive resistance mechanism in
P. aeruginosa that results in the inactivation of beta-lactam antibiotics (Livermore, 1995a).
Overexpression of genes encoding efflux pumps can occur during exposure to sub-inhibitory
concentrations of antibiotics. For example, exposure to aminoglycosides can induce the
MexXY efflux pump (Hocquet et al., 2003, Breidenstein et al., 2011), which results in the

antibiotic being rapidly removed from cells.

Environmental or physiological stimuli can also be responsible for the development of
antibiotic tolerant cells. In biofilms, quorum sensing occurs in cells, which modifies production
of many genes including those involved in upregulation of efflux pumps, enzymes, and gene
regulators (Rutherford and Bassler, 2012). Biofilms slow the penetration of antibiotics into and
slow access to nutrients. This can lead to different metabolic activity, whereby cells in the outer

biofilm layer are metabolically active and cells in the inner part of the biofilm grow more slowly
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(Breidenstein et al., 2011). These slow growing cells can be relatively resistant to many
antibiotics (Lewis, 2010). Like biofilms, swarming cells of P. aeruginosa exhibit adaptive
resistance to polymyxin B, gentamicin and ciprofloxacin (Lai et al., 2009, Overhage et al.,
2008). Swarming is a form of motility on viscous or semi-solid media which also results in the

dysregulation of many genes and greater resistance to antibiotics (Overhage et al., 2008).

1.3.7 Type lll secretion system and resistance of P. aeruginosa isolates

P. aeruginosa uses a broad range of virulence determinants to initiate an infection. One of
those virulence determinants is the type Ill secretion system (T3SS) which helps to escape
the phagocytic activity in the host (Ghosh, 2004). Four effector proteins are secreted by the P.
aeruginosa type lll secretion system; ExoS, ExoT, ExoU and ExoY (Frank, 1997). Not all
strains of P. aeruginosa possess all the effector proteins (Feltman et al., 2001, Fleiszig et al.,
1997). Usually exoS (which contributes to the invasive phenotype of strains) and exoU (which
contributes to the cytotoxic phenotype of strains) are mutually exclusive (Hauser, 2009). ExoS
and ExoT inhibit phagocytosis by disrupting actin cytoskeletal rearrangement, focal adhesins
and signal transduction cascades important for phagocytic function (Barbieri and Sun, 2004).
ExoU and ExoY are cytotoxins with phospholipase and adenylate cyclase activities
respectively (Yahr et al., 1995). Presence of exoU has been associated with antibiotic
resistance (Subedi et al., 2018a), often with MDR phenotype (Horna et al., 2019, Yousefi-
Avarvand et al., 2015) and worst clinical outcomes in the keratitis P. aeruginosa isolates
(Borkar et al., 2013) and other infections (Sullivan et al., 2014). Previously, presence of exoU
was corelated with an increased resistance to fluoroquinolones (Sullivan et al., 2014, Wong-
Beringer et al., 2008, Shen et al., 2015) but recently resistance to beta-lactams was also
reported in the exoU P. aeruginosa isolates (Subedi et al., 2018a). The frequency of resistance
in the exoU isolates is more compared to exoS isolates (Garey et al., 2008, Cho et al., 2014)

due to an un-defined mechanism .
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1.3.8 Rationale for research
While there are various epidemiological studies reporting resistance of P. aeruginosa keratitis

isolates. The genetic basis of this resistance has not often been investigated.

1.4 Thesis aims and objectives
The overall aim of this thesis was to study the resistance mechanisms in ocular isolates of P.

aeruginosa which was divided into the following aims:

I.  To compare antibiotic susceptibilities of Australian and Indian P. aeruginosa

keratitis isolates.

II.  To explore multipurpose disinfecting solution sensitivity in the Australian (CL

related) isolates and compare this to their antibiotic sensitivity.

Ill.  To analyse the genomic differences among P. aeruginosa isolates from

Australian and Indian keratitis and examine changes over time.

IV. To investigate the genomic differences in clonal isolates of P. aeruginosa

recovered over time.
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Purpose: This study analyzed the susceptibilities of 17 contact lens (CL)-related keratitis
isolates of Pseudomonas aeruginosa from Australia to antibiotics, multipurpose contact
lens disinfecting solutions (MPDS), and disinfectants through minimum inhibitory (MIC)
and minimum bactericidal concentrations.

Methods: Antibiotics included ciprofloxacin, levofloxacin, gentamicin, tobramycin,
piperacillin, imipenem, ceftazidime, and polymyxin B. The MPDS OPTI-FREE PureMoist,
Complete RevitaLens OcuTec, Biotrue, and Renu Advanced Formula and the constituent
disinfectants; alexidine dihydrochloride, polyquaternium-1, polyaminopropyl
biguanide, and myristamidopropyl dimethylamine (Aldox) were analyzed. The
combined susceptibility of disinfectants based on the MPDS formulation was assessed
through fractional inhibitory concentration.

Received: September 20,2019
Accepted: December 29,2019
Published: April 9, 2020

Keywords: susceptibility; minimum
inhibitory concentration; minimum
bactericidal concentration; synergy;
fractional inhibitory concentration

Citation: Khan M, Stapleton F,
Willcox MDP. Susceptibility of
contact lens-related Pseudomonas
aeruginosa keratitis isolates to
multipurpose disinfecting solutions,
disinfectants, and antibiotics. Trans
Vis Sci Tech. 2020;9(5):2,
https://doi.org/10.1167/tvst.9.5.2

Results: All isolates were susceptible to levofloxacin and gentamicin, 2/17 were resis-
tant to ciprofloxacin; 1/17 was resistant to tobramycin, piperacillin, and polymyxin; and
3/17 were resistant to ceftazidime whereas 12/17 were resistant to imipenem. Of the
four MPDSs, for Renu Advanced Formula 8/17 strains have an MIC < 11.36 for OPTI-FREE
PureMoist 14/17 strains have an MIC < 11.36% for Complete RevitaLens 9/17 strains have
an MIC < 11.36, and for Biotrue 5/17 strains have MIC = 11.36. All strains were killed by
100% MPDS. At the concentrations used in the MPDSs, individual disinfectants were not
active. From three tested isolates, no synergy was found in dual combinations of disin-
fectants. However, synergy was found for triple combination of disinfectants for three
tested strains.

Conclusions: Australian CL-related isolates of P aeruginosa were susceptible to most
antibiotics. There was variability in susceptibility to different MPDS. Individual disin-
fectant excipients had limited activity. The combination of the disinfectants showed
synergy, antagonism, and no interaction.

Translational Relevance: This study will help to choose better preventive and treat-
ment measures for microbial keratitis.
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2.1 Introduction

Contact lenses have been used for decades for refractive, cosmetic and therapeutic purposes.
Whilst contact lenses have optical and vocational benefits, they are associated with certain
complications. Corneal infection is rare but is the most severe complication of contact lens
wear, occurring in around 4 per 10000 wearers per year (Stapleton et al., 2008a) and it can
cause visual loss in 10-15% cases (Stapleton et al., 2008a). Pseudomonas aeruginosa is the
most commonly isolated bacterium from contact lens-related microbial keratitis (Cheng et al.,
1999, Green et al., 2008, Galentine et al., 1984, Schein et al., 1989). This may be due to its
ability to adhere to contact lenses and contact lens cases compared to other microorganisms
(Henriques et al., 2005). P. aeruginosa can also develop biofilms on these surfaces (Szczotka-
Flynn et al., 2009) which facilitates persistence of the organism (Vijay et al., 2015).

Contact lens multipurpose disinfecting solutions (MPDS) are used to minimize the numbers of
bacteria on lenses for the safe use of daily wear contact lenses. Daily wear is the most
common wear schedule for contact lens wearers in many countries (Efron et al., 2013).
However, there are reports that bacteria can become resistant to these disinfectants (Russell,
1999) which raises concerns about the effectiveness of these solutions. Resistance to
disinfecting solutions may be due to inherent resistance associated with the cytotoxic
phenotype of P. aeruginosa (Lakkis and Fleiszig, 2001), the surface charge of the bacterial
cell (Bruinsma et al., 2006), or expression of outer membrane proteins such as OprR (Tabata
et al., 2003). Harbouring gac genes (Subedi et al., 2018d) may confer resistance to
disinfectants, and although this has been shown with ocular isolates of Staphylococcus aureus
(Shi et al., 2016), this has not been seen in the limited number of P. aeruginosa
strains evaluated . Qac genes can occur on class 1 integrons along with genes for antibiotic
resistance, and this raises concern of cotransfer of these genes amongst bacterial populations.
Resistance may not only be associated with the possession of gac genes, but also with genes

conferring virulence traits such as exoU and exoS (Borkar et al., 2014).
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Various antibiotics are used for the treatment of microbial keratitis, but emerging resistance to
the antibiotics (Livermore, 2002) from the possession of inherent and acquired resistance
mechanisms is increasing (Moshirfar et al., 2006). Emerging resistance of ocular isolates
of P aeruginosa has been reported internationally (Subedi et al., 2018d) with variation in their
resistance profile to antimicrobials (Kowalski et al., 2001). Inherent resistance mechanisms
include low membrane permeability, expression of efflux pumps, production of antibiotic-
inactivating enzymes, and mutation of resistance genes (Hancock and Speert, 2000).
Acquired genes confer resistance while inserted into mobile genetic elements such as integron
and transposons (Subedi et al., 2018c), which can then migrate around bacterial populations.
The severity of infections caused by P aeruginosa and its ability to acquire resistance and
virulence genes, which give it the potential to resist almost all antibiotic classes, increases the
concern about P aeruginosa infections (Hancock and Speert, 2000). In the management of
corneal infection, despite topical administration of antibiotics resulting in high tissue
concentrations, poor clinical outcomes may occur partly from antibiotic resistance (Green et
al., 2007, Tummanapalli and Willcox, 2020). The increase in resistance to prescribed antibiotic
leads to more severe disease resulting in slow resolution or vision loss (Tummanapalli and
Willcox, 2020, Borkar et al., 2014). The consequences of keratitis caused by multiple-drug
resistant P aeruginosa can be severe and vision threatening given the limited choice of
effective antimicrobials (Aloush et al., 2006).
There is limited information available on the antimicrobial and disinfectant susceptibility
patterns of clinical ocular isolates of P. aeruginosa in Australia. Earlier studies have often used
standard strains (Mohammadinia et al., 2012) or only limited numbers of clinical isolates
(Subedi et al., 2018d). There is limited information about current trends of antibiotic
susceptibilities of Australian ocular P. aeruginosa isolates.
Therefore, the aims of this study were:

» To Investigate the susceptibility of MPDS and disinfectants components present in the

MPDS formulation.
» To analyse synergistic association between disinfectants.
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» To compare antibiotic and MPDS susceptibility to historical and recent Australian P.

aeruginosa isolates collected at different times.
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2.2 Materials and methods

2.2.1 Pseudomonas aeruginosa isolates

Strains of Pseudomonas aeruginosa isolated from contact lens-related microbial keratitis
(either from corneal scrapes or contact lenses) from Queensland and Sydney, Australia
between the years 2001 to 2006 and 2018 to 2019 were retrieved from the culture collection
of the School of Optometry and Vision Science, UNSW Sydney, Australia (Table 2-1). All the
isolates were collected from different patients. The strains were stored at -80°C and revived
on nutrient agar (Oxoid Ltd., Basingstoke, Hampshire, UK). Isolates were then inoculated into
Mueller-Hinton broth (MHB; Oxoid Ltd.) and grown at 37°C for 18 to 24 hours. The optical
density of the bacterial suspension was adjusted 0.1 (1x 108 CFU/mIl) at 660nm using a

spectrophotometer (FLUOstar Omega, BMG LABTECH, Germany) (Watanabe et al., 2014).

Table 2-1 Strains of Pseudomonas aeruginosa recovered from microbial keratitis.

P. aeruginosa Source Year of isolation
Isolates

115 Cornea 2004
116 Cornea 2004
121 Contact lens 2005
123 Cornea 2005
124 Cornea 2005
126 Cornea 2005
127 Cornea 2005
129 Cornea 2005
155 Cornea 2006
162 Cornea 2006
165 Cornea 2001
169 Cornea 2006
174 Cornea 2006
176 Contact lens 2004
179 Cornea 2006
181 Cornea 2006
182 Cornea 2004

Cornea 2018

Cornea 2018

Cornea 2018

Cornea 2018

Cornea 2018

Cornea 2018

Cornea 2018
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P. aeruginosa Source Year of isolation
Isolates
Cornea 2019
Cornea 2019
Cornea 2019

Strains isolated in the years 2001-2006 (historical isolates) and coloured in light blue and those isolated in the

years 2018-2019 (recent isolates) and coloured in dark blue.

2.2.2 Susceptibility to multipurpose disinfecting solutions

Susceptibility of the bacterial strains to four commercially available MPDS; OPTI-FREE
PureMoist (Alcon, Fort Worth, TX, USA), Complete RevitaLens OcuTec (Abbot Medical Optics
Hangzhou ZJ, China), Biotrue and Renu Advanced Formula (Bausch + Lomb, Rochester, NY,
USA) (Table 2-2 ) was measured using a previously described method (Watanabe et al., 2014).
In brief, each MPDS was serially diluted in phosphate buffer saline (PBS; NaCl 80gm/L,
Na;HPO4 11.5gm/L, KCI 2gm/L & KH2PO4 2gm/L, pH=7.2) to obtain final concentrations of
90.9%, 45.5%, 22.7%, 11.4%, 5.7% and 3.1%. The serially diluted MPDS (200 pl) was added
to wells of a microtiter plate and 20ul of bacterial suspension was added to achieve a final
concentration of 1x 10° CFU/mI. The plates were incubated for 18 - 24 hours at 37°C. Growth
turbidity was measured using a spectrophotometer (FLUOstar Omega, BMG LABTECH,
Germany) at 660nm to obtain the minimum inhibitory concentration (MIC). Minimum inhibitory
concentration was taken as the dilution of MPDS with no visible growth. To measure the
minimum bactericidal concentration (MBC), viable counts were performed (on nutrient agar
plates incubated at 37°C for 18 - 24 hours) from wells at the MIC and the two next lower
dilutions of MPDS. The MBC was the concentration of MPDS that gave 99.99% (3 log units)
bacterial killing (Kirven and Thornsberry, 1978) (Taylor et al., 1983).

For MPDS, strains with MIC greater than 10% were categorized as resistant. The 10% cut-off
for MPDS is arbitrary and it cannot be used as a standard for reference for any other study.
For disinfectants, those strains having MIC above what was present in the respective MPDS
were considered resistant (if the disinfectant was present in more than one MPDS at different

concentrations, its mean concentration was taken for this analysis). These experiments
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comparing susceptibility to MPDS, disinfecting components and antibiotics were conducted

for the larger group of historical isolates only to avoid influence of isolation time.

Table 2-2 Multipurpose disinfecting solutions.

MPDS Manufacturer | Disinfectants Surfactants Other Ingredients
Opti-Free Alcon, Fort Polyquaternium- | Tectronic 1304, Sodium citrate, sodium
PureMoist Worth, TX, 1 10ppm, Aldox | polyoxyethylene- chloride, boric acid,

USA 6ppm polyoxybutylene | aminomethyl-propanol,
copolymer sorbitol,
ethylenediaminetriacetic
acid
Complete | Abbot Medical Alexidine Tetronic 904 Sodium citrate, sodium
RevitaLens Optics, dihydrochloride chloride, boric acid,
OcuTec Hangzhou ZJ, 1.6ppm, sodium borate
China polyquaternium- decahydrate,
1 3ppm ethylenediaminetriacetic
acid
Biotrue PAPB (PHMB) Poloxamine, Sodium chloride sodium
1.3ppm, sulfobetaine borate, boric acid,
Bausch polyquaternium- ethylenediaminetriacetic
+Lomb, 1 1ppm acid, hyaluronan

Renu R’\(l)\?hasgeAr, PAPB (PHMB) Poloxamine, Sodium chloride, boric
Advanced ’ 0.5ppm, poloxamer 181 acid, sodium borate,

polyquaternium- ethylenediaminetriacetic
1 1.5ppm, acid, diglycine
alexidine 2ppm

Aldox = myristamidopropy! dimethylamine; PAPB = polyaminopropy! biguanide and is synonymous with PHMB

= polyhexamethylene biguanide

2.2.3 Inhibition of P. aeruginosa by disinfectants

Polyaminopropyl biguanide (PAPB; Novachem Pty Ltd Heidelberg West, VIC, Australia),
polyquaternium-1 (Toronto Research Chemicals Inc. Toronto, ON, CA), myristamidopropyl
dimethylamine (Aldox; Toronto Research Chemicals Inc. Toronto, ON, CA) and alexidine
dihydrochloride (Cayman Chemicals Ann Arbor, USA) were used. Inhibition of only a selection
of isolates by disinfectants was analysed. Disinfectants were prepared as 10X stock solutions
in phosphate-buffered saline. Dilutions ranging between 1% to 0.00004% were used such that
the concentration of the disinfectants present in the MPDSs were in the range tested. Two
hundred microlitres of disinfectant and 20 pl of bacterial cells (final concentration of 1x 10°

CFU/mI) were incubated in 96 well microtiter plates for 18 - 24 hours at 37 °C to determine the
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MIC (as described previously in 2.2.2). Viable plate count was performed as described in

section 2.2.2 to elucidate the MBC of each disinfectant.

2.2.4 Fractional inhibitory concentration of components of MPDS

Three isolates (123, 127 and 155) were selected because of the variation in their MICs to
different disinfectants (higher and lower MICs for different disinfectants). The interactions
between disinfectants were analysed through a modified checkerboard method (White et al.,
1996). The dual combinations tested were selected from those used in the composition of
each MPDS (Table 2). The triple combination of polyquaternium-1, polyhexamethylene
biguanide (PHMB) and alexidine (present in Renu Advanced) was tested with a small
modification to the checkerboard assay (Stein et al., 2015). Briefly, the three disinfectants
were diluted in three different directions in order of increasing concentration in the 96-well
microtiter plate, such that, the three disinfectants were combined in different concentrations in
the wells. In the 3-dimensional assay, 11 dilution steps of disinfectant A, 7 dilution steps of
disinfectant B, and 6 dilution steps of disinfectant C were tested. The experiment was repeated
three times, changing the position of disinfectants to check different combinations of all three
disinfectants in the Renu Advanced formula.

Fifty microliters of each disinfectant were used to give a total volume of 150 uL in every well.
The concentration for each disinfectant ranged between 16x MIC to 0.24x MIC. Bacterial
inocula were prepared as described previously and the plates were incubated for 18 to 24
hours at 37°C to determine the combined MIC. For the evaluation of the type of the interaction
between different disinfectants the fractional inhibitory concentration index (FICI) was

calculated using the formula (White et al., 1996):
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FIClas = MICA (combination) =+ MICs (combination)

MICa (alone) MICg (alone)
For triple disinfectants, the FIC of disinfectant C was added to the above equation

(Stein et al., 2015).

FIClamBic = MICAa (combination) + MICB (combination) + MICc (combination)

MICa (alone) M |CB(alone) M |CC(alone)

Synergy was defined when the FICI was < 0.5, no interaction when the FICI was > 0.5 but <4
and antagonism when the FICI was >4 (Oo et al., 2010, Odds, 2003).

2.2.5 Antibiotic susceptibility testing

Susceptibility of antibiotics was assessed using MIC and MBC, performed following the
standard protocol described by Clinical and Laboratory Standards Institute (Patel et al., 2014).
The antibiotics used were ciprofloxacin, levofloxacin, gentamicin, ceftazidime (Sigma-Aldrich,
USA), polymyxin B (Sigma-Aldrich, Denmark) tobramycin, piperacillin (Cayman, Chemical,
Company, USA) and imipenem (LKT, Laboratories, Inc, USA). The concentrations tested
ranged from 5120 pg/ml to 0.25 pg/ml.

The MIC for each antibiotic was determined in 96 wells plates with 100 pL serially diluted
antibiotics and 100 L of the bacterial inocula with a final concentration of 1 x 10° CFU/mL per
well incubated 37°C for 18 to 24 hours. Antibiotics were diluted with Mueller-Hinton broth and
bacterial cells were diluted with fresh media. The MIC and MBC were measured as described
for MPDS previously. Interactions of strains with antibiotics can be described as susceptible
intermediate or resistant based on Clinical and Laboratory Standards Institute (Patel et al.,
2014) and the European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2018)
breakpoints. There are no standards for interpreting topical ocular treatment or efficacy with

contact lens solutions, but the serum standards can be used if it is assumed that the antibiotic
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concentrations in the ocular tissue and contact lens solutions are equal or greater than the

antibiotic concentrations that can be attained in the serum (Kowalski et al., 2005).

2.2.6 Statistical analysis

The data were statistically analyzed using the Statistical Package for the IBM SPSS v25 (IBM
Corp., Armonk, NY, USA). Differences between the distribution of the MICs of the bacterial
isolates to MPDS and disinfectants were evaluated using Friedman's two-way analysis of
variance. Briefly, mean ranks were calculated for each MPDS and disinfectant (a higher rank
equates to a lower level of efficacy and vice versa). Based on a significant difference in the
analysis of variance test, post hoc pairwise comparisons were conducted to identify the
differences between the disinfectants and MPDSs. Medians were calculated and differences
in the antibiotic resistant isolates were analysed using Fischer’'s exact test. P values less than

0.05 were considered as significant.
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2.3 Results

2.3.1 Multipurpose solution susceptibilities

2.3.1.1 Historical Australian isolates

Historical Australian (contact lens-related) isolates (isolated between 2001 and 2006)
of P. aeruginosa showed variations in their susceptibility to Renu Advanced Formula, OPTI-
Free PureMoist, Complete RevitaLens OcuTec, and Biotrue (Table 2-3). When all four MPDSs
were used at 100% concentration, they all reduced the bacterial growth to below the limit of
detection (i.e., no bacteria grew on the agar plates). However, at other dilutions, there were
differences in MICs and MBCs between the MPDSs. In general, the MBC of each MPDS was
equivalent to twice its MIC. Overall, Renu Advanced formula had the lowest average MIC
(7.9%) and MBC (15.8%), followed by OPTI-FREE PureMoist (average MIC 11%, MBC 22%)
Complete RevitaLens OcuTec (average MIC 15.7%, MBC 32.7%), and Biotrue (average MIC
19.4%, MBC 38.7%; Figure 2-1).

A significant difference among MPDS types was found (P = 0.0313; OPTI-FREE PureMoist
vs. RevitaLens, P < 0.0001; OPTI-FREE PureMoist vs. Biotrue, P <0.0001; RevitaLens
OcuTec vs. Renu Advanced formula and P < 0.0001; Biotrue vs. Renu Advanced Formula)
except for OPTI-FREE PureMoist vs. Renu Advanced Formula (P = 0.25) and RevitaLens
OcuTec versus Biotrue (P = 0.12).

2.3.1.2 Recent Australian isolates

Recent Australian (CL-related) isolates (isolated between 2018 and 2019) of P. aeruginosa
also varied in their susceptibilities to the different MPDS (Table 2-3). Again, at 100%
concentration of all MPDS no bacterial growth was recorded, but at dilutions lower than 100%
all MPDS has different abilities to prevent growth of the bacteria. Renu Advanced Formula
had the most consistent activity, with all strains having MIC of 5.6% and MBC of 11.4%; Figure

2-1).
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Historical isolates of P. aeruginosa Recent isolates of P. aeruginosa
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Figure 2-1 MICs and MBCs of the different MPDS (mean * standard deviation) to historical and recent Australian Pseudomonas aeruginosa isolates.
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Table 2-3 Minimum inhibitory (MIC) and minimum bactericidal concentration (MBC) (% of original) of

MPDS.
Complete
Strain; of P. Pl?rz-ll\-/ll-oFithE(IOE/o) RevitalLens Biotrue (%) R?:r:)l;rﬁa\;ag,z)ed
aeruginosa OcuTec (%)
MIC MBC MIC MBC MIC MBC MIC MBC
115 11.36 22.72 11.36 45.45 11.36 22.72 5.68 11.36
116 5.68 11.36 11.36 22.72 11.36 22.72 11.36 22.72
121 22.72 45.45 22.72 45.45 22.72 45.45 11.36 22.72
123 11.36 22.72 22.72 45.45 22.72 45.45 11.36 22.72
124 11.36 22.72 22.72 45.45 22.72 45.45 11.36 22.72
126 11.36 22.72 11.36 22.72 22.72 45.45 11.36 22.72
127 5.68 11.36 5.68 11.36 11.36 22.72 11.36 22.72
129 11.36 22.72 11.36 22.72 22.72 45.45 11.36 22.72
155 11.36 22.72 11.36 22.72 11.36 22.72 5.68 11.36
162 11.36 22.72 11.36 22.72 22.72 45.45 5.68 11.36
165 11.36 22.72 22.72 45.45 22.72 45.45 5.68 11.36
169 5.68 11.36 11.36 22.72 22.72 45.45 5.68 11.36
174 11.36 22.72 11.36 22.72 11.36 22.72 2.84 5.68
176 11.36 22.72 22.72 45.45 22.72 45.45 5.68 11.36
179 11.36 22.72 11.36 22.72 22.72 45.45 5.68 11.36
181 11.36 22.72 22.72 45.45 22.72 45.45 11.36 22.72
182 11.36 22.72 22.72 45.45 22.72 45.45 1.42 2.84
5.68 11.36 5.68 11.36 11.36 22.72 5.68 11.36
5.68 11.36 5.68 11.36 5.68 11.36 5.68 11.36
5.68 11.36 11.36 22.72 11.36 22.72 5.68 11.36
5.68 11.36 5.68 11.36 5.68 11.36 5.68 11.36
5.68 11.36 11.36 22.72 5.68 11.36 5.68 11.36
11.36 22.72 5.68 11.36 11.36 22.72 5.68 11.36
5.68 11.36 11.36 22.72 11.36 22.72 5.68 11.36
5.68 11.36 11.36 22.72 22.72 45.45 5.68 11.36
11.36 22.72 11.36 22.72 11.36 22.72 5.68 11.36
5.68 11.36 11.36 22.72 11.36 22.72 5.68 11.36

Strains isolated in the years 2001-2006 (historical isolates) and coloured in light blue and those isolated in the

years 2018-2019 (recent isolates) and coloured in dark blue.

Overall, Renu Advanced Formula had the lowest average MIC (5.65%) and MBC (11.36%),

followed by OPTI-FREE PureMoist (MIC= 6.7%, MBC=13.63%), Complete RevitaLens

OcuTec (MIC= 9%, MBC=18%) then finally Biotrue (average MIC= 10.7%, MBC= 21.5%). In

other words, Renu Advanced Formula was the most potent, Biotrue was the least potent.

Although it was slightly more common for higher MICs and MBCs of MPDS to be associated
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with the historical isolates, the MICS or MBCs were not statistically different when compared

to the recent isolates.

2.3.2 Inhibition of P. aeruginosa by disinfectants

Analysis of the disinfectants in the MPDS individually showed that all the disinfectants gave

higher MICs and MBCs than the concentrations in the dilutions of MPDS (Table 2-4), indicating

that in isolation the disinfectants were less active against P aeruginosa than when they were

formulated into MPDS. For example, OPTI-FREE with aldox and polyquaternium-1 was

effective even when the concentrations of these were reduced to 6 and 10 ppm, respectively,

upon diluting the MPDS even though the MICs of aldox alone ranged from 22.7 to 727.3 ppm.

Generally, the MBC of each disinfectant was double the MIC.

Table 2-4 Minimum inhibitory and minimum bactericidal concentrations of disinfectants.

PAPB (PHMB) Alexidine Polyquaternium-1
(PPM) (PPM) (PPM) Aldox (ppm)
Strains of P.
aeruginosa

MIC MBC | MIC | MBC MIC MBC MIC MBC
115 22.7 45.5 2.8 5.6 5.6 11.4 727.3 1454.5
116 45.5 90.9 2.8 5.6 11.4 22.7 727.3 1454.5
121 45.5 90.9 2.8 5.6 5.6 11.4 727.3 1454.5
123 45.5 90.9 2.8 5.6 11.4 22.7 90.9 181.8
124 22.7 45.5 2.8 5.6 11.4 22.7 90.9 181.8
126 22.7 45.5 2.8 5.6 5.6 11.4 181.8 363.6
127 45.5 90.9 2.8 5.6 2.8 5.6 90.9 181.8
129 45.5 90.9 2.8 5.6 5.6 11.4 45.5 90.9
155 22.7 45.5 2.8 5.6 11.4 22.7 22.7 45.5
162 22.7 45.5 1.4 2.8 5.6 11.4 181.8 363.6
165 22.7 45.5 5.6 11.4 5.6 11.4 90.9 181.8
169 45.5 90.9 2.8 5.6 5.6 11.4 181.8 363.6
174 22.7 45.5 0.7 1.4 2.8 5.6 90.9 181.8
176 22.7 45.5 0.7 1.4 2.8 5.6 90.9 181.8
179 22.7 45.5 2.8 5.6 1.4 2.8 90.9 181.8
181 22.7 45.5 2.8 5.6 5.6 11.4 181.8 363.6
182 45.5 90.9 2.8 5.6 5.6 11.4 90.9 181.8

56




Chapter 2

Overall, alexidine had the lowest mean MIC (2.66 ppm) and MBC (5.31 ppm) followed by
polyquaternium-1 (mean MIC = 6.2, MBC = 12.5) and the PAPB (mean MIC = 32 ppm; mean
MBC = 64 ppm). Aldox had the highest mean MIC (217 ppm) and MBC (435 ppm) among all
the disinfectants (Figure 2-2).

The comparative activities of each disinfectant based on the MIC and MBC were significantly
different from each other (P < 0.001; alexidine vs. PAPB, P <0.001; alexidine vs. Aldox, P
< 0.001; polyquaternium-1 vs. PHMB, P = 0.047; polyquaternium-1 vs. Aldox (P <0.001)
except between Alexidine and polyquaternium-1 (P = 0.505) and PHMB and Aldox (P = 0.278).
By Friedmann's two-way analysis of variance, alexidine was ranked lowest having the lowest
MIC and therefore the highest antimicrobial activity. This was followed by polyquaternium-1 >

PHMB > Aldox.
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Figure 2-2 Mean (+ standard deviations) MICs and MBCs for disinfectants used in the study.
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2.3.3 Fractional inhibitory concentration of components of MPDS

The combinations tested were selected based on their presence in the MPDSs. In dual

combinations, none of the disinfectants showed synergistic activity. No interactions between

the disinfectants were found for isolate 127 except for the triple combination of the

disinfectants. For isolate 123, antagonism was found between polyquad-1 and PAPB; for

isolate 155, antagonism occurred between polyquad-1 and alexidine or polyquad-1 and PAPB

(Table 2-5). For the triple combination, synergy (FICI < 0.5) occurred with all the isolates.

Table 2-5 Fractional Inhibitory concentration.

P. Disinfectants MIC in the Checkerboard | Interpretation
aeruginosa combination combination FICI
strains (ppm)
P.aer 123 Polyquad-1+Aldox 5.64 + 90.9 15 No interaction
Polyquad-1+PAPB 45.45 + 90.9 6 Antagonism
Polyquad-1+Alexidine 5.64 + 5.64 2.5 No interaction
Polyquad- 0.78 + 2.84 + 0.36 Synergy
1+PAPB+Alexidine 0.78
P.aer 127 Polyquad-1+Aldox 2.84+11.36 1.125 No interaction
Polyquad-1+PAPB 4.5+90.9 3.6 No interaction
Polyquad-1+Alexidine 25+2.84 1.2 No interaction
Polyquad- 0.0097 + 5.64 + 0.25 Synergy
1+PAPB+Alexidine 0.39
P.aer 155 Polyquad-1+Aldox 11.36 + 45.45 3 No interaction
Polyquad-1+PAPB 45.45 + 90.9 8 Antagonism
Polyquad-1+ALX 4545+ 5 16.4 Antagonism
Polyquad- 0.39+ 2.84+ 0.4 Synergy
1+PAPB+Alexidine 0.78

Polyquad-1 = polyquaternium-1; PAPB = polyaminopropy! biguanide; ALDOX = myristamidopropy!

dimethylamine; ALX = alexidine. Combined MIC is the MIC of each disinfectant when tested in combination with

other disinfectants. FICI=fractional inhibitory concentration index (synergy: FICI < 0.5; no interaction: 0.5< FICI £

4; and antagonism: FICI > 4).

2.3.4 Antibiotic susceptibilities

Table 2-6 summarizes the MIC and MBC levels of historical and recent isolates.

58




Chapter 2

2.3.4.1 Historical Australian isolates

All the historical isolates Australian isolates were susceptible to gentamicin and levofloxacin.
94% of the historical CL isolates were susceptible to tobramycin, polymyxin B, and piperacillin.
Between 82% and 88% of isolates were susceptible to ceftazidime or ciprofloxacin. Fewer
isolates were susceptible to imipenem (42%). Only 11% showed resistance (intermediate) to
ciprofloxacin, one strain was resistant to tobramycin, a different strain was resistant to
piperacillin. 58% of strains had intermediate or full resistance to imipenem. One isolate, 123,
was resistant to polymyxin B with MIC and MBC values of 1280 pg/ml. Strain 127 was a
resistant to two different beta-lactams and an aminoglycoside. Two isolates, strains 126 and
181, were resistant to two different beta-lactams.

2.3.4.2 Recent Australian isolates

Among the recent Australian isolates 70% were resistant to ciprofloxacin, 20% to levofloxacin,
40% to piperacillin, 90% to imipenem and 60% to ceftazidime. No isolate was resistant to

gentamicin, tobramycin or polymyxin.

Overall, recent isolates showed more antibiotic resistant compared to the historical ones.
There were significant differences between the resistance rates for historical and recent
isolates for ciprofloxacin (p=0.0036), piperacillin (p=0.047), imipenem (p=0.0008), ceftazidime
(p=0.0042), but not for tobramycin (p=0.9), polymyxin (p=0.9) and levofloxacin (p=0.16). None

of the historical and recent isolates were resistant to gentamicin.
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Table 2-6 Minimum inhibitory (MIC) and minimum bactericidal (MBC) concentration for contact lens-related keratitis P. aeruginosa isolates

Antibiotics Ciprofloxacin | Levofloxacin Gentamicin Tobramycin . N Imipenem Ceftazidime | Polymyxin B
pg/ml < pg/ml < pg/ml < pg/ml < Piperacillin pg/ml < pg/ml < pg/ml <

Breakpoints 1,2,2 4 2,4,28 4,8,216 4,8,216 pg/ml <16 2,4,28 8, 16,232 2,4,28

P. isolates MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC | MIC/MBC MIC/MBC MIC/MBC
115 0.25(S)/0.5 0.5 (S)/1 1(9)1 0.25 (S)/1 8 (S)/16 4 (1)/8 8 (S)/16 0.25 (S)/0.25
116 0.25 (S)/0.5 0.5 (S)/1 0.5 (S)/1 0.25 (S)/1 8 (S)/8 4 (1)/4 2 (S)/2 0.5 (S)/0.5
121 0.25 (S)/0.5 1(9)1 0.5(S)/2 2 (S)/4 2 (S)/4 8 (R)/8 2 (S)/2 1(9)1
123 1(S)1 1(S)1 0.25 (S)/0.5 4 (S)l4 8 (S)/16 438 2 (S)12 (Rl)}218zoso
124 1(S)/2 0.5 (S)/1 0.5 (S)/2 0.25 (S)/1 4 (S)/8 8 (R)/16 2(S)4 1(S)/2
126 0.5 (S)/1 0.5(8)1 0.5 (S)/1 0.25 (S)/0.5 8 (S)/16 8 (R)/16 128 (R)/256 1(S)/2
127 1(S)/2 0.25 (S)/1 2(S)4 32 (R)/128 4 (S)/16 4 (1)/8 128 (R)/256 0.5(8)1
129 0.25 (8)/1 0.25 (S)/1 0.25 (S)/0.5 0.25 (S)/0.5 4 (S)/8 4 (1)/8 2(S)4 0.25 (S)/0.5
155 0.25 (S)/0.5 0.25 (S)/0.5 0.25 (S)/0.5 4 (S)l4 4 (S)l4 2(S)4 2(S)4 0.25 (S)/0.5
162 0.5 (S)/1 0.5(S)/1 0.25 (S)/0.5 0.25 (S)/1 8 (S)/8 4 (S)l4 2(S)4 0.25 (S)/0.5
165 1(5)1 0.25 (S)/0.5 0.25 (S)/0.5 0.25 (S)/1 8 (S)/8 16 (R)/16 2(S)4 0.25 (S)/0.5
169 2 ()4 0.25 (S)/0.5 0.25 (S)/0.5 0.25 (S)/0.5 4 (S)/8 2(S)/4 1(S)/2 0.25 (S)/0.25
174 0.25 (S)/0.5 0.25 (S)/0.5 0.25 (S)/0.5 0.25 (S)/0.5 1(S)/2 8 (R)/16 0.5(S)/2 0.25 (S)/0.5
176 0.5 (S)/1 0.25 (S)/0.5 0.25 (S)/0.5 0.25 (S)/0.5 4 (S)/8 2 (S)/8 2(S)4 0.25 (S)/0.5
179 2 ()4 0.25 (S)/0.5 0.25 (S)/0.5 0.5 (S)/0.5 4 (S)/8 2(S)4 1(S)/2 0.25 (S)/0.5
181 1(S)/4 0.25 (S)/0.5 0.25 (S)/0.5 0.25 (S)/0.5 32 (R)/64 4 (1)/8 16 (R)/32 0.5 (S)/1
182 1(S)/2 0.25 (S)/0.5 0.25 (S)/0.5 0.25 (S)/0.5 4 (S)/8 8 (S)/16 1(S)/2 0.25 (S)/0.5
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Antibiotics Ciprofloxacin | Levofloxacin Gentamicin Tobramycin . N Imipenem Ceftazidime | Polymyxin B
pg/ml < pg/ml < pg/ml < pg/ml < Piperacillin pg/ml < pg/ml < pg/ml <
Breakpoints 1,2,2 4 2,4,28 4,8,216 4,8,216 pg/ml <16 2,4,28 8, 16,232 2,4,28
P. isolates MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC
64 (R)/128 1(S) /12 0.5(8)/1 0.5(8)/1 160 (R)/320 1(S)/ 2 16 (1)/32 2(S)/ 4
16 (R)/32 1(S)/ 2 0.25(S)/0.5 0.25(S)/0.5 8(S)/ 16 64 (R)/128 16 (1)/32 1(S)/ 2
64 (R)/128 16(R)/32 0.5(S)/2 0.25(S)/1 16(S)/32 64 (R)/128 8(S)/ 16 0.25(S)/0.5
1(S)/ 2 1(S)/ 2 1(S)/2 1(S)/ 2 32 (R)/64 | 160 (R)/320 8(S)/ 16 1(S)/ 2
64 (R)/128 64 (R)/128 0.5(8)/1 0.25(S)/1 16(S)/32 16 (R)/32 16 (1)/32 0.25(S)/0.5
0.5(S)/2 0.25(S)/0.5 0.25(S)/0.5 0.25(S)/0.5 4(S)/ 8 320(R)/640 4(S)/ 8 0.25(S)/0.5
0.25(S)/0.5 0.25(S)/0.5 0.5(8)/1 0.25(S)/0.5 4(S)/ 8 32 (R)/64 8(S)/ 16 0.25(S)/0.5
4 (R)/8 2(S)/ 4 2(S)/4 0.5(S)/1 32 (R)/64 32 (R)/64 64 (1)/128 0.25(S)/0.5
8 (R)/16 1(S)/ 2 1(S)/ 2 0.5(S)/1 16(S)/32 4 (1)/8 160 (1)/320 0.5(8)/1
16 (R)/32 0.5(8)/1 2(S)/ 4 0.5(S)/1 64 (R)/128 4 (1)/8 64 (1)/128 0.25(S)/0.5

Strains isolated in the years 2001-2006 (historical isolates) and coloured in light blue and those isolated in the years 2018-2019 (recent isolates) and coloured in dark blue.

Antibiotics break points were <Sensitive, Intermediate, ZResistant. Bold font indicates those combinations that showed intermediate or complete resistance.
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2.3.5 Comparison of sensitivity to Antibiotics, MPDS, and Disinfectants

Table 2-7 shows the comparison of susceptibilities of antibiotics, MPDS and disinfectants
(taking any MIC greater than 10% as being resistant to MPDS or disinfectants, and the
breakpoints of each antibiotic into account). Most historical isolates that were susceptible to
antibiotics were not susceptible to MPDS or disinfectants. In contrast, for recent isolates there
was an increase in susceptibility to Renu Advanced MPDS but an increase in resistance to

ciprofloxacin, piperacillin, and ceftazidime
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Table 2-7 Heat map for the comparative susceptibilities of antibiotics and disinfectants for P. aeruginosa isolates.

P.
aeruginosa | CIP | LEVO | GN | TOB | PIP | IMI | CEFTA Poé‘Y' OPTI | REV | BIO | RENU | PAPB | Polyquad | Alexidine | Aldox
isolates

115
116
121
123
124
126
127
129
155
162
165
169 | |
174
176
179 | |
181
182

Not determined

B sensitve 1 Intermediate B8 Resistant CIP; ciprofloxacin, LEVO; levofloxacin, GN; gentamicin, TOB; tobramycin, PIP; piperacillin, IMI;
imipenem, CEFTA,; ceftazidime, POLYB; polymyxin; B, PAPB; polyaminopropyl biguanide, Aldox; myristamidopropyl dimethylamine; polyquad, polyquaternium-1. Strains
isolated in the years 2001-2006 (historical isolates) and coloured in light blue and those isolated in the years 2018-2019 (recent isolates) and coloured in dark blue
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2.4 Discussion

This study reports the in vitro susceptibility of P aeruginosa Australian isolates from CL-related
keratitis to various antimicrobials. The study has demonstrated that strains
of P aeruginosa had different susceptibilities to diluted MPDS, but all strains were susceptible
to all the MPDS used at 100% concentrations, indicating good activity overall for the MPDS
against P aeruginosa isolates. The MIC for the disinfectants in the MPDS when tested alone
were mostly higher than the concentrations of the disinfectants in the MPDS, yet combinations
of the disinfectants found in different MPDSs did not show synergy, suggesting that it is the

whole MPDS formulation that results in high antimicrobial activity.

There was a reduction in activity of MPDSs upon dilution (i.e., diluted MPDSs did not
completely kill P aeruginosa strains compared with their 100% concentration). When diluted
the efficacy of MPDS was in the order Renu Advance Formula > OPTI-FREE PureMoist >
Complete RevitaLens > Biotrue. Dilution may occur in use, especially during topping off the
MPDSs in lens cases. This concept was tested following an outbreak of CL-related Fusarium
keratitis attributed to performance of the MPDS ReNu MoistureLoc (Levy et al., 2006). The
data in the current investigation reinforce the need to instruct daily wear contact lens users in

the proper use of MPDS and to avoid topping off.

The finding that Renu Advanced was associated with the lowest MICs and MBCs is perhaps
not surprising given that this MPDS contains three different disinfectants. Renu Advanced
contains alexidine as its highest concentration disinfectant, which is an efficient disinfectant
against bacteria (McDonnell and Russell, 1999) and against the biofilms formed by bacteria
(Ruiz-Linares et al., 2014). In the current study, alexidine had the lowest MIC of any other
disinfectant. Polyquaternium-1 is the next most abundant disinfectant in Renu Advanced and
it has been shown to have significant activity against P. aeruginosa (Codling et al., 2003). The
third most abundant disinfectant present in Renu Advanced is PAPB (PHMB), which has also

been proven to be effective against bacteria (Cazzaniga et al., 2002) particularly P. aeruginosa
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(Gabriel et al., 2018), although in the current study PAPB was less effective than alexidine or
polyquaternium-1. Even though the Renu Advanced formula was highly effective
against P. aeruginosa, the individual disinfectants were not effective at the concentration
found in Renu Advanced. However, this tri-disinfectant system was the only formulation to
show synergy between the disinfectants which may have contributed to the overall better

activity of this product.

The next most effective MPDS was OPTI-FREE PureMoist. This contrasts with the results in
another study that compared OPTI-FREE PureMoist and Biotrue, with both MPDSs having
similar results (Artini et al., 2015). OPTI-FREE PureMoist contains polyquaternium-1, which
showed good activity when used alone, as well as aldox. Interestingly, aldox had a relatively
high MIC and MBC (i.e., low activity). Aldox is believed to be more effective against fungi
(Codling et al., 2003). The difference in activity of OPTI-FREE PureMoist compared with the
individual disinfectants when used in combination was particularly marked with strain 155,
which showed a high level of antagonism between polyquaternium-1 and aldox. This further
reinforces the effect of the whole formulation on overall antimicrobial activity. The addition of
the antimicrobial ethylenediaminetriacetic acid and surfactants (both known to be antimicrobial)
(Guan et al., 2015) likely resulted in the relatively high antimicrobial activity of OPTI-FREE

PureMoist.

Complete RevitaLens OcuTec had a lower efficacy than OPTI-Free PureMoist, although in a
previous study, (Abjani et al., 2017) the MPDSs showed similar levels of efficacy. Biotrue has
been shown to be more effective compared to OPTI-FREE PureMoist against certain gram-
negative  bacteria including  Achromobacter  xylosoxidans, Delftia  acidovorans
and Stenotrophomonas maltophilia (Callahan et al., 2017). However, this finding contrasts
with the present study where Biotrue was the least effective of all the tested MPDS against
the P. aeruginosa clinical strains tested. The findings of the current study are in general

agreement with another study (Gabriel et al., 2018) on the most to least active MPDS, OPTI-
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FREE PureMoist > Complete RevitaLens > Biotrue, against fungal and bacterial isolates

including P. aeruginosa.

The higher MICs and MBCs of individual disinfectants compared with the concentration of
these disinfectants at the MICs and MBCs of MPDS suggested that it was the combination of
excipients in MPDS that contributed to the inhibition of growth and killing of bacteria. The
current study examined whether this effect was due to the combination of disinfectants within
the MPDS, but synergy was only observed for the combination of the three disinfectants in
Renu Advanced. Indeed, for the combination of Polyquad-1+PAPB there was antagonism
between the two disinfectants for all the three strains of P aeruginosa tested. All MPDS
contain additional excipients to disinfectants. These include surfactants and
ethylenediaminetriacetic acid which have known antimicrobial activity (Guan et al., 2015). The
other components of MPDS including acids and alcohols may also have antimicrobial activity
(Jeffrey, 1995). It is likely the combination of excipients with disinfectants in MPDS that
contribute to the overall antimicrobial activity. It would be useful in future studies to test the
efficacy of other components of MPDS in combination with the disinfectants and to add a
possible comparator with common usage in ophthalmic solutions like benzalkonium chloride

or chlorhexidine in MPDS for rigid gas-permeable lenses.

The development of resistance to antibiotics used for keratitis treatment in Australia would be
alarming especially if the resistance is to multiple antibiotics. Treatment of multi-drug resistant
P. aeruginosa is challenging because it increases antibiotics consumption (Golkar et al.,
2014). The failure of first and second-line antibiotic treatment options adds considerable costs
to treatment (Lushniak, 2014, CDC, 2013) due to prolonged treatment. However, this study
showed that the majority of the historical P aeruginosa isolates were susceptible to most of
the antibiotics except for imipenem, and only one strain showed multiantibiotic resistance (i.e.,
was resistant to two or more antibiotics from different classes). Fewer strains were susceptible
to the first-generation fluoroquinolone ciprofloxacin (88%) compared with the later generation

levofloxacin (100%). This is in contrast to previous reports where more strains were
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susceptible to ciprofloxacin than levofloxacin (Kowalski et al., 2001) or where sensitivity of
both the antimicrobials was equivalent (Thibodeaux et al., 2004). In contrast, in the recent
isolates resistance to ciprofloxacin, piperacillin, imipenem and ceftazidime had increased. The
lower rate of sensitivity to ciprofloxacin is important as ciprofloxacin is frequently prescribed
as monotherapy for the treatment of corneal infections in Australia (Keay et al., 2006b).
Therefore, careful evaluation of changes to the susceptibility of isolates is warranted. On the
other hand, recent and historical isolates were as sensitive to levofloxacin. This lack of
increase in resistance to levofloxacin might because it is not used in clinical practice in
Australia. However, the increase in resistance to piperacillin in the recent isolates partly
counters this argument as it is not prescribed for keratitis treatment in Australia. Imipenem
was the least effective beta-lactam, with only 29% of recent and 40% of historical strains being
susceptible to it. This level of resistance of P. aeruginosa keratitis isolates to imipenem has
recently been reported (Spierer et al., 2018). Imipenem should not be recommended as a

treatment for P. aeruginosa keratitis (Chatterjee and Agrawal, 2016).

Similar proportions of historical and recent isolates were susceptible to the aminoglycosides,
gentamicin and tobramycin. These data are consistent with a surveillance study of keratitis
isolates of P. aeruginosa from Sydney, Australia, that showed 100% of isolates (none of which
were used in the current study) were susceptible to these two aminoglycosides (Watson et al.,
2018). Similar susceptibility (>99%) to aminoglycoside has been reported from the USA
(Alexandrakis et al., 2000), whereas susceptibility to aminoglycosides was lower in Pakistan

(36% gentamicin) (Abidi et al., 2013) and India (~ 77% to gentamicin) (Lalitha et al., 2017).

Only the recent strain 123 was resistant to polymyxin B (which potentially shares the same
mechanism of action to disinfectants in MPDS through targeting the cell membrane of bacteria)
(Ikeda et al., 1984). This resistance may be due two component systems present in P.
aeruginosa including PhoPQ, PmrAB, ParRS, CprRS and ColRS which, when mutated, result

in the modification of lipopolysaccharide and efflux pumps (Olaitan et al., 2014) or due to
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acquisition of the external mcr-1 gene (Liu et al., 2016, Fernandes et al., 2016b). This strain
also had relatively high MIC and MBC values for MPDS and disinfectants which may be due
to the use of the same resistance mechanisms. This requires further investigation. However,
overall, there was no relationship between resistance to antibiotics and relative resistance to
MPDS or disinfectants, even though resistance to disinfectants can be mediated by gac genes
(Boost et al., 2014) and these genes can be carried on mobile genetic elements that can also
carry antibiotic resistance genes (Chapman, 2003). These findings may indicate that exposure
to disinfectants does not contribute to the acquisition of antibiotic resistance genes in P.

aeruginosa.

This study compared the susceptibilities of ocular P. aeruginosa isolates collected 10-15 years
apart and found increased resistance to certain antibiotics, but not to multiplurpose disinfecting
systems. Identification of the mechanisms behind the resistance to antibiotics in the recent

Australian isolates is required.
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3 Susceptibility of Indian Pseudomonas aeruginosa
keratitis isolates to antibiotics compared with Australian
isolates

3.1 Introduction

Microbial keratitis is considered one of the leading causes of blindness internationally
(Resnikoff et al., 2004) and it is viewed as a neglected disease (Ung et al.,, 2019).
Pseudomonas aeruginosa is a common cause of keratitis causing up to 65% of cases in
contact lens wearers (Galentine et al., 1984, Stapleton et al., 2007, Stapleton et al., 2005,
Schein et al., 2005) and, while less common in non-contact lens wearers, still causes 2-7% of
cases per year (Hooi and Hooi, 2005). In developed countries, contact lens wear (Dart et al.,
1991, Fong et al., 2004, Keay et al., 2006a) for cosmetic or therapeutic purposes is a major
risk factor for microbial keratitis, while in developing countries ocular trauma due to injury

(Bharathi et al., 2009, Kunimoto et al., 1998) is a more common.

The annual incidence rate of CL-related microbial keratitis was 0.63 in Hong Kong (Lam et al.,
2002) 0.26 in Scotland (Seal et al., 1999) 4.8 in Australia (Stapleton et al., 2008a) per 10,000
population per year. In contrast, the prevalence of keratitis in developing countries, which was
mostly due to ocular trauma, in Southeast Asian region ranged from 11.3 per 10,000 in India

(Gonzales et al., 1996) to 79.9 per 10,000 in Nepal, (Upadhyay et al., 2001).

Fluoroquinolones or fortified antibiotics are prescribed as the first choice of treatment for
keratitis (Kunimoto et al., 1999, Nixon, 2018, Green et al., 2019). Due to the resistance to
earlier generation fluoroquinolones, later generations have also been used as a treatment
option for bacterial keratitis. P. aeruginosa has also developed resistance to many of the
recent fluoroquinolones including the fourth generation drug moxifloxacin (Chaudhry et al.,
1999, Kunimoto et al., 1999, Alexandrakis et al., 2000) in different regions of the world
(Oldenburg et al., 2013). P. aeruginosa-causing Kkeratitis has also shown a reduced
susceptibility to aminoglycosides (Alexandrakis et al., 2000) which indicates the increasing

resistance of this bacterium to multiple antibiotics. Antibiotic sensitivity of Australian P.

69



Chapter 3

aeruginosa isolates from Sydney, Australia (Watson et al., 2018) in a recent surveillance study
and Queensland (Green et al., 2019), Australia was stable over time. However, the results of
Chapter 2 indicate some increase in resistance to antibiotics of keratitis strains over time. The
pattern of P. aeruginosa antibiotic susceptibility varies internationally (Ng et al., 2015, Watson
et al., 2018, Garg et al., 1999, Kowalski et al., 2003, Green et al., 2008, Kowalski et al., 2001,

Lomholt and Kilian, 2003, Willcox, 2011).

The aims of this study were to:

» To analyse the antibiotic susceptibilities of Indian P. aeruginosa isolates.
» To compare antibiotic susceptibility of Indian isolates and Australian isolates. Isolates

examined in chapter 2 are included for comparison.

3.2 Materials and methods

The antibiotic susceptibility was investigated using the methodology outlined in chapter 2.

3.2.1 Pseudomonas aeruginosa isolates

Strains of Pseudomonas aeruginosa isolated from corneal scrapes in non-contact lens-related
microbial keratitis from India between 2017 to 2018 (strains 188 to 222, Table 1) and historical
isolates from 1997 (strains 31-37, Table 1) (Subedi et al., 2018b) were donated by the LV
Prasad Eye Institute ( Table 3-1). The strains were stored at -80°C and revived on nutrient
agar (Oxoid Ltd., Basingstoke, Hampshire, UK). Isolates were then inoculated into Mueller-
Hinton broth (MHB; Oxoid Ltd.) and grown at 37°C for 18 to 24 hours. The optical density of
the bacterial suspension was adjusted to 0.1 (1x 10® CFU/ml) at 660nm using a
spectrophotometer (FLUOstar Omega, BMG LABTECH, Germany) (Watanabe et al., 2014).
3.2.2 Statistical analysis

The statistical analysis was carried out using GraphPad Prism v8. The proportions of sensitive
and resistant isolates from India or Australia or historical and recent isolates were compared

using a Fischer's exact test. Minimum inhibitory and minimum bactericidal concentrations
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were compared using the Kruskal-Wallis test. A P-value of less than 0.05 was considered

significant.

3.3 Results

3.3.1 Antibiotic susceptibility

Table 3-1 summarizes the MIC and MBC levels of historical and recent strains.

3.3.1.1 Historical Indian isolates

All historical Indian isolates (6/6) were resistant to ciprofloxacin, gentamicin, tobramycin,
imipenem. 83% (5/6) were reistant to levofloxacin, ceftazidime and polymyxin, and 33% (2/6)
to piperacillin. The historical non-CL related P.aeruginosa isolates were all multi-drug resistant

(resistant to three or more antibiotics of different classes).

3.3.1.2 Recent Indian isolates

Of the recent isolates, 44% (15/34) were resistant to ciprofloxacin, 11% (4/34) to gentamicin,
20% (7/34) to tobramycin, 73% (25/34) to imipenem, 23% (8/34) to levofloxacin, 14% (5/34)
to polymyxin and 26% (9/34) to piperacillin. Excluding isolates 193, 199, 201 and 206, all other
isolates were either resistant or showed intermediate resistance to at least one antibiotic.
Isolates 198, 202, 210, 216, 217, 218, 219 and 220 were multi-drug resistant. MICs > to 2560

pg/ml were found for ciprofloxacin, levofloxacin and gentamicin.
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Table 3-1 Minimum inhibitory and minimum bactericidal concentration of antibiotics for Indian keratitis P. aeruginosa isolates

Antibiotics and
Breakpoints
Ciprofloxacin Levofloxacin Gentamicin Tobramycin Piperacillin Imipenem | Ceftazidime | Polymyxin
P.aeruginosa | yg/ml£1,2,2 | pyg/ml<2,4,2 | yg/ml<4,8, | ug/mli<4,8,2 plml <16 Hg/ml £ 2, Hg/ml £ 8, B pg/ml <
isolates 4 8 216 16 Hgimi = 4,28 16, = 32 2,4,28
MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC
25120
31 32 (R)/62 32 (R)/32 (R)/5120 640 (R)/1280 4/8 4 (1)/16 16 (1)/32 4 (1)/4
32 64 (R)/128 32 (R)/32 (RZ);S561020 640 (R)/1280 16/32 4 (/4 16 (1)/16 4 (1)/16
33 128 (R)/128 32 (R)/64 (Rysizo | 25120 (RYS120 | 32(RY64 | B(RVI6 | 32(R64 214
2560
34 2 ()4 2/4 (R)/2560 640 (R)/1280 32 (R)/64 16 (R)/16 4/8 2/2
2560
35 2 (/4 2/4 (R)/2560 1280 (R)60 8/16 16 (R)/16 4/8 2/2
2560
37 64 (1)/128 32 (R)/32 (R)/2560 1280 (R)2560 8/16 8 (R)/16 16 (1)/64 2/4
2 ()4 1/2 0.5/1 32 (R)/64 16/64 0.5/1 4/8 2/4
0.25/1 1 0.25/0.5 16(R)/32 4/8 2/4 8/16 2/4
0.25/0.5 0.5/2 0.25/0.5 8 (1)/16 16/16 2/4 4/8 1/2
1 (1)/2 1/4 0.25/0.5 2/4 8/16 16 (R)/64 2/4 2/4
2/4 0.25/0.5 0.5/1 0.25/0.5 16/32 32 (R)/64 2/4 0.25/0.5
1/2 0.25/0.5 0.25/0.25 0.25/0.5 4/8 2/4 2/4 0.5/1
0.5/0.5 0.5/1 1/2 0.25/0.5 8/16 4 (1)/8 4/8 1/1
0.5/1 0.5/1 0.5/1 0.25/0.25 8/16 8 (R)/16 4/8 0.5/1
0.5 0.25 0.5/1 0.25/0.5 4/8 8(R)/16 4/8 0.25/0.5
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Ciprofloxacin Levofloxacin Gentamicin Tobramycin Piperacillin Imipenem | Ceftazidime | Polymyxin
Hg/ml£1,2,2 | pgiml<2,4,2 | yg/ml<4,8, | yg/ml<4,8,2 Hg/ml £ 2, Hg/ml < 8, B pg/ml <
4 8 216 16 ug/mi < 16 4,28 16, > 32 2,4,28
MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC
1/2 0.25/0.5 0.5/1 0.25/0.5 4/4 16 (R)/16 2/4 0.25/0.5
1280 (R) 320 (R) 2560 (R) 16 (R) 8/16 1/2 8/8 4 (1)/4
0.25/0.25 0.25/1 0.25/0.5 0.25/1 2/4 2/8 2/8 0.25/1
32 (R)/32 16 (R)/64 0.25/0.5 0.25/1 8/8 22 4/4 0.25/1
1/2 0.25/0.5 0.25/0.25 0.5/2 8/16 2/8 1/4 1/4
640 (R)/1280 320 (R)/640 8 (1)/32 320 (R)/640 16/64 8 (R)/32 8/32 0.25/0.25
0.25/0.25 1/4 0.25/0.25 0.5/1 8/16 4 (1)/8 8/32 0.25/1
0.5/2 0.5/1 0.5/1 0.25/1 4/16 4 (1)/8 4/8 0.25/0.5
2 (2 0.5/0.5 0.25/0.25 0.25/0.25 4/16 8 (R)/32 4/16 0.25/0.5
11 0.5/0.5 11 0.25/0.5 8/8 2/4 2/4 0.25/0.5
0.25/0.5 0.5/2 1/2 0.25/1 8/8 4 ()4 0.5/1 4 (ha
0.5/1 0.25/0.5 0.5/0.5 0.25/1 4/8 4 (1)/8 2/4 2/4
1/2 1/2 1/2 0.5/1 64 (R)/128 4 (I)/8 0.5/1 0.5/1
(Ff;éigo 25120 (R)/5120 4/8 4/8 (Rl)/ZZSSOGO 32 (R)/64/ | 160 (R)320 | 4 (1)/16
0.5/1 0.25/0.5 0.25/0.5 0.25/1 2/4 4 (1)/8 1/2 1/2
8 (R)/16 1/2 0.5/1 0.25/0.5 32 (R)/16 8 (R)/16 8/16 0.5/1
2 (/4 1/2 1/4 0.25/0.5 16/32 4 (1)/8 16 (1)/32 0.5/1
0.5/1 1/2 1/4 0.5/1 32 (R)/64 4 (1)/8 4/8 2/8
64 (R)/128 4/8 1/2 0.5/1 160 (R)/320 16 (R)/32 64 (R)/128 64 (R)/128
64 (R)/128 32 (R)/64 1/2 1/2 64 (R)/128 8 (R)/16 32 (R)/64 0.25/1
8 (R)/16 1/2 0.5/1 0.5/1 160 (R)/320 8 (R)/16 64 (R)/128 1/4
(Ff)%fgo 640 (R)/1280 (:;;"1’20 1280 (R)/2560 (R2)?561020 40 (R)/80 | 16 (/32 0.25/1
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Ciprofloxacin Levofloxacin Gentamicin Tobramycin Piperacillin Imipenem | Ceftazidime | Polymyxin
Hg/ml<1,2,2 | pgiml<£2,4,2 | pg/iml<4,8, | yg/ml<4,8,2 pglml <16 Hg/ml < 2, Hg/ml < 8, B pg/ml <

P. aeruginosa 4 8 216 16 4,28 16, =2 32 2,4,28

isolates

MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC

2 (/4 0.25/0.5 0.5/1 0.5/1 0.25/0.5 8 (R)/16 160 (R)/320 8 (R)/16

2560 (R)/5120 | 2560 (R)/5120 (R2)?561020 2560 (R)/5120 64 (R)128 16 (R)/32 32 (R)/64 0.25/0.5

0.25/1 2/4 2/8 0.5/1 4/8 32 (R)/64 160 (R)/320 1/2

Historical Indian (31-37) isolates were collected in 1997 and are coloured in light blue. Recent Indian isolates 188-210, 211-222 were collected between 2017 and 2018 and

are coloured in dark blue. Antibiotics breakpoints were S, |, R = < Sensitive, Intermediate, = resistant. MIC= minimum inhibitory concentration, MBC= minimum bactericidal
concentration. Bold font indicates intermediate or complete resistance.
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There was a significant difference (p<0.025) between the susceptibility of recent and historical
non-CL related isolates to ciprofloxacin, levofloxacin, gentamicin, tobramycin, ceftazidime

(Table 3-2) but not for piperacillin, imipenem or polymyxin.

Table 3-2 Median minimum inhibitory concentration (MIC) for antibiotics to Indian P. aeruginosa
isolates.

Antibiotics Median MIC (IQR, 25%-75%) for Median MIC (IQR, 25%-75%) for P-
recent P. aeruginosa isolates historical P. aeruginosa isolates | values
Ciprofloxacin 1(0-14) 64 (24-80) 0.021
Levofloxacin 1 (0-2.5) 32 (2-32) 0.0095
Gentamicin 0 (0-1) 2560 (2560-3200) 0.0001
Tobramycin 0 (0-2.5) 960 (640-2240) 0.0004
Ceftazidime 4 (2-16) 16 (4-20) 0.01
Piperacillin 8 (4-32) 12 (7-32) 0.9
Imipenem 4 (2-10) 12 (4-16) 0.3
Polymyxin B 0.5 (0-2) 2 (2-4) 0.2

3.3.2 Comparative antibiotic susceptibilities of Indian and Australian

isolates

Overall (combining the recent and historical isolates from each group), 32% of Indian isolates
(N=40) but 14% of Australian isolates (N=27; Chapter 2) were resistant to at least one
antibiotic. Among the Indian isolates (n=40), 77% were resistant to imipenem, 52% to
ciprofloxacin, 32% to tobramycin and ceftazidime, 30% to levofloxacin, 27% to piperacillin,
25% to gentamicin and 17% to polymyxin. In contrast, in Australian isolates (n=27) 70% were

resistant to imipenem, 33% to ciprofloxacin and ceftazidime, 18% to piperacillin, 7% to
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levofloxacin, 3% to tobramycin and polymyxin, and no isolate was resistant to gentamicin.
Indian isolates had higher resistance rates to levofloxacin (p=0.03), gentamicin (p=0.04) and
tobramycin (p=0.005). Indian isolates tended to have higher MIC values to antibiotics. The
median MIC values of antibiotics for Australian and Indian related isolates are shown in Table

3-3.

Table 3-3 Median minimum inhibitory concentration for Indian and Australian P. aeruginosa isolates.

Antibiotics Median MIC IQR (25%-75%) Median MIC IQR (25%-75%) for P-
for P. aeruginosaisolates P. aeruginosa isolates from values
from India Australia
Ciprofloxacin 2 (0.5-64) 1(0.2-4) 0.14
Levofloxacin 1 (0.5-28) 0.5 (0.2-1) 0.03
Gentamicin 0.7 (0.3-7) 0.5 (0.2-0.5) 0.004
Tobramycin 0.5 (0.2-28) 0.2 (0.2-0.5) 0.005
Ceftazidime 4 (2-16) 2 (2-16) 0.9
Piperacillin 8 (4-32) 8 (4-16) 0.5
Imipenem 6 (4-14) 4 (4-16) 0.5
Polymyxin B 1(0.2-2) 0.2 (0.2-1) 0.1

The percentage antibiotic resistance of historical and recent Australian and Indian isolates are
given in Figure 3-1. Several of the recent Indian isolates were MDR with resistance to seven

antibiotics. Four isolates (201, 193, 199 and 206) were not resistant to any of the antibiotics.
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The historical Indian isolates were resistant to 5 or 7 antibiotics and were categorized as MDR

whereas no isolate was susceptible to all antibiotics (Figure 3-2).

90%
80%
70%
60%
50%

40%

30%
20%
10% I l
0% i m -

Ciprofloxacin Levofloxacin Gentamicin Tobramycin Piperacillin  Imipenem Ceftazidime Polymyxin

Resistance in P. aeruginosa isolates

M Indian isolates W Australian isolates

Figure 3-1 Percentage resistance in Indian and Australian P. aeruginosa isolates.
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Figure 3-2 Frequency of antibiotic resistance in the Indian and Australian P. aeruginosa isolates.

Isolates shaded with light blue are historical and those shaded in dark blue are recent isolates.
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The recent Australian keratitis P. aeruginosa isolates showed increased antibiotic resistant
compared to historical ones (Chapter 2). Recent Australian P. aeruginosa isolates remained
100% sensitive to gentamicin and tobramycin. No recent Australian isolate was resistant to all
tested antibiotics (Figure 3-2). The MDR isolates were resistant to four antibiotics. Among the
ten most recent Australian isolates, no isolate was 100% susceptible to antibiotics. In the
historical Australian P. aeruginosa isolates, none of the isolates was MDR. Two historical
Australian isolates 127 and 181 were resistant to three antibiotics and two isolates 123 and

126 were resistant to two antibiotics.

3.4 Discussion

The historical MDR isolates had higher MICs and MBCs to ciprofloxacin, levofloxacin,
gentamicin, tobramycin and ceftazidime compared to the recent isolates. A higher MIC might
be related to additional or multiple resistance mechanisms to the antibiotics including
mutations, antibiotic modification, efflux pumps, or acquired resistance genes (Park et al.,

2006, Yoshida et al., 1990, Li et al., 1994, Chavez-Jacobo et al., 2018).

Susceptibility to polymyxin in the recent and historical non-CL isolates remained the same
which indicated that polymyxin can still be a drug of choice to treat keratitis caused by P.
aeruginosa, especially if the strains were resistant to other antibiotics. However, use of
polymyxin B in the form of topical ointment in combination with neomycin can induce contact
dermatitis which potentially limits the use of polymyxin B (Zug et al., 2009, Gehrig and
Warshaw, 2008). On the other hand, resistance to imipenem was relatively high in recent and
historical non-CL isolates which suggests it might not be a drug of choice to treat P. aeruginosa
keratitis. Imipenem resistance can occur by the acquisition of specific resistance genes, or
decreased expression of the outer membrane protein oprD, or overexpression of mexB which
forms a multi-drug export system, mexAB-OprM, in the outer membrane of P. aeruginosa (Wi
et al., 2017, Lynch et al., 1987). In a previous study of ocular strains, 93% of imipenem

sensitive P. aeruginosa isolates were sensitive to ciprofloxacin, whereas 54% of imipenem
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resistant isolates were ciprofloxacin resistant (Haas et al., 2011). The present study had
similar findings where 35% of P. aeruginosa strains (Australia and India overall) were both

ciprofloxacin and imipenem resistant.

None of the recent or historical CL-related P. aeruginosa isolates showed resistance to greater
than four antibiotics and no isolate was resistant to polymyxin B except one historical isolate,
123. Isolate 123 was resistant to polymyxin B with a very high MIC 1280 pg/ml which might
be due to acquired genes for polymyxin (Liu et al., 2016) or mutations in two component
systems (phoPQ and pmrAB) (Owusu-Anim and Kwon, 2012, Gutu et al., 2013). There is also
the possibility that this strain has acquired variants of the mcr gene that can cause polymyxin
resistance, which has been reported in other bacterial species (Perreten et al., 2016) and
recently identified in P. aeruginosa (Hameed et al., 2019). However, there are no published

data related to the frequency of this gene in ocular P. aeruginosa isolates.

The antibiotic resistance of ocular P. aeruginosa isolates had been reported previously from
India and other regions (Oldenburg et al., 2013, Marasini et al., 2016, Kowalski et al., 2001,
Lomholt and Kilian, 2003, Subedi et al., 2018b). Reports from Australia and New Zealand have
shown no change over time in P. aeruginosa resistance (Watson et al., 2018, Marasini et al.,
2016, Green et al., 2019). This study has provided an updated information on the susceptibility
of recent ocular P. aeruginosa isolates from India and Australia. It has also provided a
comparison between isolates from CL and non-CL related keratitis, although further study

should include isolates from same sources from both regions with an equal sample size.

In conclusion, the proportion of antibiotic resistance for CL isolates from Australia and non-CL
related isolates from India had increased significantly over the past 10 years. MICs for non-
CL were significantly higher than the CL isolates. These data suggest that environment is a
major determinant in resistance. Poor antibiotic regulation and greater availability of antibiotics
(Lushniak, 2014) are more common in India (Milder et al., 2012, Hsu et al., 2014, Ray et al.,

2013) compared to Australia. In 2010, India was the largest consumer of antibiotics and the
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rate of consumption had increased by ~22% for some antibiotics including carbapenems, beta-
lactams, cephalosporins (Farooqui et al., 2018). The global consumption of antibiotics was 35%
as of 2014 report (Van Boeckel et al., 2014). Countries with high antibiotic use generally have
high rates of antibiotic resistance (Bell et al., 2014, Versporten et al., 2014). Better control of
antibiotic resistance can be achieved with stronger management of antibiotic consumption,
audit and surveillance, regulation of health care settings, improved governance, and

development of new antibiotics.

81



Chapter 4

4 Antibiotic resistance characteristics of Pseudomonas
aeruginosa isolated from keratitis in Australia and India

This work has been published as:

Khan, M.; Stapleton, F.; Summers, S.; Rice, S.A.; Willcox, M.D.P. Antibiotic Resistance

Characteristics of Pseudomonas aeruginosa Isolated from Keratitis in Australia and

India. Antibiotics 2020, 9, 600. doi.org/10.3390/antibiotics9090600

Presented as:

Khan M, Stapleton F, Scott Rice, Willcox MDP. Isolation of acquired resistance genes from
ocular isolates of Pseudomonas aeruginosa, Mobile Genetic Elements, Melbourne 2019.

Student contribution: 70%, design, laboratory work, analysis and writing.
| certify that all co-authors of this work have agreed to submission of this work as a part of

this thesis.

82


https://doi.org/10.3390/antibiotics9090600

antibiotics @w

Article

Antibiotic Resistance Characteristics of
Pseudomonas aeruginosa Isolated from Keratitis
in Australia and India

Mahjabeen Khan !, Fiona Stapleton !, Stephen Summers 2(, Scott A. Rice > and
Mark D. P. Willcox 1*

1 School of Optometry and Vision Science, UNSW, Sydney, NSW 2052, Australia;
mahjabeen.khan@student.unsw.edu.au (M.K.); f.stapleton@unsw.edu.au (ES.)

The Singapore Centre for Environment Life Sciences Engineering (SCELSE), The School of Biological
Sciences, Nanyang Technological University, Singapore 639798, Singapore; ssummers@ntu.edu.sg (S.S.);
RSCOTT@ntu.edu.sg (S.A.R.)

The ithree Institute, The University of Technology Sydney, Sydney, NSW 2007, Australia

*  Correspondence: m.willcox@unsw.edu.au; Tel.: +61-2-9385-4164

check for
Received: 2 July 2020; Accepted: 9 September 2020; Published: 14 September 2020 updates

Abstract: This study investigated genomic differences in Australian and Indian Pseudomnionas aeruginosa
isolates from keratitis (infection of the cornea). Overall, the Indian isolates were resistant to
more antibiotics, with some of those isolates being multi-drug resistant. Acquired genes were
related to resistance to fluoroquinolones, aminoglycosides, beta-lactams, macrolides, sulphonamides,
and tetracycline and were more frequent in Indian (96%) than in Australian (35%) isolates (p = 0.02).
Indian isolates had large numbers of gene variations (median 50,006, IQR = 26,967-50,600) compared
to Australian isolates (median 26,317, IQR = 25,681-33,780). There were a larger number of mutations
in the mutL and uvrD genes associated with the mismatch repair (MMR) system in Indian isolates,
which may result in strains losing their efficacy for DNA repair. The number of gene variations were
greater in isolates carrying MMR system genes or exoU. In the phylogenetic division, the number of core
genes were similar in both groups, but Indian isolates had larger numbers of pan genes (median 6518,
IQR = 6040-6935). Clones related to three different sequence types—ST308, ST316, and ST491—were
found among Indian isolates. Only one clone, ST233, containing two strains was present in Australian
isolates. The most striking differences between Australian and Indian isolates were carriage of exoll
(that encodes a cytolytic phospholipase) in Indian isolates and exoS (that encodes for GTPase activator
activity) in Australian isolates, large number of acquired resistance genes, greater changes to MMR
genes, and a larger pan genome as well as increased overall genetic variation in the Indian isolates.

Keywords: antibiotic susceptibility; WGS; phylogenetic analysis; DNA mismatch repair system

1. Introduction

Pseudomonas aeruginosa is a ubiquitous bacterium which can cause opportunistic or nosocomial
infections in immuno-compromised patients [1]. P. aeruginosa commonly causes corneal (keratitis) [2],
respiratory, burn and wound infections, and infections related to medical or surgical devices including
ventilator-associated pneumonia [3,4]. P. aeruginosa corneal infections are usually related to contact
lens wear, but other risk factors for keratitis in non-contact lens wearers include ocular trauma,
ocular surgery, and prior ocular surface disease [5-8].

The prevalence of multi-drug resistant (MDR) or extensively drug resistant strains of P. aeruginosa
reduces treatment options, significantly increasing morbidity rates [9]. P. aeruginosa is naturally
resistant to some antibiotics due to the possession of specific resistance genes such as catB that confers

Antibiotics 2020, 9, 600; doi:10.3390/antibiotics9090600 www.mdpi.com/journal/antibiotics
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4.1 Introduction

Pseudomonas aeruginosa is a ubiquitous bacterium which can cause opportunistic or
nosocomial infections in immuno-compromised patients (Richards et al., 1999). P. aeruginosa
commonly causes corneal (keratitis) (Abjani et al., 2017), respiratory, burn and wound
infections, and infections related to medical or surgical devices, including ventilator-associated
pneumonia (Trouillet et al., 2002). P. aeruginosa corneal infections are usually related to
contact lens wear, but other risk factors for keratitis in non-contact lens wearers include ocular
trauma, ocular surgery, and prior ocular surface disease (Hooi and Hooi, 2005, Parmar et al.,
2006, Sharma et al., 2006, Green et al., 2008).

The prevalence of multi-drug resistant (MDR) or extensively drug resistant strains of P.
aeruginosa reduces treatment options, significantly increasing morbidity rates (Chatterjee and
Agrawal, 2016). P. aeruginosa is naturally resistant to some antibiotics due to the possession
of specific resistance genes such as catB that confers chloramphenicol resistance and an
inducible ampC which encodes for a beta-lactamase, that hydrolyses cephalothin and
ampicillin, conferring resistance to beta-lactams (Livermore, 1995b). Additionally, the
regulation of efflux pumps also contributes towards an elevated resistance to antibiotics (Li et
al., 1994). For example, expression of the efflux pump MexAB-OprM contributes towards
intrinsic resistance to a broad spectrum of antibiotics (Poole, 2011), whereas the efflux pump
MexXY-OprM is involved in the adaptive resistance to aminoglycosides (Hocquet et al., 2003).
Other resistance mechanisms in P. aeruginosa include the acquisition of transferrable
resistance determinants, including those associated with transposons and integrons
(Livermore, 2002). Antibiotic resistance of P. aeruginosa varies according to the region where
the strains have been isolated (Lomholt and Kilian, 2003, Willcox, 2011) presumably due to
the prescribing practices, availability of antibiotics, and perhaps their use in animal husbandry.
Various epidemiological studies have identified MDR P. aeruginosa from different infections
and these isolates have acquired different resistance characteristics. For example,

aminoglycoside resistance (Poonsuk et al., 2013) and ciprofloxacin persistence (Diver et al.,
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1991) are found in cystic fibrosis isolates of P. aeruginosa. Some of these MDR strains are
clonal and such clonal strains are often the predominant global clinical MDR isolates
(Guzvinec et al., 2014) which spread resistance characteristics into the wider population
enabling clonal lineages to expand with time.

ExoU has been associated with virulence of P. aeruginosa at the ocular surface. ExoU is a
phospholipase that causes mammalian cell death (Phillips et al., 2003) and exoU possession
is common in strains isolated from ocular infections (Finck-Barbangon et al., 1997). There is
a correlation between carriage of exoU and elevated resistance to fluoroguinolones and
aminoglycosides (Subedi et al., 2018d). ExoU is carried by strains on a genomic island that
also contains resistance genes for a range of antibiotics (Macia et al., 2005).

In addition to the acquisition of resistance genes, bacteria can develop resistance through
mutation of genes so that antibiotic targets are modified. Mutation rates are elevated in strains
that carry mutations in DNA mismatch repair (MMR) systems and hence such mutator strains
will normally carry more mutations than non-mutator strains (Modrich, 1991). In P. aeruginosa,
the MMR system is composed of mutS, mutL, and UvrD genes (Oliver et al., 2002). Strains of
P. aeruginosa isolated from the lungs of cystic fibrosis patients have alterations in the DNA
MMR system and this has been correlated with multiple antimicrobial resistance (Macia et al.,
2005).

In Australia, there is a tight regulation of prescribing antibiotics, and antibiotics can only be
obtained legally with a prescription from a qualified healthcare professional. In India, on the
other hand, whilst branded antibiotics exist, other forms such as counterfeit, substandard, and
‘spurious’ antibiotics have been reported (Alsan et al., 2015), along the less strict antibiotic
prescription regulation, making surveillance and regulation difficult (SAnchez and Sivaraman,
2010). While the antibiotic consumption per person in Australia and India in 2010 was
approximately similar, there was a more rapid increase between 2000 and 2010 in India (Van
Boeckel et al., 2014). These differences may affect antibiotic resistance development.

The aim of the current study was to compare the phenotypic resistance and genetic

characteristics associated with resistance between strains isolated from Australia and India to
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better understand the underlying factors that may lead to an increased antibiotic resistance in

P. aeruginosa strains associated with ocular infection.

4.2 Materials and Methods

4.2.1 P. aeruginosa strains and susceptibility testing

Twenty-six P. aeruginosa keratitis isolates, eight isolated in Australia from 2004 to 20086, six
from 2018 and 2019 (total 14 Australian isolates), and twelve isolated in India between 2017
and 2018, were included in this study. These isolates were selected from a larger collection of
strains based on their antibiotic susceptibilities (those phenotypically resistant to multiple
antibiotics, some resistant to one or multiple antibiotics, and some which were sensitive to all
antibiotics). The susceptibilities of Australian strains (2004—-2006) included in this study are
reported in chapter 2 (Khan et al., 2020). Strains were selected after comparing their
susceptibilities to antibiotics that are used to treat ocular infections. For genetic comparisons,
the data of 34 P. aeruginosa isolates from eyes and other sources were also included. The
general characteristics of these isolates are described in Supplementary Table 4. The
genomes of these isolates were downloaded from the NCBI database and reannotated for this
study using the same parameters as of the isolates of this study to avoid any bias in results.
The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of various antibiotics which are commonly used to treat P. aeruginosa keratitis (Willcox, 2011)
were assessed for the isolates (selected from chapter 2 &3) using the broth microdilution
method in 96-well plates following the Clinical and Laboratory Standard Institute guidelines
(Patel et al., 2014). The antibiotics tested were ciprofloxacin, levofloxacin, gentamicin,
ceftazidime (Sigma-Aldrich, St. Louis, MO, USA), polymyxin B (Sigma-Aldrich, Vandtarnsvej,
Sgborg, Denmark), tobramycin, piperacillin (Cayman Chemical Company, Ann Arbor,
Michigan, USA), and imipenem (LKT Laboratories Inc, St Paul, MN, USA). The susceptibility
results were interpreted using the EUCAST v10 (EUCAST, 2020) and CLSI 2014 (Patel et al.,

2014) breakpoints.
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4.2.2 Genomic sequencing

DNeasy Blood and Tissue Kits (Qiagen, Hilden, Germany) were used for DNA extraction as
per the manufacturer's recommendations. The Nextera XT DNA library preparation kit
(lumina, San Diego, CA, USA) was used to prepare paired-end libraries. All the libraries were
multiplexed on one MiSeq run. FastQC version 0.117
(https://lwww.bioinformatics.babraham.ac.uk/projects/fastqc) was used to assess the quality of
sequenced genomes using raw reads. Version 0.38 of Trimmomatic (Bolger et al., 2014) was
used for trimming the adapters from the reads following de novo assembly using Spades
v3.13.0 (Nurk et al., 2013). Genomes were annotated using Prokka v1.12 (Seemann, 2014).
Sequence types were investigated using PubMLST https://pubmlst.org/. Pan genomes of the
P. aeruginosa isolates were analyzed using Roary v3.11.2 (Page et al., 2015) using PAO1 as
a reference, while core genome phylogeny was constructed using Harvest Suite Parsnp v1.2
(Treangen et al., 2014) with strains PAO1, PA7, and PA14 used as reference strains. The
output file ‘genes_ presence absence’ was used to compare the P. aeruginosa isolates.
Acquired resistance genes were identified using the online database Resfinder v3.1 (Centre
for Genomic Epidemiology, DTU, Denmark) (Zankari et al., 2012). Integron Finder v1.5.1 was
used to identify any integrons present in the isolates. Mutations in the genes were detected
using Snippy V2 (Seeman, 2015). Isolates with same sequence types were compared for
nucleotide similarities using the MUMmer online web tool
(http://jspecies.ribohost.com/jspeciesws/#analyse).

Using the Pseudomonas genome database (http://www.pseudomonas.com) and
comprehensive antibiotic resistance database (https://card.mcmaster.ca), 76 genes related to
P. aeruginosa resistance were selected to investigate the presence of single nucleotide
polymorphisms. All isolates were analyzed for the presence of the type Il secretion system

associated virulence factors exoU and exoS using the BlastN database.

87



Chapter 4

4.2.3 Statistical analysis

The statistical analysis was performed using GraphPad Prism v8. Medians were calculated
with the ‘descriptive statistics’ option during analysis of variance (ANOVA). P-values less than
0.05 were considered as significant. Fischer’'s Exact test was used to examine the difference
between acquired genes. The Mann-Whitney test was used to analyse the difference between

DNA mismatch repair genes in exoU and exoS isolates and genes variations in the isolates.

4.3 Results

4.3.1 Antibiotic Susceptibility

The minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations
(MBCs) of the P. aeruginosa isolates were determined (Table 4-1). Strains showing
intermediate resistance (1) as well as full resistance to antibiotics were categorised as resistant
(R) for subsequent analyses. Based on the Centers for Disease Control and Prevention (CDC,
Atlanta, GA, USA) definition of multi-drug resistance as “an isolate that is resistant to at least
one antibiotic in three or more drug classes”, isolates 198, 202, 216, 217, 218, 219, 220 and
221 were deemed to be multi-drug resistant. Australian isolates 223, 224, 225, 227, 233, 235
were also resistant to three antibiotics but these antibiotics were not of different classes.
Isolates 176, 193 and 206 were sensitive to all antibiotics, but all other isolates were resistant
to at least one antibiotic. Overall, Indian isolates were more resistant to antibiotics compared
to Australian isolates. In Australian isolates (n=14), 78% were resistant to imipenem, 57% to
ceftazidime, 50% to ciprofloxacin, 21% to piperacillin, 14% to levofloxacin, 7% to tobramycin.
No resistance was found to gentamicin or polymyxin. In contrast, in Indian isolates (n=12) 75%
were resistant to ciprofloxacin, 58% to imipenem, 50% to levofloxacin, tobramycin, and

ceftazidime, 41% to piperacillin, 40% to gentamicin, and 25% to polymyxin.
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Table 4-1 MIC and MBC of antibiotics to P. aeruginosa keratitis isolates.
Fluoroquinolones* Beta-lactams
Aminoglycosides ___ i Polypeptide
ond generation 3 generation Penicillin 4t Carba- Cephalosporin
9 9 generation penem 39 generation
Levo Imi Ceftaz PMB
Strain Cipro pg/ml Genta pg/ml Tobra pg/ml | Pipera pg/mi
number Hg/ml Hg/ml Hg/ml Hg/ml
<1, 2, 247 <4, 8, 216 <4, 8, 216 <16
<2,4,28 2,4, 28 <8, 16, 232 2,4, 28
MIC/ MIC/ MIC/ MIC/ MIC/ MIC/ MIC/ MIC/
MBC MBC MBC MBC MBC MBC MBC

MBC
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Fluoroquinolones

Beta lactams

Aminoglycosides Penicillin 4th Cephalosporin | Polypeptide
d : rd . Carba-
2% generation 3’ generation
. penem rd .
generation 3'%generation
Strain
Imi Ceftaz PMB
number Cipro pg/ml Levo pg/ml Genta pg/ml Tobra pg/ml | Pipera pg/ml
pg/ml pg/ml pg/ml
<1, 2, 247 <2,4,28 <4, 8,216 <4, 8, 216 <16
<2, 4,28 <8, 16, 232 <2,4,28
MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC
224 16(R)/32 1/2 0.25/0.5 0.25/0.5 8/16 64(R)/128 16(1)/32 1/2
225 64(R)/128 16(R)/32 0.5/2 1/2 16/32 64(R)/128 8/16 0.25/0.5
227 64(R)/128 64(R)/128 0.5/1 0.25/1 16/32 16(R)/32 16(1)/32 0.25/0.5
233 8(R)/16 1/2 1/2 105/1 16/32 4(1)/8 160(1)/320 0.5/1
235 16(R)/32 0.5/1 2/4 0.5/1 64(R)/128 4(1)/8 64(1)/128 0.25
188 2()/4 1/2 0.5/1 32(R)/64 16/64 0.5/1 4/8 2/4
189 0.25/1 1/2 0.25/0.5 16(R)/32 4/8 1/2 8/16 2/4
193 1/1 0.25/1 0.250.25 0.25/0.5 4/8 2/4 2/2 0.5/1
198 1280(R)/2560 320(R)/1280 2560(R)/5120 16(R)/16 8/8 1/2 8/8 44
202 640(R)/1280 320(R)/640 8 (1)/32 320(R)/640 16/64 8(R)/32 8/32 0.25/0.25
206 1/1 0.5/0.5 1/1 0.25/0.5 8/8 2/4 2/4 0.25/0.5
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Fluoroquinolones

Beta-lactams

Aminoglycosides Penicillin 4th Cephalosporin | Polypeptide
nd : rd . Carba-
2% generation 3’ generation
. penem rd .
generation 3'%generation
Strain
Imi Ceftaz PMB
number Cipro pg/ml Levo pg/ml Genta pg/ml Tobra pg/ml | Pipera pg/ml
pg/ml pg/ml pg/ml
<1, 2, 24 <2,4,28 <4, 8,216 <4, 8, 216 <16
<2, 4,28 <8, 16, 232 <2,4,28
MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC MIC/MBC
216 64(R)/128 4 (1)/8 1/2 0.5/2 160(R)/320 16(R)/32 64(R)/128 64(R)/128
217 64(R)/128 32(R)/64 1/2 1/2 64(R)/128 8(R)/16 32(R)/64 0.25/1
218 8(R)/16 1/2 0.5/1 0.5/1 160(R)/320 8(R)/16 64(R)/128 1/4
25120(R)
219 25120(R)/25120 640(R)/1280 >5120 1280(R)/2560 | 2560(R)/5120 40(R)/80 16(1)/32 0.25/1
220 2(1)/4 0.25/0.5 0.5/1 0.5/1 0.25/0.5 8(R)/16 160(R)/320 8(R)/16
221 2560(R)/5120 2560(R)/5120 2560(R)/5120 | 2560(R)/5120 64(R)/128 16(R)/32 32(R)/64 0.5/1

Data for Australian isolates (shaded in grey) 123-182 is from a previously published study (Khan et al., 2020). Strains 188-221 were Indian keratitis isolates.

R= resistant, I= intermediate resistance. * Cipro= Ciprofloxacin, Levo= Levofloxacin, Genta= Gentamicin, Tobra= Tobramycin, Pipera= Piperacillin, Imi=

Imipenem, Ceftaz= Ceftazidime, PMB= Polymyxin B; #=Antibiotic breakpoints for sensitive, intermediate, resistant classifications.
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4.3.2 General features of the genomes

The isolates after de novo assembly consisted of different numbers of contigs ranging from
50 for isolate 169 to 1917 for isolate 216. The average number of coding sequences was 6162
+ 359.2 for the Australian isolates and 6544 + 889 for the Indian isolates. Isolates had an
average of 66.1% G + C content. The tRNA copy number for the isolates ranged from 57 to
86 (which may vary between studies that use different assembly methods). The general
features of the isolates are provided in Supplementary Table 1.

4.3.3 Acquired resistance genes

P. aeruginosa isolates were examined for horizontally acquired antibiotic resistance genes
(Table 4-2) using the Resfinder database. Altogether, 33 different acquired antibiotic resistance
genes for various classes of antibiotics including aminoglycosides, fluoroquinolones, beta-

lactams were found in these isolates.

An aminoglycoside resistance gene (aph(3’)-1Ib), a beta-lactam resistance gene (blaPAO), a
fosfomycin resistance gene (fosA), and a chloramphenicol resistance gene (catB7) were
common to all isolates. The Australian isolates (123-182) had acquired only eight resistance
genes, while the Indian isolates (188—221) had acquired 26 different resistance genes (Table
2). Five Indian isolates (198, 202, 217, 219, and 221, with large pan genomes) acquired the
largest number of resistance genes. Of these five isolates, the pairs 198/219 and 202/221 had
the most similar resistance gene profiles and each member of the pair were of the same
sequence type, ST308 and ST316 respectively. As acquired resistance genes may be carried
on integrons, the genomes of the P. aeruginosa isolates were analyzed for integrons using
Integron Finder version 1.5.1. gnrCV1 was associated with a class 1 integron in isolates 202

and 221 and a Tn3 transposon in isolates 198 and 219.
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Table 4-2 Acquired resistance genes in P. aeruginosa isolates from India and Australia.

Genes

Australian isolates

Indian isolates

123

126

127

162

169

176

181 |182

223

224 225 227 |233 235 |188

189

193

198

202

206

216

217

218

219

220

221

aph(3')-11b

aph(6)- 1d

Aminoglycoside resistance genes

rmtD2

rmtB

aph(3")-VI

aph(3")-llb

aph(3")-Ib

aac(6')-1b3

aac(3)-1ld

aadAl
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Genes

Australian isolates

Indian isolates

123

126

127

162

169

176

181

182

223

224

225

227

233

235

188

189

193

198

202|206

216

217

218

219

220

221

Aminoglycoside resistance genes

aac(6")-1b-cr

crpP

gnrvC1

Fluoroquinolone resistan

ce genes

blaPAO

blaLCR-1

Beta-lactamase resistance genes

blaOXA-485

blaOXA-486

blaOXA-488

blaOXA-396
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Genes

Australian isolates

Indian isolates

123

126

127

162

169

176

181

182

223 |224

225

227

233

235

188

189

193

198|202

206 |216 |217

218

219

220

221

Beta-lactamase resistance genes

blaOXA-395

blaOXA-50

blaOXA-10

blaTEM-1B

blaVIM-2

blaPME-1

blaPAU-1

Sulphonamide, tetracycline, macrolide, fosfomycin and chloramphenicol resistance genes

sull

tet(G)

mph(E)
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Australian isolates

Indian isolates

Genes
123|126 |127 |162(169(176 |181 |182 |223 |224 |225 (227 (233 (235 (188 |189 |193 |198(202(206 (216 (217218 (219 (220 (221
Sulphonamide, tetracycline, macrolide, fosfomycin and chloramphenicol resistance genes
mph(A)
msr(E)*
fosA
catB

* msr(E) encodes macrolide and lincosamide resistance.
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Several types of hon-synonymous variations were found in the core genome of the keratitis P.
aeruginosa isolates when compared with the reference genome of PAO1 (Table 4-3). These
non-synonymous mutations included single nucleotide polymorphisms (SNPs), multi-
nucleotide polymorphisms (MNPs), deletions, insertions, and complex variations (where more
than one change occurred at one specific location compared to the reference strain). The total
variations in the isolates ranged from 76,080 in isolate 206 to 22,536 in isolate 181. There was
a median of 26,317 (IQR = 25,681-33,780) variations in the genomes of Australian isolates
and a median of 50,006 (IQR = 26,967-50,600) in the Indian isolates (p = 0.09). Based on the
grouping of core genome phylogeny, isolates within group 2 (198, 202, 219, 220, 221, 233)
had the most variations. Isolate 206, which had a unique sequence type and was placed in a
separate group by pan genome analysis, had an exceptionally high number of variations

(76,080) and SNPs (67,271).

Non-synonymous mutations were assessed in resistance genes of the P. aeruginosa isolates
(Supplementary Table 2). There were no large differences in the mutations in resistance genes
of any of the isolates except the antibiotic efflux-related genes opmH and rosC. opmH had 2
9 mutations in all isolates except 127, 162,169, 202, 218, 220, and 221 (mostly isolates of
group 2 of core and pan genome phylogenies except 127 and 218). rosC had 20 non-
synonymous mutations including insertions/deletions in isolate 206, 11 in 233, and = 5
mutations in isolates 162, 169, 176, 202, 216, 217, 219, 220, and 221 (mostly isolates of group
2 of core and pan genome phylogenies except 176, 216), but < 3 mutations in isolates 123,
126, 123, 181, 182, 188, 189, 193, 198, and 218 (mostly isolates of group 1 of core and pan
genome phylogenies except 198). Mutations in genes encoding efflux pumps were also found,
including mexX, mexT, mexD, mexM, and mexY, although there was no significant difference
between the two groups in the possession of mutations in these genes. All other mutations in
the genes were random without any association to sequence type, phylogeny, or susceptibility

to antibiotics.
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Table 4-3 Frequency of different types of variation in the genes of P. aeruginosa isolates.

Chapter 4

P. aeruginosaisolates

188

Total variants complex insertions deletions MNP SNP
28279 1593 187 163 398 25938
26258 1416 164 159 355 24164
25760 1362 163 176 391 23668
50999 3481 281 257 951 46029
50283 3359 269 245 922 45488
26065 1372 168 161 342 24022
22536 1063 162 133 283 20895
25684 1359 172 180 368 23605
25672 1358 167 176 402 23568
26376 1435 163 165 353 24260
28070 1566 167 156 385 25796
28000 1560 162 154 370 25754
52392 3590 285 263 956 47298
24919 1349 162 171 354 22883
25833 1435 164 154 351 23729
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P. aeruginosaisolates Total variants complex insertions deletions MNP SNP
189 25910 1458 165 155 365 23767
193 26567 1445 180 147 389 24406
198 50631 3503 280 236 945 45667
202 49981 3461 257 236 902 45125
206 76180 6449 336 371 1653 67271
216 28166 1548 183 164 433 25838
217 51119 3575 290 226 944 46084
218 29161 1676 182 181 430 26692
219 50507 3484 273 237 925 45588
220 50180 3452 267 234 894 45332
221 50030 3477 260 237 906 45150

SNP= single nucleotide polymorphism; MNP= multi-nucleotide polymorphism. Isolate humbers highlighted in grey are from Australia.
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4.3.4 Possession of exoU and mutations in the DNA mismatch repair
system

ExoU was present in the genomes of all isolates in group 2 (core and pan genome
phylogenetic group) as well as isolates 123 and 127 (Table 4-4). All other isolates possessed
exoS with the exception of isolate 126 which possessed both exoU and exoS. To address
differences in the numbers of sequence variants between the isolates, the genes involved in
the DNA mismatch repair (MMR) system mutS (that encodes a protein which binds to errors
in DNA), mutL (that encodes a protein that works in synergy with MutS and activates UvrD),
and uvrD (a DNA helicase active in DNA replication) were examined. The mutations in the
MMR system included SNPs, indels, and complex variants. The number of mutations in mutL
ranged from 1 to 2 and mutations in mutS (which ranged between 0 and 2) were found in
seven isolates (Table 4-4). In uvrD, the number of mutations ranged between 0 and 5 (Table
4-4). exoU containing isolates possessed a median of two (IQR = 1-3) mutations in mutL, zero
(IQR = 0-2) mutations in mutS, and four (IQR = 2-5) mutations in uvrD, whereas exoS
containing isolates possessed a median of zero (IQR = 0-1) mutations in mutL, zero (IQR =
0-1) mutations in mutS, and two (IQR = 0-2) median mutations in uvrD. There were significant
differences in the number of mutL (p = 0.0021) and uvrD (p = 0.02) mutations in exoS and
exoU isolates but not with mutS (p = 0.3). Isolate 206, an exoS strain and an outlier in the core
genome analysis, had one mutation in mutL. Details of mutations occurring in nucleotide and

respective proteins are provided in Supplementary Table 3.
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Table 4-4 Possession of exoU and exoS and number and type of non-synonymous mutations in the
mismatch repair system genes in P. aeruginosa isolates

= Type lll
aeruginosa secretion mutL mutS uvrD
i system
isolates
genes

188 exoSs 0 0 1 MNP, 1 complex
189 exoSs 1 SNP 0 1 MNP, 1 complex
193 exoSs 0 0 0

198 exou 2 SNP 0 1 SNP, 3 complexes
202 exoU 1 SNP 1 complex 1 SNP, 2 MNP, 2 complex
206 exos 1 MNP 1 complex 0

216 exoS 0 0 0

217 exou 2 SNP 1 complex 1 SNP, 2 MNP, 1 complex
218 exoSs 0 0 0

219 exou 2 SNP 0 1 SNP, 1 MNP, 2 complex
220 exou 1 SNP 1 complex 1 SNP, 2 MNP, 2 complex
221 exou 1 SNP 1 complex 1 SNP, 2 MNP, 2 complex

(SNP = single nucleotide polymorphism, MNP = multinucelotide polymorphism). Isolates shaded in grey indicate
Australian isolates.

4.3.5 Sequence type analysis and phylogenetics

All Australian isolates were of different sequence types (ST), except 225 and 227 which
belonged to ST233. Among the 12 Indian isolates, one isolate was designated as belonging
to a new sequence type, two isolates (198 and 219) belonged to ST308, two others (188 and
189) belonged to ST491, and three isolates (202, 220, and 221) belonged to ST316 (Table

4-5).
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Table 4-5 Sequence types of P. aeruginosa isolates.
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P. aeruginosa
isolates

Sequence
types

Core genes

Shell genes

Pan/total
genes

188* ST491 5490 535 6025
189* ST491 5492 531 6023
193 ST760 5490 594 6084
198t ST308 5454 1428 6882
202# ST316 5425 1505 6930
206 NEWST 5331 1084 6415
216 ST1527 5480 1488 6968
217 ST1047 5448 1173 6621
218 ST3083 5513 488 6001
219% ST308 5451 1796 1247
220# ST316 5430 948 6378
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Pan/total
genes
P. aeruginosaisolates | Sequence types Core genes Shell genes
221# ST316 5425 1511 6936
PA7 ST1196 3599 4586 8185
PAl14 ST253 5436 790 6226

Grey shading denotes Australian isolates. *, T, #, @ indicates strains belong to the same
sequence types (STs).

The number of core and total or pan (or total) genes were reported from the statistical summary
of Roary v3.11.2. The core genomes of the isolates were aligned using PA7 (Accession
number NC_009656.1), PA14 (Accession number NC_004863.1), and PAO1 (Accession
number NC_002516.1) as reference strains. The eight published genomes of P. aeruginosa
isolates from eye as well as strains from other sources were also included. The core genes of
published isolates are provided in Supplementary Table S4. The isolates were sub-grouped
based on the number of core genes; isolates with a similar number of core genes were closely
aligned and isolates with the same sequence type were grouped together. The core genomes
formed two groups in the phylogenetic tree (Figure 4-1). Isolates in group 1 tended to have a
larger number of core genes than isolates in group 2. Isolate 206, PA57, and PA7 were outliers
based on core genome phylogeny. The Australian and Indian isolates had a similar number of
core genes, whereas the Indian isolates had a larger number of pan genes (10,889) due to

the acquisition of shell genes (genes present in two or more strains) (Table 4-5).
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Figure 4-1. Core genome phylogeny of P. aeruginosa isolates using Parsnp.

The phylogenetic relationships of these P. aeruginosa isolates were assessed by aligning their
pan genome against PAO1 as a reference. The output generated using Roary showing the
gene presence or absence in all isolates is provided in Supplementary Figure 1. This again
divided the P. aeruginosa isolates into two major groups. Six multi-drug resistant Indian
isolates (198, 202, 217, 219, 220, 221) and the VRFPAO04 isolate (isolated from the cornea)
were clustered in one group, which also contained the two Australian isolates 162 and 169.
The Indian isolate 216 was categorized in a separate sub-group due to the large number of
shell genes and possession of exoS.

The second group (group 2 of the pan genome analysis) included most of the Australian (123,
126, 127, 162, 176, 181, 182, 223, 224, 225, 227, 235) and Indian (188, 189, 193, 216 218)

isolates along with reference strain PAO1 (Figure 4-2). Overall, the multi-drug resistant Indian
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isolates had a large pan genome (total of 10,889 genes obtained from the statistical summary
in Roary v3.11.2). The pan genome grouping of isolates was broadly based on the number of
pan (or total) genes and possession of either exoU or exoS in each group, except for the two
Australian isolates 123 and 127 which were in group 2 but possessed exoU. The other
exception to this grouping pattern was isolates 181 and 182 which had large pan genomes

and were clustered into group 1 but carried exoS.

The isolates of group 2 usually had a large number of pan genes and were exoU+. Isolates
having similar numbers of pan genes were sub-grouped together. For example, isolate
193 (pan genes = 6084) and 218 (pan genes = 6001) were sub-grouped together. Isolate
218 had a similar number of pan genes to isolate 123 (pan genes = 6001), but isolate 218
possessed exoS, while 123 possessed exoU, and thus these were not grouped together.
Isolates belonging to the same sequence type were also grouped together. The MDR
isolates, the isolates with same STs, and isolates with large gene variations were
clustered in one pan genome group. The previously published isolates PA_D1, PA_D2,
PA_D9, and PA_ D16 with the same ST and those with a large number of shell genes

were grouped with the MDR isolates of the current study.
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Figure 4-2 Pan genome phylogeny of P. aeruginosa isolates.

Branches without colour representation indicate non-ocular isolates. Red indicates Australian, blue
represents Indian and orange represents published eye isolates. Green represents reference

strains. Purple represents reference strains

106



Chapter 4

4.4 Discussion

This study investigated genomic differences in P. aeruginosa keratitis isolates from Australia
and India. Phenotypically, more resistance was found in Indian isolates compared to
Australian isolates as has been shown in previous study (Subedi et al., 2018b). Unregulated
antibiotic use in India has been linked to increased antibiotic resistance (Porter and Girills,
2015). Resistance to antibiotics is problematic even in the treatment of keratitis, where topical
application of antibiotics is used. Infection with antibiotic resistant strains results in prolonged
infection (Wilhelmus et al., 2003), more severe keratitis (Green et al., 2008), and an increase
in the cost of treatment (Keay et al., 2006b, Keay et al., 2008).

Indian P. aeruginosa strains harbored more resistance genes compared to Australian isolates,
although aph(3’)-1Ib, blaPAO1 (fosA), and catB7 were found in all isolates, which was
consistent with previous studies (N et al., 2016, Subedi et al., 2018b). gnrVC1 was found in
four Indian isolates but no Australian isolates. This fluoroquinolone resistance gene has not
been previously reported in P. aeruginosa ocular isolates (N et al., 2016, Subedi et al., 2018b),
but it has been reported in burns isolates and has been identified as carried on an integron
(Belotti et al., 2015). Similarly, in the current study gnrVC1 was carried on a class 1 integron
in isolates 202 and 221 but integrated into a Tn3 transposon in isolates 198 and 219. This
gene has also been isolated from the high risk ST773 clone of P. aeruginosa from urine in
Hungary (Kocsis et al., 2019). High risk clones are isolates with high mutational rates in
resistance genes and those that have acquired a large number of resistance genes. As
previously described, resistance to fluoroquinolones in keratitis P. aeruginosa isolates was
also due to mutations in the quinolone resistance determining regions of gyrA and parC
(Lomholt and Kilian, 2003). Possession of gnrVC1 and mutations in gyrA and parC were
associated with high levels of fluroquinolone resistance. The possession of large numbers of
acquired resistance genes by Indian isolates likely contributed to the higher rates of resistance
of these isolates. The Indian isolates 198, 202, 217, 219, 220, and 221 also had a high number

of gene variations which is an independent mechanism of resistance.
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The aminoglycoside resistance gene aph(6)-Id which encodes for streptomycin resistance
was found in six Indian isolates, including the four that carried qnrVC1, but in no Australian
isolates. Previously, aph(6)-ld was found in only one Indian ocular isolate from 1997 (Subedi
et al., 2018b), but has been found in cystic fibrosis P. aeruginosa isolates (Tauch et al., 2003)
and has been associated with the transposon Tn5393 on a plasmid in one strain of P.
aeruginosa (Sundin and Bender, 1996). As streptomycin is no longer used in topical treatment
(Sundin and Bender, 1996), this resistance may not be clinically relevant but does suggest
environmental selection for the persistence of this gene.

The total number of gene variants found in the Indian isolates 198, 202, 219, and 221 were
greater than Australian isolates. However, there were a small number of SNPs found in the
genes associated with resistance for these isolates. The Indian isolate 206 (NEWST) had a
high number of SNPs in antibiotic resistance genes mexC, mexD, mexM, mexX, mexS, opmE,
mexP, mexK, oprJ, ampC, rosC, and mprF. There was no difference in the mutations of other
mex genes including mexX, mexT, mexD, mexM, and mexY between Australian and Indian
isolates. Given that most isolates from both countries, whether they were sensitive or resistant,
had a similar number of mutations in the resistance genes, it is likely that the resistance to
antibiotics was related to the possession of acquired resistance genes rather than mutations
in chromosomal genes.

In the Australian isolates, four out of the eight isolates (50%) carried exoU, while one isolate
was both exoU+/exoS+ and three (38%) were exoS+. In Indian isolates, 50% carried exoU
and 50% carried exoS. A previous study has also shown an equal ratio of both genes (Zhu et
al., 2006) in keratitis isolates. The possession of the exoU genotype in P. aeruginosa ocular
isolates has been related to elevated resistance to disinfectants (Lakkis and Fleiszig, 2001),
fluoroquinolones (Borkar et al., 2014), and multiple antibiotics (Zhu et al., 2006). Furthermore,
one study reported worst clinical outcomes and more resistance by exoU carrying isolates
(Borkar et al., 2014). The findings in this study were consistent with these results where exoU+

isolates 198, 202, 217, 219, 220, 221, and 233 were also MDR.
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The DNA mismatch repair system (MMR) in P. aeruginosa is based on the protein trimer MutS-
MutL-UvrD and functions to correct errors and preserve the integrity of the genome (Modrich,
1991, Tiraby and Fox, 1973). The mutH component of MMR, which is important in other gram-
negative bacteria, such as E. coli (Acharya et al., 2003), has not been found previously in P.
aeruginosa (Oliver et al., 2002) and was not present in the isolates of the current study.
Mutations in mutS, mutL and uvrD can reduce the ability of the bacterium to repair DNA lesions
(Rayssiguier et al., 1989). Strong mutator strains have defects in their MMR system and
mutations in mutS predominate (Chopra et al., 2003). Mutations in the MMR can cause
hypermutation in the isolates. In cystic fibrosis, hypermutations were a key factor in the
development of MDR resistant P. aeruginosa strains (Macia et al., 2005). Similar findings were
found in this study where isolates 198, 202, 206, 219, and 221 had mutations in the MMR
genes, and these isolates had an overall larger variation in their genomes. In the current study,
isolates had more mutations in mutL and uvrD, suggesting the strains may not be strong
mutators (which is usually associated with mutation in mutS), but nevertheless can undergo
uncorrected genetic changes. Indeed, the P. aeruginosa isolates in the current study which
had mutations in mutL and uvrD had greater numbers of SNPs, insertions and deletions,
acquired genes, and had large pan genomes. Among these isolates, 198, 202, 219, and 221
possessed either the transposon Tn3 or class 1 integrons which carried the acquired genes.
This also might be due to mutated MMR, as mutations in MMR genes increase the chances
of horizontal gene transfer in mutator isolates (Chopra et al., 2003). The humber of mutations
in MMR was greater in exoU possessing isolates with large gene variations. exoU is carried
on genomic islands (Sato et al., 2003, Kulasekara et al., 2006) and these exoU carrying
isolates had larger pan genomes with possession of mobile genetic elements. Therefore, the
isolates with the mutated MMR systems may have a greater ability of strains to accumulate
gene variations and the acquisition of exoU. Isolate 206, on the other hand, possessed exoS
and was not MDR but possessed a large number of SNPs and a large pan genome with one
mutation in each of mutS and mutL. Further studies are required to understand the influence
of the MMR system on genomic changes in P. aeruginosa.
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Analysis of the sequence types of the P. aeruginosa ocular isolates revealed the presence of
three clones, two in the Indian and one in the Australian isolates. The isolates with the same
STs had mostly the same phenotypic and genotypic features. The exception to this was isolate
220 that had acquired fewer resistance genes compared to the other two isolates 202 and 221
of ST316 isolated at the same time. Previously, five ocular P. aeruginosa strains from India
isolated in 1997 were of sequence type ST308 (Subedi et al., 2018b). The two isolates of
ST308 in the current study, isolated in 2017 and 2018, had acquired more resistance genes
compared to isolates from 1997 (Subedi et al., 2018b). This indicates that the clonal isolates
have continued to evolve over this period, although the specific selection factors driving those
changes are yet to be elucidated. None of the isolates were collected from the same patient.
The majority of the isolates with the same STs grouped in the same phylogeny including
previously published isolates (PA_D1, PA D2, PA_ D9, P_D16) with ST1971).

Core and pan genome phylogenies of the isolates produced two almost identical groups, which
was in agreement with previously published studies (Freschi et al., 2015b, Subedi et al.,
2018b). Both phylogenies included isolates from either Australia or India, but those in group 2
tended to be the MDR Indian isolates and possessed higher numbers of antibiotic resistance
genes. About 65% of all ocular isolates grouped together which indicated less diversity in the
ocular P. aeruginosa isolates (Winstanley et al., 2009). The grouping of MDR strains from this
study with PA14 along with a MDR ocular isolate VRFPAO4 (N et al., 2016) in both core
genome and pan genome analysis, and the grouping of the sensitive strains with PAO1 along
with the commonly studied cystic fibrosis isolates DK2 and LESB58, was similar to a previous
study examining older isolates from India and Australia (Subedi et al., 2018b). Isolate 206,
which had the smallest number of core genes and was of a new sequence type, was an outlier
in the core genome phylogeny similar to the taxonomic outlier PA7 (Roy et al., 2010).
However, isolate 206 was grouped together with other isolates in the pan genome because it
had acquired a large number of genes. Acquired genes are part of the pan rather than the
core genome (Klockgether et al., 2011) and the presence of larger pan genomes in MDR P.
aeruginosa isolates points towards the acquisition of new genes (Freschi et al., 2019).
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Previously, a smaller core genome size of 4910 genes has been reported in ocular P.
aeruginosa isolates (Subedi et al., 2018b). However, the current study found a core genome
similar to P. aeruginosa from different sources, comprising 5316-5233 genes (Ozer et al.,
2014, Valot et al., 2015). The core genome (which is almost 90% of the total genome) refers
to the conserved genes present in a species (Wolfgang et al., 2003) which might differ in each
individual strain within that species. Additionally, SNPs can be a result of poor sequencing
guality and hence it is important to have a good sequencing depth at those positions to identify
them as a mutation rather than sequencing error (Smits, 2019). Grouping of all the isolates
including ocular and non-ocular remained the same in both core and pan genome phylogeny.
Indian isolates and Australian isolates were clearly distinct in carrying type Il secretion system
related exoU and exoS. There was an association in the isolates between acquired resistance
genes and a large number of pan genes. Indian isolates were more resistant to antibiotics
compared to Australian isolates. Additionally, isolates of P. aeruginosa from ocular infection
had a large number of genetic variations (mutations) and mutated mismatch repair system.

However, further study using a larger sample size will give a clearer idea of these differences.

111



Chapter 4

Supplementary information

Supplementary Table 4-6 Details of the Pseudomonas aeruginosa isolates used in the current study.

P Total
' Year of % No. of | sequence | CDSs

aeruginosa | Source | Region isolation [ GC | contigs length (total) tRNAS
Isolates (bp)
123 Cornea | Australia 2005 66.4 86 6,357,971 5858 57
126 Cornea | Australia 2005 66.4 81 6,470,807 6007 57
127 Cornea | Australia 2005 66.4 86 6,357,971 5858 57
162 Cornea | Australia 2006 66.2 87 6,639,257 6131 59
169 Cornea | Australia 2006 66.4 50 6,397,665 5918 57
176 C?:;Z‘Ct Australia | 2004 | 65.8 | 305 | 7,065,610 | 6672 59
181 Cornea | Australia 2006 65.7 122 7,109,511 6619 63

182 Cornea | Australia 2004 66.1 58 6,836,159 6392 63

223 Cornea | Australia 2018 66.6 108 6,923,150 6408 70

224 Cornea | Australia 2018 66.4 151 6,418,520 | 5811 67
225 Cornea | Australia 2018 65.8 294 7,287,087 | 6607 68
227 Cornea | Australia 2018 65.6 102 7,141,983 | 6529 68
233 Cornea | Australia 2019 66.3 92 6,349,374 | 5745 65
235 Cornea | Australia 2019 66.1 56 6,279,891 | 5719 68
188 Cornea India 2017 66.5 56 6,329,075 | 5818 58
189 Cornea India 2017 66.5 59 6,329,723 | 5820 58
193 Cornea India 2017 66.3 66 6,369,452 | 5888 61
198 Cornea India 2017 66 119 7,101,775 | 6727 59
202 Cornea India 2017 66 368 7,192,476 | 6883 61
206 Cornea India 2017 66.4 55 6,535,880 | 6047 58
216 Cornea India 2018 66.1 1917 | 8,328,371 | 8943 86
217 Cornea India 2018 66.1 132 6,886,566 | 6482 58
218 Cornea India 2018 66.4 77 6,375,153 | 5840 58
219 Cornea India 2018 65.9 166 7,456,853 | 7112 59
220 Cornea India 2018 66.3 90 6,653,669 | 6144 57
221 Cornea India 2018 65.6 294 7,205,091 | 6829 59
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Supplementary Table 4-7 Gene variations of resistance genes in Pseudomonas aeruginosa isolates.
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Pseudomonas aeruginosa
Number of Single Nucleotide polymorphisms

182 | 223 | 224 | 225 | 227 | 233 | 235

10

11

10

198 | 202 | 206 | 216 | 217 | 218 | 219 | 220 | 221

10

193

10

189

10

188

10

12

11

11

11

181

10

176

10

169

162

127

126

10

123

10

0
4

1

Mechanism

Antibiotic

efflux

Antibiotic
inactivation

Antibiotic
target
alternation

Gene

name

mexC
nfxB

opmH

emrE
msbA
adeC
farB

rosB
catB7

fosA

ampR

ampC
Aph(3')-

Ib

OXA-

50

gyrB

alaS

pmrC

mfd
gyrA

rocS
tufA
tufB

ileS

parC
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Pseudomonas aeruginosa

S:;i Mechanism Number of Single Nucleotide polymorphisms

123 | 126 | 127 | 162 | 169 | 176 | 181 | 182 | 223 | 224 | 225 | 227 | 233 | 235 | 188 | 189 | 193 | 198 | 202 | 206 | 216 | 217 | 218 | 219 | 220 | 221
parE olo|1]1l1]lololol1lolololaslz|ofolofl1|1]1]|2]1]o0o]l1]2]1
pmrF A‘::ir‘;i:tﬁc ololo|1]olololol1]lolololololololoflolo|3]olo]lo|lo|o]o
amA | oo 28123121103 |3|alol2]2|1]3]3]6|1]|3[3]3]|3]3
mprF o (4128|111 |1l1213/3ls|l1|3|3|5]|6|2|9|6|6|2]|6]2]:2
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Supplementary Table 3. Types of mutations in the mismatch repair system.

P. Mutation in MMR genes
aeruginosa
isolates mutL mutS uvrD
123 1SNP(missense_variant c.1034C>T 1SNP(missense_variant c.232G>A 1 complex(missense_variant
p-Pro345Leu) p.Val78lle) ¢.705_709delGCGGAinsACGGG p.Ile237Val)
126 0 0 0
1 MNP (missense_variant
127 0 1 MNP (missense_variant ¢.559G>T €.1985_1986delGTinsAC p.Ser662Asn) (1
p-Alal87Ser) Complex (missense_variant
¢.1985_1986delGTinsAC p.Ser662Asn)
2 SNP (c.1031A>G p.Lys344Arg), )c.1666G>A
p.Val556lle), 1 mnp (c.1985_1986delGTinsAC
. . p-Ser662Asn), 2 variant complex
162 1SNP (mlssef’:;; ;;;fr‘; C1784A>G 0 (c1917_1921delGCCGGinsACCGT
P- p.Ala641Ser),
(c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
2 SNP (c.1666G>A p.Val556lle), (c.1921G>T
p.Ala641Ser), 2 MNP(c.1031_1032delAGinsGA
1 complex (c.2341_2343delGCCinsACT p-Lys344Arg), (¢.1985_1986delGTinsAC
169 1 SPN(c10G>A p-AladThr) p-Ala781Thr) p-Ser662Asn), 1 complex
(c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
176 1 SNP (c.1284G>T p.Glu428Asp) 0 1 SNP (c.1970G>C p.Gly657Ala)
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P. Mutation in MMR genes
aeruginosa
isolates mutL mutS mutL
181 0 0 0
1 MNP(c.1985_1986delGTinsAC p.Ser662Asn),
182 0 0 1 complex (c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
1 MNP (c.1985_1986delGTinsAC p.Ser662Asn),
223 0 1 SNP (c.559G>T p.Alal87Ser) 1 complex (c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
1 MNP (c.1985_1986delGTinsAC p.Ser662Asn),
224 1 SNP (c.1276G>A p.Ala426Thr) 0 1 complex (c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
2 SNP (c.1666G>A p.Val556lle), (c.1921G>T
p.Ala641Ser), 2MNP (c.1031_1032delAGinsGA
25 0 0 p.Lys344Arg), (c.1985_1986delGTinsAC

p-Ser662Asn), 1 complex
(c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
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P. Mutation in MMR genes
aeruginosa
isolates
mutL mutS mutL
2 SNP (c.1666G>A p.Val556lle), (c.1921G>T
p.Ala641Ser), 2 MNP (c.1031_1032delAGinsGA
297 0 0 p-Lys344Arg) (c.1985_1986delGTinsAC
p-Ser662Asn), 1
complex(c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
1 MNP (c.1985_1986delGTinsAC p.Ser662Asn),
233 0 0 1 complex (c.1997_2001del ACCTCinsGCCTG
p.Asn666Ser)
235 0 0 0
1 MNP (c.1985_1986delGTinsAC p.Ser662Asn),
1 complex (c.1997_2001del ACCTCinsGCCTG
188 0 0 p-Asn666Ser), 1 complex
(c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
1 MNP (c.1985_1986delGTinsAC p.Ser662Asn),
189 1 SNP (c.265A>G p.Lys89Glu) 0 1 complex (c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
193 0 0 0
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P. Mutation in MMR genes
aeruginosa
isolates mutL mutS mutL
193 0 0 0
1 SNP (c.1666G>A p.Val556lle), 3 complex
(c.1917_1921delGCCGGinsACCGT
198 2 SNP (c.1172C>T p.Ala391Val), (c.10G>A 0 p.Ala641Ser), (c.1985_1986delGTinsAC
p-AladThr) p-Ser662Asn),
(c.1997_2001delACCTCinsGCCTG
p-Asn666Ser)
1 SNP (c.1666G>A p.Val556lle), 2 MNP
(c.1031_1032delAGinsGA p.Lys344Arg),
. (c.1985_1986delGTinsAC p.Ser662Asn), 2
1 1 .2341_2343del ACT
202 1SNP (c.1172C>T p.Ala391Val) complex (2341 _2343delGCCins AC complexes (c.1917_1921delGCCGGinsACCGT
p-Ala781Thr)
p.Ala641Ser),
(c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
206 1 MPN (c.5_6delGTinsAC p.Ser2Asn) 1 complex (c.837_841del CCTCAinsTCTCG 0
p.Ser281Gly)
216 0 0 0
1 SNP (c.1249G>A p.Ala417Thr), 2 MNP
2 SNPS (1172C>T p.Ala391Val), (c10G>A | 1 complex (c.2341_2343delGCCinsACT (.1031_1032del AGinsGA p.Lys34dArg),
217 AladThr) Ala781Thr) (c.1985_1986delGTinsAC p.Ser662Asn), 1
P- P- complex (c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
218 0 0 0
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P.
aeruginosa
isolates

Mutation in MMR genes

mutL

mutS

mutL

219

2 SNP (c.1172C>T p.Ala391Val), (c.10G>A
p-Ala4Thr)

1 SNP (c.1666G>A p.Val556lle), 1 MNP
(c.1985_1986delGTinsAC p.Ser662Asn), 2
complex (c.1917_1921del GCCGGinsACCGT
p-Ala641Ser), (
¢.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)

220

1 SNP (c.1172C>T p.Ala391Val)

1 complex (c.2341_2343delGCCinsACT
p-Ala781Thr)

1 SNP (c.1666G>A p.Val556lle), 2 MNP
(c.1031_1032delAGinsGA p.Lys344Arg),
(c.1985_1986delGTinsAC p.Ser662Asn), 2

complexes (c.1917_1921del GCCGGinsACCGT
p-Ala641Ser), (c.1985_1986delGTinsAC
p-Ser662Asn), 2 complex
(c.1917_1921delGCCGGinsACCGT),
(c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser) p.Ala641Ser), (

221

1 SNP (c.1172C>T p.Ala391Val)

1 complex (c.2341_2343delGCCinsACT
p-Ala781Thr)

1 SNP ( c.1666G>A p.Val556lle), 2 MNP
(c.1031_1032delAGinsGA p.Lys344Arg),
(c.1985_1986delGTinsAC p.Ser662Asn), 2

complex (c.1917_1921del GCCGGinsACCGT
p-Ala641Ser),
(c.1997_2001del ACCTCinsGCCTG
p-Asn666Ser)
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Supplementary table 4. Genomic features of P. aeruginosa isolates.
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P. c{erugmosa Accession number Source Genome size GC% Contigs Core Shell Pan/total

isolates (bp) genes genes genes

PA17 Eye isolate 5524 545 6069
NZ_ QDGRO00000000.1 6360407 66.4 58

PA40 Eye isolate 5465 532 5997
NZ QDGW00000000.1 6281273 66.4 97

PAS5 Cystic fibrosis 5682 66 5748
NZ_ QDGH00000000.1 6235426 66.6 76

PA57 Cystic fibrosis 5278 999 6277
NZ_QDGS00000000.1 6332663 66.5 70

PAS59 Cystic fibrosis 5485 561 6046
NZ CP024630.1 6289631 66.5 76

PA64 Cystic fibrosis 5470 533 6003
NZ QDGF00000000.1 6264146 66.6 85

PA66 Cystic fibrosis 5478 637 6115
NZ QDGEO00000000.1 6337182 66.5 92

PA82 Eye isolate 5452 667 6119
NZ QDGM00000000.1 6386862 66.5 60

PA86 Cystic fibrosis 5346 758 6104
NZ_ QDGD00000000.1 6170765 66.5 75

PA92 Cystic fibrosis 5424 497 5921
NZ QDGC00000000.1 6144291 66.6 79

PA100 Cystic fibrosis 5435 623 6058
NZ QDGV00000000.1 6309141 66.5 78

PA102 Cystic fibrosis 5493 489 5982
NZ QDGU00000000.1 6245346 66.5 61

PA149 Eye isolate 5491 526 6017
NZ QDGL00000000.1 6314561 66.5 57

PA157 Eye isolate 5456 560 6016
NZ QDGK00000000.1 6248837 66.5 51

PA171 Eye isolate 5498 582 6080
NZ QDGJ00000000.1 6339042 66.5 58
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P. c{erugmosa Accession number Source Genome size GC% Contigs Core Shell Pan/total

isolates (bp) genes genes genes

PA175 Eye isolate 5446 1050 6496
NZ QDGI00000000.1 6757369 66.2 60

PA121617 CP016214.1 Sputum 6430493 66.4 1 5497 589 6086

PA_D1 CP012585.1 Sputum 6643823 66.2 1 5437 924 6361

PA_D2 CP012578.1 Sputum 6642996 66.2 1 5435 924 6359

PA_D9S CP012580.1 Sputum 6645477 66.2 1 5435 935 6370

PA_D16 CP012581.1 Sputum 6681975 66.2 1 5437 961 6398

AAK/M5 Environmental 5518 688 6206
NZ JACGTC000000000.1 6595587 65.3 155

AAK/M11 Environmental 5486 935 6421
Nz JACFOKO000000000.1 6737177 65.9 164

PAL1.16 Pneumonia 5435 1270 6705
Nz JACEVD000000000.1 6946945 65.9 130

PAL1.34 Pneumonia 5454 724 6178
NZ JACEVA000000000.1 6404462 66.5 40

PAL1.67 Pneumonia 5468 1266 6734
Nz JACEUY000000000.1 6926712 66.1 58

PAL1.7 Pneumonia 5437 899 6336
NZ_ JACEQP000000000.1 6625472 66.3 74

PAL1.5 Pneumonia 5508 1243 6751
Nz JACEQRO000000000.1 7017998 66 63

PAL1.8 Pneumonia 5527 533 6060
NZ_ JACEQO000000000.1 6361965 66.5 38

NNPS180 Soft tissue 5392 1023 6415
Nz JACCIH000000000.1 infection 6602334 66.2 140

NNPS244 Soft tissue 5484 1175 6659
NZ JACCII000000000.1 infection 6909183 66 141

LESB58 NC_011770.1 Sputum 6601757 66.3 1 5493 831 6324

DK2 CP003149.1 Sputum 6402658 66.3 1 5386 851 6237

VRFPAO4 CP008739.2 Corneal button 6818030 66.5 1 5137 1622 6759
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Supplementary Figure 4-3.

Pan-genome phylogenetic tree. The data on the right of the figure shows the presence and absence of genes. The tree was built using the genome of PAO1 as a

reference.
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5 Acquired fluoroquinolone resistance genes in corneal
isolates of Pseudomonas aeruginosa

This work has been published as:
Khan, M.; Summers, S.; Rice, S.A., Stapleton, F.; Willcox M.D.P, Subedi D. Acquired
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ARTICLE INFO ABSTRACT

Fluoroquinolones are widely used as an empirical therapy for pseudomonal ocular infections. Based on in-
creasing reports on acquired fluoroquinolone resistance genes in clinical isolates of Pseudomonas aeruginosa, we
investigated 33 strains of P. aeruginosa isolated from the cornea of microbial keratitis patients in India and
Australia between 1992 and 2018 to understand the prevalence of acquired fluoroquinolone resistance genes in
ocular isolates and to assess whether the possession of those genes was associated with fluoroquinolone sus-
ceptibility. Fourteen out of 33 strains were resistant to at least one fluoroquinolone. We obtained the whole
genome sequence of 33 isolates using Illumina MiSeq platform and investigated the prevalence of two fluor-
oquinolone resistance genes ¢rpP and qnrVC1. To examine the associated mobile genetic elements of qnrVC1
positive strains, we ob d long read es using Oxford Nanopore MinION and performed hybrid as-
sembly to combine long reads with Illumina short sequence reads. We further assessed mutations in quinolone
resistance determining regions (QRDRs) and antibiotic susceptibilities to ciprofloxacin, levofloxacin and moxi-
floxacin to examine the association between resistance genes and phenotype. Twenty strains possessed crpP in
genetic islands characterised by possession of integrative conjugative elements. The qnrVC1 gene was carried by
four isolates on class I integrons and Tn3 transposons along with aminoglycoside and beta-lactam resistance
genes. We did not observe any evidence of plasmids carrying fluoroquinol resi genes. Resistance to
fluoroquinolones was observed in those strains which possessed crpP, gnrVC1 and that had QRDRs mutations.
The presence of crpP on its own was not associated with increased resistance to fluoroquinolones.

Keywords:
Antimicrobial resistance
Fluoroquinolones
Pseudomonas aeruginosa
Eye

Corneal ulcer

Microbial keratitis

1. Introduction

Pseudomonas aeruginosa is a highly adaptable opportunistic pa-
thogen which is ubiquitously present in the environment. This bac-
terium is naturally resistant to many antimicrobials and can acquire
antibiotic resistance through mutations in chromosomal genes and
lateral gene transfer (Blair et al., 2015; Livermore, 2002). P. aeruginosa
is associated with different types of human infections and because of
emerging multidrug-resistant strains, these infections are major global
public health concerns (World Health Organization (WHO), 2017).

Fluoroquinolones are broad spectrum and widely prescribed anti-
biotics to treat pseudomonal infections including ocular infections
2004; 2005; Smith et al.,, 2001).

(Blondeau, Linder et al.,

Fluoroquinolone resistance in various clinical isolates is on the rise
(Neuhauser et al., 2003). For example, a single centre study has shown
that the prevalence of fluoroquinolone resistant P. aeruginosa increased
from 15% to 41% in ten years (Gasink et al., 2006). This increase in
fluoroquinolone resistance has been linked to the excessive use of the
antibiotics (Werner et al., 2011). The rate of isolation of fluor-
oquinolone resistant strains also depends on the type of infections;
nosocomial isolates are more resistant than isolates from non-nosoco-
mial sources (Yayan et al., 2015). In general, fluoroquinolone resistance
is relatively low in ocular isolates of P. aeruginosa compared to other
infections (Subedi et al., 2018¢). However, higher resistance rates have
been reported in ocular isolates in certain regions of the world and like
other systemic infections this rate has been increasing over time
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5.1 Introduction

Pseudomonas aeruginosa is a highly adaptable opportunistic pathogen which is ubiquitously
present in the environment. This bacterium is naturally resistant to many antimicrobials and
can acquire antibiotic resistance through mutations in chromosomal genes and lateral gene
transfer (Blair et al., 2015, Livermore, 2002). P. aeruginosa is associated with different types
of human infections and because of emerging multi-drug-resistant strains, these infections are

major global public health concerns (World Health Organization (WHO), 2017).

Fluoroquinolones are broad spectrum and widely prescribed antibiotics to treat pseudomonal
infections including ocular infections (Linder et al., 2005, Blondeau, 2004, Smith et al., 2001).
Fluoroquinolone resistance in various clinical isolates is on the rise (Neuhauser et al., 2003).
For example, a single centre study has shown that the prevalence of P. aeruginosa resistance
to fluoroquinolone increased from 15% to 41% in ten years from 1991 to 2000 (Gasink et al.,
2006). This increase in fluoroquinolone resistance has been linked to the excessive use of the
antibiotics (Werner et al., 2011). The proportion of fluoroquinolone resistant strains also
depends on the type of infections; nosocomial isolates are more resistant than isolates from
non-nosocomial sources (Yayan et al., 2015). In general, fluoroquinolone resistance is
relatively low in ocular isolates of P. aeruginosa compared to other infections (Subedi et al.,
2018d). However, higher resistance rates have been reported in ocular isolates in certain
regions of the world (Willcox, 2011) and like other systemic infections this rate has been
increasing over time (Smitha et al., 2005). This has raised the concern that horizontal transfer
of fluoroquinolone resistance genes can be associated with spread of fluoroquinolone

resistance in ocular isolates.

Mutations that alter target sites (DNA gyrase [gyrA/gyrB] and topoisomerase IV [parC/parE])
and increased membrane permeability due to an upregulated efflux pump are common
mechanisms of fluoroquinolone resistance in P. aeruginosa (Higgins et al., 2003, Nakano et

al., 1997, Hooper, 1999, Rehman et al., 2019, Livermore, 2002). In other gram-negative
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bacteria, fluoroquinolone resistance genes such as gnr are carried on plasmids (Martinez-
Martinez et al., 1998, Jacoby, 2005). The gene encodes a pentapeptide repeat protein which
protects DNA gyrase and topoisomerase from the action of fluoroquinolones (Robicsek et al.,
2006a). In contrast, carriage of gnr on plasmids is very rare in P. aeruginosa (Cayci et al.,
2014). Despite this low carriage, recent studies have identified fluoroquinolone resistance
genes in certain mobile genetic elements. Amongst six families of Qnr protein, QnrVC, which
was first described in Vibrio spp., has been reported, carried on the P. aeruginosa mega
plasmids pBM413 (Liu et al., 2018). The gnrVC gene was found to be associated with a class
| integron, which is carried together with other beta-lactamase genes (Kocsis et al., 2019). In
addition, CrpP is a ciprofloxacin modifying enzyme encoded by crpP, which has been recently
shown to be carried on a mega plasmid pUM505 in P. aeruginosa (Chavez-Jacobo et al.,
2018). Another study has shown that 46% of P. aeruginosa isolates carried crpP on the
chromosome and this was integrated into genomic islands (Ortiz de la Rosa et al., 2020).
These studies were based on strains from different infections and the prevalence of acquired
fluoroquinolone resistance genes in ocular isolates of P. aeruginosa remains unclear. This led
to the examination of mobile fluoroquinolone resistance genes in P. aeruginosa isolated from
cases of keratitis. Given the concern of increasing fluoroguinolone resistance in ocular isolates,
we have undertaken sequence analysis of 33 ocular isolates of P. aeruginosa, isolated from
corneal ulcers in the last 25 years to assess whether the possession of fluoroquinolone
resistance genes was associated with fluoroquinolone susceptibility and whether resistance

genes carrying strains had any genetic commonalities.

5.2 Materials and Methods

5.2.1 Pseudomonas aeruginosa strains

Isolates in this study were collected from the cornea of microbial keratitis patients at the LV
Prasad Eye Institute, Hyderabad, India and multiple centres in Australia between 1992 and
2018 (Supplementary Table 1). They comprise 20 isolates collected for this study and used

for the antibiotic susceptibility testing and whole genome sequencing. Information on antibiotic
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susceptibility and the whole genome data of 13 isolates was obtained from a previous study
(Subedi et al., 2018b) carried out at the same institution. All isolates were collected from

different patients, but no patient data were available to include in this study.

5.2.2 Ethical approval
All isolates were retrieved from the culture collection of the School of Optometry and Vision
Science, University of New South Wales, Australia without identifiable patient data and all

experiments followed the institutional guidelines which were in place at the time.

5.2.3 Antibiotic susceptibility testing of Pseudomonas aeruginosa
strains

Three fluoroquinolones from two different generations, which are used to treat eye infections
were selected for the antibiotic susceptibility testing. Susceptibility of P. aeruginosa isolates to
ciprofloxacin (Sigma-Aldrich, Inc., St. Louis Missouri, USA), levofloxacin (Sigma-Aldrich) and
moxifloxacin (European Pharmacopoeia, Strasbourg, Cedex France) was investigated using
the broth microdilution method, following the protocol of the Clinical and Laboratory Standard
Institute (Patel et al., 2014). The minimum inhibitory concentration (MIC) was taken as the
lowest concentration of an antibiotic in which no noticeable growth (turbidity) was observed
and the break point was established according to published standards . Based on MICs, the
isolates were categorised into four groups, susceptible ( < resistance break point), resistant (>
resistance break point — 32 ug/mL), highly resistant (> 32 — 128 ug/mL) and very highly

resistant (>128 ug/mL) for the analysis.

5.2.4 DNA extraction and lllumina sequencing

Bacteria were revived from the -80°C glycerol stock into tryptone-soya broth (TSB; Oxoid Ltd,
Basingstoke, UK). Bacterial DNA was extracted from overnight cultures using a DNeasy Blood
and Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The
extracted DNA was quantified and purity-checked using Nanodrop (NanoDrop Technologies,

Wilmington, DE, USA), Qubit fluorometer (Life Technologies, Carlsbad, CA, USA), and 1%
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agarose gel electrophoresis. The extracted DNA was dried for transport to the sequencing
facility at Singapore Centre for Environmental Life Sciences Engineering, Singapore. DNA
was sequenced on MiSeq (lllumina, San Diego, CA, USA) generating 300 base pairs paired
end reads. The paired-end library was prepared using Nextera XT DNA library preparation kit

(lumina, San Diego, CA, USA). All the libraries were multiplexed on one MiSeq run.

5.2.5 Bioinformatics analysis of short read sequences and construction
of phylogenies

The quality of raw reads was analysed using the online tool FastQC v0.117

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc). Adaptor sequences were

removed using Trimmomatic v0.38 (Bolger et al.,, 2014) with quality and length filtering
(SLIDINGWINDOW:4: 15 MINLEN:36) . The reads were de novo assembled using Spades
v3.13.0 with the programs’ default setting (Bankevich et al., 2012) followed by annotation using
Prokka v1.12 (Seemann, 2014). To examine acquired resistance genes, the genomes were
uploaded into online database ResFinder v3.1 of Centre for Genomic Epidemiology, DTU,
Denmark (Zankari et al., 2012). The contigs carrying crpP and gnrVC1 genes were selected
and analysed for mobile genetic elements using BLAST, Integron finder v1.5.1 (Cury et al.,
2016) and IS finder (Siguier et al., 2006). The genome was visualised and manually annotated
based on BLAST search using Geneious prime v2019.2 (Kearse et al., 2012). A figure of
BLAST comparison was generated using EasyFig v2.2.2 (Sullivan et al., 2011). To identify
mutations in the QRDRs (gyrA, gyrB, parC and parE), the genome sequences were analysed

using Snippy v4.2 with the program’s default settings (https://github.com/tseemann/snippy).

The QRDRs were assigned to amino acid positions 83 to 87 of the GyrA protein, positions 429
to 585 of the GyrB protein, positions 82 to 84 of the ParC protein, and positions 357 to 503 of
the ParE protein. The genomes were also examined for the presence of Type Il secretion
genes (exoU and exoS) using BLAST searches. Codon adaptation index (CAI) was examined
to understand the possible expression of different orthologues of crpP using CAlcal (Puigho

et al., 2008, Sharp and Li, 1987). 50s ribosomal protein L19 (rplS), which is a highly expressed
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chromosomal gene was included as the reference to show the difference in expression level

between chromosomal gene and acquired genes.

Core genome single nucleotide polymorphisms (SNPs) were identified using Parsnp v1.2 from
Harvest Suite (Treangen et al., 2014) using settings to exclude SNPs identified in regions that
had arisen by recombination. The core genome SNPs were used to construct a maximum
likelihood phylogenetic tree. All genomes were examined for multi-locus sequence type (MLST)
using the MLST database https://pubmist.org/. Nucleotide sequences of all MLST loci were
extracted and aligned, which were then used in jModelTest 2 with Bayesian information criteria
(BIC) (Darriba et al., 2012) to select the best model of nucleotide substitution for evolutionary
analysis. The model with the lowest BIC (10650.89) and delta (0) was selected. Accordingly,
Bayesian phylogenetic analyses were performed with the following parameters: gamma site
heterogeneity model, Hasegawa-Kishino-Yano (HKY) substitution model and relaxed-clock
log-normal using BEAST2 v2.4.7 (Drummond and Rambaut, 2007). BEAST 2 output was
summarised using TreeAnnotator with a 5% burn in. The phylogenetic trees were visualised

using iTol v4 (Letunic and Bork, 2019).

5.2.6 MinION sequencing and analysis

Wizard Promega DNA extraction kits (Promega, Madison, WI) was used to extract DNA from
overnight broth culture. DNA was quantified and transported as mentioned above. Long read
libraries were prepared using a rapid sequencing kit (RAD-SQK004, ONT, Oxford, UK) and
subsequent sequencing was conducted using the Minlon flow cell (R9.4.1) for 48 hours. Long
reads were base-called using Guppy v3.3.0 and adapters removed using Porechop v0.2.4.
Assembly of both long and short reads into a hybrid genome assembly was achieved with
Unicycler v0.4.3 (Wick et al., 2017), opting for default parameters and using only short reads
with merging pairs. Following assembly, all assemblies were assessed for quality using Quast

v5.0.2.

132



Chapter 5

5.2.7 Nucleotide accession
The nucleotide sequences are available in the GenBank under the Bio project accession

number PRINA590804 and PRINA431326.

5.3 Results

5.3.1 Population structure, phylogeny and fluoroquinolone resistance of
P. aeruginosa strains

Whole genomes were analysed from 33 corneal isolates of P. aeruginosa, 20 of which were
sequenced as a part of this study and 13 genomes that were published previously (Subedi et
al., 2018b). All strains were isolated between 1992 and 2018 in India (19 isolates) or Australia
(14 isolates) (Supplementary Table 1). Draft genomes were mapped against the reference
genome P. aeruginosa PAO1 and a total of 202,232 SNPs were observed among the 33
isolates, which were used to construct core genome phylogeny using Parsnp v1.2 (Treangen
et al., 2014). Similar to previous reports (Stewart et al., 2014, Jeukens et al., 2017, Freschi et
al., 2015b, Subedi et al., 2018b), the phylogenetic tree based on the core genome revealed
two major clades (Figure 5-1). These clades followed a similar pattern as for other previously
described strains of P. aeruginosa, where exoU carrying strains clustered together in a single
clade (Phylogroup 2) (Subedi et al., 2018b). Our results showed that 18 (of 33) isolates carried
exoU, of which 16 were clustered together in phylogroup 2, which contained predominantly
Indian isolates. The detection rate of exoU was 68% in Indian isolates and 36% in Australian

isolates.
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Tree scale: 0.01 4

Figure 5-1 Maximum likelihood phylogenetic tree based on core genome SNPs.

Analysis was conducted using Pseudomonas aeruginosa PAO1 as the reference, excluding SNPs identified in regions that had arisen by
recombination, using the default parameters of Parsnp v1.2 (Treangen et al., 2014). Isolates from India are labelled red and Australian isolates are
labelled blue. Numbers given at the nodes represent bootstrap values. The presence of crpP, exoU, and gnrVC1 are given by red squares. Orange
squares represent the presence of mutations in the quinolone resistance determining regions (QRDRs). Fluoroquinolone (CIP = Ciprofloxacin; LEVO
= Levofloxacin; and MOX = Moxifloxacin) susceptibilities are shown as a heat map with the ranges indicated in the figure. The figure was drawn using

iTol v4 (Letunic and Bork, 2019).
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Acquired fluoroquinolone resistance genes, mutations in quinolone resistance determining
region (QRDRs) and susceptibility to three different fluoroquinolones were examined (Figure
5-1). None of the Australian isolates regardless of phylogenic grouping were resistant to
fluoroquinolones. In contrast, 75% of isolates of phylogroup 2 were resistant to at least one
fluoroquinolone. Of the 33 strains, 73.7 % (14 of 19) of Indian and 42.8% (6 of 14) of Australian
isolates possessed crpP, which has been recently shown to be on a plasmid (pUM505) and
associated with ciprofloxacin resistance (Chavez-Jacobo et al., 2018). However, eight (40%)
crpP carrying strains in the current study regardless of country of isolation were not resistant
to the fluoroquinolones, including ciprofloxacin (Figure 5-1). Eleven out of 14 fluoroquinolone
resistance strains had mutations in both gyrA (T81l) and parC (S87L) and all except one
carried the exoU gene. In addition, four strains from the latter cohort of 11 strains carried
another fluoroguinolone resistance gene, qnrVC1, in combination with mutations in gyrA and
parC, and this was associated with a very high MIC (>128 pg/mL) to all three fluoroquinolones

(Figure 5-1).

5.3.2 Bayesian phylogenetic reconstruction

To examine the evolutionary trends of isolates, a Bayesian analysis was performed based on
MLST sequences. The evolutionary tree was constructed by BEAST, which uses a molecular
clock model to estimate time-measured phylogenies (Drummond and Rambaut, 2007). The
result suggested that the most recent common ancestor of isolates of this study appeared
approximately 50 years ago and the branching of fluoroquinolone resistant strains (except
PA82), which had mutations in QRDRs and/or had acquired resistance gnrVC1 within each
subclade, occurred between 1988 and 2000 (Figure 5-2). This coincided with the time when
ciprofloxacin and ofloxacin were introduced as antibiotic treatments (Emmerson and Jones,
2003). The BEAST analysis showed that acquisition of crpP and exoU occurred in the strains
that diverged from a common ancestor at least 50 years ago. However larger sample sets with

a wider sampling date is required to confirm the result.
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Figure 5-2 Consensus tree of 33 P. aeruginosa isolates, based on Bayesian evolutionary analysis by sampling trees (BEAST).

Tree was constructed using concatenated multi-locus sequence type (MLST) under strict clock analysis (Drummond and Rambaut, 2007). The tip of the tree was constrained by
date of isolation. The time scale is shown in years at the top and each internal node is labelled with posterior probability limit. Isolates from India are labelled red and Australian isolates
are labelled blue. The presence of genes crpP, exoU, and qnrVC1 are represented by red squares. Orange square represents presence of mutations in quinolone resistance
determining region (QRDRs). Fluoroquinolone (CIP = Ciprofloxacin; LEVO = Levofloxacin; and MOX = Moxifloxacin) susceptibilities are shown as heat maps in the grey scale indicated
in the figure. The figure was drawn using iTol v4 (Letunic and Bork, 2019). (Tree with the confidence interval for identification of year is available in supplementary figure 2)
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5.3.3 Prevalence of the crpP gene

A recent study has shown that crpP encodes for a protein that is associated with increased
resistance to ciprofloxacin (Chavez-Jacobo et al., 2018). In the current study, 63% of isolates
possessed crpP, however nine out of the 20 crpP carrying strains were not resistant to
ciprofloxacin (Figure 5-1). Nucleotide and amino acid sequences of crpP from all strains were
compared to the sequence of crpP in pUM505 using local BLASTn. The BLAST matrix showed
that the nucleotide sequences of crpP genes varied between 100% and 93.43% and amino
acids sequence varied between 100% to 93.85% (Figure 5-3), indicating the possibility of
differences in the activity of the encoded protein. We observed six variants of CrpP exhibiting
amino acid substitution at positions 4, 5, 7, 11, 13, 26, and 55. Others have reported an even
higher number of variants in CrpP (Ruiz, 2019). None of the CrpP variants of the studied
strains matched 100% with CrpP of pUM505. Codon usage, presented as codon adaptation
index (CAl) (Figure 5-4) was examined to understand the possible expression of different
variants of crpP (Sharp and Li, 1987). The 50s ribosomal protein L19 (rplS), which is a highly
expressed chromosomal gene was included in this analysis to show the difference in
expression between chromosomal and acquired genes. A CAl between 0.36 and 0.39 was
observed in different orthologues of crpP, which while low, corresponded to divergence of
sequences. However, the sequence divergence was not associated with resistance to
fluoroquinolones. For example, fluoroquinolone resistant strains PA32, PA33 and PA35 and
sensitive strains PA17, PA127, PA157 and PA162 carried the same variants of CrpP protein

(Figure 5-3).

We also investigated the presence of the crpP homologues in NCBI databases using local
BLAST with a cut off of 80% coverage and 90% sequence identity to examine the distribution
of crpP gene in the bacterial database including plasmids as of 2019-06-15. The BLAST
search against P. aeruginosa complete genome databases returned 52% matches and this
rate of detection is broadly comparable to crpP prevalence observed in the current strains. No

BLAST matches other than P. aeruginosa were observed with this search parameter. Within
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the P. aeruginosa plasmid database, two matches were observed against 45 complete
plasmids using the parameters mentioned above. A CrpP-like protein, which has a sequence
identity of 10-46% with P. aeruginosa crpP, has been observed in species of the
Enterobacteriaceae (Chavez-Jacobo et al., 2019). This result suggested that crpP or its

orthologue can be transferred between species or strains.
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Figure 5-3 Heat map of BLAST matrix.

BLAST matrix showing A. Amino acid identity (in percentage) and B. Nucleotide identity (in percentage) of crpP sequences of each isolate. The dendrograms
represent similarity between strains based on crpP sequence.
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Figure 5-4 Codon adaptation index of crpP orthologues of P. aeruginosa strains.

PA3742_rplS denotes 50s ribosomal protein L19 (rplS) of P. aeruginosa PAOL.

5.3.4 crpP associated mobile genetic elements

Although crpP was first reported in plasmid pUM505 of a clinical strain of P. aeruginosa
(Chavez-Jacobo et al., 2018), BLAST analysis, as mentioned above, revealed this gene was
mostly associated with the chromosome and its presence in plasmids was rare. The crpP
containing contigs of each isolate were assessed to determine similarities between associated
genomic islands. The crpP flanking region of pUM505 is homologous to the pathogenicity
island PAPI-1 of P. aeruginosa PA14 (He et al., 2004) and pKLC102 of P. aeruginosa C (Kung
et al., 2010b, Ramirez-Diaz et al., 2011), which is an integrative conjugative element and is
associated with carriage of virulence genes. A PAPI-1-like genomic island was also reported

in a complete genome of the ocular isolate PA34 (Subedi et al., 2019). Using PAPI-1 of PA34
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as a reference, the contigs of each strain were compared and this showed that there were
similarities between contigs. Those common regions were extracted and annotated manually
using Geneious Prime v2019.1.3 (Kearse et al., 2012). After annotation, all of the extracted
regions were compared using Easyfig (Sullivan et al., 2011). The region that has been shared
amongst all isolates is presented in Figure 5-5, where the colour code represents open reading
frames. While the size of crpP carrying genomic islands differed between strains, the exact
size of islands could not be ascertained because of the use of draft genomes for analysis.
Nevertheless, three genes (integrative conjugative element, an unknown protein and single-
strand binding protein) upstream and one gene (type | DNA topoisomerase) downstream of
crpP were common in all isolates and this indicates that these genes may be involved in the
transfer of crpP gene. A characteristic type IV pili synthesis operon was associated with 75%
of the crpP positive strains. There was no association between size of crpP islands and

fluoroquinolone resistance.
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Figure 5-5 Comparison of crpP-associated genomic islands of P. aeruginosa strains.

Protein-coding regions are represented by the orange arrows and common key features/associated
genes among all strains are shown in various coloured arrows. The gradient pink and grey shading
represent regions of nucleotide sequence identity (100% to 64%) in forward and reverse directions
respectively, determined by BLASTn analysis. Figures are drawn to scale using Easyfig (Sullivan et
al.,, 2011). (parA= plasmid partition protein A, dnaB= replicative DNA helicase, yejK= nucleoid-
associated protein, ICE= integrating conjugative element protein, ssb= single-stranded DNA-binding
protein, crpP= ciprofloxacin resistance protein, vapC= tRNA(fMet)-specific endonuclease, topA=
type | DNA topoisomerase, LysE= LysE family translocator, LysR= LysR family transcriptional
regulator, toxin-anti= type Il toxin-antitoxin system RelE/ParE family toxin, pilL-pilM= type IV pilus
synthesis operon).

5.3.5 Prevalence of quinolone resistance protein (gnr gene)

The gnris commonly carried on plasmids, especially in the Enterobacteriaceae. A transferable
variant of the gnr gene, gnrVC1 was first identified in a class | integron in Vibrio cholerae 01
(Fonseca et al., 2008). Several gnrVC alleles have also been reported to be carried in various
bacteria including P. aeruginosa (Belotti et al., 2015, Robicsek et al., 2006a). For example, a
recent study had reported that 2.3% of clinical strains of P. aeruginosa carried gnrVC (Lin et
al., 2020). In the current study, 12% (four of 33) of isolates possessed gnrVC1. All these four
were isolated in 2017 and 2018. We further examined the prevalence of gnrvVC1 homologues
in complete chromosomes and plasmids of other bacterial species in NCBI database using
BLAST search. We observed that gnrVC1-like proteins were present in several bacterial
species. Upon limiting the BLAST criteria to 100% coverage and 98% identity, the search
returned 19 matches from species of Pseudomonas, Vibrio and Aeromonas. (Supplementary
Figure 1). This suggests that the gnrVC1 gene is prevalent in various bacterial families.
Curiously, the gnrVC1 gene was not identified in the plasmid database of NCBI. Furthermore,
gnrVC1 had a G + C content of 37%, which is considerably different from that of the P.
aeruginosa genome (66%). This evidence along with the presence of gnrvVC1 homologues in
several bacterial species indicates that gnrVC1 is a horizontally acquired gene in P.

aeruginosa, which is potentially acquired through inter-species or inter-genera transfer.
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5.3.6 qnrVC1 associated mobile genetic elements

We further examined the flanking nucleotide sequences of gnrVC1 to understand the mobile
genetic elements associated with transfer of the gene. Our initial analysis found that gnrvVC1
was present in small contigs (contig size <5000 bp) and this limited our aim to examine mobile
genetic elements. The four gnrVC1 positive strains were then analysed using the long-read
sequencing techniqgue ONT minlON (ONT, Oxford). With hybrid assembly of long and short
sequencing reads, we archived long contigs ranging in size from 400 Kbp to 2000 Kbp (PA202
Nso = 680,290; PA219 Nsg = 2,159,014; PA221 Nsp = 2,110,541) in three isolates and a

complete and closed genome of one strain PA198 (Nso = 7,188,952).

The gnrVC1 gene was present in two different types of mobile genetic elements. In strains
PA198 and PA219, the gene was integrated into Tn3 transposons, which have 99% identity
with one another (Figure 5-6). In addition, the Tn3 transposon carried other antibiotic
resistance genes associated with aminoglycoside 3'-phosphotransferase and tetracycline
resistance. BLAST comparison revealed recombination in various places within the
transposon, most notably in the areas flanking the gnrvVC1-VOC and tetR-tetA genes (Figure
5-6), which represents the site of integration of these genes. The role of VOC protein in
antibiotic resistance is not well known. However, evidence suggests that proteins of the VOC
family include beomycin and fosfomycin resistance proteins (He and Moran, 2011). Integration
of VOC with other antibiotic resistance genes leads to the hypothesise that VOC may be
associated with antibiotic resistance. Further research is required to investigate its role in

antibiotic resistance in P. aeruginosa.
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Figure 5-6 Comparison of gnrVC1-associated genomic islands of P. aeruginosa strains.

Protein-coding regions are represented by the arrows and common key features/associated genes
among all strains are shown in various coloured arrows. The gradient blue and red shading represent
regions of nucleotide sequence identity (100% to 65%) in forward and reverse directions, respectively,
determined by BLASTn analysis. The sequences are from strains top to bottom; PA198, PA219, PA202
and PA221. Figures are drawn to scale using Easyfig (Sullivan et al., 2011). (Tn3-tnp = Tn3-transposase
HP= hypothetical protein, ydhC= Inner membrane transport protein, tet(R)-tet(g) = tetracycline
resistance genes, gnrVCl=quinolone resistance gene, VOC = VOC family protein, aph(6)-ld =
aminoglycoside resistance protein, DNA-inv = DNA invertase, aadA10= aminoglycoside resistance
protein, 1S110=1S110 family transposase, qacEdealtal= quaternary ammonium compound-resistance
protein, sull= Dihydropteroate synthase, blaLCR-1=beta-lactamase gene, attC = recombination sites
of gene cassette, attl = integron recombination site, IR=invert repeat).

In the other two strains, PA202 and PA221, gnrVC1 was carried by identical class 1 integrons
(Figure 5-6), along with two additional antibiotic resistance genes; the aminoglycoside gene
aadA10 which was within the integron and the beta-lactam gene blaLCR-1 in the flanking
region. Other studies have also shown that gnrVC1 is a part of integrons that carry multiple
resistance genes (Belotti et al., 2015, Kocsis et al., 2019). The class 1 integron observed here
had a typical structure containing promoter sequences and an attachment site (attl) required

for integration and transcription of gene cassettes (Stokes and Hall, 1989). The gqnrVC1 gene
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in all four strains was associated with a perfectly matched gene recombination site (attC). The
attC sequence of gnrVCl gene cassette had 100% identity with that of Vibrio
parahaemolyticus (GenBank accession number EU436855), supporting the likelihood that the

Vibrionaceae is a source of gnr in P. aeruginosa (Poirel et al., 2005c).

5.4 Discussion

While fluoroquinolones are the preferred empirical therapy for contact lens related corneal
ulcers, which are often caused by P. aeruginosa, increasing resistance in this bacterium raises
concern about the efficacy of these antibiotics (Linder et al., 2005, Blondeau, 2004, Smith et
al., 2001, Neuhauser et al., 2003, Gasink et al., 2006, Werner et al., 2011, Yayan et al., 2015,
Subedi et al., 2018d). Acquired fluoroquinolone resistance genes are starting to be reported
in clinical isolates of P. aeruginosa (Chavez-Jacobo et al., 2019, Liu et al., 2018, Kocsis et al.,
2019). However, the rate of carriage of acquired fluoroquinolone resistance genes in ocular
isolates has not been previously reported. This study examined the prevalence of acquired
fluoroquinolone resistance genes, crpP and gnrVC1, which have recently been shown to be
guinolone-associated acquired resistance genes in P. aeruginosa. Whole genomes of 33
strains isolated from corneal ulcers in the last 25 years isolates from Australia and India were
studied. Fluoroquinolone resistance was common in Indian isolates and mutations in QRDRs
were associated with this increased MIC to all three fluoroquinolones (2", 39, 4" generation)
tested. Possession of the acquired gene gnrVCL1 substantially increased the MICs whereas
crpP was not associated with increased fluoroquinolone resistance in those isolates that
carried crpP but lacked QRDRs mutations or gnrVC1. Both quinolone resistance genes were
integrated into the chromosome and their associated genomic islands were broadly common

between strains.

Fluoroquinolone resistance in P. aeruginosa is mediated by several mechanisms including,
various mutations that lead to overexpression of efflux pumps and QRDRs of gyrA, gyrB, parC

and parE that alter drug target sites (Higgins et al., 2003, Nakano et al., 1997, Hooper, 1999,
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Livermore, 2002). In addition, horizontally transferred fluoroquinolone resistance genes such
as crpP and gnr-variants have been recently reported in clinical strains of P. aeruginosa (Liu
et al., 2018, Lin et al., 2020, Chavez-Jacobo et al., 2018, Kocsis et al., 2019). CrpP encodes
a ciprofloxacin modifying enzyme, which is specifically involved in phosphorylation of
ciprofloxacin and hence confers resistance to it (Chavez-Jacobo et al., 2018). Our BLAST
analysis against the NCBI database showed that more than half of the strains in the P.
aeruginosa complete genome database contained homologues of crpP and this corresponded
to the detection frequency of crpP in the ocular strains reported in this study and in P.
aeruginosa strains isolated from various sources in Europe (Ortiz de la Rosa et al., 2020).
CrpP carriage rate was higher in Indian isolates (74%) compared to Australian isolates (43%).
However, more data on strains from multiple centres will be required to verify this. Nearly half
of the crpP carrying strains regardless of region of isolation were not resistant to any of the
fluoroquinolones tested. Furthermore, fluoroquinolone resistant crpP+ strains also had target
site mutations gyrA (T81l) and parC (S87L) and had acquired the quinolone resistance gene
gnrVC1. Therefore, the role of crpP alone on fluoroquinolone resistance could not be
ascertained for these strains. Given that crpP is ciprofloxacin specific and associated with low-
level resistance, its presence may not necessarily be responsible for the MICs that exceeded

the clinical breakpoint (Chavez-Jacobo et al., 2018).

The crpP gene was associated with similar genomic islands in all strains. These genomic
islands were characterised by the possession of integrative conjugative elements and DNA
replication factors together with virulence genes (pil). This finding is supported by an in silico
analysis of the Genbank database, which has shown that CrpP-like protein is integrated into
various types of genomic islands (PAPI-1 and PAGI-5) in Pseudomonas spp. (Ruiz, 2019).
These genomic islands are closely related to transferable pKCL102 (Kung et al., 2010b),
highlighting the mobility of crpP across the species. Furthermore, a most recent study has
proved that crpP carrying PAGI-like element is functionally mobilizable (Ortiz de la Rosa et al.,

2020). The crpP gene was originally reported in the plasmid pUM505 (Ramirez-Diaz et al.,
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2011) but there are no other studies showing plasmid associated crpP in P. aeruginosa.
Therefore, the BLAST search against the NCBI plasmid database specific to P. aeruginosa
was performed and observed two matches (plasmids pKLC102 and pY89) out of 45 complete
plasmids. Furthermore, the most recent ancestors of crpP positive strains appeared at least
50 years ago, which is earlier than the appearance of resistant subclades in the phylogeny.
This result, together with finding of high divergence in crpP orthologues between strains and
lower CAI compared to a highly expressed chromosomal gene (rIpS), (Détsch et al., 2010)
suggests that acquisition of the crpP gene was a relatively old evolutionary event in P.

aeruginosa.

The higher frequency of crpP+ strains in the Indian cohort of our study might be linked to the
close similarities between the strains. Although the phylogenetic analysis showed that strains
PA202/220/221 and strains PA31/35/33/37/32/219/198 were identical, each strain was
isolated at different time points (from 1997 to 2018). It is therefore possible that these
represent clones circulating in the local Indian environment. However, a recent study has
found that about half of the clonally unrelated P. aeruginosa strains carried crpP gene, which
was likely mediated by the acquisition of a PAGI-like element (Ortiz de la Rosa et al., 2020).
Our analysis of genomes sequences available from GenBank also revealed that CrpP-like
genes were frequently identified within P. aeruginosa, which is in line with this study and others

observations (Ruiz, 2019).

The plasmid-mediated quinolone resistance gnr gene was first reported in 1998 (Martinez-
Martinez et al., 1998) and this corresponds with increased usage of fluoroquinolones in the
1980s (Jacoby et al., 2003). Our analysis also revealed that resistant P. aeruginosa strains
were phylogenetically separated from susceptible strains from the 1990s. The gnr genes
protect DNA-gyrase and topoisomerase 1V, to prevent the action of quinolones and confer low-
level fluoroquinolone resistance, often below the clinical breakpoint (Tran and Jacoby, 2002,
Nordmann and Poirel, 2005). The gnrVC1 gene is a mobile quinolone resistance gene that is
associated with class | integrons (Fonseca et al., 2008). Orthologues of gnrVC1 have been
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reported in a variety of bacterial species (Fonseca et al., 2008). More recently, gnrvVC1 and
another variant gnrVC6 have been reported from clinical P. aeruginosa strains isolated
between 2007 and 2012 (Liu et al., 2018, Belotti et al., 2015). In the current study, the acquired
fluoroquinolone resistance gene qnrVC1 was observed in isolates sampled in 2017 and 2018,
indicating that transferable fluoroquinolone resistance genes may be recently acquired or have

passed unnoticed in previous ocular isolates of P. aeruginosa. No strains contained gqnrvVCeé.

This study revealed that qnrVC1 was associated with a Tn3 transposon, which has not been
previously reported in P. aeruginosa. Integration of several other antibiotic resistance genes
in these mobile genetic elements suggests these elements may concentrate antibiotic
resistance genes. QnrVC is reported predominantly in water bacteria including Aeromonas
spp., and Acinetobacter spp (Fonseca and Vicente, 2013). In this study, the recombination
site (attC) of all four gnrVC1 alleles had 100% identity with the aquatic bacterium Vibrio
parahaemolyticus. This corresponds with our previous study in ocular isolates of P. aeruginosa,
where acquired resistance genes closely matched with that of environmental isolates (Subedi

et al., 2018b).

The current study demonstrated that gnrVC1 carrying strains also had QRDRs mutations and
were highly resistant to all three fluoroquinolones compared to those lacking gnrVC1. This
indicates that possession of gnrVCL1 potentially facilitates selection of strains with high-level
fluoroquinolone resistance. Given that gnrVC1 has been reported as being responsible for
low-level fluoroquinolone resistance (Robicsek et al., 2006a), the high MICs observed for
these isolates is not clear but may indicate synergistic activity between the QRDR mutations

and gnrVCl1.

Keratitis isolates of P. aeruginosa predominantly possess a cytotoxic factor, ExoU, which is
associated with mobile genetic elements (Subedi et al., 2019). Many studies have shown that
fluoroquinolone resistant strains were also associated with possession of exoU (Heidary et al.,

2016, Georgescu et al., 2016, Sawa et al., 2014, Tran et al., 2011, Agnello et al., 2016, Agnello
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and Wong-Beringer, 2012, Stewart et al., 2011, Finck-Barbancon et al., 1997, Garey et al.,
2008, Cho et al.,, 2014, Choy et al., 2008). Correspondingly, these data suggested the
predominance of exoU in fluroquinolones resistance isolates. Although the reason behind this
predominance is not completely understood, the concurrent occurrence of transferable
fluoroquinolone resistance genes and exoU may heighten the concern for the selection of

more virulent strains during antibiotic therapy.
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P.aeruginosa isolate Year of isolation Region of isolation
designation

PA17 1992 Flinders University, Adelaide, Australia
PA40' 1999 SEH, Sydney, Australia
PA 176 2004 Australia
PA182 2004 PAH Brisbane Australia
PA149" 2004 Flinders University, Adelaide, Australia
PA123 2005 PAH Brisbane Australia
PA126 2005 PAH Brisbane Australia
PA127 2005 PAH Brisbane Australia
PA 162 2006 PAH Brisbane Australia
PA169 2006 PAH Brisbane Australia
PA181 2006 PAH Brisbane Australia
PA157" 2006 PAH Brisbane Australia
PAL171" 2006 PAH Brisbane Australia
PA175" 2006 PAH Brisbane Australia
PA31" 1997 LVPEI Hyderabad, India
PA32’ 1997 LVPEI, Hyderabad, India
PA33' 1997 LVPE], Hyderabad, India
PA34 1997 LVPEIL Hyderabad, India
PA3S 1997 LVPEL Hyderabad, India
PA37 1997 LVPEIL Hyderabad, India
PA82’ 2004 LVPEL Hyderabad, India
PA188 2017 LVPEI], Hyderabad, India
PA189 2017 LVPEI], Hyderabad, India
PA193 2017 LVPE], Hyderabad, India
PA198 2017 LVPE], Hyderabad, India
PA202 2017 LVPEI], Hyderabad, India
PA206 2017 LVPEIL Hyderabad, India
PA216 2018 LVPEIL Hyderabad, India
PA217 2018 LVPEIL Hyderabad, India
PA218 missing LVPEIL Hyderabad, India
PA219 2018 LVPEIL Hyderabad, India
PA220 2018 LVPEIL Hyderabad, India
PA221 2018 LVPE]I, Hyderabad, India

Isolates with asterisk (*) are from previous study (Subedi, Vijay, Kohli, Rice, & Willcox, 2018),
LVPEI= LV Prasad Eye Institute, PAH=Princes Alexandra Hospital, SEH= Sydney Eye Hospital.

Subedi, D., Vijay, A. K., Kohli, G. S., Rice, S. A., & Willcox, M. (2018). Comparative genomics of clinical
strains of Pseudomonas aeruginosa strains isolated from different geographic sites. Sci Rep,

8(1), 15668. doi:10.1038/s41598-018-34020-7

152



Chapter 5

Tree scale: 0.001 +——i

--------------------------------------------- '‘Pseudomonas aeruginosa strain 1334/14 chromosome
--------------------------------------------- '‘Pseudomonas aeruginosa strain PAG5 plasmid pPAG5
-------------------------------------------- '‘Pseudomonas aeruginosa strain ST773 chromosome
--------------------------------------------- 'Pseudomonas putida strain IEC33019 plasmid pIEC33019
--------------------------------------------- 'Pseudomonas aeruginosa strain 97 chromosome
--------------------------------------------- 'Pseudomonas aeruginosa strain PASGNDM345 chromosome

............................................. ‘Pseudomonas aeruginosa strain PASGNDM699 chromosome
--------------------------------------------- ‘qnrVC1_Query sequence
--------------------------------------------- 'Pseudomonas aeruginosa DNA
--------------------------------------------- IOMTU 133'
R L LS Lt "Vibrio alginolyticus NBRC 15630 = ATCC 17749 chromosome 1
e "Vibrio alginolyticus strain FDAARGOS 114 chromosome 1

"Vibrio anguillarum strain VIB12 chromosome 2

‘Vibrio anguillarum strain 87-9-116 chromosome 2

‘Vibrio anguillarum chromosome 2

‘Vibrio anguillarum strain 425 chromosome 2

------------------------- 'Pseudomonas putida strain PP112420

------------------------- ‘Pseudomonas aeruginosa strain PA121617 plasmid pBM413
------------------------- ‘Aeromonas salmonicida strain S44 plasmid pS44-1
------------------------- ‘Vibrio harveyi strain 345 plasmid p345-185

------------------------- ‘Aeromonas hydrophila subsp. hydrophila strain WCHAH045096 plasmid pMCR5 045096

Supplementary Figure 5-7 Tree View of the blast comparison of gnrVC1 gene.
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Supplementary Figure 5-8 Phylogenetic tree based on Bayesian evolutionary analysis by sampling
trees.

Tree was constructed using concatenated multi locus sequences (MLST) under strict clock analysis. The tip of
the tree was constrained by date of isolation. The time scale is shown in years at the bottom and the bars
represented the confidence interval. Isolates from India are labelled red and Australian isolates are labelled blue.
The tree was visualized using Figtree v1.4.
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6.1 Introduction

Pseudomonas aeruginosa causes a variety of infections, including lung infections in patients
with cystic fibrosis, skin infections after burns and corneal infections (microbial keratitis). The
increasing prevalence of multi-drug resistant (MDR) P. aeruginosa isolates reduces treatment
options and complicates the management of these infections. Antibiotic resistance occurs
mainly due to chromosomal gene mutations and possession of transferrable resistance
determinants (Lister et al., 2009). MDR isolates can be clonal, particularly those associated

with hospital acquired infections (Woodford et al., 2011).

Clones of P. aeruginosa isolated from different environments may vary. Clones may cause
infection outbreaks when they enter a new environment, for example, P. aeruginosa isolated
from water sources can also be isolated from cystic fibrosis patients (Romling et al., 1994).
Diverse clonal lineages can cause disease in the lungs of cystic fibrosis patients (Romling et
al., 1992) Clones of ocular isolates of P. aeruginosa have rarely been reported (Lomholt et al.,
2001, Subedi et al.,, 2018b). However, five multi-drug resistant P. aeruginosa isolates,
collected in 1997 from microbial keratitis cases in India, have been reported to be clonal and
of sequence type 308 (Subedi et al., 2018b). ST308 is a multi-drug resistant epidemic clone
that has been associated with sporadic outbreaks of hospital infections (Jeanvoine et al.,
2019). P. aeruginosa ST308 has been identified as a major contaminant in the hospital water
plumbing networks where it was identified as a copper tolerant clone due to the presence of
genomic island number 7 (Jeanvoine et al., 2019). This clone shows intraclonal diversity as it
adapts to different environments and acquires genes such as those on mobile genetic

elements and acquires mutations in its genome (Abdouchakour et al., 2017).

The current study investigated the genomes of MDR P. aeruginosa corneal ST 308 isolates
collected in 2018 with those recovered from the same location in India and collected in 1997.
The aim of the study was to investigate whether this clone had changed its resistome during

this period.
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6.2 Materials and methods

6.3 P. aeruginosa strains

All strains had been isolated from the corneas of patients with keratitis that presented at the
LV Prasad Eye Institute in 1997 or 2018. Isolates from 1997 were included from a previous
study (Subedi et al., 2018b). Isolates from 2018 were selected from a larger group of isolates
described in chapter 4. All isolates were obtained from different patients. Sequence types were

investigated using PUbMLST (https://pubmlst.org/).

6.4 P. aeruginosa genomic sequencing and analysis

DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen, Hilden Germany) as per the
manufacturer's recommendations from two keratitis P. aeruginosa strains 198 and 219
isolated in India in 2018 for cases of microbial keratitis. A paired-end library was prepared
using Nextera XT DNA library preparation kit (lllumina, San Diego, CA, USA). All the libraries
were multiplexed on one MiSeq run. The raw reads of the sequenced genomes were analysed
for their quality using FastQC version 0.117

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc). Version 0.38 of the

Trimmomatic (Bolger et al., 2014) was used for trimming the adapters from the reads following
de-novo assembly using Spades v3.13.0 (Nurk et al., 2013). Genomes were annotated using
Prokka v1.12 (Seemann, 2014). Resistance genes were identified using the online database
Resfinder v3.1 (Centre for Genomic Epidemiology, DTU, Denmark) (Zankari et al., 2012).
Mutations in the genes were detected using Snippy V2 (Seeman, 2015) with PAO1 as the
reference genome. Core genome and pan genomes were analysed using Harvest Suite
Parsnp v1.2 and Roary v3.11.2 respectively. Integrons were located using Integron Finder in
Galaxy v1.5.1 (Cury et al., 2016). The genes possessed by strains 198 and 219 were then
compared to those from other ST308 isolates that had been previously examined (Subedi et
al., 2018b). Genomes of other P. aeruginosa isolates (Bio project PRINA381838) were also
included for comparison. Several non-clonal isolates were also added for comparison,

including isolate PA17 (Accession number NZ_QDGR00000000.1), PA57 (Accession number
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NZ_QDGS00000000.1), PA86 (Accession number NZ_QDGD00000000.1), PA D1
(Accession number CP012585.1) and PA_D2 (Accession number CP012578.1). These
genomes were re-annotated in the current study to avoid any bias. Pairwise genome
comparison of the isolates was conducted using web-based programme JSpeciesWS

(http://ispecies.ribohost.com/jspeciesws/#analyse).

6.5 Antibiotic susceptibility

Two strains (PA198 and PA219) isolated in 2018 and five strains (PA31, PA32, PA33, PA35
and PA37) isolated in 1997 (Subedi et al., 2018b) were screened for resistance to a variety of
antibiotics which are commonly used to treat microbial keratitis (Willcox, 2011). The minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of ciprofloxacin,
levofloxacin, gentamicin, ceftazidime (Sigma-Aldrich, St. Louis Missouri, USA), polymyxin B
(Sigma-Aldrich, Vandtarnsvej, Sgborg, Denmark) tobramycin, piperacillin (Cayman Chemical
Company, Ann Arbor, Michigan, USA) and imipenem (LKT Laboratories Inc, Minnesota, USA)
were determined using the broth microdilution method in 96-wells plates following the Clinical
and Laboratory Standard Institute CLSI guidelines (CLSI). The concentrations of antibiotics
tested ranged from 5120 pg/ml to 0.25 pg/ml. Susceptibilities were interpreted using the
European Committee on Antimicrobial Susceptibility Testing v9 (EUCAST, 2020) and CLSI

(Patel et al., 2014) breakpoints for antibiotics.

6.6 Results

Isolates PA198 and PA219 had sequence type 308 indicating that these strains were clonally
related to each other and the five ST308 strains isolated in 1997 at the same hospital.

6.6.1 Whole genome comparison and phylogenetics of ST308

Isolate PA219 had the largest genome of 7456853 base pairs (bp) (Table 6-1). The number
of core genes and total genes were similar for all isolates, except isolate PA219 which had a
larger number of total genes but a similar number of core genes to all other isolates. The
recent isolates PA198 and PA219 had acquired a large number of additional (accessory)

genes.
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Table 6-1 General features of ST308 of P. aeruginosa isolates.

Chapter 6

P. Core Total Number of | Number Length
aeruginosa enes enes Accessory coding of of % | tRNA
isolates 9 9 genes sequences | contigs | genome | GC
(bp)
PA31 5445 6937 1709 6619 137 7100450 | 66 69
PA32 5447 6927 1701 6611 155 7101461 | 66 69
PA33 5440 6932 1699 6609 166 7092296 | 66 69
PA37 5450 6958 1735 6645 241 7154299 | 65.9 69

Accessory genes were determined by subtracting number of core genes (4910) of the reference strain PAO1

from total number of CDS of each isolate. Grey shaded isolates are the recent clones.

Pan genome phylogeny was constructed using PAO1 (Accession number NC_002516.1) as

a reference genome. The recently published P. aeruginosa genome sequences of ST308

strains on NCBI with Bio project number PRINA381838 were also aligned for both core and

pan genome phylogeny. These reference isolates were from non-ocular sources. In the pan

genome phylogeny, all the ocular isolates clustered together in one group which included the

non-ocular isolates PAO1 and PASGNDM590. The majority of non-ocular isolates were

clustered into two separate groups, separated from the cluster containing the ocular ST308

isolates (Figure 6-1).
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Figure 6-1 Pan genome phylogeny of P. aeruginosa isolates using Roary.

PAO1 was used as reference to build the tree. The number (ranging between 66-100) at each node (vertical line of the tree) represents bootstrap values. A higher bootstrap

indicates higher relatedness or similarity. The number displayed on each horizontal line is the branch length, which represents an evolutionary lineage changing over time.
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When comparing the genomes of strains, isolate PA219 was used as a reference because it
had the largest genome of 7456853 base pairs. Comparison of the whole genomes of the two
2018 ST308 isolates with previous isolates from cases of keratitis (Subedi et al., 2018b)
showed that they were > 94% similar and they were > 89.9% similar to other non-ocular ST308
isolates within Bio project PRINA381838 (Table 6-2). Non-ST308 isolates were all less than

84% similar.

Table 6-2 Pairwise comparison of the genomes of P. aeruginosa isolates compared to

strain PA219.

P. aeruginosa Isolation source Aligned % Allgne_d base
isolates pairs
ST308 isolates
PA31 Cornea 94.09 7016166
PA32 Cornea 94.09 7015918
PA33 Cornea 94.09 7015041
PA35 Cornea 94.08 7015534
PA37 Cornea 94.09 7017651
PA198 Cornea 95.77 7141329
PASGNDM544 Endotracheal tube 90.73 6765394
PASGNDM571 Urine 90.72 6765003
PASGNDM583 Urine 90.76 6767894
PASGNDM586 Urine 89.92 6705216
PASGNDM587 Foot wound 90.14 6721892
PASGNDM590 Urine 90.69 6762596
PASGNDM591 Urine 89.93 6705872
PASGNDM592 Urine 90.74 6766496
PASGNDM593 Urine 90.42 6742830
Non-ST308 isolates
PA17 Eye 81.34 6064371
PA57 Cystic fibrosis 77.89 5808417
PA86 Cystic fibrosis 78.15 5827469
PA D1 Sputum 83.99 6263071
PA_D2 Sputum 83.99 6263071

PASGNDM isolates are those from Bio project PRINA381838.
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6.6.2 Antibiotic susceptibility of P. aeruginosa isolates

Isolate PA219 was resistant to all antibiotics except polymyxin B (MIC= 0.5 pg/ml, MBC=1
pg/ml). Isolate PA198 was resistant to ciprofloxacin, levofloxacin, tobramycin and gentamicin,
and showed intermediate susceptibility to polymyxin B. The isolates from 1997 were all
resistant to gentamicin and tobramycin and showed either intermediate or definite resistance
to imipenem. All five isolates from 1997 were resistant or had intermediate resistance to
ciprofloxacin and four were resistant to levofloxacin. Two isolates from 1997 showed
intermediate resistance to polymyxin B. Overall, the MIC and MBC values to ciprofloxacin and
levofloxacin of PA198 and PA219 were higher than those recorded for the historical isolates

(Supplementary Table 1).

6.6.3 Possession of horizontally-acquired resistance genes

In total 24 acquired resistance genes were present in the ST308 isolates of P. aeruginosa
(Table 6-3). The isolates from 1997 all possessed the same 11 resistance genes. However,
the isolates from 2018 had acquired additional resistance genes. Isolate PA198 carried 15
and PA219 carried 20 resistance genes. Ten resistance genes were common to all seven

isolates (Table 6-3).

The ten genes included three aminoglycoside resistance genes (aph(6)-1d, aph(3')-lib,
aph(3")-1b), a beta-lactam resistance gene (blaPAQ), a tetracycline resistance gene (tet(G)),
a fosfomycin resistance gene ( fosA), a chloramphenicol resistance gene (catB7) a
sulphonamide resistance gene (sull), and a quaternary ammonium compound resistance
gene (gacEdeltal). The recent isolates lacked one beta-lactam gene (blaOXA-50) which was

present in all the historical isolates.

Strain PA198 had acquired a 16S rRNA methylase gene (rmtD2) and three aminoglycoside
modifying enzyme genes aph(6)-1d, aph(3')-lib, and aph(3")-Ib). Strain PA219 had acquired
three different aminoglycoside resistance genes, a 16S rRNA methylase (rmtB), a

streptomycin adenylyltransferase gene (aadAl) and an aminoglycoside acetyltransferase
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gene (aac(6")-1b-cr). Strain PA219 had also acquired the plasmid related aminoglycoside and

fluoroquinolone resistance gene aac(6')-Ib-cr.

One fluoroquinolone resistance gene, crpP, was present in all isolates from 1997 and 2018.
An integron-related fluoroquinolone resistance gene gnrVC1 (Belotti et al., 2015) was only
present in isolates from 2018 (Table 6-3). The plasmid related aminoglycoside and
fluoroquinolone resistance gene aac(6')-lb-cr was found in strain PA219 and this strain had

higher MICs for ciprofloxacin and levofloxacin compared to strain PA198 and the 1997 isolates.

The metallo beta-lactamase gene class B metallo beta-lactamase blaVIM-2 and a transposon
(Tn2) encoded gene blaTEM-1B had been acquired by isolate PA219. An extended spectrum
plasmid-related class A beta-lactamase gene blaPME-1 had been acquired by PA198. A

class-D beta-lactamase gene blaOXA-488 had been acquired by both PA198 and PA219.

6.6.4 Non-synonymous mutations in the ST308 resistome

Non-synonymous mutations leading to changes in the nucleic acid sequence in the resistance
genes of these P. aeruginosa isolates, including those related to efflux pumps, antibiotic-
inactivating enzymes and drug target alterations were examined (Supplementary table 2).
These non-synonymous mutations were made in comparison to the reference genome of
strain PAO1. The number of mutations in almost all of the genes remained the same in the
1997 and 2018 isolates. However, the efflux pump gene opmH contained 10 SNPs in the
isolates from 2018, but only 1-5 SNPS in the isolates from 1997. Similarly, oprD also contained
8 SNPs in the two 2018 isolates. Furthermore, non-synonymous insertions/deletions and
frame-shift mutations were found in the two isolates from 2018 (Supplementary Table 3)
whereas the ST308 isolates from 1997 had no insertions/deletions or frame-shift mutations

(Subedi et al., 2018b).

6.6.5 Mobile genetic elements
Due to the large number of acquired resistance genes in the recent isolates, the genes

locations were extracted using Geneious. QnrVCL1 in the recent clones was integrated on Tn3
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transposons. QnrVC1 was accompanied by other genes on the transposon including
aminoglycoside 6'-phosphotransferase (aph(6')-Id) and tetracycline (tetG) resistance genes.
BIaTEM-1B in isolate PA219 was also integrated into the Tn3 transposon. BlaTEM-1B and
gnrVCL1 carrying transposons were located on contig 2 and 4 respectively and so were
considered to be different Tn3 transposons. In isolate PA219, a class 1 integron was also
identified on contig 2 which was carried blaOXA-10 (Supplementary Figure 1). All the other

acquired resistance genes appeared to be randomly integrated into the chromosome.
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Table 6-3 Presence of acquired antibiotic resistance genes in P. aeruginosa ST308 ocular isolates.

PA32 | PA33 | PA35 | PA37

Antibiotic Resistance PA198 | PA219 | PA31

classes genes
aph(6)-Id
aph(3)-VI
aph(3")-lib
Amino- glycoside aph(3")-Ib
aadAl
rmtD2
rmtB

Fluoroquinolone + .
Aminoglycoside aac(6)-lb-cr

) crpP
Fluoroquinolone
gnrvCl

blaOXA-488

blaPAO
blaOXA-50
Beta-lactam blaPAU-1
blaOXA-10
blaTEM-1B
blaVIM-2
blaPME-1
Quaternary
ammonium gacEdeltal
compound
Sulphonamide sull
Tetracycline tet(G)
mph(E
Macrolide Ph(E)
mph(A)
Macrolide,
Lincosamide and msr(E)
Streptogramin B
Chloramphenicol catB7 ‘
Fosfomycin fosA ‘

Black denotes gene presence and white colour shows gene absence
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6.7 Discussion

This study examined whether the resistome of ST308 clones of ocular isolates of P.
aeruginosa had changed over time. Previously, P. aeruginosa ST308 clones had been
reported as multidrug-resistant isolates from nosocomial (Fournier et al., 2012), ocular (Subedi
et al., 2018b) and canine (Wang et al., 2014) infections. The ocular isolates of clone ST308
from 2018 had acquired additional resistance genes compared to those isolated in 1997 at the
same hospital in India. Also, the recent 2018 isolates of ST308 showed changes in the

mutational patterns of the resistance genes compared to ocular isolates from 1997.

There was >94% similarity in the genomes of the ocular ST308 isolates, indicating that these
isolates were indeed very similar and can be considered to be clonally related. Of all the ocular
ST308 isolates, the recent isolate PA219 had the largest genome which contained more
accessory genes and coding sequences. All the ST308 isolates, whether ocular or non-ocular,
had a similar number of core genes, perhaps indicating a conserved genome of these P.
aeruginosa isolates (Romling et al., 1995, Klockgether et al., 2011). However, the larger pan
genome of isolate PA219 indicated that this isolate had acquired a number of genes
(Klockgether et al., 2011). In the pan genome phylogeny, all ocular isolates clustered as one
group and all non-ocular isolates grouped separately, which was similar to the previous

findings (Freschi et al., 2015a, Subedi et al., 2018b).

Two different variants of 16S rRNA methylase, rmtD2 and rmtB, related to aminoglycoside
resistance were found in the 2018 isolates. These genes have not been reported previously
in ST308 but other variants of the same genes have been identified in clones ST316 and
ST235 (Tada et al.,, 2018). The latter clone being identified as a widespread multi-drug
resistance clone. The presence of a large group of beta-lactam resistance genes, specifically
those acquired on mobile genetic elements, is a unique finding related to ST308 in the current
study. For example, a metallo beta-lactam gene including blaTEM-1B and a FQ resistance

gene gnrVC1 on a transposon, and blaOXA-10 on an integron. These beta-lactam resistance
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genes have not been reported previously in strains of this clone (Subedi et al., 2018b).
However, the possession of the sull gene in isolates of the present study was similar to a
previous report (Wang et al., 2014). The possession of blaVIM-2 and blaTEM-1B may have
been responsible for the high MIC to piperacillin and imipenem of PA219. Previously, these
genes were associated with increased MIC of imipenem and piperacillin/tazobactam in P.
aeruginosa isolates (Quinones-Falconi et al., 2010).

Metallo beta-lactam genes are usually found on class-1 integrons along with other antibiotic
resistance determinants (Yu et al., 2006). This finding is similar to the present study but
identification of a class 1 integron carrying resistance genes in ocular P. aeruginosa isolates
is a novel finding. Sequence type ST308 has previously been reported to carry metallo beta-
lactam blaIMP-13 (Wang et al., 2014, Fournier et al., 2012). However, blaTEM-1B, blaVIM-2
and blaPME-1 had not been previously reported in ST308. Acquired genes within the maobile
genetic elements of ST308 clones were not identified in an earlier report (Subedi et al., 2018b).
Both recent isolates PA198 and PA219 had acquired genes associated with mobile genetic
elements in the current study. Additional beta-lactam genes were found in the recent clones

compared to the historical ones.

The presence of the plasmid-related fluoroquinolone resistance gene gnrvVC1 (Kaocsis et al.,
2019) and the recently reported plasmid-related gene crpP (Chavez-Jacobo et al., 2018) are
also novel findings in ocular ST308 P. aeruginosa isolates. All isolates contained the
fluoroquinolone resistance gene crpP, but this had not been identified as a potential plasmid
related fluoroquinolone resistance gene prior to the publication of resistance genes in the 1997
isolates (Subedi et al., 2018b). Usually, fluoroquinolone resistance is due to mutation in DNA
gyrase and topoisomerase IV genes (Livermore, 2002). However, the very high MICs to
ciprofloxacin and levofloxacin in the 2018 isolates of ST308 might be due to the acquisition of
gnrVC1. Strain PA219 had also acquired the plasmid related fluoroquinolone resistance gene
aac(6)-Ib-cr (Ma et al., 2009), which can confer resistance to both fluoroquinolones and

aminoglycosides (Robicsek et al., 2006b). This gene was responsible for the 16 to 128-fold
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higher MICs for ciprofloxacin in transconjugants of Enterobacteriaceae (Yang et al., 2008) and
MIC of 64 pg/ml for ciprofloxacin of MDR P. aeruginosa non-ocular isolates (Araujo et al.,
2016). These resistance elements for fluoroquinolones suggest that alternative treatments for
keratitis other than fluoroquinolone monotherapy might need to be considered in the future. A
poorer clinical outcome of P. aeruginosa corneal infection is associated with resistance to the
fluoroquinolone moxifloxacin (Lalitha et al., 2012). Furthermore, acquisition of a larger number
of aminoglycoside and beta-lactam resistance genes is alarming because, where first line
therapy such as monotherapy with fluoroquinolones fails, fortified antibiotics (Nixon, 2018)

such as gentamicin plus cephalosporins are often prescribed.

Indels (insertion/deletion polymorphisms due to non-synonymous mutations) in the 2018
isolates of P. aeruginosa ST308 clones were not present in the strains isolated in 1997 (Subedi
et al., 2018b). Indels or frame shift mutations can potentially trigger changes in the amino acid
sequence of proteins resulting in unstable protein expression or expression of non-functional
proteins. Genetic mutations can lead to a change in the binding ability of ligands (McCready
et al., 2019) and a potential increase in antibiotic resistance due to target alteration (Juan et
al., 2005, Amin et al., 2005). Additionally, the increased number of SNPs suggests that an
increase in selection pressure in the environment may have selected for these mutations.
Overall, large mutations were present for opmH and rocS. OpmH is part of an efflux pump
responsible for the resistance of P. aeruginosa to the biocide triclosan that is often used in
hospitals (Jones et al., 2000). RocS is a sensor kinase involved in the transduction pathway
for fimbrial adhesion during biofilm formation (Kulasekara et al., 2005). No other differences

were found in mutation of other genes in the ocular ST308 isolates in the present study.

The emergence of genetic variants in cystic fibrosis infection strains has been related to
mutation during prolonged colonization and antibiotic administration (Bragonzi et al., 2009,
Jelsbak et al., 2007). The ocular and the non-ocular isolates used for comparison in the current
study were different to each other in the phylogenetic evolution. The recent ocular clones were
different from the historical ones in acquisition of genes and showed different patterns of gene
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mutations. Furthermore, the coeval (isolated at same time) isolates PA198 and PA219 were
even different from each other in the number and patterns of mutations. Genomic variations
occur as a result of mutations in the genes even in the Pseudomonas aeruginosa isolates
causing the same infection (Chung et al., 2012). The recent clones 198 and 219 with distinct
features were different in their characteristics from rest of the isolates. This differentiation
indicated the intraclonal diversity of isolates of this particular sequence type (Abdouchakour
et al., 2017).

The acquisition of resistance genes, at least in the Indian environment, may result in high
levels of antibiotic resistance and this may in turn result in vision loss and blindness.
Furthermore, the increasing levels of antibiotics needed to kill strains (higher MICs) suggest
that the treatment of keratitis might be becoming more problematic. Studies which link genetic
and phenotypic resistance to clinical outcome would help to identify the reasons for poor

outcomes.
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Supplementary information

Supplementary Table 1. Antibiotic susceptibility of P. aeruginosa isolates

Ciprofloxacin L“(Iag\]/l(:‘zllo<x2ac4in Gentamicin pg/ml Tobramycin I;'gfnr‘?il,:lén Jg}:ﬁfﬂ;n‘]‘ }‘%e/f:‘alzigm;g PHOJ}/nr?Iyz(zin

Breakpoints pg/ml £1,2, 24 Se <4, 8,216 pg/ml <4, 8, 216 = Se 530 4,28
P.

ase{fa?:]gojfa MIC MBC | MIC | MBC MIC MBC MIC MBC MIC |MBC| MIC |MBC | MIC |MBC | MIC | MBC
PA198 1280 (R) | 2560 | 320 (R) | 1280 | 2560 (R) | 5120 | 16 (R) 16 8 8 1 2 8 8 |4am| 4
PA219 >5120 (R) | 25120 | 640 (R) | 1280 | 25120 (R) | 25120 | 1280 (R) | 2560 | 2560 (R) | 5120 | 32(R) | 64 | 16(l) | 32 |025| 1
PA31 32 (R) 64 | 32(R) | 32 | 5120(R) | 5120 | 640(R) | 1280 4 8 Ay | 16 | 16() | 32 |41 | 4
PA32 64 (R) 128 | 32(R) | 32 | 2560(R) | 5120 | 640 (R) | 1280 16 32 | 4() 4 | 16() | 16 |4() | 16
PA33 128(R) | 128 | 32(R) | 64 | 2560 (R) | 5120 | 25120 (R) | 25120 | 32(R) | 64 | 8(R) | 16 |32(R)| 64 | 2 4
PA35 2(l) 4 2 4 | 2560 (R) | 2560 | 1280 (R) | 2560 8 16 |16(R)| 16 4 8 2 2
PA37 64 (R) 128 | 32(R) | 32 | 2560 (R) | 2560 | 1280 (R) | 2560 8 16 |8R) | 8 |16() | 64 | 2 4

P. aeruginosa isolates in the light shade are recent and those with dark shading are historical isolates. MIC and MBC values of historical isolates were included from previously

published data (Subedi et al., 2018b) for all antibiotics except tobramycin and piperacillin. MICs and MBCs of these two antibiotics for the historical isolates and all antibiotics

for the recent isolates have been are examined in this study.
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Supplementary Table 2. The number of non-synonymous single nucleotide polymorphisms in the

genes of P. aeruginosa encoding for antibiotic resistance

P. aeruginosa/number of SNPs

Gene Gene

locus name
PA0156 triA
PA0157 triB
PA0158 triC
PA0424 mexR
PA0426 mexB
PA1236 farB
PA1282 IrfA
PA1316 IrfA
PA1435 mexM
PA1436 mdtC
PA2018 mexyY
PA2019 mexX
PA2389 macA
PA2390 macB
PA2391 opmQ
PA2491 mexS
PA2495 oprN
PA2837 opmA
PA3019 taeA
PA3137 farB
PA3521 opmE
PA3522 mexQ
PA3523 mexP
PA3676 mexK
PA3677 mexJ
PA3678 mexL
PA4205 mexG
PA4206 mexH
PA4207 mex|
PA4208 opmD
PA4374 mexV
PA4375 mexW
PA4598 mexD
PA4599 mexC
PA4974 opmH

Antibiotic
Efflux

PA31 | PA32 | PA33 | PA35 | PA37 | PA198 | PA219
4 5 5 6 5 5* 5*
0 0 1 0 0 0 0
2 2 2 2 2 2" 2"
2 1 1 1 1 1 1
1 1 2 1 4 2" 2"
1 1 1 1 1 1 1
6 6 9 6 8 8" 8"
2 2 2 2 2 2 2
4 4 4 4 4 4 4
2 2 2 2 2 2 2
5 5 5 5 5 5° 5°
4 4 4 4 4 4 4
2 1 1 1 1 1 1
1 1 1 1 1 1 1
6 5 6 6 6 57 57
2 2 2 2 2 2 2
1 1 1 1 1 1 1
3 3 3 3 3 3 3
1 1 1 1 1 1 1
1 1 1 1 1 0 0
3 3 3 3 3 37 37
4 4 4 4 4 4 4
2 2 2 2 2 2 2
1 1 1 1 1 1 1
2 2 2 2 2 2 2
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 2 1
3 3 3 3 3 2" 2"
2 2 2 2 2 2 2
2 2 2 2 2 2 2
2 2 2 2 2 2 2
7 8 8 8 8 7" 7"
2 1 1 5 5 10" 10"
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Gene Gene P. aeruginosa/number of SNPs
locus name PA31 | PA32 | PA33 | PA35 | PA37 | PA198 | PA219
PA4990 emrE 1 1 1 1 2 1 1
PA4997 msbA 2 3 3 2 3 4" 4"
PA5158 adeC 3 3 3 3 3 3" 3"
PA5160 farB 4 3 3 4 3 3 3
PA5518 rosB 3 3 3 3 3 2 2
PAQ0706 catB7 4 4 4 4 4 4 4
PA4109 ampR 2 2 2 2 2 2" 2"
PA4110 ampC 5 5 5 5 5 5° 5°
Paa11g | APHCY actiation 2 2 | 2 | 2 2 2 2
PA5514 | OXA-50 1 2 3 2 2 2
PA0903 alaS 1 1 1 1 1 1 1
PA1972 pmrC 3 3 3 3 3 3 3
PA3002 mfd 1 2 2 2 2 2 2
PA3168 gyrA 1 1 1 1 1 1 1
PA3946 rosC 6 8 8 7 6 8" 8"
PA4265 tufA 1 0 0 0 1 0 0
PA4560 ileS 2 2 2 2 2 3 2
PA4964 | parC Antibiotic 2 2 2 2 2 2 2
PA4967 | parE a|:2:g§én 1 1 1 1 1 1 1
PA3554 arnA 2 4 4 4 4 3" 3"
PA0920 mprF 6 6 6 6 6 6 6
PA0958 oprD 2 1 1 1 4 8" 8"
PA2492 mexT 3 2 3 5 4 2t 2t
PA2020 mexZ 0 1 1 1 1 1 1

(*) represents insertions or deletions in the genes, (1) represents frame-shift mutations in the genes.
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Supplementary Table 3. Insertion/deletion and frame-shift mutation in the resistance genes of the

2018 isolates

Number of deletions and insertions in the

Gene locus Genes genes
PA198 PA219
PA0156 triA 2 2
PA0158 triC 2 1
PA0426 mexB 1 1
PA1282 IrfA 2 2
PA2018 mexY 1 1
PA2391 opmQ 3 3
PA3521 opmE 1 1
PA4208 opmD 1 1
PA4599 mexC 1 1
PA4974 opmH 7 8
PA4997 msbA 2 2
PA5518 adeC 1 1
PA4109 ampR 1 1
PA4110 ampC 2 2
PA3946 rosC 1 1
PA3554 arnA 2 2
PA0958 oprD 6 6
PA2492 mexT 1Frame-shift deletion 1Frame-shift deletion
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numbering of nucleotides using positions from source sequence.
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Supplementary Figure 1. Class 1 integron carrying blaOXA-10 in isolate 219.

Integron Finder Galaxy version 1.5.1 was used to identify the type and location of integron. Prokka Galaxy version 1.12 was used for integron
annotations. The integron and its annotations were visualized using Geneious v2020.2 Some of the annotations were manually edited in

geneious.
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7 Summary and Future Directions

This thesis analysed phenotypic and genotypic characteristics of numerous ocular
Pseudomonas aeruginosa isolates to identify the patterns of resistance and underlying
resistance mechanisms. The isolates were collected from two different regions: Australia (12
historical, 10 recent) and India (non-CL) (34 recent). Isolates collected at different time points
were analysed to examine changes in resistance patterns over time. Furthermore, genomes
of 14 (eight historical and six recent) Australian isolates and 18 (six historical from a previously
published study and 12 recent) (Subedi et al., 2018b) Indian isolates were analysed. The
genomes were analysed using computational analysis with different bioinformatics tools. The

major findings of the thesis are listed below:

I.  Antibiotic susceptibility of P. aeruginosa isolates has changed over time but there was
no correlation between antibiotic and MPDS susceptibility.

Il.  P.aeruginosa keratitis isolates from India carried more acquired resistance genes.

lll.  P. aeruginosa isolates from both regions had distinct genetic features which included
differences in their core and pan genomes, and TTSS virulence genes (exoS and
exoU).

IV.  There was evidence of clones circulating in the Indian population of strains and these
showed changes in the carriage of antibiotic resistance genes over time.

V.  P. aeruginosa isolates with a high number of gene mutations had larger mutations in

their mismatch repair system.
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7.1 Antibiotic susceptibility of Pseudomonas aeruginosa
isolates changed over time and there was no correlation
between antibiotic and MPDS susceptibility.

P. aeruginosa isolates from both regions showed variations in their susceptibility to antibiotics.
Overall, Indian isolates were more resistant to antibiotics and some of these were MDR. Both
historical and recent Indian isolates were resistant to antibiotics, but the historical Indian
isolates had higher resistance levels to ciprofloxacin, levofloxacin, gentamicin and tobramycin.
Increased antibiotic resistance in India might be due to the ease of availability of antibiotics
(Porter and Grills, 2015). The antibiotic susceptibility of Australian isolates changed over time
and again the more recent isolates showed higher resistant to antibiotics. The recent
Australian P. aeruginosa isolates showed higher resistance to ciprofloxacin, imipenem,
piperacillin and ceftazidime. Other reports from Australia however, have found stability in the
antibiotic susceptibility of ocular P. aeruginosa isolates (Watson et al., 2018, Green et al.,
2019) and this difference may be due to the use of strains collected from different populations
in the current study and those previous studies. This increase in the antibiotic resistance in
the Australian isolates is of concern and may indicate that alternative treatment options for
microbial keratitis should be considered. A convenience sample of Australian P. aeruginosa
isolates were collected from two different locations Brisbane (historical ) and Sydney (recent)
which may impact the results due to climatic variations in the regions. Further studies to
explore isolates collected over time from the same region may show a clearer pattern of

antibiotic susceptibilities.

The Australian strains of P. aeruginosa were compared for their MPDS susceptibility but no
change in their susceptibilities to MPDS were found. Also, there was no correlation between
antibiotic and MPDS susceptibility. Although, a recent report from Taiwan suggested an
increased resistance to MPDS (Shen et al., 2020) but different studies reported stability in the
antibiotic susceptibility of P. aeruginosa isolates (Hsiao et al., 2016). This is important when
considering the comparison of the Australian and Indian isolates as the Australian isolates had

been all isolated from contact lens-related microbial keratitis, whereas the India isolates had
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all been isolated from non-contact lens-associated microbial keratitis. The lack of relationship
between resistance to antibiotics and resistance to MPDS indicates that exposure to MPDS is
unlikely to induce transfer of disinfectant resistant genes such as gac along with antibiotic
resistance genes. This makes the comparison between the Australian and Indian isolates
more valid, especially as strains from both countries had been isolated, predominantly, from

the corneas of microbial keratitis patients.

/.2 P. aeruginosa keratitis isolates from India carried more
acquired resistance genes

The bacterial genome can be divided into two type of genes, core (present in the majority of
isolates) and accessory genes (present in select isolates and usually associated with MGE)
(Tenover, 2006). These accessory genes together with core genes are part of the pan (total)
genome. Further classification of accessory genes can be made, with those unique to one
strain called cloud genes (or unique genes) and those shared by two or more strains known
as shell genes. These acquired genes can be related to specific virulence or resistance traits
of P. aeruginosa. P. aeruginosa acquires various resistance genes conferring resistance to
different antimicrobials from the other strains of same or different species. In this study, out of
total of 33 acquired resistance genes in these isolates, 24 were present in Indian and 13 were
present in Australian isolates. The acquired resistance genes contribute towards genome
evolution. Once acquired genes stabilize in the host, even in the absence of antibiotics, their
loss can be slow (Salyers and Amabile-Cuevas, 1997). Despite them not being needed with
cessation of their cognate antibiotic, once antibiotic use is resumed these genes can become
active again (Salyers and Amabile-Cuevas, 1997). However, different acquired resistance
genes contribute differently and have different stabilities in the bacterial genome due to

antibiotic selection pressure (Marciano et al., 2007).

Once infection with a to multi-drug resistant strains has been initiated in the eye it is likely to
take longer to resolve (CDC, 2013), the treatment cost is higher and it may result in permanent

loss of vision. In the present study the MDR isolates from India mostly carried acquired
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resistance genes. Although resistant P. aeruginosa ocular isolates have been reported

previously, the genomic causes behind the antibiotic resistance have not been fully explored.

The current research found, for the first time in ocular isolates that, the acquisition of the
fluoroquinolone resistant gene gnrVC1 was related to increased fluoroquinolone resistance.
Four of the Indian isolates harbouring gnrVC1 had exceedingly high MICs for fluoroquinolones.
This gene was carried on a Tn3 transposon and a class 1 integron in the Indian isolates.
Similarly, another FQ related gene crpP which has been shown to be carried on a plasmid
(Chavez-Jacobo et al., 2018) was found in the P. aeruginosa ocular isolates but it was not
found to be carried on any MGE or related to elevated resistance levels to FQ in the present

study.

Beta-lactam resistance genes blaOXA-10, blaVIM-2, blaTEM-1, blaPSE-2, blaLCR-1 and
aminoglycoside resistance genes rmtD2, rmtB and aadAl were also identified in the P.
aeruginosa isolates. However, there was a disconnect between genotypic and phenotypic
characteristics. Of the 20 P. aeruginosa isolates analysed for genomic changes, four isolates
carried a large number of aminoglycoside resistance genes. The same isolates were
phenotypically resistant to aminoglycosides. These findings indicate that ocular isolates of P.
aeruginosa acquired specific antibiotic resistance genes but not all of those contributed to the
antibiotic resistance. The current study did not analyse resistance to all antibiotics to which
the genes may mediate resistance. For example, the presence of aadAl modifies
streptomycin and spectinomycin (Shaw et al., 1993) but these antibiotics were not used in the
present study as they are not used in the treatment of eye infection. The presence of these
genes may indicate that the strains have been exposed to these antibiotics in the environment,
or that the genes entered the strains as bystanders along with other genes of MGE that the

strains required for survival.

In conclusion, MGEs play a key role in the rapid spread of antibiotic resistance genes. This

study provides evidence for carriage of fluoroquinolone resistance genes gnrVC1 and crpP on
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MGEs in ocular isolates of P. aeruginosa. The gnrVC1 gene was mobilised by a class |
integron and Tn3 transposon and was associated with other antibiotics resistance genes. The
crpP gene may have evolved prior to other transferable fluoroquinolone resistance genes.
Although possession of these genes has not been shown to be associated with high level of
fluoroquinolone resistance, gqnrVCL1 in strains with gyrA (T81l) and parC (S87L) mutations
were associated with very high fluoroquinolone resistance in this study. Further studies on a
larger number of fluoroquinolone resistant strains, including molecular analysis of combined
effects of mutations in resistance, should be undertaken to provide further insights into the
role of acquired fluoroquinolone resistance gene in clinically significant resistance in P.
aeruginosa. Additionally, the contribution of the exact acquired gene present in the MDR
isolates requires further investigation. Future work using gene ‘knock out’ assays to analyse

the effect of presence or absence of the acquired gene in the isolate will be of larger interest.

/.3 Pseudomonas aeruginosa isolates from both regions had
distinct genetic features including core genome, pan
genomes, sequence types, presence of TTSS exoS and
exoU and gene mutations

P. aeruginosa isolates from two distinct regions were similar in some genetic traits, such as in
their core genome and pan genomes. The core genome was composed of a similar number
of genes in Australian and Indian isolates. However, the Indian isolates had a larger number
of pan genes (average pan genes=10882), driven in part by the fact that the Indian isolates
had 1634 and Australian isolates had 1272 average accessory genes. The acquisition of a
larger number of accessory genes in Indian isolates suggests a survival advantage for gaining
antibiotic resistance and virulence genes, consistent with an environmental origin of the ocular

isolates (Shankar et al., 2012).

The large number of accessory genes included genes responsible for resistance and virulence.
The Indian isolates with the largest number of accessory genes were exoU+ and were multi-

drug resistant. This suggest several options for their acquisition of genes. exoU might be
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acquired through horizontal genes transfer on genomic islands which bring along with exoU
many other genes (Kulasekara et al., 2006, Subedi et al., 2018b), or the MDR isolates had
been exposed to greater overall selection pressure leading to acquisition of larger numbers of

genes that they needed to survive.

The finding of this study were in contrast to the previous findings of more frequent exoU
possession in contact lens-related keratitis isolates (Shen et al., 2012, Choy et al., 2008).
Instead the MDR isolates were exoU+ irrespective of being recovered from CL or non-CL
keratitis. Interestingly, the identification of recently isolated CL-related isolates from Australia
as exoS+ except for isolate 233, may indicate changes to selection pressures of contact lens-
related microbial keratitis isolates, such as the increasing use of daily disposable contact

lenses.

7.4 Different sequence types were found in the ocular isolates
and clones had genotypically changed over time.

Clonality was evident in the ocular isolates of P. aeruginosa in the multilocus sequence type
analysis and this was confirmed by analysing their whole genomes. Three different sequence
types were found in the Indian isolates: ST316, ST308 and ST491. Two of the recent
Australian isolates were clones belonging to sequence type ST233. Among these clones,
ST308 was previously reported in ocular P. aeruginosa isolates (Subedi et al., 2018b). The
ST308 isolates in the current study and those reported previously from 1997 were isolated
from same location in India (Subedi et al., 2018b). However, the ST308 strains isolated in
2018 had evolved genotypically by acquiring more resistance and accessory genes compared
with the 1997 clones. Additionally, the pattern of mutation also changed from historical to
recent isolates. The changes in the resistance patterns of the recent clones indicated the
evolution of the isolates over time. However, it is not certain what the specific selection factors
behind those changes were. These changes in the resistome of ST308 over time are novel

findings in ocular P. aeruginosa isolates. The use of animal models to see whether these
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genetic changes influenced disease severity and outcome would be interesting for future

studies.

7.5 Pseudomonas aeruginosa isolates with a higher number of
gene mutations had larger numbers of mutations in their
mismatch repair system

P. aeruginosa ocular isolates from India and Australia were analysed for non-synonymous
single nucleotide polymorphisms (SNPs), multi-nucleotide polymorphisms (MNPSs), deletions,
insertions and complex variations (where more than one change occurred at one specific
location compared to the reference strain) in their genes. Overall, more mutations in the Indian
isolates were observed with an average of 42855 +15665 compared to Australian isolates with
an average of 31521 + 10783 mutations. This may reflect that mutations in the isolates occur
due to antibiotic exposure which might be more common in India than Australia due to
differences in antibiotic prescribing regulation in both regions (Laxminarayan and Chaudhury,
2016, Porter and Grills, 2015). However, there were no differences in the mutations related to
antibiotic resistance genes among the isolates. The largest number of mutations occurred in
opmH which is part of the THABC-OpmH efflux pump responsible for resistance to triclosan
biocide, and rocS which encodes RocS a sensor kinase involved in the transduction pathway

for fimbriae adhesion during biofilm formation (Kulasekara et al., 2005).

The P. aeruginosa DNA mismatch repair (MMR) system is a highly conserved system which
repairs the bacterial genome by correcting mismatch nucleotide base pairs. It also restricts
genetic evolution by inhibiting recombination in the isolates by preventing the addition of new
genes. The MMR system in P. aeruginosa is composed of a triplicate of three proteins mutS-
mutL-uvrD which are controlled by the mutS, mutL and uvrD respectively. The activity of the
MMR system is affected, with mutations in the genes regulating the MMR system proteins. In
the ocular P. aeruginosa isolates, the number of mutations was higher in mutL > uvrD >mutS.
The pattern of mutations in the present isolates was different to that reported previously

(Chopra et al., 2003), and more mutations were found in the mutS. The mutations in the MMR
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system in isolates in this thesis indicates that they may be more able to mutate their genes to
survive in their environment, and these mutations may alter the expression or acquisition of
genes or activity of proteins involved in resistance to biocides and virulence. Indeed, the
isolates with a mutated MMR had the largest pan genomes, and among those were four

isolates (198, 202, 219 and 221) with either a transposon or integron in their genomes.

7.6 Conclusion and future research

This thesis describes the identification of MDR isolates from microbial keratitis from India and
Australia. The existence of MDR strains indicates that alternative treatment options, either in
new drug developments or combination therapy with existing antibiotics, might be needed in
the future to treat microbial keratitis caused by P. aeruginosa. It may be that combinations of
existing antibiotics can partly overcome the resistance shown in the current study and use of,
for instance, fractional inhibitory concentration assays may help to identify such combinations.
The development of new antibiotics such as antimicrobial peptides may offer alternative
treatments (Tummanapalli and Willcox, 2020) against MDR ocular P. aeruginosa isolates.

Evaluation of the synergy of these peptides with traditional antibiotics may also be useful.
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