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Abstract

The development and spread of bacterial resistance to antimicrobials is now
recognised as a key threat to public health and society. A small number of
antimicrobials, including imipenem and vancomycin, are now considered to be the
drugs of ‘last resort’ for treating antibiotic resistant bacteria. This study investigates
and characterises antibiotic (imipenem) resistant bacteria in environmental and
clinical samples from the U.K. Imipenem resistant (ImR) bacteria were isolated and
characterised from river water samples from East Yorkshire and soil samples from
Lincolnshire. ImR clinical isolates from different hospitals (York, Sheffield and
Hull) were also characterised. Phenotypic resistance to imipenem was observed in
11.2% (75/670 CFU ml™Y), 13.3% (145.35 x 10% 109.1 x 10° CFU g') and 38.5%
(42/109) of water, soil and clinical bacterial isolates, respectively. The minimum
inhibitory concentrations (MICs) of the clinical isolates were generally higher (> 32
mg L™ in 71.4% of isolates) than those of the environmental isolates, which were
around 4 mg L™ in 63.4% of water isolates and in 42.7% of soil isolates. p-lactamase
activity studies showed that the most common [-lactamases among the
environmental isolates were class B metallo -lactamases (MBLs) (84.2%), while
class A Klebsiella pneumoniae carbapenemases (KPCs) (40.5%) were the most
common f-lactamases observed in the clinical isolates. Higher frequencies of multi-
drug resistant (MDR) patterns were detected among the environmental isolates than
among the clinical strains. Sequencing of 16S rRNA genes identified 30 (17
species), 96 (27 species), and 42 (11 species) ImR bacteria in water, soil and clinical
samples, respectively. The most abundant genera identified were Caulobacter
(36.7%), Stenotrophomonas (44.8%) and Stenotrophomonas (40.5%) from water,
soil and clinical environments, respectively. PCR products were generated from ImR
clinical isolates and some of the environmental isolates using primers targeting -
lactamase genes. Sequence analysis of these products from clinical isolates showed
that they were specific and related to B-lactamase genes. However, the products from
environmental isolates were not related to known genes characterised from antibiotic
resistant clinically important bacteria. This suggests that there is a potentially large
and divergent gene pool encoding for imipenem ressitance within natural
environments, and that river water and agricultural soil are important as reservoirs of
novel antibiotic resistance. Genome sequencing was used to characterise 8 MDR
Stenotrophomonas spp. isolates from water, soil and clinical samples. This analysis
showed the detection of B-lactamases genes (between 8 and 15 genes per isolate)
including class A (L2), B (L1) and C (AmpC), fluoroguinolones resistance genes
(between 4-8 genes per isolate), and genes encoding MDR efflux pumps (between
23-32 genes per isolate). Antibiotic resistance genes for other antimicrobials were
also observed in small numbers; these represented aminoglycoside, sulphonamide
and tetracycline resistance. Genes encoding resistance to heavy metal resistance
(between 13-27 genes per isolate) were also observed. Overall, this research has
demonstrated the widespread presence of imipenem resistant bacteria in
environmental and clinical settings, carrying multiple resistances to other antibiotics.
In particular, imipenem resistant Stenotrophomonas spp. were present in all of the
environments studied and these bacteria were found to harbour multiple and diverse
antibiotic resistance genes, that differed between isolates from environmental and
clinical origins.
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Chapter 1: Introduction
1.1 Overview

Before the discovery of antimicrobial agents, bacteria were known to cause
severe morbidity and high rates of mortality (Medeiros, 1997). Antimicrobial agents
were known and used for the control of bacterial infections in the form of mercury,
bismuth and other heavy metals and were used in treatment of syphilis caused by
Treponema pallidum from the early 1400s (Shlaes, 2010). However, the use of such
agents, despite being somewhat effective in treating the infection, was associated
with toxic effects on the patients (Hawkey, 2008; Shlaes, 2010). In 1908, Paul
Ehrlich and colleagues discovered Salvarsan, which is an arsenic compound used in
the treatment of syphilis, again with toxic effects on the host (Shlaes, 2010).

Efforts were continuous in order to discover agents which would treat infection
but not harm the host. This was achieved by the discovery of the first conventional
antimicrobial drug sulfonamide by Bayer in 1932 (Figure 1.1). This was followed in
the early 1940s by the purification and application of penicillin compounds by
Florey and his colleagues in Oxford, based upon the discovery of Alexander
Fleming’s natural penicillin (Fleming, 1929) which was considered the first natural
antibiotic to be discovered and opened the gate for isolation and use of other
antibiotics and antimicrobials (Greenwood, 2000). Discovery of other antimicrobials
followed later e.g., streptomycin in 1944, chloramphenicol in 1947 and
chlortetracycline in 1948 (Martel et al., 2001).

In contrast to the common belief which considers antimicrobial resistance to be
a new discovery, it is actually older. The concept of drug resistance had already been
considered in 1907 during work by Ehrlich in trying to discover an agent for the
drug-resistant Trypanosoma brucei, which was known as “drug-fast”. Resistance
was explained, at that time, by the adaptation of the organism to the action of a drug
and was noticed to be dose-dependent (Ehrlich, 1907). Many research groups were
subsequently established to study, in detail, the mechanisms associated in the
development of bacterial antimicrobial drug resistance based upon the study of
microbial metabolism and enzymatic production; mutation was the genetic

mechanism implicated in such resistance (Lederberg and Lederberg, 1952).
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Figure 1.1: Timeline of antimicrobial discoveries and the appearance of drug
resistance

The first antimicrobial to be discovered was sulphonamide, then penicillins. Resistance to these were
developed after a few years (adapted from information in Greenwood (2000); Walsh (2003); Silver
(2011) and Lewis (2013)). Green boxes = natural antimicrobials; gray boxes = synthetic
antimicrobials; yellow boxes = antimicrobial resistance. Abbreviations: ESBLs = extended spectrum
B-lactamases; VRE = vancomycin-resistant enterococci; VISA = vancomycin-intermediate resistant
Staphylococcus aureus; VRSA = vancomycin-resistant Staphylococcus aureus.



Bacterial antimicrobial drug resistance increased and became more
complicated via a number of resistance mechanisms with the introduction of further
antimicrobial drugs in the 1950s. Resistance to many antimicrobials developed
further and was selected for at the same time in the form of single microorganisms
known as multidrug-resistant (MDR) bacteria. Mutation alone did not provide a
sufficient explanation for multidrug resistance, as multiple mutations mostly affects
one or more genes at a time due to the proofreading mechanisms in bacteria. Gene
transfer of resistance genes from one bacterial strain to another was therefore
suggested to play a role through the transfer of plasmids (Ochiai et al., 1959;
Watanabe, 1963). A few years later, transposons, integrons and gene cassettes were
identified as having roles in antimicrobial resistance gene transfer (Hedges and
Jacob, 1974; Stokes and Hall, 1989).

Antimicrobial resistance is clinically, economically and socially important. It
leads to an increase in the rates of morbidity and mortality related to microbial
infections and consequently considerable financial resources are directed towards the
discovery of new agents (Hawkey, 2008). Antimicrobial resistance also leads to an
increase in the number of hospital admissions and higher incidences of
complications associated with infections due to multidrug-resistant microbial strains.
This leads to increased costs due to the isolation procedures for infection control
which have to be undertaken by the hospitals, and can also result in delays and

cancellations of some operative interventions (Hawkey, 2008).

The observation that the emergence of antimicrobial-resistant organisms is due
to the selective pressure of antimicrobials used in clinical practice, agriculture and
animal feeding is reported by many researchers. It relates the emergence of
antimicrobial drug resistance in the community to the use of such antimicrobials
(Levy, 2002; Goossens et al., 2005). However, surprisingly, resistant bacteria have
been detected in communities with remote or minimum usage of antibiotic selective

pressure, adding further complications to the matter (Pallecchi et al., 2007).

In both aquatic and soil environments, antibiotics are produced by many
microorganisms. These environments are also the sites where antibiotics are
deposited (i.e. as a sink) and where antimicrobial-resistance genes evolve and are
transferred between different bacterial species. These factors have led to the transfer

of antimicrobial-resistant genes to clinical isolates of bacteria by horizontal gene
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transfer (HGT) and via the food chain, with the consequent increasing loss of

efficacy of most of the available antimicrobials currently in use (Kimmerer, 2009).

1.2 Antimicrobial agents

Antimicrobial agents are substances that kill or inhibit the growth of
microorganisms and are suitable for systemic use, i.e. they do not harm the host. The
term “‘antibiotic” (Table 1.1) refers to a substance produced as a secondary
metabolite by a bacterium (e.g. Streptomyces orientalis producing vancomycin, and
Bacillus subtilis producing bacitracin) or by a fungus (e.g. Penicillium chrysogenum
producing penicillin) which inhibits or kills other microorganisms. Since several of
these antibiotics are now chemically synthesized, the term “antibiotic” is generally
used for antimicrobial agent, whether naturally or synthetically produced (Hogg,
2005a; Kayser, 2005; Davies, 2006).



Table 1.1: Some naturally produced antibiotics in soil and aquatic environments

Microorganism Antibiotic produced

(Source: Hogg, 2005a; Nicolaou et al., 2009)

* = natural antibiotics under investigation and clinical trial
1.3 Classification and mechanism of action of antimicrobials

There are different classifications of antimicrobials according to the spectrum
of activity, the mechanism of action, the killing or inhibitory effect upon
microorganisms, and their chemical structure. Regarding their killing or inhibitory
effect (Table 1.2), antibiotics are often referred to as “bactericidal”, for those causing
the killing of the intended microorganism, e.g. penicillins and cephalosporins, or
“bacteriostatic” for those causing a temporary state of inhibition of growth of the
organism of interest (e.g. sulfonamides, tetracyclines, and chloramphenicol); the
organism can be then killed by the host’s immune mechanism or grow again once the
antibiotic is removed. However, in the case of a bactericidal agent multiplication
cannot be resumed again (Calderon and Sabundayo, 2007). However, it is to be
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noted that the classification into bacteriostatic or bactericidal is variable and is
dependent upon the relative concentration of the antimicrobial used against the target
microorganism (Forbes et al., 2007).

Table 1.2: Classification of antimicrobials according to their bactericidal (killing) or
bacteriostatic (inactivation) activity

Generally bactericidal Generally bacteriostatic

B-lactams Macrolides
Aminoglycosides Chloramphenicol
Quinolones Sulfonamides
Vancomycin Trimethoprim
Daptomycin Tetracyclines
Teicoplanin Tigecyclines
Metronidazole Linezolid
Rifampin Clindamycin

Quinupristin/daflopristin

(Source: Forbes et al., 2007)

The spectrum of activity which expresses the categories of microorganisms
affected by certain antimicrobials is described as either narrow or broad (Table 1.3).
Narrow-spectrum antimicrobials are those which inhibit a small number of
organisms e.g. benzyl penicillin, which is active against many Gram-negative and -
positive cocci but has little action against Gram-negative bacilli. Broad-spectrum
antimicrobials, e.g. cephalosporins, tetracyclines, and chloramphenicol, affect a wide
range of microorganisms including those which are Gram-positive and -negative.
The spectrum of activity includes the initial susceptibility, and the organism is still
considered susceptible even if most strains of a particular species develop acquired
resistance (Ryan and Drew, 2004).

Antimicrobial agents can also be described as antiseptic or disinfectant if they
destroy bacteria but are too toxic for host tissues and cells to be used systemically,
and so are used instead for environmental and surface decontamination (Calderon
and Sabundayo, 2007).

The classification of antibiotics according to their mechanism of action

depends on the inhibition of a cellular structure or a metabolic channel that is present



in the bacterium but not in the host cell (selective toxicity). Several mechanisms are
known (Table 1.3), such as the inhibition of bacterial cell wall synthesis, interference

with cell membrane functions, inhibition of bacterial protein synthesis, and

inhibition of nucleic acid synthesis (Levinson, 2008).



Table 1.3:  Antimicrobial classification by mechanism of action and spectrum of

activity

Class of antimicrobial

Mechanism of action

Inhibit the synthesis of cell walls by
binding to enzymes involved in
peptidoglycan production.

Inhibit the synthesis of bacterial
proteins by binding to 30S ribosomal
subunit.

Inhibit the synthesis of bacterial
proteins by binding to 50S ribosomal
subunit.

Inhibit the synthesis of bacterial
proteins by binding to 30S ribosomal
subunit.

Inhibit DNA synthesis by binding to
DNA gyrases.

Inhibit the synthesis of bacterial
proteins by binding to the 50S
ribosomal subunit.

Bind to the 50S ribosomal subunit,
inhibiting the initiation of protein
synthesis.

Binding and disrupting the cell
membrane

Binding to DNA-dependent RNA
polymerase leading to inhibition of
RNA synthesis.

Inhibit the synthesis of bacterial
proteins by binding to the 30S
ribosomal subunit.

Interferes with folic acid synthesis.

Interferes with folic acid synthesis.

Inhibit the synthesis by binding to
separate sites on 30S ribosomal
subunits.

Inhibit cell wall synthesis but not via
the PBP receptors.

(Source: Forbes et al., 2007)

Spectrum

Both Gram-positive and Gram-negative
bacteria with variation of spectrum
according to individual antimicrobial.

Gram-positive and Gram-negative
bacteria but not acting upon anaerobic
bacteria.

Gram-positive and Gram-negative
bacteria.

Broad spectrum, both Gram-positive and
Gram-negative bacteria, even those
resistant to tetracyclines.

Gram-positive and Gram-negative
bacteria with a variation in spectrum
according to the individual antimicrobial.

Gram-positive cocci and some Gram-
negative bacilli e.g., Hemophilus and
Moraxilla.

Gram-positive bacteria

Gram-positive bacteria including those
resistant to B-lactams.

Gram-positive and Gram-negative
bacteria.

Gram-positive and Gram-negative
bacteria and intracellular microorganisms
such as Chlamydia.

Gram-positive and many Gram-negative
bacteria.

Gram-positive and many Gram-negative
bacteria.

Gram-positive bacteria.

Gram-positive bacteria, as glycopeptides
are large molecules, so do not pass
through Gram-negative bacterial cell
walls.



1.3.1 [Inhibitors of bacterial cell wall synthesis

This group of drugs inhibits the synthesis of peptidoglycan, which is found
only in the cell walls of bacteria. There is no impact on the patient’s cells (as the
drugs are bacteria-specific). Both penicillins and cephalosporins (Table 1.4) exert
their actions after binding to a protein called the penicillin-binding protein (PBP).
There are several types of PBP, and they act as enzymes catalyzing the synthesis of
peptidoglycan. There is structural similarity between -lactams and PBPs (Llarrull et
al., 2009). After inhibition of cell wall synthesis, a bacterium will rapidly take fluids
inside due to the higher internal osmotic pressure and then burst, i.e. bacteriolysis
occurs, and thus all of these antimicrobials are bactericidal in action. This group of
drugs includes B-lactam drugs, which have the B-lactam ring within their chemical
structure (penicillins, cephalosporins, carbapenems and monobactams) (Figure 1.2).
The B-lactam ring is essential for the antimicrobial activity of this group, as it
damages the integral cell wall by irreversible acylation of the active serine site of the
transpeptidase, which is essential for the synthesis of peptidoglycan in the cell wall
(Konaklieva, 2014). The second group of cell wall inhibitors is the non-f-lactams
(glycopeptides; vancomycin), containing no B-lactam rings (Figure 1.3) (Ryan and
Drew, 2004; Levinson, 2008).



Table 1.4: Penicillins, cephalosporins and carbapenems as examples of cell wall-
inhibiting antimicrobials

Antimicrobial group Examples Spectrum of action

Penicillin G (injection) Active mainly against Gram-positive
Penicillin \V (oral) bacteria.

Cloxacillin, dicloxacillin,

methicillin, nafcillin, oxacillin i vl el

Amoxicillin, ampicillin, Active against Gram-positive and
amoxicillin/clavulanate, Gram-negative bacteria.
ampicillin/sulbactam,

bacampicillin

Carbenicillin, ticarcillin, Greater activity against Gram-
ticracillin/clavulante negative organisms.

They have the broadest spectrum of
all penicillins, especially with
Pseudomonas aeruginosa.

Mezlocillin, piperacillin
piperacillin/tazobactam

Effective against Gram-positive
Cefadroxil, cefazolin, cephalexin, bacteria and a few Gram-negative
cephalothin, cephradine bacteria, such as E. coli, Klebsiella

pneumoniae and Proteus mirabilis.

More effective against some Gram-
negative bacteria, e.g. Klebsiella,
Proteus, Enterobacter, Hemophilus
spp. Has less effect upon Gram-
positive bacteria.

Cefaclor, cefamandole, cefmetazole,
cefoxitin, cefoprzil, cefuroxime

Better effect upon Pseudomonas and
Cefixime, cefoprazone, cefotaxime, Enterobacter spp.
ceftazidime, ceftriaxone Have a role in the treatment of
nosocomial infections.

Have better action upon Gram-
positive and Gram-negative
organisms, including

P. aeruginosa.

Cefepime

Broad spectrum of activity against
both Gram-positive and Gram-
negative microorganisms

Imipenem, Meropenem, Doripenem,
Ertapenem.

(Source: Kayser, 2005; Levinson, 2008)

One of the most important groups of f-lactam antibiotics are the carbapenems,
which are of particular interest because of their broad spectrum activity against

Gram-positive methicillin-sensitive Staphylococcus aureus (MSSA) and Gram-
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negative bacteria such as Pseudomonas aeruginosa, and their use against other
antibiotic-resistant bacteria, e.g. Acinetobacter baumannii. Carbapenems include
imipenem, meropenem and ertapenem. However, hydrolysis of carbapenems (i.e.
resistance) is caused by several classes of B-lactamases, including classes A and B
(metallo-B-lactamases) and D (carbapenem-hydrolysing oxacillinases), which have
been reported in a number of Enterobacteriaceae (Carrer et al., 2010). The Class A
Klebsiella pneumoniae carbapenemase (KPC) makes resistance to carbapenems
more threatening due to their widespread distribution. Class D is the most commonly
reported mechanism of resistance to carbapenems within Acinetobacter species (Gur
et al., 2008). The spread and dissemination of carbapenem-resistant Acinetobacter
baumanii (CRAB) due to the production of these enzymes was a sentinel event in
drug treatment, as it was previously the drug of choice for treating infections caused
by this bacterium (Xu et al., 2010; Higgins et al., 2010).

Penicillins
Carbapenems
ﬁ OH CH; Nz NH

Sw..~CH s—"
R—C—NHxHC—HC” ¢ ° a i HyC
t [P0 o [0k Aol ™ N
. COOH

a C—+—N——-CH—COOH A 4 u
o? g 7 COOH

Imipenem

6-Aminopenicillanic acid

Figure 1.2: Chemical structures of basic penicillins and carbapenems

(a) the site for attachment of different side chains, (b) the B-lactam ring, (c) thiazolidine ring, (d) the
site of action of B-lactamase enzymes, and (e) the site of action of amidases (Ryan and Drew, 2004).
The chemical structure of imipenem with the attached different side chains are shown to the right
(Wright et al., 2014).

Another important group of non-B-lactam antibiotics are the glycopeptides,
which are a group of non-f-lactam antimicrobials that inhibit cell wall synthesis of
bacteria (Figure 1.3) (Ryan and Drew, 2004; Levinson, 2008). The glycopeptide
group of antibiotics includes vancomycin, bacitracin and teicoplanin, and has special
importance, as vancomycin, which is an example of a natural antibiotic produced by
Nocardia orientalis, is the drug of last resort for the treatment of methicillin-resistant
Staphylococcus aureus (MRSA) (Forbes, 2007; Perichon and Courvalin, 2009).
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Vancomycin inhibits cell wall synthesis via a different mechanism from that of the
B-lactams. It binds to the D-alanyl-D-alanine (D-Ala—D-Ala) terminus of the
intermediates in peptidoglycan formation, inhibiting cell wall cross-linking. Strains
resistant to the action of vancomycin are now present, including vancomycin-
resistant Enterococcus (VRE) and vancomycin-resistant Staphylococcus aureus
(VRSA) (Perichon and Courvalin, 2009; Xu et al., 2010). The limiting factor for the
administration of vancomycin is its nephrotoxicity (Bush, 2012).

Figure 1.3: Molecular structure of vancomycin hydrochloride

This has a basic structure of a heptapeptide (having seven amino acids) with an additional
vancosaminyl side chain and extra HCI (Jalilian et al., 2006)

1.3.2 Inhibitors of cell membrane function

This group includes antibacterial agents, e.g. polymyxins, and antifungal
agents e.g. amphotericin B, imidazoles and nystatins. The polymixins comprise five
groups of polypeptide compounds (A, B, C, D, and E) secreted by some Bacillus
spp. and act as cationic detergents for bacterial cell membranes, causing leakage of
cytoplasmic components. There are only two of these in clinical use: polymixin B
and polymixin E (known as colistin); they are associated with considerable toxicity
when used systemically and so are mostly used topically. They are active against
Gram-negative bacteria, including Pseudomonas aeruginosa (Greenwood, 2000;
Levinson, 2008).
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Other agents active against bacterial cell membranes include Gramicidin and
tyrocidine which are used in topical preparations due to their systemic toxicity. A
number of disinfectants (including biguanides, quaternary ammonium compounds,
and phenols) are also active against cell membranes, but are too toxic to be used

systemically and so are again used as skin disinfectants only (Greenwood, 2000).

1.3.3 Inhibitors of bacterial protein synthesis

The process of protein synthesis inside bacterial cells occurs in structures
called ribosomes, which are formed from protein and RNA. This type of ribosome
differs from that of the eukaryotic ribosome (Table 1.3) in size (70S) as each is
formed from two subunits: a small subunit (30S protein and 16S rRNA) and a large
subunit (50S protein and a 23S rRNA subunit) (Hogg, 2005). The process of protein
synthesis is inhibited at certain stages by certain antimicrobials (Table 1.5) with
different effects on the bacteria (Kayser, 2005; Calderon and Sabundayo, 2007).
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Table 1.5:  Antimicrobial drugs causing inhibition of protein synthesis

Antimicrobial
Group

Examples

Amikacin

Kanamycin
Neomycin
Netilimicin
Paromomycin
Streptomycin
Tobramycin
Gentamycin

Demeclocycline
Doxycycline
Minocycline
Oxytetracycline
Tetracycline

Tigecycline

Chloramphenicol

Clindamycin

Azithromycin
Clarithromycin
Dirthromycin
Erythromycin
Troleandomycin

Telithromycin

Linezolid

Quinupristin-
dalfopristin
(Synercid)

Daptomycin

Mechanism of

action

Irreversible
binding to the 30S
ribosomal subunit.

Reversibly binds

to the 30S subunit.

Binds to the 30S

ribosomal subunit.

Binds to 50S and
inhibits peptidyl
transferase
enzyme.

Binds to 50S

Binds to the 50S
subunit inhibiting
RNA-dependent
protein synthesis.

Binds to the 50S
subunit.

Binds to the 50S
subunit.

Binds to the 50S
ribosomal subunit
of Gram-positive
bacteria.

Not completely
understood; alters
cell membrane
activity.

(Source: Kayser, 2005; Calderon and Sabundayo, 2007)

Effect on
bacteria

Bactericidal

Bacteriostatic

Bacteriostatic
(mostly)

Bacteriostatic

Bacteriostatic

Bacteriostatic or
bactericidal

Bacteriostatic or
bactericidal

Bacteriostatic or
bactericidal

Bactericidal

Bactericidal

Comments

Mostly natural
antibiotics from
Streptomyces species.

Effective in cases of
Chlamydia trachomatis,
Rickettsia.

Used for MRSA, GISA,
ESBL and VRE*.

Can cause bone marrow
suppression, aplastic
anaemia. Broad-
spectrum.

Effective against
anaerobes.

Treatment of
pneumonia, Legionella,
and other respiratory
tract infections.

Similar to macrolides
but with a ketone

group.

Approved by the FDA
in 2000 for VRE,
MSSA and MRSA.

Approved in 1999 by
the FDA for resistant
Gram-positive bacteria.

Only against Gram-
positive bacteria, first
used in 2003.

*MRSA = methicillin-resistant Staphylococcus aureus; VRE = vancomycin-resistant Enterococci;
ESBL = extended-spectrum [-lactamase producing bacteria; GISA = glycopeptide-intermediate
resistant S. aureus; MSSA = methicillin-sensitive Staphylococcus aureus.
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Most aminoglycosides, apart from amikacin and netilimicin, are natural
antibiotics (i.e. produced by living organisms). They are used most commonly in the
situation of hospital infections due to their relatively low cost; especially
gentamycin, which is usually used in combination with cell wall-inhibitor
antimicrobials such as B-lactams for the treatment of serious Gram-negative bacterial
infections. However, aminoglycosides are associated with ototoxicity (toxicity to

hearing) and nephrotoxicity (Levinson, 2008).

Quinupristin-dalfopristin  (Synercid) is a newly-introduced drug (1999)
approved for the treatment of resistant Gram-positive bacteria e.g. VRE and MRSA.
The two drug components act via the inhibition of protein synthesis by binding to the
50S ribosomal subunit of Gram-positive bacteria, so inhibiting the binding of
aminoacyl-tRNA to the A site and peptidyl-tRNA to the ribosomal sites (Ahmed and
Donaldson, 2007).

Tigecycline is another newly introduced antimicrobial which acts via the
inhibition of protein synthesis by binding to the 30S ribosomal subunit. It is used in
places where there is resistance against tetracyclines as it escapes tetracycline
resistance mechanisms, namely the efflux pump and the ribosomal protection
proteins. Clinically it is useful in the treatment of infections due to MRSA,
glycopeptide-intermediate resistant Staphylococcus aureus (GISA), VRE, and
penicillin-resistant  Streptococcus pneumoniae. It is also effective against
Acinetobacter baumannii, Stenotrophomonas maltophilia, most Enterobacteriaceae,
including some extended-spectrum p-lactamase (ESBL) producers, and is also
effective against atypical and anaerobic bacteria, including Bacteroides fragilis,

Clostridium difficile, and Clostridium perfringes (Seputiené¢ et al., 2010).

1.3.4 Inhibitors of nucleic acid synthesis

Antimicrobial drugs hinder either DNA or RNA synthesis by inhibiting one of
the steps involved in their formation (Table 1.6). Most of these antimicrobial agents
have well-understood mechanisms of action, while some of them, such as
daptomycin, do not. Daptomycin has skeletal muscle toxicity in large doses, so is

only approved for use in small doses, i.e. <4 mg/L (Streit et al., 2004).

15



Table 1.6: Antimicrobial drugs causing inhibition of nucleic acid synthesis

Antimicrobial

group

Examples

1% Nalidixic acid

2" Ciprofloxacin
Levofloxacin

Norfloxacin

Ofloxacin

3" Gatifloxacin

4" Trovafloxacin

Sulfisoxazole
Sulfamethoxazole
Sulfadiazine
Sulfadoxine

Mechanism of

action

Inhibits DNA
gyrase.

Blocks folic acid
(FA) production
by inhibiting the
incorporation of

Effect on

bacteria

Bactericidal

Bacteriostatic

Comments

1St 2nd 3I'd and 4th
are the generations
of quinolones

When sulfonamides
combine with
trimethoprim they

Sulfasalazine PABA to FA act as bactericidals.
Sulfapyridine precursors.

Inhibits the
Trimethoprim dihydrofolate Bacteriostatic

reductase

enzyme

Not clearly

understood, « Natural antibiotic.

; ; o Toxic in high

Daptomycin (;SNertéoszfan q Bactericidal doses.

! o Used for MRSA
protein and VRE.
synthesis.

Inhibits RNA o Antibiotics
S synthesis by produced by
tampi binding to DNA- . Streptomyces
Rifabutin dependent Bactericidal mediterranei.
Rifapentine RNp A o Used in the
treatment of
polymerase. tuberculosis.

(Source: Calderon and Sabundayo, 2007)

MRSA = methicillin-resistant Staphylococcus aureus; VRE = vancomycin-resistant Enterococci.

Fluoroquinolones are classified into four generations based on their
antimicrobial activity (Table 1.6), with the narrowest spectrum in the first generation
against Gram-negative bacteria, while the fourth generation has an extended
spectrum to include Gram-positive bacteria, e.g. Staphylococcus and some

anaerobes, e.g. Bacteroides. The mechanism of action of fluoroquinolones is not
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clearly understood. However, it is known that they inhibit the DNA gyrase enzyme

used in bacterial replication (Park-Wyllie et al., 2006).

As inhibitors of DNA, both sulfonamides and trimethoprim inhibit the
production of purine, which is essential for DNA synthesis, via their interference
with folic acid. Sulfonamides inhibit the incorporation of para-aminobenzoic acid
(PABA) into folic acid precursors by competitive similarity, while trimethoprim
inhibits the dihydrofolate reductase enzyme and consequently interferes with the
conversion of folic acid to folinic acid; bacteria cannot form the folic acid which is
essential for their growth while the host (human) takes folic acid from dietary
sources. Inhibition of PABA leads to interference with many enzymes needed for
purine synthesis and other metabolites, e.g. methionine, glycine, and proteins. Both
sulfonamide (particularly sulfamethoxazole) and trimethoprim are separately
baceriostatic; however, when combined together, they are bactericidal due to the
sequential blocking effects upon folate synthesis leading to death of bacterial cells
(Calderon and Sabundayo, 2007).

1.4 Antimicrobial drug resistance

As already mentioned, resistance to antimicrobials is an ancient process which
has been recognised with the introduction of nearly all of the antimicrobials
introduced for the therapeutic purposes of treating bacterial infections. These
resistance mechanisms have led to the appearance of MDR bacteria. These MDR
bacteria, via multiple mutations, coupled with the acquisition of antibiotic resistance
genes by HGT, have earned the name of ‘superbugs’ and have been responsible for
many human infections, characterised by increased hospital admissions and
increased mortality e.g. MDR Mycobacterium tuberculosis. Other ‘superbugs’
include, but are not limited to, some strains of Escherichia coli, Salmonella enterica,
Klebsiella pneumoniae, Acinetobacter baumannii, Staphylococcus aureus, and
Clostridium difficile (Davies and Davies, 2010).
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1.4.1 Classification of antimicrobial drug resistance mechanisms

The resistance of microorganisms to antimicrobials is classified as being either

natural or acquired.

1.4.1.1 Natural resistance

An organism is termed as having natural or intrinsic resistance when it has an
inherent resistance to the action of an antibiotic; this pattern of resistance is common
to all isolates of the species, e.g. the resistance of E.coli to macrolides and the
resistance of Pseudomonas aeruginosa to most drugs. The intrinsic resistance of a
microorganism to an antimicrobial is explained by the absence or inaccessibility of
the target of the drug action, e.g. Gram-negative bacteria are naturally resistant to
some antibiotics e.g. erythromycin, due to the non-permeability of the outer
membrane (Towner, 2000; Summers, 2008).

1.4.1.2 Acquired resistance

Acquired resistance to an antibiotic is that which is developed by a previously
susceptible microorganism; it develops within one or more isolates of the species,
i.e. not all strains of a species are resistant. Acquired resistance was initially
attributed to the adaptation of a bacterium to the action of an antibiotic, which was
later proved not to be true as resistance can develop to an antibiotic to which the
bacterium had not previously been exposed. The genetic mechanisms underlying the
emergence of acquired bacterial resistance are either mutation and/or gene transfer
(Towner, 2000; Summers, 2008).

1.4.2 Functional mechanisms of acquired resistance

For an antimicrobial to produce its intended action, it has to have a target for
its action (e.g. in the form of an enzyme or protein) within the bacterial cell, to be
able to reach this target, and also to reach the target in its active form, i.e. not having
been destroyed. Thus, in their attempts to combat the action of antimicrobials,
bacteria take one of the following steps (see Table 1.7 and Figure 1.4): 1) they may
destroy or inactivate the antibiotic; 2) bacteria can use an efflux system to transport
the drug from the interior; 3) bacteria can produce alterations in the target site used

by antimicrobials to act or they may completely prevent this binding; 4) bacteria can
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reduce their cell surface permeability or even completely block the entrance of the
antimicrobial to the cell, so that the antimicrobial can no longer act; and 5) bacteria
can produce a bypass mechanism by using alternative pathways which are different
from those inhibited by the antibiotic (Towner, 2000).

a) Impermeable barrier b) Efflux pumps

m ol
Outer membrane
Peptidoglycan \ i

Inner membrane

d) Drug modification

Active

Figure 1.4: Mechanisms of antimicrobial resistance in Gram-negative bacteria

a) the intrinsic (natural) resistance due to lack of target or impermeability to a drug by some bacteria
is shown in the blue squares; b) shows the multidrug resistant efflux pumps which exclude the drugs
from the bacteria (pink) or the periplasmic space (red); ¢) indicates resistance due to mutations e.g. in
the gyrase (green), RNA polymerase (yellow) or in the ribosomal subunits (purple); d) shows
examples of antibiotic (AB) inactivation by covalent modification of aminoglycosides by
acetyltransferase (AC) or by the B-lactamase (BL) enzyme (adapted from Allen et al., 2010).
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Table 1.7: Different mechanisms of antimicrobial resistance used by bacteria

Examples of affected antimicrobials

B-lactam antibiotics
Chloramphenicol
Aminoglycosides

Mechanism

Tetracycline

B-lactam antibiotics
Chloramphenicol
Streptomycin
Quinolones

Fusidic acid
Erythromycin
Glycopeptides
Rifampicin

Retracyclines
Quinolones
B-lactam antibiotics
Aminoglycosides
Chloramphenicol

Trimethoprim
Sulphonamides

(Source: Towner, 2000)

NB: Some bacteria have more than one mechanism of resistance to antibiotics.

1.4.2.1 Destruction, modification, or inactivation of the antimicrobial

B-lactam antimicrobials are examples of drugs which are inactivated by
bacteria via the production of enzymes called B-lactamases, which destroy most
penicillins and cephalosporins. The production of P-lactamases is typically
chromosomally-mediated and produced by a number of different bacteria, e.g.
Staphylococcus, Acinetobacter and Citrobacter spp. The most important and
clinically dangerous is the carriage of these enzymes upon plasmids in Gram-
negative bacteria, facilitating their spread among bacterial isolates; some of these
enzymes are in turn also carried upon transposons, and so can move from plasmid to
chromosome and vice versa (Mabilat et al., 1992; Stokes and Hall, 1992). There are
many molecular types of B-lactamases, with the metalloenzymes (carbapenemases)
being responsible for the inactivation of imipenem and other carbapenems (Cha et
al., 2008).
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1.4.2.2 Target site alteration

Target site alteration occurs by selection of mutant strains which have changed
the site of the antimicrobial binding target. This is evident in the case of B-lactam
antimicrobials by the production of altered penicillin-binding proteins (PBPs), which
can bind the antimicrobial drug but do not lead to its bactericidal action.
Vancomycin and teicoplanin resistance is due in some instances to modification of
the peptidoglycan lattice to which they bind, and is also reported in enterococci and
staphylococci (Reynolds et al., 1994; Towner, 2000).

1.4.2.3 Reduction in cell surface permeability or in access of an antimicrobial
to the cell interior

The outer membrane of Gram-negative bacteria has porin proteins which have
a role in its permeability to low molecular weight, water-soluble molecules including
penicillins and cephalosporins. Changes in the size or function of these porins due to
alterations in the micF gene which controls the outer membrane functions in E. coli

can result in resistance to these antimicrobials (Chou et al., 1993).

1.4.2.4 Efflux

An active efflux pump acts as a mechanism for antimicrobial resistance by
excluding the antimicrobial molecules from the interior of the cell. This efflux pump
works in synergy with the reduced permeability of the outer membrane of Gram-
negative bacteria to antimicrobials (Poole and Srikumar, 2001). There are five
known families of efflux pump: 1) resistance-nodulation-division (RND), which is
part of a tripartite (antiports, symports, and uniports) permease family that expels
drugs outside the cytoplasm. The genes for this include MexAB-OprM and MexCD-
OprJ; 2) a small multi-drug resistant family which is found in E. coli (EmrE) and
Mycobacterium tuberculosis (Mmr); 3) an ATP-binding cassette family which is the
primary active transport system for the entry of many drugs into cells; 4) a major
facilitator family present in many Gram-negative bacterial isolates; and, lastly, 5) the
multi-drug and toxic compound exclusion family (Bambeke et al., 2000; Schweizer,
2003).
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1.5 The basis/origin of antimicrobial resistance

The mechanism underlying antimicrobial resistance is either natural (intrinsic)
or acquired (see 1.4.1). Acquired resistance is due to mutation (vertical gene
transmission) and/or gene transfer. Horizontal gene transfer mechanisms include
transformation, conjugation, transduction or transposition (Dantas and Sommer,
2014).

Mutation is a heritable change in the structure of genes which may arise
spontaneously as an error of replication and as a fundamental evolutionary process
for the vertical origin of antimicrobial resistance by various bacteria (Dantas and
Sommer 2014). This natural occurrence of mutation is affected by some biological
and environmental factors including exposure to UV light, radiation, or alkylating
agents (Neidhardt, 2004). It is sometimes termed chromosomal resistance, as it
usually originates in a chromosome as a spontaneous mutation in a locus responsible
for the antimicrobial drug action. A mutation may arise as a result of changes in
nucleotide sequence by insertion, deletion, inversion, duplication or replacement of
single or multiple nucleotide(s) during multiplication (Kumar and Chatterji, 1992). A
mutation producing a single amino acid change in the PBPs is one of the
mechanisms responsible for low level resistance to penicillins and cephalosporins
(Chambers, 1999). Mutations in the 23S ribosomal RNA gene also lead to linezolid-
resistant strains of VRE and MRSA, linezolid being a newly-introduced
antimicrobial for VRE and MRSA (Herrero et al., 2002).

1.6 Mobile genetic elements and horizontal gene transfer

The spread and exchange of antimicrobial resistance genes among different
bacterial isolates everywhere are mediated via a group called mobile genetic
elements, sometimes termed the “mobilome”, which can spread among bacteria,
even if they are not closely related, and across different phyla (Wellington et al.,
2013). These mobile genetic elements (MGEs) include conjugative plasmids, gene
cassettes within integrons, transposons, and insertion sequence (IS) elements
(Carattoli, 2001).

22



1.6.1 Mobile genetic elements (MGES)

Conjugative plasmids are those having the ability to transfer themselves (and
other plasmids and/or chromosomal genes) from one bacterial cell to another
(Bennett, 2008). Conjugative plasmids commonly harbour antimicrobial resistance
genes in both Gram-positive and -negative bacteria for antimicrobials such as

cephalosporins, fluoroquinolones and aminoglycosides (Bennett, 2008).

Integrons, which are present naturally as gene expression elements as they
contain open reading frames (ORFs) enabling them to express the genes they
contain, are formed from two conserved flanking regions which incorporate one or
more resistance gene(s) in between (Stokes and Hall, 1989). The mobile genetic
elements within integrons are known as gene cassettes. Many gene cassettes are
known and have been identified as mediating resistance to several antimicrobials
e.g., penicillins, cephalosporins, aminoglycosides, chloramphenicol, and
trimethoprim. Some of these genes encode extended-spectrum B-lactamases (ESBLS)
or carbapenemases (e.g., blajp, blaves.1, blaviv), as well as genes for other
antimicrobial resistance such as aacA4 for aminoglycosides and cmlA2 for
chloramphenicol (Lauretti et al., 1999).

Insertion sequence (IS) elements are the simplest transposable DNA elements
(Figure 1.5a). However, they mostly do not carry antimicrobial resistance genes
(Mabhillon et al., 1999; Kayser, 2005). Transposons (Figure 1.5b and c) are MGEs
that contain self-transmissible elements, including transposase and recombination
DNA segments (Kleckner, 1981). Some transposons have been shown to mediate the
transfer of integrons both horizontally and vertically. Examples of transposons
include Tn5, which encodes kanamycin, streptomycin and bleomycin resistance
(Reznikoff, 2002), Tn9 for chloramphenicol resistance, and Tn10, which encodes

tetracycline resistance (Haniford, 2002).

Conjugative transposons (Figure 1.5d), which can be present either in bacterial
plasmids or chromosomes, may have a broad host range and/or may mediate transfer
of many antimicrobial resistant genes in Gram-positive bacteria, mostly in
enterococci. They are also less frequently found in Bacteroides. They have the
ability to be excised from their sites on a plasmid or chromosome to form a non-

replicative circle, which can be transferred to other bacteria by conjugation
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(Churchward, 2002). Examples of these conjugative transposons include Tn916
which encodes tetracycline resistance (Franke and Clewell, 1981) and Tn5382 (also
termed Tn1549) carrying the vanB gene for vancomycin resistance in Enterococcus
faecium (Garnier et al., 2000).

Genomic islands (Gls) insert into the chromosome using bacteriophage-related
integrases and are MGEs that are present in some bacterial strains and absent in very
closely related strains (Osborn and Boltner, 2002). Some of these Gls are
conjugative and contain plasmid-derived conjugation gene operons, for example the
clc element which encodes chlorocatechol degradation was detected as having
transferred from Pseudomonas aeruginosa to P. putida (Ravatn et al., 1998). Other
examples of conjugative Gls include the integrative and conjugative element (ICE)
known as R391, which was previously thought to be a conjugative transposon, and
the related sulfamethoxazole and trimethoprim (SXT) element, which carry metal
and/or antimicrobial resistance genes; they have the ability of self-excision and can
transfer to another bacterial cell. R391 was isolated from Providencia rettgeri, while
SXT was isolated from Vibrio cholerae. They have limited host-integration sites,

either to one or two sites within the host chromosome (Osborn and Boltner, 2002).
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Tn 3-like transposons
IS elements Transposon 3 (Tn 3), 4.9 kbp,
800-1500 bp codes for betalactamase (=bla)
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Inverted Transposon 10 ( Tn 10 ) 9.3 kbp, tetB = determinant
repeats- of resistance to tetracyclines
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Conjugative transposons
Transposon 916 ( Tn916 ), 18 kbp, determinant of resistance to tetracyclines ( tetM )

tn tra th tra tn tra tn tra tra

d

Figure 1.5: Transposable DNA elements

a) Insertion sequence (IS) elements are the simplest transposable DNA sequences, have reversed
identical sequences (inverted repeats: IR) of 10-40 nucleotides at both ends flanking the transposase
(tnp) gene. The direct repeats formed from 5-9 bp at the extremities of the structure are the target for
the enzyme transposase during the integration process; b) the simple Tn3 transposons containing the
transposase gene tnpA, regulator sequence (tnpR) and the (res) site to which the resolvase enzyme
binds; c) the composite transposons which are formed from two IS elements making a frame for a
region which is not essential for transposition e.g. tetracycline resistance gene (tetB); d) represents the
conjugative transposons which have certain segments encoding factors used in the control of the
transfer (Tra) and transposition (Tn) processes, adapted from Kayser et al., 2005).

1.6.2 Horizontal (lateral) gene transfer (HGT)

Gene transfer between different bacteria occurs through one of three
mechanisms: transformation, transduction or conjugation. Conjugation is the most
frequent mechanism mediated in HGT in several of the bacteria that transfer MGEs
(plasmids, and conjugative transposons) from donor to recipient bacteria (Muniesa et
al., 2011) and, in particular, is important in the transfer of antibiotic-resistance genes
(ARGS). Gene transfer from one locus to another within the same bacterium is called
transposition. When the transferred gene encodes antimicrobial resistance, the
recipient bacterium mostly acquire this characteristic (Kayser, 2005). HGT is the
dominant mechanism with MGEs for antimicrobial resistance and bacterial
conjugation is the most prevalent HGT mechanism involved in the genetic transfer
(Dantas and Sommer, 2014).
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Genetic analysis has detected that a significant proportion (14%) of bacterial
genome ORFs within a bacterial genome can be obtained via horizontally acquired
mechanisms (Nakamura et al., 2004). The spread of ARGs among different bacterial
isolates leads to an increase in the morbidity and mortality of patients due to
widespread distribution of multidrug-resistant (MDR) bacteria, in addition to the
economic burden related to the cost of medical treatment and prolonged hospital
stays (Hawkey and Jones, 2009). Multidrug and extensive drug-resistant (XDR)
Pseudomonas aeruginosa has been detected in some countries where the
carbapenemase gene bla,in3 Is carried upon a transposon (Tn6001). Molecular
analysis has shown that the transposon was transferred by an unidentified HGT

mechanism (Tseng et al., 2009).

There are many reservoirs for the horizontal transfer of genes among different
bacterial isolates. One of the recognized ways is through the presence of different
bacterial isolates in the same environment e.g., the presence of different Gram-
negative bacteria inside the intestinal tract, both commensal and pathogenic,
whereby HGT has been proven to play a major role in promoting the transfer of
genes (gnrS) responsible for resistance to quinolones in Vietnam (Vien et al., 2009).
Another reservoir for the potential horizontal transfer of resistant genes is in bacteria
associated with animals, for example, household pets, including cats and dogs, where
antimicrobials e.g., penicillins, quinolones and macrolides given for human

treatment are also used for such animals (Guardabassi et al., 2004).

There are some limitations that control the extent of HGT, including bacterial
competence for transformation and the similarity of the DNA to be taken and
integrated, as well as the controlling role played by the recipient cell (Thomas and
Nielsen, 2005). Another controlling mechanism is the restriction of DNA uptake by
restriction endonucleases for foreign DNA segments which excise foreign DNA
integrated within host DNA. However, plasmids and small gene sequences can
escape such restriction due to their possible possession of restriction sequence
homology (Jeltsch, 2003). Many plasmids also have restriction modification systems
to modify the DNA so that the recipient bacterium can avoid lysis (Naito et al.,
1995). This DNA modification makes the recipient bacteria escape degradation by
the newly introduced restriction endonuclease (Kobayashi, 2001). Plasmids also

have the ability to self-replicate without the need to be integrated into the
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chromosome, and this is very important in their maintenance of natural HGT by the
expression of the genes they carry after integration into the recipient bacteria
(Maestro et al., 2002).

1.7 Phenotypes of B-lactamases and modes of dissemination

As already mentioned, B-lactam anitbiotics are those containing a B-lactam
ring in their molecular structure, and include penicillins, cephalosporins,
monobactams, and carbapenems. B-lactamases, on the other hand, are enzymes
produced by various bacteria that destroy the B-lactam ring inhibiting the action of -
lactam antimicrobials. Extended-spectrum -lactamase (ESBL) enzymes inhibit all
B-lactams except cephamycins and carbapenems (Kong et al., 2010; Lakshmi et al.,
2014).

There are two classifications in current use for B-lactamase enzymes. The first
one is the molecular (structural) classification which is based upon the sequences of
amino acids within the enzyme. The molecular classification (Table 1.8) is the most
commonly used and divides B-lactamase enzymes into class A, B, C, and D. Classes
A, C, and D perform the hydrolysis of antimicrobial substrate by the formation of an
acyl enzyme. Class B comprises metallo-enzymes that use metal ions e.g. zinc ions
to perform the hydrolysis of the B-lactamases (Ambler, 1980; Ambler et al., 1991).
The second classification is the functional one which relates each group of B-
lactamase enzymes to the clinical role played by them i.e. the phenotype of the
clinical isolates taking into account the substrate and the inhibitor profiles e.g.
cephalosporinases hydrolyze cephalosporins assigned to group | of the Bush and

Jacoby classification (Bush and Jacoby, 2010).
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Table 1.8: Ambler classifications of p-lactamases

B-lactamase

class

[ -lactamases

Important examples

Occurrence

Phenotypic resistance

A
Serine- C
B-lactamases

D
Metallo- B

B-lactamases

(Source: Ambler et al., 1991)

Broad-spectrum B-lactamases
ESBL TEM-type

ESBL SHV-type

ESBL CTX-M-type

Carbapenemases

AmpC cephamycinases
(chromosomal-encoded)

AmpC cephamycinases
(plasmid-encoded)

Broad-spectrum -lactamases

ESBL OXA-type

Carbapenemases

Metallo-B-lactamases
(Carbapenemases)

TEM-1, TEM-2, SHV-1, SHV-11
TEM-3, TEM-52

SHV-5, SHV-12

CTX-M-1, CTX-M-15

KPC, GES, SME

AmpC

CMY, DHA, MOX, FOX, ACC.

OXA-1, OXA-9
OXA-2, OXA-10

OXA-48;
OXA-23,24,-58

VIM, IMP, NDM, IND

28

Enterobacteria and sugar
non-fermenters

Enterobacter spp.
Citrobacter spp.

Enterobacteria

Enterobacteria;
Acinetobacter baumannii

Enterobacteria and sugar
non-fermenters

Ampicillin, cephalothin

Penicillins, 3"-G cephalosporins

All B-lactams

Cephamycins (cefoxitin), 3-G
cephalosporins

Cephamycins (cefoxitin), 3"-G
cephalosporins

Oxacillin, ampicillin, cephalothin
Penicillins, 3"-G cephalosporins

Ampicillin, imipenem,
all B-lactams

B-lactams



1.7.1 Molecular classification

1.7.1.1 TEM g-lactamases

These were the first type of ESBLSs to be discovered, and were found in Greece
in the 1960s, in Gram-negative bacteria in a patient called Temoniera (Datta and
Kontomichalou, 1965). This was followed by the discovery of TEM-2. Both TEM-1
and TEM-2 are narrow-spectrum [-lactamases that are not active against higher
generations of cephalosporins, such as ceftriaxone, ceftazidime, cefotaxime, and
cefepime. TEM-1 and TEM-2 are the most common plasmid-mediated B-lactamases

in Gram-negative bacteria (Bradford, 2001).

1.7.1.2 SHV Sulfhdryl variants

SHVs are less common variants of 3-lactamases and are most commonly found
in Klebsiella pneumoniae, with a narrow spectrum of activity in enterobacteria
arising by point mutation of the chromosomal SHV gene (Bradford, 2001; Lakshmi
et al., 2014; Monuz-Price et al., 2014).

1.7.1.3 ESBLs

ESBLs have a wide range of activity, hydrolysing cephalosporins including
3" and 4™-generation and monobactams. ESBLs are either classical, derived from
TEM and SHV enzymes, or non-classical, derived from other enzymes such as OXA
and CTX-M (Bradford, 2001).

1.7.1.4 CTX-M p-lactamases

These are so termed because of their activity against cefotaxime rather than
ceftriaxone, ceftazidime and cefepime. They represent plasmid-mediated genes
transferred from bacterial chromosomes or mostly arising by mutation of CTX genes
giving several variants. More than 130 types of this group have been detected and
they represent the most common ESBLs in enterobacteria (Canton and Coque,
2006). There has been a marked increase in the prevalence of ESBLs of the CTX-M
type since 2005, with different types of the enzyme according to the geographical
locality. The most common are CTX-M enzymes types 1, 2, 8, and 9 worldwide,
while CTX-M 14 is prevalent in China and type 15 worldwide and the most common
prevalent type of CTX-M (Wellington et al., 2013).
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1.7.1.5 OXA p-lactamases

These are plasmid-mediated enzymes that deactivate oxacillin and related
antimicrobials such as methicillin and cloxacillin. The spectrum of these enzymes
may extend to include carbapenems in class D carbapenemases (Lakshmi et al.,
2014).

1.7.1.6 AmpC p-lactamases

AmpC enzymes are both plasmid- and chromosomally-determined genes
giving resistance to cefoxitin and cefotetan, which are not normally inhibited by
other ESBLs. They are also not affected by B-lactamase inhibitors such as clavulanic
acid, making their isolation and characterisation practically difficult (Peter-Getzlaff
etal.,, 2011).

1.7.1.7 Carbapenemases

Carbapenemases are the most powerful type of B-lactamases, hydrolysing
penicillins, cephalosporins and carbapenems, and causing carbapenems to reduce
their efficiency in treating resistant bacteria. The Ambler classification of
carbapenemases places them in four classes: A, B, C and D (Table 1.9) (Nordmann

et al., 2012). Class C is very rare clinically.
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Table 1.9: Ambler classification of carbapenemases

Classification Most common bacteria Inhibitor

Chromosomal:

DAL ETRAS Boronic acid
Class A Enterobacteriaceae (clavulanic)

dss Plasmid:

KPC, GES

Metallo- Pseudomonas aeruginosa,

p-lactamases: Enterobacteriaceae, EDTA

IMP, GIM, VIM, SPM, . T .
Class B NDM-1 Acinetobacter spp., (Dipicolinic acid)

L1 Stenotrophomonas maltophilia

OXA plact Pseudomonas aeruginosa,

-lactamases: :

Class D Oxa-23, Oxa-48, Enterobacteriaceae,

Acinetobacter spp.

(Source: Nordmann et al., 2012; Petridou et al., 2010)

1.7.2 Functional classification

Functional classification places f-lactamases into three main groups (Table
1.10); Group 1 comprises cephalosporinases which belong to class C of the Ambler
molecular classification. Group 2 is the largest group of serine -lactamases and
includes both classes A and D of the Ambler classes. Group 3 comprises metallo-f3-

lactamases (MBLs), which are zinc dependent (Bush and Jacoby, 2010).

Table 1.10: Functional classification schemes for bacterial B-lactamases

Ambler Distinctive Inhibited by Defining Representative
Class substrate(s) characteristic(s) enzymes

CA or (numbers)
EDTA
TZB*

Greater hydrolysis of

cephalosporins than £ @elll e,
1 C Cephalosporins No No  benzylpenicillin; POR G, b
’ 2,FOX-1, MIR-1
hydrolyzes
; (51 enzymes)
cephamycins
Increased hydrolysis of
le @ Cephalosporins No No ceﬁa2|d|me gnd often GC1, CMY-37
other oxyimino-f3-
lactams
Greater hydrolysis of pC1
2a A Penicillins Yes No benzylpenicillin than
(23 enzymes)

cephalosporins
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Distinctive Inhibited by Defining Representative
substrate(s) characteristic(s) enzymes

(numbers)

Penicillins, early Similar hydrolysis of TEM-1, TEM-2,

2b A - Yes No benzylpenicillin and SHV-1
cephalosporins .
cephalosporins (16 enzymes)
Incr_eas_ed hydrolysis of TEM-3, SHV-
Extended-spectrum oxyimino- p-lactams
. . S 2,CTX-M-15,
2be A cephalosporins, Yes No (cefotaxime, ceftazidime,
. . PER-1, VEB-1
monobactams ceftriaxone, cefepime, (200 enzymes)
aztreonam) y
Resistance to clavulanic
2br A Penicillins No No  acid,sulbactam and VIEREh SN

tazobactam (B e e

Increased hydrolysis of

Extended-spectrum YA ({7 A
combined with resistance

2ber A cephalosporins, No No to clavulanic acid TEM-50

TEECEITS sulbactam and
tazobactam
2 A Carbenicillin Yes No Increas_e(_j hydroly3|s of  PSE-1, CARB-3
carbenicillin (19 enzymes)
- Increased hydrolysis of
2ce A Carbe_nlcnlln, Yes No carbenicillin, RTG-4
cefepime . .
Cefepime and cefpirome
2d D Cloxacillin vera | e |PeEEcnprobEier JOPE L QX
cloxacillin or oxacillin (31 enzymes)
Hydrolyzes cloxacillin or
2de D Extended-sp_ectrum Variable No oxacillin and oxyimino-  OXA-11, OXA-15
cephalosporins
B-lactams
Hydrolyzes cloxacillin or
2df D Carbapenems Variable No oxacillin and OXA-23, OXA-48
carbapenems
Hydrolyzes
Extended-spectrum cephalosporins.
e o cephalosporins e e Inhibited by clavulanic G
acid but not aztreonam
Increased hydrolysis of
2f A Carbapenems Variable ~ No  carbapenems, oxyimino- Kpe-2, IMI-1,
- SME-1
B-lactams, cephamycins
B (B1) Broad-spectrum il VIV
L . CcrA, IND-1
hydrolysis including
3a Carbapenems No Yes
carbapenems but not L1, CAU-1, GOB-
B (B3) monobactams 1 FEZ-1
Preferential hydrolysis of
3b B (B2) Carbapenems No Yes carbapenems CphA, Sfh-1
NI Unknown (9 enzymes)

4CA, clavulanic acid; TZB, tazobactam.
®NI, not included. (quoted from Bush and Jacoby, 2010; Ghafourian et al., 2014).
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1.8 Antibiotic resistance in the environment

The term “resistome” was introduced in 2007 and used for the presence and
transmission of antimicrobial resistance genes within and between different
environments (Wright, 2007) (Figure 1.6). A resistome is defined as the entire suite
of genes which confer antimicrobial resistance in a microorganism or
microorganisms, including all genes for antimicrobial resistance at any scale in a
single or multiple organisms in defined environmental samples (Dantas and Sommer,
2014).
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Figure 1.6: Various routes for antimicrobial resistance gene spread from human
activity origins to the environment (adapted from Stalder et al., 2012)

The above diagram shows the spread and dissemination routes of antimicrobial-resistant genes

between human and various environmental, industrial, animal, and agricultural areas (WWTP = waste
water treatment plants).

1.8.1 Soil as a reservoir of antibiotic resistance

Antimicrobial-resistant bacteria are present in soil and represent the
evolutionary reservoir of resistance for most bacteria. The soil resistome is the

largest and most divergent among other types of environments. Many clinically
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resistant bacteria arise from soil bacteria by different mechanisms (D'Costa et al.,
2006).

The non-clinical environment is affected by tonnes of antimicrobials used daily
all over the world, with an accompanying emergence of bacterial resistance due to
their injudicious use (Levy and O’Brien, 2005). This has been further complicated by
the use of antibiotics for non-medical purposes e.g., in animal feed and agriculture,
which are used in the absence of acute infections to promote growth of animals. This
has contributed to the greater selection for resistant bacterial strains in the
environment. Antimicrobials are also used in fish farms. All these forms of
antimicrobial use could select for increased antibiotic resistant bacteria and eventual

transmission to human beings (Allen et al., 2010).

Another selection pressure for antimicrobial resistance is through the presence
of naturally-produced antibiotics which are secreted by some microorganisms and
affect surrounding microorganisms. It is estimated that more than 80% of the
antibiotics in clinical use either come directly from soil bacteria, like Actinomycetes
species, or after being semi-synthesized from natural products (Kieser et al., 2000).
The antibiotic-secreting microorganisms contain genes to protect themselves from
the lethal actions of these antibiotics; these genes can then be transmitted to other
microorganisms in the surrounding natural environment and consequently to
humans. The resistance mechanisms for some antibiotics in clinical use were
identical in both soil and clinically isolated bacteria, as in cases of resistance to
aminoglycosides (kanamycin and neomycin) by acetylation and phosphorylation
(Benveniste and Davies, 1973). This similarity in resistance mechanisms was also
detected and identified in vancomycin by modification of its target site of action at
the D-Ala-D-Ala termini of cell wall peptidoglycan in Gram-positive bacteria (Bugg
etal.,, 1991).

There are millions of bioactive small molecules (parvome) secreted by
microorganisms in nature; only a few of them have been isolated and identified. The
secretion of such molecules is said to have started 500 million years ago (Baltz,
2008; Davies, 2009). The exposure of microorganisms to environmental factors
including pollution or radiation helps in the dissemination of resistant genes, e.g. the
spread of the resistance mechanism, via an efflux pump, which inhibits the entry of

heavy metals and some antimicrobials (chloramphenicol and tetracycline) as was
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noted in E. coli and other bacteria living within toxin-containing environments
(Poole, 2005; Allen et al., 2009).

The linkage between antibiotic resistance and other substances in nature such
as heavy metals has also been observed. Mercury is widely distributed in natural
environments and has detrimental effects upon the lives of humans and animals
(Barkay et al., 2003). Bacteria living in mercury-contaminated water are resistant to
mercury. Mercury-resistant bacteria also carry genes for other antimicrobial
resistance mechanisms due to the fact that the metabolism of mercury is controlled
via the mer operon, which regulates the expression of the mercuric reductase enzyme
(MerA). This operon is often part of Tn21-like transposons, which can carry class 1
integrons with their related antimicrobial resistance genes (Lee et al., 1993). Thus,
bacterial resistance to antimicrobials can be co-selected in nature without pre-
exposure to antimicrobials, due to the selective presence of mercury in the
environment (Skurnik et al., 2010). The same mechanism is also implicated for other
heavy metals, including iron, copper, manganese, cadmium and zinc (Permina et al.,
2006). In another study in Scotland, the relationship between the presence of low
concentrations of heavy metals in soil sampled before the increased usage of
antimicrobials (between 1940 and 1970) and the level of ARGs was examined by
guantitative PCR. A significant correlation was detected between the levels of
copper, chromium, nickel, lead and iron and a number of antibiotic resistance genes.
The genes under study included ESBLs, and tetracycline and erythromycin resistant
genes. It was concluded that even low levels of heavy metals may help in the

selection of antimicrobial resistance in soil environments (Knapp et al., 2011).

Thus, the soil environment, due to the above-mentioned factors (use of
antibiotics in agriculture, animal feeding, naturally secreted antibiotics, and heavy
metal-resistant bacteria), has a high density of ARGs, which are collectively referred
to as the antibiotic resistome, and act as a very important reservoir of this antibiotic
resistance (D’Costa et al., 2007). The increase in ARGs in soil has been found to be
increasing with time as levels of ARGs were found to be 15 times higher in 2009
than in the 1970s in The Netherlands due to waste disposal into the environment and

the use of antibiotics in agriculture (Knapp et al., 2010).

However, recent studies have revealed controversial new findings regarding

the common belief that antimicrobial resistance has arisen as a result of the
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injudicious use or even misuse of antimicrobial agents. One study carried out upon
bacteria from a cave which had been isolated for over 4 million years in the USA
showed that genes present in these bacteria were resistant to 14 commercially
available antimicrobials, including daptomycin, which is used as the last resort in the
treatment of resistant Gram-negative bacteria (Bhullar et al., 2012). Another study
detected the presence of antimicrobial-resistant genes by metagenomic testing of
DNA dating back more than 30,000 years in Beringian permafrost sediments
encoding resistance to many antimicrobials, including to p-lactam, tetracycline and

glycopeptides (D’Costa et al., 2011).

Another potential role for antibiotics is in signalling pathways, where these
antibiotics bind to their target receptors in the cytoplasm, such as DNA, RNA, cell
wall components or ribosomes, leading to changes in the metabolic behaviour of the
microorganisms, either inhibiting or initiating the transcriptional activity of bacteria
(Davies et al., 2006; Ryan and Dow, 2008). Some bacterial properties are changed
and affected by the signalling functions of antimicrobials, including the virulence of

bacteria and biofilm-formation ability (Yim et al., 2007).

1.8.2 Sewage and water environments as a reservoir of
antimicrobial resistance

Wastewater can contain considerable amounts of material of human and
animal origin, including antimicrobials, pharmaceutical substances and detergents
treated to eliminate the detrimental effects of such compounds upon the receiving
water. Treatment is carried out by degrading organic substances, removing solid
materials and disinfecting the effluent stream in specific areas when necessary
(Wellington et al., 2013). However, such treatment is not always efficient in
removing resistant bacteria and preventing ARGs from being introduced into the
receiving water. A study in Brazil showed that Klebsiella pneumoniae-producing
ESBLs were present at all stages of hospital-treated sewage water (Prado et al.,
2008). In Ireland, ESBL-producing E. coli were detected after the handling of
sewage water using modern technology in wastewater treatment (Galvin et al.,
2010).
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It has been proposed that sewage sludge containing ARGs is a major source of
soil contamination with resistant bacteria, especially fluoroquinolone-resistant

bacteria, as other ARGs are poorly studied in sewage sludge (Kinney et al., 2006).

In another study carried out in the U.K., the contamination of river water by
faecal ESBL-producing E. coli was demonstrated to be coming from the effluent of a
wastewater treatment plant. The E. coli detected downstream was carrying highly
divergent forms of CTX-M-15. It was also suggested that the downstream
contamination of water in the U.K. had originated from the surrounding farms
containing resistant bacteria in the period from 2009 to 2011 and that river water is a
reservoir for the spread of CTX-M-15 ESBLs (Amos et al., 2014).

Regarding sediment and water environments as sources of ARGs, it has been
found that the levels of ARGs were significantly higher in sediments with increased
levels of heavy metals, e.g. copper, and levels of ARGs were also found to be higher
in sediments near pharmaceutical factories as well as in relation to higher
populations in certain localities, as levels are affected by human activity (Graham et
al., 2011).

1.8.3 Manure and ARG spread

The amount of antibiotics used for non-medical reasons in agricultural is so
extensive that it was estimated that around 350-400 tonnes of antibiotics were used
in the U.K. in 2006-2011 in food producing animals (Hutchison et al., 2004). It was
also estimated that 70 million tonnes of animal manure are used in agriculture yearly
in the U.K. (Hutchison et al., 2004). Many antimicrobial resistant bacteria and genes
have been detected in soil where animal manure was used and also contaminated the
nearby water supply in many rivers. It is now believed that contaminating coliforms

in river water are from agricultural sources (Wellington et al., 2013).

1.8.4 W.ildlife as a reservoir of ARGs

The dissemination of ARGs through wildlife despite being of great importance
was considered in the 1980s, but has not been thoroughly studied. The source of
contamination by resistant bacteria is thought to have originated from contact with

animal manure or sewage. The survival of resistant bacteria without exposure to
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antibiotics in wildlife is not completely known. Birds thought to be involved include
birds of prey (eagles, hawks, falcons, etc.) and waterfowl (Guenther et al., 2011). It
has been suggested that wildlife is affected in the vicinity of human activity, as
resistant bacteria were nearly absent from the faeces of rodents and ungulates in a
remote area of Finland (Osterblad et al., 2001).

1.8.5 Social aspects of the problem

The dissemination of antimicrobial resistance has many detrimental effects
upon morbidity and mortality, which needs the cooperation of different sectors in the
community to be addressed. Much effort has been concentrated upon health care
workers, especially physicians and pharmacists, to improve their prescribing habits
to limit resistance. Campaigns are also carried out to increase the awareness of the
general public about this and it has proved useful in developed countries (Goossens
et al., 2006). However, these efforts are hampered by the work of some physicians in
increasing the loyalty of patients by prescribing antimicrobials and also in part by the
promotional activities of commercial companies for the introduction of new

antimicrobials (Faber et al., 2010).

Other social aspects of the problem include self-medication in many countries,
the ethnic beliefs of populations, personal income, the country of residence, and
educational level. These factors affect awareness about the presence and scope of the

resistance problem (Deschepper et al., 2008; Faber et al., 2010).

The behaviour of farmers all over the world in using antibiotics (growth
promoters) to increase the stock of breeding animals is also important. Such
behaviour is banned in Europe and legalisation is required for it to be banned in

other regions and countries (Casewell et al., 2003).

1.9 Whole bacterial genome sequencing

1.9.1 History

The first bacterial genome to be sequenced completely was that of
Haemophilus influenzae in 1995 (Fleischmann et al., 1995). Since that time,

sequencing has been improving rapidly, and many bacterial genomes have been
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sequenced completely (there were 8,500 by 2011) (Pagani et al., 2012) or drafted,
i.e. sequenced but not completely closed. Most of these sequences were performed
after 2008 after the commercial introduction of high-throughput sequencing. Several
sequencing techniques were introduced that made whole bacterial genome
sequencing easier and cheaper and facilitated a shift from sequencing individual
genomes to sequencing multiple strains (Dark, 2013). Sequencing was revolutionised
by the introduction of next-generation sequencing (NGS) in 2005, which enabled a
drastic reduction in the cost of sequencing, and facilitated performance of
sequencing in small and medium-sized laboratories (Barbosa et al., 2014). These
NGS techniques include the Illumina (Genome Analyzer), the 454 GS FLX platform
(Roche), and SOLID (Life Technologies) (Pareek et al., 2011).

1.9.2 Approach

Whatever the technique applied in bacterial genome sequencing, the general
steps remain unchanged and include sample preparation, DNA sequencing, sequence
assembly, and bioinformatic analysis (Dark, 2013). Advances in sample preparation
have made it possible to use a small amount of even degraded original material used
for DNA sequencing through the application of isothermal amplification for multiple
displacement amplification (MDA). This technigue is crucial in the sequencing of
unculturable bacteria (Woyke et al., 2010).

1.9.2.1 Sequencing techniques

There are a number of DNA sequencing technologies available at the current
time. Each technique has its advantages and disadvantages and no one technique has
all the benefits (Dark, 2013).

Pryosequencing (454) by Roche uses sequencing by synthesis approach and
has the advantage of giving larger-length reads of up to ~400 bp with a short
turnaround time, making it until recently the preferred technique in the sequencing of
de novo projects (Dark, 2013). Sequencing by Oligo Ligation Detection (SOLID)
developed by Life Technology has the advantage of being highly accurate so is used
in single nucleotide polymorphism (SNP) analysis, but has the disadvantage of
giving short read lengths of ~150 bp. Both IlluminaMiSeq and HiSeq are accurate

with low error rates. However, they give short reads. The PacBio RS Il Single
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Molecule Real-Time Sequencing (SMRT) technique has the advantage of detecting
DNA methylation and giving long lengths of reads, with the disadvantage of less
accuracy in detecting SNP due to the relative errors in long reads (Koren et al., 2012;
Murray et al., 2012; Dark, 2013).

1.9.3 Application of DNA sequencing

1.9.3.1 Medical applications

Genome sequencing is now used directly to identify a microorganism and
determine the association between phenotype and genotype (Torok et al., 2012),
helping in the identification of antimicrobial resistance, identifying the source of
nosocomial infections (Reuters et al., 2013), and can also be used in criminal

investigations in forensic medicine (Fierer et al., 2010).

1.9.3.2 Genomic archaeology

Sequencing has also been used in identifying the source of ancient and current
infections for bacteria such as Yersinia pestis and Mycobacterium leprae (Bos et al.,
2011; Schuenemann et al., 2013).

1.10 Stenotrophomonas maltophilia

This organism was first isolated in 1943 and was known as Bacterium bookeri
(Hugh and Ryschenkow, 1961). After that it was known as Pseudomonas
maltophilia. With further analysis of its rRNA genes, it was then called
Xanthomonas maltophilia and, with greater advances in PCR-based 16S rRNA, it
was classified as Stenotrophomonas maltophilia (Brooke, 2012). Stenotrophomonas
maltophilia is a Gram-negative rod-shaped bacterium which is an obligate aerobe,
motile with a few polar flagella, and non-fermentative. An oxidase test is usually
negative, although some strains are oxidase-positive (Carmody et al., 2011). The
bacterium is present in large numbers in hospital environments, as it prefers humid
and aquatic environments and can even be present in the drinking water supply.
Despite the fact that the organism is not highly pathogenic, it is now suspected in
increasing numbers in nosocomial hospital-acquired infections (HAIs), with a

mortality rate ranging from 14% to 69% in bacteraemic patients (Brooke, 2012;
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Ferrer-Navarro et al., 2013). The most common infections associated with S.
maltophilia are those of the respiratory tract, especially pneumonia, bacteraemia,
biliary tract sepsis, bone and joint infections, urinary tract infections, eye infections
(endophthalmitis, keratitis, scleritis), endocarditis,  and meningitis.
Immunocompromised patients are at high risk of infection with this organism and its

presence in biofilm plays a role in that infection (Brooke, 2012).

Other underlying risk factors for infections with S. maltophilia include
malignancy, the presence of chronic lung diseases, indwelling catheters, long-term
hospitalization, ICU admission, septic shock and end organ failure (Calza et al.,
2003).

S. maltophilia is a multidrug-resistant (MDR) bacterium that can be isolated
from different environments, especially those that are aqueous, including soil, plants,
animals, invertebrates, water distribution and treatment systems, sinks, rivers,
wastewater plants, haemodialysis water, and even hand-washing soap and antiseptic
solutions (Brooke, 2012).

The MDR pattern of S. maltophilia is related to a number of factors, including
low membrane permeability to PB-lactams, the production of [B-lactamase, the
presence of chromosomally encoded multi-drug efflux pumps, and the production of
antibiotic-modifying enzymes (Sanchez et al., 2009). This makes the organism
intrinsically resistant to many antimicrobials and this intrinsic resistance is mainly
acquired from environmental strains by methods of horizontal gene transfer. There
are no worldwide adapted guidelines for testing the antimicrobial susceptibility of S.
maltophilia (Brooke, 2012).

S. maltophilia is sometimes misidentified as Pseudomonas cepacia due to
errors in the reading of both oxidase and DNAse tests (Burdge et al., 1995). In order
to improve the isolation of such an organism from cystic fibrosis (CF), where
infection with S. maltophilia is more common, it is better to use specific media
containing vancomycin, imipenem and amphotericin B (VIA medium) to inhibit the
growth of other co-isolated bacteria (Denton et al., 2000). The Gram-negative
selective agar (GNSA) medium was also created for the better detection of Gram-
negative bacteria in the sputum of CF patients. GNSA medium contains novobiocin,

cycloheximide, amphotericin, nisin, and crystal violet (Moore et al., 2003). It is
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difficult to isolate it from culture due to associated polymicrobial infections with S.
maltophilia and P. aeroginosa in CF patients, so molecular testing using PCR-based
16S rRNA identification is recommended (Nakamura et al., 2010).

There are molecular and biological differences between environmental and
clinical isolates of S. maltophilia. K279a isolated from a CF patient and compared
with the environmental strain (R551-3) showed that the clinical strain contained nine
resistance nodulation-cell division (RND) transporters and other mechanisms
implicated in antimicrobial resistance that were not detected in the environmental
strain (R551-3) (Denton et al., 2000; Brooke, 2012). The two strains also showed
differences regarding the presence of genomic islands responsible for the major
genomic variability between the two strains. Genomic islands in the R551-3
environmental strain were identified and correlated to type | and IV secretion
systems, metal resistance genes, filamentous haemagglutinin genes, and LPS genes
(Rocco et al., 2009). However, no genomic islands were associated with specific
functions related to pathogenicity in the clinical strain. There were shared genes

related to specific functions, but no shared common genomic islands (Brooke, 2012).

1.11 Aims and objectives

This study aims to investigate the existence of antibiotic-resistant bacteria in
environmental samples (river water from Beverley Beck, and agricultural soil from
Riseholme and Lodge Farms) and in clinical settings in the U.K., using the
phenotypic method of culture-based isolation followed by MIC determination,
phenotypic study of B-lactamase activity and multiple resistance profiling. The
resistant bacteria were then identified and the genes encoding resistance to imipenem
characterised using the molecular techniques of PCR and sequencing. A whole
bacterial genome was sequenced for selected MDR bacteria. This research has led to
the identification of mechanisms of resistance and enabled investigation of the links

between species/genotype/phenotype and isolate origin.
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Chapter 2: Materials and Methods
2.1 Materials

2.1.1 Media

The media (Oxoid, Hampshire, UK) used in the study are shown in Table 2.1.

Table 2.1: Media used in this study

Tryptone 5.0
Yeast extract 25
Glucose 1.0
Agar 9.0
Peptone 20.0
Lactose 10.0
Bile salts 5.0
Sodium chloride 5.0
Neutral red 0.075
Agar 12.0
“Lab-Lemco’ powder 1.0
Yeast extract 2.0
Peptone 5.0
Sodium chloride 5.0
(Agar*) 15.0
Hydrolysed casein 11.0
Peptones 3.0
Glucose 2.0
Sodium chloride 3.0
Soluble starch 1.0
Disodium hydrogen phosphate 2.0
Sodium acetate 1.0
Magnesium glycerophosphate 0.2
Calcium gluconate 0.1
Cobaltous sulphate 0.001
Cupric sulphate 0.001
Zinc sulphate 0.001
Ferrous sulphate 0.001
Manganous chloride 0.002
Menadione 0.001
Cyanocobalamin 0.001
L-Cysteine hydrochloride 0.02
L-Tryptophan 0.02
Pyridoxine 0.003
Pantothenate 0.003
Nicotinamide 0.003
Biotin 0.0003
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Thiamine 0.00004
Adenine 0.01
Guanine 0.01
Xanthine 0.01
Uracil 0.01
(Agar*) 8.0
Peptone 10.0
Sodium chloride 5.0
Disodium phosphate 35
Potassium dihydrogen phosphate 15

*either agar or broth

2.1.1.1 Preparation of plate count agar (PCA) and MacConkey agar (MCA)
plates with and without antibiotics

These media were supplied in dehydrated form by Oxoid (UK) and prepared
according to the manufacturer’s recommendations in Duran bottles (equivalent to
175 g L™ and 52 g L, respectively) then autoclaved at 121 °C for 15 minutes in
order to sterilize the agar. When required to be supplemented by antibiotic, the
recommended amount of antibiotic stock solution was added to the media after
cooling to 55 °C and mixed gently, then poured (about 20 ml) into 90 mm diameter
sterile Petri dishes making a layer 3-5 mm thick. This was carried out inside a class
Il microbiological safety cabinet to avoid contamination and the plates were left to
solidify before being placed in bags and kept in the cold room at 4 °C, to be used

within one week of preparation.

2.1.1.2 Preparation of nutrient broth and nutrient broth supplemented with
antibiotic

The nutrient broth powder (Oxoid, Hampshire, UK) was reconstituted
according to the manufacturer’s recommendations in Duran bottles (equivalent to 13
g L™). Bottle lids were loosened prior to being autoclaved at 121 °C for 15 minutes
to sterilize the solution. When the antibiotic needed to be supplemented, the
recommended amount of antibiotic stock solution was added to the broth after
cooling to 55 °C and mixed gently, then an amount (about 3 ml) of the broth
containing the antibiotic was pipetted into 15 ml sterile Falcon tubes. This was

carried out inside a class Il microbiological safety cabinet to avoid contamination
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and the tubes were then placed in racks and kept in the cold room at 4 °C, to be used

within one week of preparation.

2.1.1.3 Preparation of Iso-Sensitest agar plates

The agar was prepared according to the manufacturer’s recommendations
(equivalent to 31.4 g L™) and autoclaved at 121 °C for 15 minutes in order to
sterilize the agar. The agar was poured into 90mm diameter sterile Petri dishes after
cooling to 55 °C, making a layer 3-5 mm thick. This was done inside a
Microbiological Safety Cabinet Class Il to avoid contamination and the plates were
left to solidify before being placed in bags and kept in the fridge at 5-8 °C, to be used

within a week of preparation.

2.1.1.4 Preparation of buffered peptone water broth

Buffered peptone water (Oxoid) was prepared according to the manufacturer’s
recommendations (equivalent to 20 g L™). The constituents were placed in a glass
beaker and then dissolved well. Then 3 ml was added to a glass test tube, stoppered
well and autoclaved for 15 minutes at 121 °C. It was then cooled and kept in the
fridge at 5-8 °C until needed.

2.1.1.5 Preparation of I1so-Sensitest broth

The Iso-Sensitest broth powder (Oxoid, Hampshire, U.K.) was reconstituted
according to the manufacturer’s recommendations (equivalent to 23.4 g L™). It was
then autoclaved at 121 °C for 15 minutes to sterilise the solution. After cooling, the

broth was kept in glass bottles in the fridge until needed.

2.1.2 Antibiotics

The antibiotics (Sigma-Aldrich, UK) used in solution are shown in Table 2.2.
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Table 2.2: Antibiotic powder used in this study

Antibiotic Stock solution Final concentration

1 mg ml™ 1 ug ml* Girlich et al., 2010

2mg ml* 8 ugml™* Kuhn et al., 2005

2.1.2.1 Preparation of antibiotics

The antibiotics imipenem (Im) and vancomycin (Vm) were supplied in powder
form by Sigma (Sigma-Aldrich, UK) and kept at the optimum temperature (-20 °C
and 5 °C, respectively). Stock solutions of Im (1 mg ml™) and Vm (2 mg mI™) were
prepared by dissolving appropriate amounts of these antibiotics in sterile distilled
water using 15 ml sterile Falcon tubes and vortexed until the antibiotic had
dissolved. Working concentrations were then achieved using concentrations utilized
in previous studies: imipenem 1pg ml™ (Girlich et al., 2010) and vancomycin 8 pg
ml™ (Kuhn et al., 2005).

The antibiotics (Oxoid, Hampshire, U.K.) used in the disc assays are shown in
Table 2.3.

Table 2.3:  Antibiotic discs used in this study

_ Ticarcillin-clavulanate TIM 85
_ Gentamicin CN 10
_ Ceftazidime CAZ 30
_ Aztreonam ATM 30
Imipenem IPM/IMI 10
- Meropenem MEM/MER 10
Ciprofloxacin CIpP 1
- Levofloxacin LEV 5
Trimethoprim W 25
- Co-trimoxazole SXT 25
Tetracycline TE 10
- Minocycline MH 30
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2.1.3 Buffers and solutions

The buffers and solutions used in this study are shown in Table 2.4.

Table 2.4: Buffers used in this study

Tris base 108
Boric acid 55
EDTA 7.4
NaCl 2.25
KCI 0.15
CaCl, 0.12
NaHCO, 0.05

2.1.4 Oligonucleotides primers

The oligonucleotide primers used in this study are shown in Table 2.5.

Table 2.5: Oligonucleotides used in this study

Sequence (5 to 3°) Amplicon Optimum | Reference
size (bp ) annealing
temp
CAGGCCTAACACATGCAAGTC 54°C M;rcq%i;;t
1300 16S rRNA = b" tal
ACGGGCGGTGTGTACAAG 54°C sborn et al.,
2000
CTACCGCAGCAGAGTCTTTG Bla jvp1 55°C Luetal., 2010
587
AACCAGTTTTGCCTTACCAT 55°C Luetal., 2010
GATCGGATTGGAGAACCAGA Blaoxazs  53°C L'g gifl"
501 .
ATTTCTGACCGCATTTCCAT Gekls L”; gi f"'
CACACCTGGCAGATCGGCAC Bla |, .
o Petridou et
888 65 °C al. 2010
GCCGCATCCGCGAGGC K
CAGCACACTTCCTATCTC .
Blanpm-1 o Liuetal.,
350 56 °C 2012
CCGCAACCATCCCCTCTT
GCCCAGGTTAAAGATTTTGTAAT .
Blajnp-1 ® Hong Lin et
580 53 °C
al., 2008

CATGGCCACCGCCTTTCCATTC
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Primer Sequence (5’ to 3°) Amplicon | Target | Optimum | Reference
name size (bp) gene annealing
temp
GCTTGATTCTTGCTCTTG
205 Blag., 52 °C s
- TCGCGATTAAGGAGGTCGCCGCA
TGAAGCG i
870 Blacya1 60 °C Dglcqzu(l)%rzet
- GAGAATGAGAATACGCTCCTTGG '
- GGAATAGAGTGGCTTAAYTC*
232 Blayyp
- TCGGTTTAAYAAAACAACCACC
390 Blaym-1
- CGAATGCGCAGCACCAG
621 Blanow 52 °C o0
- CGGAATGGCTCATCACGATC K
- CGTCTAGTTCTGCTGTCTTG
- CTTGTCATCCTTGTTAGGCG
- GCGTGGTTAAGGATGAACAC
438 BlaOXA_4g
- CATCAAGTTCAACCCAACCG
- ATGAAGCGCCTGATCCTGGC . Simmet al.,
580 BlaMb|1b 60 °C 2001
- GATCGGTCATCGCTTGGGCC

F = forward primer; R = reverse primer; bp = base pair, * Y= C or T (Eurofins MWG Operon,
Germany)

2.1.4.1 Preparation of primers

Stock primers were prepared according to the manufacturer’s
recommendations (Eurofins MWG Operon, Germany) by adding the recommended
amount of sterile distilled water and mixing gently to obtain a concentration of 100
pmol pI™ and then diluting this to 10 pmol pl™ (the primer concentration used in

PCR) by taking 20 pl of stock primer plus 180 ul of sterile distilled water).
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2.2 Methods

2.2.1 Isolation and subculturing antibiotic-resistant bacteria

2.2.1.1 Sample types and collection

Water samples were collected from river water in order to identify the
existence of antibiotic resistant environmental bacteria contained therein. These were
taken from four sites seven metres apart, 15 cm below the surface of the water from
the Beverley Beck section of the River Hull [53.839511,-0.410579] (see Figure 2.1)
on 14 September 2011. Beverley Beck is a short canal around 0.8 miles in length in
the East Riding of Yorkshire, England, which connects the River Hull to the town of
Beverley, dating back to 1296. Water is raised into Beverley Beck from the River
Hull by means of an engine and there is a drainage tunnel running underneath. Please
see:
http://www.canalbarge.co.uk/Canals%20and%20Rivers/Beverley%20Beck.html.

Thus, the water current is not strong and the canal was chosen for sampling
primarily due to its proximity to the sewage works, as it contains effluent of sewage
after being biologically treated. Sampling was conducted downstream of the sewage

effluent.

In addition, soil samples were collected on 26 November 2012 from three
different crops (winter wheat [W], sugar beet [S], and spring beans [B]) to a depth of
5 cm from farm at Riseholme (R) [52.856816,-0.188351] where cattle manure was
used in fertilisation and from the Lodge Farm (L) [53.240595,-0.348023] where
inorganic fertilisers (ammonium nitrate and triple super phosphate) were used. These
were collected from six sites (Figure 2.2 and Table 2.6).

Samples were collected in triplicate in 50 ml sterile Falcon tubes from different
sites. The tubes were kept on ice to preserve the viability of microorganisms present.
Bacteria were isolated on media either with or without antibiotics on the same day of

collection.

Isolates were also obtained from a number of clinical samples which were
obtained from three different hospitals in Sheffield, York and Hull in 2012 and 2013.

50


http://www.canalbarge.co.uk/Canals%20and%20Rivers/Beverley%20Beck.html

P Y ! River Hull

o Pl
- g o 1 B
RS 3 B 3 il
% i oo 53 i 1
w ! . .

5 %,
2 casalll 1 L : o N, :
. omge 3 Debvery Offc o 5
& f AVt Rogs s \"i,
L .
5 3 I Fosmn -~ o
Businom € g s T
£ 1 ol Watarscse
W o, 5135 Becy soate Noy » + [
R —
2
a0 T | *
M View . oy
e B %-b 2 2
Foram g
" v Beverley Beck
3 B Hane
3
3 4
g Ry
PO ¥ Beveniey Perttensy ? Bevwriey Patecay
{ ¢ '
I WE |
TN

511 D405
S00 i .
eInmm T ¢ Mop data 2012 Google -

Sampling sites

POty Sewage Works
3°650'17 2B°N 0°24 ,‘1 Im Eye alt

Google ear
C

Figure 2.1: A map and photograph showing the location of the origin and termination
of Beverley Beck and the sampling sites
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Riseholme Farm

Lodge Farm

',‘I\\it}\ -]

\
Lodge Cropping 2013

Location Field |Field name Crop
code

Riseholme farm | RA Grange 32126 Winter wheat
RB Mid 19 148 Sugar beet
RC  |Near 30 130 Spring beans

Lodge farm LA |Church 144 Winter wheat
LB 18 Acre 143 Sugar beet
LC |57 Acre 142 Spring beans

Figure 2.2: A map showing the sampling fields for two farms where soil samples were

collected

NB: Left: Riseholme Farm; right: Lodge Farm. Soil samples were collected from the fields detailed in

Table 2.6 below.

Table 2.6: Fields (crops) in two farms where soil samples were collected

Location Field name

Mid 19 148
Near 30 130
Church 144
18 Acre 143
57 Acre 142

52

Grange 32126

Winter wheat
Sugar beet
Spring beans
Winter wheat
Sugar beet
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2.2.1.2 lsolation of bacteria from environmental samples

The samples were manipulated under aseptic conditions inside a Class Il
Microbiological Safety Cabinet. Prior to inoculation of the samples onto different
culture media, water samples were 10-fold serially diluted using Y-strength Ringer’s
solution starting from the undiluted specimen 10° down to 10°. Then 100 ul from
each dilution was inoculated onto solid media (plate count agar [PCA] and
MacConkey agar [MCA] plates) both with and without antibiotics using a spread-
plating technique. The antibiotics added to both media were either imipenem (1 pg
ml™) or vancomycin (8 pg ml™) and were added to each of the PCA or MCA plates.
This isolation technique was performed to enable the isolation of the antibiotic-
resistant colonies (grown on antibiotic-containing media) and relate them to the total
viable number of microorganisms (grown on antibiotic-free media) of the same type.
Cultured plates were then incubated at 25 °C for PCA or 37 °C for MCA for 72 hours
or 24 hours, respectively. The resulting isolated colonies were then counted for each

dilution on each type of media.

2.2.1.3 Subculture and isolation of microorganisms from plates

After counting all of the colonies obtained over all media types (with or
without antibiotic), each single colony obtained on the plates containing antibiotic
was subcultured onto the same type of plate (media and antibiotic) using the same
culture conditions used in the original isolation for further characterisation and study.
The subculture plates were then stored in the cold room at 4 °C and used within a

week of subculturing.

2.2.1.4 Subculturing of microorganisms using nutrient broth

In order to confirm the resistance of the microorganisms to the antibiotic,
microorganisms were re-subcultured by taking two to three colonies from media
containing an antibiotic and inoculated into a 15 ml sterile Falcon tube containing 3
ml nutrient broth (supplemented with antibiotics: either imipenem or vancomycin).
Each isolate was inoculated into two nutrient broth tubes; one tube with antibiotic
and the other without antibiotic to be used as a positive control. These tubes were
placed in a shaking incubator (Innova®44 Incubator shaker series) at 100 rpm at 25
°C for PCA or 37 °C for MCA for 24 hours, respectively. Turbid (positive) tubes

were then used to store antibiotic-resistant strains at -80 °C.
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2.2.1.5 Storage of the strains

Antibiotic-resistant isolates from the broth cultures above were stored for use
over longer periods at -80 °C using 2 ml sterile Eppendorf tubes containing 15%
sterile (autoclaved) glycerol suitable for long-term storage of bacterial isolates (Ash
et al., 2002). Viability was checked after three days of storing by scraping the frozen
culture surface with a sterile plastic inoculation loop and inoculating into the
appropriate media at the optimum temperature and incubation period. Thawing of the

stock was always avoided.

2.2.2 Determination of minimum inhibitory concentration (MIC)

As the screening concentration for imipenem resistance in this study was 1ug
ml™, it was important to determine the resistance levels of isolated bacteria. The
MIC of the isolated strains was determined, to a range of 0.004-32 mg L™ imipenem,
by the quantitative microdilution method using microtiter plates, following the
EUCAST 2012 guidelines. Negative (plain 1SO broth) and positive (ISO broth
culture) controls for each organism were included. In addition, positive reference
strains Klebsiella pneumoniae-producing metallo-B-lactamase (MBL) ‘NCTC
13439’, and Klebsiella  pneumoniae-producing Klebsiella  pneumoniae
carbapenemase (KPC) ‘NCTC 13438 were included. The negative control
Escherichia coli ‘NCTC 10418* was also included. The microtiter plates were
prepared and incubated for 24 hours at 37 °C (clinical isolates) and at 25 °C
(environmental isolates) using a shaking incubator. The MIC was determined as the
lowest concentration of antimicrobial agent that completely inhibited growth of the
organism in the tubes or microdilution wells, as detected by the unaided eye (CLSI,
2012a).

2.2.3 Study of p-lactamase activity

2.2.3.1 Modified Hodge Test

The modified Hodge test (MHT) is used to confirm carbapenemase production
in bacterial isolates (Figure 2.3). It is based upon the formation of a characteristic
clover leaf shape around the edge of a carbapenem disc (i.e. attacking the disc) by

the carbapenemase-positive tested bacterial isolate which is inhibiting a known
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carbapenemase negative control strain (e.g. E. coli ATCC 25922 ‘NCTC 10418) on
a Muller-Hinton (iso-sensitest) agar plate (Carvalhaes et al., 2010; Seah et al, 2011,
Nordmann et al., 2012).

Following the BSAC guidelines, the imipenem resistant (ImR) strains were

tested wusing the MHT upon iso-sensitest agar to confirm P-lactamase
(carbapenamase) production (BSAC, 2013; CLSI, 2012b).

Figure 2.3: Flow chart for the detection of carbapenemase production used in the
current study

2.2.3.2 Combined disc synergy test (CDST) ‘inhibition tests’

As the MHT does not differentiate the type of p-lactamase (carbapenemase)
produced by the bacteria, a combination of the carbapenem disc with different

inhibitors was used in the inhibition assays. These inhibition tests are based upon the
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inhibition of different classes of carbapenemase by specific inhibitors (Figure 2.4).
For example, AmpC and class A carbapenemases are inhibited by boronic acid, and
class B metallo-B lactamases are inhibited by zinc chelators e.g. EDTA or dipiclonic
acid. None inhibit class D, while cloxacillin inhibits AmpC but not class A
(Nordmann et al., 2012).

1 1 1 1

= Inhibited by BA = Inhibited by = Inhibited by BA = Not affected by
= Inhibited by DPA = Not affected by BA, cloxadillin,
cloxacillin = Not affected by cloxacillin or DPA, or
= Not affected by BA or DPA temocillin
DPA cloxacillin
Class C-producer Class B-producer Class A-producer Class D producer
(AmpC) (MBL) (KPC) (OXA)

Figure 2.4: Diagram showing the possible results for CDST (ROSCO’s Diagnostic,
Denmark)

(BA = boronic acid; DPA = dipicolinic acid; MBL= metallo-B-lactamase; KPC = Klebsiella
pneumoniae carbapenemase; OXA = Oxacillinase).

All positive MHT bacterial isolates were tested to determine the type of B-
lactamase using the imipenem/meropenem-B-lactamase inhibitors combined disc
synergy test ‘CDST’ (ROSCO’s Diagnostic, Denmark).

There are three possible reasons why an organism shows reduced susceptibility

to carbapenems:

1. The organism over-produces AmpC and then will be inhibited by cloxacillin and

boronic acid.
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2. The organism is producing a Class B (metallo-p-lactamase - MBL) enzyme and
this enzyme is inhibited by dipicolinic acid (DPA) or EDTA.

3. The organism is producing a Class A e.g. (KPC) enzyme which is inhibited by
boronic acid only.

Alternatively, the organism may be producing a Class D enzyme (oxacillinase
- OXA-48 or similar). These enzymes are not inhibited by any substances used in the
combination discs and are also resistant to Temocillin.

The differentiation between bacteria is shown in Table 2.7. Some bacteria may
produce more than one type of enzyme.

Table 2.7: Susceptibility outcomes of antibiotic resistant bacteria in inhibitions tests

B-lactamase activity

Class A - positive
(KPC)

Resistant

Susceptible
(> 5Smm increase
in the inhibition

zone)

Resistant
(< 3 mm increase
in the inhibition
Zone)

Resistant
(< 3 mm increase
in the inhibition
zone)

Variable

Class B - positive
(MBL)

Resistant

Resistant
(< 3 mm increase
in the inhibition
Zone)

Resistant
(< 3 mm increase
in the inhibition
Zone)

Susceptible
(> 5mm increase
in the inhibition

Zone)

Variable

Class C - positive
(AmpC)

Resistant

Susceptible
(> 5Smm increase
in the inhibition

Zone)

Susceptible
(> 5mm increase
in the inhibition

Zone)

Resistant
(< 3 mm increase
in the inhibition
zone)

> 12mm

Class D - positive
(OXA)

Resistant

Resistant
(< 3 mm increase
in the inhibition
zone)

Resistant
(<3 mm increase
in the inhibition
Zone)

Resistant
(<3 mm increase
in the inhibition
zone)

Resistant
(no zone of
inhibition)

In general, a difference of > Smm after combination indicated the presence of related enzyme activity
(CLSI, 2012b).
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2.2.4 Study of multiple resistance profiling

Carbapenemase-producing bacteria are often associated with resistance to
many antimicrobials and are often multi-drug resistant isolates (MDRs) (Nordmann
etal., 2012).

To test for multi-drug resistance, isolates were inoculated upon iso-sensitest
agar according to BSAC guidelines and tested using the disc diffusion method. Two
sets of plates were inoculated and tested for susceptibility. Isolates were incubated
for 24 hours at 25 °C and 37 °C for the environmental and clinical isolates,
respectively. The susceptibility of the isolates to these antibiotics was determined by

the absence of an inhibition zone (Abaidoo et al., 2002; D'Costa et al., 2007).

The density of the inoculum suspension of the tested bacterial strain was
standardized to contain a fixed number of bacteria per unit volume of fluid. Three to
four separate colonies of the tested microorganism were added to peptone water
broth and the optical density (OD) measured by spectrophotometer (Cecil
Instruments Ltd., Cambridge, UK) at 500 nm. A specific volume, depending on the
OD and the bacterial strain, was then transferred from the broth culture to 5 ml of
sterile distilled water (DW), as shown in Table 2.8.

Table 2.8: Volume of liquids to be transferred from broth culture to a tube containing
5 ml of sterile distilled water (BSAC, 2013)

OD at 500 nm Volume of broth culture
to be transferred to DW

(ML)

0.01- 0.05 250
0.05-0.1 125
0.1-0.3 40
0.3-0.6 20
0.6-1.0 10

This standard bacterial suspension was used in the inoculation of Iso-Sensitest
agar plates. Iso-Sensitest agar plates were inoculated from this standard suspension
using a sterile cotton swab, first by making a central cross over the plate then by
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spreading in three different planes to achieve an even, semi-confluent bacterial

growth.

2.2.5 Molecular characterisation of antimicrobial resistant bacteria

2.2.5.1 Extraction of crude cell lysate containing DNA

DNA extraction was performed as described by Senda et al. (1996), by taking
two to three fresh colonies from a plate and mixing in 50 pl of sterile distilled water.
The cells were mixed using a small vortex machine for 3-5 seconds and then heated
using a PCR thermal cycler (Bio-Rad C1000™ Thermal Cycler) at 94 °C for two
minutes followed by centrifugation at 13000 rpm for two minutes using a
microcentrifuge (Mini Spin Plus, Eppendorf). Crude lysate containing DNA was
stored at -20 °C for use over a long period. DNA extraction was assessed prior to use
in the PCR, using the NanoDrop 1000 spectrophotometer and gel electrophoresis.

2.2.5.2 PCR amplification of DNA

PCR mimics the DNA replication process in nature, with some modifications
carried out in vitro. It consists of three steps: denaturation, which allows the
separation of the two DNA strands of interest (carried out at a high temperature,
usually at 94 °C for 2-8 minutes initially and then for 1-2 minutes for subsequent
cycles); the annealing of a specific synthetic short oligonucleotide primer
complementary to the target sequence (carried out usually for 1-2 minutes at 55 °C,
depending upon the length of the primer, GC contents, and concentrations of the
primer used); and lastly the extension from this annealed primer using the enzyme
Taq DNA polymerase, which is obtained from Thermus aquaticus, an organism
which naturally lives in a high temperature environment of about 110 °C and can
withstand repeated heating for many cycles (Cariello et al., 1991). The extension
step is usually carried out at 72 °C (which is near to the optimum temperature for
Taq DNA polymerase) for 1 minute or longer. These steps are repeated multiple
times (25-40 cycle) with an exponential duplication of the DNA produced in each
cycle (Lo and Chan, 2006; Beaz-Hidalgo et al., 2008).

PCR was performed to detect the genes responsible for the antimicrobial
resistance for imipenem within the isolated microorganisms. PCR was also used for

the amplification of the 16S rRNA gene to be used in the identification of the
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isolated microorganism. The sets of primers used therein (Table 2.5) were selected

according to those used in previous studies.

The volume added to each 1 pl of DNA sample from the master mix contained
two sets of primer: 0.3 pM of the forward (F) and 0.3 uM of the reverse (R)
sequences (Eurofins MWG Operon, Germany); 2.5 units of Tag DNA polymerase
enzyme and 1x reaction buffer; 1.5 mM of magnesium chloride (MgCl,) (Bioline
Ltd, UK); 0.2 mM of dNTPs (Roche, Germany), and made up to a total volume of 25
ul with sterile distilled water (sdH,0).

PCR conditions were applied depending on the primers described in previous
studies (see Table 2.5), using different annealing temperatures for the different
selected primers, as follows: preheating (initial) at 94 °C for five minutes, followed
by 30 cycles of denaturation at 94 °C for one minute, annealing for one minute (see
Table 2.5) and elongation at 72 °C for two minutes, with a final extension at 72 °C
for 10 minutes performed using a Bio-Rad C1000™ thermal cycler. In the presence
of some problems with the amplification of the target gene (e.g. weak bands or non-
specific secondary bands after the PCR reaction) which hindered the assessment of
the PCR product and further analysis, a gradient PCR technique was carried out,
which allowed the empirical determination of an optimal annealing temperature
(Ozdemir, 2009). This was achieved by choosing a temperature range (e.g. 50, 52,
56, 58, and 60 °C), and setting this across different columns of wells (at different
annealing temperatures) in the thermocycler. For example, column 1 for 50 °C,
column 2 for 52 °C, and column 3 for 56 °C (i.e. gradually raising the annealing
temperature in order to amplify the target gene). With each sample, the PCR mix had
the same concentrations for all the reactants. Thus, each reaction was performed at a
different annealing temperature, with all other values being the same. PCR is
normally started at 5 °C below the calculated (referenced) temperature of the primer
melting point (T,). Theoretically, the annealing temperature (Ta) = (Tm) —5°C. The
melting point (Ty,) can also be calculated using the following equation: T, (°C) = 4
(no.of G+ C) + 2 (no. of A+ T) (Suggs et al., 1981).
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2.2.5.3 Detection of amplified products and extracted DNA using agarose gel
electrophoresis

The principle of this technique is to separate DNA (and RNA) fragments in a
mixed population according to their size in order to assess the length of DNA and
RNA fragments which are negatively charged (Kryndushkin et al., 2003). This can
be achieved by applying an electric current across which DNA and RNA will
migrate from the negative charge (cathode) through an agarose matrix to the positive
charge (anode). Shorter fragments migrate faster, so they move further than longer
ones, as shorter fragments move more easily through the pores of the gel (Sambrook
and Russell, 2001).

Tris-Borate-EDTA x10 (TBE) buffer (Fermentas Life Science) was diluted
using distilled water to x0.5. The appropriate concentration of agarose gel in x0.5
TBE buffer (depending upon the expected amplicon size of DNA e.g. to give a
percentage of agarose (w/vol) of between 0.8-2%) was prepared in a glass flask, and
then heated and dissolved in a microwave oven (Sanyo EM-SL40S) on a low power
setting (300W). After that, the agarose was allowed to cool until hand hot with
continued shaking to avoid solidification of the agarose. At that point, a 1X Syber-
SAFE DNA stain (Invitrogen) was added to the agarose and mixed before being
poured into the gel tray and then allowed to solidify inside the gel tray. The agarose
gel containing the dye was then placed inside the electrophoresis tank, which was
filled with x0.5 TBE buffer to the limit point.

The PCR sample (5 pl) to be electrophoresed was mixed with the loading dye
(1 pl) (Fermentas Life Science) and pipetted into wells within the gel. A DNA size
standard composed from different sizes of DNA fragments (Fermentas Life Science,
Appendix Al) was also loaded into the gel. DNA was electrophoresed at 80-100V
until the DNA fragments were separated according to their size. The resulting DNA
fragments were visualized using a UV transilluminator at 302 nm (Bio-Rad,
Molecular Imager®, ChemiDoc™ XRS+ with Image Lab™ Software).

2.2.5.4 DNA sequencing and alignment

PCR products were sequenced by LGC Genomics GmbH (Germany), using
Sanger sequencing. The sequence data was proofread, assembled, and

aligned using BioEdit Sequence Alignment Editor version 7.0.0
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(http://www.bioedit.software.informer.com/). A BLAST (Basic Local Alignment
Search Tool) (http://blast.ncbi.nim.nih.gov/Blast.cgi) was used to study the
homology and  Clustal W2  software  from EMBL/EBI (The
European Molecular Biology Laboratory/EuropeanBioinformatics Institute)
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to construct the multiple

alignments.

2.2.5.5 Isolation of bacterial genomic DNA

Bacterial genomic DNA was extracted from bacteria using a PowerMicrobial®
Maxi DNA Isolation Kit (MoBio Laboratories Inc., California). The quantity of
genomic DNA was measured using a NanoDrop ND-1000 spectrophotometer, while
its quality was assessed via agarose gel electrophoresis. For isolates that showed low
quantity and/or quality, the DNA was re-extracted with some modifications

suggested by the manufacturers.

2.2.5.6 Bacterial genome sequencing

Bacterial genomes were sequenced by the NGS Laboratory (Eurofins
Genomics, Germany) using de novo sequencing by Illumina MiSeq with chemistry

v3 (Genomic shotgun protocol, with paired-end sequencing).

2.2.5.7 Bacterial genome data analysis

After assembled contigs were obtained from NGS Laboratory (Eurofins
Genomics, Germany), genome sequences were annotated and further studied using
RAST (Rapid Annotation using Subsystem Technology) (http://rast.nmpdr.org/).
Additional analysis was performed using analysis tools from the CGE (Centre for
Genomic Epidemiology) (http://www.genomicepidemiology.org/). Related ARGs
were also investigated using BLAST (Altschul et al., 1997) against the GenBank

database.

2.2.6 Statistical analysis

Statistical analyses (significance tests), including the t-test and one-way ANOVA
test, were done using Vassarstats (www.vassarstats.net). The t-test is used to

compare whether there are significant differences between two independent variables
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(populations). The one-way analysis of variance (ANOVA) is performed when
comparing multiple variables to detect any significant differences between the means
of more than two independent (unrelated) groups. Differences between variables are
considered statistically significant when the P value is < 0.05 (Matthew and
Farewell, 2007; Bowers, 2008).
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Chapter 3: Phenotypic Characterisation of Antibiotic
Resistant Bacteria from Natural Environments
and Clinical Settings

3.1 Introduction

The spread of antimicrobial resistance in clinical settings leads to increases in
both morbidity and mortality in humans (Paul et al., 2010) and has been the cause of
considerable social and economic damage. In Europe in 2007, for example, 400,000
cases of multi-drug resistant (MDR) bacterial infections led to 25,000 deaths and
over 2.5 million extra hospital-stay days at a cost of more than 1.5 million euros per
year (ECDC, 2009; Bush et al., 2011). It is now established that there is a close
relationship between antimicrobial resistance in clinical settings and in the non-
clinical environment, with natural environments including soils and water playing an
important role in the spread of resistant bacteria by acting as a reservoir for and
source of these resistant isolates (Wellington et al., 2013). The soil environment is
particularly important as many of the antibiotics used in clinical settings were
originally ~ extracted  from naturally-occurring  antimicrobial-producing
microorganisms isolated from soil (Dantas and Sommer, 2014). Additionally,
prescribed antimicrobial medicines are excreted by patients and enter the
environment via the sewage system and can select for increased resistance in
environmental bacteria. Together with naturally-occurring antibiotic-resistant
bacteria, these organisms and resistant genes can then be transferred to humans by

direct contact and/or via the food chain (Wellington et al., 2013).

Bacteria are continuously developing resistance to antimicrobials, partly as a
consequence of the use of many different antimicrobials in agriculture and animal
feeding; a situation which is leading to the selection and greater prevalence of
antimicrobial resistant strains (Phillips et al., 2004; Kummerer, 2005). Another
activity that increases the spread of antibiotic resistant bacteria is the use of animal
manure to fertilise agricultural land (Giger et al., 2003). Animal manure frequently
carries antibiotic-resistant genes (ARGs) existing in gut bacteria and also contains
the residues of veterinary antimicrobials that are used in feedstocks as a prophylactic
treatment (Witte, 2000). ARGs can be transmitted to other bacteria via horizontal

gene transfer and consequently to bacteria in humans via the food chain. Residual
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antimicrobials can persist in the soil for many years (Gaze et al., 2008). These
selection pressures in the environment, together with the presence of antimicrobials
which are naturally secreted by certain organisms (Jensen and Demain, 1995), has
led to the appearance of numerous bacterial species which are multi-drug resistant
(MDR). Of recent concern is the emergence of resistance to carbapenem antibiotics,
these are important broad-spectrum antibiotics, generally only used as a last resort
treatment for clinically-important antibiotic resistant bacteria, including Klebsiella
pneumoniae, Acinetobacter baumanii and Pseudomonas aeruginosa (Shah 2008;
Hawkey and Livermore, 2012). The mechanisms implicated in carbapenem
resistance are thought to be either decreased membrane permeability to carbapenems
or to the production of carbapenemase enzymes that hydrolyse the antibiotic
(Nordmann et al., 2012).

Carbapenemases, which are classified into four classes (A, B, C, and D, see
section 1.7.1.7), are found worldwide. As carbapenems (including imipenem,
ertapenem, meropenem, and doripenem) belong to the group of p-lactam
antimicrobials, so the development of resistance to carbapenemase action is
associated with resistance to other [-lactams, including penicillins and
cephalosporins (Nordmann et al., 2011). Research into imipenem resistance in both
environmental and clinical settings has shown variable levels of resistance. Rossolini
and co-workers (2001) found widespread imipenem-resistant bacterial isolates in soil
obtained from different environmental sites, including hills and farm treated with
manure in Italy. They identified carbapenem resistant isolates of Stenotrophomonas
maltophilia, Chryseobacterium spp., Aeromonas hydrophila and Janthinobacterium
lividum. They also reported the detection of a novel class of metallo-f-lactamase in a
J. lividum isolate (Rossolini et al., 2001). Girlich and colleagues (2010) discovered
the imipenem-resistant Oxa-23-producing Acinetobacter baumannii in both aquatic
and soil environments and also in hospital settings. In comparing the environmental
and clinical isolates they found evidence for genetic exchange, as they detected the
Oxa-23 gene of the environmental isolate in the clinical isolates, and they have not
excluded the possibility that resistance could have been transferred from the

environment to the clinical bacteria (Girlich et al., 2010).

In clinical imipenem resistant isolates, Nordmann and colleagues (2011)

reported the worldwide spread of carbapenemase classes A, B, and D at varying
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frequencies in different geographical locations. Class A Klebsiella pneumoniae
carbapenemase (KPC) was found to be more prevalent in the USA and Greece, while
class B metallo-p-lactamases (MBLs) were more prevalent both in Europe and
especially in Asia (VIM and IMP), whilst Oxa-48 B-lactamases were more abundant
in Mediterranean Europe. They also reported the need to try to minimise the spread
of these resistant isolates in the community. However, there are a number of factors
contributing to the spread which are highly difficult to control, e.g. the increase in
worldwide travel, the overuse and misuse of antimicrobials, and the lack of personal

hygiene (Nordmann et al., 2011).

It is often the case that most imipenem-resistant bacteria are also resistant to
other antimicrobials. For example, some of these bacteria have been found to
produce gentamicin-modifying enzymes leading to resistance to gentamicin, and
others show co-production of AmpC with ESBLs, leading to resistance to aztreonam
(Livermore, 2009). This multi-resistance can be confirmed by testing ImR bacteria
against a range of antimicrobials related to different classes and with different
mechanisms of action (EUCAST, 2012).

Vancomycin is a member of the glycopeptide group of antimicrobials (see
Section 1.3.1) and is used in the treatment of a wide variety of Gram-positive
bacteria, including Staphylococcus and Enterococcus, and again as an antibiotic of
last resort for treating multi-resistant bacteria (Uttley et al., 1988). However,
resistance to vancomycin has been acquired by clinical isolates of Enterococcus in
both Europe and in the USA, as long ago as 1988 (Leclercq et al., 1988). One of the
causes of the appearance and spread of vancomycin resistance in clinical settings
was the use of antimicrobials in agriculture. For example, the vancomycin-analogue
avoparcin used in pig feed was the source of vancomycin-resistant enterococci
(VRE) in humans (Witte, 1997), and it was consequently banned throughout Europe
in 1997 (Heuer et al., 2002). Vancomycin-resistant enterococci (VRE) have been
detected in the stools of farm animals, in the stools of healthy asymptomatic humans
(Bates, 1997), in sewage water, animal products and aquatic environments (Harwood
et al., 2001; Iversen et al., 2002). Horizontal gene transfer mediating movement of
vancomycin resistance between various bacteria is common by conjugation in
manure (Schwartz et al., 2003). More dangerous is the passage of vancomycin-

resistant genes like vanA from Enterococci to Staphylococci in the environment,
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leading to the emergence of vancomycin-resistant Staphylococcus aureus (VRSA)
(Weigel et al., 2003). Emergence of such VRSA leads to the loss of last-resort

treatment of MRSA with vancomycin.

The first aim of this chapter was to quantify the relative abundance of
culturable imipenem-resistant bacteria (as the first priority) and vancomycin-resistant
bacteria (as the second priority) in natural environments, specifically, river water and
agricultural soils. However, if imipenem resistance was detected in both
environments, the vancomycin-resistant isolates were not tested for further
characterisation. This is because imipenem resistance is a more important finding
and there are fewer available studies on imipenem resistance than on vancomycin
resistance. The second aim was to phenotypically characterise and compare
imipenem resistant isolates from both natural environments and clinical settings in

terms of their B-lactamase type and multi-antibiotic-resistant profiles.

3.2 Results

3.2.1 Isolation and enumeration of antibiotic resistant bacteria in
river water

The abundance of bacteria resistant to imipenem and vancomycin in river
water was investigated using culture-based approaches. Water samples were taken
from the Beverley Beck section of the River Hull [53.839511N, -0.410579E] on 14"
September 2011.

Water samples from four different sites (S1, S2, S3 and S4) were taken from
pontoons at seven meter intervals, at a depth of 15 cm below the surface of the water.
The samples were serially diluted and 100 ul aliquots were plated onto Plate Count
Agar (PCA) and MacConkey agar (MCA) and onto PCA and MCA each
supplemented with either imipenem (1pg ml™) or vancomycin (8ug ml™) (Nordmann
et al.,, 2009; CLSI, 2012a). Viable counts and numbers of antibiotic resistant
culturable bacteria were determined after 24 (MCA) and after 72 hours (PCA)
(Appendix A2.1).

Numbers of culturable bacteria (total viable counts) were higher on PCA
(mean + SD of 670 + 16.3 CFU ml™) than on MCA (mean + SD of 330 + 37.4 CFU
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ml™). Numbers of both vancomycin-resistant (VmR) and imipenem-resistant (ImR)
bacteria were higher on PCA (mean + SD of 362.5 + SD 155.9 and 75 + 28.9 CFU
ml™, respectively) than on MCA (mean + SD of 145 + 60.3 and 5 + 5.8 CFU ml™,
respectively) (Figure 3.1). The relative abundance of VmR and ImR bacteria was
determined as a percentage of the total viable bacterial counts. On PCA, 54.1% of
isolates were resistant to Vm, while 11.2% of bacteria were resistant to Im. On
MCA, 43.9% of isolates were resistant to Vm, while 1.5% were resistant to Im.
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Figure 3.1: Total viable and antibiotic resistant bacteria counts (CFU ml™ water)
isolated from river water from Beverley Beck, East Yorkshire, U.K.

Bacteria were isolated on either MCA or PCA and on MCA or PCA supplemented with either
vancomycin (Vm) or imipenem (Im). Mean values + SD are shown (n=4).
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3.2.2 lIsolation and enumeration of antibiotic resistant bacteria in
agricultural soils

The abundance of bacteria resistant to the antibiotics imipenem and
vancomycin in agricultural soils was investigated by culture-based approaches. Total
numbers of culturable bacteria (total viable counts) and of ImR and VmR bacteria
were determined in soil samples taken from three fields at Riseholme (R) Farm and
three fields at Lodge (L) Farm, on 26th November 2012 (Appendix A2.2). These
farms differed in their agricultural practice, with manure used as fertiliser at
Riseholme and conventional inorganic fertilisers used at Lodge Farm (see Table 2.6).
The sample fields at the three farms were planted with different crops as follows.
Riseholme: Field RA (winter wheat), Field RB (sugar beet), and Field RC (spring
beans). Lodge Farm: Field LA (winter wheat), Field LB (sugar beet) and Field LC
(spring beans). Soil samples were taken in triplicate from each field and the total
viable counts (on PCA) and numbers of antibiotic resistant bacteria (PCA + Im or

PCA + Vm) were determined following serial dilution.

3.2.2.1 Variation in total viable counts

The total viable bacterial counts (TVC) in the six fields ranged from 4.27 x 10°
+5.82 x 10° CFU g™ soil in Field RA to 1.53 x 10° +3.82 x 10° CFU g soil in Field
RC, with the highest counts in Field RA (Figure 3.2). No significant variation was
identified using pairwise t-tests, in the total viable counts between bacterial numbers

in any two individual fields (P > 0.18).
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Figure 3.2: Mean total viable bacteria counts (x 10° CFU g™ soil) isolated from six
agricultural fields, Lincolnshire, U.K.

Mean values + SD are shown (n=3). RA= Riseholme winter wheat , RB= Riseholme sugar beet, RC=
Riseholme spring beans, LA= Lodge winter wheat, LB= Lodge sugar beet, and LC= Lodge spring
beans fields.

Overall, the mean numbers of viable bacteria were higher in Riseholme Farm
than in Lodge Farm soils (Figure 3.3), driven primarily by the higher viable counts
found in field RA at Riseholme (Figure 3.2). However, overall, no significant
variation in bacterial numbers was found overall between the two farms using

pairwise t-tests (p=0.414).
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Figure 3.3: Mean total viable bacteria counts (x 10° CFU g™ soil) in Riseholme and
Lodge Farms, Lincolnshire, U.K.

Mean values + SD are shown (n=9).

Comparing the total viable bacterial counts in soils between the three crops
(Figure 3.4), bacterial counts were slightly higher in soil from the winter wheat field
than in the sugar beet field. The field planted with spring bean crops showed the
lowest number of isolated bacteria and no significant variation (p=0.645) was

detected in bacterial counts between crops using the ANOVA test.

71



BWheat (Fields A & D)
® Sugar Beet (FieldsB & E)
5 + ® Spring Beans (Fields C & F)

Mean total viable bacterial counts

(x 108 CFU g! so01l)

(%]

[

Fields

Figure 3.4: Mean total viable bacteria counts (x 10° CFU g™ soil) isolated from soils
planted with three crops in two farms in Lincolnshire, U.K.

Mean values + SD are shown (n=6).

3.2.2.2 Variation in numbers of culturable antibiotic resistant bacteria

In all six fields, the number of VmR isolates was higher than the number of
ImR isolates (Figure 3.5). For ImR isolates, the highest numbers (0.5 X 10°+ 0.6
x10° CFU g™ soil) were detected in Field RA, while the lowest numbers were
detected in Field LB (0.4 X 10* + 0.1 x10* CFU g* soil). Significant variation
between some individual fields was identified using the t-test (Table 3.1). The
number of VmR isolates was highest in Field RA (1.0 X 10°+ 0.2 x10° CFU ¢*
soil), which had significantly higher numbers of ImR bacteria than all of the other
fields except Field LA (Table 3.1). Lowest numbers of ImR bacteria were found in
Field LB (0.2 X 10°+ 0.1 x10° CFU g soil) which had significantly lower numbers
of ImR bacteria than in Fields RA, RC and LA (Table 3.1).
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Figure 3.5: Antibiotic resistant bacterial counts (Log,, CFU g™ soil) isolated from six
agricultural fields in two farms in Lincolnshire, U.K.

Mean values + SD are shown (n=3).

(ImR=Imipenem resistant, VmR= Vancomycin resistant, RA= Riseholme winter wheat, RB=
Riseholme sugar beet, RC= Riseholme spring beans, LA= Lodge winter wheat, LB= Lodge sugar
beet, and LC= Lodge spring beans fields).

Table 3.1: Pairwise comparison using the t-test showing variation between numbers of
ImR bacteria between individual fields.

Pairwise Comparison (Field vs. Field) P value
RA vs. RB 0.000497
RAvs. RC 0.023121
RAvs. LA 0.059880
RAvs. LB 0.000145
RAvs. LC 0.000435
RB vs. RC 0.020563
RBvs. LA 0.007739
RB vs. LB 0.226244
RBvs. LC 0.105374
RC vs. LA 0.271003
RCvs. LB 0.006093
RCvs. LC 0.151286
LAvs. LB 0.002272
LAvs. LC 0.062150
LBvs. LC 0.033234

Significant P values < 0.05 are marked in bold.
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Comparing the two farms (Figure 3.6) overall, the mean numbers of ImR
bacterial counts were significantly higher in Riseholme than in Lodge Farm, (p=
<0.0001) using the t-test. Conversely, no significant variation was seen in VmR
bacterial numbers between the two farms (p= 0.452) using the t-test.
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Figure 3.6: Mean antibiotic resistant bacteria count (Log;, CFU g™ soil) isolated from
two farms in Lincolnshire, U.K.

Mean values + SD are shown (n=9).

Comparing the antibiotic-resistant bacterial counts obtained from soils from
fields planted with the three crops (Figure 3.7), the highest numbers of both ImR and
VmR bacteria were detected in the winter wheat field, while the lowest numbers
were detected in the sugar beet and spring beans fields, respectively. The number of
VmR isolates was higher than the number of ImR isolates in soil samples from all
fields. No significant variation was detected in bacterial counts between crops for
VmR, whereas significant variation in the numbers of ImR between individual crops

was shown using the t-test (Table 3.2).
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Figure 3.7: Mean antibiotic resistant bacterial counts (Log,, CFU g* soil) isolated from
fields planted with three crops in Lincolnshire

Mean values + SD are shown (n=6).

Table 3.2: Pairwise comparison using the t-test showing variation between numbers of
ImR bacteria in fields planted with different crops.

Pairwise Comparison P value
Cropvs. Crop

Winter wheat vs. Sugar beet 0.0001
Winter wheat vs. Spring beans 0.000661
Sugar beet vs. Spring beans 0.009324

Significant P value < 0.05 are shown in bold

3.2.3 Antibiotic resistant bacteria from hospitals

109 bacteria isolated from different clinical samples were provided as ImR by
three different hospitals (in York, Sheffield and Hull). In the current study, these

isolates were screened for resistance to imipenem by determining MIC, resulting in
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42 being categorised as ImR (MIC > 4 mg L™) (CLSI, 2012a). 61.3% of the clinical
isolates obtained from Hull were confirmed as ImR, while 35.5% and 38.7% of the

isolates obtained from York and Sheffield respectively showed confirmation of ImR.

3.2.4 Phenotypic characterisation of imipenem resistant bacteria
from natural environments and clinical settings

Cultured ImR isolates were chosen for further study. A total of 168 isolates (30
from water, 96 from soil and 42 from hospitals) were characterised by phenotypic
methods (this chapter) and molecular methods (Chapter 4). The identification of

isolates by 16S rRNA gene sequencing is reported in Chapter 4.

3.2.4.1 Determination of minimal inhibitory concentration for ImR bacteria

In order to quantify the resistance levels of isolated strains, the MIC of these
isolates was determined within a range of 0.004-32 mg L™ imipenem, by the
quantitative microdilution method using microtiter plates following the EUCAST
2012 guidelines. Resistance to imipenem among these isolates ranged from between
4 and >32 mg L™ (Table 3.3). MIC results for individual water, soil and clinical

isolates are shown in Appendix A2 (Table A2.4, A2.5 and A2.6, respectively).

After identifying the MICs of 30 ImR water bacterial isolates, the majority
(63.4%) of these isolates (3 Caulobacter spp., 1 Chitinophaga spp., 1 Kinneretia
spp.,4 Pedobacter spp., 2 Proteus spp., 1 Pelomonas spp., 2 Epilithonimonas lactis,
1 Chryseobacterium spp., 2 Sphingomonas spp.,1 Acidovorax spp. and 1
Brevundimonas lenta) were found to have a MIC of 4 mg L™. Higher MICs of
between 8 and >32 mg L™ were less frequent, occurring in 12 isolates of either
Caulobacter spp. or Stenotrophomonas spp. Seven isolates (Caulobacter spp.)
showed a MIC of 16 mg L™ (23.4%) of water isolates, while a MIC of 32 mg L™ or
greater was detected in one Caulobacter spp. and three Stenotrophomonas spp.
strains (13.3%).
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Table 3.3: Minimal inhibitory concentration of imipenem for ImR bacteria isolated
from water

Bacterial species No. of | Number of isolates with MIC
isolates (mg L™) of
| 4 | 8 [ 16 ] 32 [>32

The MICs of 96 ImR bacterial strains isolated from farm soil were then
determined (Table 3.4). 42.7% of isolates (41) (6 Xanthomonas oryzae pv. Oryzae, 2
Xanthomonas retroflexus, 2 Microbacterium spp., 8 Acetobacter pasteurianus, 4
Pedobacter spp, 3 Flavobacterium, 3 Chryseobacterium spp., 1 Sporocytophaga
spp., 1 Epilithonimonas lactis, 2 Acidovorax facilis, 8 Pseudomonas spp. and 1
Duganella zoogloeoides) had a MIC of 4 mg L™, while a MIC 8 mg L™ was less
frequent, found in only two (Janthinobacterium lividum) isolates (2.1%). MICs of 16
mg L? were detected in 15 isolates (9 Stenotrophomonas maltophilia, 1
Stenotrophomonas spp. and 5 Janthinobacterium lividum) isolates. MICs of 32 mg
L™ were detected in 29 (15 Stenotrophomonas rhizophila, 8 Stenotrophomonas
maltophilia, 2 Stenotrophomonas spp. and 4 Janthinobacterium lividum), while
MICs of >32 mg L™ were detected in 9 (6 Stenotrophomonas rhizophila, 2
Stenotrophomonas maltophilia and 1 Mucilaginibacter mallensis) isolates.
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Table 3.4: Minimal inhibitory concentration of imipenem for ImR bacteria isolated
from soil

Number of isolates with
MIC (mg L™) of

L4 ] 8 |16 ] 32 | >32]

isolates

Stenotrophomonas rhizophila 21 15 6
Stenotrophomonas maltophilia 19 9 8 2
Stenotrophomonasspp. 3 ERES
Janthinobacterium ividum 11 2 5 4
Mucilaginibacter mallensis 1 1
Xanthomonas oryzae pv.oryzae 6 6
Xanthomonas retroflexus 22
Microbagterium foliorum 11
Microbacterium oxydans 11

Acetobacter pasteurianus 8 8

(Pedobacteragri 1 1

Pedobacter suwonensis 1 1

Pedobacterterrae 11

Pedobacter wanjuense 1 1

Flavobacterium saccharophilum 11
Flavobacterium johnsoniae 1 1

Flavobacterium pectinovorum 11

Chryseobacteriumspp. 11

Chryseobacterium soldanellicola 1 1
Chryseobacterium hominis 1 1

Sporocytophagaspp. 11
Epilithonimonas lactis 11

Acidovoraxfacilis 22
Pseudomonaspode 1 1
Pseudomonas veronii 11
Pseudomonas geniculata 6 6
Duganellazoogloeoides 11

Totalnumbers 9% 4 2 15 29 9

For the 42 ImR clinical bacterial isolates (Table 3.5), 68% of isolates (11
Stenotrophomonas maltophilia, 1 Pseudomonas geniculate, 4 Escherichia spp., 11
Klebsiella pneumoniae and 3 Enterobacter spp.) had a MIC of >32 mg L™. 3 (7.2%)

78



Stenotrophomonas maltophilia isolates showed MIC at 16 mg L™ and only one
Stenotrophomonas species showed MIC at 8 mg L™, while two (4.7%)
Stenotrophomonas maltophilia and three Pseudomonas aeruginosa had MICs of 4
mg L.

Table 3.5: Minimal inhibitory concentration of imipenem for ImR bacteria isolated
from clinical samples

Bacterial species No. of
isolates

Number of |solates with MIC
(mg L )of

-ﬂ-

3.2.4.2 Characterisation of carbapenemase and fB-lactamase activity of ImR
bacteria

Modified Hodge tests were performed to test for the production of
carbapenemases by environmental and clinical isolates (Figure 3.8). 63 out of the
126 ImR environmental isolates (for water 9/30 and for soil 54/96) and 42 out of the

109 clinical isolates tested positive for carbapenemase production.

79



Tested soil 1solate

@ <«—— Positive control

Negative control ——»

~,

Figure 3.8: Example of a Modified Hodge test plate for a soil isolate

MHT using meropenem 10 pg (MRP10) discs on a Muller-Hinton (Iso-Sensitest) agar plate. Tested
soil isolate: Stenotrophomonas maltophilia; positive control: Klebsiella pneumoniae NCTC 13439-
producing metallo-B-lactamase, negative control: Escherishia coli NCTC 10418.

3.2.4.2.1 Combined disc synergy test (CDST)

Four classes of carbapenemase are known (A, B, C and D), with class C being
very rare (Nordmann et al., 2012). The CDST was performed in order to determine
the class of carbapenemase carried by the MHT positive isolates, possibly indicating
the production of B-lactamase ‘carbapenamase’. CDST results for individual water,
soil and clinical isolates are shown in Appendix A2 (Table A2.4, A2.5 and A2.6,
respectively. Examples of CDST plates are shown in Figure A2.1, A2.2 and A2.3).
Most of these environmental isolates produced class B (MBL) in 8/9 (88.9%) of
water isolates and 45/54 (83.4%) of soil samples. Class A (KPC) carbapenemases
were produced by 9/54 of soil isolates (16.7%) but were not observed in the water
isolates. Neither the soil nor the water isolates produced class D (OXA) by the
CDST. The AmpC enzyme was detected in 3/9 of the water isolates (33.3%) and in
16/54 of the soil isolates (29.6%). It should be noted that 24 (38.1%) isolates
produced more than one type of enzyme. These include S. maltophilia (12), S.
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rhizophila (5), Stenotrophomonas spp. (2), Caulobacter spp. (1), J. lividum (4) and
M. mallensis (1). Also, B-lactamase activity from an unknown source was detected in
1/9 of the water isolates (11.1%) and in 5/54 of soil isolates (9.3%), i.e. a positive
MHT result, but the class of p-lactamase was not identified using CDST (Table 3.6).

Table 3.6: Combined disc synergy tests (B-lactamase activity tests) for MHT-positive
strains isolated from water and soil

Class A | ClassB Class C Class D

(KPC) (MBL) | (AMPC) | (OXA)
No. No. (\[o}
(%) (%) CO)

Unknown
\\[o}
(%)

Isolate

(No.= number of isolates)

For the 42 clinical isolates that gave positive MHT, CDST analysis (Table 3.7)
showed that 17 isolates (40.5%) produced class A (KPC), while 16 isolates (38.1 %)
produced class B (MBL) carbapenemases. class D (OXA) enzymes were not

produced by any of the isolates. The AmpC enzyme was detected in 7 isolates of S.
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maltophilia (16.7%). One of these isolates (2.4%) produced more than one type of
enzyme (MBL and AmpC). B-lactamase activity from an unknown source was also
detected in three (7.2%) isolates (Table 3.7).

Table 3.7: Combined disc synergy tests (B-lactamase activity test) for MHT-positive
strains isolated from clinical settings

Class A Class B Class C Class D
(KPC) (MBL) (AMPC) (OXA)
No. (\[o} No. No.
(%) CO) CO) (%)

Unknown
\[e}
(%)

Isolate

(No. = number of isolates)

3.2.4.3 Multiple drug resistance (MDR) profiling of ImR bacteria isolated
from natural environments and clinical settings

As the bacteria resistant to imipenem are often resistant to other available
antimicrobials (Nordmann et al., 2011), the ImR isolates in this study were tested
against a range of antimicrobials of different classes. MDR profiles for individual
water, soil, clinical isolates are shown in Appendix A2 (Table A2.4, A2.5 and A2.6,
respectively. An example of MDR test is shown in Figure A2.4).
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From the MDR profile of water isolates (Table 3.8), although all isolates were
resistant to imipenem, some isolates were susceptible to meropenem e.g. Pedobacter
spp. and Epilithonimonas lactis. Many isolates were susceptible to tetracycline, and
minocycline. All isolates were resistant to gentamicin and most of the isolates were
resistant to ceftazidime and aztreonam. The highest percentage of MDR level were
found for the Stenotrophomonas spp. isolates (77.8%) followed by Caulobacter spp.
(76.9%), and the lowest % MDR was found for the Sphingomonas spp. isolates
(54.1%).
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Table 3.8: Multiple resistance profiling for MDR isolated bacteria from water

Pedobacter | Sphingomonas Stenotrophomonas Caulobacter Epilithonimonas
spp. spp. spp. spp. lactis

(4) O] ©) ©9) 2

% (0%) (0%) (100%) (100%) (100%)

%  (100%) (100%) (100%) (100%) (100%)

% (50%) (100%) (100%) (100%) (100%)

% (75%) (100%) (100%) (100%) (50%)

%  (100%) (100%) (100%) (100%) (100%)

% (75%) (0%) (100%) (100%) (50%)

%  (100%) (100%) (100%) (55.6%) (100%)

% (25%) (0%) (0%) (33.3%) (0%)

%  (100%) (100%) (100%) (100%) (100%)

% (50%) (50%) (33.3%) (33.3%) (50%)

% 0% 0% 100% (100%) (0%)

% (0%) (0%) (0%) (0%) (50%)

(TIM="Ticarcillin-clavulanate, CN= Gentamicin, CAZ= Ceftazidime, ATM= Aztreonam, IPM=
Imipenem, MEM= Meropenem, CIP= Ciprofloxacin, LEV= Levofloxacin, W= Trimethoprim, SXT=
Co-trimoxazole, TE= Tetracycline, MH= Minocycline, N= number of resistant isolates). Data in the
table are not for all water isolates but only for those species isolated which had at least two or more
isolates for that species. Detailed results in Appendix A2.
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For soil isolates (Table 3.9), the most resistant species was Xanthomonas
oryzae pv. oryzae showing 72.3% resistance to all examined antimicrobials
collectively, followed by Stenotrophomonas maltophilia (69.3%) while the species
to show lowest levels of MDR to tested antimicrobials was Acetobacter pasteurianus
(53.1%). Most isolates showed resistance to imipenem, gentamicin and
trimethoprim. In spite of all isolates being resistant to imipenem some of the isolates
were susceptible to meropenem. Most of the isolates were susceptible to both
tetracycline and minocycline. Also it is noted that although all isolates were resistant

to imipenem some of them showed susceptibility to ceftazidime.
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Table 3.9: Multiple resistance profiling for MDR isolated bacteria from soil

S. S. rhizophilia | Pseudomonas J J. lividum | Acetobacter Xanthomonas
maltophilia

pasteurianus oryzae pv.
oryzae

21) geniculata (11)

(19) (6) ®)

©)
g 4 7 ] ] ]

% (26.3%) (42.9%) (66.7%) 90.9% 37.5% (100%)

% (89.5%) (95.2%) (100%) (100%) (100%) (100%)

% (89.5%) (95.2%) (100%) (100%) (37.5%) (100%)

% (89.5%) (95.2%) (100%) (18.2%) (100%) (100%)

% (100%) (100%) (100%) (100%) (100%) (100%)

% (89.5%) (38.1%) (50%) (45.5%) (25%) (100%)

% 100% (81.0%) (100%) (18.2%) (100%) (100%)

% (21.1%) (28.6%) (0%) (72.7%) (0%) 0%

% (100%) (100%) (100%) (100%) (100%) (100%)

% (26.3%) (38.1%) (50%) 27.3%) (37.5%) (66.7%)

% 100% 71.4% (0%) (27.3%) (0%) 0%

% 0% 33.3% 0% 0% 0% 0%

(S.= Stenotrophomona, J.= Janthinobacterium, TIM= Ticarcillin-clavulanate, CN= Gentamicin,
CAZ= Ceftazidime, ATM= Aztreonam, IPM= Imipenem, MEM= Meropenem, CIP= Ciprofloxacin,
LEV= Levofloxacin, W= Trimethoprim, SXT= Co-trimoxazole, TE= Tetracycline, MH=
Minocycline). Data in the table are not for all soil isolates but only for those species isolated which
had at least two or more isolates for that species. Detailed results in Appendix A2.
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For the clinical isolates (Table 3.10), most of the Enterobacterial isolates,
including Escherichia coli, Escherichia spp., Enterobacter aerogenes, Enterobacter
cloacae and Klebsiella pneumonia, showed the highest levels of MDR. The highest
levels of MDR was found for Enterobacter aerogenes (77.1%) followed by
Klebsiella pneumoniae (74.2%). The lowest levels of MDR for the 12 tested
antimicrobials were detected in Stenotrotrophomonas maltophilia species (47.9%)
followed by Pseudomonas aeruginosa (55.5%). The Enterobacteria from clinical
isolates showed a higher MDR pattern than the non-fermentative group of Gram-

negative bacilli.
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Table 3.10: Multiple resistance profiling for MDR isolated bacteria from clinical
settings

Stenotrotrophomonas | Pseudomonas | Escherichia | Escherichia | Klebsiella | Enterobacter
maltophilia aeruginosa coli spp. pneumoniae aerogenes

(16) ©) @ ) (11) (4)

% (25%) (33.3%) (50%) (100%)  (63.6%) (50%)

% (25%) (66.7%) (50%) (50%)  (54.6%)  (100%)

% (31.3%) (33.3%) (50%) (50%) (63.6%) (75%)

% (31.3%) (33.3%) (50%) (50%)  (63.6%)  (100%)

% (100%) (100%) (100%)  (100%)  (100%) (100%)

% (100%) (100%) (100%)  (100%)  (100%) (100%)

% (37.5%) (33.3%) (50%) (50%) (81.8%) (75%)

% (31.3%) (33.3%) (50%) (50%) (72.7%) (75%)

% (100%) (100%) (100%)  (100%)  (100%) (100%)

% (31.3%) (33.3%) (50%) (50%) (63.6%) (50%)

% (37.5%) (66.7%) 50% (50%) (72.7%) (50%)

(25%) (33.3%) (50%) (50%) (54.6%) (50%)

TIM= Ticarcillin-clavulanate, CN= Gentamicin, CAZ= Ceftazidime, ATM= Aztreonam, IPM=
Imipenem, MEM= Meropenem, CIP= Ciprofloxacin, LEV= Levofloxacin, W= Trimethoprim, SXT=
Co-trimoxazole, TE= Tetracycline, MH= Minocycline). NB: N: number of resistant isolates.

3.3 Discussion

River water is affected by the physical, chemical and biological activity caused
by the human population living nearby. As a consequence of this activity, rivers are

vulnerable to contamination by different pollutants (Wellington et al., 2013). The
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soil environment is also likely to be affected by similar activity and can also be
contaminated, for example, by animal manures, by antibiotics used in agriculture and
animal feeding and also by naturally-occurring antibiotic-secreting bacteria (Dantas
and Sommer, 2014). All these factors may lead to the generation, selection and
spread of antimicrobial-resistant bacteria, which presents a significant threat to our

society today.

Bacterial resistance to antimicrobial agents covers almost all classes of
antimicrobials available on the market, and is leading the world towards a return to
the conditions of the pre-antimicrobial era (D’Costa et al., 2006). Trying to
understand the sources and mechanisms of the spread of such resistance may help to
confine or at least delay this development. The rise of the natural environment,
including soil and water, as a reservoir of bacterial resistance, and the spread of such
resistance to clinical isolates of bacteria can occur in various ways, including via the
food chain (Wellington et al., 2013). Thus, in the current study, investigation of
bacterial isolates from different environmental samples was carried out to estimate
their resistance to imipenem and vancomycin. These two drugs are normally
reserved as a last resort in the treatments of infections caused by otherwise resistant
bacteria. At the time of writing there are few available studies comparing resistance
to these antimicrobials, in particular, comparing imipenem resistance in

environmental samples.

In the first phase of this research, water samples were taken from Beverley
Beck in East Yorkshire. This short canal receives biologically-treated effluent from
the nearby sewage works. Antibiotic resistant (AR) bacteria in water can originate
from hospital waste, aquaculture e.g. fish farms, and municipal effluents. There are
also naturally produced antibiotics from environmental bacteria such as
Actinomycetes, leading to the evolution of AR by other bacteria. The presence of
such AR bacteria in a natural water environment such as a river represents a source
of threat to human health, as AR bacteria can infect people in direct contact with the
water. For example, the consumption of water during bathing or the consumption of
fish containing AR bacteria can lead to infection. Also, HGT (horizontal gene
transfer) can play a role in transmitting these AR genes to other bacterial isolates (Lu
et al., 2010).
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In the river water samples used in the current study, resistance to vancomycin
was higher than resistance to imipenem, on both the MCA and PCA plates. The
phenotypic resistances to vancomycin were found to be 43.9% on MCA and 54.1%
on PCA,; those for imipenem were found to be 1.5% on MCA and 11.2% on PCA.
This is most likely to be attributable to the predominance of Gram-negative bacteria
in the current study, which lack the target for this antibiotic. A study by Kuhn et al.
(2005), carried out in a number of European countries including Sweden, Spain and
the United Kingdom, observed VmR. However, this was attributed to the prevalence
of VRE in raw and treated sewage water, which constituted 8.3% of all detected
isolates. Similar to our findings for imipenem resistance in samples taken from the
River Hull, another study carried out in the USA by Ash et al. (2002) detected that
2.19% of the water isolates from rivers from different states were also resistant to
imipenem. These isolates belonged to the genera Acinetobacter, Alcaligenes,
Citrobacter, Enterobacter, Pseudomonas, and Serratia.

In this current study, the growth of vancomycin-resistant isolates on PCA
(54.1%) was higher than that on MCA (45.9%), and the growth of imipenem-
resistant isolates on PCA (11.2%) was higher than that observed on MCA media
(1.5%) due to the permissive effects of PCA, allowing growth of many types of
bacteria from water, as this is the standard medium for this purpose (Reasoner and
Gerldeich, 1985), while MCA media permits growth of enteric Gram-negative
isolates. This supports the preference of PCA in studying and isolating organisms
from water and other environmental specimens (Wehr and Frank, 2004; Eaton et al.,
2005).

Results showing the presence of vancomycin-resistant bacteria in river water
differ according to locality. For example, Rathnayake et al. (2011) similarly did not
detect any vancomycin resistance in bacterial strains isolated from the Coomera
River in South East Queensland, Australia. However, they reported resistance to
other antimicrobials, e.g. gentamicin and ciprofloxacin, in the same isolates. Also,
Blaak and colleagues (2011) did not observed VmR in their study using samples
from three rivers: the Meuse (at Eijsden), the Rhine (at Lobith), and the New Meuse
(at Brienenoord), in the Netherlands. In contrast, Novais et al. (2005) reported that

33% (6/18) of their isolates from Portuguese rivers were were VmR. In another study
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carried out in Germany, Schwartz et al. (2003) detected the presence of vancomycin-

resistant heterotrophic bacteria in 20% of drinking water.

Imipenem resistance has been found to vary between studies according to the
type of media used and the species of bacteria under study. For example, in a study
done in Portugal by VVaz-Moreira et al. (2011), the highest percentage of imipenem
resistant isolates from drinking water samples (17.7%) was found on Tergitol-7-agar
(TTC) and the lowest percentage of isolates (2.9%) was found on R2A media, which
is recommended by some researchers to be used for water samples (Eaton et al.,
2005; Vaz-Moreira et al., 2011). The imipenem resistant isolates were confined to
25.9% of Sphingomonas species isolates while Sphingobium, Novosphingobium,
Sphingopyxis, and Blastomonas isolates were not resistant to imipenem (Vaz-
Moreira et al., 2011).

In the current study, the proportion of imipenem resistance was lower than that
of vancomycin resistance in the water environment (Figure 3.1). In a similar study
by Ash and colleagues (2002) conducted in waters from different sites in USA rivers,
they detected that the mean percentage of imipenem resistant bacteria (1.6%) in
these rivers was lowest when compared to percentages of bacteria resistant to other
antimicrobials including cephalothin (72.3%), cefotaxime (10%), ceftazidime (1.9%)

and amoxicillin + clavalanic acid (67%), which were included in their study.

In the second phase of this study, soil samples were collected from the
agricultural farms of Riseholme Farm, where cattle manure was used in fertilisation,
and Lodge Farm, where inorganic fertilisers (ammonium nitrate and triple super
phosphate) were used. Higher viable bacterial counts were found in soils from fields,
where animal manure was used to fertilise the soil (Riseholme), than in fields where
inorganic fertilisers were used (Lodge) (Figure 3.3). Fields from the two farms not
only showed a difference in total viable bacterial counts but also in both vancomycin
and imipenem resistance counts, which were collectively higher at Riseholme than at
Lodge Farm (Figure 3.6).

The effect of manure on antibiotic resistance in soil bacteria has previously
been reported by some researchers. For example, a recent study from Switzerland
(Udikovic-Kolic et al., 2014) showed that there were greater numbers of resistant

bacteria and B-lactamase-producing bacteria in all ten samples of soils mixed with
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organic manure (obtained from dairy cows which had not received antibiotics) than
in soil that had been treated with inorganic fertilisers (containing nitrogen,
phosphorus, and potassium (NPK)). Also, this manure caused an increase in the
proliferation of certain species of resistant soil bacteria, including Pseudomonas
spp., Janthinobacterium spp. and Psychrobacter pulmonis (Udikovic-Kolic et al.,
2014).

Most studies of animal manure have been based on pig manure; however,
cattle-based manure (which was applied in fields analysed in the current study) has
been implicated not only in the transmission of known antimicrobial-resistant genes
but also in the emergence of novel genes encoding resistance to antibiotics, including
B-lactams (Wichman et al., 2014). Thus the effects of the animal manure used on
Riseholme Farm may be a factor in the increased proportions of antimicrobial

resistance in the soil there.

Similar to the findings in the water environment, the soil samples in the current
study showed higher percentages of vancomycin-resistant isolates compared to
imipenem-resistant isolates. The soil environment is an important reservoir of
antimicrobial-resistant genes, and due to the close contact between human beings
and soil via the food chain, these genes can be easily transmitted to humans (Gaze et
al., 2008). One hypothesis is that the genes encoding for vancomycin resistance in
human beings, including that for aminoglycoside-modifying kinases, originated from
antibiotic-secreting organisms living in soil (Marshall et al., 1998; D’Costa et al.,
2006). Some studies have reported that the occurrence of vancomycin-resistant soil
bacteria is due to the presence of antibiotics in soil (Hong et al., 2002) and that this
can also occur in the absence of vancomycin use (Guardabassi and Dalsgaard 2004).
However, in this current study it is expected that the high proportions of vancomycin
resistant culturable bacteria are likely to be attributable to the predominance of

Gram-negative bacteria, which lack the target for this antibiotic.

Another study of imipenem resistance was conducted as part of a screening
study of resistant bacteria in soil samples in Lisbon, Portugal. It was found that
resistance to imipenem was species-dependent, as all species of isolated
Acinetobacter were susceptible to both imipenem and meropenem, while the
majority of Stenotrophomonas maltophilia isolates were resistant to imipenem, but

only some of these isolates were susceptible to meropenem (De Carvalho., 2011).
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Among the clinical isolates examined for imipenem resistance in the current
study, the highest proportion of ImR isolates was detected among isolates obtained
from Hull hospital (61.3% of isolates), while imipenem resistance was observed in
38.7% and 35.5% of isolates obtained from Sheffield and York hospitals,
respectively. This difference in the detection of resistant clinical isolates was found
to be related to the MDR activity of the isolates. For example, McCormick et al.
(2003) indicated that multi-drug resistant bacteria were more widespread than singly

antimicrobial resistant isolates.

The problem of the variable imipenem resistance pattern is actually a warning
sign, especially in clinical settings, where imipenem has been reserved for the

treatment of multidrug-resistant organisms (Woodford et al., 2014).

The MIC values for imipenem vary between studies depending on the different
species of organisms under study. However, similar to the findings in the current
study, most studies have shown that clinical isolates have more antibiotic resistances
and higher MICs than environmental isolates. For example, Pseudomonas
aeruginosa isolated from a patient in India was found to be more resistant to
antibiotics than for corresponding environmental isolates (Muthu et al., 2006). In
another study of susceptibility of Aeromonas spp. from clinical, animal, and
environmental origins, the isolates of human origin, although susceptible to
imipenem (Benassi et al., 2001) and meropenem (Aravena-Roman et al., 2012),
showed higher MICs to other antimicrobials than the isolates from animal and
environmental sources. Also, clonally-related Acinetobacter baumannii isolated from
an intensive care unit in Turkey showed variable resistance patterns and MICs to
imipenem (4-32 mgL™) for reasons which are not yet understood (Bogaerts et al.,
2006; Ozen et al., 2009).

In a similar study in Ireland, 13 isolates out of 23 (56.5%) of KPC-2 producing
Klebsiella pneumoniae had MICs of 32> mgL™. These strains were isolated from
outbreak cases of hospital-acquired infection in two hospitals. All isolates were also
resistant to meropenem (Morris et al., 2012), indicating the higher resistance pattern
of such clinical isolates. Typically, the MICs of enterobacteria to imipenem have
been expected to be variable, giving difficult results in its laboratory detection in
terms of changing the susceptibility limits and criteria to carbapenems defined by
CLSI or EUCAST (Nucleo et al., 2013). However, the presence of these higher
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MICs for imipenem in clinical isolates, despite facilitating the detection of the
resistant isolates (based upon these higher MICs), might help in the spread of
resistant isolates due to their resistance to different antimicrobials (Nucleo et al.,
2013).

The most common [-lactamases detected in the current study among
environmental isolates were class B (MBLs) (84.2%) (Table 3.6). The p-lactamase
enzymes present in the environmental isolates can be characterised by the acquired
resistance mechanisms contained within these isolates (Avison et al., 2001). The
importance of such enzymes in the environmental isolates lies in the possibility of
their transfer to clinical isolates, resulting in the greater spread of resistant f3-
lactamase encoding genes. Similarly, Rossolini et al. (2001) also reported

widespread distribution of MBLs in environmental bacterial isolates.

Class A (KPCs) (40.5%) (Table 3.7) were the most common B-lactamases
observed in the clinical isolates in this study. This finding raises concerns about the
spread of these mechanisms of antimicrobial resistance in clinical settings. Europe is
considered as a green zone regarding the spread of carbapenem-resistant bacteria due
to the low reporting percentages of such resistant isolates (EDCP, 2013 (website);
Woodford et al., 2014); however, reports of carbapenem resistance are rising.
Although the origin of carbapenemases in clinical isolates is not well-defined, all
genes encoding these enzymes were acquired from environmental bacteria
(Tofteland et al., 2013; Woodford et al., 2014); in particular, two types of enzymes,
MBLs and KPCs, represent two members of the “big five” (KPC, OXA-48, IMP,
NDM, and VIM) carbapenemases (Woodford, 2012 (website)), which are of great

clinical significance in the spread of cabapenem resistance.

While identifying p-lactamase activity in the current study (Table 3.6 and
Table 3.7) it was noted that some isolates (28.5%) produced more than one class of
B-lactamase. This finding was also observed in a study done on Klebsiella
pneumoniae isolates in rehabilitation hospitals in Italy. It was found that some
isolates produced both the MBL and CTX-M types of B-lactamases (Nucleo et al.,
2013). The production of different types and classes of B-lactamase by a single
clinical bacterial isolate makes it more resistant to antimicrobial classes (pan-drug),
producing offspring of resistant bacteria with much more detrimental effects upon

morbidity and mortality of human beings (Nucleo et al., 2013).
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As some of the isolates in the current study produced more than one type of p-
lactamase, it was worthwhile to study the multiple resistance profiles of the isolates
to other antimicrobial classes. The results of MDR profiles (Table 3.8 and Table 3.9)
showed that most of the isolates were resistant to more than one class of
antimicrobials. The first observation is the presence of more multi-drug resistance
patterns to many classes of antimicrobials among enterobacteria (Escherichia,
Klebsiella and Enterobacter species) than among non-enterobacteria (Pseudomonas,
Acinetobacter, and Stenotrophomonas species) in the clinical isolates. In fact, the
observation of greater multiple resistance patterns to many classes of antimicrobials
among enterobacteria compared to non-enterobacteria in the clinical isolates is a
very important finding of the current study. This is because non-enterobacteria are
considered as the most resistant microorganisms and include species of
Acinetobacter, Pseudomonas and Stenotrophomonas, which have more than one type
of resistance to many classes of antimicrobial (Chawla et al., 2013, Fu and Zheng,
2013). Being more resistant, having more than one type of B-lactamase as previously
discussed, and being more prevalent in clinical infections, the enterobacteria in the
current study should raise awareness regarding the spread of resistance genes in
clinical settings.

The second observation is the detection of high frequencies of multi-drug
resistant patterns among the environmental isolates which may be attributable to
interensic resistance. It has been claimed that environmental bacteria are the most
important source of AR (O’Toole, 2014).

Similar to these findings, another study recorded that in testing a number of
environmental strains against various antimicrobials, all soil Streptomyces spp.
strains showed resistance to seven or eight antimicrobials, i.e. all strains were multi-
drug resistant, and five strains were resistant to vancomycin and to some newly

introduced antimicrobials e.g. daptomycin (D’Costa et al., 2006).

The spread of resistant clinical isolates (nosocomial) is attributed to increased
colonisation of these resistant isolates and their spread via the hands of healthcare
providers when infection control is lacking (Corbellini et al., 2014). Multiple drug
resistant Klebsiella pneumoniae was isolated from various clinical samples in Italy
where it was found to be resistant to B-lactams (100% of isolates), amikacin (97.5%),

and fosfomycin (77.5%). These points have led to the need for improved infection
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control procedures to control the spread of such resistant bacteria (Corbellini et al.,
2014). In another study investigating causative agents of urinary tract infections
(UTIs) in different patients with UTIs in Chicago, USA, it was found that
enterobacteria caused 87.6% of infections, while non-enterobacteria were
incriminated in only 12.4% of the total cases of UTIs. Out of these enterobacteria,
19% of them were MDR enterobacteria (Khawcharoenporn et al., 2014). This again
demonstrates the role of MDR bacteria amongst the enterobacteria causing clinical

infections.

3.4 Conclusion

A number of conclusions can be drawn from this study. Firstly, PCA is
superior to MCA in isolating antibiotic-resistant bacteria from water and soil
samples but MCA can be used selectively to isolate enteric bacteria (Enterobacteria).
The presence of culturable antimicrobial-resistant bacteria in the current study
indicates the importance of river water and farm soil environments as a reservoir and
potential site for the transport of antibiotic-resistant bacteria. The manured soil
contained more resistant organisms than the non-manured soil, which indicates the
potential effect of manure in increasing antibiotic-resistance bacteria and their genes.
The problem of the variable imipenem resistance pattern is actually a warning sign,
especially in clinical settings, where imipenem has been reserved for the treatment of
multidrug-resistant organisms. In addition, the importance of B-lactamases detected
in the environmental isolates lies in the possibility of their transfer to clinical
isolates, resulting in the greater spread of resistant 3-lactamase encoding genes. Non-
enteric bacteria are considered to be more resistant than Enterobacteria. However,
the observation of greater multiple resistance patterns to many classes of
antimicrobials among Enterobacteria compared to non- enteric bacteria in the clinical

isolates is a very important finding of the current study.
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Chapter 4: Molecular Characterisation of Imipenem-
Resistant Bacteria from Natural Environments
and Clinical Settings

4.1 Introduction

Carbapenems are members of a group of B-lactam antimicrobials that are
usually reserved for the treatment of multiple antibiotic-resistant bacteria such as
Acintobacter and Pseudomonas species. However, some strains of these bacterial
genera have now developed resistance to carbapenems. The mechanisms of
resistance are variable and include the production of carbapenemase enzymes (the
most important mechanism), loss of porins and the high expression and production

of efflux pumps (Poirel and Nordmann, 2006).

The development of carbapenemase enzymes and their spread among clinical
bacterial isolates has detrimental consequences in the treatment of infections.
Carbapenemase enzymes confer resistance not only to all B-lactams but also to other
groups of antimicrobials, especially in the case of New Delhi metallo-B-lactamase
(NDM) in Enterobacteriaceae (Livermore, 2009). This pattern of resistance has led
to the emergence of pan-drug resistant Enterobacteria and Acinetobacter species
which are untreatable and associated with high mortality rates (Saleem et al., 2010;
Laxminarayan et al., 2013). Also, resistance to commonly used antimicrobials,
including cefixime and ciprofloxacin, has been found in 50-60% of isolates of
community-acquired Gram-negative Escherichia coli in urinary tract infections
(Khan et al., 2010). Enterobacteriaceae resistance to carbapenems in the USA have
increased from 0% in 2001 to 1.4% in 2011 (CDC, 2013). Bloodstream infections in
India with carbapenemase-producing Klebsiella pneumoniae (KPC) increased from
2.4% in 2002 to 52% in 2009 (Datta et al., 2012).

The natural environment acts as a reservoir of carbapenem-resistant bacteria
and also plays a part in their spread to clinical environments. Carbapenem-resistant
Pseudomonas fluorescens and Serratia fonticola, for example, have been detected in
water samples taken from the Seine river in Paris. These bacteria were found to
produce BIC, SFC-1, and KPC-2 carbapenemases (Girlich et al, 2010b). Several

studies have also detected carbapenemase genes in soil samples, using molecular
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techniques in the identification and characterization of the bacteria. The most widely
used technique for the detection of resistant genes is PCR, which requires prior
sequence data to design primers to target the gene of interest. However, AR genes
encoding resistance to particular antibiotics are typically diverse, making it difficult
in some cases to design primers that target homologous genes from different species
(Riesenfeld et al., 2004).

nmcA was the first carbapenemase gene detected in enterobacteria in 1993
(Naas and Nordmann, 1994), and this was later followed by the detection of many
other genes, leading to their classification into four groups (A, B, C, and D) by
Ambler (Queenan and Bush, 2007). Carbapenemases are distinguished by their
different locations on the bacterial chromosome or plasmid, their different types of
actions, and the different substances which inhibit their activities (Nordmann, 2011).
See also Section 1.4 in Chapter 1 for details of antimicrobial resistance. For example,
class C carbapenemases are chromosomally-determined and have uncharacterised
clinical actions, while class A carbapenemases are inhibited by clavulanic acid and
are more widespread in bacteria. These are either plasmid-mediated (KPC, GES,
IMP-2) or chromosomally-mediated (NmcA, Sme, IMI-1, SFC-1), of which KPC has
been found to be the most common (Queenan and Bush, 2007).

Class B carbapenemases are metallo-B-lactamases (MBLs) which are inhibited
by EDTA and include the New Delhi metallo-B-lactamases (NDM), which have been
recently detected, and the Verona integron—encoded metallo-f-lactamase (VIM). The
first class B carbapenemase to be detected was IMP-1, which was found in Japan in
1991 (Queenan and Bush, 2007). Class B carbapenemases are widely prevalent

except in America (Nordmann et al., 2011).

Class D carbapenemases are not inhibited either by clavulanate or EDTA; they
are of the oxacillin-hydrolysing enzymes (OXA) type and include many different
genes. The first detection of OXA-48 was in a Klebsiella pneumoniae isolate
identified in Turkey in 2003. (Nordmann et al., 2011); other types include OXA-23,
OXA -40, and OXA -58, which show weak carbapenemase activity in Acinetobacter
baumannii (Girlich et al., 2010a).

There are two carbapenemase enzymes produced by Stenotrophomonas

maltophilia, termed L1 and L2. L1 is related to class B enzymes, while L2 is related

98



to class A, and both types are either-chromosomally or plasmid-encoded (Saino et
al., 1982; Saino et al., 1984, Avison et al., 2001).

Sequencing of the 16S rRNA gene can be used in the identification of different
bacterial species (Girlich et al., 2010a and 2010b) and also to identify culturable and
non-culturable soil bacteria (Riesenfeld et al., 2004). Species of Stenotrophomonas
maltophilia can be identified and also divided into strains using sequencing of 16S
rRNA genes (Furushita et al., 2005).

Genotypic methods are the most accurate, rapid and reliable. One of the most
common genotypic methods used nowadays is based upon the sequencing of 16S
rRNA obtained from PCR, followed by sequencing techniques for environmental
bacterial isolates (Block and Ouellette, 2012) and also for clinical isolates (Jenkins et
al., 2012).

The aims of this study were firstly to identify isolates of imipenem-resistant
(ImR) bacteria from water and soil environments and from clinical settings, and
secondly to use a suite of PCR primers targeting pB-lactamases to detect and allow

characterisation of imipenem (carbapenem) resistance genes in these isolates.

4.2 Results

4.2.1 PCR amplification and sequencing of DNA for 16S rRNA
gene from environmental and clinical isolates

DNA was extracted and PCR amplifications were performed using primers
63F (Marchesi et al., 1998) and 1389R (Osborn et al., 2000) targeting the 16S rRNA
gene. 16S rRNA genes were amplified from the 30 water, 96 soil, and 42 clinical
ImR isolates (Figure 4.1). Sequence analysis of these products showed that these
PCR products were specific and related to the 16S rRNA gene by BLASTN
comparison to the GenBank non-redundant database. These resistant isolates from
water, soil and clinical samples were classified into 17, 27 and 10 different species,

respectively as detailed below.
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Figure 4.1 Agarose gel electrophoresis of PCR-amplified 16S rRNA genes in different
ImR bacterial isolates

Lanes 1-16 show positive products (1300 bp) of the 16S rRNA gene for isolates (BBS1:15, BBS2:7,
BBS4:5, BBS3, BBS1:7, BBS4:6, BBS4:2, BBS2:2, BBS4:7, BBS1, BBS4:4, BBS3:3, BBS2:12,
BBS4:1, BBS4:15 and BBS1:14). M: molecular marker (Fermentas size as indicated); -ve: negative
control (sterile water); +ve: positive control; DNA sizes are as indicated. Similar results were
obtained from all other isolates.

4.2.2 16S rRNA gene sequence identification of ImR bacteria
isolated from river water

The sequencing of the 16S rRNA gene in ImR strains isolated from river water
identified 30 ImR bacteria (Table 4.1). This revealed the presence of 17 different
species of bacterial isolates representing 12 different genera of bacteria. The most
abundant genus in the current study was Caulobacter, where 11 isolates (36.7%)
were identified relating to three different species of the genus. The second most
common genera was Pedobacter (13.3%) for which three species were identified.
Other genera and species which were less frequently detected were three isolates
(10%) of Stenotrophomonas spp. and two isolates (6.7%) of each of Proteus spp.,
Epilithonimonas lactis and Sphingomonas spp. strains. Other isolates (one of each,

3.3%) were also isolated from different sites of the river as indicated in Table 4.1.
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Table 4.1: 16S rRNA gene identification of ImR bacteria isolated from river water

Accession
number of
closest
related
sequence

Genus and species Phylum Number [ Identity | Strain

identification (and class) of isolates % ET

1 99% BBS1:15  AB680820.1

1 99% BBS2:7 JQ361159.1

BBS4:5 AJ227760.1
BBS2:5 AJ227770.1

POEBEEET BBS2:6  ABA470462.1
(Alphaproteobacteria)
BBSL21  AJ227773.1

9 99% BBS1:5 AJ227760.1

BBS4:18  AJ227770.1
BBS4:11  AJ227766.1
BBS3:20  AJ227760.1
?Sa:;?;‘;fs:éfema) 97%  BBSL1:7  JF710262.1

BBS2:8 DQ337547.1

99% BBS4:2 NR_044382.1

Bacteroidetes ’ 98% BBS2:2 HM204919.1
(Sphingobacteriia) BBS2:4 HM204919.1

99% BBS4:7 AB681397.1

Proteobacterla

0,
(Betaproteobacterla) Sk BEAL Azl

BBS4:1 AB076396.1

2 99%
BBS4:2 JQ665450.1
Proteobacteria
(Alphaproteobacteria) 1 99% BBS4:15 AJB64847.1
1 99% BBS1:14 GU188941.1
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4.2.3 ldentification of the 16S rRNA gene in ImR bacteria isolated
from agricultural soil

Sequencing of the 16S rRNA gene in the ImR strains isolated from agricultural
soil identified 96 ImR bacteria (Table 4.2). The most abundant genus identified was
Stenotrophomonas (43 isolates, 44.8%) and the most common species of this genus
was Stenotrophomonas rhizophila (21 isolates, 21.8%), followed by 19 isolates
(19.8%) of Stenotrophomonas maltophilia. Other bacterial strains were also isolated,
including Janthinobacterium lividum (11 isolates, 11.5%), Xanthomonas spp.,
Acetobacter pasteurianus and Pseudomonas spp. (8 isolates each, 8.3%), Pedobacter

spp. (4 isolates, 4.2%), and Flavobacterium spp. (3 isolates, 3.2%). Other isolates

(one of each, 1.1%) were also isolated from different sites of the farms as indicated
in Table 4.2.

Table 4.2: 16S rRNA gene identification of ImR bacteria isolated from agricultural
soil
Genus and species Phylum (and class) | Number | Identity | Strain name | Accession
identification of % number of
isolates closest
related
sequence
Stenotrophomonas 21 99%  RHWAL:7  JX908718.1
rhizophila ' '
Stenotrophomonas Proteobacteria 19 100% RHWAL:8  DQ862553.1
maltophilia (Gammaproteobacteria)
LFWD3:6 JX899633.1
:te”mmpmmonas 3 99%  LFWD3:7 KC618445.1
pp- LFBF1:4 KF202769.1
Janthinobacterium Proteobacteria 7 _
lividum (Betaproteobacteria) 1 e SR SR
Mucnag_lnlbacter Bactgrmdetes B 1 98% LESEL9 EN400859 1
mallensis (Sphingobacteriia)
TR etz 1 6 99%  RHWAL:12  HM989021.1
Oyt Proteobacteria
Xanthomonas (Gammaproteobacteria) . ooy,  RHWA210  JQ890537.1
retroflexus LFBF1:20 JQ890537.1
:,V';.cmba"te”“m 1 99%  RHWAL:19  KC139419.1
et Actinobacteria
- : (Actinobacteria)
G G L 1 99%  RHWA3:6  JX869578.1
oxydans
Acetobacter Proteobacteria 8 99% RHWA3:7 KC122706.1

pasteurianus

(Alphaproteobacteria)
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Genus and species
identification

Phylum (and class)

Number

of

Identity
%

isolates

Bacteroidetes
(Sphingobacteriia)

Bacteroidetes
(Flavobacteriia)

Bacteroidetes
(Flavobacteriia)

Proteobacteria
(Gammaproteobacteria)

1

98% RHSB1:1

98% LFSE1:7
LFSE2:1

LFSE3:8

96% LFBF1:16

98% LFWD3:10

99% RHBC2:2
99%

LFBF1:1

99%  HQ857772.1

Details of higher-incidence isolates (more than three) are given in Appendix A3.1

SHETENE

Accession
number of
closest
related
sequence

JQ342863.1

DQ297951.1

(GU385862.1

AM279217.1

AM423081.1

EF204460.2

JQ782898.1

JQ317806.1

HQ857772.1

A comparison of the water and soil isolates (Table 4.3) shows that some strains

were common

to both

environments.

These bacterial

isolates

include

Stenotrophomonas spp., Pedobacter spp., Epilithonimonas lacti, Chryseobacterium
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spp. and Acidovorax. The other isolates were present either in water or soil but not in
both.

Table 4.3: Comparison of numbers of isolates belonging to genera and species found
in both water and soil

Genus/Species name Numbers isolated | Numbers isolated
from water from soil

4.2.4 ldentification of the 16S rRNA gene in ImR bacteria isolated
from clinical settings

Sequencing of the 16S rRNA gene from ImR strains isolated from three
hospitals in the UK (in the cities of Sheffield, York, and Kingston-upon-Hull)
identified 42 ImR bacteria (Table 4.4). These isolates represented 7 genera and 11
species. The most common genus isolated was Stenotrophomonas (17/42, 40.5%)
with Stenotrophomonas maltophilia (16/42, 38.1%) being the most common species
isolated. These were mainly from the Sheffield and York hospitals. This organism
was also isolated in blood specimens (9/16, 56.3%) from the York hospital and in
specimens from lower respiratory tract infections (pneumonias) (7/16, 43.8%) from
the Sheffield hospital. The second most common species was Klebsiella pneumoniae
(11/42, 26.2%) and this was the main species found among the Hull isolates. Sputum
was the most common specimen containing the isolates of Klebsiella pneumoniae
(6/12, 50%), which were mainly from the Hull hospital. Also, this organism was

isolated from the urine (3/11, 27.3%) present in urinary tract infections from the

1
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same hospital, and from faeces (1/12, 8.3%) from the York hospital. Pseudomonas
aeruginosa isolates were obtained mainly from the Sheffield hospital and were
isolated from wound infections (2/42, 4.8%) and from pneumonia (1/42, 2.4%). Four
isolates of Escherichia (9.5%) were isolated from urine (UTI) and blood
(septicaemia) in the York and Hull hospitals. Also, four isolates of Enterobacter
aerogenes (9.5%) were isolated from pneumonia and septicaemia patients in the Hull
hospital. Other isolates including Acinetobacter spp, Pseudomonas geniculate and
Enterobacter cloacae (1/42, 2.4%) were isolated from sputum and urine from the
Sheffield and Hull hospitals.

Table 4.4: 16S rRNA gene identification for ImR bacteria isolated from clinical

settings
Genus and species Phylum Number of | Identity Strain Accession
identification (and class) isolates % name number of
closest
related
sequence
. . 1
Acinetobacter Proteobacteria : (Sheffield- 100 SAT-1 KF815693.1
spp. (Gammaproteobacteria)
sputum)
SST-2 KF542911.1
6 SST-3 JN084034.1
. SST-4 HM755655.1
(Ssgift];'ﬁ:? : = SST-6 KF732977.1
SST-7 HQ647282.1
SST-8 KC503914.1
1
(Sheffield- 99 SST-9 KF150498.1
Stenotrophomonas Proteobacteria pneumonia)
maltophilia (Gammaproteobacteria) YSM-1 KC136828.1
YSM-2 JX505430.1
YSM-3 KF542911.1
9 YSM-4 KC252696.1
(York- 99 YSM-5 KF150491.1
blood) YSM-6 KF732971.1
YSM-7 KF254518.1
YSM-8 KF923813.1
YSM-9 KF923813.1
. 1
Stenotrophomonas Proteobacteria : (Sheffield- 99 SST-5 KF923813.1
spp. (Gammaproteobacteria)
sputum)
2
. SPS-3 CP006983.1
. (Sheffield- 100 gpg g CP006985.1
Pseudomonas Proteobacteria wound)
aeruginosa (Gammaproteobacteria) 1
(Sheffield- 99 SPS-2 CP006984.1
sputum)
. 1
Pseydomonas Proteobacteria : (York- 99 YPSG-1 IN382217.1
geniculata (Gammaproteobacteria) blood)
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Genus and species Phylum Number of | Identity Strain Accession
identification (and class) isolates % name number of
closest
related
sequence
(York- 99 HEC-2 KF870457.1
Escherichia Proteobacteria urine)
coli (Gammaproteobacteria) 1
(Hull- 99 HEC-4 JQ206366.1
blood)
L . 2
Escherichia Proteobacteria : (Hull- 99 HEC-3 JQ907528.1
spp. (Gammaproteobacteria) .
urine)
1
(York- 99 YKP-1 KF974479.1
stool)
3 HKP-2 KC153122.1
(Hull- 99 HKP-3 JF489150.1
urine) HKP-4 CP003999.1
Klebsiella Proteobacteria HKP-5 KC153122.1
pneumoniae (Gammaproteobacteria) & HKP-6 HF543828.1
(Hull- 100 HKP-7 JF489150.1
. u':Jum) HKP-8 HM371197.1
P HKP-9 GQ259887.2
HKP-10 KC243319.1
1
(Hull- 99 HKP-11 JF690978.1
blood)
(H2ull 99 HENT-1 KF731618.1
A HENT-2 KC990787.1
Enterobacter Proteobacteria sputum)
aerogenes (Gammaproteobacteria) 2
Hull 99 HENT-3 KF726081.1
(Ul HENT-4 AB844449.1
blood)
. 1
Enterobacter Proteobacteria _ (Hull- 100 HENT-5 KC768786.1
cloacae (Gammaproteobacteria) urine)

4.2.5 Taxonomic relationship

Only the imipenem-resistant isolates were characterised and identified in this
study, i.e. not all of the viable bacteria were investigated further. The most common
115

Gammaproteobacteria were present out of the total of 168 isolates taken from both

class of bacteria was Gammaproteobacteria (Proteobacteria phylum).

environmental and clinical sources (68.5%). All 42 clinical isolates were related to
this class (100%), while the highest number of soil isolates also related to this class
and phylum of bacteria: 69/96 (61.5%). The most common class of the water isolates

was Alphaproteobacteria (Proteobacteria phylum): 16/30 (53.3%). The least
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frequently found classes of imipenem-resistant bacteria were Cytophagia
(Bacteroidetes): 1/168 (0.6%), followed by Actinobacteria (Actinobacteria): 2/168
(1.2%) (Table 4.5).
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Table 4.5: The relationship of different imipenem-resistant bacteria to different
classes and phyla of bacteria in both environmental and clinical isolates

Phylum Genus
(and class)

Kinneretia

Pelomonas

Janthinobacterium .
al obacteriu (9.5%)
Acidovorax

Duganella

Chitinophaga

Pedobacter
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4.2.6 PCR amplification and sequencing of imipenem-resistant
genes (ImR) from environmental and clinical isolates

DNA was extracted from the environmental and clinical imipenem-resistant
isolates and these were screened for the possible carriage of related imipenem-
resistant genes using PCR primers targeting p-lactamase genes. PCR products were
generated from some of the ImR environmental isolates (Figure 4.2) and from
clinical isolates (Figure 4.3) using the primers targeting B-lactamase genes. Full
details of PCR data are shown on an isolate by isolate basis in Appendix A3 (Tables
A3.2, A3.3 and A3.4). Sequence analysis of these products from clinical isolates
showed that these PCR products were specific and related to p-lactamase genes
(Table 4.6). However in the environmental isolates, PCR products were non-specific

and unrelated to B-lactamase genes (Table 4.6).

Figure 4.2: Agarose gel electrophoresis of PCR amplification products of suspected p-
lactamase genes (VIM) from different environmental isolates

Agarose gel electrophoresis of PCR amplification for the suspected vim gene (~390 bp) from
RHWA3:9 (Stenotrophomonas maltophilia) (1), RHWA3:10 (Stenotrophomonas rhizophila) (2) and
LFWD3:7 (Stenotrophomonas) (3). NC: negative control (sterile dH20). M: molecular marker; and
DNA sizes are as indicated. Similar results were also obtained for other ImR environmental isolates.
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Figure 4.3: Agarose gel electrophoresis of PCR amplification products of different p-
lactamase genes from ImR clinical isolates

PCR amplification of different p-lactamase genes from different ImR clinical isolates using different
primers. NC: negative control (sterile dH20). Lane 1: PCR amplification of blags.o3 (501 bp) from
Acinetobacter spp. (SAT-1) Lanes 2 and 3: PCR amplification of blaNDM-1(621 bp) from
Pseudomonas aeruginosa (SPS-1) and Escherichia coli (YEC-1), respectively. Lanes 4, 5 and 6: PCR
amplification of blayy.; (390 bp), blajyp.1 (580 bp) from Klebsiella pneumoniae (YKP-1) and blakpc.;
(798 bp) from Klebsiella pneumoniae (HKP-3). Similar results were also obtained for other ImR
clinical isolates.
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Table 4.6: Identification of PCR products of different f-lactamase encoding genes from environmental and clinical ImR bacterial isolates

Phenotypic
detected
B-lactamase

Suspected | Number

Organism with PCR
product

Identity

Accession

amplified of Strain name Closest related sequence
ImR gene | isolates

%

RHWA1:8, RHWAL:9,
RHWA1:14, RHWAL:16,
RHWAL:19, RHWAL:23,
RHWA1:25

Drug resistant determinants 96 AM743169.1

Soil Class B (MBL)  Blavim RHWA1:11, RHWA1:12,

RHWAL:13, RHWA1:17,

9 RHWA1:18, RHWAL1:20, tonB-dependent receptor 97 HE798556.1
RHWAL:21, RHWAL:22,
RHWAL:24

RHWAS3:10, LFWD3:3,
Soil Class B (MBL)  Blaym-1 6 LFWD3:13, LFBF1:7, Cell division FtsK/SpollIE 95 CP001111.1
LFBF1:11, LFBF2:3

Soil Class B (MBL) Blay -1 1 LFWD3:7 Cell division FtsK/SpollIE 96 CP001111.1
Blay -1 2 LFWD3:7, LFBF1:4 Hypothetical protein 97 CP001111.1

<l 1 LFWD3® Ribonuclease R 94  CP002986.1
Bla 1 LFBF1:4 Hypothetical protein 97 CP002986.1

Class B (MBL)

1 BBS3:20 Hypothetical protein 95 CP001111.1

Water Bla e 1 BBS3 Hypothetical protein 92 CP009257.1
Blanpm-1 1 BBS3 Hypothetical protein 96 CP009257.1
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Organism with PCR
product

Water

Water

Water

Soil

Soil
Blood
Wound
Sputum

Urine

Phenotypic

detected

B-lactamase

Class B (MBL)

Class B (MBL)

Class B (MBL)

Class B (MBL)

Class B (MBL)
Class B (MBL)
Class B (MBL)
None

Class B (MBL)

Suspected
amplified
ImR gene

Bla cau1

Blaypip

Bla g

Bla jmp-1

Bla jvp-1
Blajyp-1
Bla g
Blajp-1
Blanpm-1
Blanpm-1

Blaoxa-23

Blanpm-1

Strain name

BBS4:5, BBS4:9,
BBS4:13

BBS4:6

BBS2:12

BBS3:1

BBS4:7

BBS1:20

RHWA2:1, RHSB2:16,

LFWD3:15

RHWA3:13, LFBF2:8

RHSB2:17, LFWD3:5
RHWAL:18

YPSG-1

SPS-1, SPS-2

SAT-1

YEC-1, HEC-4
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Closest related sequence

Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein
Hypothetical protein

Hypothetical protein

metallo-B-lactamase NDM-1

(blaNDM-1) gene

metallo-B-lactamase NDM-1

(blaNDM-1) gene

Oxa-23 gene

metallo-B-lactamase NDM-1

(blaNDM-1) gene

Identity

%

95

97

94

97

97

96

98

95

94

97

98

98

99

99

Accession

CP000927.1

CP002008.1

AP014624.1

CP009257.1

CP009257.1

CP009257.1

736784494

736784737

736784346

408543476

KF951481.1

KF951481.1

KF740470.1

JX469383.1



Phenotypic
detected
B-lactamase

Suspected | Number

Organism with PCR amplified of

Identity

Accession

Strain name Closest related sequence

%

product

ImR gene | isolates

Escherichia spp. Blood Class A (KPC) Blakpc 1 2 HEC-2, HEC-3 Plasmid pKP1780-Kpc 100 KF874497.2

Plasmid pKP-M4863 class |
Urine Blavi 1 YKP-1 integron FIJn4863 (Vim gene)
metallo-B-lactamase NDM-1
(blaNDM-1) gene
Positive for IND antibiotic

Klebsiella pneumoniae Blajyp.s 1 YKP-1 . 98 CP006659.1
resistance gene

99 KF894700.1

Class B (MBL)  Blanows 1 HKP-11 99 KF951468.1

Sputum
HKP-2, HKP-3, HKP-4,
Class A (KPC) Blakpc.1 9 HKP-5, HKP-6, HKP-7, Plasmid pKP1780-Kpc 100 KF874497.2
HKP-8, HKP-9, HKP-10
Sputum HENT-1, HENT-2, " _
Enterobacter aerogenes and blood Class A (KPC) Blakpc.1 4 HENT-3, HENT-4 Plasmid pKP1780-Kpc 100 KF874497.2
Enterobacter cloacae Urine Class A (KPC)  Blakpc.1 ! HENT-5 Plasmid pKP1780-Kpc 100 KF874497.2
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Thus, although amplification of suspected ImR genes from environmental
isolates showed low similarity to some of the genes within GenBank, sequencing and

alignment showed that they were not the genes responsible for imipenem resistance.

Water isolates (Table 4.6) yielded the lowest number of PCR products. These
products indicated Blap.s and Blaypw-1 in Stenotrophomonas spp (BBS3).
Caulobacter spp. showed PCR products for Blacau.1 in three strains (BBS4:5,
BBS4:9, BBS4:13) and for Blaypi, in one (BBS4:6). PCR products for Blag.; were
generated from one isolate of Chryseobacterium spp. (BBS2:12). Blaywp-1 products
were also amplified from Epilithonimonas lactis (BBS3:1), Pedobacter koreensis
(BBS4:7) and Proteus spp. (BBS1:20). All these PCR products were related to
hypothetical proteins (Table 4.6).

For soil isolates (Table 4.6), PCR products were generated for Blay,y from 16
Stenotrophomonas maltophilia isolates. Seven of these isolates (RHWAL:8,
RHWAL:9, RHWAL:14, RHWA1:16, RHWA1:19, RHWA1:23 and RHWA1:25)
yielded PCR products related to unidentified drug resistant determinants, while nine
of them (RHWAL:11l, RHWA1:12, RHWA1:13, RHWAL:17, RHWA1:18,
RHWAL:20, RHWAL:21, RHWAL1:22 and RHWAL:24) were related to tonB-
dependent receptors. Six Stenotrophomonas rhizophila isolates (RHWA3:10,
LFWD3:3, LFWD3:13, LFBF1:7, LFBF1l:11land LFBF2:3), and one isolate of
Stenotrophomonas spp. (LFWD3:7) yielded amplification products with the Blaym-1
primers. However, these products were related to cell division FtsK/SpolllE genes.
Another two isolates of Stenotrophomonas spp. (LFWD3:7 and LFBF1:4) which
also yielded products with Blayu-1 primers were related to hypothetical genes. Also,
PCR products were generated with Bla; primers from three isolates of
Stenotrophomonas spp. (LFWD3:6, LFBF1:4 and BBS3:20). However, when these
products were sequenced, they were found to be related to ribonuclease R.
Janthinobacterium lividum yielded amplification products with Blap-1 , Blanp-1
and Blag; primers in three (RHWAZ2:1, RHSB2:16 and LFWD3:15), two
(RHWA3:13 and LFBF2:8) and two (RHSB2:17 and LFWD3:5) isolates,
respectively. One isolate of Pseudomonas geniculate (RHWAZ1:18) showed the
suspected detection of Blap.1. All of these products showed relationships to
hypothetical genes.
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Although the PCR products were amplified from the environmental isolates
using primers targeting B-lactamase encoding genes, alignments of these sequences

revealed low similarity to these B-lactamase genes (e.g. Figure 4.4).

115



Consensus-VIM-1 GATGGTGTTTGGTCGC--ATAACCGTACCGAGGAAGACTTCGTCTACGATGTCAACGAGA 58

ORIGIN ----GCACCAGGTTGTCGGTGAT-GTCCCAGGCAATGTTGAAGCT -—--CGGCAGCACGT 51
* ***x K * ok **  x K * k% * * % * kx X *
Consensus-VIM-1 AGATCTACTCGGGTTATTTCCAG-GCCAACTTC-CGTACCGACCGCGT-GCGCGGC—-AA 113
ORIGIN CGGTATA----GGTCTTCTCCAGCGACGACAGGGCGTAC--ACCTTGTCGCGCACCTGGG 105
* k k% * kK * kkkkk Kk Kk k% * Kk k kK * Kk k * Kk Kkkk*k *
Consensus-VIM-1 CGTCGG-CGTGCGCGTGGTGCGCACCAAGCAGTTC-~GCCCAGTCCAGCGATTCGGTCGA 170
ORIGIN CGTCGGGCAGGCGGACGAAGCCACCCTGGCAGCGCAGGTTCGGATCGGCGGCCGGATC-A 164
*k kK kKx K * % % * * % * % * % k% * * * ok * ok k ok * * % *x
Consensus-VIM-1 ACGC--TTCAACGACTACTTCGTGGACAACGCCAGCGGCGCA-CCGATGAGCTGCGATGA 227
ORIGIN TCGCAGCTCATCGGC-GCGCCGCTGGCGTTGTCGACGAAGTAGTCGTTGAAGCGCT-CGA 222
* kK *kk Kkk 0k * * * * % * % * % * K * Kk kkk * % * *
Consensus-VIM-1 CCCGGCCGCCGATCCCGCCCTGCGCTGCCAGGGCGGTTTTGTGCGCGTGCCTGACAC-—C 285
ORIGIN CCGAGTCGCTGGACTGGGC - -GAACTGCTTGGTGCGCACCACGCGCACGCC-GACGTTGC 279
* % * kk*k X * * ok * * Kk kK * % * * Kk kK * Kk Kk kkx *
Consensus-VIM-1 CAGGCCAGYGACAAGGTCTTCACCTTGACCTCGTTGGACAAGACCTACACCGACTTCCTG 345
ORIGIN CGCGCACGCG-CTCGGTGCGGAAGTTGGCCT -~ - ~GGAAGTAGCCGGAGTAGATCTTCT- 333
* * % * Kk % * k% * * Kk Kk kkx * k% * % * % * Kk *k
Consensus-VIM-1 CCCAGCTTCAACATCGC---CTGGGACATCACCGACAACCTGGTGC-— 388
ORIGIN =—=——- CGTTGACGTCGTAGACGAAGTCTTCCTCGGTGCGGTTGTGCGA 376
* ok *kx Kk kx * * k k% * % * kkkk

Figure 4.4: CLUSTAL 2.1 sequence alignment between suspected amplified Blayy.1 from Stenotrophomonas spp. (LFWD3:7) isolated from soil and
the target gene

This figure shows that although the suspected amplified Blayw.1 genes show ~ 25% similarity (hypothetical gene) to the target gene, they did not prove to be the genes
responsible for imipenem resistance. Consensus-VIM-1: Stenotrophomonas spp. (LFWD3:7), ORIGIN: hypothetical gene (Stenotrophomonas maltophilia R551-3;
Accession Number CP001111.1).
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On the other hand, the amplification of genes from the clinical isolates was
specific and related to imipenem resistance (Table 4.6). The most common gene
detected in the current study was Blakpc.1 in 16 isolates in two Escherichia spp.
(HEC-2 and HEC-3), nine Klebsiella pneumoniae (HKP-2, HKP-3, HKP-4, HKP-5,
HKP-6, HKP-7, HKP-8, HKP-9 and HKP-10), four Enterobacter aerogenes (HENT-
1, HENT-2, HENT-3 and HENT-4) and one Enterobacter cloacae (HENT-5)
isolated from sputum, blood and urine from Hull. Detection of Blajyp-1 was observed
in two Escherichia coli (YEC-1land HEC-4), one Pseudomonas geniculate (YPSG-
1), two Pseudomonas aeruginosa (SPS-1 and SPS-2), and one Klebsiella
pneumoniae (HKP-11) isolates from urine, blood, wound, and urine, respectively,
obtained from all three hospitals. Other genes, including Blayu.1 and Blanp.1 Were
detected in two isolates of Klebsiella pneumoniae (YKP-1 and YKP-1 respectively),
obtained from Hull, while Blapxa-23 was only observed in one Acinetobacter spp.
(SAT-1) strain isolated from sputum from Sheffield.

After performing gene sequencing for PCR products of the different B-
lactamase genes amplified from ImR clinical isolates, the results showed that the
sequences were identical to those of B-lactamase gene sequences in the GenBank
database (Table 4.6).

Some isolates showed weak bands following PCR for the suspected gene of
around the expected size. Gradient PCR enabled bright bands of the targeted
amplified genes to be obtained (Figure 4.5). These isolates include amplification of
Blapxa-23 in Acinetobacter spp. (SAT-1) and Blanpm-1 in Escherichia coli (YEC-1)
and Pseudomonas geniculate (YPSG-1). It was observed that the best annealing

temperatures for amplifying these target genes were 58 °C and 60 °C.
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Figure 4.5: Agarose gel electrophoresis of gradient PCR amplification products of
Oxa-23 genes in Acinetobacter spp. (strain SAT-1)

Agarose gel electrophoresis of a gradient PCR amplified Oxa-23 gene (~501 bp) from Acinetobacter
spp. (strain SAT-1), M: molecular marker and DNA sizes are as indicated. Similar results were also
obtained for other isolates. Various annealing temperatures were used here (50, 52, 56, 58, and 60°C),
as indicated.
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4.3 Discussion

After the isolation of imipenem resistant isolates from both the natural
environment and clinical settings, all of these isolates were identified by 16S rRNA
gene sequencing. The molecular technique was chosen over the more traditional
methods of phenotypic and biochemical identification because of its availability,
convenience and cost-effectiveness. Other advantages include the presence of the
16S rRNA gene in all bacterial isolates, the relatively short length of the gene (1550
bp), its stability and its lower mutation rate. It has also been found to be useful in the
identification of certain ‘difficult-to-identify’ bacteria (Block and Ouellette, 2012;
Chen et al., 2014).

Studies of species composition isolated from river water differ according to the
locality of the study and the study technique and objective. For example, in a similar
study carried out on tap water and other specimens in Portugal, the most common
isolates were 28 isolates of Sphingobium, 27 isolates of Sphingomonas, 12 of
Novosphingobium, 7 of Sphingopyxis, and 12 of Blastomonas by using the 16S
rRNA sequencing after isolation of the bacteria by culture based method on R2A
media (Vaz-Moreira et al., 2011).

In a study carried out in the USA on 30 phenotypically imipenem-resistant
bacteria isolated from rivers, the majority of isolates were Enterobacteriaceae
species (22 isolates) while 6 of the isolates were Stenotrophomonas maltophilia and
1 was Aeromonas hydrophila, as confirmed by 16S rRNA gene analysis (Aubron et
al., 2005).

In Asia, the urban surface water in Malaysia showed that 89.5% of the isolates
to be enterobacteria-producing ESBLs and also resistant to imipenem (Tissera and
Lee, 2013). In a river in India, there were also very high numbers of coliforms,
which were identified by 16S rRNA and which exceeded the WHO recommended
figures for drinking water quality (Mishra et al., 2013).

This indicates the importance of the water environment, as it contains
numerous bacteria, some of which are antibiotic resistant (AR). Other AR bacteria in
water can originate from hospital waste, aquaculture e.g. fish farms, and municipal
effluents (Liu et al., 2014).
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In Beverley Beck, the river water receives effluent from the sewage works
after being biologically treated. Most of the isolated strains in the current study have,
at some point, been implicated in the pathogenesis of various human infections. For
example Caulobacter, which is an aquatic species and was the most common
bacteria isolated from river water in the present study, has been isolated from a case
of peritonitis in a chronic renal failure in Denmark in 2007. The identification of the
organism was confirmed by sequencing the 16S rRNA gene (Justesen et al., 2007).
Caulobacter spp. have also been isolated from a case of post neurosurgery
meningitis in a 14-year old boy in Manitoba, Canada. The organism was isolated and
identification was confirmed using 16S rRNA sequencing (Bridger et al., 2012).

Chryseobacterium, which was isolated in low numbers from a water
environment, is a low-virulence microorganism; however, some species have been
isolated and associated with clinical infections. For example Chryseobacterium spp.
have been isolated from catheter-associated infections and peritonitis (Wang et al.,

2011), and also from a case of septicaemia in an infant (Teke et al., 2014).

Pedobacter is an environmental organism which has been isolated from
clinical specimens, although rarely. For example, it was detected in semen from
HIV-infected patients in increasing numbers especially after the start of the anti-
retroviral therapy (ART) (Liu et al., 2014).

Due to the great diversity of soil microorganisms there are large variations in
composition and in species which have been identified by different studies (McCaig
et al., 2001). Also, the species detected by the different studies have depended upon
the selectivity of the media used in the study (McCaig et al., 2001). For example, in
one study, Pseudomonas isolation agar (PIA) media detected 12 species, as it is
selective for Pseudomonas, while the general lab tryptone soya agar (TSA) detected
21 highly different species of soil microorganisms to those detected on PIA. The 16S
rRNA method of isolate identification was also found to be the most accurate
compared to traditional culture methods (McCaig et al., 2001). There are other
factors responsible for the diversity of isolates. These include the chemical and
physical characteristics of soil, geographical locations and changes in climate
(McCaig et al., 1999). Due to the culture-based selection and the media used in the
current study, only the imipenem-resistant isolates were identified and further

characterised, as they were the species of interest in this study.
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The predominance of both  Stenotrophomonas rhizophila  and
Stenotrophomonas maltophilia in the soil environments in the current study can be
explained by the association of these species with the plants in the studied farms.
There is a beneficial relationship between Stenotrophomonas and plants as they have
a role in the nitrogen and sulphur cycles (Banerjee and Yesmin, 2002; Park et al.,
2005). Also, soil is considered as an environmental reservoir of these bacteria. The
fimbriae and pili present in Stenotrophomonas species help in the establishment of
roots in some plants like wheat, but also allow colonisation of surfaces of medical

equipment leading to human infections (Wolf et al., 2002; Ryan et al., 2009).

In the current study, Janthinobacterium lividum was the second most common
species to be isolated from soil samples. This Gram-negative bacterium is most
common in soil and aquatic environments, but is rarely isolated from clinical
infections in human beings. It was found to be an opportunistic pathogen,
occasionally causing fatal septicaemia (Pantanella et al., 2006). This microorganism
is also implicated in the degradation of animal and plant tissue. In animals it has
been found to cause spoilage of stored rabbit meat (Giaccone et al., 2008), spoilage
of poultry meat (Cox, 1975), and pasteurized milk (Eneroth et al., 2000). In plants it
has been suspected of causing rotting in mushrooms crops (Pudetko, 2013) and of

spoiling stored vegetables (Koburger and May, 1982).

Based on the clinical isolates provided by the three hospitals from York,
Sheffield and Hull, the most common microorganism identified amongst these
isolates was Stenotrophomonas maltophilia (38.1%) from the York and Sheffield
hospitals but this was not obtained from Hull. These species were mainly isolated
from respiratory tract infections and from blood cultures. The most common species
amongst the Hull isolates was Klebsiella pneumoniae (50%) and this was detected in

a variety of infections including urinary and respiratory tract infections.

The predominance of Stenotrophomonas maltophilia amongst the York and
Sheffield clinical isolates in the current study reveals how these normal soil-
inhabiting microorganisms can cause many types of infections, including
pneumonias and septicaemia. Another study indicated that S. maltophilia is not a
highly virulent organism and its pathogenicity is related to being one of the most
important nosocomial infectious agents nowadays with mortality rates ranging from
14 to 69% in cases with bacteraemia (Falagas et al., 2009). Brooke (2012) claims
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that this organism has been isolated from many sources including soil, animals, plant
roots, water and water treatment systems, lakes, sink holes, hemodialysis water and
dialysate samples, tap water, biofilms on different surfaces, hand washing soaps and
even in some antiseptics. Consequently, there is a wide range of infections associated
with S. maltophilia including pneumonia, skin and soft tissue infections, cellulitis,
endocarditis, endophthalmitis, UTIs, meningitis, and catheter associated infections
(Brooke, 2012).

Thus, S. maltophilia, which is a MDR environmental microorganism, is
recognised nowadays as an important species in hospital-acquired infections in many
parts of the world. This may raise the importance of setting up control measures to

prevent this type of infection in hospital settings (Brooke, 2012).

The second most common clinical imipenem-resistant microorganism was
Klebsiella pneumoniae, especially among the Hull isolates. Infections from such
carbapenem-resistant bacteria are associated with increased rates of morbidity and
mortality due to the limited availability of antimicrobials for their control and
treatment (Arnold et al., 2011).

Clinical infections from such Enterobacteriaceae are now increasingly
encountered in Europe. For example, infections caused by carbapenemase-producing
enterobacteria (CPE) have been reported in Belgium during 2010 and 2011 (17 and
13 CPE species, respectively) without any history of travelling abroad of infected
patients. These CPE were isolated from urine, rectal swabs, wound discharges and
lower respiratory tract infections (Huang et al., 2011). Also, infections with
carbapenem-resistant Klebsiella pneumoniae have been reported in many areas in
Italy and in some instances there have been outbreaks of infections in intensive care
units. Infection control measures in such cases are compulsory and include hand
hygiene and isolation procedures to limit the spread of infection (Gaibani et al.,
2014). The clinical spread of CPE is considered a global crisis, as organisms have
been isolated from many countries worldwide. In Europe, in addition to the above-
mentioned countries, CPE isolates have been found in Greece, Switzerland, Ireland,
the United Kingdom, France, Sweden, Norway, the Netherlands, France and
Denmark (Tzouvelekis et al., 2012).
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Regarding the detection of ImR genes amongst the environmental isolates in
the current study, some of the PCR amplifications showed suspected ImR genes.
However, sequence analysis for these genes showed that the resistant genes within
these river water and farm soil isolates were not related to the ImR genes in

antibiotic-resistant clinically important species.

Thus, the amplification results of suspected ImR genes among the
environmental isolates showed similarities with some of the genes within GenBank.
However, sequencing and alignment showed that these genes encode unknown
protein functions (hypothetical protein) and so were not proven to be the genes
responsible for imipenem resistance in this study. This may indicate that the primers
were lacking in specificity and led to the amplification of other non-targeted genes.
Also, it may indicate the presence of a potentially large and divergent gene pool for
imipenem resistance within natural environments, and the wider importance of river
water and agriculture soil as a reservoir for novel antibiotic resistance (D’Costa et
al., 2006). These suspected B-lactamase encoding genes were L1, VIM, IND, IMP,
Mbllb, BlaB and CAU-1 in isolates of S.maltophilia, S, rhizophila,
Stenotrophomonas spp., Epilithonimonas lactis, Pedobacter koreensis, Proteus spp.,
Caulobacter spp., Chryseobacterium spp., J. lividum and P. geniculate.

For example, although the suspected Blay;v-1 gene was amplified (similar size
to the target gene) from 16 strains of S. maltophilia isolated from soil, sequence
analysis of these products showed that these PCR products were related to the gene
encoding tonB protein and for undefined drug resistance determinants in nine and
seven isolates, respectively. The fonB genes encode the production of a bacterial
membrane protein called the tonB-dependent receptor (TBDR) which is involved in
the iron-siderophore active transport process in Gram-negative bacteria. The fonB
gene, which is more common in Xanthomonas species, was found to be present in
higher numbers in environmental isolates of Stenotrophomonas maltophilia than in
others, as it is related to scavengers of complex carbohydrates in aquatic
environments (Ryan et al., 2009). The over-expression of tonB genes was found to
be related to resistance to many antimicrobial agents in Pseudomonas species, while
tonB-deficient mutants were found to be unusually susceptible to many antimicrobial
agents (Zhao et al., 1998), indicating the relation of such receptors to antimicrobial

resistance in the environmental isolates detected in the current study. It was found
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that TBDR is one of the proteins related to the pathogenicity, virulence and
antimicrobial resistance in the clinical isolates of Stenotrophomonas maltophilia in

fish models (Ferrer-Navarro et al., 2013).

Girlich et al. (2010b) have detected novel genes encoding carbapenem-
hydrolyzing p-lactamase from the Seine River, Paris, and they report the limited

detection of all genes encoding carbapenemase resistance in the environment.

In this study, some isolates screened for ImR genes yielded weak bands.
Gradient PCR using different annealing temperatures was applied, which generated
bright bands of the targeted amplified genes. This indicates the importance of
optimizing PCR conditions to obtain reliable PCR products (Ozdemir, 2009)

The clinical isolates in the present study showed PCR amplification of ImR
genes and the sequence analysis showed that these genes were specific and related to
ImR and B-lactamase genes within antibiotic-resistant clinically important species.
These enzymes were KPC, VIM, NDM, IND and OXA-23 in isolates of S.
maltophilia, P. geniculate, P. aeruginosa, Acinetobacter spp., Escherichia coli,

Escherichia spp., K. pneumoniae, E. aerogenes and E. cloacae.

The most common gene detected in the current study was blakpc (class A) in
16 isolates of Enterobacteriaceae (9 Klebsiella pneumoniae, 4 Enterobacter
aerogenes, 2 Escherichia spp. and 1 Enterobacter cloacae) isolated from sputum,

blood and urine from the Hull hospital.

The problem of carbapenemase-producing Enterobacteriaceae (CRE) is one of
the most challenging threats to public health in the current era (CDC, 2009).
Carbapeneme-resistant Klebsiella pneumoniae (CRKP) has spread steadily around the
world since it was first identified in North Carolina in 2001 (Arnold et al. 2011).
France experienced the first non-US outbreak of CRKP and this has since been
followed by reports of Enterobacteriaceae-producing KPCs found in South
America, the Middle East, the Far East and elsewhere in Europe (Saidel-Odes and
Borer, 2013).

CRKEP presents a particularly difficult challenge as it is resistant to most of the
antimicrobials available today. It is responsible for high morbidity and mortality
rates in hospitals and healthcare settings, especially where there is critical illness and
exposure to invasive devices such as catheters (CDC, 2009). The gene encoding the
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KPC enzyme is carried on mobile genetic elements such as plasmids, which

increases the risk of spreading (Mathers et al. 2013).

The importance of performing PCR targeting such genes in the current study is
that CRE can be difficult to detect phenotypically because there are strains which
carry KPC and which yet show minimal inhibitory concentrations (MICs) that are
high, but still within the susceptible range for carbapenems (CDC, 2009). Nordmann
et al. (2011) have also pointed out that strains are sometimes not identified as
potentially dangerous since standard carbapenem susceptibility tests are not always
accurate. Thus the inadvertent transmission of CRKP has occurred during
nosocomial outbreaks of infection. Measures to contain the spread of infection
include effective sterilisation techniques and decontamination procedures (Saidel-
Odes and Borer, 2013).

Detection of NDM-1 was observed in 6 isolates (2 Escherichia coli, 1
Pseudomonas geniculate, 2 Pseudomonas aeruginosa and 1 Klebsiella pneumoniae)
from samples of urine, blood, and wound and urine, respectively, which were
obtained from the three hospitals. The detection of this gene in these three localities
in the UK may demonstrate the warning signs of the further spread of antibiotic-

resistant strains, which need to be contained and controlled (ECDC, 2013).

The findings in the current study correlate partly with the survey results that
were obtained in 2013 from 28 countries of the European Union for the detection of
CPE and CRAB, where it was reported that the most frequent carbapenemases were
KPC, VIM, IMP and the NDM-1 for enterobacteria. In Acinetobacter species, the
most common mechanism was production of the oxa-23genes (ECDC, 2013), as
similarly detected in the current study with one Acinetobacter spp. isolated from

sputum in the Sheffield hospital.

The low-detection of the Blaoxa-23 gene, which encodes one of the most
common enzymes of the class D carbapenemase-hydrolyzing -lactamases and plays
a major role in the resistance of Acinetobacter baumannii and other bacteria, may be
attributable to the presence of another variant resistant gene, as class D enzymes are
located on transmissible plasmids and include five types: oxa-23-like (oxa-23, oxa-
27 and oxa-49), oxa-24-like (oxa-24, oxa-25, oxa-26, oxa-40 and oxa-72), oxa-51-
like, oxa-58-like, and oxa-143 (de Figueiredo et al., 2011; Carvalho et al., 2011).
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The finding of NDM-1 prevalence actually represents a very important aspect
of this study. There are several reports warning of the global spread of such genes,
with the consequent spread of antimicrobial-resistant bacteria to all continents except
South America and Antarctica. Returning back to the first case in which NDM-1 was
detected in 2008 in a patient of Indian origin, and revising the situation where more
than forty countries were affected globally in 2013, then the problem of the spread of
this type of gene can be understood (Johnson and Woodford, 2013). Global spread of
such antimicrobial-resistant genes requires the cooperation of international
authorities in controlling the spread by imposing the necessary regulations and

procedures (Nordmann et al., 2011).

Several factors play a part in the spread of such resistant bacteria globally.
Firstly, the MDR pattern of NDM-producing bacteria that are resistant to all -
lactams except monabactam, and for which the only available antimicrobials for
treatment are colistin, fosfomycin and tigecycline. Secondly, the higher percentage
of these bacteria in countries like India, where 70-90% of enterobacteria are ESBL-
producers, and where tourism aids global spread. Thirdly, the presence of the NDM
gene on a plasmid, where it is easily spread to other bacterial isolates (Majewski et
al., 2012). These factors may indicate that the world is now approaching a state akin

to the pre-antimicrobial era (Carlet et al 2012).

Some studies have also reported the predominance of NDM in the U.K. and
have attributed the cause of that predominance to the historical link between the
U.K. and India, where this gene type is widespread in India (Grundmann et al.,

2010).

Verona integron encoded metallo-p-lactamase (VIM), related to class B
enzymes, which was the second carbapenemase to be reported in Europe after IMP
(Lauretti et al., 1999) was detected in Klebsiella pneumoniae obtained from Hull.
VIM was found to be present in 37 countries in all five inhabited continents; and is

mainly present in enterobacteria (Hawkey and Jones, 2009; Grundmann et al., 2010).

4.4 Conclusion

The most abundant genera identified were Caulobacter (36.7%),

Stenotrophomonas (44.8%) and Stenotrophomonas (40.5%) from water, soil and
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clinical environments, respectively. Infections from carbapenemase-producing
bacteria are now increasing at an unprecedented rate in many parts of Europe. The
resistance genes detected in the river water and farm soil isolates in the present study
were not sufficiently closely related to ImR genes within antibiotic-resistant
clinically important species to enable their detection by PCR. This indicates a
potentially large and divergent gene pool for imipenem resistance within natural
environments, and the wider importance of river water and agricultural soil as a
reservoir for novel antibiotic resistance. The low detection of ImR genes in the
environmental isolates may be attributable to the presence of other variants of
resistance genes, or to the presence of novel genes encoding such a resistance
pattern. It should be noted that the low frequency of detection of ImR genes in the
environmental isolates was also often associated with corresponding low ImR MICs
(4 mgL™) in these isolates that may indicate the possible absence of carbapenamases
in some of these isolates. In contrast, the more frequent detection of ImR genes in
clinical isolates was associated with the higher MICs (> 8mgL'1) observed among
these isolates. The application of rapid diagnostic measures for the detection of
carbapenemase-producing bacteria is very important in surveillance programmes.
Strict isolation procedures to contain infections and proper hygienic measures by
healthcare providers are highly important in limiting the spread of such MDR
organisms. It is recommended that many different arrays of primers are used when
testing for ImR genes in environmental bacterial isolates due to the great diversity of
such genes. Performing gradient PCR is useful when using molecular techniques in
order to reach the optimal temperature needed to detect the gene of interest. The
higher rates of isolation of Stenotrophomonas spp. from both water and soil and in
the hospitals, may support its role as an opportunistic pathogen and merits further
analysis including via genome sequencing (see Chapter 5).

127



Chapter 5: Genomic analysis of Stenotrophomonas
maltophilia isolates from natural environments
and clinical settings

5.1 Introduction

Bacterial resistance to the action of antimicrobials is one of the most important
burdens and threats facing healthcare providers all over the world. The number of
newly discovered antimicrobials is decreasing, while the number of antimicrobials to
which resistance has been developed is increasing (Crossman et al., 2009). The
emergence of multi-drug resistant (MDR) bacteria which limit the choice of effective
antimicrobials, together with infections caused by opportunistic pathogens, could
drive the world back to a pre-antimicrobial era; this is now a real threat (Martinez et
al., 2007).

The carriage of antibiotic resistances varies markedly between different
bacterial isolates, with strain-to-strain variation typical. These resistances are
frequently intrinsic in many of the opportunistic pathogenic bacteria arising from
environmental sources, including water and soil. Another resistance mechanism,
which is also the most important, is one that is acquired, either by mutation or the
transfer of a resistant gene(s) by mobile genetic elements via horizontal gene transfer
(HGT). This mechanism is responsible for the spread and dissemination of
antimicrobial resistance to different bacterial isolates (Martinez et al., 2007; Torres
et al., 2007). The intrinsic mechanism of resistance in opportunistic pathogens can
be directed at the specific antimicrobial or group of antimicrobials or it may be part
of the resistance mechanisms exerted by a microorganism towards a wider range of
toxic compounds and heavy metals. In the latter condition, antimicrobial resistance

occurs by chance (Crossman et al., 2007).

Water and soil environments contain various concentrations of heavy metals
such as mercury, chromium, cadmium and lead, which, when present in high
concentrations, are toxic to animals, plants and human beings. However, a number of
bacteria have become resistant to the toxic effects of these heavy metals and have
developed enzymes and metabolic pathways to deal with them. Genes for heavy
metal resistance are carried on bacterial chromosomes or plasmids and are present

mainly in Gram-negative bacteria. These metal resistance genes are often linked (i.e.
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carried on the same mobile genetic element as antibiotic resistance genes, thereby
driving their co-selection; Baker-Austin et al., 2006). For example, resistance to
multiple antimicrobials has been found in Stenotrophomonas maltophilia after
exposure to certain heavy metals, including selenium, cadmium, and tellurium
(Pages et al., 2008).

Stenotrophomonas maltophilia, which is present in soil and water as a free-
living microorganism, is opportunistically infectious to human beings. The organism
has intrinsic resistance to some B-lactams, macrolides, and aminoglycosides (Sader
and Jones, 2005). This intrinsic resistance is mediated by efflux pumps, low
permeability to the entrance of antimicrobials, or the production of antimicrobial
hydrolyzing enzymes by the microorganism. However, an intrinsically resistant
microorganism can also acquire resistance to other antimicrobials, leading to the

emergence of a pan-drug-resistant microorganism (Crossman et al., 2007).

Although, the antimicrobial resistance pattern observed in Stenotrophomonas
maltophilia is common, the genetic analysis by genome sequencing of various,
mostly clinical, strains shows great diversity in most studies. Genomic diversity has
been observed among different environmental isolates (Crossman et al., 2007;
Nunvar et al., 2014).

Despite the low susceptibility or even the pan-resistance pattern of S.
maltophilia, which makes it difficult to treat with regard to clinical infections, the
organism has importance in some beneficial biotechnical applications, including: 1)
the biodegradation of pollutants and large molecules such as phenolic compounds,
e.g. p-nitrophenol and 4-chlorophenol, toluene, benzene and xenobiotics; 2) the
biogeochemical cycling of heavy metals, such as cadmium, cobalt, lead, zinc, silver
and mercury from soil heavily contaminated with these metals, as well as
xenobiotics in the soil; 3) the production of molecules that have economic value,
such as antibiotics and various enzymes (proteases, glucanases, chitinases, DNases,
RNase, etc.); and 4) the biocontrol and improvement of plant growth by the
prevention of plant pathogens through several mechanisms (Ryan et al., 2009; Lira et
al., 2012).

The genetic diversity of S. maltophilia is not limited to environmental strains.

There is also great genetic diversity among strains isolated from clinical specimens.
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Such genetic diversity can lead to the identification of novel strains that are different
from those stored in GenBank. This identification is important because infection and
antimicrobial resistance is associated with certain genotypic strains (Tanimoto,
2013).

In the current study, Stenotrophomonas was the only genus isolated from both
the natural environment (water and soil) and hospital samples which showed MDR
patterns phenotypically. However, when applying molecular methods to detect genes
resistant to imipenem (Chapter 4), PCR assays failed to amplify imipenem resistance
genes from environmental isolates, despite B-lactamase activity being demonstrated
by functional assays (Chapter 3). This highlights the limitations of PCR-based
approaches for detecting and allowing characterisation of divergent functional
(including antibiotic resistance) genes. Hence in this chapter, shotgun genomic
analysis of multiple antibiotic resistance Stenotrophomonas isolates was undertaken
to enable the identification of putative antibiotic resistance genes, including those
potentially encoding imipenem resistance. Specifically, the objectives of this chapter
were to identify and describe the ARGs (including those encoding B-lactamases)
present in multiple antibiotic resistant Stenotrophomonas spp. isolates taken from
river water, agricultural farm soil and clinical settings, and to establish whether the

phenotypes are consistent with the presence or absence of ARGs.

5.2 Results

5.2.1 Bacterial genome isolation

Genomic DNA was extracted from eight imipenem (and multiple antibiotic
resistant) Stentotrophomonas spp. isolates, as described previously in Section
2.2.5.5. DNA was eluted in a final volume of 1000 ul and 10 pl was electrophoresed
on a 0.7 % (w/vol) agarose gel. DNA concentration and quality (Azso/Azgo ratio)
were quantified by analysis of 1 ul using a NanoDrop® ND-1000
spectrophotometer. The DNA samples that were to be used for whole genome
sequencing had to be of sufficient quality (Figure 5.1) and also of sufficient quantity
(Table 5.1) (> 100 ng ul™). In some cases, re-extraction of DNA was necessary, e.g.
for isolate RHBC2-15 (Figure 5.1, lane 3).
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Figure 5.1: Agarose gel electrophoresis (0.7%) of genomic DNA extracts from
Stenotrophomonas spp. isolates

Lane 1: BBS4:12 (water); Lane 2: BBS3 (water); Lane 3: RHBC2-15 (soil); Lane 4: LFBF1-10 (soil);
Lane 5: BBS1:13 (water); and Lane 6: LFWD3:7 (soil). M: 10 Kb molecular marker (size as
indicated).

Table 5.1: Quantification and purity (Ays0/A,g, ratio) of genomic DNA isolated from
Stenotrophomonas spp. isolates

Strain Isolate source Ao Asgo 260/280 DNA
name ratio concentration

-1

ngul

BBS1:13 Beverley Beck 5.137 2.727 1.88 256.9

BBS4:12 Beverley Beck 2.167 1.171 1.85 108.4

BBS3 Beverley Beck 3.655 1.947 1.88 182.8

RHBC2:15 Riseholme beans field 4.338 2.279 1.90 216.9

LFWD3:7 Lodge Farm wheat field 4.575 2.548 1.80 228.8

LFBF1:10 Lodge Farm beans field 2.852 1.540 1.85 142.6

SST-8 Sheffield Hospital sputum 2.765 1.460 1.89 138.3

YSM-3 York Hospital blood 3.500 1.776 1.97 175.0
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5.2.2 Bacterial genome sequencing

Genome  sequences  were generated by  Eurofins  Genomics,
(https://www.eurofinsgenomics.eu/Germany) using de novo sequencing on an
Illumina MiSeq instrument with v3 chemistry using a genomic DNA shotgun
protocol, with paired-end sequencing. Eurofins supplied data following clipping to
remove adapter sequences and reads with a Phred score of <20, and also clipped
reads that were shorter than 150 bp. An overview of the raw data sequencing report
showing overall yields and %Q30 data is shown in Table 5.2. Sequences were
supplied in FASTQ format as raw data (i.e. unassembled) and secondly as contig
assemblies (FASTA format), with assembly conducted using NEWBLER. Contigs
with a minimum length of 1,000 bp (defined by Eurofins as ‘large contigs’) were

used for all subsequent downstream bioinformatics analysis.

Table 5.2: Overview of DNA sequence yields and quality of Stenotrophomonas spp.
isolates

Strain Isolate source %Q30 Mean Q

name

BBS1:13 Beverley Beck 1,196 65.57 27.28
BBS4:12 Beverley Beck 1,280 65.88 27.42
BBS3 Beverley Beck 1,141 65.70 27.34
RHBC2:15 Riseholme beans field 1,046 64.09 26.86
LFWD3:7 Lodge Farm wheat field 1,023 65.30 27.19
LFBF1:10 Lodge Farm beans field 3,502 66.08 27.47
SST-8 Sheffield Hospital sputum 1,242 72.32 28.98
YSM-3 York Hospital blood 1,137 70.75 28.98

Yields are number of bases generated in mega bases (MBp). % Q30 represents the percentage of
bases with a quality (Q; Phred) score of at least 30 (A Q score of 30 = a base call accuracy of 1 error
in 1000 bp or 99.9% accuracy; a Q score of 20 = a base call accuracy of 1 error in 100 bp or 99%
accuracy). The mean Q score (Phred score) is the Q score for all sequence data generated for each
genome.
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5.2.3 Genome annotation and analysis

Annotation of the environmental and clinical isolates of S. maltophilia genome
sequences was primarily undertaken using RAST (Rapid Annotation using

Subsystem Technology) (http://rast.nmpdr.org/). An overview of the input data used

for the eight genomes is shown in Table 5.3. For the six environmental isolates, they
had a mean genome size (for large contigs only) of 4.685 + 0.287 (StDev) Mbp. GC
contents ranged from 66.2 to 67%. In contrast the two clinical isolates (SST-8 and
YSM-3) had a mean genome size (for large contigs only) of 7.44 £ 0.051 (StDev)
Mbp and GC contents of 53.7%.

Table 5.3: Overview of input data used for RAST analysis of Stenotrophomonas spp.

isolates
Strain Total Number of | Number | Number of Mean
name number | base pairs/ | of contigs | base pairs/ |contig size ]| content
of genome size | (21000 | genome size | (bp) for
contigs | (all contigs) bp) (large contigs large
only) contigs
only
BBS1:13 191 4,609,592 137 4,589,610 33,500 66.2 99.98
BBS4:12 145 4,601,151 119 4,593,243 38,598 66.3 99.99
BBS3 154 4,915,531 125 4,903767 39,230 66.3 99.99
RHBC2:15 108 4,216,923 90 4,209,114 46,767 67 99.99
LFWD3:7 221 4,814,993 190 4,804,344 25,286 66.2 99.98
LFBF1:10 126 5,033,008 66 5,012207 75,942 66.2 100
SST-8 317 7,430,977 235 7,404,253 31,507 53.7 99.98
YSM-3 203 7,489,512 162 7,477,131 46,155 53.7 99.99

The % of Q40 Plus bases is the proportion of individual bases with a Q score of at least 40 (a Q score
of 40 = a base call accuracy of 1 error in 10,000 bases or 99.99 accuracy)

5.2.3.1 Identification of mixed cultures of clinical Stenotrophomonas
maltophilia isolates

Initial observations of individual contig data using RAST, in comparison to

other closely related sequences, immediately suggested that the two genomes from
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the clinical isolates contained genome sequences from both Stenotrophomonas spp.
and Staphylococcus aureus bacteria (data not shown). Additionally, their large
genome sizes in combination with their GC contents that differed markedly from
those of the environmental Stenotrophomonas spp. isolates suggested that the
genome sequences for isolates SST-8 and YSM-3 were derived from mixed isolates
(i.e. co-cultures). As these two isolates had been provided from clinical laboratories,
it was deemed essential to confirm whether or not, the isolates being examined were,
in fact, mixed cultures. Firstly, the genome sequences were analysed by Genome
Peek (http://edwards.sdsu.edu/GenomePeek/) that identifies 16S rRNA, recA, rpoB

and groEL genes in genome (or metagenome) data and enables taxonomic

assignment of genomes. Both genome sequences were found to include both
Stenotrophomonas maltophilia and Staphylococcus aureus sequences for each of
these four taxonomic marker genes. This result was in direct disagreement with the
original 16S rRNA gene sequencing data (Chapter 4, section 4.2.4) in which both
isolates had been identified as Stenotrophomonas maltophilia, i.e. mixed 16S rRNA
gene sequences were not generated by PCR. Consequently, the isolates were
recovered from frozen culture stocks. Repeated sub-culturing using streak plates
followed by Gram stain analysis (data not shown) of individual purified isolates
demonstrated that each of these two clinical isolates were a mixture of Gram-

negative rod-shaped bacteria and Gram-positive Staphylococci.

The phenotypic characterisation of the newly purified Stenotrophomonas
maltophilia isolates were repeated to compare these profiles to those produced in
Chapter 3, i.e. which were now established to have been conducted on mixed
cultures. Phenotypic profiling of the Staphylococcus aureus isolates was not
undertaken. The results of the phenotypic analyses, namely imipenem resistance
MICs, B-lactamase classification and mulitiple antibiotic resistance profiles are
shown in Table 5.4. Only one phenotypic difference was observed between the
purified (single) and the mixed cultures of these two strains. In the purified SST-8
strain, the MIC of imipenem was 16 pg ml™, which was lower than in the mixed
culture of SST-8 (32 ug ml™).
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Table 5.4: Comparison of antibiotic resistance phenotype of mixed clinical isolates of
Stenotrophomonas maltophilia SST-8 and YSM-3 strains before and after
streak plate isolation to purity

YSM-3
(Single)

TE S S S S

MH S S S S

TIM= Ticarcillin-clavulanate, CN= Gentamicin, CAZ= Ceftazidime, ATM= Aztreonam, IPM=
Imipenem, MEM= Meropenem, CIP= Ciprofloxacin, LEV= Levofloxacin, W= Trimethoprim, SXT=
Co-trimoxazole, TE= Tetracycline, MH= Minocycline. +: positive, -: negative, R: resistant, S:
susceptible.

5.2.3.2 Overview of Stenotrophomonas spp. isolates genome sequences

RAST (Rapid Annotation using Subsytems Technology) analysis with
reference to the SEED Viewer was used to analyse the Stenotrophomonas spp.
isolate genome sequences. The genome sequences of all six of the Stenotrophomonas
spp. isolates from environmental sources, and also of the two clinical isolates (SST-8

and YSM-3) were found to be most closely related to genomes of Stenotrophomonas

135



maltophilia strains in SEED. The genomes of two of the isolates from Beverley Beck
(BBS1:13 and BBS4:12) and clinical isolate SST8 were found to be most closely
related to the genome of the S. maltophilia strain R551-3, isolated originally as an
endophytic bacterium from a poplar tree (Taghavi et al., 2009). The genomes of the
water isolate BBS3, two of the soil isolate (RHBC2:15 and LFBF1:10) and the
clinical isolate YSM-3 were most closely related to the genome of the S. maltophilia
strain K279a isolated originally from a patient in a hospital in Bristol, U.K. suffering
from septicaemia following a course of chemotherapy (Crossman et al., 2008). The
genome of the soil isolate LFWD3:7 was most closely related to that of the S.
maltophilia SKA14 strain isolated from the Baltic Sea.

Description of the RAST analysis of the genomes of the two clinical isolates is
not provided as their genome data comprised both Stenotrophomonas maltophilia
and Staphylococcus aureus sequence data. Table 5.5 presents an overview of
genomic features of the six environmental S. maltophilia isolates in comparison to
those of their closest related genome sequences in the SEED Viewer. Subsystem
coverage was typically higher for the six environmental isolate genomes than in the
reference strain genomes, with coverage of between 45-48% for the environmental
isolates and of 40-43% for the reference strains. The number of protein encoding
genes (PEGs) identified in the environmental isolates ranged from 3,676 PEGs in the
soil isolate RHBC2:15 up to 4,609 PEGs in the soil isolate LFBF1:10. The
proportion of non-hypothetical genes (i.e. genes for which known functions have
been established) in the six isolates ranged from 67.84% for strain LFBF1:10 up to
71.02% for strain RHBC2:15. These proportions were similar to those described for
the genome sequences of the reference strains R551-3 and K279a. RAST predicted
that between 66 (LFBF1:10) and 120 LFWD3:7) PEGs were possibly missing from
the genomes of the environmental isolates. The predicted number of RNA genes in
the soil and water isolates was lower than those predicted in the genomes of R551-3
and K279a, but similar to the numbers of RNA genes present in SKA14.
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Table 5.5: Comparison of genome features between environmental isolates of S. maltophilia and their closest related sequences in the SEED Viewer

Strain Number Genome Subsystems Subsystem Protein encoding | Number of non- Number of Possible Number
name of contigs size (bp) coverage (%) genes hypothetical hypothetical missing of RNAs
genes genes genes

BBS1:13 191 4,609,592 439 45 4074 2840 (69.71%) 1234 (30.29%) 74 69
BBS4:12 145 4,601,151 441 45 4081 2843 (69.66%) 1238 (30.33%) 70 69
BBS3 154 4,915,531 459 45 4465 3080 (68.98%) 1385 (31.01%) 89 73
RHBC2:15 108 4,216,923 438 48 3676 2611 (71.02%) 1045 (28.42%) 77 68
LFWD3:7 221 4,814,993 448 45 4336 2954 (68.13%) 1382 (31.87%) 120 72
LFBF1:10 126 5,033,008 463 45 4609 3127 (67.84) 1482 (32.15%) 66 74

Genome sequences of related organisms in SEED-Viewer

R551-3 1 4,573,969 389 40 4090 2876 (70.31%) 1214 (29.68%) N/A 86
K279 11 4,839,721 425 4 4399 3187 (72.45%) 1212 (27.55%) N/A 91
SKA14 50 4,990,006 444 43 4469 2990 (66.57%) 1501 (33.42%) 83 74

Subsystems are defined as a set of functional roles that an annotator has decided should be thought of as related (http://www.theseed.org/wiki/Glossary). Subsystem coverage
refers to the % of protein encoding genes that can be classified in the SEED Viewer tool. Possible Missing Genes and Numbers of RNAs were calculated by RAST.
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The RAST overview of the environmental isolates of Stenotrophomonas
maltophilia showed that the numbers of genes encoding antibiotic resistance (AR)
ranged from 32-58 ARGs. The highest number of these genes were detected in water
isolates (BBS1:13 and BBS4:12), whereas the lowest were observed in the isolate
from the Riseholme manured farm soil (RHBC2:15). The numbers of ARGs in the
other isolates were similar to one another (55, 56, and 56 in LFBF1:10, BBS3, and
LFWD3:7 respectively). The numbers of ARGs in the environmental isolates were
higher than the numbers observed in the closest related sequences in the R551-3 (31)
and K279a (40) isolates. However, these were similar to the number of ARGs (58)
observed in SKA14 (Table 5.6).

One of the water isolates (BBS3) showed the highest number of genes that
encode resistance to heavy metals (MRGs) (55), whereas the Riseholme
(RHBC2:15) manured isolate showed the lowest number (24). In the LFWD3:7 and
LFBF1:10 isolates, 49 and 52 MRGs were observed, respectively. Also, the numbers
of MRGs in the environmental isolates were higher than observed in the closest
related sequences in R551-3 (21). However, this number was similar to the number
of MRGs in SKA14 (49) and K279a (51) (Table 5.6).

Regarding mobile genetic element (bacteriophage-related) genes, the highest
numbers were detected in the LFBF1:10 isolate (42), whereas the lowest numbers (4)
were observed in RHBC2:15. RAST analysis did not identify any other MGE genes
either in the environmental isolates or in the isolates RSS1-3, K279a or SKA14. Two
water isolates showed moderate numbers of phage related genes (6 and 9) in
BBS1:13 and BBS4:12, respectively. Twenty-three MGEs were observed in BBS3,
which represented the highest number among water isolates. The closest related
sequences in R551-3 and K279a showed lower numbers of MGEs than the amount
detected in the environmental isolates (1 and 3 genes, respectively). In contrast,
SKA14 had the same number of phage-related genes (23) to isolates BBS3 and
LFWD3:7 (Table 5.6).
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Table 5.6: Numbers of antibiotic resistance and heavy metal resistance-protein
encoding genes and numbers of mobile genetic element (bacteriophage-
related) genes identified by RAST analysis of the genomes of
Stenotrophomonas maltophilia water and soil isolates, compared with
genome sequences of related organisms

Strain Resistance to | Resistance to Mobile
antibiotics heavy metals genetic
element

genes

BBS1:13 58 25 6 phage
BBS4:12 58 25 9 phage
BBS3 56 55 23 phage
RHBC2:15 32 24 4 phage
LFWD3:7 56 49 23 phage
LFBF1:10 55 52 42 phage
R551-3 31 21 1 phage
K279 40 51 3 phage
SKA14 58 49 23 phage

5.2.3.3 Overview of antibiotic resistance genes in environmental and clinical
isolates of S. maltophilia

Various antibiotic resistance genes were detected within the isolates of
environmental S. maltophilia using RAST. For the two clinical isolates (SST-8 and
YSM-3), only antibiotic resistant genes (ARGS) related to Stenotrophomonas were
counted and included in the subsequent analysis, whereas those related to

Staphylococcus were excluded.

Genes encoding resistance to antimicrobials can be divided into those
mediating resistance to specific antimicrobial classes and those encoding efflux
pump systems (Figure 5.2). Genes mediating resistance to specific groups of
antimicrobials, such as [-lactamases, and resistance to fluoroquinolones were
detected in moderate numbers in most of the isolates. However, genes encoding
resistance to aminoglycosides were detected in low numbers in different isolates.
The most abundant specific ARGs detected in all of the isolates were f-lactamases
encoding genes. These ranged from 8 B-lactamases in the RHBC2:15 strain isolated

from the manured Riseholme farm soil to 13 in the non-manured Lodge farm soil
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isolate LFWD3:7. The highest numbers of genes encoding -lactamases (15 genes)
were detected in both of the clinical isolates; the YSM-3 strain isolated from a blood
sample and the SST-8 strain isolated from sputum. The second most abundant
specific class of ARGs were those mediating resistance to fluoroquinolones. Four
genes encoding resistance to fluoroquinolones were detected in each of the six
environmental isolates, whereas twice that number (8) was detected in each of the
clinical isolates (SST-8 and YSM-3). Another observation was the detection of
specific ARGs for those mediating resistance to aminoglycosides. There was no
trend in the distribution of resistance genes to aminoglycoside. The genes mediating
multidrug resistance efflux pumps were the most commonly found resistance genes
for all of the isolates, ranging from 23 to 32 genes (Figure 5.2). The lowest number
found was 23 in the RHBC2:15 soil isolate, and the highest number found was 32 in
both the BBS-3 isolate from water and the YSM-3 clinical isolate (Figure 5.2).
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Figure 5.2: Overview of types of antibiotic resistance genes found in environmental
and clinical isolates of S. maltophilia identified by RAST
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5.2.3.3.1 Identification of B-lactamases

Genome analysis using the RAST software system demonstrated that the six
environmental and two clinical isolates of S. maltophilia produced various classes of
B-lactamases (Table 5.7). Although RAST detected a number of [B-lactamases
produced by each isolate, the exact enzyme class was not definitively given as an
output of RAST. Therefore to provide more detailed identification of potential
antibiotic resistance genes, a BLAST (Basic Local Alignment Search Tool) search
was performed for each of the PEGs identified as B-lactamases by RAST. BLAST is
a rapid search tool used in DNA and protein sequencing (Altschul et al., 1990;
Donkor et al., 2014). Analysis of the translated gene sequences (i.e. into protein
sequences) from the environmental and clinical isolates of S. maltophilia were
analysed by BLASTP to identify specific B-lactamases (Table 5.7).

This analysis detected various classes of fB-lactamases. Class A B-lactamase
(L2) was detected in all eight isolates (BBS1:13, BBS4:12, BBS3, LFBF1:10,
RHBC2:15, LFWD3:7 SST-8 and YSM-3). This detection is not consistent with the
phenotypic identification in six isolates because this class was observed
phenotypically in only two isolates, RHBC2:15 and LFWD3:7 (Table 5.7).

Class B p-lactamase (MBL) was observed in seven isolates (BBS1:13,
BBS4:12, BBS3, LFBF1:10, RHBC2:15, SST-8 and YSM-3) and was not detected
in one isolate (LFWD3:7). This was broadly consistent with the phenotypic detection
in all isolates, with the exception of isolate RHBC2:15, for which class B [-

lactamases were only identified from genome data (Table 5.7).

Detection of AmpC, which is related to class C p-lactamase, was observed in
only three isolates (BBS1:13, BBS4:12 and LFWD3:7). This was consistent with the
phenotypic activity in only one isolate (BBS1:13). However, although isolates
BBS3, LFBF1:10 and SST-8 showed phenotypic production of this enzyme (Table

5.7), genes encoding class C B-lactamases were not identified in their genomes.

Class D B-lactamases were not detected either in the phenotypic or molecular

characterisation for all of these isolates (Table 5.7).

The closest related sequences for these f-lactamases were those related to

various strains of Stenotrophomonas previously studied by other researchers, which
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were isolated from various sources. These strains include S. maltophilia, S.
maltophilia 5BA-I-2 (soil), Stenotrophomonas sp. SKA14 (Baltic Sea), S.
maltophilia K279a (blood), S. maltophilia R551-3 (rhizosphere), Stenotrophomonas
sp. RIT309 (shrub willow ‘salix’) and S. maltophilia EPM1 (stool) (Table 5.7).

Moreover, the BLAST search identified other p-lactamases (related to
Stenotrophomonas spp) within all eight isolates. However, these were not classified
under known classes. These include 10, 10, 9, 6, 11, 9, 13 and 13 B-lactamases in
isolates BBS1:13, BBS4:12, BBS3, RHBC2:15, LFWD3:7, LFBF1:10, SST-8 and
YSM-3, respectively.
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Table 5.7:

Isolate Source Phenotypic p- .
name lactamase activity
<|momjJoOo]Ao
a1 81 81 4
SISl os ]l
O O O O
912
BBS113 | BeverleyBeck Byt v v N 1059
Site 1
801
912
. Beverley Beck
BBS4:12 Site 4 N Y N N 1059
801
912
BBS3 Bever_ley Beck N v v N
Site 3
801
900
. Riseholme
RHBC2:15 beans 30130 Y N N N
801

B-lactamase
identification

B-lactamase Class A (L2)
B-lactamase Class C (AmpC)
B-lactamase Class B (MBL)
B-lactamase Class A (L2)
B-lactamase Class C (AmpC)
B-lactamase Class B (MBL)
B-lactamase Class A(L2)
B-lactamase Class B (MBL)
B-lactamase Class A(L2)

B-lactamase Class B (MBL)
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Phenotypic and molecular characteristics of f-lactamases in S. maltophilia isolates

Molecular B-lactamase identification (BLAST)

QC | Identity
% %
100 90

100 85
100 98
99 83
100 84
100 92
100 99
100 99
99 81
100 86

Accession

WP_025874687.1

EVT73212.1

EVT73642.1

CAB63491.1

EED37816.1

WP_008264769.1

CAB63490.1

WP_024958474.1

ACF52835.1

YP_001973501.1

Closest related

sequence (isolation

source)

S. maltophilia
(NA)

S. maltophilia 5BA-I-2
(soil)

S. maltophilia 5BA-1-2
(soil)

S. maltophilia

(blood)

Stenotrophomonas sp.
SKA14 (Baltic Sea)

Stenotrophomonas sp.
SKA14 (Baltic Sea)

S. maltophilia K279a
(blood)

S. maltophilia

(NA)

S. maltophilia R551-3
(rhizosphere)

S. maltophilia
K279a (blood)

NA

Nunvar et al., 2014
Nunvar et al., 2014
Auvison et al., 2001
Hagstrom et al., 2008
Hagstrom et al., 2008
Avison et al., 2001
NA

Lucas et al., 2008

Crossman et al., 2008



Molecular B-lactamase identification (BLAST)

Isolate Source Phenotypic p-
name lactamase activity

i 000) g a p-lactamase QC | ldentity Accession Closest related Reference
g1 81388 identification % % sequence (isolation
ojojo]jo source)
912 p-lactamase Class A(L2) 100 93  ACF52835.1 EBHEZigczprT:ilzlzsphere) Lucas et al., 2008
. Lodge Farm
LFWD3:7 wheat Field Y ‘N N N Stenotrophomonas sp.
1116 B-lactamase Class C (AmpC) 96 89 EZP42591.1 RIT309 (shrub willow Ganetal., 2014
‘salix’)
912 B-lactamase Class A (L2) 100 99  CAB63490.1 f{zn;g'togr"'j‘ Avison et al., 2001
. Lodge Farm a (blood)
LFBF1:10 N Y Y | N
beans 142 S. maltophilia
801 B-lactamase Class B (MBL) 100 96 WP_005418893.1 (NA) NA
_ 912 B-lactamase Class A (L2) 100 99 AAGI15385.1 f,‘\x‘”"ph"'a NA
SST-8 Sheffield N Y Y N
sputum S. maltophilia
801 B-lactamase Class B (MBL) 100 99 CAQ47213.1 K279a (blood) Crossman et al., 2008
912 p-lactamase Class A(L2) 100 99 EMF59206.1 EPnlcﬂallt(()sﬁglolll;l Sassera et al., 2013
YSM-3 Yorkblood N Y [N N »
801  p-lactamase Class B (MBL) 100 98  YP_001973501.1 IS(Z”;‘;‘!;C(’EES;) Crossman et al., 2008

NA: not available, both source of sample and reference (unpublished); bp: base pair; QC: query cover.

* Phenotypic data is as determined in Chapter 3 (Section 3.2.4.2.1) or for the clinical isolates for single strains in Table 5.4.
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5.2.3.3.2 Identification of antibiotic resistance using ResFinder

The ResFinder tool from CGE (Centre for Genomic Epidemiology)
(http://www.genomicepidemiology.org/) uses BLAST to identify acquired antibiotic-

resistance genes (ARGS) in genome data (Zankari et al., 2012). For the two clinical
isolates (SST-8 and YSM-3), only ARGs related to Stenotrophomonas were counted
and included in the subsequent analysis, whereas those related to Staphylococcus
were excluded. This identified the various ARGs responsible for resistance to
aminoglycosides, B-lactams, sulphonamide and tetracycline (Table 5.8). sph genes
encoding resistance to aminoglycosides were observed in six of the environmental
isolates (BBS1:13, BBS4:12, BBS3, LFBF1:10 and LFWD3:7) and in one clinical
isolate (YSM-3). However, this gene was not detected in the RHBC2:15 and SST-8
isolates. Other genes encoding aminoglycoside resistance (aph(3')-llc and aac(6')-1z)
were only detected in two clinical isolates (SST-8 and YSM-3, respectively). Class
B metallo B-lactamase (blaLl) was the most commonly detected gene-encoding
antibiotic resistance detected by this approach, being found in seven isolates
(BBS1:13, BBS4:12, BBS3, LFBF1:10, LFWD3:7, SST-8 and YSM-3), whereas this
enzyme was not observed in RHBC2:15. Only two isolates showed sull, which is
responsible for sulphonamide resistance. It should be noted here that ARGs were not
detected in the RHBC2:15 isolate using ResFinder.

The closest related sequences for these ARGs were those related to various
strains previously studied by other researchers, which were isolated from various
sources. These strains include S. maltophilia strain KJ, S. maltophilia strain K1,
uncultured bacterium plasmid PB5 (activated sludge), Escherichia coli, uncultured
bacterium plasmid pIPO2T (wheat rhizosphere), S. maltophilia strain K279a (blood)
and S.maltophilia (sputum) (Table 5.8).
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Table 5.8: Antibiotic resistance genes identified in S. maltophilia isolates using ResFinder

Strain
name

BBS1:13

BBS4:12

BBS3

RHBC2:15

LFWD3:7

Source

Beverley Beck Site 1

Beverley Beck Site 4

Beverley Beck Site 3

Riseholme beans 30130

Lodge Farm wheat field

sph
blaLl
sph
blaL1
sph
blaLl
sull
tet(C)
ND
sph

blaLl

%

Identity

86.47

87.01

86.47

87.01

99.38

89.43

100

99.9

ND

90.41

98.97

Accession
number

Predicted phenotype

resistance

Aminoglycoside resistance HQ424461
B-lactam resistance EF126059
Aminoglycoside resistance HQ424461
B-lactam resistance EF126059
Aminoglycoside resistance HQ424461
B-lactam resistance EF126059
Sulphonamide resistance CP002151
Tetracycline resistance Y19114
ND ND
Aminoglycoside resistance HQ424461
B-lactam resistance EF126059
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Closest related sequence (isolation
source)

S. maltophilia strain KJ (sph) gene (NA)

S. maltophilia strain K1 (L1) B-lactamase
gene (NA)

S. maltophilia strain KJ (sph) gene (NA)
S. maltophilia strain KJ (sph) gene (NA)

S. maltophilia strain KJ (sph) gene (NA)
S. maltophilia strain K1 (L1) B-lactamase
gene (NA)

Uncultured bacterium plasmid PB5
(activated sludge)

Escherichia coli partial plasmid tetC gene
(NA)

ND

S. maltophilia strain KJ (sph) gene (NA)

S. maltophilia strain K1 (L1) B-lactamase
gene (NA)

Reference

Huang et al., 2010
Yang et al., 2006

Huang et al., 2010
Huang et al., 2010
Huang et al., 2010

Yang et al., 2006

Szczepanowski et al.,
2011

Frech and Schwarz,
1999

ND
Huang et al., 2010

Yang et al., 2006



ARGs Reference

% Predicted phenotype Accession Closest related sequence (isolation
Identity resistance number source)

Strain Source
name

aph(3")-llc 97.54 Aminoglycoside resistance AM743169 S. maltophilia strain K279a (blood) Crossman et al., 2008
Sheffield sputum

NA: source of sample is not available (unpublished)

S. maltophilia strain K1 (L1) B-lactamase

blaL1 89.7 B-lactam resistance EF126059 gene (NA)

Yang et al., 2006
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To summarize the results obtained by RAST, BLAST and ResFinder, the
RAST has classified these different antibiotic resistance genes into their related
groups, but it has only illustrated which genes are in which categories without
establishing the specific identification of these genes. These ARGs include MDR
efflux pump, B-lactamases, fluoroquinolones and aminoglycosides resistance. On the
other hand, BLAST identified three different classes of B-lactamases within the
isolates, including class A (L2), class B (MBL) and class C (AmpC). However, Res-
Finder analysis identified additional ARGs that could be acquired but which were
not detected in RAST or in BLAST. These include B-lactamase class B (L1),
sulphonamide (sull) and tetracycline (tet(C)) resistance. It should be noted that

aminoglycoside resistance was detected using all three approaches.

5.2.3.3.3 Overview of heavy metal resistance genes in environmental and clinical
isolates of S. maltophilia

The genes mediating resistance to heavy metals including mercury, copper,
zinc, and cobalt which can be linked to antibiotic resistance, were detected in most of
the isolates in variable amounts. For the two clinical isolates (SST-8 and YSM-3),
only MRGs related to Gram-negative bacteria were counted and included in the
subsequent analysis, whereas those related to Gram-positive bacteria were excluded.
The highest numbers of heavy metal resistance genes detected in all of the isolates
were those encoding collective resistance to cobalt, zinc, and cadmium. The highest
number of these genes were detected in YSM-3 (27), BBS3 (30), LFBF1:10 (34),
SST-8 (35), and LFWD3:7 (36). The BBS1:13, BBS4:12, and RHBC2:15 isolates
showed the lowest number of these genes (13, 13, and 15) respectively (Figure 5.3).
The next most commonly detected heavy metal resistant genes in all isolates were
those encoding resistance to arsenic and then copper, with the highest number of
genes detected in two clinical isolates (YSM-3 and SST-8). Genes encoding
resistance to other heavy metals (e.g., mercury, chromium, and zinc) were less
frequently detected, were present only in a few of the isolates, and were also found
in lower numbers not exceeding five genes at most (Figure 5.3).
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Figure 5.3: Overview of types of heavy metal resistance genes found in environmental
and clinical isolates of S. maltophilia identified by RAST

5.2.3.4 Estimation of pathogenicity

The potential for the S. maltophilia strains to be human pathogens was
investigated (Table 5.9) using the PathogenFinder tool from CGE (Centre for

Genomic Epidemiology) (http://www.genomicepidemiology.org/). Based on

similarities to known pathogenic strains, both of the clinical strains SST8 and YSM-
3 showed, as expected, a high probability of being pathogenic, with strain SST-8,
isolated from sputum, having the highest potential pathogenicity, matching 378
pathogenicity profiles to the genome of the opportunistic pathogen Stenotrophomas
maltophilia K279a (Crossman et al., 2008). In addition, four of the environmental
strains: BBS3, BBS1:13 and BBS4:12 (isolated from river water) and LFWD3:7
(isolated from non-manured farm soil) were also predicted by PathogenFinder as
being potential pathogens for humans but with a lower likelihood, matching
pathogenicity profiles of S. maltophilia K279a in 27, 9, 20 and 26 families,
respectively. The two remaining soil isolates (RHBC2:15 and LFBF1:10) were not

predicted to be human pathogens using PathogenFinder.
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Table 5.9: Prediction of pathogenicity in environmental and clinical isolates of S.
maltophilia identified by PathogenFinder

Stenotrophomonas | Prediction | Probability | Matched Best matched ACCESSION
maltophilia strain | as human | of being a | Pathogenic organism ID

pathogen human Families
pathogen*
BBS1:13 (water) Y 0.657 9 S. maltophilia K279a  NC_010943.1
BBS4:12 (water) Y 0.643 20 S. maltophilia K279a  NC_010943.1
BBS3 (water) Y 0.617 27 S. maltophilia K279a  NC_010943.1
RHBC2:15 (soil) N 0.429 8 S. maltophilia K279a  NC_010943.1
LFWD3:7 (soil) Y 0.608 26 S. maltophilia K279a NC_010943.1
LFBF1:10 (soil) N 0.203 1 S. maltophilia K279a  NC_010943.1
SST-8 (sputum) Y 0.974 378 S. maltophilia K279a  NC_010943.1
YSM-3 (blood) Y 0.975 881 S. maltophilia K279a  NC_010943.1

* Probability is on a scale from 0 to 1, where higher scores indicate increased probability of an
organism being a human pathogen

5.2.3.5 Multi Locus Sequence Typing of Stenotrophomonas spp. isolates

Multi Locus Sequence Typing (MLST) is a technique introduced in 1998 for
the identification and typing of different bacterial isolates and strains of individual
species, which works by identifying the sequence of different alleles of conserved
housekeeping loci (genes) (Maiden et al., 1998). MLST was used for typing and
identification of antimicrobial resistant isolates of Stenotrophomonas maltophilia
(Song and Shin, 2012). The Multi Locus Sequence Typing (MLST) web-server
(http://cge.cbs.dtu.dk/services/MLST/) was used to conduct in silico MLST analysis
on seven of these housekeeping genes of the Stenotrophomonas spp. isolates (Table
5.10). For S. maltophilia, these genes contain between 26 and 56 different known
alleles and the technique was considered to be sufficiently rapid and discriminatory
to be suitable for the typing of S. maltophilia isolates (Song and Shin, 2012). On this
basis, one of the clinical isolates (SST-8) was found to belong to the S. maltophilia
ST-31 MLST class, while the other seven isolates did not exactly match any other
known S. maltophilia strains on the database, although each of these isolates had

genes that were 100% identical to at least one of the alleles of the seven genes (loci).
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Table 5.10: MLST profile (allelic profile) for environmental and clinical isolates of Stenotrophomonas spp.

BBS1:13 BBS4:12 BBS3 RHBC2:15 LFBF1:10 SST-8 YSM-3
Beverley Beck Beverley Beck Beverley Beck Riseholme beans Sheffield sputum York blood
site 1 site 4 site 3 30130

LFWD3:7

Isolate

Source Lodge Farm wheat | Lodge Farm beans

144 142

MLST Un-ST

Allele % ID Allele % ID Allele % ID Allele % ID Allele % ID Allele % ID Allele % ID Allele % ID

atpd_33 100 atpd_33 99.44 atpd 4 100 atpd_39 99.06 atpd_33 98.87 atpd_4 98.87 atpd_3 100 atpd_5 100

gapa_31 99.46  gapa_31 99.82 gapa_22 99.82 gapa_6 91.22 gapa_53 100 gapa_22 100 gapa_4 100 gapa_22 99.64
guaa_12 96.25 guaa_12 98.55 guaa_l14 98.73 guaa_45 96.74 guaa_l4 98.55 guaa_l4 98.55 guaa_24 100 guaa_2 98.73
mutm_32  96.34 mutm_32 100 mutm_5 100 mutm_11  90.11 mutm_32 97.20 mutm_5 97.20 mutm_7 100 mutm_5 99.57
nuod_35 99.77  nuod_35 98.87 nuod_9 99.77  nuod_61 955  nuod_43 99.32  nuod_9 99.32  nuod_7 100 nuod_9 99.77
ppsa_46 100 ppsa_46 98.79 ppsa_6 99.19 ppsa_43 91.98 ppsa_45 97.98 ppsa_6 97.98 ppsa_22 100 ppsa_6 99.19

reca_12 100 reca_12 97.25 reca_9 100 reca_35 94.14  reca_37 97.62 reca 9 100 reca_7 100 reca_9 99.45

NB: Un-ST: unknown Stenotrophomonas spp sequence type; %ID = % ldentity.
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5.3 Discussion

Several molecular methodologies are available, including PCR, gene probing,
sequencing, and cloning, for the examination and characterisation of microorganisms
at the molecular level of study e.g. the study of nucleic acids and genes. Each
method has its advantages and disadvantages and the results depend on strict
application of the protocols (Moore et al., 2004). For genomic DNA (gDNA)
sequencing, the preparation of the sample is very important as the optimal quantity

and quality of gDNA is crucial.

The genome sequencing in the current study was done to explore the resistance
pattern (specifically of p-lactamases and other antibiotic resistance) of
Stenotrophomonas spp. isolates at molecular level. This was to allow comparison of
their genomes and to other strains previously sequenced, and also to enable the
comparison of the molecular data obtained here with that observed phenotypically
(Chapter 3).

The choice of Stenotrophomonas spp. isolates was based upon this being the
only genus detected in all of the environmental (water and soil) and clinical samples
which showed a high MDR pattern and was detected in reasonable numbers in the

current study.

As the quantification of gDNA is an important step before starting the
sequencing process, it was measured using the NanoDrop® ND-1000
spectrophotometer and the DNA concentration adjusted as recommended. It is
known that if the DNA concentration in the sample is very high this will lead to the
overlapping of the produced sequencing clusters. On the other hand, if the gDNA is
less than the optimal amount needed, then it will give clusters with low density and
both the high and low concentrations of gDNA will affect the sequencing results
(Buehler et al., 2010).

The GC-contents of the isolates in the current study were between 53.7% and
67%; this is considered a reasonable percentage for obtaining a good sequence
without biases occurring due to the variation in GC-contents (Chen et al., 2013).
However it is known that bacterial genomes have wide variations in GC contents,
starting from 17% and rising to 75% (Brocchieri, 2014). The lower the GC contents
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the higher the sequence errors, and the higher the GC-contents the higher the
fragmentations during sequencing, which can be misread as repetitive elements.
However, the threshold value for the high and low GC contents were determined and
in some cases the lower limits were less than 25% (Chen et al., 2013).

The GC contents of the six environmental isolates in the present study are
comparable to each other and similar to those from previously sequenced and
documented Stenotrophomonas maltophilia isolates in different studies. For
example, the GC content for a S208 MDR isolate was 67.07% (Song et al., 2012);
for strain AU12-09 from an intravenous catheter tip the GC content was 66.5%
(Zhang et al., 2013) and for strain WJ66 isolated from human blood the GC content
was 66.48% (Zhao et al., 2015).

The total genome lengths of the six environmental isolates in the current study
were found to vary. The shortest one was 4,216,923 bp (in RHBC2:15), while the
longest genome was 5,033,008 bp (in LFBF1:10). The lowest possible number of
missing genes (66) were detected in the LFBF1:10 isolate, which showed the longest
genome size (5,033,008) and the largest number of PEGs (4,609).These findings are
comparable to those detected in a clinical strain (D457) from Spain where the total
genome contained 4,769,156 bp with 66.8% GC content found to contain 30
pseudogenes and 200 new genes not reported in other isolates. These were mostly
encoding hypothetical proteins and transposases, indicating the larger size of the
genome of Stenotrophomonas maltophilia (Lira et al., 2014).

In the current study, RAST analysis of the two clinical isolates, SST-8 and
YSM-3 showed that these were derived from mixed isolates (i.e. co-cultures) of both
Stenotrophomonas maltophilia and Staphylococcus aureus. This was apparent from
their large genome sizes and lower GC contents, i.e. in comparison to the other
Stenotrophomonas spp. genomes. However, the detection of this mixed culture had
escaped identification as a mixed culture when performing PCR and sequencing of
16S rRNA for these two isolates obtained from hospitals. This could highlight the

limitations of the conventional 16S rRNA sequencing in bacterial identification.

Salipante and colleagues (2013) suggest using deep 16S rRNA sequencing (i.e.
sequencing of a region in a genome many times) for the primary identification of

pathogenic bacteria in many clinical samples, including brain abscess samples,
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lymph node samples and sputum from cystic fibrosis patients. Similar to our
findings, they reported the miss-identification of some microorganism using this
approach and the most commonly miss-identified organism was Staphylococcus
aureus. However, some studies have reported that using 16S rRNA in organism
identification is more accurate than other methods, including phenotypic
characterisation (Clarridge, 2004, Petti et al., 2008).

Infection caused by opportunistic organism is frequently polymicrobial. This
has been observed in co-infections with Pseudomonas aeruginosa and S. aureus
which had small colony variants (SCVs) which were difficult to detect (Hoffman et
al., 2006). These SCVs in S. aureus have been detected in various infections, e.g. in
the airways of more than 50% of cystic fibrosis (CF) patients, and these infections

were also found to persist for many years (Proctor et al., 2006).

SCVs grow slowly and have uncommon biochemical features, which have
gone undetected in mixed cultures and present a challenge as they are difficult for

hospital microbiologists to identify phenotypically (Proctor et al., 2006).

Although the presence of mixed bacterial cultures in the clinical samples did
not affect the research work in the current study, this has a very important
application in clinical practice itself. The interpretation of a mixed culture as being a
single bacterium would have detrimental effects upon the modality of the selected
antimicrobials for the treatment of such infections. The application of different
accurate laboratory diagnostic sets is important even if it included both phenotypic
and genotypic methodologies to isolate the exact infectious agent. This is our
finding, which, along with the other reports, may argue for routine identification of
potential non-diagnosed roles of S. aureus by genomics when an opportunistic
organism is present. Detection and treatment of S. aureus can improve the outcomes
for the patient (Hoffman et al., 2006).

Fortunately, this mixed culture did not affect the results of the genome study,
as we extracted only the information from the ARGs that related to S. maltophilia,
and information about S. aureus was ignored. This was confirmed by blasting each
of the PEGs, which included only the -closest sequences that showed
Stenotrophomonas identification and features; for example, the identification of class

B metallo-B-lactamases (L1) and class A (L2), which are enzymes common in

154



Stenotrophomonas. However, there have been no reports of its detection in Gram-
positive microorganisms (Avison et al., 2002: Hu et al., 2008). Also, horizontal
transfer of these genes from S. aureus to S. maltophilia is unlikely (but not
impossible) as HGT does not commonly take place from Gram-positive to Gram-
negative bacteria, although the reverse has been reported (Musovic et al., 2006;
Klimper et al., 2014).

Strains of Stenotrophomonas maltophilia are lacking in distinct phenotypic
variations. However, in 1999, genome fingerprinting studies of more than 100
environmental and clinical isolates of Stenotrophomonas maltophilia, by the use of
amplified fragment length polymorphism (AFLP), detected great genomic diversity
in these isolates. The genetic homology between these isolates ranged from 15-30%
(Hauben et al., 1999).

Based upon this reported genomic diversity of S. maltophilia, it was then not
regarded as unexpected in the current study to find that genome sequencing revealed
similarities in two of the aquatic isolates from Beverley Beck (BBS1:13 and
BBS4:12), and one clinical isolate SST8, to the genome of R551-3 isolated from a
poplar tree. The R551-3 strain is one of the endophytic bacteria that live within the
plant without causing it any harm and is mostly beneficial in helping to promote
growth, exclude phytotoxic compounds and fix nitrogen (Taghavi et al., 2009).
Furthermore, the genome of BBS3 water isolate, RHBC2:15 and LFBF1:10 soil
isolates, and YSM-3 clinical isolates in the current study were closely related to
K279a isolated from the UK in 1998 (Crossman et al., 2008), which may make it
difficult to define the characteristics which would identify the clinical or

environmental isolates of such genotypically heterogeneous microorganisms.

Genes representing resistance to many classes of antimicrobials were detected
by genome study of the isolates using the RAST search tool. These classes of
antimicrobials included [-lactams, fluoroquinolones, and aminoglycosides.
Resistance to additional classes of antimicrobials, including tetracyclines and
sulphonamides, was detected by the application of another search tool (ResFinder)

which is used for the detection of potential acquired resistance (Zankari et al., 2012).

Trimethoprim-sulphmethoxazole (co-trimoxazole) was considered as the drug

of choice in the treatment of infections caused by Stenotrophomonas maltophilia
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(Nicodemo and Paez, 2007). However, resistance to co-trimoxazole is nowadays
reported worldwide (Toleman et al., 2007). Resistance to co-trimoxazole was not
reported phenotypically in the K279a strain and the gene mediating the
sulphonamide resistance was not detected (Crossman et al., 2008). However, in the
current study, phenotypic resistance to co-trimoxazole was detected in some isolates,
and the sull gene mediating resistance to sulphonamide was detected in two of the
isolates (BBS3 from water and LFBF1:10 from soil at Lodge farm) by the ResFinder
tool, but not by RAST.

B-lactam antimicrobial resistance genes were analysed in detail and were
ascribed to their corresponding class in Ambler classification, which is the most
widely adopted classification. RAST software did not serve in the identification of
the enzymes classes, while the BLAST search was effective in the identification of

known classes of B-lactamases.

Fifteen genes encoding B-lactamases were detected in each of the two clinical
isolates (SST-8 and YSM-3) of the current study, which is a higher number than that
reported in the comparable K279a clinical isolates, where only four L1 and L2 B-
lactamase genes were reported (Crossman et al., 2008). This was also a higher
number than that reported in a clinical isolate (AU12-09) from an intravenous
catheter tip, where only 11 genes were detected (Zhang et al., 2013). However, these
15 B-lactamase genes in the two clinical isolates represents roughly only half the
number detected recently in a clinical isolate (WJ66) obtained from blood, in which
33 B-lactamase genes were reported (Zhao et al., 2015). This gradual increase in the
numbers of genes encoding resistance to B-lactamases may be due to the selective
pressure exerted by the increased use of B-lactam antimicrobials in clinical practice
(Safdar and Rolston, 2007) and the increasing use of broad-spectrum antimicrobials

and increasing numbers of immuno-compromised patients (Song et al., 2012).

Genes encoding [-lactamases were detected in lower numbers in
environmental isolates than in the clinical isolates, ranging from eight genes in
RHBC2:15 isolated from soil at Riseholme farm to 13 genes in LFWD3:7 from soil
at Lodge farm, and also in both of the water isolates BBS1:13 and BBS4:12. In
general, the number of ARGs (55-58) within most of our environmental isolates was
similar to the number of ARGs (58) found in the closest related sequence of SKA14

isolated from an environmental source (i.e. the Baltic Sea). However, this was not
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similar to the number of ARGs in other closest related sequences, including R551-3

(31) and K279a (40) isolated from rhizosphere and blood samples, respectively.

In addition to chromosomally-borne antimicrobial resistance genes in
Stenotrophomonas maltophilia, the detection of potential acquired antibiotic
resistance using ResFinder and also the presence of mobile genetic elements (MGESs)
may highlight the important potential role of HGT in the dissemination of this
resistance to other bacteria. Avison et al. (2000) have detected class A (L2) and class
B (L1) B-lactamases in all 10 examined S. maltophilia isolates and reported that
these enzymes were carried on plasmid-like elements. They also suggested that these
elements are likely to disseminate to other Gram-negative bacteria, which could lead
to clinical problems. In the current study, the lowest number of these MGEs (4
phage-related genes) were detected in the soil isolate RHBC2:15, while the highest
number (42) were detected in the soil isolate LFBF1:10. These MGEs are present in
higher quantities than those found by RAST analysis in the related clinical K279a
strain (3 phage) (Crossman et al., 2008), and the environmental R551-3 strain (1
phage) (Taghavi et al., 2009). These phages are integrated in the chromosome via the
action of integrase enzymes (Brown-Jaque et al., 2015). The absence of plasmid
and/or transposon-related genes in either the eight genomes analysed here, or in the
genomes of their closest related strains, may reflect the limitations of the RAST
annotation (i.e. these MGE genes have not been assigned yet to subsystems).
Alternatively, it may also reflect the challenges of co-extracting plasmid DNA,
during genomic DNA isolation. For example, only approximately 35% of the ~3100
complete and published genomes stored on the Genomics Online database (gold.jgi-

psf.org) contain plasmid sequences.

Genes encoding MDR efflux pumps, which play a role in resistance to
antimicrobials, were detected in higher numbers in all of the sequenced isolates in
the current study ranging from 24 to 32 genes. This is comparable to the numbers
detected in the K279a isolate, where 31 antibiotic efflux pumps were observed which
mediate resistance to chloramphenicol, fluoroquinolones and tetracyclines
(Crossman et al., 2008). Also, it is similar to the AU32 clinical isolate, in which 24
genes encoding antibiotic resistance efflux pumps were detected (Zhang, 2013) and
to the WJ66 clinical isolate, where 32 efflux pump genes were detected (Zhao et al.,
2015).
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Stenotrophomonas maltophilia has been isolated from a variety of
environmental contexts, including soil, water and food. It is one of the most common
opportunistic pathogens nowadays, with its MDR pattern making treatment a
significant problem (Adamek et al., 2014). The strains isolated in the current
research have been evaluated for human pathogenicity and have been investigated to
check whether potential differences between environmental and clinical isolates are

significant in causing diseases.

The PathogenFinder tool (Table 5.9) was used to relate our Stenotrophomonas
maltophilia isolates to pathogenic strains which have already been reported and
documented. The results showed that the clinical isolates SST8 and YSM-3 have the
highest pathogenic probabilities due to their matching 378 and 991 pathogenic
families respectively. This result was as expected, with the highest probabilities on
the pathogenicity scale at 0.974 and 0.974, respectively, (probability is on a scale
from 0 to 1). Also, interestingly, four isolates (BBS3, BBS1:13 and BBS4:12
isolated from water) and LFWD3:7 (isolated from soil) showed potential
pathogenicity matching to between 9 and 27 pathogenic families, with a lower
overall rate (0.617 — 0.657) than the two clinical isolates. However, two soil isolates
(RHBC2:15 and LFBF1:10) were shown not to be probably pathogenic strains,
matching only 1-8 pathogenic families with the lowest overall rate (0.203-0.429).
The best matched organism to all the eight isolates, using Pathogen Finder, was the

clinical isolate K279a, as reported by Crossman et al., (2008).

A study was done to investigate the virulence factors of Stenotrophomonas
maltophilia both in a clinical (SKK35) and an environmental (RA8) strain, using
three known strains as a control (K279a, R551-3, and SKA14). They found that most
of the studied genes for virulence (protease, hemolysin and phospholipase) were
present in all the studied isolates. Furthermore, they did not detect the gene encoding
the toxin Zonula occludens in any of these strains (Adamek et al., 2014). These
findings may make the differentiation of the virulence between the clinical and
environmental isolates of the organism more difficult and demonstrate the need for

further investigations.

Genes encoding resistance to heavy metals were detected in all of the
sequenced isolates and in different frequencies (Table 5.6), ranging from 24 genes in

soil isolate RHBC2:15, and 25 genes in two of the water isolates (BBS1:13 and
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BBS4:12), with the highest numbers detected in two of the soil isolates (LFWD3:7,
LFBF1:10) and one water isolate (BBS3) which carried 49, 52, and 55 metal
resistance genes, respectively. The genes encoding resistance to cobalt-zinc-
cadmium (czc) were the most abundant metal resistance genes detected in all of the
isolates (Figure 5.3), ranging from 14 to 36 copy numbers of czc genes. The second
most commonly found heavy metal resistance genes in the current study were those
encoding resistance to arsenic, followed by copper, ranging from 4 to 15 genes in
different isolates. Genes encoding mercury and chromium were the least abundant
heavy metal resistance genes to be detected and were only present in a few isolates
in lower numbers, ranging from 1-5 genes. These heavy metal genes are comparable
to those detected in the K279a strain, where arsenic, mercury, and copper resistance
genes were detected, while resistance to cadmium was associated with efflux pumps
(Crossman et al., 2008).

Resistance to heavy metals, which are present as contaminants in the
environment at levels higher than those of antimicrobials, is often linked with
resistance to antibiotics in several mechanisms (Baker-Austin et al., 2006). The first
mechanism is via the co-resistance to both heavy metals and antimicrobials when the
genes encoding both are present on the same genetic elements, e.g. integrons,
transposons and/or plasmids. For example, there can be resistance to mercury and
ampicillin on the same plasmid (Chapman, 2003) or resistance to copper, macrolides
and glycopeptides (Hasman and Aarestrup, 2002). The second mechanism is cross-
resistance, when the targets of actions of both metals or antimicrobials are the same;
if it is damaged by the metals then a resistance to both the antimicrobials and the
metals will develop. This is also exemplified by the MDR efflux pump, which
excludes both heavy metals and antibiotics from the cell (Chapman, 2003; Baker-
Austin et al.,, 2006). The third mechanism is via the co-regulation of both
transcriptional and translational processes for both heavy metals and antibiotics
when facing stressful conditions (Lee et al., 2005). The last mechanism is via the
formation of biofilm by bacteria which affects both the heavy metal and antibiotic
actions (Stewart and Costerton, 2001). It is known that Stenotrophomonas
maltophilia is one of the organisms that forms biofilms (Di Bonaventura et al.,
2004).
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Using the MLST tool (Table 5.10) for the analysis of all eight sequenced
isolates showed that only the clinical isolate SST-8 was related to S. maltophilia ST-
31, while the seven other isolates were not related to known strains. ST-31 was
isolated from blood culture in 2002 in Perth, Australia (S. maltophilia MLST Isolate
Database). This finding, despite being possibly due to the less abundant strains
stored in the database of the MLST server (Song and Chen, 2012), may lend support
to the previous discussion of the genetic diversity of S. maltophilia strains. This
genetic diversity was also reported when using the MLST for the typing of 70
different strains of S. maltophilia (Kaiser et al., 2009).

5.4 Conclusion

Genome sequencing in the current study was done to detect different types of
resistance genes which were not detected in the previous chapters by phenotypic and
PCR analysis. Results showed the presence of many antimicrobial resistance genes
and genes related to heavy metal resistance, which play a role in the resistance to
antibiotics. However, the RAST tool was not efficient enough to detect the type of -
lactamase genes, while the BLAST tool provided more detailed characterisation of
the ARGs. Although the clinical isolates were more highly matched to pathogenic
families than the environmental isolates, the environmental isolates may still cause
pathogenicity and the difference in the virulence factors between clinical and
environmental isolates of the organism suggests the need for further work and to
investigate their potential pathogenicity. Although genomic studies are time-
consuming and expensive, they are more accurate and informative about the genetics
of bacteria. Efforts are needed to make genomic study, and especially bioinformatics
analysis, easier and more convenient for both laboratory and clinical and diagnostic
work. The MLST server has been reported as accurate in the typing of
Stenotrophomonas maltophilia by some studies; however, it is seldom used, which
makes it of limited value in the typing and relating of isolates due to the small S.
maltophilia MLST isolate database. The Stenotrophomonas maltophilia genome is
highly divergent, occurring in different sizes in different isolates, and it acts as
reservoir of antimicrobial resistance genes in both environmental and clinical

isolates.
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Chapter 6: Concluding Discussion

Infectious bacteria are showing ever-increasing levels of multiple resistance to
antibiotics. Antimicrobial resistance has a detrimental effect on human health
worldwide and also affects the global economy. Humans, animals and the natural
environment, including soil and water, are all potential reservoirs of resistance genes,
which are able to move between these sources. In order to limit the impact of
bacterial antibiotic resistance, it is important to be able to identify the origin of
resistant bacteria and genes as well as the different ways in which these genes are
being transferred to clinical isolates of bacteria (Bush et al., 2011).

Antimicrobial drug resistance (AMR) is promoted by direct selective processes
which are triggered as a response to antimicrobial use in humans or animals.
Evolution of AMR also takes place in the natural environment, in which antibiotic-
producing bacteria stimulate resistance in bacteria of agricultural soil or in sewage
water treatment systems. Once AMR has developed by mutation and selection, the
de novo resistance genes can then spread to other bacterial isolates by the process of
horizontal gene transfer (HGT). A variety of transfer mechanisms have been
identified, including conjugation, transduction and transformation. Soil in the natural
environment has been found to be a major reservoir of AMR genes, due to the

presence of most of the determinants for HGT (Gaze et al., 2008).

AMR in bacteria can be achieved by one of four mechanisms: modification of
the drug before it reaches the target, exclusion of the drug from the cell by efflux
pump, changing the target of antimicrobial action, or production of enzymes which
destroy the antimicrobial (Gaze et al., 2008). Resistance to antimicrobials can be

detected in the laboratory either by phenotypic or genotypic methods.

Although a number of powerful antimicrobials are currently considered to be
drugs of ‘last resort’ for treating resistant bacteria, e.g. vancomycin for methicillin-
resistant Staphylococcus aureus and imipenem for extended-spectrum B-lactamase
producers, both the development and spread of resistance to these antimicrobials are
of great concern as they have begun to have a major impact on the efficacy of these

drugs.

The primary aim of this research was to investigate the presence and

abundance of bacteria resistant to these two important antimicrobials and, in
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particular imipenem, in environmental samples. Water samples were collected from
the Beverley Beck section of the River Hull, U.K., which was chosen for water
sampling because of its proximity to a sewage works which pumps biologically
treated effluent into the beck. Soil samples were taken from agricultural soil on two
farms in Lincolnshire, U.K. Riseholme (with manure organic fertiliser) and Lodge
Farm (with conventional inorganic fertilisers). Isolation of resistant bacteria was
performed using a phenotypic method (culture-based isolation). Bacterial resistance
to vancomycin in both the river water and the farm soil was higher than resistance to
imipenem. This can most likely be attributed to the predominance of Gram-negative
bacteria in the samples, which lack the target for this antibiotic. The manured soil
contained higher numbers of resistant bacteria than the non-manured soil, which
indicates the potential effect of manure in increasing antibiotic-resistant bacteria and
their genes (Udikovic-Kolic et al., 2014).

The presence of culturable antimicrobial-resistant bacteria in the current study
indicates the importance of river water and farm soil environments as a reservoir and
potential site for the transport of antibiotic-resistant bacteria. However, culture-based
isolation may only identify between 1.5% and 10% of the total bacteria in soil
compared to molecular methods (Janssen, 2006). The use of different molecular
techniques would be advisable in the future investigation of antimicrobial resistance
in environmental samples in order to overcome the limitations of culture-based

methods.

The metagenomic approach is a recently introduced technique in culture-
independent study entailing sequencing and analysis of whole genomes of bacteria
present in environmental samples. The technique involves extracting DNA directly
from environmental samples, either for direct shotgun sequencing, or following
cloning of metagenomic DNA into a surrogate host. For metagenomic libraries,
DNA can be studied by screening the function of the cloned DNA (functional
metagenomics) or by direct sequencing of the cloned DNA by random sequencing
using vector-based primers (Thomas et al., 2012). The advantages of metagenomics
are that the details of the composition and function of the genes in microbial
communities can be obtained, thus new enzymes can be identified and genes from
the uncultured organisms can be linked to function. This is of considerable value in

the identification of de novo genes and functions (Beja et al., 2000; Gilbert et al.,
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2008). Up until recently, however, cost has been a limitation of this technique,
although recently the cost has now fallen closer to that of 16S rRNA gene
sequencing (Thomas et al., 2012). It would seem likely that the development of more
economical techniques will continue to lead to greater advancements in genomic

studies.

The spread and distribution of environmental AMR bacteria is known to be
affected by a number of different factors, including seasonal variations and human
activities, e.g. the use of antimicrobials in animal farming and manure in agriculture
(Sahoo et al., 2010). Consequently, studying the impacts of such variables in future
research could be productive as they may play a role in the development and
dissemination of AMR. This also might allow us to suggest some control strategies
to reduce AMR spread. The role of soil and water environments in the transfer of
resistant bacterial pathogens to humans was not addressed by the current research.
However, studying the presence of resistant bacteria in food obtained from these
aquatic and soil environments could provide an interesting additional avenue for
research (WHO, 2011; Capita and Alonso-Calleja, 2013).

The second phase of the study was the characterisation of imipenem resistance
in clinical isolates obtained from different samples from Sheffield, York and Hull
hospitals. Although it was found that the highest percentage of resistance among the
clinical isolates was in Hull (61.3%) compared to 35.5% and 38.7% in York and
Sheffield, respectively, these data are not representative of the actual prevalence of
antimicrobial resistance in hospitals or areas of study, as this needs to be related to
the total numbers of isolated bacteria of the same and other species of bacteria. It is
suggested that patterns of clinical antimicrobial resistance are studied over long time
periods in order to compare the effects of different seasonal and geographical factors
on the spread of resistance (McCormick et al. 2003). It may also be useful to
investigate the effect of various infection control measures on the spread of
resistance among different healthcare facilities. Several studies have shown that
social, behavioural and environmental factors affect the spread of antimicrobial

resistance (Heymann, 2006; Sahoo et al., 2010).

A recent meta-analysis of 9,748 microbiology reports from 2009 to 2012,
reported that carbapenem resistance is increasing yearly and is emerging as a

healthcare problem in the U.K. (Freeman et al., 2015). The study found high
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incidences of resistant isolates in two London hospitals, with increased rates of
infections and colonization among the younger age group (16-24 years). The highest
percentages of resistance were reported in Acinetobater baumannii (65.8%);
129/196), Pseudomonas aeruginosa (19%; 591/3119), Enterobacter spp. (7.8%;
69/885), Klebsiella spp. (5.7%; 49/865) and the lowest percentage of ImR was in
Escherichia coli (0.9%; 43/4683). These data show the need for more effective
control of infections to reduce the increasing spread of ImR (Freeman et al., 2015).
In another recent study, carbapenem-resistance was found in 60% of Acinetobacter

spp. isolates in a Korean hospital (Lee et al., 2015).

In this study, a suite of PCR primers were used to detect ARGs, but with
mixed outcomes. A limitation of PCR technology is that it requires the sequence of
ARGs to be known to allow primer design (Riesenfeld et al., 2004). However, a
selective cloning approach from either metagenomics (or genomic DNA) may
provide a better alternative. This has the advantage of detecting new genes by
cloning the directly extracted soil (or bacterial) DNA into an applicable host, e.g.
Escherichia coli, and then sequencing selected cloned strains which express the
resistance character of the antimicrobial’s soil DNA, which enables the detection of
different ARGs in soil samples. Selective cloning is a culture-independent method
which has identified resistance to tetracyclines and aminoglycosides in soil, and also
detected the possible mechanisms of resistance after sequencing of the implicated
genes (Riesenfeld et al., 2004).

16S rRNA sequencing is now widely used to identify isolates at the genus and
species level (Srinivasan et al., 2015), and it is the most frequently used method,
even for the identification of the most difficult-to-identify isolates (Chen et al.,
2014). The use of 16S rRNA genes can also be of help in the primary identification
of clinically important bacteria, especially those difficult to grow, such as
Mycobacterium tuberculosis and Burkholderia spp. In the current research, 16S
rRNA sequencing was applied to culturable bacteria. Bacterial isolates in the current
study were identified using the BLAST alignment approach of 16S rRNA
sequencing (Altschul et al., 1990). However, the newer Naive Bayesian (NB)
classifier was found in some instances to be superior to the alignment method
(16SpathDB). The NB method gave a higher percentage of results than the alignment

method at the genus level (96% to 94%, respectively), while at the species level the
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percentages were 87.5% and 80% respectively (Srinivasan et al., 2015). Thus the
application of the NB method in the identification of the sequence products of 16S
rRNA may be advantageous in future research as it produces higher rates of

identification.

The clinical isolates in the current study showed high level of MICs for
imipenem, with 30 out of 42 isolates (71.4%) showing an MIC of 32 mg L™, while
19 out of 30 (63.4%) of aquatic bacteria showed MICs of 4 mg L™, and 42.7% of
soil isolate MICs were 4 mg L™. A smaller proportion, i.e. 29 out of the 96 soil
isolates (30.2%), showed MICs of 32 mg L™ and only 8 of the 96 isolates (8.3%) had
MICs of more than 32 mg L. Similar findings were observed in a Brazil hospital,
where 17 imipenem-resistant isolates showed a MICs, of 64 mg Lt and MICg of
256 mg L™, with the production of SPM-1, VIM-2, and KPC-2 B-lactamases (Rizek
et al., 2014). It was also found in a Korean study that imipenem-nonsusceptible
clinical isolates showed higher MICs to imipenem, where the MICs, was more than
32 mg L (Sung et al., 2011). The higher MICs for imipenem in these clinical
isolates are most likely due to the selective action of the drug in clinical practice
(Alonso et al., 1999; Hernandez et al., 2011). This is supported by the finding that
the number of genes encoding resistance to B-lactamases, identified by genome
sequencing, was higher in the clinical isolates of Stenotrophomonas maltophilia than

in the S. maltophilia environmental isolates.

The most common B-lactamases in the environmental isolates in the current
study were class B (MBLs) (84.2%). This class has also been reported as having a
widespread distribution of MBLs in environmental bacterial isolates. The
significance of these enzymes in the environmental isolates lies in their suspected
potential ability to transfer to clinical isolates, resulting in the greater spread of
resistant -lactamase encoding genes (Rossolini et al., 2001). Whilst PCR-based
targeting of ImR genes in the environmental isolates initially suggested detection of
these genes, sequencing of resulting PCR products showed that these genes encode
unknown protein functions (hypothetical proteins) and so were not proven to be the
genes responsible for imipenem resistance in this study. This may indicate that the
primers were lacking in specificity and thus led to the amplification of other non-
targeted genes. It is recommended, therefore, that many different arrays of primers

are used when testing for ImR genes in environmental bacterial isolates, due to the
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great diversity of such genes. This may also indicate the presence of a potentially
large and divergent gene pool for imipenem resistance within natural environments,
and the wider importance of river water and agriculture soil as a reservoir of novel

antibiotic resistance (D’Costa et al., 2006).

Class A (KPCs) (40.5%) were the most frequent type of B-lactamase observed
in the clinical isolates in this study. This finding may raise concerns about the
widespread distribution of this class of antimicrobial resistance mechanism in
clinical settings. These clinical isolates yielded PCR amplification products with
PCR primers targeting ImR genes and the sequence analysis showed that these genes
were specific and related to ImR and B-lactamase genes within antibiotic-resistant

clinically important species.

Another finding from the current study was the detection of frequencies of
multi-drug resistant patterns among the environmental isolates which is mostly
attributable to the interensic resistance. It has been claimed that environmental

bacteria are the most important source of AR (O’Toole, 2014).

Non-enteric bacteria are considered to be more resistant than Enterobacteria
(Chawla et al., 2013, Fu and Zheng, 2013). However, the observation of greater
multiple resistance patterns to many classes of antimicrobials among Enterobacteria
compared to non-enteric bacteria in the clinical isolates is a very important finding of
the current study. As they are more resistant and have more than one type of -
lactamase, as previously discussed, and as they are more prevalent in clinical
infections, the resistance patterns of the Enterobacteria in the current study could be
an important indicator of the ever-increasing spread of resistance genes in clinical

settings.

The high frequency of Stenotrophomonas maltophilia amongst the York and
Sheffield clinical isolates in the current study may reveal how these normal soil-
inhabiting microorganisms can cause many types of infection, including pneumonias
and septicaemia. Another study indicated that S. maltophilia is not a highly virulent
organism but that its pathogenicity means that it is one of the most important
nosocomial infectious agents nowadays, with mortality rates ranging from 14% to
69% in cases with bacteraemia (Falagas et al., 2009). Brooke (2012) reports that this

organism has been isolated from a wide range of sources, including soil, animals,
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plant roots, water and water treatment systems, lakes, sink holes, hemodialysis water
and dialysate samples, tap water, biofilms on different surfaces, hand-washing soaps
and even in some antiseptics. Consequently, there is a corresponding wide range of
infections associated with S. maltophilia, including pneumonia, skin and soft tissue
infections, cellulitis, endocarditis, endophthalmitis, UTIs, meningitis, and catheter

associated infections (Brooke, 2012).

Genome sequencing was used to characterise a number of Stenotrophomonas
spp. isolates obtained from the river water, farm soil and clinical samples in this
study. The resulting genome analysis was informative not only in terms of the
detection of numbers and classes of PB-lactamases, but also in identifying the
mechanisms which are implicated in bacterial resistance to other antimicrobials.
MDR efflux pumps, mediating resistance to many classes of antimicrobials, were
identified, as were genes encoding resistance to other non-f-lactam antimicrobials.
Genes mediating resistance to heavy metals were also detected, and their role in

resistance to antimicrobials has been discussed.

Three different tools, RAST, BLAST and ResFinder, were applied in the
genomic analysis of some of Stenotrophomonas spp. isolates. RAST classified the
different antibiotic resistance genes into their related groups, but was only able to
place genes into categories without establishing the specific identification of these
genes. These ARGs included MDR efflux pump, B-lactamases, and fluoroquinolone
and aminoglycoside resistance. Subsequent BLAST analysis identified three
different classes of -lactamases within the isolates, including class A (L2), class B
(MBL) and class C (AmpC). ResFinder analysis identified additional ARGs that
could be acquired but which were not detected either by RAST or BLAST. These
include PB-lactamase class B (L1), sulphonamide (sull) and tetracycline (tet(C))
resistance. However, aminoglycoside resistance was detected by all three
approaches. In addition to chromosomally-borne antimicrobial resistance genes in
Stenotrophomonas maltophilia, the detection of potential acquired antibiotic
resistance using ResFinder and also the detection of mobile genetic elements
(MGEs) using RAST may highlight the important potential role of HGT in the

dissemination of this resistance to other bacteria (Poulin-Laprade et al., 2015).
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6.1 Conclusion

This study has characterised imipenem-resistant (ImR) bacterial isolates found
in the natural environment (water and soil) and in clinical settings. The initial
methodology used was the culture-dependent isolation of environmental resistant
isolates on both PCA and MCA agar plates supplemented with antibiotic imipenem.
Using the tests of MIC, MHT, CDST and multiple resistance patterning, Phenotypic
resistance to imipenem was observed in 11.2% (75/670 CFU ml™), 13.3% (145.35 x
10°/ 109.1 x 10° CFU g™) and 38.5% (42/109) of water, soil and clinical isolates,
respectively. B-lactamase activity studies (MHT and CDST) showed that the most
common B-lactamases among the environmental isolates were class B metallo -
lactamases (84.2%), while class A Klebsiella pneumoniae carbapenemases (KPCs)
(40.5%) were the most common P-lactamases observed in the clinical isolates. The
low frequency of detection of carbapenamases in the environmental isolates was
often associated with corresponding low ImR MICs (4 mgL™) in these isolates which
may indicate the possible absence of carbapenamases in some of these isolates. In
contrast, the more frequent detection of carbapenamases in clinical provided isolates
was associated with the higher MICs (> 8mgL 1) observed among these isolates. The
observation of frequencies of multi-drug resistant patterns among the environmental
isolates is mostly attributable to the interensic resistance. Enterobacteria from
clinical isolates showed greater MDR patterns to many classes of antimicrobials
compared to non-enteric bacteria. The molecular techniques used in this study were
PCR and sequencing for both 16S rRNA and B-lactamases genes. 16S rRNA gene
sequencing enabled identification of 30 (17 species), 96 (27 species), and 42 (11
species) ImR bacteria in water, soil and clinical isolates, respectively. The most
abundant genera identified were Caulobacter (36.7%), Stenotrophomonas (44.8%)
and Stenotrophomonas (40.5%), while the most common species were
Stenotrophomonas spp. (10%), S. rhizophila (21.8%) and S. maltophilia (38.1%), in
the water, soil and clinical isolates, respectively. PCR products were generated from
ImR clinical isolates and some of the environmental isolates using primers targeting
B-lactamase genes. Sequence analysis of products from the clinical isolates showed
that they were specific and related to f-lactamase genes. However, the PCR products
from the environmental isolates were found to be unrelated to known genes

characterised from antibiotic resistant clinically important bacteria. There was a high
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incidence of Stenotrophomonas spp. isolates amongst the environmental and clinical
isolates in the current study. These were Stenotrophomonas spp. (3 isolates, 10%) in
water, S. rhizophila (21 isolates, 21.8%) and S. maltophilia (19 isolates, 19.8%) in
soil, and S. maltophilia (16, 38.1%) in clinical isolates. As a significant number of
studies have isolated S. maltophilia from a wide variety of infection sources, and as
S. maltophilia is considered to be a normal soil-inhabiting species with low
virulence, it was decided to investigate this further. Thus, genome sequencing was
performed for eight isolates of Stenotrophomonas spp. from water, soil and clinical
samples. Bioinformatics analysis, using RAST, BLAST, and ResFinder, detected a
number of B-lactamase and other mechanisms mediating resistance to many classes
of antimicrobials, including non-B-lactams, aminoglycosides, fluoroquinolones,
sulphonamides and MDR efflux pumps. Also detected were genes mediating
resistance to heavy metals, which have a role in resistance to antimicrobials.
PathogenFinder revealed that three (water) and one (soil) isolates were predicted as
being potentially pathogenic to humans. The MLST web-server showed that one of
the clinical isolates was found to belong to the S. maltophilia ST-31 MLST class,
while the other seven isolates showed no exact match with any other known S.

maltophilia strains on the database.

Overall, this research has demonstrated the presence of imipenem resistant
bacteria in environmental and clinical settings that show multiple resistance to other
antibiotics. Imipenem resistant Stenotrophomonas spp. were present in all
environments studied and these bacteria were found to harbour multiple and diverse
antibiotic resistance genes, that differed between isolates from environmental and

clinical origins.
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Appendices

Appendix Al

Figure A1.1: 100 bp DNA marker used in electrophoresis (Fermentas Life Science
genetic marker)
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Appendix A2

A2.1 Isolation and enumeration of antibiotic resistant bacteria in river water

After performing cultures for the water samples from all sites, using 100 pl
from each dilution upon PCA and MCA media, with and without antibiotic, for 24
(MCA) and 72 (PCA) hours incubation, the resulting colonies were counted and
reported (Table A2.1). No growth was observed in the 10 dilutions or lower. Mean

numbers of viable and antibiotic resistant bacteria are shown in Table A2.2.

Table A2.1: Numbers of bacterial colonies and antibiotic resistant bacteria isolated
from river water using different media and series dilutions

Sample site

(MCA = MacConkey, Vm= vancomycin, Im = imipenem, PCA = plate count agar, SD = Standard
Deviation, ND: not determined).

NB. No growth was observed on the 10 dilution or lower on all media used.
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Table A2.2: Mean numbers of colonies forming units and antibiotic resistant bacteria
(CFU ml™) isolated from river water after incubation for between 24
hours (MCA) and 72 hours (PCA)

Sample site MCA+Vm | MCA+Im PCA+Vm | PCA+Im
- 10° 330 150 ND 670 420 80
10° 290 170 ND 670 460 110

230 145 5 362.5 75
(43.9%) (1.5%) (54.1%) (11.2%)

670
(MCA = MacConkey, Vm= vancomycin, Im = imipenem, PCA = plate count agar, SD = Standard
Deviation, ND: not determined).

* Values are calculated as the % of resistant bacteria per media type e.g. (mean number of VmR
bacteria on MCA /total viable count on MCA) X 100.
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A2.2  Isolation and enumeration of antibiotic resistant bacteria in farm soil

After performing cultures for the soil samples from all fields using 100ul
from each dilution upon PCA media with and without antibiotic for 24 (MCA) and
72 (PCA) hours incubation, the resulting colonies were counted (Table A2.3).

Table A2.3: Numbers of bacterial colonies and imipenem resistant bacteria isolated
from farm soil expressed as colony forming units (CFU) g™ soil at each
dilution.

PCA TMTC TMTC TMTC 1600000 ND
PCA+Im 9500 12000 ND ND ND
PCA+Vm TMTC TMTC 440000 ND ND
PCA TMTC TMTC TMTC 2200000 ND
PCA+Im 7000 13000 ND ND ND
PCA+Vm TMTC TMTC 460000 ND ND
PCA TMTC TMTC TMTC 2800000 ND
PCA+Im TMTC 15000 ND ND ND

PCA+Vm TMTC TMTC 1230000 ND ND



AN N I N S
- TMTC TMTC TMTC 1900000
AL | pcasm TMTC 24000 ND ND ND
- PCA+VM T™MTC T™MTC 800000 ND ND
A2 PCA TMTC TMTC T™TC 1600000 ND
- PCA+Im T™MTC 69000 ND ND ND
LAz pcasvm T™MTC T™MTC 380000 ND ND
- PCA T™MTC T™MTC T™MTC 2100000 ND
LA | pcasm 9500 12000 ND ND ND
PCA+VM T™MTC T™MTC 1020000 ND ND

PCA TMTC TMTC TMTC 2100000 ND
- PCA+Im T™MTC 15000 ND ND ND
et | pcasvm TMTC TMTC 310000 ND ND
- PCA TMTC T™MTC T™TC 2400000 ND
ke | ecasm 2200 ND ND ND ND
Le2 | pcasvm TMTC TMTC 170000 ND ND
- Les PCA TMTC TMTC T™MTC 1900000 ND
L Les |  pcadm 700 ND ND ND ND
Les | rcasvm TMTC 73000 ND ND ND

N.B: RA: winter wheat- Riseholme farm, RB: sugar beet- Riseholme farm, RC: Spring beans-
Riseholme farm, LA: winter wheat- Lodge farm, LB: sugar beet- Lodge farm,LC: Spring beans-
Lodge farm, TMTC: Too Many To Count, ND: not determined.
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Table A2.4: Species characterisation of water isolates including MIC levels, CDST and MDR profile testing results arranged alphabetically
according to species names

. ImR Phenotypic Activity Multi-resistance
Closest database MIC
seguence Class A | ClassB | Class C Class D

" ENEREN - - N - ERENE
: <« N - IR
- N
- I
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E

BBSL:15 S
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BBS2:5 16 . ) .
BBS2:6 16 . ) .
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BBSL5 16 . )
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8 U XU U XL XL O O D
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(20 2N NN NN Np)

BBS2:7 4 o 5 - -

Ew
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BBS2:12 4 - - - -

nilwm
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R
R
R
R
R
R
R
R
R
R
R
R
R

ml
o=

BBS3:3 4 . ) . .

N
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Multi-resistance

Phenotypic Activity

Closest database Strain

sequence Name

BBS4:6
BBS4:2
BBS4:7
BBS2:2
BBS2:4
BBS4:4
BBS1
BBS1:20

+: positive, -: negative, R: resistant, S: susceptible

Class A
(KPC)

Class B
(MBL)

0l XY XV X XV L XL XV XL XL XV OV UV XD
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Class C Class D

0l XY XV XV XV OV XL X L XV XUV U T

R R - R

N
Y
<« I
:
:
:
:
:
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Table A2.5: Species characterisation of soil isolates including MIC levels, CDST and MDR profile testing results arranged alphabetically according
to species names

N

Closest database MIC ClassA | Classs | classc | ClassD
IIIIII
RHWA3:7 4 ---
- i
-+~ I
- i
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)
py)
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ImR Phenotypic Activity Multi-resistance

Closest database Strain MIC
Class A Class B Class C Class D

T B OoE- -5 - GEn
— e
cocis+ [ e e [ RN < [+ N+ N
e+ SR - B -
e+ BRS¢

T
oo
I
I
I
e - [ B < - -
_RHWA3:13 16 - R R R R R R R
_RHSBZ:lS 32 - R R R R R R R
_LFWD3:5 16 - R R R R R R R
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ImR Phenotypic Activity Multi-resistance

Closest database Strain MIC
Class A Class B Class C Class D

LFWD3:15 32

o -- SR oo
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s« [ e R ¢ O

—
—
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Closest database Strain
sequence Name

LFBF1:12
RHBC2:2
LFBF1:1
RHBC3:13
RHWAL1:8
RHWA1:11
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Phenotypic Activity
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ImR Phenotypic Activity Multi-resistance

Closest database Strain MIC
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Strain

Closest database

sequence Name
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Closest database Strain
sequence Name
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Table A2.6: Species characterisation of hospital isolates including MIC levels, CDST and MDR profile testing results arranged alphabetically
according to species names

. ImR Phenotypic Activity Multi-resistance
Closest database
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Phenotypic Activity Multi-resistance

sequence Name Class A Class B Class C Class D
g (KPC) (MBL) (AMPC) SN TIM CN CAZ LEV | ATM IPM CIP MEM W SXT TE MH

Closest database | Strain
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Phenotypic Activity Multi-resistance

Strain

Name Class A Class B Class C Class D
g (KPC) (MBL) (AMPC) SN TIM CN LEV ATM IPM MEM MH
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Phenotypic Activity Multi-resistance
Closest database | Strain

sequence Name Class A Class B Class C Class D

Stenotrophomonas | ¢\, 4 >32 ; )
maltophilia - --
s;;notrophomonas SST-5 8 - - . R ° " i X .

+: positive, -: negative, R: resistant, S: susceptible
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PRt * Imipenem + e
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Figure A2.1: Imipenem-EDTA combined disc synergy test (CDST) for
Stenotrophomonas maltophilia isolated from farm soil and for
Pseudomonas geniculate isolated from a clinical setting

The left image shows an example of the determination of Class B (MBLs) carbapenamase production
by Stenotrophomonas maltophilia (i.e. there is a difference in zone size (=5 mm) between imipenem
10 pg alone and imipenem 10 pg + EDTA 750 pg ‘MBLs inhibitor’). The image on the right shows
an example of the non-production of MBLs by Pseudomonas geniculate (i.e. imipenem-EDTA zone <
5 mm).
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Figure A2.2: Combined disc synergy test (CDST) for B-lactamase identification of
Janthinobacterium lividum isolated from farm soil

This figure shows an example of inhibition of different B-lactamases, indicating production of AmpC
and Class B (MBL) enzymes by Janthinobacterium lividum [the difference (>5mm) in zones between
meropenem 10 ug (MRP10) and meropenem + cloxacillin (MRPCX) for AmpC, and meropenem +
DPA (MRPDP) for Class B (MBL)]. Temocillin 30ug (TEMOC) was used for Class D (OXA-48 or
similar), however no production of this enzyme was observed.
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Figure A2.3: Combined disc synergy test (CDST) for B-lactamase identification of
Stenotrophomonas rhizophila isolated from farm soil

The figure shows an example of inhibition of different B-lactamases indicating production of Class A
(KPC) by Stenotrophomonas rhizophila [the difference (>5mm) in zones between meropenem 10 pg
(MRP10) and meropenem + boronic acid (MRPBO) for Class A (KPC). However, there was no

production for other B-lactamases.
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Figure A2.4: Multiple resistance profiling for Janthinobacterium lividum isolated from
soil

This figure shows an example of an isolate of Janthinobacterium lividum, isolated from soil, showing
a MDR pattern to seven antimicrobials. These are ticarcillin-clavulanate (TIM 85 pg), gentamicin
(CN 10 pg), ceftazidime (CAZ 30 pg), imipenem (IPM 10 pg), meropenem (MEM 10 pg),
trimethoprim (W 2.5 pg) and co-trimoxazole (SXT 25 pg). This isolate also showed susceptibility to
five antimicrobials including aztreonam (ATM 30 pg), ciprofloxacin (CIP 1 pg), levofloxacin (LEV 5
M), tetracycline (TE 10 pg) and minocycline (MH 30 pg).
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Appendix A3

Table A3.1: 16S rRNA gene identification of ImR bacteria isolated from agricultural
soil

Genus and species
identification

Phylum (and class) Number | Identity Accession
of isolates % number of

closest
related
sequence

RHWA1:7 JX908718.1
RHWA2:2 JX908718.1
RHWA2:8 JX908718.1
RHWA3:10  JX908718.1
RHWA3:11  JX908718.1
RHWA3:12  JX908718.1
RHSB3:9 JX908718.1
RHBC2:3 JQ890538.1
LFWD3:3 JQ890538.1
LFWD3:4 JQ890538.1

21 99% LFWD3:13 JX908718.1
LFSE1:3 JX862180.1
LFSE1:12 JQ890538.1
LFBF1:2 JX908718.1
LFBF1:3 HF545317.1
LFBF1:7 JX908718.1
LFBF1:9 JX908718.1
LFBF1:11 HF545317.1
LFBF2:1 JX908718.1
LFBF2:3 JX908718.1
LFBF2:7 JX908718.1
Proteobacteria RHWAL:8 DQ862553.1
(Gammaproteobacteria) RHWA1:9 HQ224661.1

RHWA1:10 HQZ224658.1
RHWA1:11  HQ224661.1
RHWA1:12  HQ224661.1
RHWA1:13  HQ224661.1
RHWA1:14  JN650549.1

RHWA1:15  HQ224661.1
RHWA1:16  AB680321.1
RHWA1:17  JN176584.1

B LG RHWA1:18 AB661774.1
RHWA1:19  AB661774.1
RHWA1:20 AB661774.1
RHWA1:21  HQ224661.1
RHWA1:22  HQ224661.1
RHWA1:23  HQ224661.1
RHWA1:24  HQ224661.1
RHWA1:25  HQ224661.1
RHBC2:15 DQ862553.1
LFBF1:10 HQ224658.1
LFWD3:6 JX899633.1

3 99% LFWD3:7 KC618445.1

LFBF1:4 KF202769.1
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Genus and species Phylum (and class) Number | ldentity Strain Accession
identification of isolates % name number of

closest
related
sequence

Bacteroidetes
(Sphingabacteriia)

1 98% LFSEL:9 FN400859.1

RHWAL:12  HM989021.1
RHBC1:5 HM989021.1

6 99% LFWD2:5 HM989021.1

) LFBF1:6 HM989021.1
Proteobacteria ) LFBF1:21 HM989021.1
(Gammaproteobacteria) LFBF1:22 HM989021.1

RHWA2:10  JQ890537.1

0,
2 9% | FBF1:20  JO890537.1

99% RHWAL:19  KC139419.1

Actinobacteria
(Actinobacteria)

1 99% RHWAZ3:6 JX869578.1

1 98% RHSB1:1 JQ342863.1

1 98% LFSE1:7 DQ297951.1

Bacteroidetes
(Sphingabacteriia)

1 99% LFSE2:1 GU385862.1

1 98% LFSE3:8 AM279217.1

[u=y

225



Genus and species Phylum (and class) Number | ldentity Strain Accession
identification of isolates name number of
closest
related

sequence

Bacteroidetes

9 .
(Flavobacteriia) 1 96% LFBF1:16 AM423081.1

Bacteroidetes

o .
(Flavobacteriia) 1 98% LFWD3:10 EF204460.2

1 99% RHBC2:2 JQ782898.1

1 99% LFBF1:1 JQ317806.1

Proteobacteria

(Gamma-proteobacteria)
RHWA1:18 HQ857772.1

RHBC2:1 JF460769.1
LFWD1:10 HQ857772.1
LFWD3:9 HQ857772.1
LFBF1:5 HQ857772.1
LFBF1:12 JF460769.1

6 99%
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Table A3.2: Results of PCR amplification for genes encoding p-lactamase enzymes in water isolates

ARGs PCRs (product sizes in bp in brackets)

Closest database
sequence

Bla oxazs
Blaoxa-s

(Acidovoraxspp.  BBSAIS N
—-*------------
Cavlobacter segnis  BBSL15
—-*----- Y(LBS) w*----
Caulobacterspp.  BBSAG
—-*------------
Caulobacterspp.  BBSAB
—-*----- Y(654) ------
Caulobacterspp.  BBSA10.

BBS320 N
Cavlobacterspp.
—-*----- Y(600) ------
Caulobacterspp.  BBS28
—-*------------
Chitinophagaspp. ~ BBSL7
_---N ---- Y(260) -------
Epilithonimonas lactis
Epilithonimonas lactis  BBS3L  Y(700) ------------
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ARGs PCRs (product sizes in bp in brackets)

Closest database Isolate
sequence Name

Bla oxazs
Blawbian
Blaoxa-s

Kinneretiaspp.  BBSA6 N
Pedobacter alluvionis  BBSA2 -------------

Pedobacierkoreensis | [BBSAT | YG3) N
———————————————

Pedobacter spp.  BBS24 N
— - -------------

—- Y(439) ------------

Sphingomonasspp.  BBS#L N
BBS4:12.
Stenotrophomonas spp. N

Stenowophomonasspp. | BES  v(439) --———————- v<sso> —
Senohonorassap. | BESLIE. N N Y(H) N

NB:ARGs: antibiotic resistance genes Y: PCR product, N: no PCR product, NT: not tested. Primer details are given in Table 2.5
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Table A3.3: Results of PCR amplification for genes encoding B-lactamase enzymes in soil isolates
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Closest database sequence
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Closest database sequence
Name

NT

NT
NT
NT
NT
NT
NT

Y@301) N

NT

P

NT

z

NT

Y(499) N

N

P

NT

=z

Y1) N

NT

z

NT

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

Y(234)

N

=z

NT

z

NT

Y(244)

N

=z

Y(291) N

NT

z

NT

Y(537) N

N

=z

NT

z

NT

=z

NT

z

NT

=z

NT

z

NT

=z

NT

z

NT

Y(612) N

N

=z

NT
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Closest database sequence
Name

NT

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

NT

P

NT

z

NT

P

NT

=z

NT

z

NT

=z

Y(321) N
N

N
N

NT

z

Y(411)

NT

=z

NT

z

N
N
N
N

Y(490)

N
N
N
N

NT

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

=z

Y(502)

NT

z

Y(496)

NT

=z

Y(296)

NT

z

NT

=z

N
N
N
N
N

Y(453)

N
N
N
N
N

NT

z

Y(433)

NT

=z

Y(511)

NT

z

Y(317)

NT

=z

Y(497)

NT
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Closest database sequence
Name

N
N
N
N
N

Y(518)

N
N
N
N
N

NT

NT
NT
NT
NT
NT
NT
NT
NT

Y(438)

NT

P

Y(420)

NT

z

Y(522)

NT

P

Y(416)

NT

=z

NT

z

NT

=z

NT

z

NT

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

=z

N Y(350) N

NT

Y(290) N

N

z

NT

=z

NT

z

NT

=z

NT

z

N  Y@5%) N

NT

=z

NT

z

N Y(357) N

NT

=z

NT

z

NT

=z

NT
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ARGs PCRs (product sizes in bp in brackets)

g 5 2
Closest database sequence Ilzzlr?]t: § § 5

@ @ @
SEictopiomoS AN FBFET N N N NN NT T e N NN
‘Stenotrophomonas rhizophila ~ LFBF1:11 N N N N N N NT NT N | Y(@354) N N N
‘Stenotrophomonas rhizophila ~ LFBF23 N N N N N N NT NT Y(354) N N N
Stenotrophomonasspp. ~~ LFWD37 N N N N N N NT NT N Y(E61) N N N

NB: ARGs: antibiotic resistance genes Y: PCR product, N: no PCR product, NT: not tested. Primer details are given in Table 2.5.
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Table A3.4: Results of PCR amplification for genes encoding p-lactamase enzymes in clinical isolates

ARGs PCRs (product sizes in bp in brackets)
Closest database sequence Ilfl(;lrit: c;é ;g
0 m
[Acinetobacterspp.  [SAT.L N Y(473) N N N N NT NT N N N N NT
Enterobacter aerogenes ~ HENT-1  NT NT NT NT NT NT NT NT NT NT NT NT  Y(757)
Enterobacter aerogenes ~ HENT-2  NT NT NT NT NT NT NT NT NT NT NT NT  Y(757)
Enterobacter aerogenes ~ HENT-3  NT NT NT NT NT NT NT NT NT NT NT NT  Y(760)
Enterobacter aerogenes ~~ HENT-4 N NT NT N N NT NT NT N N NT N | Y(757)
Enterobacter cloacae ~~ HENT-5 ~ NT NT NT NT NT NT NT NT NT NT NT NT  Y(757)
Escherichiacoli ~ YECL N N N Y6749 N N NT NT N N N Y(E9%) N
Escherichiacoli ~ HEC-4 N NT NT N N NT NT NT N N NT  Y(594) N
Escherichiaspp ~ HEC-2  NT NT NT NT NT NT NT NT NT NT NT NT  Y(759)
Escherichiaspp ~ HEC-3  NT NT NT NT NT NT NT NT NT NT NT NT  Y(762)
Klebsiella pneumoniae ~~ YKP-1 N N N N | Y(@468) N NT NT N | Y@61) N N N
Klebsiella pneumoniae ~~ HKP2  NT NT NT NT NT NT NT NT NT NT NT NT  Y(757)
Klebsiella pneumoniae ~~ HKP-3  NT NT NT NT NT NT NT NT NT NT NT NT  Y(758)
Klebsiella pneumoniae ~~ HKP-4  NT NT NT NT NT NT NT NT NT NT NT NT  Y(757)
Klebsiellapneumoniae ~ HKP-5  NT NT NT NT NT NT NT NT NT NT NT NT  Y(757)
Klebsiella pneumoniae ~~ HKP-6  NT NT NT NT NT NT NT NT NT NT NT NT  Y(759)
Klebsiellapneumoniae ~~ HKP-7  NT NT NT NT NT NT NT NT NT NT NT NT  Y(756)
Klebsiella pneumoniae ~~ HKP-8  NT NT NT NT NT NT NT NT NT NT NT NT  Y(757)
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Closest database sequence
Name

NT  Y(757)

NT

NT

NT
N
N

NT NT NT

NT
NT

NT  NT  NT  NT

NT
NT

NT

T

Z

Y(762)

N
Y(607)

NT

NT

NT

P

N
NT

NT

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

NT

NT

z

Y(617)

NT

P

NT

Y (454)

NT

=z

NT

NT

z

NT

NT

Y(341) N

N

=z

NT

NT

z

NT

NT

=z

NT

NT

z

NT

NT

=z

NT

NT

z

NT

NT

=z

NT

NT

z

NT

NT

=z

NT

NT

z

NT
N

N  Y(@55) N

NT

=z

T

NT

z

NT

NT

=z

NT

NT

235



ARGs PCRs (product sizes in bp in brackets)

Blaoxa-s

Isolate

Blampiin

Closest database sequence

Bla oxazs

N N N N N N NT NT N N N N NT

N N N N N NT NT N N N N NT
N N N N N N NT NT N N N N NT
N N N N N N NT NT N N N N NT

NB: ARGs: antibiotic resistance genes Y: PCR product, N: no PCR product, NT: not tested. Primer details are given in Table 2.5.
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