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Abstract

In the UK alone over 320,000 patients per annum acquire at least one nosocomial
infection and one in four intensive care unit (ICU) patients worldwide acquire an
infection during their hospital stay. Frequently the organisms that cause these
infections are opportunistic and resistant to antibiotics. The costs to the NHS are six
times higher if ICU patients acquire a nosocomial infection and the mortality rates are
greater (30-60 % dependent on the infection).

This study investigated the ICU environment for bacterial reservoirs, fungal reservoirs
and antibiotic resistance determinants. It was hoped that information about the
microorganisms and antibiotic resistance determinants within the ICU may be useful in
optimising infection control within the hospital. Samples were taken and analysed via
PCR for the presence of bacterial 16S rRNA genes, antibiotic resistance determinants
{(including mecA and tef) and beta-lactamase genes. Parallel cultural analysis was
used to assess the presence of fungi. Bacterial species, diversity and communities
were identified using PCR-denaturing gradient gel electrophoresis (PCR-DGGE).

Using culture dependent and independent techniques, sequences similar to
opportunistic pathogens were retrieved from a variety of ICU environmental sites
(patient chair, floor and ward sink plughole). Clinically significant non-albicans Candida
species were detected in the hospital environment where individual ICU patients were
colonised, suggesting there is a reservoir in the ward environment. Despite the low
detection frequency, resistance determinants of clinical relevance (mecA and blaem
genes) were observed in the ICU environment at sites that may have infection control
significance.

Several sites used by hospital staff and patients (ward sink plughole, floor, patient chair,
sluice room sink plughole, handwash bottles and curtains) within the ICU environment
were shown to act as reservoirs for particular fungal (isolates of Candida parapsilosis,
Candida tropicalis, Candida glabrata, Candida guillermondij) and bacterial
(Burkholderia spp., Stenotrophomonas maltophilia, Acinetobacter spp. and isolates of
Micrococcus spp., coaglulase negative Staphylococci) opportunistic pathogens.
Routine ICU ward cleaning was largely effective on hard surfaces (floors and patient
chairs). Opportunistic pathogens (Stenotrophomonas maltophilia, Burkholderia spp.)
could be retrieved via PCR-DGGE after cleaning from ICU ward sink plugholes. There
was a wide distribution of bla;gmgenes in the ICU environment and detection in clinical
isolates is of significance. The results of this study indicate that changes in routine ICU
ward cleaning of ward sink plugholes may be beneficial in removing opportunistic
pathogens and antibiotic resistance determinants from within these sites.
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1. Introduction

1.1 Overview

Extensive work has been carried out on the transmission of nosocomial (hospital-
acquired) infections based upon clinical isolates, however, the role of the ward
environment as a potential source or reservoir for these organisms is much less well
understood. The impact of nosocomial infections caused by antibiotic resistant
organisms has been high on the political and public agenda. There is an awareness
based on the role of the ward environment in the transmission of nosocomial infections
and the importance of effective infection control measures. Intensive care unit (ICU})
patients are particularly vulnerable to infections which can lead to an increase in
hospitalisation, antibiotic usage, mortality and costs. This study uses molecular and
cultural methods to identify the microbial (bacterial and fungal) ecology and associated
antibiotic resistance determinants in the ICU environment, to locate, identify,
characterise and describe the distribution and classification of potential reservoirs of

nosocomial infection-causing organisms.

1.2 An overview of hospital acquired infections

Hospital acquired infections (HAIs) are also referred to as nosocomial infections. By
definition these infections are either not incubating or present at the time the patient is
admitted to hospital (or other health-care facility) (WHO, 2002; Vincent, 2003). Urli et
al. (2002) defined ICU-acquired infections as infections occurring more than 48 hours

after admission to the ICU.



HAIs are a major concern, because among 9.6 million admissions to publicly-funded
hospitals in the UK during 2002-2003, 0.5-1 million patients acquired a hospital
infection. Added to this, 5-10% of inpatients acquired an infection during their stay

(Wilcox, 2003}.

Although all hospitalised patients are at a risk of HAls, patients in the ICU are
especially vulnerable. ICU patients are often severely immuno-compromised, meaning
they have a weakened immune system as it is impaired by disease and/or treatment.
Many organisms which cause HAls are also opportunistic pathogens, meaning they
generally do not cause diseasel/infection in healthy individuals with intact defence
mechanisms. However, such organisms can cause infection in immuno-compromised

patients and when introduced during invasive procedures (Mims et al., 1998a).

HAls are often caused by antibiotic resistant micro-organisms (some are muiti-drug
resistant). The high frequency of antibiotic resistant infections among ICU patients is
due to the extensive use of broad-spectrum antibiotics as well as the increased use of
invasive medical techniques (Mims et al., 1998b). Examples include MRSA (meticillin-
and multi- resistant Staphylococcus aureus), VRE (vancomycin resistant enterococci)
and multi-resistant Gram-negative bacilli (i.e. Klebsiella spp., Enterobacter spp.,
Pseudomonas aeruginosa and Escherichia coli) (Crowe et al., 1998; WHO, 2002;

French, 2005).

The most frequent pathogens to cause HAls include S. aureus, P. aeruginosa, Gram-
negative aerobes and the Candida spp. (e.g. Candida albicans, Candida glabrata,
Candida krusei) (Urli et al., 2002). HAls are not only caused by bacteria and fungi,
they can be viral. Some examples of hospital acquired viruses are; respiratory viruses
(including influenza and respiratory syncytial virus - RSV), herpes virus (including
varicella zoster virus - VZV), hepatitis viruses, rotavirus as well as viruses acquired via

the respiratory route (including rubella and measles) (Mims et al., 1998a).
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Hospital infections can be acquired from two sources: -

1. an endogenous source, for example from another site within the patient
(self/auto infection) or by the patients commensal flora
2. an exogenous source, for example from another patient or the environment

{(Mims et al., 1998a).

HAls are rarely transmitted via the airborne route; the main transmission route (cross-
infection) is by hospital workers (either directly or indirectly) (Wilcox, 2003). The most
common HAls are pneumonia, urinary tract infections (UTIs),~centraI venous catheter
{CVC) infections and CVC-related sepsis (Urli et al., 2002). Bacteraemia can arise
from multiple sources and can be primary i.e. by the direct inoculation of organisms into
the patient's blood from contaminated intravenous fluids. Or it can arise secondary to a
focus of infection already present, for example UTls (Mims et al., 1998a). Each of
these infections carries significant mortality rates for ICU patients. UTIs (which may
include cases of urosepsis) have an extremely high mortality rate of 25-60 % among
ICU patients (Leone et al., 2001). For those with pneumonia or bacteraemias mortality

is approximately 34 % (Blot et al., 2002; Rello et al., 2003).

The host response to any infection is dependent upon a number of factors. For
example very young individuals are highly susceptible due to the immaturity of their
immune system. Similarly, the elderly are at a greater risk due to pre-disposing
underlying disease, immobility, impaired blood supply and general decline in immune
function (Mims et al., 1998a; Urli ef al., 2002). However, in all age groups underlying
disease and treatment can pre-dispose to infection, resulting in all ICU patients being

at risk.
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closest to the patient (bedside locker and bed frame) as opposed to infusion pumps
and computer keyboards.  Molecular epidemiological evidence supported the
conclusion that patients acquired MRSA from these particular environmental sites

(Dancer et al., 2009).

Not only were the number of MRSA infections reduced but this also resulted in lowered
hospital costs. Each MRSA infection costs on average £9000 and by introducing the
enhanced cleaning the hospital saved between £30,000-70,000 (Dancer et al., 2009).
Although this study showed the clear benefits of enhanced cleaning others have

previously shown evidence that certain cleaning methods are not effective.

Comparison of detergenf (cleaning aid which facilitates physical removal) and
disinfectant (to kill micro-organisms) used for floor cleaning showed no difference in the
levels of microbial floor contamination and the nosocomial infection rate did not alter
{Danforth et al., 1987). Other studies to reduce infection rates by increasing cleaning
have also failed (Dancer, 1999; Wilcox et al., 2003). Dharan et al. (1999)
demonstrated the nosocomial infection rate did not alter over a four month period using

various cleaning agents.

Organisms such as MRSA and C. difficile have been shown to persist in the
environment even after general disinfection so other methods have been explored.
The most effective cleaning reagent for the removal of persistent organisms such as C.
difficle (which produces highly resistant endospores), MRSA and A. baumanni is
hypochlorite on a large scale to disinfect the whole ward environment (Wilcox et al.,
2003), however, this reagent does require the evacuation of patients and ward shut

down.



1.4.3 Presence of bacteria in the ICU environment

The effectiveness of ward cleaning has been based upon controlling outbreak
situations and little is known of the general microbial ecology of the ICU or any ward
environment where these organisms may be surviving. Rather than trying to control an
outbreak situation prevention would be better. It is acknowledged that the majority of
infections are caused by patients own flora, however by investigating multiple
environmentél sites within the ICU for bacterial organisms more information and

evidence would be provided on reservoirs of organisms.

The use of 16S rDNA sequences have become increasingly important in studying
bacterial communities from environmental samples (Muyzer et al., 1993). Culture-
independent methods are generally more reliable and rapid as they overcome the
limitations of culture-dependent methods (Ercolini, 2004). There is limited knowledge
of the exact conditions which bacteria require to grow in any given environment which
can result in no isolation (Barer, 1997; Ercolini, 2004). This can however, lead to the

question: are the bacterial cells viable?

A study based on microbial ecology in the environment can not solely rely on either
method (culture dependent or independent). It is possible that bacteria could bes

detected via molecular methods but not be cultured.
This could be due to a number of factors: -
1. Bacterial cells are not viable

2. Bacterial cells are viable but non-culturable

3. Bacterial cells are in a dormant state (Barer, 1997)



It could also be the case that bacteria are not detected by molecular methods but can
be cultured, however, this would generally occur as molecular techniques cannot
detect a single bacterial cell but under favourable growth conditions could form a single
colony forming unit (Ware and Hawker, 1979). However, there are advantages to
using culture techniques particularly in the clinical setting due to low cost, non-
specialist training/equipment, rapid growth of organisms and detection. Therefore for
studies observing microbial ecology both culture-dependent and independent methods

should be used to gain the widest knowledge of that environment,

Computer keyboards and taps are environmental sites common to all hospital wards
and are in constant use and contact with the hands of hospital staff. Bures et al. (2000)
using a culture-dependent method sampled the taps and computer keyboards of an
ICU. The computer keyboards presented as the most contaminated site (24 %), with
taps being 11 % and it was noted that the keyboards were contaminated regardless of
patient proximity. Although not all the bacteria cultured were identified, MRSA was
isolated from the tap and keyboard in a room with an MRSA positive patient (Bures et
al., 2000). This study had significant limitations, in particular the samples were only

taken on one sampling session and no repeats were carried out at another time.

Several studies showed similar findings; A. baumannii was identified on computer
keyboard covers but not from other environmental sites within the patients' room
(Neely et al., 1999). In a surgical ICU the computer keyboards were shown to have
the highest levels of pathogenic organism colonisation compared to other
environmental sites (Hartmann et al., 2004). A hospital which had high MRSA
infection rates was shown to have high MRSA colonisation on computer keyboards

{Devine et al., 2001).

Conversely, a study based on computers in an ICU showed that the central unit of

computers did not act as a reservoir for nosocomial pathogens (Quinzio et al., 2005).
10



Again this was culture-dependent which inevitably provides limitations to the study. No
pathogenic bacteria or fungi were cultured from numerous sites around the computer

(fan, ventilator and base) (Quinzio ef al., 2005).

All these studies show the potential for computer keyboards and taps to be a reservoir
of pathogenic bacteria in the ICU setting. However, with only using culture-dependent
methods it is possible that some organisms were missed if they could not be cultured
on the pathogenic specific media used or were out competed by other organisms (on

non-specific media).

Some of the most important pathogenic organisms able to survive in the environment
are C. difficle, MRSA and VRE. Despite these pathogenic organisms and others
identified in the ICU (and other ward) environments (Devine ef al., 2001; Naas et al.,
2002; Shiomori et al., 2002; Wilcox et al., 2003; French et al., 2004; Lemmen ef al.,
2004; HPA, 2006b; Mammina et al., 2007; HPA, 2008) it is unclear whether they are a
source of patient colonisation/infection or a reservoir of these organisms (either from
the environment or patients) (Hota, 2004). For example, by following VRE-colonised
ICU patients, the environment was positive for VRE from 25 % of patient cases (Drees
et al., 2008). The environment was not concluded to be acting as a reservoir but

contaminated from the patient (Drees et al., 2008).

A previous study has also shown that nosocomial infection rates were unchanged
when movement of a department to a new hospital led to a decrease in environmentat
contamination (Maki et al., 1982).

Conclusions can be drawn from the current data available: -

1 — Environmental surfaces can become contaminated from colonised patients

11



2 — Non-colonised patients can be at risk of developing HAls from a contaminated
room
3 — Specific pathogenic micro-organisms may be dominant in the environment but are

not colonising or infecting patients (Hota, 2004}

At present there is no conclusive evidence of the extent to which the ward environment
is the source for HAls. Available data supports the possibility that specific
environmental sites may act as reservoirs for nosocomial pathogenic organisms (Neely
et al., 1999; Devine et al., 2001; Naas ef al., 2002; Hartmann et al., 2004; Hota et al.,
2009; Whittington et al., 2009). However, there are numerous environmental sites
within an ICU ward including floors, bedside, ward sink plughole, computer keyboards,
patient/staff chairs, curtains, trolleys, fans, sluice room sink plughole, pictures, door
handles, ward sink taps and switches, but limited information is available to indicate
whether any of these sites are reservoirs of nosocomial pathogens. Environmental
sites are often tested if an outbreak situation has occurred (e.g. MRSA or A. baumannii
infections) or one environmental site is tested just for bacterial contamination or to

demonstrate effective cleaning methods.

The ward environment (particularly the ICU) needs to be sampled for a prolonged
period of time to identify whether reservoirs of nosocomial pathogens are present and

whether they persist in the environment.

1.5 Fungal nosocomial infections

1.5.1 Fungal organisms that cause HAIs

Approximately 10% of the known 200 Candida species are able to cause human

infections. Candida spp. are the most common cause of fungal nosocomial infections
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and over the past 20 years the incidence of yeast infections has risen dramatically
(Verduyn-Lunel et al., 1999; Leone et al., 2003; Hobson, 2003; Bassetti et al.,
2006). C. albicans had been the most common cause of fungal hospital infections for
many years but non-albicans Candida species are increasing in prevalence (Verduyn-
Lunel et al., 1999; Hobson, 2003; Shelenz and Grandsen, 2003; Bassetti et al.,
2006). Candida parapsiolosis and Candida tropicalis have been isolated more
frequently than C. albicans in some European and Latin American countries (Bassetti
et al., 2006). It hag been reported that Candida infections can result in an increased
hospital stay of approximately 30 days and a 60 % crude mortality rate (Abi-Said et al.,
4997). Candida glabrata is the fourth most common Candida species isolated from
blood samples and yet has a similar mortality rate to infections caused by C. albicans

(Rentz et al., 1998; Leone et al., 2003}.

1.5.2 Risk factors for fungal HAIs

The two main factors which predispose to invasive Candida species infections are
immunosuppression and treatment on an ICU (Blumberg et al., 2001; Hobson, 2003}.
The majority of fungal nosocomial infections are blood-related and referred to as
candidaemia (Hobson, 2003). The Candida spp. can cause a wide range of infections
from superficial to invasive candidiasis (Rentz et al., 1998; Verduyn-Lunel et al., 1998;
Blot and Vandewoude, 2004; Laverdiere et al., 2007), with the more extreme

infections often seen in ICU patients.

The most common risk factors are mechanical ventilation, presence of CVCs and the
use of antibiotics (Laverdiere et al., 2007). Up to 80 % of hospitalised patients have
mucosal surfaces colonised with C. albicans (Verduyn-Lunel et al., 1999). This acts
as a high pre-disposing factor for critically ill patients’ developing disseminated

infections (Laverdiere ef al., 2007). Fungal colonisation and infections have been high
13



among ICU patients, with 71 % being colonised with yeasts and the remaining 29 %

being infected (Verduyn-Lunel et al., 1999).

1.5.3 Prevention of fungal HAls

Due to the high numbers of patients colonised with C. albicans, prevention of infections
can be difficult especially in patients with numerous risk factors. The main focus has
been on hand hygiene since it was reported that 80 % of general nosocomial infections
are transmitted by the hands of hospital staff (Gniadek and Macura, 2007). One study
showed 57-61 % of ICU staff to be hand carriers of Candida species (Brunetti et al.,
2008). They concluded that appropriate use of gloves could reduce the presence and

spread of pathogenic yeasts from hospital staff hands to patients.

it has been suggested that patient screening may be of some benefit for certain patient
groups (e.g. ICU patients) (Schelenz, 2008). The majority of ICUs already follow good
operative techniques, selective antibiotic usage and good line care policies but there is
also the possibility of anti-fungal prophylaxis (Schelenz, 2008). Using prophylaxis may
lead to the increased risk of antifungal resistance development, but for those patients
at the greatest risk of developing Candidiasis this preventative measure may be

beneficial (Bolt and Vandewoude, 2004)}.

1.5.4 Presence of fungi and infected patients on ICUs

Limited research has been carried out on fungi in the hospital or ICU environment.
However, Gniadek and Macura (2007) identified Candida spp. from indoor air and walls
of an ICU in a Polish hospital. A number of infections were shown to be non-albicans
species, with the most common being C. parapsilosis, C. tropicalis and C. glabrata.

14



The majority of research is based on patient infections, particularly reporting a shift
from C. albicans infections to non-albicans infections (Nguyen et al., 1996; Hobson,
2003; Bassetti et al., 2006). In ltaly, a five year study showed a decrease in C.
albicans infections but an increase in those caused by C. parapsilosis, C. tropicalis and
C. glabrata (Bassetti et al., 2006). Generally C. tropicalis was the second most
frequently isolated Candida spp. after C. albicans, followed by C. glabrata from patients
(Kornshian et al., 1989; Nguyen et al., 1996) but some studies show C. parapsislosis
to be the most common non-albicans Candida spp. isolated from ICU patients

(Bassetti et al., 2006).

Although differences in the distribution of Candida spp. in patient infections has been
observed between different ICUs, no difference has been seen between the ICU and
conventional wards within the same hospital (Leone et al., 2003). The majority of
patients were colonised with C. albicans (68 %) but a number were colonised with C.
glabrata (9.4 %) (Leone et al., 2003). Similar results were seen from a Canadian ICU
with 60.2 % of all patients being colonised with a fungal species; among which 72 %

were C. albicans and 5 % C. glabrata (Laverdiere et al., 2007).

It is possible (although rare) for patients to be colonised with multiple Candida species.
4.2 % of patients from a Texas cancer unit were colonised with >2 Candida species.
The majority of these patients (90 %) were colonised with C. albicans and either C.
glabrata, C. parapsilosis or C. tropicalis but two patients were colonised with two non-
albicans species (C. tropicalis with C. glabrata or C. parapsilosis) exemplifying the shift

towards non-albicans species (Abi-Said et al., 1997).

Not only is Candidemia a life-threatening yeast infection but there are significant
additional costs to the NHS as a direct result of such infections (Rentz et al., 1998).
The cost of a candidemia case in an ICU has been estimated at €16,000 (Schelenz,

2008). With the majority of risk factors common in ICU patients, the high mortality risk
15



and the additional costs related to these infections, there is a need to observe the ICU
environment for any potential reservoirs of fungal organisms to further reduce the risk

of infection in this vulnerable group.

1.6 Antibiotic resistance

Antibiotic resistance is the term used when a bacterium or other micro-organism is
permanently non-susceptible to a specific antibiotic (Walsh et al., 2004). There are
several mechanisms which have evolved among bacteria to enable antibiotic
resistance, for example, efflux pumps, antimicrobial target alteration, membrane
permeability alteration, enzymatic modification and metabolic bypass (Smith & Jarvis,

1999).

Bacteria can either acquire antimicrobial resistance or they are naturally resistant
possessing the necessary resistance mechanism. Resistance can be acquired by
horizontal gene transfer, from transmissible plasmids or transposons (Mims et al.,
1998b). Transposons which possess antibiotic resistance genes have the ability to
integrate into plasmids or chromosomes. They also possess the ability to “jump"
between plasmids i.e. frorﬁ a non-transmissible plasmid to a transmissible one (Mims

et al., 1998b).
Bacteria can acquire antimicrobial resistance in any of four ways: -

1. Mutation - resistance can arise from a mutation i.e. a single chromosomal
mutation may result in the synthesis of an altered protein. Or a series of
mutations can result in multiple changes i.e. in penicillin-binding proteins (Mims

et al., 1998b)
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2. Conjugation - Gram-negative bacteria transfer plasmids containing resistance
genes to adjacent bacteria via the pilus. With Gram-positive bacteria
conjugation is initiated by the production of sex pheromones by the mating pair
(Tenover, 2006}

3. Transduction - resistance genes are transferred between bacteria via
bacteriophage (Tenover, 2006)

4. Transformation - bacteria are able to take up naked DNA. Bacteria can release
DNA segments into the environment via cell lysis, and other bacteria are able to

acquire and incorporate these DNA segments (Tenover, 2006)

The study described in this thesis focused on detecting the antibiotic resistance
determinants mecA, blactxm, suv, Tem and tet(M, O, W) in the ICU and HDU ward
environments. The following sections not only describe the mechanisms of resistance
caused by these genes but also the associated organisms (including MRSA and
common ESBL-producing organisms). Risk factors, infections, treatment and the

presence of these organisms and genes in the ICU environment are also discussed.

1.7 Extended spectrum beta-lactamases

1.7.1 Overview of ESBLs

One of the most clinically significant resistance mechanisms to have emerged is the
production of extended spectrum beta-lactamases (ESBLs). ESBLs have become a
predominant feature in Gram-negative hospital infections over the last 25 years
(Sturenburg and Mack, 2003), since the identification of the first ICU ESBL
characterised back in 1985 from K. pneumoniae isolated from patients in France (Sirot
et al., 1987). Since then there has been extensive research into the detection of

ESBL-producing bacteria and prevention and treatment of the diseases they cause.
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ESBLs are plasmid-mediated bacterial enzymes that are able to hydrolyse a wide
variety of B-lactam antibiotics (Naiemi et al., 2005). They have evolved from native
serine active-site, Ambler class A B-lactamases i.e. TEM-1, TEM-2 and SHV-1 by
genetic mutation (Pfaller & Segreti, 2006). The TEM-1 B-lactamase is most commonly
seen in ampicillin-resistant Gram-negative enteric organisms. However, the most
common B-lactamase among the Klebsiella spp. is SHV-1 (Philippon et al., 1989).
TEM-1, -2 and SHV-1 are able to hydrolyse ampicillin at a greater rate compared with
oxacillin, cephalothin and carbenicillin. However, they show little or no activity against

antibiotics such as cefotaxime or ceftazidime (Philippon et al., 1989).

ESBLs are more frequently found in P. aeruginosa, Serratia marcescens and
Salmonella enterica (Pfaller & Segreti, 2006). Not only do these enzymes confer
resistance to penicillins and first and second-generation cephalosporins, but also to the
newer classes e.g. oxyimino cephalosporins (including cefotaxime and ceftazidime)

and monobactams (including aztreonam) (Sturenburg & Mack, 2003).

UTls are the main clinical manifestations of ESBL-producing organisms but
bloodstream infections are also seen (Pessoa-Silva et al., 2003; Sturenburg and
Mack, 2003; Tumbarello et al, 2007; Zahar et al, 2009). Risk factors include
increased age, previous UTls, catheterisation, female sex, previous antibiotic usage
and diabetes mellitus (Pessoa-Silva et al., 2003; Livermore and Woodford, 2006;

Livermore et al., 2007; Falagas and Karageorgopoulos, 2009).

Patients with infections caused by ESBL-producing organisms have a high mortality
rate and for those with blood-stream infections the mortality rate is further increased
due to treatment failures. One study showed that after 21 days from infection onset the
mortality rate was 38 % (Tumbarello et al., 2007). These risk factors apply to all
hospitalised patients but ICU patients are more prone to these factors (particularly with

regard to catheterisation and antibiotic usage}.
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Serious infections caused by ESBL-producing organisms are treated with
carbapenems (Rodriquez-Bano and Pascual, 2008). Inadequate initial treatment of
these infections has been found as a predictor for mortality, with many ESBL-producing
organisms being multi-drug resistant, treatment failures are high (Tumbarello et al,,

2007).

In some cases initial treatment is delayed because of a lack of rapid identification (up to
72 hours after infection onset) (Song et al., 2009; Trecarichi et al., 2009). Therefore
there is a need for a quick and accurate identification technique for these organisms;
the main method of identification is by culture and disk diffusion. Data from this
present study contributed to the development of a simple disk diffusion overnight

method to identify ESBL and AmpC-producing organisms (Derbyshire et al., 2009).

A variety of B-lactamases have been classified into classes A, B, C and D according to
their amino acid sequences. Class A enzymes are serine hydrolases with a sering
active site which is acylated by the B-lactam antibiotic (Fernandez-Varon et al., 2005).
There are three pre-dominant groups of ESBLs blasyy (class A), blarem (class A) and

blactxm (class A).

CTX-M-type ESBLs are a new group of class A ESBLs (Brinas et al., 2005). The
CTX-M B-lactamases have a potent hydrolytic activity against cefotaxime and some
CTX-M-type ESBLs are able to hydrolyse ceftazidime (Paterson & Bonomo, 2005}).
These enzymes are not closely related to either TEM or SHV ESBLs, but they do share
a high amino acid identity with chromosomal B-lactamases from Kluyvera georgiana,

Kluyvera cryocrescens and Kluyvera ascorba. (Pitout et al., 2004).

SHV-type ESBLs are more commonly found in clinical isolates compared with other
ESBLs (Paterson & Bonomo, 2005). SHV stands for sulfhydryl variable, this is

because it was believed that inhibition of SHV activity was by p-chloromercuribenzoate
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and was substrate-related but was variable according to the substrate (Paterson &
Bonomo, 2005). However, this has since never been confirmed but the name has
remained. SHV-1 is a B-lactamase but not an ESBL. This is because it can only
hydrolyse penicillin and cephalosporins but not extended-spectrum antibiotics (i.e.
oxyimino cephalosporins) (Hammond et al., 2005). However, conversion to an ESBL
can be caused by the single amino acid substitution G238S. The additional
substitution E240K leads to further spectrum extension and increased enzyme activity
(Hammond et al., 2005). This enzyme has been denoted as SHV-2 and since its
discovery within 15 years it has been identified across the world. SHV-type ESBLs
have been detected in a wide range of Enterobacteriaceae and outbreaks of SHV-
producing P. aeruginosa and Acinetobacter spp. are reported (Paterson & Bonomo,

2005},

TEM-type ESBLs are derived from TEM-1 and TEM-2. TEM-1 was initially reported in
4965 from an E. coli isolate of a patient named Temoniera (hence TEM) (Paterson &
Bonomo, 2005). Beginning in the early 1980s ESBLs derived from TEM-1 began
appearing in the clinical setting (Livermore, 1995). TEM-1 possesses the ability to
hydrolyse ampicillin at a higher rate than it hydrolyses carbenicillin, oxacillin or
cephalothrin and has a very low activity against extended spectrum cephalosporins
(Paterson & Bonomo, 2005). TEM-1, -2 and -13 are not classed as ESBLs due to this
low activity. However, certain K. pneumoniae isolates in 1987 possessed a novel
plasmid-mediated B-lactamase which is now referred to as TEM-3 (Paterson &
Bonomo, 2005). TEM-3 differs only in two amino acid substitutions compared with
TEM-2 and has an enhanced activity against the antibiotic cefotaxime (Paterson &
Bonomo, 2005). There have now been greater than one hundred TEM-type beta-
lactamases identified with the majority being ESBLs. Some TEM derivatives have
been identified which possess a lowered affinity for B-lactamase inhibitors (such as
clavulanic acid, which inhibits TEM-1 and many other beta-lactamases). However,

these enzymes tend to have no hydrolytic activity against the extended cephalosporins
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(Wu et al., 1994). Although recently there has been the discovery of mutant TEM -
lactamases that have inhibitor resistance but also maintain the ability to hydrolyse third

generation cephalosporins (Paterson & Bonomo, 2005).

1.7.2 Presence of ESBL-producing organisms in the environment

and transmission in ICUs

There is limited research into distribution and transmission of ESBL-producing
organisms in the hospital environment; the majority of work focuses on clinical isolates
and their spread between patients (Pena et al., 1998; Shannon et al., 1998; Coque et
al., 2002; Naas et al., 2002; Naiemi ef al., 2005; Zarnayova et al., 2005; Brinzio et
al., 2006; Damjanova et al., 2007, Manzur et al., 2007) rather than identifying the
source or reservoir of these infections from the environment. There have been
numerous outbreaks of nosocomial infections caused by ESBL-producing organisms
{Livermore, 1995; Naiemi et al., 2005; Brinzio et al., 2006; Damjanova et al., 2007;
Manzur et al., 2007), particularly in ICUs and evidence shows that these organisms
can persist in the hospital environment, particularly in sinks (Naas et al., 2002) sc

research is required to identify these potential reservoirs.

ESBL-producing organisms have been found to persist in the ICU environment after
routine cleaning. An ESBL-producing Citrobacter freundii strain was identified on an
ICU and a clonal outbreak was linked from the ICU to other medical wards. This
organism produced the ESBL TEM-21 and was identified from the sinks in the ICU;
after decontamination of this area the organism still remained (Naas et al., 2002). Only
after the sinks were replaced was the spread of this ESBL-producing organism stopped,
indicating that these organisms can persist in the ICU environment and the sink was

able to act as a reservoir despite cleaning.
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Naiemi et al. (2005) showed two outbreaks in an ICU of multi-drug resistant
Enterobacter cloacae and A. baumannii to possess the SHV-12 ESBL gene as well as
the TEM-116 B-lactamase gene. Between June and November 2000 aminoglycoside-
resistant and ESBL producing E. cloacae were isolated from ten patients. After the E.
cloacae outbreak, infection control measures were taken including extra vigilance with
hand hygiene, wearing gowns and gloves during patient care and isolating patients with
multi-drug resistant (MDR) E. cloacae. However, these control measures did not
prevent the multi-drug resistant A. baumannii outbreak in the ICU. These events
suggest that by preventing the spread of resistant E. cloacae it was possible for other
strains to become prevalent. Naiemi et al. (2005) showed that by further increasing the

infection control measures it was possible to halt the outbreak of A. baumannii.

In 2004 a Spanish hospital saw only sporadic and non-related cases of ESBL-
producing E. cloacae, however, an outbreak was observed in 2005 in the
cardiothoracic ICU (CT-ICU) due to an epidemic strain (which caused infection in the
majority of ICU patients) (Manzur et al., 2007). Emergence of this strain was attributed
to the application of an antibiotic cycling strategy, which led to an increased use of
cefepime and quinolones (Manzur et al., 2007). As the infections were device-
associated it was assumed that cross-transmission was the cause of spread

throughout the CT-ICU,

As previously mentioned ESBLs are mainly associated with E. coli and K. pneumoniae
and outbreaks are generally associated with high rates of intestinal carriage, however,
this is not often seen with E. cloacae (Pena et al., 1998). Of the E. cloacae strains
identified with this outbreak one was identified by gene sequencing to possess two
ESBLs (SHV and CTX-M-9) and the other possessed one (a TEM enzyme) (Manzur et
al., 2007). The initial outbreak was therefore believed to have started from a
transferable plasmid encoding ESBL production, isolated from other ESBL-producing

organisms from three patients (Manzur et al., 2007). This hospital had only
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experienced a handful of ESBL cases during the year before the outbreak. E. cloacae
are not common ESBL producers but with ESBL genes found on transferable plasmids
this suggests that any Gram-negative organism could potentially acquire a plasmid and

produce an ESBL.

The emergence of ESBL-producing organisms on neonatal-ICUs (NICU) is usually due
to antibiotic usage because of the restricted spectrum available. However, Mammina
et al. (2007) showed a high percentage of ESBL isolates when observing the levels of
multi-drug resistant Gram-negative (MDRGN) bacilli to be due to poor infection controf
compliance. It was shown that from one year surveillance, over 50% of patients were
colonised with MDRGN and that a very high cross-transmission rate was observed
(Mammina et al, 2007). Through molecular tracing using pulse-field gel
electrophoresis (PFGE) they observed large cluster-related multi-drug resistant (MDR}
organisms and identified the possibility of a common environmental reservoir
interacting with healthcare workers. This study showed that not only can the use of
antibiotics lead to the colonisation by MDR Gram-negatives but a lack of infection
control measures can increase the risk of emergence of ESBLs enormously. Where
Naiemi ef al. (2005) had to quickly implement altered infection control measures (to halt
outbreaks) Mammina et al. (2007) observed how easily cross-transmission can occur in

NICUs if these measures are not strictly followed.

However, other researchers have shown alternative hypotheses for ESBL transmission
within and between ICUs. Studies in Spain and Slovakia suggest that SHV-2a ESBL
distribution is not caused by plasmid dissemination and suggest independent evolution
of variants from geographically wide spread broad-spectrum non-ESBL enzymes may
be the reason for the identification of different ESBL variants found in various locations

{Coque et al., 2002; Zarnayova et al., 2005).



Where many studies have shown that ESBL-producing organisms are the cause of
epidemics (Naiemi ef al., 2005; Manzur et al., 2007; Mammina et al., 2007) Coque ef
al. (2002) observed very little evidence of an epidemic (produced by a single bacterial
clone) or even an endemic situation (a single clone maintained over a length of time).
It is unknown why there is high clonal turnover however it is possible for clonal
competition and those organisms possessing an ESBL maybe selected. With these
ESBL genes being present in various bacterial populations, via antibiotic selective
pressure these genes could enter a variety of K. pneumoniae and other bacterial

clones (Coque et al., 2002).

1.8 Meticillin resistant Staphylococcus aureus

1.8.1 Overview of MRSA

S. aureus is a Gram-positive coccus which can often be found as part of the normal
flora of the human skin and many individuals are nasal carriers (Berkeley, 1979).
MRSA is a S. aureus organism which confers resistance to the widely used antibiotic

meticillin.

MRSA has been identified in the hospital environment and is a frequent cause of
infections seen on ICUs (French et al., 2004, Oztoprak et al., 2007). In 1999, 57% of
all ICU-acquired S. aureus infections were meticillin resistant in Europe (Oztoprak et
al., 2006). ICU patients who acquire an MRSA bacteraemia infection have a 22 %
increased risk of death. This results in an additional 0.3 % to the overall mortality rate
on the general ICU (Thompson et al., 2008). Vancomycin was initially the drug of
choice to treat MRSA infections but resistance has been reported in America and
Japan with reduced susceptibility observed in the UK, and so a combination of

glycopeptide antibiotics is now used (Corey, 2009). However, the most effective
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freatment for decolonisation of the nasal cavity is the use of the antibiotic mupirocin

which is prescribed as a nasal ointment (Crossley, 2009).

There is a need for a rapid detection method of MRSA and many researchers have
developed a polymerase chain reaction (PCR) method (Murkami et al., 1991; Unal et
al., 1992; Geha et al., 1994). However, with costs and technical ability/training
required the methods used in the clinical microbiology laboratories are currently still

culture based techniques on MRSA selective media (HPA, 2008).

1.8.2 Risk factors for MRSA infections

MRSA infections can result in high morbidity and mortality and some strains are
classed as endemic in several American and European hospitals (Oztoprak et al.,
2006). S. aureus most commonly causes skin infections which result in abscesses and
boils. In patients who have undergone invasive medical techniques, both S. aureus
and MRSA can cause bloodstream infections (bacteraemia/sepsis) which is the
majority of MRSA nosocomial infections, especially émong ICU patients. (Gordon and

Lowy, 2008).
Oztoprak et al. (2006) identified the following risk factors for ICU-acquired MRSA: -

e [ong period of ICU hospitalisation
» Presence of >1 MRSA positive patient on the ICU
e CVC insertion

¢ Previous antibiotic usage
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They also showed the need to study the ICU environment for MRSA, as some
uncolonised patients acquired MRSA infections from another source, which could be

hospital staff or the environment.

Weist et al. (2002) showed that where multiple patients were present in the same room,
11.1 % saw all the patients to have an MRSA infection or colonisation. This suggested
the presence of mobile reservoirs, either hospital staff or medical devices. This
indicates that there is a need to identify these mobile reservoirs and if they are present

in the ICU environment.

1.8.3 Resistance mechanism of MRSA

MRSA organisms possess a mecA gene that encodes an altered penicillin binding
protein (PBP2a), 78kDa in size (McKeegan et al., 2002). PBP2a is a cell wall enzyme
which unlike other PBPs has a lower affinity for B-lactam antibiotics and enables celi
wall formation despite the presence of drug concentrations which render other PBPs
inactive. (Geha et al., 1994). PBPs include transpeptidases that are essential for
cross-linking peptidoglycan (which is the essential strength-conferring component of
the bacterial cell wall), and beta-lactam antibiotics inhibit these enzymes (as they are
analogues of the natural peptide substrates of the enzymes). Inhibition occurs by
acylating the active site serine of the PBPs and blocks the active site. The plasmid
encoding the altered PBP often possesses other antibiotic resistance genes, rendering
MRSA a multi-drug resistant organism. Other such resistance genes include those for
rifampicin, erythromycin, tetracycline, aminoglycosides and clindamycin (Smith &

Jarvis, 1999).
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1.8.4 Prevention of MRSA infections

Many patients (approximately 40 %) are colonised with S. aureus and approximately 1 %
are colonised with MRSA making prevention difficult. In 2008/2009 the HPA introduced
MRSA screening for all elective admissions and before 2011 this will include
emergency admissions (however the logistics of 2011 MRSA screening is unclear).
Routine screening was introduced to monitor community-acquired MRSA (CA-MRSA)
so that patients could be isolated and decolonised to prevent spread of MRSA between
patients. Infection control is required to prevent the spread of MRSA among patients
and the ward, for example isolation of colonised patients, effective hand hygiene and

the use of gloves and gowns (Furuno et al., 2008).

In ward areas of previously colonised or infected patients, MRSA has been detected on
multiple environmental surfaces (French et al., 2004). This suggests that beside staff
to patient transmission, the ward environment is able to act as a reservoir for MRSA

organisms (as described in Sections 1.4.2 and 1.4.3}.

All hospital wards have routine cleaning carried out daily (often more than once per day)
but questions have arisen as to whether this regime is sufficient to remove MRSA
(Dancer, 1999; Dharan et al., 1999; Wilcox et al., 2003; Dancer, 2004; French et al.,
2004). In some studies cleaning did not significantly reduce the number of MRSA
organisms in the environment. Before cleaning 74 % of environmental swabs were
MRSA positive and routine cleaning only reduced this to 66 % (French et al., 2004).
After cleaning, Blyth ef al. (1998) showed that 41 % of the isolation rooms (from a total
of 41) were still contaminated with MRSA. Hydrogen peroxide vapour decontamination
showed a high reduction in MRSA from 72 % down to 1.2 % (French et al., 2004).

However, for this method of cleaning the rooms/wards need to be evacuated first
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before decontamination can begin due to the high toxicity of hydrogen peroxide vapour,

therefore more information is required on the environment and cleaning regimes.

1.8.5 Transmission of MRSA on the ICU

Reports of MRSA infections on ICUs have been frequent and outbreaks have been
observed around the world (Devine et al., 2001; Wilcox et al., 2003; HPA, 2008;
Thompson et al., 2008; Khan et al., 2009). One Canadian surgical ICU reported an
outbreak when two MRSA cases were identified within a four week period (Khan et al.,
2009). Routine screening was not in action and after all patients were screened an
additional two patients were found to be infected. Despite implementing specific
infection control measures (education, increased surveillance and enhanced
environmental cleaning) a further three cases appeared. Patients were placed into
contact isolation and the hospital staff were screened. After a two week period another
two cases appeared and decolonisation of all positive patients was implemented (Khan
et al., 2009). This report shows the ability of MRSA to spread rapidly among patients

despite initiating infection control measures and increasing environmental cleaning.

Bed occupancy has been shown to affect the incidence of MRSA infections on ICUs
{Howie and Ridley, 2008). One study from Hope hospital (in the UK) showed 7.8 % of
ICU admissions to be colonised with MRSA and a further 10.3 % acquired MRSA
infections during their hospitalisation. When bed occupancy was high, particularly in
cramped ICUs (where airborne and environmental MRSA contamination is more likely)
the number of MRSA cases increased (Howie and Ridley, 2008). Physical factors
including environmental contamination and patient proximity affect airborne
transmission (Shiomori et al, 2002) while MRSA contaminates the air and

environment around known MRSA positive patients (NHS Estates, 2003). It can be
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concluded therefore that the ward environment plays an important source in hospital

cross-infection.

1.9 Tetracycline resistance

1.9.1 Overview of tetracycline

Tetracycline is a broad-spectrum antibiotic which has been used for many years fo
treat bacterial infections in both humans and animals (Villedieu et al., 2003). It can
also be used as a growth promoter in animals and in humans as an immunosuppressor.
Tetracycline is used to treat a number of Gram-positive and negative infections as well

as those caused by intracellular pathogens and protozoa (Roberts, 2005).

The tetracyclines are a family of antibiotics with a common four-ring structure to which
a variety of side chains are attached (Prescott et al., 2002). There are five members
of this antibiotic family, tetracycline, chlortetracycline, oxytetracycline, doxycycline and

minocycline,

The mode of action of the tetracyclines is to inhibit protein synthesis by stopping the
attachment of aminoacyl-tRNA to the ribosomal acceptor (A) site (Chopra & Roberts,
2001). Since their action is bacteriostatic the success/effectiveness of the treatment is

also dependent upon the host defence mechanisms,

Due to extensive use of tetracyclines since their discovéry in the 1940's resistance
mechanisms have been identified (Chopra & Roberts, 2001). As mentioned
tetracyclines can be used as a growth promoter in animal feeds (this mainly occurs in

the USA), but this is a rather controversial issue. Many believe that this process may
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be significantly contributing to the emergence of resistance in human pathogens

(Chee-Sanford et al., 2001; Chopra & Roberts, 2001; Roberts, 2005).

1.9.2 Tet genes in the environment

With tetracycline antibiotics having been used to treat humans and animals and in
agricuiture, tetracycline resistance genes are commonly found in the environment
(Bryan et al., 2004). Several studies show the detection of tetracycline resistance

genes from different environmental sources.

These genes have entered the environment as a direct result of agriculture and have
been identified from groundwater samples, providing a possible source of antibiotic
resistance in the human and animal food chain (Chee-Sanford et al., 2001). The
majority of organisms associated with this resistance are of gastrointestinal origin, but
by identifying these genes in organisms inhabiting soil this suggests that the vector is
not limited and can spread between different bacterial classes (Chee-Sanford et al.,

2001),

The tetracycline genes can act as a common antibiotic resistance determinant known
fo be present in the environment (Anderson and Sandaa, 1994; Aminov et al., 2001;

Roberts, 2005).

1.9.3 Mechanism of tetracycline resistance

Bacteria have developed a number of resistance mechanisms against the tetracycline
antibiotic class. At present there are 29 different known tetracycline resistance (tet}
genes and 3 oxytetracycline resistance (ofr) genes. There are three resistance
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mechanisms against tetracyclines; efflux system, ribosome protection and tetracycline

modification.

This present study focused on the detection of ribosome protection resistance tet
genes. There are nine ribosomal protection proteins, named tet M, O, S, W, Q, T,
otr(A), tetP(B) and one unnamed fel. These are cytoplasmic proteins and confer a
wider spectrum of tetracycline resistance compared with the efflux pumps. This
method also enables resistance to doxycycline and minocycline (Chopra & Roberts,

2001).

The action is to enable the aminoacyl-tRNA to bind to the acceptor site of the ribosome.
These ribosomal protection proteins (RPP's) have sequence similarity to the elongation
factors Tu and G. It is the N-terminal regions of these proteins that share the greatest
similarity. The tet proteins compete with the elongation factors to bind to the ribosomes.
The RPP's bind to the ribosome and alter the ribosomal conformation, the energy for
this alteration is provided by GTP hydrolysis (Chopra and Roberts, 2001; Connell et
al., 2003). So in the presence of GTP and either Tet(M) or Tet(O) protein the ability of
tetracycline to bind to the ribosome is reduced. But also, by altering the conformation
the antibiotics can not bind when the protein is released. Tet(M) has a greater affinity
than the elongation factors for the ribosome binding site. Tet(M) binds to the ribosome
and causes a conformational change. Elongation factor Tu can form the amino acid-
tRNA-GTP-EF-Tu complex. The protein dissociates allowing the elongation factor

complex to bind and enable protein synthesis to continue (Connell et al., 2003).

1.10 Aims and objectives of the present study

Extensive research has been carried out into the acquisition and transmission of HAls

{particularly in outbreak situations) however; the role of the ward environment in HAls
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has not been fully investigated. The overall aim of the study was to characterise the
reservoir of microorganisms (bacterial and fungal) and resistance determinants in the
ICU and HDU ward environment under a non-outbreak situation.

Before hospital sampling began an effective sampling regime was required and several
methods were optimised to meet the aim of this present study (detailed in Chapter 3).
Two hospitals were investigated throughout this study, the Royal Hallamshire Hospital
(RHH) and Northern General Hospital (NGH) ICU/HDU departments. Samples were
taken from both hospitals however the aim was not to compare the two hospitals;
therefore the results have been separated into RHH and NGH. Similarities or contrasts

in the results have however been highlighted where appropriate.

The objectives were to: -

e detect bacteria and antibiotic resistance determinants in the ICU and HDU
environment using a sensitive molecular method

¢ isolate bacteria and fungi in the ICU and HDU environment

¢ identify sites where bacteria and fungi were most frequently detected

¢ identify bacterial and fungal species

e compare bacterial and fungal species from environmental sites with clinical
isolates

¢ identify bacterial species carrying target genes (blactxm, suv, Tem,» mecA, fetM, O,

W)

» assess the effect of routine ward cleaning
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2. Materials and methods

- 2.1 Ethical approval

Full ethical approval was granted by the National Research Ethics Service (REC
reference number 08/H1310/2). Sheffield teaching hospitals provided the letter of
authority for the study period 9th March 2007 to 21st December 2009, along with
project authorisation granted on 20th February 2008. This approval enabled entry into
the ICU environment at both the RHH and the NGH to collect samples from a variety of

sites within the wards (Appendix 1).

2.2 Hospital sampling regime

The ICUs and HDUs of the Sheffield Teaching Hospitals Trust were sampled. At the
start of the project (September 2006) there was one general ICU and HDU (six beds on
each unit) located at the Royal Hallamshire Hospital (RHH), Glossop Road, Sheffield,
S10 2JF. During the project several changes occurred, in March 2008 a new ICU/HDU
(two four-bed wards and ten isolation rooms for each unit) was commissioned at the
Northern General Hospital (NGH), Herries Road, Sheffield, S5 7AU. When sampling
began in March 2008 both ICU and HDUs from the RHH and NGH were included. in
July 2008 the RHH HDU moved floors within the hospital and included a larger HDU

department (ten beds).

Hard surfaces (bedside, computer keyboard, fan, floor, computer stand, patient chair,
picture, staff chair, ward sink plughole, ward sink taps, trolley, sluice room sink
plughole, window ledge, door handle and machine handle) were sampled with a

neutralising solution (1 ml - 1.5 M NaCl and 1 M Tris base) moistened DACRON swab
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(FB57833 Thermo Fisher Scientific Inc). Swabs were taken of the same sample sites
for each sampling session. Larger areas (including floors) were sampled using a
20 cm x 15 cm disposable plastic grid, details of each sample site are provided in Table
2.1a/b. Each sample was given a unique code number that specified the type of
environment sampled, the hospital and unit from which the sample was taken and the

date of the sampling (Appendix 2).

The DNA was extracted from each swab and stored at -20 °C in the 703/-20/2 freezer
in room 703 BMRC labelled with the codes from Appendix 2. Microbial enumeration
was performed by culturing on solid media (Section 2.4.1 Bacterial growth conditions

and 2.4.2 Fungal growth conditions) (Figure 2.1).

Textured surfaces (chairs and curtains) were sampled (Appendix 2) by firmly placing a
nutrient, blood (blood agar no2 and horse blood) and potato dextrose agar contact

plate (Cherwell Laboratories cat no 101060, 101050 and 101280) onto the sample area.

Nutrient agar dipslides (Cherwell Laboratories cat no CLO500) containing triphenyl
tetrazolium chloride (TTC) were used to sample small hard surfaces (hand wash
.bottles, intercom buttons and switches) by being placed firmly on the sample area
(Appendix 2). TTC is a dye used to enable easy enumeration of microorganisms. In
the oxidised form TTC appears colourless but upon reduction by microorganisms
appears red, this is due to the formation of formazan dye from tetrazolium salts (by

dehydrogenase or reductase enzymes).

The results of DNA extraction and the detection of prokaryotic cells and antibiotic
resistance determinants are described in Chapters 4 and 5. Microbial enumeration
from culturing of swab samples, dipslides and contact plates are reported in Chapter 4.

The results of fungal detection after culture from swab samples are described in
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Chapter 6. A period of intensive sampling was carried out to report on the effect of

routine ward cleaning and details of the extra sampling regime are laid out in Chapter 7.

2.3 lIdentification and subculturing of clinical isolates from ICU

patients

RHH and NGH microbiology departments have an intercalated database (providing
access to clinical isolate information from both ICU sites) of all clinical isolates. A
database search was established to locate all clinical isolates from both RHH and NGH
ICU and HDU. Clinical samples were screened routinely by the hospital staff, ICU and

HDU clinical isolates were collected weekly from storage on nutrient agar (NA) plates.

The bacteria were streaked out to yield single colonies and grown on nutrient agar (NA)
(cat no 70148 Sigma) plates overnight at 37 °C. Pure cultures were sub-cultured

overnight in nutrient broth (cat no 70123 Sigma) at 37 °C with shaking at 200 rpm.

Glycerol stocks were made from 900 pl bacterial suspension and 100 ul 80 % glycerol

(cat no G5516), then gently mixed and stored at -80 "C.

2.4 Microbiological growth conditions

2.4.1 Bacterial growth conditions

Dipslides and contact plates were incubated aerobically at room temperature 20-25 °C
(RT) (in a laminar flow hood — Heraeus) for 48 h and also at 37 °C (in a static incubator

— Heraeus). All contact plates and dipslides were stored at 4 °C after incubation for
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further analysis and any colonies grown in liquid culture (nutrient broth) were stored at

-80 °C as glycerol stocks (including antibiotic gene-carrying organisms).

All ICU/HDU clinical isolates throughout this study were grown aerobically in 5 ml
nutrient broth at 37 °C with shaking at 200 rpm in an orbital incubator S1 50 (Stuart

Scientific).

All environmental swab samples were plated out in duplicate (NA, blood and cysteine
lactose electrolyte deficient agar) and incubated aerobically at RT (48 hours) and 37 °C

(overnight) (Table 2.2).

2.4.2 Fungal growth conditions

Throughout this study all fungal cultures were grown using the following standard
conditions; aerobic incubation at 30 "C with shaking at 200 rpm in an orbital incubator
(Gallenkamp) in 9 ml YPD broth (1 L 20 g peptone, 20 g dextrose and 10 g yeast

extract - Sigma) for up to 5 days.

Throughout this study environmental fungal contact plates were grown aerobically at
30 °C in a static incubator (Heraeus) on potato dextrose glucose (PDG) (cat no 70139

Sigma) agar plates for up to 5 days.
All environmental swab samples were tested for fungal species by inoculating on PDG

agar plates and incubated aerobically at 30 "C in a static incubator (Heraeus) for up to

5 days.
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2.5 DNA extraction

All DNA extractions from swabs and cultures were performed to isolate genomic
bacterial DNA or fungal DNA via a Qiagen spin column method (QlAamp® DNA mini kit

cat no 51304 Qiagen Ltd).

Whilst chemical treatment alone can release DNA from Gram-negative bacteria,
treatment of whole cells with a peptidoglycan-digesting enzyme is necessary for
effective release of DNA from Gram-positive bacterial cells. This may be because the
Gram-positive cell wall contains substantially more of the strength-conferring
peptidoglycan, compared with the outer membrane of Gram-negative cells. Therefore
the enzymes lysozyme and lysostaphin are required to enable better lysis of Gram-
positives. Lysozyme hydrolyses 1,4 B-linkages between N-acetyimuramic acid and N-
acetyl D-glucosamine residues in peptidoglycan. However, lysozyme is inactive
against certain Gram-positive organisms, notably Staphylococci including S. aureus.
To enable lysis of staphylococcal cells, lysostaphin was added to the cell pellet or to
the tip of the swab that was used for taking the sample. Like lysozyme, lysostaphin
disrupts the peptidoglycan, but differs from lysozyme in that it cleaves the polyglycine
cross-links. Lysozyme and lysostaphin were used in combination because lysostaphin
is inactive against the majority of micro-organisms where the peptidoglycan lacks the

pentaglycine bridge between the peptide moieties.

Yeast cell walls can form capsules or resistant spores so lyticase was added to aid in
fungal DNA extraction from cultures. Lyticase is a lysing enzyme that hydrolyses poly-
B(1-3)-glucose which is present in the cell wall compound glucan. This enzyme
enables the partial formation of spheroplasts which can then be easily lysed to release

DNA.

41



2.5.1 DNA extraction from swab samples

DNA was extracted from swab samples following the Qiagen QlAamp DNA mini Kkit,
buccal swab spin protocol adapted by Lee et al. (2007). After swabbing, the DACRON
swab tip was placed into a 2 ml Eppendorf tube and 200 pl of lysozyme extraction mix
(20 M Tris, 2 mM EDTA pH 8.0, 1.2 % [vol/vol] P40 detergent [which causes cellular
membrane breakdown], 20 mg/ml lysozyme, 20 ug/ml lysostaphin) was added and
incubated for 30 min at 37 °C. Proteinase K (20 ul — cat no 19131 Qiagen) was added
(in order to digest protein cellular components) and 400 pl of buffer AL (lysis buffer)
was added and incubated for 10 min at 70 °C. Samples were vortexed with 400 pl of
100 % ethanol and 700 pl of mixture was applied to the spin column and centrifuged
(micro centrifuge 5415D — Eppendorf UK Limited) at 8000 rpm for 1 min, and the flow-
through was discarded. The DACRON swab tip was removed from the mixture and the
remaining solution was applied to the spin column, and re-centrifuged at 8000 rpm for 1
min. The flow-through was discarded and 500 pl of buffer AW1 was applied and
centrifuged at 8000 rpm for 1 min. The flow-through was discarded, and 500 pl! of
buffer AW2 was added and the column re-centrifuged at 13000 rpm for 3 min. The
flow-through was discarded and the column re-centrifuged for 1 min. The spin column
was placed in a clean 2 ml Eppendorf and 150 pl of buffer AE was added to the column
and incubated at RT for 1 min then the column was re-centrifuged at 8000 rpm for

1 min. The spin column was discarded and extracted DNA was stored at -20 "C.

2.5.2 DNA extraction from bacterial cultures

DNA was purified from Gram-positive cultures using the QIAamp® DNA mini kit (cat no
51304 Qiagen Ltd). The manufacturer’s instructions were followed from protocol D -
isolation of genomic DNA from Gram-positive bacteria. Briefly, 1 ml of bacterial culture

was pelleted and 200 pg/ml of lysostaphin (cat no L0761 Sigma) was added to the
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pellet of S. aureus cultures and 20 mg/ml of lysozyme (cat no L6876 Sigma) was
added to other Gram-positive species. The tissue protocol was followed from step 4 as
instucted, and 200 ul of buffer AE was added to the column and incubated at RT for 5

min, and the eluted DNA was stored at -20 °C.

DNA was purified from Gram-negative cultures using the QlAamp® DNA mini kit (cat
no 51304 Qiagen Ltd). The manufacturer’s instructions were followed from protocol Cb
- isolation of genomic DNA from bacterial cultures. Briefly, 1 ml of bacterial culture was
pelleted and 180 l of lysis buffer ATL was added to the pellet. The tissue protocol was
followed from step 4 as instructed, 200 pl of buffer AE was added to the column and

incubated at RT for 5 min, and the eluted DNA was stored at -20 °C.

2.5.3 DNA extraction from fungal cultures

Fungal genomic DNA was extracted using the Qiagen QlAamp DNA (Qiagen Ltd) mini
kit, by following the manufacturer’s protocol for yeast followed by the tissue protocol
from step 2. Briefly, the yeast culture was grown in YPD media to an ODggo= 10. 3 ml
of fungal culture was centrifuged for 10 min at 7500 rpm. The pellet was resuspended
in 600 pl of sorbital buffer with 200 U of Iyticase (cat no G5516 Sigma) and incubated
for 30 min at 30 ‘C. The sample was centrifuged at 7500 rpm for 5 min (to pellet
spheroplasts). The spheroplasts were resuspended in 180 ul of buffer ATL.
Proteinase K (20 pl — cat no 19131 Qiagen) was added (to digest protein cellular
components), and incubated at 56 °‘C until the cells were completely lysed
(approximately 2 hours). Buffer AL (200 pl) was added (lysis buffer) and incubated at
70 °C for 10 min, 200 pl of 100 % ethanol was added to the sample, then applied to the
QlAamp spin column and centrifuged at 8000 rpm for 1 min. The flow-through was
discarded and 500 pl of buffer AW1 was added and the column re-centrifuged at

8000 rpm for 1 min. The flow-through was discarded and 500 pl of buffer AW2 was
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added and the column re-centrifuged at 13000 rpm for 3 min. The flow-through was
discarded and the column re-centrifuged at 13000 rpm for 1 min. Buffer AE (200 pl)
was added to the column and incubated at RT for 5 min. The column was centrifuged

at 8000 rpm for 1 min and extracted DNA was stored at -20 "C.

2.6 Polymerase chain reaction

Polymerase chain reaction (PCR) was used frequently throughout this project in order
to detect the presence of specific genes e.g. bacterial 16S rRNA genes and antibiotic

resistance determinants. The technique of PCR involves three main steps: -

1. Denaturation - DNA was heated to separate double stranded DNA molecules to
single strands

2. Annealing - the temperature was reduced to the optimum for annealing of the
oligonucleotide primers to the complementary sequence of the DNA template

3. Amplification - Thermoprime Tag DNA polymerase amplified the primed DNA

sequence using the dNTPs provided to create a copy of the original DNA

This process was cycled to enable multiple strand ampilification which could
subsequently be visualised using agarose gel electrophoresis (Section 2.8 Agarose Gel

Electrophoresis).

All PCRs were carried out using 2x master mix (cat no AB-0575-DC ABgene Ltd),

which in a 25 pl total reaction volume consisted of the following final concentrations: -

0.625 U ThermoPrime Taq DNA polymerase
75 mM Tris-HCI (pH 8.8 at 25 °C)

20 mM (NH4)2SO4
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1.5 mM MgCl,
0.01 %(v/v) Tween 20

0.2 mM each of dATP, dCTP, dGTP, dTTP

The constituents of the master mix have a specific role in the PCR reaction. MgCl,was
a source of magnesium required for the activity of DNA polymerases (a lack of free
magnesium results in the inactivity of Tag and other DNA polymerase). Tween 20 is a
non-ionic detergent which also stabilises Taq polymerase and can suppress the
formation of unwanted DNA secondary structures. Tris-HCI maintains the pH of the
reaction and ammonium sulphate precipitates DNA resulting in a reduction in non-

specific binding.

Reagents were added to the tube in the following order: -

7.5 pl sterile water
12.5 pl master mix (x2)
1 pt 30 pmol forward primer
1 pl 30 pmol reverse primer

3 pl template (>6 ng/pl)

Negative control - the template was replaced with 3 pl sterile water.
Positive control - the template was replaced with DNA known to possess the target

gene.

PCR cycle:
[95 °C 5 min, annealing temperature (AT) "C 30's, 68 °C 1 min] x 1;
[95 °C 30 s, AT °C 30 s, 68 °C 1 min] x 25;

[96°C 30s, AT 'C 30s, 68 °C 10 min] x 1
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All primers were custom synthesised by Invitrogen.

2.6.1 Antibiotic resistance determinant PCR

Primers were identified from the literature to amplify highly conserved regions of the
mecA, blactx.m snv, Tem and tef(M, O and W) genes (Table 2.3). All primers were tested
against known positive and negative controls to optimise the amplification parameters

(detailed in Chapter 3).

2.6.2 Bacterial 16S rRNA gene PCR

Primers were identified from the literature to enable the amplification of the highly
conserved 16S rRNA gene for the detection of prokaryotic cells (all known eubacteria,
Gram-positive and Gram-negative bacteria) (Table 2.4). The primers were optimised
using S. aureus SH1000 and E. coli XL1 to determine the optimum amplification

parameters (detailed in Chapter 3).

2.6.3 PCR-DGGE

Universal primers were identified from the literature to enable the amplification of the
variable nt 341-926 16S rDNA fragments for the detection and identification of bacterial
species (Table 2.5), and optimum amplification was established using CNS and

Klebsiella spp (detailed in Chapter 3).
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